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Abstract 

Deficits in language production and comprehension are characteristic of schizophrenia. To date, it 

remains unclear whether these deficits arise from dysfunctional linguistic knowledge, or 

dysfunctional predictions derived from the linguistic context. Alternatively, the deficits could be 

a result of dysfunctional neural tracking of auditory information resulting in decreased auditory 

information fidelity and even distorted information. Here, we discuss possible ways for clinical 

neuroscientists to employ neural tracking methodology to independently characterize deficiencies 

on the auditory–sensory and abstract linguistic levels. This might lead to a mechanistic 

understanding of the deficits underlying language related disorder(s) in schizophrenia. We propose 

to combine naturalistic stimulation, measures of speech–brain synchronization, and computational 

modeling of abstract linguistic knowledge and predictions. This orthogonal assessment may be 

exploited for an objective and differential diagnosis of schizophrenia, as well as a better 

understanding of the disorder on the functional level—illustrating the potential of neural tracking 

methodology as translational tool in a range of psychotic populations. 
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Introduction 

Schizophrenia is characterized by language deficits ranging from lower acoustic and phonetic 

levels to higher semantic and syntactic levels that are highly functionally relevant (Bleuler, 1950; 

Chaika, 1990; DeLisi, 2001; Covington et al., 2005). Among others, key features of patients’ 

speech include flattened prosody, simplified syntax, and loosened semantic associations (for 

review, see Andreasen, 1979; Kircher et al., 2014). In comprehension, correspondingly, patients 

are impaired in the processing of linguistic information at these levels (Leitman et al., 2005; 

Mohammad and DeLisi, 2013; Javitt and Sweet, 2015; Moro et al., 2015). In addition, major 

symptoms of schizophrenia such as auditory hallucinations and delusions are thought to be 

manifestations of impaired speech perception and language comprehension. To date, the 

neuropathology of language impairments in schizophrenia remains unclear (Miller and Isard, 

1963; Morice and Delahunty, 1996; Crow, 1998; DeLisi, 2001; Bagner et al., 2003; Li et al., 2009; 

Brown and Kuperberg, 2015). In this paper, we suggest that the understanding of language deficits 

in schizophrenia could benefit from analyzing neural oscillations. These can be aligned to speech 

when it is attended—which we term neural tracking here—providing a novel tool for assessing 

linguistic dysfunctions on various linguistic levels.  

In the first part of our paper, we delineate probable relationships between prosodic–

syntactic deficits and altered delta-band oscillations. In the second part, we hypothesize that 

impaired semantics in schizophrenia could result from altered beta–gamma coupling. In the last 

section, we discuss how to pursue these hypotheses by combining naturalistic experimental 

paradigms with methodology that assesses the exogenous neural tracking of auditory–phonetic 

information and the endogenous generation of abstract linguistic information.  
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Prosody and syntax: abnormal delta-band oscillations? 

Flattened prosody in production is a negative symptom of schizophrenia, characterized by reduced 

modulation of fundamental frequency and amplitude, utterances that are shortened and less 

variable in duration, and pauses that are longer and more variable (Alpert et al., 1989, 2000; 

Covington et al., 2005). Such language production related indices can classify schizophrenia 

incidence with high accuracy (Püschel et al., 1998; Rapcan et al., 2010; Martínez-Sánchez et al., 

2015) and may help to detect risk (Cibelli et al., 2017). In comprehension, patients struggle to infer 

emotions and communicative intentions from prosody (e.g., Pawełczyk et al., 2018a). While this 

is sometimes discussed as epiphenomenal to impaired emotion reception (Murphy and Cutting, 

1990; Mitchell and Crow, 2005; Hoekert et al., 2007; Lin et al., 2018), flattened prosody occurs 

also when emotional vocabulary is intact (Alpert et al., 2000). Moreover, auditory deficits in 

prosody perception predict most variance associated with impaired comprehension of emotional 

prosody (Leitman et al., 2005; Dondé et al., 2017), and the inference of emotion is improved by 

prosody training (Lado-Codesido et al., 2019).  

In addition to prosody, syntactic impairments have been observed. Syntactic rules serve to 

decode the propositional relationships amongst words in speech (cf. Martin, 2020). Schizophrenia 

patients do not reliably detect syntactic errors (Moro et al., 2015) and their working memory 

benefits less from syntactic structure (i.e., no sentence superiority effect; Bonhage et al., 2017; Li 

et al., 2018). Alternatively, syntactic rules might be intact, but their top-down influence on 

perception is temporally distorted (Rochester et al., 1973). In healthy populations, syntactic 

boundaries (e.g., clause endings) influence perception, such that acoustic events that are 

experimentally displaced from a boundary are perceptually “dragged towards it” (Fodor and Bever, 

1965). This effect appears to be altered in patients (Rochester et al., 1973). A temporal deficit 
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would be also consistent with reports of turn-taking deficits (Sichlinger et al., 2019). Healthy 

speakers tend to indicate turn-giving with prosodic markings (Levinson, 2016), but patients often 

fail to do so (Bellani et al., 2009; Colle et al., 2013; Pawełczyk et al., 2018b). In particular, the 

timing of turn-giving is affected, such that variance in utterance duration decreases and variance 

in pause duration increases (Alpert et al., 2000). 

We propose that the respective neural counterparts of prosodic and syntactic symptoms 

could be assessed by focusing on delta-band oscillations (i.e., 0.5–4 Hz; Buzsaki, 2006; Güntekin 

and Başar, 2016; Figure 1), as the time scale of these neural oscillations can be clearly linked to 

speech structure (Giraud and Poeppel, 2012; Ding et al., 2016). While delta-band oscillations are 

certainly altered in schizophrenia patients (for review, see Başar and Güntekin, 2008; Ford et al., 

2008; Doege et al., 2010; Lakatos et al., 2013), there is no unitary link with the above symptoms 

yet. We propose that establishing such a link would support differential diagnosis of the underlying 

disorder, and it could also contribute to the ongoing struggle for a dissociation of the functional 

roles of delta-band oscillations in prosody, syntax, and timing (Lakatos et al., 2008; Ghitza, 2017; 

Meyer et al., 2017, 2019). 

On the one hand, in healthy subjects, delta-band oscillations synchronize with prosody 

(Bourguignon et al., 2013; Gross et al., 2013; Mai et al., 2016; Molinaro et al., 2016), the 

perception of which is impaired in schizophrenia (e.g., Dondé et al., 2017). On the other hand, 

delta-band frequencies match the rate of occurrence of syntactic phrases and sentences (Ding et 

al., 2016) and delta-band phases are aligned to syntactic structure (Brennan and Martin, 2020) and 

information content (Meyer and Gumbert, 2018), orthogonally to prosody (Meyer et al., 2017). 

Healthy subjects show increased delta-band power during working memory encoding of 

syntactically structured relative to unstructured word sequences (Bonhage et al., 2017). In contrast, 
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working memory encoding in schizophrenia patients does not benefit much from syntactic 

structure (Li et al., 2018). 

Instead of prosodic and syntactic deficits as such, abnormal delta-band oscillations could 

also indicate an underlying timing deficit. Lakatos et al. (2013) observed reduced delta-band phase 

alignment (measured by inter-trial phase coherence) in patients across the isochronous trials of an 

auditory oddball experiment. The authors interpret this as indicating deficient temporal prediction, 

mediated by the alignment of oscillatory  brain activity to external stimulus timing (i.e., oscillatory 

entrainment). They also demonstrate that the lack of phase alignment is associated with reduced 

behavioral performance and correlates with clinical symptoms. This interpretation of their results 

stems from prior work related to the role of delta-band oscillations in temporal prediction (Lakatos 

et al., 2008; Stefanics et al., 2010; Arnal et al., 2014; Breska and Deouell, 2017; Jones et al., 2017; 

Rimmele et al., 2018; Donhauser and Baillet, 2020). Specifically, Stefanics et al. (2010) observed 

enhanced auditory target detection during specific phase intervals that were elicited through prior 

rhythmic stimulation (cf. Henry and Obleser, 2012; Hickok et al., 2015). Delta-band phase is an 

imprint of the neuronal excitability of auditory regions (e.g., Lakatos et al., 2008). Delta-band 

oscillations could thus likely serve prediction by preallocating excitability and functional 

connectivity within relevant brain circuits to the expected onsets of upcoming stimuli (e.g., 

Lakatos et al., 2008, 2009). As a potential link between the syntactic and the timing accounts of 

delta-band function, we have recently observed a correlation between delta-band phase and the 

strength of predictions on the syntactic level (cf. Hale, 2001; Levy, 2008; Meyer and Gumbert, 

2018). 
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Figure 1: Overview of hypotheses for prosodic and syntactic deficits; top: synthetic delta-band 

oscillation; bottom: frequency– and amplitude modulations corresponding to the pitch track as 

well as computational-linguistic measures of the application of syntactic rules for the example 

sentence at the bottom. It is hypothesized that delta-band phase-locking is impaired in patients 

with schizophrenia and that depending on the underlying disorder, this abnormality could be 

restricted to either prosody or syntax. 

 

Semantics: impaired predictive coding in the beta– and gamma-bands? 

Semantic impairments in schizophrenia are less controversial than prosodic and syntactic 

impairments. Patients commonly display hyperactivation of lexical-semantic associations. While 

healthy individuals associate lion with tiger but not with stripes, patients with schizophrenia may 

do so. Accordingly, patients produce words that are less directly related to their intended message 

(Bleuler, 1950). For example, they might complain about their chest pain by saying I wonder if my 

box is broken (Chaika, 1990). Correspondingly in comprehension, patients show enhanced 
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semantic priming effects (Spitzer et al., 1994; Weisbrod et al., 1998; Kreher et al., 2009). However, 

depending on the task under study, patients may also exhibit a more restricted semantic network 

than healthy subjects during comprehension (Kreher et al., 2009). The comprehension deficits 

manifest beyond the word level, that is, real-world objects and events are commonly associated 

with special and negative meaning, a defining feature of delusions.  

Most electrophysiological literature on semantic comprehension deficits in schizophrenia 

has exploited the N400 component of the evoked response (ERP), typically manipulating the 

semantic / discourse fit between a target word and its preceding word / sentence context (Kutas 

and Hillyard, 1980; Hagoort et al., 2004; Nieuwland and Van Berkum, 2006; Lau et al., 2008; 

Kutas and Federmeier, 2011). These studies have offered valuable insights into how word– and 

sentence-level semantics are disrupted vs. preserved in schizophrenia (Mohammad and DeLisi, 

2013; Kiang and Gerritsen, 2019).  

Word-level semantic processing in schizophrenia is most commonly investigated via 

priming paradigms. Yet, the literature is inconsistent in terms of whether the priming-N400 effects 

are enhanced or reduced in patients (Mathalon et al., 2002, 2010; Salisbury, 2008; Kuperberg et 

al., 2019; Sharpe et al., 2020). This discrepancy may result from impairments at different levels of 

the linguistic hierarchy. Patients may be impaired in lexical access (Kuperberg et al., 2019), may 

suffer from reduced or enhanced semantic activation  (Titone et al., 2000; Mathalon et al., 2010), 

or may fail to derive predictions from the word context (Sharpe et al., 2020). Of note, the prediction 

failure account accords with results from sentence-level N400 studies: Whereas the N400 

reflecting semantic retrieval and integration seems to be unaffected in schizophrenia (Kuperberg 

et al., 2006), converging evidence has shown that patients are unable to utilize contextual 

information to suppress irrelevant meanings of a target word, for example, when comprehending 
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a homophone (Sitnikova et al., 2002). Hence, it has been proposed that semantic deficits in 

schizophrenia may originate from a general inability to integrate and update predictions of higher 

linguistic levels (e.g., context) with lower-level semantic inputs (Brown and Kuperberg, 2015). 

However, as it remains unclear whether the N400 indexes prediction, prediction error, or a 

combination of both (Kutas and Federmeier, 2011; Bornkessel-Schlesewsky and Schlesewsky, 

2019; Kuperberg et al., 2020; Nieuwland et al., 2020), it also remains unresolved whether linguistic 

prediction or prediction error underlies semantic impairments in schizophrenia.  

The equivocal interpretation of N400 alterations in mind, we propose to investigate 

semantic deficits by examining neural oscillations in the beta– and gamma-bands (for a possible 

relationship between the N400 and delta-band oscillations, see Roehm et al., 2007). The 

maintenance of semantic top-down predictions has been associated with beta-band power, whereas 

gamma-band power reflects the integration with button-up semantic input (Lewis and Bastiaansen, 

2015; Lewis et al., 2015; Meyer, 2017). In healthy populations, at the semantic level, the sensitivity 

of beta–gamma-band power has been reported in a series of studies (Hagoort et al., 2004; Wang et 

al., 2012a, 2012b, 2018; Kielar et al., 2014, 2015). Notably, as the majority of these studies have 

leveraged the classic semantic violation paradigm, despite a theoretical dissociation, it remains 

controversial how beta– and gamma-bands map to prediction or prediction error during sentence-

level processing (for review, see Prystauka and Lewis, 2019). We thus suggest a naturalistic 

approach (Figure 2), allowing for the dissociation of prediction and error at the single-word level, 

as well as an independent comparison between healthy and clinical groups. In healthy participants, 

beta-band power decreases for more precise prediction; for decreased error, gamma-band power 

increases accordingly. In addition, when predicted and incoming information match, cross-

frequency coupling between the beta and gamma bands would increase (Roopun et al., 2008; e.g., 
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Engel and Fries, 2010; Chao et al., 2018). The beta–gamma interplay offers a promising candidate 

mechanism that bridges predictive and integrative semantic processes. It also forms the basis for a 

plausible unifying theory linking predictive deficits in schizophrenia across functional domains 

outside of language. In the sensory domain, our previous work has shown that gamma power is 

less modulated for schizophrenia in response to prediction error on the acoustic level (Lakatos et 

al., 2013). In a similar vein, effects for predictive beta modulation in schizophrenia has been 

reported when patients are engaged in social interactive games (Billeke et al., 2015). Oscillations 

across frequency ranges appear to be coupled (Lakatos et al., 2005; Canolty et al., 2006; Canolty 

and Knight, 2010). Thus, it is worthwhile to investigate the cross-frequency dynamics (e.g., phase–

amplitude coupling) in schizophrenia (Kirihara et al., 2012; Hirano et al., 2018) during language 

processing and speech perception to examine, for example, if impaired beta–gamma oscillations 

will impact delta oscillatory tracking and vice versa. 

A particular focus on dysfunctional beta– and gamma-band oscillations has the additional 

potential or providing a theoretical explanation of core symptoms of schizophrenia, such as 

auditory hallucinations and delusions, and on how these symptoms, in turn, impact upon sensory 

tracking and linguistic prediction. Impairments of prediction in schizophrenia are nuanced (Sterzer 

et al., 2018): it has been proposed that auditory hallucinations may derive from overly precise 

(stronger) prediction (Corlett et al., 2018), whereas delusions are related to imprecise (weaker) 

prediction (Stuke et al., 2018), even if both symptoms often co-occur. We propose that 

physiologically, hallucinations and delusions are perpetrated by stronger vs. weaker 

synchronization of brain activity correspondingly in certain frequency bands.  

More importantly, both stronger and weaker predictions may occur at hierarchically 

different levels of sensory and higher cognitive processes in schizophrenia, and may be subject to 
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interaction across levels (Horga et al., 2014; Teufel et al., 2015; Alderson-Day et al., 2017; Powers 

et al., 2017), indicating the importance of changes in functional connectivity. In the language 

domain, word-level priming N400 deficits is proposed to be related to delusion severity, thus may 

support impaired semantic prediction (Kiang and Gerritsen, 2019). In relation to neural 

oscillations, it has been reported that prestimulus beta-band phase is inversely related to 

hallucination severity when patients produce speech and listen to the speech sound that they have 

produced (Ford et al., 2007). Although the authors did not report power modulation, this study 

might be an indication of potential link between auditory hallucinations and the beta-band phase 

in terms of aberrant prediction across comprehension and production of speech (Wang et al., 

2012a; Piai et al., 2014; Lewis et al., 2015). Moreover, the most replicated oscillatory correlate of 

auditory hallucinations is reported in the literature investigating auditory steady-state responses: 

Gamma-band (usually 40Hz) power and inter-trial phase coherence has been shown to correlate 

well with hallucination severity (Spencer et al., 2008; Mulert et al., 2011). Notably, steady-state 

responses reflect a mixture of stimulus-specific evoked responses and the resonant response of the 

sensory cortices. Therefore, they may not be interpreted on a par with endogenous gamma 

oscillations (Duecker et al., 2020). However, the strong correlation between the gamma-band 

responses and auditory hallucinations, together with the reported beta alterations, suggest that both 

frequency bands are valuable candidates of evaluating dysfunctional predictive coding from a 

phenomenological perspective, that is, how auditory hallucinations or delusions may affect 

linguistic predictions within and across linguistic levels.  
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Figure 2: Overview of hypotheses for semantic deficits; top: word-by-word entropy time course 

for example sentence (bottom left); middle: synthetic beta– and gamma-band time courses; 

bottom: word-by-word surprisal time course for example sentence (bottom left). We hypothesize 

that the relationship between beta-band power and entropy as well as between gamma-band power 

and surprisal is abnormal in schizophrenia patients. Additionally, phase–amplitude coupling of the 

beta and gamma band might be disturbed. These effects will likely differ amongst schizophrenia 

subgroups (e.g., hallucinators versus non-hallucinators). 

 

Towards naturalistic experiments for schizophrenia research 

Most electrophysiological studies on language deficits in schizophrenia employed controlled 

factorial designs that used isolated sentences or word pairs. These studies have provided valuable 
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insights into the neuropathology of schizophrenia, but face limitations. First, repetitive 

experimental procedures limit ecological validity (Brennan, 2016; Willems et al., 2016; Hamilton 

and Huth, 2018; Hasson et al., 2018; Kandylaki and Bornkessel-Schlesewsky, 2019; Shamay-

Tsoory and Mendelsohn, 2019). Second, the typical isochronous presentation of words and 

sentences (e.g., oddball paradigms, rapid serial visual presentation) triggers sequences of evoked 

responses that have the potential to mask oscillatory activity (Meyer et al., 2020; Poeppel and 

Teng, 2020). Third, factorial subtraction approach (e.g., standard – deviant, congruent – 

incongruent) does not warrant straightforward dissociations between acoustic–phonetic and 

abstract linguistic processes (e.g., Nieuwland et al., 2020). Finally, it is difficult to measure 

interactions across linguistic levels with factorial approaches (Brown and Kuperberg, 2015; 

Sterzer et al., 2018). 

We thus propose to address language deficits in schizophrenia with naturalistic 

experiments using ecologically-valid language stimuli (Hamilton and Huth, 2018; Kandylaki and 

Bornkessel-Schlesewsky, 2019). In such naturalistic experiments, participants are presented with 

entire narratives (e.g., Stehwien et al., 2020). This enhances feasibility under the temporal and 

monetary constraints of clinical research while still increasing statistical power and flexibility 

beyond factorial designs. Narratives also allow the analysis of neural tracking of acoustic and 

phonetic modulations at the sampling rate of the electrophysiological recording or phonetic–

phonological annotation (e.g., Gross et al., 2013; Bastos and Schoffelen, 2015; Di Liberto et al., 

2015; Daube et al., 2019). In parallel, multiple levels of word-by-word linguistic processing can 

be analyzed through domain-specific metrics derived by computational-linguistic modeling (e.g., 

Hale, 2001, 2016; Levy, 2008; Frank et al., 2015; Brennan, 2016). In schizophrenia research, 

naturalistic experiments were proposed for the study of social dysfunctions (Leong and Schilbach, 
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2019; Brandi et al., 2020). In the language domain, an eye-tracking study using a visual-world 

paradigm has looked into the impact of higher-level discourse on ambiguity resolution (Rabagliati 

et al., 2019). We have recently investigated patient’s processing of multimodal stories (i.e., 

auditory story, manual gestures) using functional magnetic resonance imaging, showing that 

manual gestures can enhance patients’ reduced semantic activation in a left fronto-temporal 

network (Cuevas et al., in preparation, 2019).  

For the first scenario outlined above, the investigation of impaired syntactic and prosodic 

processing in schizophrenia, a naturalistic approach would allow for a dissociation of the 

previously proposed prosodic and syntactic deficits. To approximate prosody, the audio stimulus 

would be low-pass filtered to yield those frequency modulations that correspond to pitch changes 

(Meyer et al., 2017; Meyer and Gumbert, 2018). Alternatively, the speech envelope could be low-

pass filtered, yielding pitch amplitude modulations (Bourguignon et al., 2013; e.g., Gross et al., 

2013; Mai et al., 2016). To concurrently model the application of syntactic rules, computational-

linguistic modeling would be employed. In electrophysiological research on healthy populations, 

parsers that operationalize probabilistic context-free grammars are used frequently (e.g., Roark et 

al., 2009; Frank et al., 2015; Meyer and Gumbert, 2018; Vassileiou et al., 2018). Such algorithms 

are trained on large corpora annotated with part-of-speech labels and syntactic structures, enabling 

subsequent annotation of the narrative used for stimulation. Information theory is then applied to 

quantify syntactic processing difficulty (Shannon, 1948; Hale, 2001, 2016). The prosodic and 

syntactic regressors would then be related statistically to the electrophysiological data. For 

prosody, this could be achieved using a variant of speech–brain coupling methodology (for review, 

see Bastos and Schoffelen, 2015; Poeppel and Teng, 2020). For syntax, time-resolved multiple 

regression (Sassenhagen, 2019) or multivariate temporal response functions (mTRF, Crosse et al., 
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2016) could be used, alternatively also allowing to include both prosody and syntax within a single 

statistical model. 

At the semantic level, as sentences unfold in a word-by-word manner, making semantic 

predictions of a word based on its prior context is equal to having some degree of certainty about 

the future (i.e., predictive coding). When instead an improbable event occurs, the prediction turns 

out to be an error. In computational approaches, the probability at which a listener is able to predict 

the meaning of the next word of the narrative from the preceding passage is measured by word-

level entropy, and the corresponding prediction error when encountered a word is parameterized 

as word-level surprisal. Essentially, both indices can be derived from the conditional probability 

of word forms as calculated by standard toolboxes (Stolcke, 2002; Roark et al., 2009; Frank et al., 

2015; Willems et al., 2016). Word-level entropy and surprisal can then be regressed against power 

of band-pass filtered continuous EEG in the beta– and gamma-bands via time-resolved multiple 

regression or the mTRF (Crosse et al., 2016; Ehinger and Dimigen, 2019; Sassenhagen, 2019). 

Individual beta coefficients would be then directly compared between patients and healthy 

controls, revealing if semantic prediction or prediction error are impaired in schizophrenia. In 

addition, the impact of major schizophrenia symptoms (e.g., auditory hallucinations) on semantic-

level predictive coding could be evaluated via a comparison between patients with or without 

auditory hallucinations.  

Importantly, group differences in the respective correlations between entropy / surprisal 

and beta–gamma-band power would readily define candidate frequencies and time windows to 

address the hypothesis of abnormal phase–amplitude coupling between the beta and gamma bands 

in schizophrenia (e.g., Bastos and Schoffelen, 2015; Hyafil et al., 2015). While translational 
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application of the naturalistic approach has been initially employed in autism research (Brennan 

et al., 2018), its value for schizophrenia research awaits validation. 

 

Conclusions 

We have outlined the potential of studying neural tracking in the functional characterization of 

linguistic deficits in schizophrenia. In our view, two threads should be followed: First, the 

previously proposed relationship between delta-band oscillations, prosody, syntax, and temporal 

prediction may help to study the corresponding deficits in schizophrenia in a hypothesis-driven 

manner, with the potential to dissociate underlying electrophysiological dysfunction(s). Second, 

the general role of the beta–gamma interplay in the generation and evaluation of predictions may 

be fruitful in elucidating the electrophysiological dysfunction(s) that correspond to contextual–

semantic symptoms. While both threads connect well with the literature, the direct link between 

frequency bands and linguistic dysfunctions may be overly simplistic. While often neural 

oscillations are assigned to specific functions or oscillatory deficits are linked to specific deficits, 

we believe that since these are coupled across both spatial and temporal scales, they should be 

evaluated in unison in relation to the naturalistic paradigms we propose. 

 

Acknowledgments 

LM was supported by the Max Planck Research Group Language Cycles; PL was supported by 

NIH grants R01DC012947, R01MH109289, and P50MH109429; YH was supported by the 

Deutsche Forschungsgemeinschaft grant HE8029/2-1. 

 



17 

 

  



18 

References: 

Alderson-Day, B., Lima, C. F., Evans, S., Krishnan, S., Shanmugalingam, P., Fernyhough, C., et 
al. (2017). Distinct processing of ambiguous speech in people with non-clinical auditory 
verbal hallucinations. Brain 140, 2475–2489. 

Alpert, M., Rosen, A., Welkowitz, J., Sobin, C., and Borod, J. C. (1989). Vocal acoustic 
correlates of flat affect in schizophrenia. Similarity to Parkinson’s disease and right 
hemisphere disease and contrast with depression. Br. J. Psychiatry Suppl., 51–56. 

Alpert, M., Rosenberg, S. D., Pouget, E. R., and Shaw, R. J. (2000). Prosody and lexical 
accuracy in flat affect schizophrenia. Psychiatry Res. 97, 107–118. 

Andreasen, N. C. (1979). Thought, language, and communication disorders. I. Clinical 
assessment, definition of terms, and evaluation of their reliability. Arch. Gen. Psychiatry 36, 
1315–1321. 

Arnal, L. H., Doelling, K. B., and Poeppel, D. (2014). Delta–Beta Coupled Oscillations Underlie 
Temporal Prediction Accuracy. Cereb. Cortex 25, 3077–3085. 

Bagner, D. M., Melinder, M. R. D., and Barch, D. M. (2003). Language comprehension and 
working memory language comprehension and working memory deficits in patients with 
schizophrenia. Schizophr. Res. 60, 299–309. 

Başar, E., and Güntekin, B. (2008). A review of brain oscillations in cognitive disorders and the 
role of neurotransmitters. Brain Res. 1235, 172–193. 

Bastos, A. M., and Schoffelen, J.-M. (2015). A Tutorial Review of Functional Connectivity 
Analysis Methods and Their Interpretational Pitfalls. Front. Syst. Neurosci. 9, 175. 

Bellani, M., Perlini, C., and Brambilla, P. (2009). Language disturbances in schizophrenia. 
Epidemiol. Psichiatr. Soc. 18, 314–317. 

Billeke, P., Armijo, A., Castillo, D., López, T., Zamorano, F., Cosmelli, D., et al. (2015). 
Paradoxical Expectation: Oscillatory Brain Activity Reveals Social Interaction Impairment 
in Schizophrenia. Biol. Psychiatry 78, 421–431. 

Bleuler, E. (1950). Dementia praecox or the group of schizophrenias. 548. Available at: 
https://psycnet.apa.org/fulltext/1951-03305-000.pdf. 

Bonhage, C. E., Meyer, L., Gruber, T., Friederici, A. D., and Mueller, J. L. (2017). Oscillatory 
EEG dynamics underlying automatic chunking during sentence processing. Neuroimage 
152, 647–657. 

Bornkessel-Schlesewsky, I., and Schlesewsky, M. (2019). Toward a Neurobiologically Plausible 
Model of Language-Related, Negative Event-Related Potentials. Front. Psychol. 10, 298. 



19 

Bourguignon, M., De Tiège, X., de Beeck, M. O., Ligot, N., Paquier, P., Van Bogaert, P., et al. 
(2013). The pace of prosodic phrasing couples the listener’s cortex to the reader's voice. 
Hum. Brain Mapp. 34, 314–326. 

Brandi, M.-L., Kaifel, D., Lahnakoski, J. M., and Schilbach, L. (2020). A naturalistic paradigm 
simulating gaze-based social interactions for the investigation of social agency. Behav. Res. 
Methods 52, 1044–1055. 

Brennan, J. (2016). Naturalistic Sentence Comprehension in the Brain. Language and Linguistics 
Compass 10, 299–313. doi:10.1111/lnc3.12198. 

Brennan, J. R., Lajiness-O’Neill, R., Bowyer, S., Kovelman, I., and Hale, J. T. (2018). Predictive 
sentence comprehension during story-listening in autism spectrum disorder. Language, 
Cognition and Neuroscience 34, 428–439. 

Brennan, J. R., and Martin, A. E. (2020). Phase synchronization varies systematically with 
linguistic structure composition. Philos. Trans. R. Soc. Lond. B Biol. Sci. 375, 20190305. 

Breska, A., and Deouell, L. Y. (2017). Neural mechanisms of rhythm-based temporal prediction: 
Delta phase-locking reflects temporal predictability but not rhythmic entrainment. PLoS 
Biol. Available at: 
https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.2001665. 

Brown, M., and Kuperberg, G. R. (2015). A Hierarchical Generative Framework of Language 
Processing: Linking Language Perception, Interpretation, and Production Abnormalities in 
Schizophrenia. Front. Hum. Neurosci. 9, 611. 

Buzsaki, G. (2006). Rhythms of the Brain. Oxford University Press. 

Canolty, R. T., Edwards, E., Dalal, S. S., Soltani, M., Nagarajan, S. S., Kirsch, H. E., et al. 
(2006). High gamma power is phase-locked to theta oscillations in human neocortex. 
Science 313, 1626–1628. 

Canolty, R. T., and Knight, R. T. (2010). The functional role of cross-frequency coupling. 
Trends Cogn. Sci. 14, 506–515. 

Chaika, E. O. (1990). Understanding psychotic speech: Beyond Freud and Chomsky. 324. 
Available at: https://psycnet.apa.org/fulltext/1990-97805-000.pdf. 

Chao, Z. C., Takaura, K., Wang, L., Fujii, N., and Dehaene, S. (2018). Large-Scale Cortical 
Networks for Hierarchical Prediction and Prediction Error in the Primate Brain. Neuron 
100, 1252–1266.e3. 

Cibelli, E., Cole, J., Mittal, V., and Goldrick, M. (2017). Prosodic cues to psychosis risk. J. 
Acoust. Soc. Am. 141, 3700–3700. 

Colle, L., Angeleri, R., Vallana, M., Sacco, K., Bara, B. G., and Bosco, F. M. (2013). 
Understanding the communicative impairments in schizophrenia: a preliminary study. J. 



20 

Commun. Disord. 46, 294–308. 

Corlett, P. R., Horga, G., Fletcher, P. C., Alderson-Day, B., Schmack, K., and Powers, A. R. 
(2018). Hallucinations and Strong Priors. Trends Cogn. Sci. 0. 
doi:10.1016/j.tics.2018.12.001. 

Covington, M. A., He, C., Brown, C., Naçi, L., McClain, J. T., Fjordbak, B. S., et al. (2005). 
Schizophrenia and the structure of language: the linguist’s view. Schizophr. Res. 77, 85–98. 

Crosse, M. J., Di Liberto, G. M., Bednar, A., and Lalor, E. C. (2016). The Multivariate Temporal 
Response Function (mTRF) Toolbox: A MATLAB Toolbox for Relating Neural Signals to 
Continuous Stimuli. Front. Hum. Neurosci. 10, 604. 

Crow, T. J. (1998). Nuclear schizophrenic symptoms as a window on the relationship between 
thought and speech. Br. J. Psychiatry 173, 303–309. 

Cuevas, P., He, Y., and Straube, B. Processing of semantic complexity and the effect of gestures 
in patients with Schizophrenia Spectrum Disorders. 

Cuevas, P., Steines, M., He, Y., Nagels, A., Culham, J., and Straube, B. (2019). The facilitative 
effect of gestures on the neural processing of semantic complexity in a continuous narrative. 
Neuroimage 195, 38–47. 

Daube, C., Ince, R. A. A., and Gross, J. (2019). Simple Acoustic Features Can Explain Phoneme-
Based Predictions of Cortical Responses to Speech. Curr. Biol. 29, 1924–1937.e9. 

DeLisi, L. E. (2001). Speech disorder in schizophrenia: review of the literature and exploration 
of its relation to the uniquely human capacity for language. Schizophr. Bull. 27, 481–496. 

Di Liberto, G. M., Di Liberto, G. M., O’Sullivan, J. A., and Lalor, E. C. (2015). Low-Frequency 
Cortical Entrainment to Speech Reflects Phoneme-Level Processing. Current Biology 25, 
2457–2465. doi:10.1016/j.cub.2015.08.030. 

Ding, N., Melloni, L., Zhang, H., Tian, X., and Poeppel, D. (2016). Cortical tracking of 
hierarchical linguistic structures in connected speech. Nat. Neurosci. 19, 158–164. 

Doege, K., Jansen, M., Mallikarjun, P., Liddle, E. B., and Liddle, P. F. (2010). How much does 
phase resetting contribute to event-related EEG abnormalities in schizophrenia? Neurosci. 
Lett. 481, 1–5. 

Dondé, C., Luck, D., Grot, S., Leitman, D. I., Brunelin, J., and Haesebaert, F. (2017). Tone-
matching ability in patients with schizophrenia: A systematic review and meta-analysis. 
Schizophr. Res. 181, 94–99. 

Donhauser, P. W., and Baillet, S. (2020). Two Distinct Neural Timescales for Predictive Speech 
Processing. Neuron 105, 385–393.e9. 

Duecker, K., Gutteling, T. P., Herrmann, C. S., and Jensen, O. (2020). No evidence for 



21 

entrainment: endogenous gamma oscillations and responses to rhythmic visual stimulation 
coexist in visual cortex. 2020.09.02.279497. doi:10.1101/2020.09.02.279497. 

Ehinger, B. V., and Dimigen, O. (2019). Unfold: an integrated toolbox for overlap correction, 
non-linear modeling, and regression-based EEG analysis. PeerJ 7, e7838. 

Engel, A. K., and Fries, P. (2010). Beta-band oscillations—signalling the status quo? Curr. Opin. 
Neurobiol. 20, 156–165. 

Fisher, D. J., Labelle, A., and Knott, V. J. (2008). Auditory hallucinations and the mismatch 
negativity: Processing speech and non-speech sounds in schizophrenia. Int. J. 
Psychophysiol. 70, 3–15. 

Fodor, J. A., and Bever, T. G. (1965). The psychological reality of linguistic segments. Journal 
of Verbal Learning and Verbal Behavior 4, 414–420. 

Ford, J. M., Roach, B. J., Faustman, W. O., and Mathalon, D. H. (2007). Synch before you 
speak: auditory hallucinations in schizophrenia. Am. J. Psychiatry 164, 458–466. 

Ford, J. M., Roach, B. J., Hoffman, R. S., and Mathalon, D. H. (2008). The dependence of P300 
amplitude on gamma synchrony breaks down in schizophrenia. Brain Res. 1235, 133–142. 

Frank, S. L., Otten, L. J., Galli, G., and Vigliocco, G. (2015). The ERP response to the amount of 
information conveyed by words in sentences. Brain Lang. 140, 1–11. 

Ghitza, O. (2017). Acoustic-driven delta rhythms as prosodic markers. null 32, 545–561. 

Giraud, A.-L., and Poeppel, D. (2012). Cortical oscillations and speech processing: emerging 
computational principles and operations. Nat. Neurosci. 15, 511–517. 

Gross, J., Hoogenboom, N., Thut, G., Schyns, P., Panzeri, S., Belin, P., et al. (2013). Speech 
rhythms and multiplexed oscillatory sensory coding in the human brain. PLoS Biol. 11, 
e1001752. 

Güntekin, B., and Başar, E. (2016). Review of evoked and event-related delta responses in the 
human brain. Int. J. Psychophysiol. 103, 43–52. 

Hagoort, P., Hald, L., Bastiaansen, M., and Petersson, K.-M. (2004). Integration of word 
meaning and world knowledge in language comprehension. Science 304, 438–441. 

Hale, J. (2001). A Probabilistic Earley Parser As a Psycholinguistic Model. in Proceedings of the 
Second Meeting of the North American Chapter of the Association for Computational 
Linguistics on Language Technologies NAACL ’01. (Stroudsburg, PA, USA: Association 
for Computational Linguistics), 1–8. 

Hale, J. (2016). Information-theoretical complexity metrics. Lang. Linguist. Compass 10, 397–
412. 



22 

Hamilton, L. S., and Huth, A. G. (2018). The revolution will not be controlled: natural stimuli in 
speech neuroscience. Language, Cognition and Neuroscience, 1–10. 

Hasson, U., Egidi, G., Marelli, M., and Willems, R. M. (2018). Grounding the neurobiology of 
language in first principles: The necessity of non-language-centric explanations for 
language comprehension. Cognition 180, 135–157. 

Henry, M. J., and Obleser, J. (2012). Frequency modulation entrains slow neural oscillations and 
optimizes human listening behavior. Proc. Natl. Acad. Sci. U. S. A. 109, 20095–20100. 

Hickok, G., Farahbod, H., and Saberi, K. (2015). The Rhythm of Perception. Psychological 
Science 26, 1006–1013. doi:10.1177/0956797615576533. 

Hirano, S., Nakhnikian, A., Hirano, Y., Oribe, N., Kanba, S., Onitsuka, T., et al. (2018). Phase-
Amplitude Coupling of the Electroencephalogram in the Auditory Cortex in Schizophrenia. 
Biol Psychiatry Cogn Neurosci Neuroimaging 3, 69–76. 

Hoekert, M., Kahn, R. S., Pijnenborg, M., and Aleman, A. (2007). Impaired recognition and 
expression of emotional prosody in schizophrenia: review and meta-analysis. Schizophr. 
Res. 96, 135–145. 

Horga, G., Schatz, K. C., Abi-Dargham, A., and Peterson, B. S. (2014). Deficits in Predictive 
Coding Underlie Hallucinations in Schizophrenia. J. Neurosci. 34, 8072–8082. 

Hyafil, A., Giraud, A.-L., Fontolan, L., and Gutkin, B. (2015). Neural Cross-Frequency 
Coupling: Connecting Architectures, Mechanisms, and Functions. Trends Neurosci. 38, 
725–740. 

Javitt, D. C., and Sweet, R. A. (2015). Auditory dysfunction in schizophrenia: integrating clinical 
and basic features. Nat. Rev. Neurosci. 16, 535–550. 

Jones, A., Hsu, Y.-F., Granjon, L., and Waszak, F. (2017). Temporal expectancies driven by self- 
and externally generated rhythms. Neuroimage 156, 352–362. 

Kandylaki, K. D., and Bornkessel-Schlesewsky, I. (2019). From story comprehension to the 
neurobiology of language. Language, Cognition and Neuroscience 34, 405–410. 

Kiang, M., and Gerritsen, C. J. (2019). The N400 event-related brain potential response: A 
window on deficits in predicting meaning in schizophrenia. Int. J. Psychophysiol. 
doi:10.1016/j.ijpsycho.2019.04.005 PMID - 31047943. 

Kielar, A., Meltzer, J. A., Moreno, S., Alain, C., and Bialystok, E. (2014). Oscillatory responses 
to semantic and syntactic violations. J. Cogn. Neurosci. 26, 2840–2862. 

Kielar, A., Panamsky, L., Links, K. A., and Meltzer, J. A. (2015). Localization of 
electrophysiological responses to semantic and syntactic anomalies in language 
comprehension with MEG. Neuroimage 105, 507–524. 



23 

Kircher, T., Krug, A., Stratmann, M., Ghazi, S., Schales, C., Frauenheim, M., et al. (2014). A 
rating scale for the assessment of objective and subjective formal Thought and Language 
Disorder (TALD). Schizophr. Res. 160, 216–221. 

Kirihara, K., Rissling, A. J., Swerdlow, N. R., Braff, D. L., and Light, G. A. (2012). Hierarchical 
organization of gamma and theta oscillatory dynamics in schizophrenia. Biol. Psychiatry 71, 
873–880. 

Kreher, D. A., Goff, D., and Kuperberg, G. R. (2009). Why all the confusion? Experimental task 
explains discrepant semantic priming effects in schizophrenia under “automatic” conditions: 
evidence from Event-Related Potentials. Schizophr. Res. 111, 174–181. 

Kuperberg, G. R., Brothers, T., and Wlotko, E. W. (2020). A Tale of Two Positivities and the 
N400: Distinct Neural Signatures Are Evoked by Confirmed and Violated Predictions at 
Different Levels of Representation. J. Cogn. Neurosci. 32, 12–35. 

Kuperberg, G. R., Sitnikova, T., Goff, D., and Holcomb, P. J. (2006). Making sense of sentences 
in schizophrenia: electrophysiological evidence for abnormal interactions between semantic 
and syntactic processing. J. Abnorm. Psychol. 115, 251–265. 

Kuperberg, G. R., Weber, K., Delaney-Busch, N., Ustine, C., Stillerman, B., Hämäläinen, M., et 
al. (2019). Multimodal neuroimaging evidence for looser lexico-semantic networks in 
schizophrenia:Evidence from masked indirect semantic priming. Neuropsychologia 124, 
337–349. 

Kutas, M., and Federmeier, K. D. (2011). Thirty years and counting: finding meaning in the 
N400 component of the event-related brain potential (ERP). 621–647. 

Kutas, M., and Hillyard, S. A. (1980). Reading senseless sentences: Brain potentials reflect 
semantic incongruity. Science 207, 203–205. 

Lado-Codesido, M., Pérez, C. M., Mateos, R., Olivares, J. M., and Caballero, A. G. (2019). 
Improving emotion recognition in schizophrenia with “VOICES”: An on-line prosodic self-
training. PLoS One 14, e0210816. 

Lakatos, P., Karmos, G., Mehta, A. D., Ulbert, I., and Schroeder, C. E. (2008). Entrainment of 
neuronal oscillations as a mechanism of attentional selection. Science 320, 110–113. 

Lakatos, P., O’Connell, M. N., Barczak, A., Mills, A., Javitt, D. C., and Schroeder, C. E. (2009). 
The leading sense: supramodal control of neurophysiological context by attention. Neuron 
64, 419–430. 

Lakatos, P., Schroeder, C. E., Leitman, D. I., and Javitt, D. C. (2013). Predictive suppression of 
cortical excitability and its deficit in schizophrenia. J. Neurosci. 33, 11692–11702. 

Lakatos, P., Shah, A. S., Knuth, K. H., Ulbert, I., Karmos, G., and Schroeder, C. E. (2005). An 
oscillatory hierarchy controlling neuronal excitability and stimulus processing in the 
auditory cortex. J. Neurophysiol. 94, 1904–1911. 



24 

Lau, E. F., Phillips, C., and Poeppel, D. (2008). A cortical network for semantics: 
(de)constructing the N400. Nat. Rev. Neurosci. 9, 920–933. 

Leitman, D. I., Foxe, J. J., Butler, P. D., Saperstein, A., Revheim, N., and Javitt, D. C. (2005). 
Sensory contributions to impaired prosodic processing in schizophrenia. Biol. Psychiatry 
58, 56–61. 

Leong, V., and Schilbach, L. (2019). The promise of two-person neuroscience for developmental 
psychiatry: using interaction-based sociometrics to identify disorders of social interaction. 
Br. J. Psychiatry, 1–3. 

Levinson, S. C. (2016). Turn-taking in Human Communication – Origins and Implications for 
Language Processing. Trends in Cognitive Sciences 20, 6–14. 
doi:10.1016/j.tics.2015.10.010. 

Levy, R. (2008). Expectation-based syntactic comprehension. Cognition 106, 1126–1177. 

Lewis, A. G., and Bastiaansen, M. (2015). A predictive coding framework for rapid neural 
dynamics during sentence-level language comprehension. Cortex 68, 155–168. 

Lewis, A. G., Wang, L., and Bastiaansen, M. (2015). Fast oscillatory dynamics during language 
comprehension: Unification versus maintenance and prediction? Brain Lang. 148, 51–63. 

Li, A. W. Y., Viñas-Guasch, N., Hui, C. L. M., Chang, W.-C., Chan, S. K. W., Lee, E. H. M., et 
al. (2018). Verbal working memory in schizophrenia: The role of syntax in facilitating serial 
recall. Schizophr. Res. 192, 294–299. 

Lin, Y., Ding, H., and Zhang, Y. (2018). Emotional Prosody Processing in Schizophrenic 
Patients: A Selective Review and Meta-Analysis. J. Clin. Med. Res. 7. 
doi:10.3390/jcm7100363. 

Li, X., Branch, C. A., and DeLisi, L. E. (2009). Language pathway abnormalities in 
schizophrenia: a review of fMRI and other imaging studies. Curr. Opin. Psychiatry 22, 
131–139. 

Mai, G., Minett, J. W., and Wang, W. S.-Y. (2016). Delta, theta, beta, and gamma brain 
oscillations index levels of auditory sentence processing. Neuroimage 133, 516–528. 

Martin, A. E. (2020). A Compositional Neural Architecture for Language. J. Cogn. Neurosci. 32, 
1407–1427. 

Martínez-Sánchez, F., Muela-Martínez, J. A., Cortés-Soto, P., García Meilán, J. J., Vera 
Ferrándiz, J. A., Egea Caparrós, A., et al. (2015). Can the Acoustic Analysis of Expressive 
Prosody Discriminate Schizophrenia? Span. J. Psychol. 18, E86. 

Mathalon, D. H., Faustman, W. O., and Ford, J. M. (2002). N400 and automatic semantic 
processing abnormalities in patients with schizophrenia. Arch. Gen. Psychiatry 59, 641–
648. 



25 

Mathalon, D. H., Roach, B. J., and Ford, J. M. (2010). Automatic semantic priming 
abnormalities in schizophrenia. Int. J. Psychophysiol. 75, 157–166. 

Meyer, L. (2017). The neural oscillations of speech processing and language comprehension: 
state of the art and emerging mechanisms. Eur. J. Neurosci. 28, 3958. 

Meyer, L., and Gumbert, M. (2018). Synchronization of Electrophysiological Responses with 
Speech Benefits Syntactic Information Processing. J. Cogn. Neurosci. 30, 1066–1074. 

Meyer, L., Henry, M. J., Gaston, P., Schmuck, N., and Friederici, A. D. (2017). Linguistic Bias 
Modulates Interpretation of Speech via Neural Delta-Band Oscillations. Cereb. Cortex 27, 
4293–4302. 

Meyer, L., Sun, Y., and Martin, A. E. (2019). Synchronous, but not entrained: exogenous and 
endogenous cortical rhythms of speech and language processing. Language, Cognition and 
Neuroscience, 1–11. 

Meyer, L., Sun, Y., and Martin, A. E. (2020). “Entraining” to speech, generating language? 
Language, Cognition and Neuroscience, 1–11. 

Michie, P. T., Malmierca, M. S., Harms, L., and Todd, J. (2016). The neurobiology of MMN and 
implications for schizophrenia. Biol. Psychol. 116, 90–97. 

Miller, G. A., and Isard, S. (1963). Some perceptual consequences of linguistic rules. Journal of 
Verbal Learning and Verbal Behavior 2, 217–228. 

Mitchell, R. L. C., and Crow, T. J. (2005). Right hemisphere language functions and 
schizophrenia: the forgotten hemisphere? Brain 128, 963–978. 

Mohammad, O. M., and DeLisi, L. E. (2013). N400 in schizophrenia patients. Curr. Opin. 
Psychiatry 26, 196–207. 

Molinaro, N., Lizarazu, M., Lallier, M., Bourguignon, M., and Carreiras, M. (2016). Out-of-
synchrony speech entrainment in developmental dyslexia. Hum. Brain Mapp. 37, 2767–
2783. 

Morice, R., and Delahunty, A. (1996). Frontal/executive impairments in schizophrenia. 
Schizophr. Bull. 22, 125–137. 

Moro, A., Bambini, V., Bosia, M., Anselmetti, S., Riccaboni, R., Cappa, S. F., et al. (2015). 
Detecting syntactic and semantic anomalies in schizophrenia. Neuropsychologia 79, 147–
157. 

Mulert, C., Kirsch, V., Pascual-Marqui, R., McCarley, R. W., and Spencer, K. M. (2011). Long-
range synchrony of gamma oscillations and auditory hallucination symptoms in 
schizophrenia. Int. J. Psychophysiol. 79, 55–63. 

Murphy, D., and Cutting, J. (1990). Prosodic comprehension and expression in schizophrenia. J. 



26 

Neurol. Neurosurg. Psychiatry 53, 727–730. 

Nieuwland, M. S., Barr, D. J., Bartolozzi, F., Busch-Moreno, S., Darley, E., Donaldson, D. I., et 
al. (2020). Dissociable effects of prediction and integration during language comprehension: 
evidence from a large-scale study using brain potentials. Philos. Trans. R. Soc. Lond. B 
Biol. Sci. 375, 20180522. 

Nieuwland, M. S., and Van Berkum, J. J. A. (2006). When peanuts fall in love: N400 evidence 
for the power of discourse. J. Cogn. Neurosci. 18, 1098–1111. 

Pawełczyk, A., Kotlicka-Antczak, M., Łojek, E., Ruszpel, A., and Pawełczyk, T. (2018a). 
Schizophrenia patients have higher-order language and extralinguistic impairments. 
Schizophr. Res. 192, 274–280. 

Pawełczyk, A., Łojek, E., Żurner, N., Gawłowska-Sawosz, M., and Pawełczyk, T. (2018b). 
Higher-order language dysfunctions as a possible neurolinguistic endophenotype for 
schizophrenia: Evidence from patients and their unaffected first degree relatives. Psychiatry 
Res. 267, 63–72. 

Piai, V., Roelofs, A., and Maris, E. (2014). Oscillatory brain responses in spoken word 
production reflect lexical frequency and sentential constraint. Neuropsychologia 53, 146–
156. 

Poeppel, D., and Teng, X. (2020). Entrainment in Human Auditory Cortex: Mechanism and 
Functions. The Senses: A Comprehensive Reference, 63–76. doi:10.1016/b978-0-12-
805408-6.00018-x. 

Powers, A. R., Mathys, C., and Corlett, P. R. (2017). Pavlovian conditioning–induced 
hallucinations result from overweighting of perceptual priors. Science 357, 596–600. 

Prystauka, Y., and Lewis, A. G. (2019). The power of neural oscillations to inform sentence 
comprehension: A linguistic perspective. Lang. Linguist. Compass 13, 31. 

Püschel, J., Stassen, H. H., Bomben, G., Scharfetter, C., and Hell, D. (1998). Speaking behavior 
and speech sound characteristics in acute schizophrenia. J. Psychiatr. Res. 32, 89–97. 

Rabagliati, H., Delaney-Busch, N., Snedeker, J., and Kuperberg, G. (2019). Spared bottom-up 
but impaired top-down interactive effects during naturalistic language processing in 
schizophrenia: evidence from the visual-world paradigm. Psychol. Med. 49, 1335–1345. 

Rapcan, V., D’Arcy, S., Yeap, S., Afzal, N., Thakore, J., and Reilly, R. B. (2010). Acoustic and 
temporal analysis of speech: A potential biomarker for schizophrenia. Med. Eng. Phys. 32, 
1074–1079. 

Rimmele, J. M., Morillon, B., Poeppel, D., and Arnal, L. H. (2018). Proactive sensing of periodic 
and aperiodic auditory patterns. Trends Cogn. Sci. Available at: 
https://www.sciencedirect.com/science/article/pii/S136466131830192X. 



27 

Roark, B., Bachrach, A., and Cardenas, C. (2009). Deriving lexical and syntactic expectation-
based measures for psycholinguistic modeling via incremental top-down parsing. 
Proceedings of the 2009. Available at: https://dl.acm.org/citation.cfm?id=1699553. 

Rochester, S. R., Harris, J., and Seeman, M. V. (1973). Sentence processing in schizophrenic 
listeners. J. Abnorm. Psychol. 82, 350–356. 

Roehm, D., Bornkessel-Schlesewsky, I., and Schlesewsky, M. (2007). The internal structure of 
the N400: Frequency characteristics of a language related ERP component. Available at: 
https://www.uni-salzburg.at/fileadmin/oracle_file_imports/1735199.PDF. 

Roopun, A. K., Kramer, M. A., Carracedo, L. M., Kaiser, M., Davies, C. H., Traub, R. D., et al. 
(2008). Period concatenation underlies interactions between gamma and beta rhythms in 
neocortex. Front. Cell. Neurosci. 2, 1. 

Salisbury, D. F. (2008). Semantic Activation and Verbal Working Memory Maintenance in 
Schizophrenic Thought Disorder: Insights from Electrophysiology and Lexical Amibiguity. 
Clin. EEG Neurosci. 39, 103–107. 

Sassenhagen, J. (2019). How to analyse electrophysiological responses to naturalistic language 
with time-resolved multiple regression. Language, Cognition and Neuroscience 34, 474–
490. 

Shamay-Tsoory, S. G., and Mendelsohn, A. (2019). Real-Life Neuroscience: An Ecological 
Approach to Brain and Behavior Research. Perspect. Psychol. Sci. 14, 841–859. 

Shannon, C. E. (1948). A Mathematical Theory of Communication. Bell System Technical 
Journal 27, 379–423. 

Sharpe, V., Weber, K., and Kuperberg, G. R. (2020). Impairments in Probabilistic Prediction and 
Bayesian Learning Can Explain Reduced Neural Semantic Priming in Schizophrenia. 
Schizophr. Bull. doi:10.1093/schbul/sbaa069. 

Sichlinger, L., Cibelli, E., Goldrick, M., and Mittal, V. A. (2019). Clinical correlates of aberrant 
conversational turn-taking in youth at clinical high-risk for psychosis. Schizophr. Res. 204, 
419–420. 

Sitnikova, T., Salisbury, D. F., Kuperberg, G., and Holcomb, P. J. (2002). Electrophysiological 
insights into language processing in schizophrenia. Psychophysiology 39, 851–860. 

Spencer, K. M., Salisbury, D. F., Shenton, M. E., and McCarley, R. W. (2008). γ-Band Auditory 
Steady-State Responses Are Impaired in First Episode Psychosis. Biol. Psychiatry 64, 369–
375. 

Spitzer, M., Weisker, I., Winter, M., and Maier, S. (1994). Semantic and phonological priming in 
schizophrenia. J. Abnorm. Psychol. 103, 485–494. 

Stefanics, G., Hangya, B., Hernádi, I., and Winkler, I. (2010). Phase entrainment of human delta 



28 

oscillations can mediate the effects of expectation on reaction speed. Journal of. Available 
at: https://www.jneurosci.org/content/30/41/13578.short. 

Stehwien, S., Henke, L., Hale, J., Brennan, J., and Meyer, L. (2020). The Little Prince in 26 
Languages: Towards a Multilingual Neuro-Cognitive Corpus. in Proceedings of the Second 
Workshop on Linguistic and Neurocognitive Resources, 43–49. 

Sterzer, P., Adams, R. A., Fletcher, P., Frith, C., Lawrie, S. M., Muckli, L., et al. (2018). The 
Predictive Coding Account of Psychosis. Biol. Psychiatry 84, 634–643. 

Stolcke, A. (2002). SRILM-an extensible language modeling toolkit. in Seventh international 
conference on spoken language processing Available at: https://www.isca-
speech.org/archive/icslp_2002/i02_0901.html. 

Stuke, H., Weilnhammer, V. A., Sterzer, P., and Schmack, K. (2018). Delusion Proneness is 
Linked to a Reduced Usage of Prior Beliefs in Perceptual Decisions. Schizophr. Bull. 45, 
80–86. 

Teufel, C., Subramaniam, N., Dobler, V., Perez, J., Finnemann, J., Mehta, P. R., et al. (2015). 
Shift toward prior knowledge confers a perceptual advantage in early psychosis and 
psychosis-prone healthy individuals. Proceedings of the National Academy of Sciences 112, 
13401–13406. 

Titone, D., Levy, D. L., and Holzman, P. S. (2000). Contextual insensitivity in schizophrenic 
language processing: evidence from lexical ambiguity. J. Abnorm. Psychol. 109, 761–767. 

Umbricht, D., and Krljes, S. (2005). Mismatch negativity in schizophrenia: a meta-analysis. 
Schizophr. Res. 76, 1–23. 

Vassileiou, B., Meyer, L., Beese, C., and Friederici, A. D. (2018). Alignment of alpha-band 
desynchronization with syntactic structure predicts successful sentence comprehension. 
Neuroimage 175, 286–296. 

Wang, L., Hagoort, P., and Jensen, O. (2018). Gamma Oscillatory Activity Related to Language 
Prediction. J. Cogn. Neurosci. 30, 1075–1085. 

Wang, L., Jensen, O., van den Brink, D., Weder, N., Schoffelen, J.-M., Magyari, L., et al. 
(2012a). Beta oscillations relate to the N400m during language comprehension. Hum. Brain 
Mapp. 33, 2898–2912. 

Wang, L., Zhu, Z., and Bastiaansen, M. (2012b). Integration or predictability? A further 
specification of the functional role of gamma oscillations in language comprehension. 
Front. Psychol. 3. 

Weisbrod, M., Maier, S., and Harig, S. (1998). Lateralised semantic and indirect semantic 
priming effects in people with schizophrenia. The British Journal. Available at: 
http://search.proquest.com/openview/762ad945ffecd08f666513b1b5dd82e7/1?pq-
origsite=gscholar&cbl=40635. 



29 

Willems, R. M., Frank, S. L., Nijhof, A. D., Hagoort, P., and van den Bosch, A. (2016). 
Prediction During Natural Language Comprehension. Cereb. Cortex 26, 2506–2516. 

 


