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A B S T R A C T   

It has been documented that individuals who hear auditory verbal hallucinations (AVH) exhibit diminished 
capabilities in processing external speech. While functional neuroimaging studies have attempted to characterise 
the cortical regions and networks facilitating these deficits in a bid to understand AVH, considerable method-
ological heterogeneity has prevented a consensus being reached. The current systematic review investigated the 
neurobiological underpinnings of external speech processing deficits in voice-hearers in 38 studies published 
between January 1990 to June 2020. AVH-specific deviations in the activity and lateralisation of the temporal 
auditory regions were apparent when processing speech sounds, words and sentences. During active or affective 
listening tasks, functional connectivity changes arose within the language, limbic and default mode networks. 
However, poor study quality and lack of replicable results plague the field. A detailed list of recommendations 
has been provided to improve the quality of future research on this topic.   

1. Introduction 

Auditory verbal hallucination (AVH), otherwise referred to as voice- 
hearing, involves the perception of voices in the absence of an external 
auditory input (Slade and Bentall, 1988). At a global lifetime prevalence 
of roughly 5–15 % (Beavan et al., 2011), voice-hearing is reported in 
numerous clinical groups (de Leede-Smith and Barkus, 2013; Merrett 
et al., 2016; Toh et al., 2020b) alongside many individuals without a 
need for care (i.e. people who hear voices who are otherwise healthy; 
non-clinical voice-hearers; Johns et al., 2014; Peters et al., 2017; Van Os 
and Reininghaus, 2016). Being as varied and idiosyncratic as spoken 
language (Aleman and Larøi, 2008), voice-hearing is difficult to char-
acterise. For example, a word, phrase or discourse may be perceived as 
originating from a sole speaker or multiple speakers talking indepen-
dently, conversationally or simultaneously (McCarthy-Jones and 
Resnick, 2014). The accent, personification and spoken content of voices 
vary widely (Aleman and Larøi, 2008), as does their effect on the 
experiencer (Upthegrove et al., 2016). However, common phenomeno-
logical themes do exist (Waters and Fernyhough, 2017); for instance, 

most voice-hearers perceive voices as speaking at a normal volume 
(Larøi et al., 2012) and in either the second or third person (Tovar et al., 
2019). Furthermore, most AVH are reminiscent of social interactions 
(Behrendt and Young, 2004) and have complex identities, whether these 
are constructed or likened to another person (Nayani and David, 1996; 
Romme et al., 2009). 

Alongside the complex phenomenological experience of AVH, it has 
been argued that individuals who experience voice-hearing commonly 
exhibit a diminished ability to process external speech (Hugdahl and 
Sommer, 2018; Upthegrove et al., 2016). Such deficits include poor 
speech-related verbal attention and working memory (Daalman et al., 
2011; Toh et al., 2020a), voice recognition (Johns et al., 2001; Wood-
ward et al., 2007), and prosodic interpretation (Costafreda et al., 2008; 
Rossell and Boundy, 2005). The magnitude of speech processing im-
pairments are often robustly linked to indices of voice-hearing severity 
such as their frequency, duration or content (Alderson-Day et al., 2017; 
Hugdahl and Sommer, 2018; Rossell et al., 2013). Such well-established 
links between external speech processing deficits and AVH have led 
researchers to examine the underlying neurobiological relationships 
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between the two processes (Ćurčić-Blake et al., 2017; Jardri et al., 
2011a; Uhlhaas and Singer, 2010). 

A wealth of literature has demonstrated the involvement of func-
tional brain networks associated with speech processing, such as the 
auditory and language processing networks, in the pathophysiology of 
voice-hearing (Kang et al., 2009; Lavigne et al., 2015; Zhang et al., 
2008a). However, considerable methodological heterogeneity between 
studies has impeded a consensus of findings being reached, perhaps due 
to differences in the activation paradigms used. For example, some 
studies have used emotionally neutral speech stimuli (Woodruff et al., 
1997), others have used highly affective speech stimuli (Sanjuan et al., 
2007), compared ear of presentation (Kompus et al., 2013) or probed 
speech-related memory (Ganguli et al., 1997). This has led to some 
contention regarding the degree of involvement of several cortical 
structures. For instance, fMRI signal intensity in the right anterior 
cingulate cortex (ACC) has been reported to both increase (Lewis-Hanna 
et al., 2011) and decrease (Horga et al., 2014b) in response to speech in 
voice-hearing samples. In EEG studies, auditory-evoked N100 ampli-
tudes over temporal electrode sites have been reported to both increase 
and decrease while listening to speech sounds (Ford et al., 2002; Pin-
heiro et al., 2018; Thiebes et al., 2018). A systematic review of this 
literature would provide a distinct opportunity to disentangle the rela-
tionship between external speech processing and neural correlates in 
those that hear voices. 

As such, the current review aims to synthesize the current under-
standing of the neurobiological underpinnings of external speech pro-
cessing deficits which are specific to voice-hearing. To this end, the 
review will seek: (i) to assess the cortical regions of interest and func-
tional networks persistently implicated in the processing of external 
speech and speech sounds among voice-hearers and; (ii) any cortical 
regions or networks that may be particularly affected by different speech 
components. To provide this synthesis, studies were grouped by 
approximating across the hierarchy of language processing: basic speech 
sounds, single words and finally, strings of words and sentences. Within 
each category, these tasks have been ordered by their cognitive (e.g. 
passive or active listening) or affective load to discriminate tasks which 
include these additional levels of processing. Non-AVH participants with 
a psychiatric diagnosis (e.g. schizophrenia) were described as either 
being state-negative (i.e. a past history of AVH, however not actively 
hearing voices) or trait-negative (i.e. no history of AVH). A secondary 
aim will focus on study-specific demographic and methodological var-
iables that may underlie heterogeneity between study outcomes. 
Following this synthesis, future directions for imperative, multifaceted 
research approaches will be discussed. 

2. Methods 

2.1. Search protocol 

Selection of reports was conducted as per the Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses (PRISMA; Liberati 
et al., 2009) statement where appropriate; a protocol is registered with 
the International Prospective Register of Systematic Reviews (PROS-
PERO; registration number: CRD42020140409). Using the online data-
bases of PubMed and Scopus and with additional searches through 
relevant review articles and publications, eligible literature was con-
strained to those published after the 1st of January 1990 and before the 
10th of June 2020. Search terms focussed around AVH, functional 
neuroimaging and external voice tasks, with appropriate truncation and 
syntax used to optimise searches in each database (refer to Supple-
mentary Material I for full search syntax). 

2.2. Study selection & eligibility criteria 

Criteria for inclusion were established across two screening stages. At 
stage one, one reviewer confirmed eligibility through titles, abstracts and 

keywords for all publications that: (a) were written in English and 
empirical; (b) investigated AVH and; (c) external voice processing and; (d) 
utilized one or more functional neuroimaging modality. At stage two, full- 
length publications were assessed independently by two reviewers and 
deemed eligible if: (e) an external voice task had been performed inside of 
one or more of the following: electroencephalography (EEG); functional 
magnetic resonance imaging (fMRI); magnetoencephalography (MEG); 
proton emission spectography (PET) or; single proton emission computed 
tomography (SPECT) and; (f) sufficient detail existed for distinction of an 
AVH group within the study population. Articles that used a single case- 
report or were reviews or meta-analyses were excluded. Discrepancies 
between final stage two screening were resolved by discussion, with a 
third author acting as adjudicator for uncertain records. 

2.3. Data extraction and synthesis 

Data extraction was performed by one reviewer using a checklist 
approved by all authors and inclusive of all items set out in PRISMA-P 
item 12. Extracted items included publication-specific data (e.g. study 
design, comparative approaches); demographics (e.g. sample size, AVH 
classification); external voice task variables (e.g. response time, accuracy) 
and; neuroimaging-specific measures obtained. It was assumed that all 
listening tasks were presented binaurally unless otherwise specified. 
Where possible, mean differences and standard deviations were extracted 
or calculated as primary summary measures. Upon request, several au-
thors provided unpublished information (Ford et al., 2002; Jardri et al., 
2011a; Lavigne and Woodward, 2018; Mechelli et al., 2007; Pinheiro 
et al., 2017; Sanjuan et al., 2007; Stephane et al., 2018). Due to the 
considerable methodological variability and subsequent limited overlap 
between studies, a meta-analysis was deemed impractical. In response, a 
structured narrative-based synthesis of results was utilized. 

2.4. Quality assessment of individual studies 

The current review developed a tool to evaluate the quality of each 
eligible study based on the size and characterisation of their AVH samples 
and descriptions of the external speech processing task. The quality of 
reporting of neuroimaging variables was also assessed, based on current 
recommendations for fMRI (Bradshaw et al., 2017; Poldrack et al., 2017, 
2008), PET and SPECT (Egerton et al., 2017; Kaneta, 2020; Kapucu et al., 
2009; Silverman, 2004) and EEG and MEG (Anderer et al., 1996; Keil 
et al., 2014; Puce and Hämäläinen, 2017) studies. The full details of the 
quality assessment tools are presented in Supplementary Material II. 

3. Results 

3.1. Study selection 

The electronic database searches provided a total of 707 publica-
tions, with 608 remaining after removal of duplicates. After reviewing 
titles, abstracts and keywords for exclusion criteria, a total of 94 pub-
lications were deemed eligible and selected for full text screening. Of 
these, 38 studies were identified for inclusion in this systematic review. 
A flowchart of this process can be seen in Fig. 1. 

3.2. Study characteristics 

Studies predominantly investigated voice-hearers within schizo-
phrenia spectrum disorder (SSD). Twenty-three studies assessed voice- 
hearers with a current diagnosis of schizophrenia (Sz), three studies 
assessed combined SSD groups, three assessed voice-hearers in their first 
or second psychotic episode and a further three assessed individuals 
with Sz who were not hearing voices at the time of testing. Five studies 
assessed voice-hearing in non-clinical voice-hearing samples. Of these, 
three assessed AVH during normal wakefulness (Alderson-Day et al., 
2017; Kompus et al., 2013; Pinheiro et al., 2018), one assessed a 
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hypnogogic or hypnopompic AVH sample (Lewis-Hanna et al., 2011) 
and one induced AVH with intravenous ketamine administration 
(Thiebes et al., 2018). One final study assessed AVH within an epilepsy 
sample (Korsnes et al., 2010). 

Brain function was assessed with fMRI in 25 studies, EEG in 10 studies, 
PET in one study, MEG in one study and SPECT in one study. Of the 25 
fMRI studies, 12 used seed-based or region of interest (ROI) approaches, 
12 used whole brain analyses, and one did not state their acquisition di-
mensions. Seven of these studies specifically examined functional net-
works and one correlated fMRI data against structural MRI data. Among 
encephalographic studies, eight analysed auditory-evoked event-related 
potentials (ERPs), with five also performing time-frequency analyses. The 
one PET study implemented 2-deoxy-2-[fluorine-18]fluoro-D-glucose 
(18F-FDG) to investigate relative glucose metabolism rates and finally, the 
one SPECT study used 15-Oxygen labelled water ([15O]-H2O) to investi-
gate functioning with rCBF. 

3.3. Summary of methodological quality 

The full details of the quality assessments are presented in Supple-
mentary Material II with Supplementary Tables 1 and 2. They show that 
in relation to the quality of reporting for patient characteristics and task 
parameters, 0 % of studies were in the first quartile, 21 % in the second 
quartile, 37 % in the third quartile and 42 % in the fourth quartile. In 
terms of the quality of neuroimaging reporting, 0 % were in the first 
quartile, 5 % in the second quartile, 5 % in the third quartile and 90 % in 
the fourth quartile. Thus the majority were scoring moderate to high 
levels of quality. The highest points of variability of study quality were 
concerning the sample sizes and characterising of participants’ AVHs. 

Only four studies examined an AVH group with over 20 participants, 
with the overwhelming majority investigating AVH groups of 15 par-
ticipants or less. In terms of characterising participants’ AVHs, 26 of the 
38 studies administered standardised clinical assessments of AVH 
symptomology and of these, 16 presented the results. Of the remaining 
12 studies, seven administered a standardised assessment of overall 
positive symptomology, two used unstandardised, study-specific AVH 
assessments, two relied on participant self-report and one provided no 
information concerning how AVHs were assessed. 

3.4. Study synthesis 

The synthesis of the studies was according to the linguistic 
complexity of the external speech task implemented, beginning with 
basic speech sounds (Table 1), followed by single words (Table 2), and 
finally, strings of words or sentences (Table 3). Within each of these 
categories, studies were first organised as either clinical or non-clinical 
voice-hearing studies and following this, ordered, where possible, by (i) 
passive listening, (ii) active listening, (iii) passive listening with affec-
tivity, (iv) AVH-mimicking affectivity and finally, (v) active listening 
with affectivity. Active listening was defined as any listening task which 
may engage attention or working memory processes, such as source 
identification or discrimination, and affectivity was defined as any 
language with either a positive or negative emotional valence. 

3.4.1. Speech sounds 
Overall, six studies investigated cortical function when listening to the 

fundamental units of spoken language and basic speech sounds (see 
Table 1). Included here are three investigations of clinical voice-hearers 

Fig. 1. PRISMA flow diagram of the article screening and selection process.  

S.E. Richards et al.                                                                                                                                                                                                                             



Neuroscience and Biobehavioral Reviews 131 (2021) 663–687

666

Table 1 
Studies of processing speech sounds in individuals with AVH.  

Study Sample AVH classification Research design Main AVH 
behavioural 
findings1 

Main AVH neuroimaging 
findings1 

Clinical voice-hearers 
Dichotic listening (n ¼ 2) 
Korsnes et al. (2010) 6 E-AVH Type: unstandardised, 

study-specific measure 
Modality: 3 T fMRI ↓ R ear advantage E-AVH v. HC:  

6 HC 

Detail: 11 questions on 
the phenomenology of 
AVH (e.g. personification, 
negative content) 

Task: consonant- 
vowel dichotic 
listening. Interaural 
intensity differences 
& attention task  

↓ 12% L lateralisation of 
STG & IFG  

Scores: n.a., frequencies 
ranged from daily to 
biannually 

Analysis: ROI (small 
volume corrections)  

Correlations:   
↑ AVH severity = ↓ 
accuracy, ↓ STG 
activation 

Steinmann et al. (2017) 

13 Sz-AVH 
Type: standardised 
measure Modality: EEG 

↓ laterality index Sz-AVH v. HC; Sz-AVH v. 
Sz-SN:  

↑ errors 

↑ synchrony differences 
between L & R ear at 600 
ms post-stimulus 
↑ synchrony during 
conscious perception of L 
ear  

13 Sz-SN Detail: PANSS item P3 

Task: consonant- 
vowel dichotic 
listening. Interaural 
attention task3  

Correlations:  

26 HC Scores: Sz-AVH: 4.1 ± 1.2; 
Sz-SN: 1.0 ± 0.0 

Analysis: gamma 
band (30–100 Hz) 
synchrony between L 
– R A1. Created a 
laterality index based 
on L & R ear 
accuracy. Lagged 
phase 
synchronisation 
analysis  

↑ PANSS item P3 = ↑ 
synchrony 

Actively listening to  
speech sounds  
(n ¼ 1) 

Heinks-Maldonado et al. (2007) 
10 Sz-AVH2 Type: self-report & 

standardised measure 
Modality: EEG 

↓ accuracy for self- 
distorted & alien- 
undistorted speech 

Sz-AVH v. HC:   

Self-undistorted voice: ↑ L 
N100  

10 Sz-TN 

Detail: current AVH & ≥ 2 
on SAPS AVH (‘auditory 
hallucination’, ‘voices 
commenting’ and ‘voices 
conversing’ items) 

Task: the syllable 
“ah”. Self (distorted, 
undistorted) & alien 
(distorted, 
undistorted) 
conditions. Source 
discrimination task3  

Sz-AVH v. Sz-TN:  

17 HC2 
Scores: SAPS AVH: Sz- 
AVH: 2.1 ± 0.6; Sz-TN: 
0.9 ± 0.4 

Analysis: N100 
(80–120 ms) 
amplitude & 
suppression 
measured across 20 
electrode sites  

No group differences   
Correlations:   

↑ SAPS AVH = ↑ N100 
suppression 

Non-clinical voice-hearers 
Dichotic listening (n ¼ 2) 

Kompus et al. (2013) 8 H-AVH 
Type: self-report & 
standardised measure Modality: 3 T fMRI 

Auditory acuity:↓ at 
2000 Hz & 3000 Hz 
(both ears); ↑ at 500 
Hz & 2000 Hz (L ear 
only) 

H-AVH v. HC:  

8 HC2 

Detail: 6 childhood onset; 
2 recent adult onset in the 
last 4 years; confirmed 
with LSHS & PSYRATS 

Task: consonant- 
vowel dichotic 
listening. Interaural 
intensity differences 
& attention task3  

↓ R A1 activity  

Scores: n.s. Analysis: ROI  ↑ lateral spread of A1 
activation in H-AVH 

Thiebes et al. (2018) 25 HC2 (10 H-AVH) 
(15 H-N) 

Type: standardised 
measure Modality: EEG None H-AVH v. H-N:  

Detail: induced with 
intravenous ketamine. 

Task: consonant- 
vowel dichotic  

↑ L ear gamma band 
connectivity 

(continued on next page) 
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Table 1 (continued ) 

Study Sample AVH classification Research design Main AVH 
behavioural 
findings1 

Main AVH neuroimaging 
findings1 

Assessed with AVH- 
specific version of 5D- 
ASC AUA & PANSS item 
P3 

listening. Interaural 
attention task3  

Scores: n.s. Analysis: N100 (Cz), 
baseline gamma 
power & auditory- 
evoked gamma 
power responses 
measured across 27 
electrodes. Gamma 
connectivity (30 – 
100 Hz) measured by 
lagged phase 
synchronization 
across L & R A1 & A2  

Actively listening to  
speech sounds  
(n ¼ 1) 

Pinheiro et al. (2018) 

32 H-AVH2 

Type: clinical interview & 
standardised measure 

Modality: EEG n.a. Correlations:  

Detail: monthly AVH, 
LSHS AVH 

Task: auditory 
(passive listening), 
motor (button press) 
& auditory-motor 
conditions. Tones & 
the speech syllable 
“ah”. Self & alien 
conditions3  

N100 negativity: positive 
correlation with LSHS 
total & LSHS AVH  

Scores: 3.2 ± 2.9 

Analysis: N100 
(70–110 ms), P2 
(170–210 ms) 
amplitudes & pre- 
stimulus alpha power 
(8–12 Hz; − 250 to 
0 ms) across L & R, 
anterior & posterior 
electrode clusters  

Pre-stimulus alpha power: 
↑ LSHS total = ↓ power 
for tones compared to 
voices. 

Note: Scores are presented as mean ± SD. Hz: hertz; L: left; R: right; n.a.: not applicable; n.s.: not stated. 
1: all behavioural and correlational results are specific to AVH group unless otherwise specified; 2: 100 % right-handed; 3: button-press used. 
Sample names: AVH: auditory verbal hallucination; E-AVH: epilepsy AVH; H-AVH: non-clinical AVH; HC: healthy controls; H-N: non-AVH group after ketamine 
administration; Sz: schizophrenia; Sz-AVH: schizophrenia AVH; Sz-SN: state negative: Sz group with some/minimal clinical history of AVH; Sz-TN: trait negative - Sz 
group with no clinical history of AVH. 
Psychopathological scales: 5D-ASC: Altered States of Consciousness questionnaire; LSHS: Launay-Slade Hallucination Scale (maximum scores: total: 64; AVH: 16); 
PANSS: Positive and Negative Syndrome Scale; PANSS item P3: PANSS hallucinatory behaviour (maximum score: 7); PSYRATS: Psychotic Symptom Rating Scale; 
SAPS: Scale for the Assessment of Positive Symptoms (SAPS AVH: combined scores of SAPS items ‘auditory hallucinations’, ‘voices commenting’ and ‘voices 
conversing’; maximum score: 15). 
Cortical & neuroimaging abbreviations: A1: primary auditory cortex; aeGBR: auditory-evoked gamma band response; IFG: inferior frontal gyrus; ROI: region of interest; 
STG: superior temporal gyrus. 

Table 2 
Studies of processing single words in individuals with AVH.  

Study Sample AVH classification Research design Main AVH group 
behavioural 
findings1 

Main AVH group 
neuroimaging findings1 

Clinical voice-hearers 
Passively listening to  

single words (n ¼ 5) 
Gavrilescu et al. (2010) 14 Sz-AVH Type: standardised 

measure 
Modality: 3 T fMRI n.a. Sz-AVH v. HC; Sz-AVH v. 

Sz-TN:  
13 Sz-TN Detail: AVH-specific 

modification of 
PANSS item P3. 
Current PANSS P3- 
AVH score ≥3 & a 
history of ≥3 for one 
month or longer 

Task: monoaural & 
binaural presentation of 
neutral words, silence3  

↓ functional connectivity 
of L – R A1 and L – R A2  

14 HC 
Scores: Sz-AVH: 3.8 ±
0.7; Sz-TN: 1.4 ± 0.5 

Analysis: seed-based 
analysis - bilateral A1 & 
A2  

(continued on next page) 
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Table 2 (continued ) 

Study Sample AVH classification Research design Main AVH group 
behavioural 
findings1 

Main AVH group 
neuroimaging findings1 

Innes-Brown et al. (2006) 22 Sz-AVH Type: self-report Modality: EEG n.a. Sz-AVH v. HC:  
26 Sz-SN Detail: current AVH Task: monoaural 

presentation of tones or 
neutral words  

R words = ↓ R N100 in Sz- 
AVH  

22 HC Scores: n.a. 

Analysis: temporal 
interhemispheric N100 
amplitude (ms not 
defined) from 14 
electrode sites  

Henshall et al. (2012)a 

19 Sz-AVH 
Type: self-report & 
standardised 
measure 

Modality: EEG 
n.a. Sz-AVH v. HC:   

No differences for words  

17 Sz-N 

Detail: AVH 
experienced in the 
past week, PANSS 
item P3 

Task: monoaural 
presentation of tones or 
neutral words  

Sz-AVH v. Sz-N:   

↑ IHTT at C3-C4  

17 HC 
Scores: Sz-AVH: 3.9 ±
1.3; Sz-N: 1.9 ± 0.8 

Analysis: amplitude, 
latency & 
interhemispheric transfer 
time (IHTT) of N100 at 
C3, C4 (90–150 ms) & C5, 
C6 (90–190 ms) electrode 
pairs. All results here are 
after gender factored into 
analyses  

Henshall et al. (2013)a 

19 Sz-AVH 
Type: self-report & 
standardised 
measure 

Modality: EEG 
n.a. Sz-AVH v. HC:   

Alpha coherence: ↓ C3-C4, 
C5-C6  

17 Sz-N 

Detail: AVH 
experienced in the 
past week, PANSS 
item P3 scores 

Task: monoaural 
presentation of tones or 
neutral words  

Sz-AVH v. Sz-N: Alpha 
coherence: ↓ C3-C4, C5-C6   

Beta coherence: ↓ C3-C4  

17 HC 
Scores: Sz-AVH: 3.9 ±
1.3; Sz-N: 1.9 ± 0.8 

Analysis: high alpha (10 – 
12 Hz) & high beta (22 – 
30 Hz) band coherence at 
C1-C2, C3-C4, C5-C6, T7- 
T8, Ft7-Ft8, Cp5-Cp6 
electrode pairs. All 
results here are after 
gender factored into 
analyses  

Correlations:   

No effect of ear 
presentation or gender 
across all groups 

Bühler et al. (2016) 

14 Sz-AVH 
Type: medical history 
& standardised 
measure 

Modality: EEG 

No group differences 
in voice recognition 
response time 

Sz-AVH v. HC:   

Late component spatial 
distribution: ↑ effect of 
agency  

14 Sz-N 

Detail: frequent & 
current AVH as per 
medical history, 
AHRS, PANSS, 
PSYRATS 

Task: constant pink noise. 
Neutral words in self or 
alien voice, with or 
without auditory delay, 
or passive visual fixation. 
Six conditions assessing 
agency & ownership of 
speech  

Sz-AVH v. Sz-N:   

No group differences  

28 HC 

Scores: AHRS total: 
21.7 ± 9.6;m Sz-N: 
0.0; PANSS P: Sz- 
AVH: 16.3 ± 4.7; Sz- 
N: 15.3 ± 3.6’; 
PSYRATS total: Sz- 
AVH: 31.5 ± 13.7; 
Sz-N: 10.0 ± 7.0 

Analysis: N100 (116–170 
ms) & late component 
(172–356 ms) from Fz 
electrode. Template- 
based analysis (for ERP 
activity), TANOVA (for 
spatial distribution/ 
topography of ERP) & 
global field power  

Correlations:   

No effect of AVH severity 

Actively listening to  
single words (n ¼ 2) 

Ganguli et al. (1997) 8 Sz-TP2 

Type: clinical 
interview & 
standardised 
measure 

Modality: [15O]-H2O PET 
↓ primary memory 
accuracy Sz-TP v. HC:  

8 HC 

Detail: no current 
AVH reported by 
clinicians, assessed 
with SADS 

Task: emotionally neutral 
words & silence. 
Auditory supraspan 
memory task & passive 
visual fixation  

Supraspan memory: ↓ 
overall bilateral temporal 
& frontal regions. ↓ L 
STG, R putamen, L THAL, 
↑ L OFC, L temporal 

(continued on next page) 
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Table 2 (continued ) 

Study Sample AVH classification Research design Main AVH group 
behavioural 
findings1 

Main AVH group 
neuroimaging findings1 

occipital cortex, L PCC, L 
IPC  

Scores: n.s. Analysis: rCBF  

Passive visual fixation: ↓ 
bilateral dlPFC, R STG  
Supraspan memory v 
passive visual fixation: ↓ 
bilateral ACC, dlPFC & 
STG 

Ikuta et al. (2015) 
8 Sz-AVH2 Type: standardised 

measure Modality: 3 T fMRI 

No AVH-specific 
differences in 
accuracy 

Correlations:  

Reversed words > sine 
wave sounds: ↑ BPRS score 
= ↑ bilateral posterior 
basal ganglia, mostly 
within globus pallidus  

8 Sz-N2 

Detail: : AVH-specific 
modification of BPRS 
hallucination score, 
≥ 2 in the past week 

Task: single words, 
reversed words, sine 
wave sounds & silence. 
One-back task  

Scores: Sz-AVH: 2.3 ±
1.5; Sz-N: 1.0 ± 0.0 Analysis: partial brain 

Passively listening to  
affective single words  
(n ¼ 1) 

Kang et al. (2009) 

14 Sz-AVH2 
Type: self-report & 
standardised 
measure 

Modality: 1.5 T fMRI 

No AVH-specific 
differences in 
accuracy 

Sz-AVH v. HC:   

All emotion: ↑ bilateral 
precuneus, ↓ L cingulate   
Laugh: ↑L MFG & FG, 
bilateral MTG, R SPG & 
uncus, ↓ bilateral SFG, R 
caudate   
Cry: ↑ bilateral SFG. ↓ 
bilateral AMYG, R 
putamen, L MFG  

14 Sz-TN2 
Detail: daily AVH for 
≥ 2 years, PANSS 
item P3 ≥ 3; AHS 

Task: laughing, crying, 
the sound “ah”, silence. 
Gender discrimination 
task3  

Sz-AVH v. Sz-TN: 
All emotion: ↑ R IPC, ↓ R 
SFC   
Laugh: ↑ R IFG, bilateral 
caudate, ↓ PCC, R 
putamen.  

28 HC2 

Scores: AHS total: Sz- 
AVH: 23.3 ± 4.7; Sz- 
TN: 0.0; PANSS item 
P3: Sz-AVH: 3.7 ±
0.5; Sz-TN: 1.0 ± 0.0 

Analysis: whole brain 
(small volume 
corrections to AMYG)  

Cry: ↓ bilateral HIP, L 
AMYG, IFG & insula 

Passively listening to  
affective single words  
with AVH mimicking  
content (n ¼ 4) 

De la Iglesia-Vaya et al. (2014)b 

27 Sz-AVH2 

Type: clinical 
interview & 
standardised 
measure 

Modality: 1.5 T fMRI 

n.a. 
Sz-AVH v. HC; Sz-AVH v. 
Sz-TN:   
Synchrony: ↓ occipito- 
cerebellar & limbic 
networks; ↓ fronto- 
temporal, temporal & 
temporo-parietal 
networks.  

14 Sz-TN2 

Detail: daily AVH for 
≥ 1 year, confirmed 
by psychiatrist. 
BPRS, PANSS & 
PSYRATS measured 
from last 24 hours 

Task: neutral & AVH- 
mimicking emotional 
words. Passive listening  

Causal source of effective 
connectivity: Sz-AVH: 
occipito-cerebellar 
network; HC & Sz-TN: 
temporal network.  

31 HC2 

Scores: BPRS total: 
Sz-AVH: 51.1 ± 10.9; 
Sz-TN: 38.9 ± 8.0; 
PANSS total: Sz- 
AVH: 65.3 ± 17.8; 
Sz-TN: 53.7 ± 11.7; 
PSYRATS total: Sz- 
AVH: 30.3 ± 4.96; 
Sz-TN: 0 

Analysis: independent 
component analysis of 
network synchrony, 
Granger causal analysis 
of effective connectivity  

Escartí et al. (2010)b 27 Sz-AVH2 

Type: clinical 
interview & 
standardised 
measure 

Modality: 1.5 T fMRI n.a. 
Sz-AVH v. HC; Sz-AVH v. 
Sz-TN:  

14 Sz-TN2 
Detail: daily AVH for 
≥ 1 year, confirmed 
by psychiatrist. 

Task: neutral & AVH- 
mimicking emotional 
words. Passive listening  

↑ AMYG, paHIP.   

↓ STG, IFG, L insula 
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Table 2 (continued ) 

Study Sample AVH classification Research design Main AVH group 
behavioural 
findings1 

Main AVH group 
neuroimaging findings1 

BPRS, PANSS & 
PSYRATS measured 
from last 24 hours  

31 HC2 Scores: BPRS total: 
Sz-AVH: 51.1 ± 10.9; 
Sz-TN: 38.9 ± 8.0; 
PANSS total: Sz- 
AVH: 65.3 ± 17.8; 
Sz-TN: 53.7 ± 11.7; 
PSYRATS total: Sz- 
AVH: 30.3 ± 4.96; 
Sz-TN: 0 

Analysis: independent 
component analysis  

Martí-Bonmatí et al. (2007)c 

21 Sz-AVH2 Type: clinical interview & 
standardised measure Modality: 1.5 T fMRI 

n.a. 
Sz-AVH v. HC:   

Emotional content: ↑ 
activation of bilateral 
MTG, R STG, R A1, R 
superomedial frontal, R 
AG, R PCC, L MCC, R 
THAL   

↓ VBM density: 
bilateral insula, 
bilateral lingual 
gyrus, L postcentral 
gyrus, R precuneus, R 
superomedial 
frontal, L MTG  

10 HC2 

Detail: persistent 
AVH confirmed by 
psychiatrist, PANSS 
& PSYRATS 

Task: neutral & AVH- 
mimicking emotional 
words. Passive listening  

Correlations:  

Scores: PANSS total: 
71.0 ± 10.0; 
PSYRATS total: 30.0 
± 4.0 

Analysis: T1 & T2 
weighted whole brain    

(↑ activation + ↓ density) 
coincidence:↑ bilateral 
MTG & STG, ↓ L PCC, R 
ACC, L inferior 
opercularis, R MOG 

Sanjuan et al. (2007)c 

11 Sz-AVH2 
Type: self-report & 
standardised 
measure 

Modality: 1.5 T fMRI 

↑ anxiety induced by 
emotional speech Sz-AVH v. HC:   

Emotional speech v. neutral 
speech: ↑ L MTG, bilateral 
insula, R median 
cingulate, bilateral PCC, 
R AMYG, bilateral orbital 
MFC, R orbital IFG, R 
SMC  

10 HC2 

Detail: daily AVH for 
≥ 1 year, BPRS, 
PANSS, PSYRATS 

Task: neutral & AVH- 
mimicking emotional 
words. Review task post- 
scanning of voice 
resemblance & anxiety  

Neutral speech v. silence: ↑ 
L MTG, L STG, middle 
cingulate, L orbital IFG  Scores: BPRS total: 

55.2 ± 7.4; PANSS 
total: 70.8 ± 9.9; 
PSYRATS total: 28.6 
± 4.4 

Analysis: whole brain  

Actively listening to  
affective single words  
(n ¼ 3) 

Allen et al. (2007)d 10 Sz-AVH2 
Type: self-report & 
standardised 
measure 

Modality: 1.5 T fMRI ↓ accuracy for self- 
speech 

Sz-AVH v. HC; Sz-AVH v. 
Sz-TN:  

10 Sz-TN2 

Detail: prominent & 
current AVH, >3on 
SAPS ‘auditory 
hallucination’ 

Task: self (distorted, 
undistorted) & alien 
(distorted, undistorted) 
conditions. Emotional 
(positive & negative 
valence) or neutral 
words. Source 
discrimination task3  

↓ L STG for alien > self 
speech  

11 HC2 Scores: Sz-AVH: 4.5 ±
0.7; Sz-TN: 0 

Analysis: whole brain  

↓ cingulate gyrus for 
distorted > undistorted 
speech   

(continued on next page) 

S.E. Richards et al.                                                                                                                                                                                                                             



Neuroscience and Biobehavioral Reviews 131 (2021) 663–687

671

Table 2 (continued ) 

Study Sample AVH classification Research design Main AVH group 
behavioural 
findings1 

Main AVH group 
neuroimaging findings1 

↑ R STG for distorted self 
> undistorted self speech   
↓ R ACG for distorted 
alien > undistorted alien 
speech. A loss of alien 
distortion effect was seen 
in Sz-AVH   
Correlations:   
↑ L MTG = ↑ accuracy in 
HC & Sz-TN. Not seen in 
Sz-AVH 

Mechelli et al. (2007)d 

11 Sz-AVH2 
Type: self-report & 
standardised 
measure 

Modality: 1.5 T fMRI 

↓ accuracy for self- 
speech 

Sz-AVH v. HC:   

Intrinsic connections:↓ 
bilateral STG – ACC  

10 Sz-TN2 

Detail: prominent & 
current AVH, >3 on 
SAPS ‘auditory 
hallucination’ 

Task: self (distorted, 
undistorted) & alien 
(distorted, undistorted) 
conditions. Emotional 
(positive & negative 
valence) & neutral 
adjectives. Source 
discrimination task3  

Distorted > undistorted 
speech: ↓ bilateral STG – 
ACC  

10 HC2 Scores: Sz-AVH: 4.4 ±
0.7; Sz-TN: 0 

Analysis: partial brain, 
dynamic causal 
modelling  

Sz-AVH v. Sz-TN:   
No group differences   
Effect of speech source:   
Self-speech = ↑ intrinsic 
connections inSz-AVH   
Alien speech =↑ intrinsic 
connections in HC & Sz- 
TN 

Pinheiro et al. (2017) 

15 SSD-AVH2 Type: standardised 
measure Modality: EEG 

↓ recognition 
accuracy of negative 
speech source 

SSD-AVH v. HC:   

N100: no group 
differences   
P2: no group differences   
LPP: SSD-AVH 
differences during 
negative speech (self >
alien), whereas in HC, all 
self > alien, regardless of 
emotional valence  

16 HC2 

Detail: PANSS & 
SAPS, confirmed 
with personal 
communication 

Task: self & alien speech. 
Emotional (positive & 
negative valence) & 
neutral words. Source 
discrimination task3  

Correlations:   
↑ PANSS hallucination 
severity = ↑ LPP 
amplitude for negative 
alien speech  

Scores: PANSS P: 23.0 
± 9.2 SAPS global: 
11.0 ± 3.4 

Analysis: N100 (130–210 
ms), P2 (HC: 215–380 ms, 
Sz-AVH: 250–415 ms), 
late positive potential 
(LPP; 500–700 ms) 
amplitudes across 
frontocentral, central & 
centroparietal electrodes  

↑ SAPS ‘voices 
conversing’ scores = ↑ 
difference between LPP 
responses to negative v. 
positive emotional 
valence 

Non-clinical voice-hearers 
Actively listening to single words (n ¼ 1) 

Lewis-Hanna et al. (2011) 
12 H-AVH2 

Type: 
unstandardised, 
study-specific 
measure 

Modality: 1.5 T fMRI ↑ auditory acuity H-AVH v. HC:  

Detail: 2 questions on 
the phenomenology 
of hypnogogic/ 
hypnopompic AVH 

Task: two tasks: (i) 
passive listening to 
neutral words; (ii) 
mismatched presentation 
of visual & aural numbers 
during a forced auditory 
or visual attention task  

Passive listening > silence: 
↑ L posterior TPC, L SMG  

12 HC2 

No AVH-specific 
differences in 
accuracy or reaction 
time 

Auditory > visual 
attention: ↑ R ACC  

Scores: n.a., 
frequencies ranged 
from weekly – only 
heard once 

Analysis: VOI  

Correlations:   

↑ auditory acuity = ↑ L 
SMG across both groups 
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Note: Scores are presented as mean ± SD. a, b, c, d denote overlapping samples. L: left; R: right. n.a.: not applicable; n.s.: not stated. 
1: all behavioural and correlational results are specific to AVH group unless otherwise specified; 2: 100 % right-handed; 3: button-press used; ‘: differences in AVH or 
positive symptomology severity between Sz groups was insignificant. 
Sample names: AVH: auditory verbal hallucination; H-AVH: non-clinical AVH; HC: healthy controls; IHTT: interhemispheric transfer time; Navh: non-AVH group; rCBF: 
regional cerebral blood flow; SSD: schizophrenia spectrum disorder; Sz: schizophrenia; Sz-AVH: schizophrenia AVH; Sz-N: Sz non-AVH group with either mixed or 
unspecified history of AVH; Sz-SN: state negative: Sz group with some/minimal clinical history of AVH; Sz-TN: trait negative - Sz group with no clinical history of AVH; 
Sz-TP: trait positive – history of SzAVH & not actively hallucinating/in symptomatic remission. 
Psychopathological scales: BPRS: Brief Psychiatric Rating Scale (maximum auditory hallucination score: 7); DSM-III-R: 1987 revision of the Diagnostic and Statistical 
Manual of Mental Disorders; MMSE: Mini Mental State Examination (maximum score: 30); PANSS: Positive and Negative Syndrome Scale PANSS P: PANSS positive 
(maximum score: 49); PANSS item P3: PANSS hallucinatory behaviour (maximum score: 7); PSYRATS: Psychotic Symptom Rating Scale (maximum score: 44); SADS: 
Schedule for Affective Disorders & Schizophrenia Interview; SAPS: Scale for the Assessment of Positive Symptoms (maximum scores: global: 20; AVH: 15); SSPI: Signs 
and Symptoms of Psychotic Illness. 
Cortical & neuroimaging abbreviations: [15O]-H2O: 15-Oxygen labelled water; A1: primary auditory cortex; A2: secondary auditory cortex; ACC: anterior cingulate 
cortex; ACG: anterior cingulate gyrus; AG: angular gyrus; AMYG: amygdala; dlPFC: dorsolateral prefrontal cortex; FG: fusiform gyrus; HIP: hippocampus; IFG: inferior 
frontal gyrus; IPC: inferior parietal cortex; MFC: middle frontal cortex; MFG: middle frontal gyrus; MPC: middle parietal cortex; MOG: middle occipital gyrus; MTG: 
middle temporal gyrus; OFC: orbitofrontal cortex; paHIP: parahippocampal gyrus; PCC: posterior cingulate cortex; PFC: prefrontal cortex; rCBF: regional cerebral 
blood flow; SFC: superior frontal cortex; SMC: superior medial cortex; SMG: supramarginal gyrus; STG: superior temporal gyrus; THAL: thalamus; TPC; tempor-
oparietal cortex; VBM: voxel based morphometry; VOI: voxel of interest. 

Table 3 
Studies of processing strings of words or sentences in individuals with AVH.  

Study Sample AVH classification Research design Main AVH behavioural 
findings1 

Main AVH 
neuroimaging 
findings1 

Clinical voice-hearers 
Passively listening to  

sentences (n ¼ 7) 
Briend et al. (2017) 

11 Sz-AVH 
Type: standardised 
measure Modality: 3 T fMRI 

n.a. Sz-AVH v. HC:   
Baseline: ↓ functional 
connectivity between 
L – R A1, L – R TG, 
and R A1 – R TG  

10 HC 

Detail: AHRS evaluation 

Task: 20 Hz rTMS 
over L STS, only on 
Sz-AVH cohort. 
Neutral story versus 
silence  

Post-rTMS: no 
functional 
connectivity change, 
↓ AHRS score  

Scores: n.s. 

Analysis: seed-based 
functional 
connectivity of 
bilateral A1 & TG  

Jardri et al., (2011a) 

15 Sz-AVH2 Type: standardised 
measure 

Modality: 1.5 T fMRI 

No group differences in 
accuracy Sz-AVH v. HC:   

Intelligible language 
effects (alien speech - 
reversed alien speech): 
↓ R MNS, R MTG 
after controlling for 
education  

15 HC2 

Detail: PANSS, confirmed 
by personal 
communication with 
authors 

Task: self-speech 
listening paired with 
inner repetition, 
alien & reversed 
alien speech both 
passive listening. 
Used a poem 
(emotional valence 
unknown). 
Discrimination task  

Self-agency effects 
(alien speech - self 
speech):  

Scores: PANSS P: 22.5 ±
5.5 

Analysis: partial 
brain  

↓ R IPL, R MTG, 
MeFG, MePC, ACC, 
PCC after controlling 
for education   
↓ voxel cluster sizes 
of R IPL, R MTG, 
MeFG & MePC   
Correlations:   
↑ PANSS P = ↑ R IPL 

Lavigne et al. (2015)a 10 Sz-AVH2 Type: clinical interview & 
standardised measure 

Modality: 3 T fMRI n.a. All groups:  

13 Sz-SN Detail: clinical interview 
to confirm AVH presence, 

Task: passive 
listening to 
definitions of  

Isolated 
hemodynamic 
response (HDR) 
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Table 3 (continued ) 

Study Sample AVH classification Research design Main AVH behavioural 
findings1 

Main AVH 
neuroimaging 
findings1 

SSPI hallucination score 
≥ 3 

common words 
paired with 
corresponding 
images 

shape of two 
networks during 
listening (results are 
of these combined): 
(i) language 
processing: ↑ L p. 
opercularis (L IFG), 
bilateral STG, FG, 
visual & SMA; (ii) 
default mode: ↑ 
bilateral visual & FG, 
↓ PCC, precuneus, 
mPFC, SFC, IPC, 
LOC, PGC, SPC  

22 BD 

Scores: Sz-AVH: 3.7 ± 0.5; 
Sz-SN: 0.5 ± 0.8; BD: 0.1 
± 0.4 

Analysis: constrained 
principal component 
analysis   

27 HC  

Sz-AVH v. all groups:   
↑ HDR of both 
networks between 
0–7.5 & 20–22.5 s 
post-stimulus   
Sz-AVH v. Sz-SN:   
↑ HDR of both 
networks between 
0–5 & 15–22.5 s post- 
stimulus   
Sz-AVH v. BD:   
↑ HDR of both 
networks between 
0–7.5 & 15–20 s post- 
stimulus   
Correlations:   

↑ SSPI hallucination score 
= ↑ HDR of all networks 

Lavigne and Woodward (2018)a 12 Sz-AVH Type: clinical interview & 
standardised measure 

Modality: 3 T fMRI n.a. All groups:  

11 Sz-SN 

Detail: clinical interview 
to confirm AVH presence, 
SSPI hallucination score 
≥ 2 

Task: passive 
listening to 
definitions of 
common words 
paired with 
corresponding 
images  

Isolated HDR shape 
of three networks 
during listening 
(results are of these 
combined): (i) 
auditory-motor 
network: ↑ bilateral 
TP, STG, SMA, dACC, 
VC, insula, THAL, 
cerebellum, L PCG; 
(ii) language 
processing network: 
↑ L pMTG, IFG, OFC, 
dlPFC, VC; (iii) 
default mode:↑ 
bilateral STG, VC, L 
PCG, SMA, A1, ↓ 
bilateral vmPFC, 
precuneus, PCC, 
lateral OCC  

27 HC Scores: n.s. 
Analysis: constrained 
principal component 
analysis  

Sz-AVH v. HC: ↑ HDR 
of all networks 3.75, 
6.25 & 8.75 s post- 
stimulus   
Sz-AVH v. Sz-SN:   
↑ HDR of all 
networks 6.25 & 8.75 
s post-stimulus 

Rapin et al (2012) 5 SSD-AVH2 Type: self-report & 
standardised measure 

Modality: 3 T fMRI n.a. SSD-AVH & HC:  

10 HC2 

Detail: one participant 
reported AVH in the past 
week. Confirmed with 
SSPI & personal 
communication with 
authors 

Task: passive 
listening to 
definitions of 
common words 
paired with 
corresponding 
images  

Isolated HDR shape 
of one network 
during listening: ↑ 
bilateral STG, 
lingual/FG/ 
occipital/cerebellar 
regions, ↓ bilateral 
superior frontal 
regions, angular 
gyrus, SMG 
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Table 3 (continued ) 

Study Sample AVH classification Research design Main AVH behavioural 
findings1 

Main AVH 
neuroimaging 
findings1  

Scores: SSPI total: 11.0 ±
6.0 

Analysis: constrained 
principal component 
analysis  

SSD-AVH v. HC:   
↑ HDR of this 
network between 9 – 
18 s post-stimulus 

Woodruff et al. (1997) 7 state positive (SP-) 
& state negative (SN- 
) AVH2 

Type: standardised 
measure 

Modality: 1.5 T fMRI 
n.a. SP-AVH v. SN-AVH:   

↓ R MTG, L STG  

8 Sz-TP2 

Detail: as per SAPS 
‘auditory hallucination’ 
scores: SP-AVH: severe, 
ongoing, current Sz-AVH; 
SN-AVH: diminished Sz- 
AVH symptomology; Sz- 
TP: self-reported history 
of AVH, not actively 
hallucinating 

Task: neutral story 
versus silence  

Sz-TP v. Sz-TN:  

7 Sz-TN2 Scores: SP-AVH: 4.7 ±
0.5; SN-AVH: 2.7 ± 2.1; r- 
Sz-AVH: 3.0 ± 2.5; Sz-TN: 
0 

Analysis: fronto- 
temporo-occipital   8 HC2       

No group differences 
Zhang et al. (2008b)b 

13 FE/SE-AVH2 Type: standardised 
measure Modality: 1.5 T fMRI 

n.a. FE/SE-AVH v. HC:   
R voice = ↓ R MFG  

13 FE/SE-TN2 Detail: SAPS ‘auditory 
hallucination’ score ≥ 4 

Task: monoaural 
presentation of 
familiar (e.g. 
participants’ family 
members) & 
unfamiliar voices. 
Commanding 
sentences  

FE/SE-AVH v. FE/SE- 
TN:  

13 HC2 
Scores: n.s.; SAPS total: 
FE/SE-AVH: 45.5 ± 13.2; 
FE/SE-TN: 22.2 ± 6.7 

Analysis: whole brain  
L & R voice = ↑ L 
Wernicke’s, SMG, AG 
& STG 

Actively listening to  
sentences (n ¼ 4) 

Mou et al. (2013)b 

13 FE/SE-AVH2 Type: standardised 
measure Modality: 1.5 T fMRI 

↓ voice recognition 
accuracy FE/SE-AVH v. HC:   

↓ functional 
connectivity of R 
STG – R SFG & R STG 
– L MFG  

13 FE/SE-TN2 Detail: SAPS ‘auditory 
hallucination’ score ≥ 4 

Task: familiar (e.g. 
participants’ family 
members) & 
unfamiliar voices. 
Commanding 
sentences. Source 
discrimination task3  

FE/SE-AVH v. FE/SE- 
TN:  

13 HC2 
Scores: n.s.; SAPS total: 
FE/SE-AVH: 45.5 ± 13.2; 
FE/SE-TN: 22.2 ± 6.7 

Analysis: seed-based 
functional 
connectivity of R 
STG  

↓ functional 
connectivity of R 
STG – R SFG   
Correlations:   
FE/SE-AVH 
functional 
connectivity: ↑ R STG 
– R SFG = ↑ voice 
recognition accuracy 

Plaze et al. (2006) 

15 Sz-AVH2 

Type: self-report & 
standardised measure 

Modality: 1.5 T fMRI 85% accuracy in sentence 
detection 

Speech > silence:  

Detail: daily AVH for 
minimum 3 months, AVH 
subscales of PSYRATS (11 
items) & SAPS (‘auditory 
hallucination’, ‘voices 
commenting’ and ‘voices 
conversing’ items) 

Task: neutral 
sentences versus 
silence. Sentence- 
fragment 
confirmation task3  

↑ bilateral STS, IFG  

Scores: PSYRATS AVH: 
30.0 ± 6.0 SAPS AVH: 
10.0 ± 3.0 

Analysis: whole 
brain. Small volume 
corrections for SAPS 
AVH regression  

Correlations:   
↑ PSYRATS = ↓ 
posterior L STG   
↑ SAPS AVH = ↓ 
posterior L STG 

Stephane et al. (2018) 7 Sz-AVH Type: n.s. Modality: 3 T fMRI n.a. Sz-AVH v. HC:  
8 HC  
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Table 3 (continued ) 

Study Sample AVH classification Research design Main AVH behavioural 
findings1 

Main AVH 
neuroimaging 
findings1 

Detail: confirmed by 
personal communication 
with authors 

Task: self & alien 
sentences. Source 
discrimination task  

Scores: n.s. 
Analysis: subject- 
level, general linear 
modelling    

↑ ACC, SMA, insula: 
during self condition 
in Sz-AVH, during 
alien condition in HC 

Zhang et al. (2008a)b 

13 FE/SE-AVH2 Type: standardised 
measure Modality: 1.5 T fMRI 

↓ source discrimination 
accuracy for familiar 
voices compared to HC 

FE/SE-AVH v. HC:   

Familiar > unfamiliar 
voice: ↓ R STG  

13 FE/SE-TN2 Detail: SAPS ‘auditory 
hallucination’ score ≥ 4 

Task: monoaural 
presentation of 
familiar (e.g. 
participants’ family 
members) & 
unfamiliar voices. 
Commanding 
sentences. Source 
discrimination task3  

FE/SE-AVH v. FE/SE- 
TN:  

13 HC2 
Scores n.s.; SAPS total: 
FE/SE-AVH: 45.5 ± 13.2; 
FE/SE-TN: 22.2 ± 6.7 

Analysis: whole brain  No group differences 

Passively listening to  
affective sentences  
with AVH mimicking  
content (n ¼ 3) 

Ford et al. (2002) 
7 Sz-AVH Type: clinical interview & 

standardised measure 
Modality: EEG 

n.a. Sz-AVH v. HC:   
↓ theta coherence 
during talking  

5 Sz-N 

Detail: : clinical interview 
to confirm AVH presence, 
BPRS ‘hallucinatory 
behaviour’ score ≥ 5, 
SAPS 

Task: AVH- 
mimicking 
statements, 
alongside a 
continuous probe of 
the syllable “ba”, 
broadband noise & a 
visual checkerboard.  

Sz-AVH v. Sz-N:  

10 HC2 Scores: n.s. 

Talking and passive 
listening conditions   
Analysis: coherence 
of delta, theta, alpha, 
beta & gamma bands 
for frontal & 
temporal regions, 
alongside theta 
power (4–7 Hz) 
across 35 electrodes    

↓ theta coherence 
during talking 

Haesebaert et al. (2013) 6 Sz-AVH2 Type: self-report Modality: MEG n.a. 

Sz-AVH v. HC: 
↓ L M100 in temporal 
regions for passive 
listening and inner 
speech of AVH 
mimics, no group 
differences for white 
noise or the syllable 
“da”  

12 HC2 

Detail: daily AVH for ≥ 6 
weeks 

Task: AVH- 
mimicking 
statements, the 
syllable “da”, white 
noise. Passive 
listening, vocal 
repetition, inner- 
speech repetition & 
rest conditions    

Scores: n.a. 

Analysis: M100 
measured ~90–150 
ms post stimulus in 
bilateral temporal 
regions across 30 
sensors  
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Table 3 (continued ) 

Study Sample AVH classification Research design Main AVH behavioural 
findings1 

Main AVH 
neuroimaging 
findings1 

Horga et al. (2014a) 

9 Sz-TP2 Type: self-report & 
standardised measure 

Modality:18F-FDG 
PET 

n.a. r-Sz-AVH v. HC:   
↑ bilateral HIP, 
THAL, AMYG, L OFC, 
R STG, brainstem, 
cerebellar vermis, ↓ 
FG  

8 HC2 

Detail: AVH during first 
Sz episode. As per PANSS 
item P3, no AVH after 4 
weeks of treatment with 
risperidone; PSYRATS 

Task: verbal stimuli 
mimicked each 
participants’ self- 
reported AVH 
content. 
Predominantly 
derogatory, aversive 
language. Passive 
listening & rest 
conditions  

Correlations:   
bilateral AMYG = ↑ 
bilateral A1   

↑ L AMYG = ↑ 
posterior THAL & 
medial geniculate 
nucleus, HIP, ↓ 
medial PFC, 
precuneus, R MTG  Scores: PANSS P3: 4.9 ±

0.9 PSYRATS Frequency: 
2.9 ± 0.8 

Analysis: rGMR  

Actively listening to  
affective sentences  
with AVH mimicking  
content (n ¼ 1) 

Horga et al. (2014b) 

10 SSD-AVH 
Type: self-report & 
standardised measure 

Modality: 3 T fMRI 

No group differences in 
accuracy SSD-AVH v. HC:   

↑ R A1 activity 
during silence   
↓ P + magnitude in R 
STS & MTG   
↓ ACC activation 
differences between 
speech v silence   
↓ P- magnitude in 
bilateral THAL & 
HIP, R paHIP & FG, L 
VS  

10 HC2 

Detail: frequent daily 
AVH, PANSS & PSYRATS 

Task: AVH- 
mimicking speech, 
non-speech stimuli, 
silence. Decision 
making task3;  

Correlations:   
↑ AVH during 
scanning = ↑ 
PSYRATS Frequency, 
↑ L STS, ↓ posterior 
THAL & VTA  

Scores: PANSS item P3: 
5.3 ± 0.2 PSYRATS AVH 
24.7 ± 1.3 

confirmation of 
speech presence per 
trial to establish 
prediction (P+) & 
predictive error (P-) 
signals  

↑ PSYRATS AVH: R 
A1 = ↓ P-, ↑ activity 
during silence   
↑ medication dosage 
= more normal P- in 
A1  

Analysis: whole brain  

↓ P- magnitude of R 
STS & MTG = ↓ VBM 
density across both 
groups 

Non-clinical voice-hearers 
Actively listening to sentences  

(n ¼ 1) 

Alderson-Day et al. (2017) 12 H-AVH 
Type: clinical interview & 
standardised measure 

Modality: 1.5 T fMRI 
↓ speech recognition 
response time 

H-AVH v. HC:  

17 HC 

Detail: during interview, 
endorsed one of three 
LSHS AVH questions; 
PANSS, PSYRATS 

Task: intelligible & 
unintelligible sine- 
wave sentences. 
Discrimination task 
of speech amongst 
sound3  

↑ rostral ACC, pre- 
SMA, middle 
cingulate, L SFG   

Scores: LSHS n.s.; 
PSYRATS AVH: 13.2 ±
4.4; PANSS P3: 4.0 ± 0.6 

Analysis: whole brain  Correlations:      

↓ recognition 
response time = ↑ 
PSYRATS physical 
characteristics score, 
↑ middle cingulate & 
parietal regions, ↓ 
mePFC 

S.E. Richards et al.                                                                                                                                                                                                                             



Neuroscience and Biobehavioral Reviews 131 (2021) 663–687

677

and three of non-clinical voice-hearers. Four studies, evenly divided be-
tween fMRI and EEG, administered dichotic listening tasks. With fMRI, 
changes to the hemispheric lateralisation of auditory regions was 
observed in voice-hearers (Kompus et al., 2013; Korsnes et al., 2010), 
while changes to interhemispheric gamma band synchrony were observed 
with EEG (Steinmann et al., 2017; Thiebes et al., 2018). The remaining 
two studies administered study-specific tasks including active listening 
with EEG and found positive correlations between AVH severity and N100 
suppression (Heinks-Maldonado et al., 2007; Pinheiro et al., 2018). 

3.4.1.1. Clinical studies of speech sound processing 
3.4.1.1.1. Clinical studies of dichotic listening. Korsnes et al. (2010) 

examined dichotic listening with consonant-vowel syllables (e.g. “ba”, 
“da”) in six voice-hearers with epilepsy and six HC with fMRI. Epileptic 
seizures predominantly originated from the left temporal lobe, with four 
participants having previously undergone surgical resections of frontal 
or temporal regions. Decreased right ear advantage was observed in the 
voice-hearers. Using an ROI approach with small volume corrections, 
analyses were restricted to the ACC, inferior frontal gyrus (IFG), median 
and paracingulate cortices and superior temporal gyrus (STG). 
Voice-hearers showed a 16 % decrease in left lateralisation of STG and 
IFG activity during dichotic listening compared to HC. Furthermore, 
increasing AVH severity negatively correlated with both syllable iden-
tification accuracy and bilateral STG activation. 

Examining the same dichotic listening paradigm as above with EEG, 
Steinmann et al. (2017) investigated gamma synchrony in 13 Sz 
voice-hearers, 13 Sz state-negative voice-hearers and 26 HC. Decreased 
right ear advantage and syllable identification accuracy were observed 
in the voice-hearers compared to both non-AVH groups, which did not 
differ. As per a lagged phase synchronization analysis and source esti-
mation techniques, AVH-specific differences in gamma synchrony of 
bilateral A1 and the secondary auditory cortex (A2) were largest at 600 
ms post-stimulus onset between left and right ear presentation. Gamma 
synchrony increased with hallucinatory behaviour scores on the Positive 
and Negative Symptom Scale (PANSS). Unlike both non-AVH groups, 
voice-hearers did not show increased interhemispheric gamma syn-
chrony during left, compared to right, ear presentation. 

3.4.1.1.2. Clinical studies of actively listening to speech sounds. The 
influence of source discrimination with distortion on cortical function was 
investigated by Heinks-Maldonado et al. (2007) in 10 voice-hearers with 
Sz, 10 individuals with trait-negative Sz and 17 HC with EEG. During 
scanning, the phoneme “ah” was presented in either their own voice 
(self-speech) or a voice alien to them (alien speech) with or without pitch 
distortion. Voice-hearers showed poorer discrimination of speech source 
than both non-AVH groups, misattributing their own distorted speech as 
being alien and undistorted alien speech as being their own. N100 

amplitude and suppression of 10 electrode pairs were collapsed into 
overall ‘left’ and ‘right’ values. Suppression of N100 in the left hemisphere 
was positively correlated with both AVH scores on the Scale for the 
Assessment for Positive Symptoms (SAPS) and misattribution errors. 

3.4.1.2. Non-clinical studies of speech sound processing 
3.4.1.2.1. Non-clinical studies of dichotic listening. The two non- 

clinical studies of dichotic listening both implemented the same 
consonant-vowel paradigm described above. Kompus et al. (2013) 
examined the auditory acuity and dichotic listening performance of eight 
non-clinical voice hearers and eight HC. Decreased right ear auditory 
acuity at 2000 Hz and a trend towards decreased syllable identification 
accuracy were recorded in the voice-hearers. fMRI analysis, restricted to 
subdivisions of the primary auditory cortex (A1), revealed decreased 
activity and a more lateral spread of right A1 voxels in voice-hearers 
compared to healthy controls. Comparable bilateral attenuation of A1 
activity was recorded between groups during forced interaural attention. 

In another study using a similar task, Thiebes et al. (2018) examined 
19 healthy individuals who had been intravenously administered keta-
mine to investigate an analogue model of AVH with EEG. With an 
AVH-specific subscore of the 5-Dimensional Altered States of Con-
sciousness Rating Scale (5D-ASC), the sample was split into 10 
voice-hearers and nine non-voice hearers after ketamine administration. 
Auditory-evoked interhemispheric gamma band activity and N100 were 
averaged across all electrodes and investigated with a lagged phase 
synchronization analysis, while baseline gamma power was measured 
from 27 electrode sites. AVH-specific increases in interhemispheric 
gamma synchrony during left ear presentation were detected. 

3.4.1.2.2. Non-clinical studies of actively listening to speech sounds. 
The effects of self-generated phonemes in 32 non-clinical voice-hearers 
were investigated with EEG by Pinheiro et al. (2018). Each participant 
spoke the phoneme “ah”, and the vowel sound /a/ was isolated and 
played back during three conditions: self-generated (a button-press eli-
cited the sound); externally-generated (the sound was presented without 
a button-press) and; motor (a button-press with no resulting sound; 
control condition). Pre-stimulus alpha power and auditory-evoked N100 
and P2 responses were examined across left, right, anterior and posterior 
electrode clusters. Worse AVH severity, as per the Launay-Slade Hallu-
cination Scale (LSHS) was associated with increased N100 responses for 
self-generated voice. Greater total scores on the LSHS were associated 
with decreased pre-stimulus alpha power and N100 responses for 
externally-generated, compared to self-generated, voice. Overall, smaller 
N100 and P2 amplitudes and increased pre-stimulus alpha power were 
seen for self-generated, compared to externally-generated, voices. 

Note: Scores are presented as mean ± SD. a, b denote overlapping samples. L: left; R: right; n.a.: not applicable; n.s.: not stated. 
1: all behavioural and correlational results are specific to AVH group unless otherwise specified; 2: 100 % right-handed; 3: button-press used. 
Sample names: AVH: auditory verbal hallucination; BD: bipolar disorder; FE/SE: first or second episode psychosis; H-AVH: non-clinical AVH; HC: healthy controls; SSD: 
schizophrenia spectrum disorder; SP-AVH: state-positive AVH – heightened symptomology; SN-AVH: state-negative AVH – diminished AVH symptomology; Sz: 
schizophrenia; Sz-AVH: schizophrenia AVH; Sz-N: Sz non-AVH group with either mixed or unspecified history of AVH; Sz-SN: state negative: Sz group with some/ 
minimal clinical history of AVH; Sz-TN: trait negative - Sz group with no clinical history of AVH; Sz-TP: trait positive – history of SzAVH & not actively hallucinating/in 
symptomatic remission. 
Psychopathological scales: AHRS: Auditory Hallucinations Rating Scale; BPRS: Brief Psychiatric Rating Scale (maximum scores: total; 126; hallucinations: 7); LSHS: 
Launay-Slade Hallucination Scale; MMSE: Mini Mental State Examination; PANSS: Positive and Negative Syndrome Scale; PANSS P: PANSS positive (maximum score: 
49); PANSS item P3: PANSS hallucinatory behaviour (maximum score: 7) ; PSYRATS: Psychotic Symptom Rating Scale (maximum scores: AVH: 44; Frequency: 4); 
SAPS: Scale for the Assessment of Positive Symptoms (maximum scores: total: 170; auditory hallucinations: 5; AVH: 15); SSPI: Signs and Symptoms of Psychotic Illness 
(maximum scores: total: 80; hallucination: 4). 
Cortical & neuroimaging abbreviations: 18F-FDG: 2-deoxy-2-[fluorine-18]fluoro-D-glucose (18F-FDG); A1: primary auditory cortex; ACC: anterior cingulate cortex; AG: 
angular gyrus; AMYG: amygdala; dlPFC: dorsolateral prefrontal cortex; FG: fusiform gyrus; HDR: hemodynamic response; HIP: hippocampus; IFG: inferior frontal 
gyrus; IPC: inferior parietal cortex; IPL: inferior parietal lobe; MCC: middle cingulate cortex; MeFG: medial frontal gyrus; MePC: medial parietal cortex; MFG: middle 
frontal gyrus; MNS: mirror neuron system; MTG: middle temporal gyrus; OFC: orbitofrontal cortex; paHIP: parahippocampal gyrus; PCC: posterior cingulate cortex; 
PFC: prefrontal cortex; PCG: precentral gyrus; rGMR: relative glucose metabolism rate; rTMS: repetitive transcranial magnetic stimulation; SFC: superior frontal cortex; 
SMA: supplementary motor area; SMG: supramarginal gyrus; SPC: superior parietal cortex; STG: superior temporal gyrus; STS: superior temporal sulcus; THAL: 
thalamus; TG: temporal gyrus; VBM: voxel based morphometry; vmPFC: ventromedial prefrontal cortex; VS: ventral striatum; VTA: ventral tegmental area. 
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3.4.2. Single words 
Sixteen studies investigated the processing of externally presented 

words (see Table 2). Fifteen studies investigated Sz voice-hearers and 
the remaining study investigated non-clinical voice-hearers. Included in 
this section are 15 investigations of single words, with the final study 
investigating meaningful inflection of spoken sounds. Among these were 
five passive listening studies, three studies with active listening, one 
with affective content, four with affective, AVH-mimicking content and 
three including both affective content and active listening. Ten studies 
investigated cortical function with fMRI, five with EEG and one with 
SPECT. Common to many studies was AVH-specific differences to the 
activity of temporal auditory processing regions. With active listening 
tasks, activation differences were observed in further regions within the 
default mode, language and salience networks, while deviant cerebellar 
and limbic activity was observed when affective content was presented. 

3.4.2.1. Clinical studies of single word processing 
3.4.2.1.1. Clinical studies of passively listening to single words. With 

fMRI, Gavrilescu et al. (2010) examined the monoaural and binaural 
processing of neutral words and silence amongst 14 voice-hearers with 
Sz, 14 individuals with trait-negative Sz and 13 HC. Seed-based analysis 
revealed decreased connectivity between the bilateral A1 and A2 ho-
mologues in voice-hearers, both during listening and in the resting state, 
compared to the two non-AVH groups. No differences between mono-
aural and biaural presentation were reported. 

The remainder of studies investigated cortical activity with EEG. 
Henshall et al. (2012, 2013) investigated the same sample of 19 Sz 
voice-hearers, 17 individuals with Sz who had not hallucinated in the 

past year (although it was unclear if these individuals were state- or 
trait-negative for AVH) and 17 HC. Words were presented monoaurally 
during scanning. After controlling for gender, Henshall et al. (2012) 
found larger N100 interhemispheric transfer time (IHTT) between 
C3-C4 electrodes in Sz voice-hearers compared to Sz non-voice hearers, 
whereas larger IHTT of C5-C6 was observed in both Sz voice-hearers and 
healthy controls compared to Sz non-voice-hearers. No AVH-specific 
differences in N100 amplitude or latency were reported. When 
investigating EEG coherence, Henshall et al. (2013) detected an 
AVH-specific loss of high alpha coherence (10–12 Hz) at electrode 
pairs C5-C6 (where the other groups were equal) and at C3-C4 (where 
values were largest in non-voice hearers with Sz, followed by HC). 
Further, AVH-specific losses of high beta coherence (22–30 Hz) were 
observed at C3-C4 compared to non-voice hearers with Sz. At the Ft7-Ft8 
electrode pair, both Sz groups showed an equal loss in high alpha 
coherence compared to healthy controls. Neither study found any 
AVH-specific effects of ear of presentation. 

Auditory N100 amplitude in response to monoaural and binaural 
presentation of words was was measured from 14 temporal electrode 
sites in 22 Sz voice-hearers, 26 Sz state-negative voice-hearers and 22 
HC by Innes-Brown et al. (2006). During right ear presentation of words, 
decreased N100 amplitude in right temporal regions was specific to 
voice-hearers, with the two non-AVH groups showing similar responses. 
Comparatively, a sample of 14 Sz voice-hearers, 14 individuals with 
mixed state- and trait-negative Sz and 28 HC were examined by Bühler 
et al. (2016) when investigating the effects of speech agency and 
ownership. Agency conditions involved hearing either a self- or alien 
speech recording immediately after talking (i.e. being the catalyst of 
speech), whereas ownership was defined as hearing self-speech after 

Fig. 2. Schematic representation of the key 
regions that have been implicated when trait 
voice-hearers are passively listening to external 
speech within functional neuroimaging in-
vestigations. Key findings during passive 
listening are decreased activity of the left su-
perior temporal gyrus (STG)1 and right primary 
auditory cortex (A1)2, increased activity of the 
left supramarginal gyrus (SMG)3, and decreased 
functional connectivity between the A1 homo-
logues4. 
1: Allen et al. (2007), Ganguli et al. (1997), 
Kompus et al. (2013), Korsnes et al. (2010), 
Plaze et al. (2006), Woodruff et al. (1997). 
2: Horga et al. (2014b), Kompus et al. (2013), 
Martí-Bonmatí et al. (2007), Zhang et al. 
(2008a). 
3: Lewis-Hanna et al. (2011), Rapin et al. 
(2012), Zhang et al. (2008b). 
4: Briend et al. (2017), Gavrilescu et al. (2010), 
Henshall et al. (2012), Steinmann et al. (2017).   
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talking with or without a 200 ms pause. Constant pink noise (low fre-
quency fluctuations of sound, similar to white or brown noise) was used 
throughout the EEG recording. N100, measured from 116 to 170 ms 
post-stimulus at Cz, showed no AVH-specfic differences. A positive ERP 
component measured from 172 to 356 ms post-stimulus was observed as 
having a larger spatial distribution in voice-hearers with Sz compared to 
HC during conditions of agency. 

3.4.2.1.2. Clinical studies of actively listening to single words. During 
fMRI scanning, Ikuta et al. (2015) investigated intelligible and unintelli-
gible words in a one-back task in 16 Sz voice-hearers. The sole significant 
finding was in response to unintelligible words, where cortical activity of 
the bilateral globus pallidus within the basal ganglia positively correlated 
with AVH-specific scores on the Brief Psychiatric Rating Scale (BPRS). 

With a [15O]-H2O PET scan, Ganguli et al. (1997) examined auditory 
supraspan memory and passive visual fixation in eight Sz individuals 
who previously heard voices (trait-positive, state-negative) and eight 
HC. Words were presented to participants either prior to or during 
scanning to examine working and long term memory respectively. 
Voice-hearers showed significantly poorer primary memory accuracy 
than HC, with no differences in long term memory. Compared to HC, a 
lack of rCBF changes in bilateral frontal and temporal areas was 
observed in voice-hearers during supraspan memory. Specifically, a lack 
of increased left STG, thalamus and right putamen rCBF, and of 
decreased left inferior parietal cortex, orbitofrontal cortex and temporal 
occipital cortex and posterior cingulate cortex (PCC) rCBF was present in 
voice-hearers, whereas this was observed in HC. During passive visual 
fixation, voice-hearers showed larger decreases in bilateral dorsolateral 
prefrontal cortex (dlPFC) and right STG rCBF. When comparing the two 
conditions, an overall decrease of bilateral ACC, dlPFC and STG rCBF 
was observed in the voice-hearers compared to HC. 

3.4.2.1.3. Clinical studies of passively listening to affective single 
words. To investigate the effects of meaningful, affective vocal in-
flections, Kang et al. (2009) assessed cortical activity with fMRI in 
response to sounds of laughing and crying, compared ot the neutral sound 
“ah”, in 14 Sz voice-hearers, 14 individuals with trait-negative Sz and 28 
HC. Numerous AVH-specific differences were observed during a whole 
brain analysis. Both laughing and crying elicited higher activity of right 
IPC and decreased activity of right superior frontal cortex (SFC) in 
voice-hearers compared to trait-negative Sz, alongside increased bilateral 
precuneus and decreased left cingulate activity, compared to HC. When 
specifically looking at cortical responses to laughing or crying, further 
differences were reported. When voice-hearers listened to laughing, 
increased activity of the caudate bilaterally and right IFG, and decreased 
activity of the PCC and right putamen was observed compared to 
trait-negative Sz. Compared to HC, voice-hearers showed higher activity 
of the bilateral middle temporal gyrus (MTG), left fusiform gyrus and 
middle frontal gyrus (MFG), right superior parietal gyrus and uncus, while 
activity of the bilateral superior frontal gyrus (SFG) and right caudate was 
decreased while listening to laughing. Finally, when considering cortical 
responses while listening to crying, voice-hearers showed decreased ac-
tivity of the hippocampii, left amygdala, IFG and insula compared to 
trait-negative Sz, and increased activity of bilateral SFG, and decreased 
bilateral amygdala, left MFG and right putamen, compared to HC. 

3.4.2.1.4. Clinical studies of passively listening to affective single words 
with AVH-mimicking content. Escartí et al. (2010) examined the fMRI data 
of 27 Sz voice-hearers, 14 individuals with trait-negative Sz and 31 HC 
using an independent component analysis of whole brain images. 
Cortical activity was contrasted between passively listening to neutral 
words and highly affective words of varied valence that mimicked the 
typical AVH content of voice-hearers in the study, which were spoken in a 
neutral and emotional tone respectively. As compared to neutral words, 
listening to the AVH mimics resulted in activity of several functional 
networks; in voice-hearers, these were temporal, fronto-parietal, fron-
to-temporal, limbic, and occipito-cerebellar networks. Compared to both 
non-AVH groups, hyperactivity of the limbic network was observed in the 
voice-hearers. Overall, increased activity of the amygdala and 

parahippocampus gyrus, decreased activity of the STG and IFG, and a loss 
of activation in the left insula was observed in voice-hearers. Extending 
on this study, de la Iglesia-Vaya et al. (2014) investigated synchrony and 
effective connectivity of these networks via timewise correlations of these 
data. The researchers found differential patterns of cortico-cortical 
functional synchrony in the voice-hearers compared to both non-AVH 
groups. This was seen as pronounced delays in the activity of: (i) the 
occipito-cerebellar and limbic networks, which were significantly 
correlated, and; (ii) the fronto-temporal, temporal and temporo-parietal 
networks, which were significantly correlated. With a Granger causal-
ity analysis, the dominant causal source of network synchrony in the 
voice-hearing group was effective connectivity of the occipito-cerebellar 
network, whereas effective connectivity within the temporal network 
drove activity in both non-AVH groups. 

The effects of neutral and AVH-mimicking words with varied conno-
tation and valence were investigated by Sanjuan et al. (2007) during a 
study of 11 Sz voice-hearers and 10 HC. As above, AVH-mimicking words 
were spoken in an emotional tone. During a whole brain analysis with 
fMRI, passively listening to AVH mimicking speech, compared to neutral 
speech, elicited higher activity in several cortical regions in voice-hearers. 
This was most notable in the left MTG, but also occurred in the bilateral 
insula, orbital middle frontal cortex and PCC, right amygdala, median 
cingulate, orbital IFG, STG and superior medial cortex. Neutral words, 
compared to silence, resulted in higher activity of the left middle cingu-
late, MTG, orbital IFG and STG in voice-hearers after liberal thresholding 
(no correction for multiple comparisons). Comparatively, HC showed no 
differences in cortical activity between the two conditions. With the same 
task as above and an expanded sample, Martí-Bonmatí et al. (2007) 
employed a coincidental analysis of whole brain fMRI and structural MRI 
in 21 Sz voice-hearers and 10 HC. While listening to the AVH-mimicking 
speech, voice-hearers showed greater activity of the bilateral MTG, left 
middle cingulum, right A1, angular gyrus, PCC, STG, superomedial frontal 
gyrus and thalamus than HC. Structurally, lower cortical density was 
observed in the insula and lingual gyrus bilaterally, left MTG and post-
central gyrus, right precuneus and superomedial frontal gyrus of 
voice-hearers. Coincidental analysis of the functional and structural maps 
revealed larger clusters of activation in the bilateral MTG and STG, and 
smaller clusters of activation in the left inferior opercularis and PCC and 
right ACC and middle occipital gyrus than HC. 

3.4.2.1.5. Clinical studies of actively listening to affective single words. 
Using an overlapping sample of 10 Sz voice-hearers, 10 individuals trait- 
negative Sz and 11 HC, Allen et al. (2007) and Mechelli et al. (2007) 
assessed source discrimination with fMRI. For this source discrimination 
task, emotional and neutral adjectives describing people were 
pre-recorded from participants and presented in four conditions: in self- 
or alien-speech, with or without pitch distortion. The emotional valence 
of words was described as either positive or negative, and each condition 
had an even distribution of word pitch, frequency and valence. In both 
studies, voice-hearers showed higher attribution errors for undistorted 
self-voice speech regardless of affectivity. Using a whole brain analysis, 
Allen et al. (2007) reported that voice-hearers showed decreased left STG 
activity when processing alien voices compared to both non-AVH groups. 
As a result of this decrease, similar levels of activity were recorded in the 
left STG of voice-hearers regardless of speech source. Further differences 
were noted in the cingulate gyrus while processing distorted speech; 
cingulate activity in response to distorted and undistorted speech was 
similar in voice-hearers, whereas both non-AVH groups showed higher 
activity while processing distorted speech. When voice-hearers listened 
to their own distorted voice activity of the right STG was increased and 
when alien voices were distorted, a loss of right ACC activity was 
observed. A positive correlation between left MTG activity and accuracy 
on the attribution task was absent in voice-hearers, which was observed 
in both non-AVH groups. Extending on these results, and including the 
data of one additional voice-hearing participant, Mechelli et al. (2007) 
implemented dynamic causal modelling to investigate intrinsic and 
functional connectivity of the ACC, IFG and STG. The only AVH-specific 
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differences observed in this study were when considering speech source. 
When listening to self-speech, functional connectivity between the left 
ACC and STG was increased in voice-hearers, whereas this connection 
was stronger when listening to alien speech in both non-AVH groups. 
Compared to neutral words, no effects of emotional language were 
observed in either study. 

Pinheiro et al. (2017) investigated self and alien speech with a 
positive, negative or neutral valence in 15 SSD voice-hearers and 16 
HC using EEG. All words were adjectives and spoken in a neutral tone. 
Voice-hearers exhibited poorer accuracy in discriminating the source 
of negative speech, while no differences were reported for positive or 
neutral speech. N100, P2 and late positive (LP; 500–700 ms 
post-stimulus) auditory-evoked ERP amplitudes were analysed at 
frontocentral, central and centroparietal electrode clusters. Overall LP 
amplitudes were decreased when listening to positive or neutral 
self-speech, and all negative speech resulted in lower centroparietal LP 
amplitudes in voice hearers. AVH severity, as per ‘voice conversing’ 
scores on SAPS predicted a larger difference in negative versus positive 
LP amplitude, whereas PANSS hallucination severity predicted larger 
LP amplitudes when listening to negative alien speech. Two effects of 

P2 amplitudes were found in voice-hearers: a loss of P2 increases were 
observed when listening to self, compared to alien, speech when the 
content was positive and; larger frontocentral P2 amplitudes were 
observed when listening to neutral alien speech than neutral 
self-speech, whereas no differences were reported in HC. No differ-
ences in hemispheric laterality or N100 were observed between the 
two groups or across electrode clusters. 

3.4.2.2. Non-clinical studies of processing single words 
3.4.2.2.1. Non-clinical studies of actively listening to single words. 

During fMRI scanning, the effects of passive listening and bimodal selective 
attention were examined in 12 hypnogogic/hypnopompic non-clinical 
voice-hearers and 12 HC by Lewis-Hanna et al. (2011). During the atten-
tion task, mismatched visual and auditory numbers were presented, with 
participants instructed to attend to either the auditory or visual cue, 
whereas the passive listening task presented short phrases to participants. 
With a voxel of interest (VOI) analysis restricted to the ACC, selective 
auditory attention elicited higher activity of right ACC in voice-hearers 
than HC. With a VOI analysis restricted to the middle, superior and 

Table 4 
Recommendations for improving the quality of research into external speech processing in voice-hearers.  

Category Recommendations 

Participant samples 
Group status Clearly defined and reported AVH groups. For example, participant groups should be classified based on: state-positive 

(currently hallucinating); trait-positive (a history of AVH but not actively hallucinating) and; those that have never 
hallucinated but have a clinical history (at most, individuals had a SAPS rating of < 3 for a maximum of one week during a 
psychotic episode). Ideally, both trait-positive and never hallucinators should be included in separate groups alongside 
voice-hearers in future studies.a 

Standardised measures of AVH severity It is recommended that AVH-specific sub-scores of standardised clinical assessments such as PSYRATS or SAPS are used 
future studies. Gross measures of positive symptomology (e.g. PANSS overall positive score) are not specific enough to define 
AVH severity. 

Scoring transparency The AVH scoring criteria (e.g. cut-off scores on a standardised clinical assessment to confirm the presence of AVH) and the 
group-averaged results of these assessments should be published alongside other demographic information. 

Different voice-hearing groups We suggest that more comparisons begin to be made into voice-hearers transdiagnostically, considering: (i) comparisons 
between clinical and non-clinical voice-hearers and, (ii) different clinical voice-hearing cohorts, including 
neurodegenerative diseases and mood disorders.b 

Power It is recommended that future studies use a priori power analyses or, alternatively, pertinent publications in the field to 
determine suitably powered sample sizes. Appropriate statistical techniques (e.g. Bayesian modelling, controlling the false 
discovery rates) may also assist in overcoming small, underpowered samples.c 

Group characteristics relative to listening Testing the hearing range of participants prior to testing will eliminate any differences in responses to tasks caused by 
hearing loss. 

Speech processing tasks 
Accessibility & open science principles It is recommended that any study-specific tasks used are made freely available (if permissible) to enable study replication 

and decrease the heterogenous methodologies seen in the field.c 

Reporting of external speech task As much characterising detail as possible to typify the speech presented in listening tasks should be reported in the 
methodology of future studies. As a minimum, it is suggested that future studies report the dBd and gendere of speech 
presentation. Publishing examples of words or sentences used in these tasks would also enable study replication.d 

Using a range of tasks with increasing linguistic 
complexity or cognitive load 

For example, external speech tasks which investigate speech comprehension, contrasts between emotional and AVH 
mimicking language, differing emotional valences (e.g. positive versus negative), long strings of sentences (e.g. stories, 
conversations), memory processes, metaphor, semantics. Comparisons between the outcomes of these tasks, and between 
these tasks and passive listening, will improve our quality of understanding. 

Noise cancelling We recommend using noise-cancelling or air-gapped headphones while presenting speech to participants to minimise 
scanner noise.f 

Neuroimaging techniques 
Multimodal neuroimaging Comparisons between temporally and spatially accurate data, or between functional and structural correlates where seed- 

based or ROI approaches are used. 
Whole brain analyses Including the cerebellum; data-driven approaches of network-level interactions with whole brain data. 

Note: AVH: auditory verbal hallucination; dB: decibels; PANSS P: positive sub-scores of the Positive and Negative Syndrome Scale; PSYRATS: Psychotic Symptom 
Rating Scale; ROI: region of interest; SAPS: Scale for the Assessment of Positive Symptoms. 

a Based on findings in Alderson-Day et al. (2015), Kühn and Gallinat (2012), Toh et al. (2020a), Woodruff et al. (1997). 
b Based on findings in Allen et al. (2008), Moseley et al. (2020b), Rolland et al. (2014). 
c Based on recommendations in Poldrack et al. (2017). 
d Volumes higher or lower than a normal speaking volume (70− 75 dB) can lead to lower accuracy on cognitive tasks (Lausen and Hammerschmidt, 2020) and are 

often used to convey emotion (Kamiloğlu et al., 2020; Scherer, 2018). Evidence suggests that the primary auditory cortex has a loudness-dependent response (Mulert 
et al., 2005). 

e Based on recommendations in (Kamiloğlu et al., 2020). Speaker gender can influence interpretation of affective content (Kamiloğlu et al., 2020; Lausen and 
Schacht, 2018) and some evidence suggests that the average frequency of different voice genders results in differential activation of the primary auditory cortex 
(Doucet et al., 2019). 

f Based on comments in Kompus and Hugdahl (2018): scanner noise may present a confound as different groups may habituate to the repetitive noise at different 
rates. 
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transverse temporal gyri and the posterior temporoparietal cortex (TPC), 
during passive listening, voice hearers showed heightened activity of the 
left TPC, most significantly in the supramarginal gyrus (SMG). 

3.4.3. Strings of words and sentences 
Sixteen studies investigated cortical function using meaningful 

strings of words such as definitions, commanding sentences and stories 
(Table 3). Twelve studies investigated voice-hearers with Sz, three 
investigated voice-hearers during the first or second psychotic episode 
and one final study investigated non-clinical voice-hearers. Among these 
were seven studies of passive listening, four with active listening, four 
with affective, AVH-mimicking content and one with both active 
listening and affective, AVH-mimicking content. Thirteen studies 
investigated cortical function with fMRI, one with EEG, one with MEG 
and one with PET. Deviations in activity within the auditory, language 
processing and salience networks, particularly in temporal regions, were 
observed in many studies. Hyperactivity of limbic regions was also re-
ported with the inclusion of affective content. 

3.4.3.1. Clinical studies of processing strings of words 
3.4.3.1.1. Clinical studies of passively listening to strings of words. 

Woodruff et al. (1997) used a story to assess passive listening in four 
different groups: (i) seven Sz voice-hearers, who were compared during a 
period of acute AVH symptomology (state-positive) and a period of mild 
AVH symptomology proceeding this (state-negative); (ii) eight individuals 
with Sz with a history of AVHs who were not actively hearing-voices 
(trait-positive); (iii) seven individuals with trait-negative Sz and; (iv) 
eight HC. With a partial brain analysis of fMRI data focussed on frontal, 
temporal and occipital regions, Woodruff et al. (1997) found decreased 
activity of the right MTG and left STG during passive listening in periods 
of acute AVH symptomology compared to participants’ state-negative 
contrasts. In both trait-positive voice-hearers and trait-negative Sz in-
dividuals compared to HC, decreased activation of the left associative 
auditory cortex and STG and increased activation of the right MTG were 
observed. Also implementing passive listening with a story, Briend et al. 
(2017) assessed the cortical activity of 11 Sz voice-hearers and 10 HC, 
probing functional connectivity of the A1 and temporal gyrus with a 
seed-based analysis of fMRI data. Voice-hearers showed decreased func-
tional connectivity between the A1 homologues, bilateral temporal gyri, 
and between right A1 and right temporal gyrus during the task compared 
to HC, which persisted after 20 Hz repetitive transcranial magnetic 
stimulation over the left superior temporal sulcus (STS). 

Comparatively, Jardri et al. (2011a) used a poem to investigate the 
effects of self, alien and reversed (i.e. unintelligible) speech in 15 Sz 
voice-hearers and 15 HC with fMRI. During the ‘self’ condition, partici-
pants were instructed to mentally repeat the poem, whereas during unin-
telligible and alien conditions, passive listening was used. When listening 
to all intelligible language, the authors identified a network characterised 
by activity of bilateral Broca’s area and middle precentral gyrus, left insula, 
MTG and SMA and right inferior parietal lobe (IPL) in both groups. After 
controlling for education, voice-hearers showed heightened activity in the 
right hemisphere of this network. Right IPL positively correlated with 
PANSS positive scores in voice-hearers, which remained significant after 
controlling for chlorpromazine equivalence. Additionally, increased ACC 
and PCC, right medial parietal gyrus, MTG, IPL and SMA activity, along-
side smaller voxel clusters in the right medial parietal gyrus, MTG and IPL, 
were recorded in voice-hearers compared to HC. 

The remainder of studies used single sentences during their in-
vestigations. Monoaural exposure to commanding statements spoken by 
familiar and unfamiliar voices was assessed by Zhang et al. (2008b) in 
13 voice-hearers and 13 trait-negative individuals during their first or 
second psychotic episode and 13 HC. All commanding statements 
referred to movement, audition or visualisation (e.g. “open the curtains”; 
“listen to the discussion” or; “look at the van”). A whole brain analysis of 
fMRI data revealed an overall increase in activity in left angular gyrus, 

SMG, STG and STS in voice-hearers compared to either non-AVH group, 
which did not differ. Additionally, during right ear presentation, 
voice-hearers displayed a loss of activity in right MFG compared to HC. 

The final three studies investigated passive listening in conjunction 
with paired visual stimuli. While looking at images of commonly 
occurring objects, participants passively listened to a corresponding 
definition (e.g., pillow: “something you rest your head on when 
sleeping”). These studies assessed network-level activity with a con-
strained principle component analysis of fMRI data. Lavigne et al. 
(2015) compared 10 voice-hearers with Sz to 13 state-negative voice 
hearers with Sz, 27 HC and 22 bipolar disorder participants who did not 
hear voices. During the task, two functional networks were isolated: (i) a 
language processing network, consisting of increased activity of the left 
pars opercularis of the IFG, the bilateral STG, fusiform gyrus, visual 
cortex and supplementary motor area (SMA) and; (ii) a network 
including components of the default mode network, consisting of 
increased bilateral fusiform gyrus and visual cortex activity, and 
decreased inferior parietal cortex (IPC), lateral occipital cortex, PCC, 
medial PFC, precentral gyrus, precuneus, SFC, and superior parietal 
cortex (SPC) activity. Voice-hearers showed increased activity of these 
networks between 0–7.5 and 20–22.5 s compared to all other groups, 
between 0–5 and 15–22.5 s compared to Sz state-negative voice-hearers, 
and between 0–7.5 and 15–20 s compared to individuals with bipolar 
disorder. A positive correlation between SSPI hallucination score and 
cortical activity was also reported for both networks. 

Following this, Lavigne and Woodward (2018) split the above Sz 
sample into 12 voice-hearers and 11 state-negative voice-hearers, 
alongside the same 27 HC. A different cut-off value of hallucination 
scores on the Signs and Symptoms of Psychotic Illness (SSPI) rating scale 
was used to categorise Sz participants as voice-hearers or state-negative 
voice-hearers. Slight differences in the isolated functional networks 
were reported. These were: (i) an auditory-motor network, characterised 
by increased activity of the bilateral cerebellum, insula, STG, SMA, 
temporal pole, thalamus and visual cortex, dorsal ACC and left precentral 
gyrus; (ii) a language processing network, characterised by increased 
activity of the bilateral visual cortex, left dlPFC, IFG, orbitofrontal cortex 
and posterior MTG and; (iii) a network including components of the 
default mode network, characterised by increased activity of bilateral A1, 
SMA, STG and visual cortex and left precentral gyrus, and decreased 
activity of the bilateral lateral occipital cortex, PCC, precuneus, ventro-
medial prefrontal cortex (vmPFC). Voice-hearers showed increased ac-
tivity of these networks compared to both non-AVH groups at 6.25 and 
8.75 s and compared to HC at 3.75 s. The Sz state-negative voice-hearers 
showed higher activity at 13.75 s compared to both other groups. 

In the final study using a similar task, Rapin et al. (2012) compared 
five voice-hearers with SSD to 10 HC. After passive listening, one func-
tional network significantly differed between the groups. This was 
comprised of increased activity most notably in the bilateral STG, left 
planum temporale and right MTG, but also in the bilateral fusiform gyrus, 
lingual gyrus, intracalcarine cortex and occipital pole, alongside 
decreased activity of the bilateral angular gyrus and MFG, left frontal 
pole, insula, pars opercularis and pars triangularis of the IFG, SFG, su-
perior occipital gyrus and thalamus and right inferior occipital gyrus, 
SMG, superior parietal lobe and cerebellar regions. Voice-hearers showed 
increased activity of this network between 10–12.5 s compared to HC. 

3.4.3.1.2. Clinical studies of actively listening to strings of words or 
sentences. Both Zhang et al. (2008a) and Mou et al. (2013) investigated 
the same groups of HC, voice-hearing and trait-negative individuals 
during their first or second psychotic episode as Zhang et al. (2008b; see 
Section 3.4.3.1.1). With the same commanding statements spoken by 
familiar or unfamiliar voices, using a source discrimination task, Zhang 
et al. (2008a) found that voice-hearers displayed higher discrimination 
errors than both non-AVH groups, mistaking familiar speech as alien. 
With fMRI, voice-hearers showed decreased right STG activity when 
listening to familiar speech compared to HC. No group differences in 
cortical activity were reported for alien speech. Mou et al. (2013) 
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performed a seed-based functional connectivity analysis of the right STG 
during the same task. Compared to both non-AVH groups, voice-hearers 
showed decreased connectivity between right STG and right SFG, and 
this was positively correlated with discrimination accuracy. Compared 
to HC, decreased connectivity was also observed between right STG and 
left MFG in voice-hearers. 

Using a source discrimination task, Stephane et al. (2018) investigated 
the differences in cortical activity between self- and alien-generated sen-
tences in seven Sz voice-hearers and eight HC. During scanning, partici-
pants were asked to discriminate which sentences they had or had not 
spoken during an earlier testing phase. The authors confirmed the pres-
ence of voice-hearing via personal communication; however, no for-
malised measures were reported, and it was not clear if a partial or whole 
brain fMRI analysis was used. Accuracy on the task was also not reported. 
Voice-hearers showed increased activity of the ACC, insula and SMA while 
listening to self-speech compared to alien speech, whereas the opposite 
trend was recorded in HC. 

Investigating 15 voice-hearers with Sz, Plaze et al. (2006) used a recall 
task to ensure participants were actively listening to speech presented 
during an fMRI scan. After passively listening to sentences, participants 
indicated if phrases had been a part of the preceding sentence. Using a 
whole brain analysis, the researchers found that compared to silence, 
actively listening to speech resulted in heightened activity of the bilateral 
STS and IFG. Decreased activity of the left STG negatively covaried with 
scores on the Psychotic Symptom Rating Scale (PSYRATS), and also with 
auditory hallucination scores on the SAPS after small volume corrections. 

3.4.3.1.3. Clinical studies of passively listening to affective sentences 
with AVH-mimicking content. Ford et al. (2002) examined a group of 
seven Sz voice-hearers, five Sz non-voice-hearers and 10 HC while 
listening to AVH-mimicking statements during an EEG recording. It was 
unclear if non-voice-hearing individuals were state- or trait-negative for 
AVH. Participants both passively listened to pre-recorded statements of 
themselves repeatedly speaking the AVH mimics or spoke the statements 
aloud. All AVH mimics were spoken in a neutral tone and varied in 
connotation and valence (e.g. “this is going to work out perfectly”; “why 
are you trying to annoy me?”). Coherence of delta, theta, alpha, beta and 
gamma bands were assessed between frontal and temporal electrode 
sites, alongside theta band power. No increases in any frequency band 
were observed during listening compared to talking. During talking, 
compared to listening, an AVH-specific reduction in theta coherence 
between lateral frontal and posterior temporal sites was recorded 
compared to both non-AVH groups. 

During a MEG scan, Haesebaert et al. (2013) investigated negative 
AVH mimicking statements similar to those described above in Ford 
et al. (2002), in six Sz voice-hearers and 12 HC. Four conditions were 
used: passive listening, vocal repetition, inner speech repetition and 
silence, to assess N100 amplitudes from temporal regions, which were 
compared to white noise and a neutral speech sound. During both 
listening to and inner speech of AVH mimicking statements, left tem-
poral M100 was reduced in voice-hearers compared to HC. 

Horga et al. (2014a) assessed a group of nine individuals with Sz who 
previously experienced AVH during an acute phase of their illness 
(trait-positive, state-negative) and eight HC. All AVH mimicking state-
ments were individually matched for the perceived content, gender and 
tone of AVH reported by voice-hearing participants, with each HC 
participant listening to phrases mimicking the AVH of a voice-hearer in 
the study. AVH mimics were predominantly critical or derogatory 
comments, ranging from single words to complex discourse. This study 
used 18F-FDG PET to assess relative glucose metabolism rates during 
passive listening. Compared to HC, voice-hearers exhibited increased 
glucose metabolism of the bilateral hippocampus, thalamus, amygdala, 
left orbitofrontal cortex, right STG, brainstem and cerebellar vermis, 
alongside decreased glucose metabolism of the fusiform gyrus. Increased 
activity of the bilateral amygdala was also associated with increased 
activity of the bilateral A1 in voice-hearers. Additionally, activity of the 
left amygdala was associated with increased activity of the 

hippocampus, medial geniculate nucleus and posterior thalamus, and 
decreased activity of the bilateral medial PFC and precuneus and right 
MTG in the voice-hearing group compared to HC. 

3.4.3.1.4. Clinical studies of actively listening to affective sentences with 
AVH-mimicking content. Comparing 10 voice-hearers with SSD to 10 HC, 
Horga et al. (2014b) assessed whole brain cortical activity with fMRI. 
AVH-mimicking speech included derogatory or neutral statements of 
varied linguistic complexity and clarity, spoken by one or multiple 
speakers. To ensure active listening, a low-demand task required par-
ticipants to confirm the presence of AVH mimicking speech among 
non-speech stimuli. This study fit predictive coding models to the fMRI 
data to establish speech prediction signals and deficits in these signals. 
Increased speech prediction signalling in right A1 was observed in 
voice-hearers compared to HC during silence. While listening to the 
AVH-mimicking speech, voice-hearers showed poor prediction error 
signalling in the right STS and MTG, close to the right A1, compared to 
HC. The severity of AVH, as per PSYRATS AVH scores, was positively 
correlated with both higher activity during silence and magnitude of 
predictive error deficits in right A1. Experiencing AVH during scanning, 
compared to silence, was associated with lower activity of the posterior 
thalamus and ventral tegmental area, alongside higher activity of the left 
STS after small volume correction. 

3.4.3.2. Non-clinical studies of processing strings of words 
3.4.3.2.1. Non-clinical studies of actively listening to strings of words or 

sentences. Alderson-Day et al. (2017) used distorted sentences, both 
partially intelligible and unintelligible sine wave speech, during an fMRI 
scan of 12 non-clinical voice-hearers and 17 HC. Participants were 
instructed to listen for target sounds amongst noise and were not 
informed of the presence of speech. With reference to visual markers, 
following the scan, voice-hearers reported recognising intelligible 
speech significantly faster than HC, which positively correlated to 
‘physical characteristics’ PSYRATS scores. Increased speed of speech 
recognition was also associated with higher cortical activity in the 
rostral ACC, extending into the bilateral middle cingulate and pre-SMA 
and left SFG. A follow-up Bayesian analysis restricted to A1 revealed no 
differences in activity between the voice-hearers and HC. 

4. Discussion 

This review aimed to systematically synthesize the neurobiological 
correlates of external speech processing deficits in individuals who hear 
voices. By approximating studies across the hierarchy of language, and 
with an added advantage of analysing both spatially and temporally 
sensitive data, some noteworthy trends were uncovered. Atypical 
functional activity of temporal auditory regions was reliably detected 
amongst voice-hearers whilst processing external speech. These de-
viations were observed while both passively listening to and actively 
processing speech sounds, words and sentences, suggesting they span 
the language hierarchy and are an intrinsic component of the neural 
alterations seen in AVH. While some contradictory findings were 
observed, decreased left STG activity, aberrant A1 activity and imbal-
anced interhemispheric coupling of A1, proportionate to AVH severity, 
appear to underlie external speech processing deficits in voice-hearers, 
as depicted in Fig. 2. However, considerable methodological vari-
ability and poor study quality limited the validity and generalisability of 
many reviewed publications. Here, clinical voice-hearing studies are 
considered first before the non-clinical literature is integrated. 

Studies examining passive listening in clinical voice-hearers with 
speech sounds, single words and sentences implicated similar temporal 
auditory regions, although the directionality of changes in activity were 
sometimes contested. For example, during passive listening to speech 
sounds, increased gamma coupling of A1 homologues was detected 
amongst Sz voice-hearers via a source estimation technique (Steinmann 
et al., 2017); which the authors argued to be a marker of increased 
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functional connectivity (Tagliazucchi et al., 2012). However, decreased 
A1 functional connectivity has also been detected amongst voice-hearing 
patients with Sz whilst passively listening to words and sentences (Briend 
et al., 2017; Gavrilescu et al., 2010). Other studies found AVH-specific 
differences only in the right A1 homologue. Decreased right A1 activity 
during listening (Martí-Bonmatí et al., 2007), and increased right A1 
activity, proportionate to the severity of AVH, during silence (Horga 
et al., 2014b) have also been detected amongst Sz voice-hearers. Right 
ear presentation of words was also related to suppression of N100 am-
plitudes over right temporal regions in voice-hearers (Innes-Brown et al., 
2006). Taken together, the reviewed literature implicates bilateral A1 
involvement in the dysfunctional processing of external speech amongst 
clinical voice-hearing individuals. 

Extending on A1, wider involvement of the STG in speech processing 
deficits appear to span the language hierarchy in clinical voice-hearers. 
A decrease in the healthy left-sided lateralisation of the STG during 
dichotic listening in voice-hearers with temporal lobe epilepsy (Korsnes 
et al., 2010) was also supported by findings of a loss of right ear 
advantage in Sz voice-hearers during the same task (e.g. Steinmann 
et al., 2017); a reliable marker of a loss of healthy left-favouring STG 
asymmetry or poor interhemispheric communication (Hugdahl et al., 
2008; Steinmann et al., 2014a). In agreeance with findings from speech 
sound studies, decreased left STG activity in Sz voice-hearers, propor-
tionate to AVH severity, was evident during listening to sentences, 
regardless of active or passive listening (Plaze et al., 2006; Woodruff 
et al., 1997). EEG studies showed decreased coupling of temporal re-
gions in Sz voice-hearers, seen through both increased interhemispheric 
transfer time of the N100, and decreased coherence of the upper alpha 
band (Henshall et al., 2012, 2013). Studies investigating network-level 
interactions with data-driven approaches in psychotic voice-hearing 
groups also suggest that increased coupling of the A1 and STG to a 
wider network, including components of the auditory, language pro-
cessing and default mode networks, underlie AVH-specific speech pro-
cessing deficits with passive listening (Lavigne et al., 2015; Lavigne and 
Woodward, 2018), also appearing in active listening tasks (Mechelli 
et al., 2007; Mou et al., 2013). In support of this, decreased coherence of 
the upper beta band and increased late positive potentials in Sz 
voice-hearers were argued by the authors to suggest impairment of the 
coordination of auditory information and aberrant attentional processes 
respectively (Henshall et al., 2013; Pinheiro et al., 2017). 

When including active listening in tasks with speech sounds, words or 
sentences, several further changes in cortical activity were observed in 
clinical voice-hearers. Actively listening to speech sounds resulted in a 
suppression of N100 amplitude in the left hemisphere, which was pro-
portionate to the severity of AVH (Heinks-Maldonado et al., 2007). There 
is no evidence to suggest that clinical voice-hearers experience difficulty 
in identifying the gender of a speaker (Kang et al., 2009). However, 
decreased abilities for source recognition, including self-speech (e.g. Allen 
et al., 2007; Zhang et al., 2008a), may be further impacted by distortion in 
psychotic voice-hearing groups (e.g. Heinks-Maldonado et al., 2007). 
Decreased functional connectivity between the right STG and right SFG 
appear involved in poor recognition abilities in psychotic voice-hearers 
(Mou et al., 2013), which may be caused by deviant activity of the right 
temporal regions (Zhang et al., 2008a). Investigations of AVH-specific 
cognitive abilities during memory tasks are underrepresented in the 
literature, making it challenging to draw related conclusions. However, 
although voice-hearers showed no differences in accuracy, some evidence 
suggests that Sz voice-hearers show hyperactivity of the posterior basal 
ganglia during simple recall tasks (Ikuta et al., 2015). 

While processing emotional or AVH-mimicking speech, Sz voice- 
hearers appear to exhibit deviant functioning in the primary language 
network and limbic regions. Alongside the temporal auditory processing 
regions, affective structures including the amygdala, hippocampus and 
parahippocampal gyrus appear to be involved in aberrant affective speech 
processing (e.g. Escartí et al., 2010; Horga et al., 2014a,b). However, both 
hyper- and hypoactive responses of these regions were recorded during 

affective listening tasks (Escartí et al., 2010; Kang et al., 2009). Some 
evidence suggests that negative emotional valence of speech produces 
more deviations in healthy responses than positive speech (e.g. Kang et al., 
2009; Pinheiro et al., 2017), which may be underscored by delayed 
occipito-cerebellar responses in Sz voice-hearers (de la Iglesia-Vaya et al., 
2014). However, it should be noted that some studies found no effect of 
emotional speech whatsoever (Allen et al., 2007; Mechelli et al., 2007). 
While some evidence suggests that right-sided lateralisation changes 
during affective speech processing exist in clinical voice-hearers (Allen 
et al., 2007; Kang et al., 2009), it is noteworthy that this was not a robustly 
replicated finding (e.g., Escartí et al., 2010; Mechelli et al., 2007). Further 
research is needed to delineate the involvement of cortical regions in af-
fective speech processing in clinical voice-hearers, in particular whether 
there are any laterality differences during these tasks. 

Comparatively, a dearth of information exists on external speech 
processing in non-clinical voice-hearing populations. Alongside a 
considerably smaller number of studies, several key behavioural tasks 
remain unresearched in these individuals. For instance, none of the 
reviewed literature investigated cortical responses to listening tasks 
involving working memory or emotional speech in non-clinical voice- 
hearers. Furthermore, only one study of non-clinical voice-hearers with 
fMRI implemented a whole brain analysis (Alderson-Day et al., 2017). 
Nonetheless, some similarities between clinical and non-clinical voi-
ce-hearers were observed; predominantly in the temporal cortex. 

Similar to the decreased right ear advantage seen in clinical voice- 
hearers during passive listening, decreased right ear acuity was reported 
in non-clinical voice-hearers in response to speech sounds (Kompus et al., 
2013); again indicating a loss of left-favouring STG asymmetry or aber-
rant interhemispheric connectivity (Hugdahl et al., 2008; Steinmann 
et al., 2014a). Also similar to clinical voice-hearers, studies of speech 
sounds showed decreased right A1 activity (Kompus et al., 2013) and 
increased gamma band synchrony during left-ear presentation (Thiebes 
et al., 2018). Some evidence suggests that the morphology of right A1 may 
be altered in non-clinical voice-hearers, where a more lateral spread of 
voxels was activated in response to speech sounds (Kompus et al., 2013). 
The sole remaining finding from passive listening studies was hyperac-
tivity of the left TPC, notably in the SMG (Lewis-Hanna et al., 2011). 
Hyperactive left SMG function has also been recorded in psychotic 
voice-hearing cohorts while passively listening to both single words and 
sentences (Rapin et al., 2012; Zhang et al., 2008b). 

Although the study designs of each investigation of active listening in 
non-clinical voice-hearers were heterogenous, three notable trends arose 
from the literature. Firstly, contrary to Sz voice-hearers (Heinks-Maldo-
nado et al., 2007), increased N100 responses to self-speech sounds were 
seen in non-clinical voice-hearers relative to healthy controls (Pinheiro 
et al., 2018). However, in both cases, the magnitude of deviant N100 
responses were proportionate to the severity of AVH (Heinks-Maldonado 
et al., 2007; Pinheiro et al., 2018). Secondly, unlike the Sz voice-hearing 
literature, evidence suggests that while deviant A1 activity is observed in 
non-clinical voice-hearers during passive listening, healthy responses may 
remain intact during active listening (Alderson-Day et al., 2017; Kompus 
et al., 2013). Finally, there is no evidence to suggest that voice-hearers 
experience difficulty in discriminating words or sentences from noise; 
on the contrary, evidence suggests that non-clinical voice-hearers exhibit 
increased auditory acuity during relevant listening tasks, which was 
correlated with hyperactivity of medial regions such as the ACC (Alder-
son-Day et al., 2017; Lewis-Hanna et al., 2011). However, this should be 
interpreted with caution; some studies have demonstrated that attentional 
factors such as expectation or prior knowledge lead voice-hearers to hear 
speech which is not present among noise (Daalman et al., 2012). 

Many pertinent reviews in similar fields have found AVH-specific 
differences in activity of the left temporal auditory regions. In line 
with our review, decreased left STG activity has been implicated as a 
trait-based marker of AVH in a meta-analysis of cortical activity in voice- 
hearers with Sz during both external and internal (e.g. inner monologue) 
speech tasks (Kühn and Gallinat, 2012). In contrast, during hallucinated 
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speech, increased activity of the left STG has been found during both a 
systematic review of transdiagnostic voice-hearers (Allen et al., 2008) 
and a meta-analysis of symptom capture in Sz (Jardri et al., 2011b). To 
address this disparity in activation in response to different types of 
speech, another meta-analysis has investigated A1 function in Sz 
voice-hearers in response to either silence or auditory stimuli (Kompus 
et al., 2011). The authors concluded that left A1 is hypoactive in 
response to auditory stimuli and hyperactive in the resting state, when 
Sz voice-hearers were actively experiencing AVH. Taken with the results 
of our review, these bodies of work suggest that the left temporal 
auditory regions are differentially activated during hallucinated speech 
and external speech, which may reflect an attentional bias towards 
internally-generated auditory information in voice-hearers. This may 
explain the few papers in our review where increased left STG activity 
was reported (e.g. Sanjuan et al., 2007): these participants may have 
been actively hallucinating during imaging. 

Many pertinent reviews have also highlighted the importance of 
connectivity of A1 or the STG in AVH. Among these, several theoretical 
reviews have concluded that the direction of activity changes in the left or 
right STG in the phenomenon of AVH in Sz may not be as important as 
changes to an overall, optimal level of bilateral STG connectivity (Stein-
mann et al., 2014b), which may be representative of imbalanced excit-
atory and inhibitory processes (Jardri et al., 2016; Steinmann et al., 
2019). Extending on this, another noteworthy theoretical review inves-
tigating the functional connectivity of language and memory networks in 
voice-hearers discussed the interhemispheric coupling of A1: hyper-
connectivity was observed in non-clinical and first-episode psychosis 
samples, whereas decreased coupling arose with Sz chronicity 
(Ćurčić-Blake et al., 2017). Together, and in line with our own review, 
these bodies of work illustrate the significance of the shift in bilateral 
coupling of the temporal auditory regions in the experience of 
voice-hearing. The same review also demonstrated that increased con-
nectivity along the auditory and language processing networks is an in-
tegral part of active AVH symptomology (Ćurčić-Blake et al., 2017). 
Indeed, numerous pertinent reviews have investigated connectivity of the 
STG or A1 to wider networks in AVH samples. For example, hyper-
connectivity of the left STG to other regions of the language processing 
network was found in a systematic review of resting-state functional 
connectivity in voice-hearers (Alderson-Day et al., 2015). The involve-
ment of A1 and STG, among other regions of the auditory and language 
processing networks, and in conjunction with deviant default mode 
network activity, have also been highlighted in several recent papers 
which suggest that these networks constitute a single ‘AVH network’ 
(Geng et al., 2020; Scheinost et al., 2019; van Lutterveld et al., 2014). 
Although study designs limited conclusions in our review, the temporal 
primary auditory processing regions appear to be key to the speech pro-
cessing deficits underlying AVH, with several others suggesting wider 
involvement of the cerebellar, language, default mode and limbic net-
works. More work aiming to delineate the state- and trait- differences in 
voice-hearing will be vital in confirming the influence of these networks in 
the speech processing deficits associated with voice-hearing. 

A wealth of additional cortical regions and connectivity or coherence 
deficits were reported across the various reviewed studies. For instance, 
decreased right MTG (Horga et al., 2014a; Woodruff et al., 1997) and 
decreased left insula activity (Escartí et al., 2010; Jardri et al., 2011a; 
Kang et al., 2009) were evident in several studies of Sz voice-hearers. 
There was also evidence of hyperactivity in several subcortical struc-
tures including the medial geniculate nucleus and ventral tegmental 
area (Horga et al., 2014b; Ikuta et al., 2015; Lavigne and Woodward, 
2018); these areas have implications in auditory processing and dopa-
minergic excitation (Ikai et al., 1992; Kiehl et al., 2005; Pinheiro et al., 
2020). However, given the diversity of study designs, few consistent 
patterns were observed outside of the primary temporal auditory pro-
cessing regions, namely, A1 and the STG. 

With that being said, it is acknowledged that differences between 
clinical and non-clinical voice-hearing exist. For instance, while 

aberrant function of the auditory and language processing regions may 
be universal to voice-hearing (Alderson-Day et al., 2015; Barkus et al., 
2007; Daalman and Diederen, 2013), it is likely that some aberrations in 
neural connectivity and function differ between clinical and non-clinical 
voice-hearing groups in response to external speech (Badcock and 
Hugdahl, 2012; de Leede-Smith and Barkus, 2013). The effects of anti-
psychotic medication also play a confounding role in deviant cortical 
function in clinical voice-hearers (Bolding et al., 2012; Lui et al., 2010; 
Sambataro et al., 2010). Outside of the temporal auditory regions, 
significantly more research is needed to delineate the similarities and 
differences in cortical function in different AVH cohorts. 

4.1. Limitations 

Several facets of study design hindered our ability to interpret re-
sults. Overall, the current field lacks suitable samples, with most 
studies drawing from small, poorly characterized participant pools. 
Most detrimental was the lack of inclusion of a comparable non-voice- 
hearing clinical group in many clinically-based studies. Where such a 
group was present, many did not succinctly define if comparison par-
ticipants were trait- or state-negative for voice-hearing or included 
both trait- and state-negative individuals in the same group. This 
discrepancy presented a challenge when determining which outcomes 
were specific to voice-hearing or were merely the result of a diagnosis 
of Sz. Additionally, one-fifth (n = 8) of studies defined their AVH 
population based on overall positive symptomology (e.g. PANSS posi-
tive score) instead of AVH-specific scores on standardised clinical as-
sessments such as SAPS or PSYRATS, and another quarter (n = 10) did 
not provide the results of AVH severity after performing an appropriate 
AVH-specific assessment. Over one-third (n = 8) of studies which 
included a state- or trait-negative clinical comparison reported com-
parable levels of AVH or positive symptomology between these in-
dividuals and the AVH cohort. Again, this element of methodology 
presented a significant challenge when determining the specificity of 
findings to voice-hearing. In light of this, the discussion above focussed 
on the 23 studies where either these distinctions were made or where 
correlations between AVH severity and cognitive or cortical findings 
were investigated. The studies that did not make these distinctions did 
not provide a consensus, often implicating numerous further, unre-
plicated cortical regions. It should also be noted that small sample sizes 
remain a significant issue in the field, with 82 % of studies (n = 32) 
investigating 15 participants or less per group. Additionally, little 
replication exists across study designs, particularly in terms of 
listening tasks. This may have been an underlying cause of the heter-
ogenous findings between many studies. Furthermore, these method-
ological limitations appeared more regularly with tasks that included 
active listening or affective content, which limited related conclusions. 

4.2. Future directions 

To advance the field, a number of considerations are recommended 
during the development of future study protocols. Pertinently, this in-
volves inter-laboratory coherence in methodological design and AVH 
classification. To address this, the field may benefit from a large multi- 
site study, similar to undertakings examining the changes to cognitive 
abilities associated with AVH (Moseley et al., 2020a) and tonal pro-
cessing in Sz voice-hearers (Ford et al., 2009). The recommendations for 
improving study protocols outlined in Table 4 are in line with numerous 
reviews in related fields (e.g. Alderson-Day et al., 2015; Allen et al., 2008; 
Kühn and Gallinat, 2012). Alongside multimodal neuroimaging ap-
proaches, a comprehensive understanding of the speech processing ca-
pabilities across the hierarchy of language of voice-hearers would benefit 
our knowledge of the voice-hearing experience and the involvement of 
numerous cortical regions in this phenomenon. This would include 
developing a deeper understanding of speech processing difficulties in 
relation to models of voice perception (Aglieri et al., 2018; Belin et al., 
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2000). Research committing to these distinctions may address some of 
the problematic heterogeneity of Sz diagnoses (Allsopp et al., 2019) and 
the high rates of treatment-resistance among voice-hearers with Sz 
(Buckley and Miller, 2017; Shergill et al., 1998). 

Overall, this review suggests that AVH-specific differences in cortical 
activity in response to listening to external speech span the hierarchy of 
language and are present in auditory and language regions. Further re-
gions and networks are implicated with active listening or affective con-
tent. However, future research must succinctly define their study 
populations, investigate complex language processing tasks and imple-
ment whole brain, data-driven neuroimaging analyses. Through these 
improvements to study protocols, the involvement of cortical regions and 
networks in AVH-related speech processing deficits will be further eluci-
dated. This may increase our understanding of the involvement of these 
regions and networks in the experience of voice-hearing. These method-
ological adaptations may additionally aid in our understanding of the 
real-life challenges that voice-hearers experience during spoken or social 
communication, which may have benefits for psychiatric intervention. 
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et al., 2017. Scanning the horizon: towards transparent and reproducible 
neuroimaging research. Nat. Rev. Neurosci. 18 (2), 115. https://doi.org/10.1038/ 
nrn.2016.167. 
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