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A Right Ear Advantage (REA) is well-established in perceptual tasks but it has been found also during 
imagery. It is ascribed to the left temporoparietal activity for language, and it can be absent/reversed 
in some clinical conditions including auditory hallucinations. We applied 1-Hz repetitive TMS over TP3/
TP4 (left/right language areas) identified through neuronavigation in 18 healthy participants, before 
administering a modified white noise (WN) speech illusion paradigm: a voice was presented at one 
ear, at the same or lower intensities with respect to binaural WN. In some trials the voice was not 
presented, but participants were anyway instructed to report in which ear they believed perceiving it 
in all trials. Results confirmed the REA both when the voice was present (perceptual REA) and when 
it was absent (imaginative REA). Interestingly, results suggested that the correct localization of 
the voice when the stimulus was ambiguous (presented at low intensity and “masked” by WN) was 
better when TMS was applied over the right/left hemisphere, in male participants with a low/high 
proneness to unusual experiences (e.g., auditory hallucinations), respectively. This interaction must 
be further explored to shed light on the relationship between hemispheric asymmetries and auditory 
hallucinations, in healthy and clinical samples.
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Since the pioneering discoveries by Broca1, the left-hemispheric superiority for language is a pillar of human 
cerebral lateralization and it is attributed to both anatomical and functional asymmetries of the two sides of 
the brain2. This asymmetry is so robust that it is now considered a marker of typical brain development, so that 
its absence has been related to both cognitive and psychiatric disorders, including autism3 and schizophrenia4. 
The most known behavioural task used to investigate this asymmetry is the dichotic listening paradigm (DL), 
in which two different auditory inputs are delivered simultaneously in the two ears by means of headphones5. 
Exploiting the predominantly crossed organization of the auditory perceptual system in humans, the DL 
revealed the so-called Right Ear Advantage (REA)6: when asked to report which of the two stimuli is heard 
better, listeners report more frequently the one presented in the right than in the left ear.

The REA is explained by the left-hemispheric superiority for language, and this model received support also 
by neuroimaging7 and electrophysiological studies8, showing that the unbalanced activity between the left and 
the right auditory cortex is responsible for such a bias. Indeed bilateral but not unilateral electrical stimulation 
of the temporal areas can alter the REA9,10. Importantly, a reduced or even a reversed ear advantage is often 
described by means of the DL in patients suffering from auditory hallucinations (AHs), further confirming 
the temporoparietal involvement in this perceptual asymmetry11 (which has been found to be reversed also in 
dyslexia12). AHs are considered a symptom of psychotic disorders13, but it is less known that they are relatively 
frequent also in the non-clinical population14, with 4–15% of the healthy individuals experiencing non-clinical 
AHs15,16. In this view it is important to stress that clinical and non-clinical AHs are described as different in 
terms of content and emotional impact on the perceiver, with non-clinical AHs reported as less stressful and 
less negative compared with clinical AHs17. Anyway, it has been proposed that clinical and non-clinical AHs 
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share the same cerebral bases, with an altered hemispheric activity of the linguistic areas18,19. As suggested by 
Hugdahl20, AHs would be linked to a deficit in prefrontal and cingulate outputs towards the temporal cortex: 
language areas would thus be disinhibited, and their unexpected activity would constitute the cerebral correlate 
of perceiving voices in the absence of physical inputs. This model received support also by fMRI studies with 
healthy participants, showing a left temporal activity (and a subsequent right homologue activity) during silence, 
and this activity has been described as a kind of default mode network of auditory processing21,22. To summarize, 
AHs should be due to a failure in the top-down inhibition of the frontal areas on the temporal cortex20.

Coming back to the REA, the bias has been also found in pure imagery tasks, further confirming a shared 
cerebral basis among perception, imagery and possibly AHs: when asked to imagine hearing a voice lateralized 
in one ear, healthy participants reported more frequently to imagine it in the right than in the left ear23, at least 
when it contained a neutral or positive emotional valence24. Although no imaging evidence for such an “illusory/
imaginative REA” exists in the literature, it is plausible to hypothesize it is based on the same left-hemispheric 
activity of the linguistic areas, similarly to the perceptual REA (i.e., default mode auditory network21,22). According 
to the same idea, patients suffering from clinical AHs do not show the imaginative REA25. Finally, interesting 
results have been also described in a condition experimentally created to investigate the borderline condition 
between imagery and perception in healthy participants, namely the white noise (WN) speech illusion paradigm, 
in which WN is presented either alone, or superimposed to a voice: the illusion consists in presenting the voice 
at different intensities (higher, same and lower with respect to the intensity of WN stream), or to not present it at 
all, and to ask participants to detect the voice, without informing listeners that the voice could be absent in some 
trials. Exploiting a WN speech illusion paradigm during transcranial Direct Current Stimulation (tDCS), a study 
revealed that anodal/cathodal stimulation on the left posterior superior temporal gyrus enhanced/reduced false 
alarms in detecting a voice in WN stream, respectively, confirming the direct involvement of the left linguistic 
areas also in auditory illusions26. Moreover, in a modified version of the paradigm, WN was binaurally presented 
either alone or superimposed to a voice presented lateralized in one ear (at different intensities)27: the expected 
REA was found when the voice was clearly distinguishable from WN (perceptual REA), but – importantly – it 
was also found when it was difficult to be perceived (low volume) or it was even absent (imaginative REA), thus 
confirming by means of a behavioural task the main involvement of the left hemisphere also in auditory imagery.

To investigate the causal involvement of the temporal cortex in clinical AHs, Transcranial Magnetic 
Stimulation (TMS) has been widely exploited28–31. In a pioneering study with three patients, it was found that 
1-Hz repetitive TMS (rTMS) applied on the left temporoparietal cortex reduced the severity of AHs in all 
patients, and it abolished AHs until two weeks in two out of the three patients32, and this evidence was then 
confirmed with wider samples28,29,33.

Interestingly, an fMRI study revealed that the activity of the right homologue of Wernicke’s area after patients 
had experienced AHs was highly correlated with the subjective attentional salience of AHs themselves34: 
starting from this result, the effect of 1-Hz rTMS applied over the left and the right temporoparietal cortex was 
investigated by Hoffman and colleagues, who showed that the inhibitory stimulation on the left hemisphere was 
most efficient in affecting low salience AHs, but surprisingly rTMS applied on the right hemisphere was most 
efficient in reducing high salience AHs in a sample of schizophrenic patients31, even if contrasting results have 
been collected in different studies35,36.

There is no evidence on the possible effects of rTMS on the REA in patients, and little is known about the 
possible effects of the same stimulation setup also in healthy participants during WN speech illusion paradigms, 
auditory imagery or even dichotic listening. To the best of our knowledge, only one study explored the effect 
of rTMS on the REA by means of a classical DL task with 18 healthy participants37: to ensure that the noise 
caused by TMS did not interfere with the auditory task, 1-Hz rTMS was applied offline, immediately before the 
DL paradigm, for 10 min. It was applied on the planum temporale of the left hemisphere and on the homologue 
contralateral area; a sham-control condition was also applied by means of a placebo coil reducing magnetic field 
strength by 80% (either on the left or right temporal areas). The REA was not different between left-hemispheric 
stimulation and the sham condition, suggesting a main role of the right (instead of the left) temporoparietal 
areas in perceptual REA in healthy participants. The authors proposed different possible explanations for the 
absence of an effect of left-hemispheric stimulation on the REA, for instance they suggested that rTMS might 
be too focal to affect the activity of the left planum temporale, which has been shown to be strongly and widely 
activated during DL37. Another interesting study in this field exploited a different stimulation technique, which 
is the transcranial Static Magnetic Field Stimulation (tSMS)38, which induces focal changes in cortical activity 
by means of cylindrical permanent magnets over the scalp39. In this case, 14 healthy participants received tSMS 
on the primary auditory cortex (T7/T8) during the DL task, and results revealed a reduced REA during left-
hemispheric than right-hemispheric stimulation. Moreover, EEG recordings on the same sample confirmed 
lower N1 amplitude after left tSMS compared to the other conditions (no difference emerged on N1 latency and 
P50 amplitude and latency). The discordance between the two studies reviewed here could be due to both the 
different magnetic stimulation techniques, and to the different target areas stimulated (associative vs primary 
auditory cortices). To conclude, however, the causal involvement of the left vs right temporoparietal areas in the 
REA remains debated.

Starting from this framework, we decided to explore the possible effect of the TMS protocol most used with 
patients suffering from AHs (1-Hz rTMS on the linguistic areas; see Fig. 1), but in a non-clinical sample, during 
a lateralized WN speech illusion paradigm. The aim was to shed light on the role of the left vs right linguistic 
areas in both the perceptual and the imaginative REA, and to this aim we exploited the same paradigm already 
used with healthy participants27, adding left/right TMS before the experimental sessions. The only difference 
with respect to the paradigm already used27 is the exclusion of one of the intensities exploited in the original 
study, namely that in which the voice was presented with a higher intensity with respect to WN, because in 
this condition the REA was so strong that we did not expect a modulation due to the stimulation. Indeed, 
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we expected a perceptual REA in the conditions in which the voice was clearly perceived (same intensity as 
bilateral WN), and also in the conditions in which the voice was hardly perceived (lower intensities than bilateral 
WN), or it was even absent (illusory REA), as already found in the previous behavioral study27. Importantly, 
considering that 1-Hz rTMS on the left linguistic cortex reduced AHs symptomatology in patients28,29,32, being 
associated to inhibitory effects, we hypothesized that 1-Hz rTMS applied over the left/right temporoparietal 
linguistic areas in healthy participants (TP3/TP4) would lead to a weaker/stronger REA, respectively. In fact, if in 
the clinical population the inhibitory effects of 1-Hz rTMS on the left hemisphere reduce AHs (which are related 
to the spontaneous hyperactivity of the left temporal cortex), we can hypothesize that in healthy participants it 
would inhibit the left-hemispheric activity responsible for the perceived and the imaginative REA (and thus it 
would weaken the REA), and that the contralateral stimulation would indeed enhance the REA (see Fig. 1). As 
in the study by Hirnstein and colleagues37, here we used an offline protocol to avoid the influence of the TMS 
noise on the auditory task, and we decided to stimulate at 90% of the individual threshold, as suggested by the 
safety guidelines on AHs patients29.

Finally, we also administered a questionnaire measuring participants’ susceptibility to hallucinatory 
experiences, to shed light on the role of each hemisphere in the proneness to non-clinical AHs. Specifically, 
starting from the evidence of stronger effects of a left vs right-hemispheric stimulation in affecting low vs high 
salience AHs in schizophrenia patients31, we expected a stronger REA or a lower difficulty in correctly localizing 
the voice in the WN stream during the right-hemispheric stimulation in healthy participants with higher (vs 
lower) proneness to experience AHs.

Results
Overall analysis: perceived and imaginative REA
The percentage of “right ear” responses for both the left TMS (l-TMS) and the right TMS (r-TMS) session in each 
of the three conditions (WN: binaural WN; LE: binaural WN superimposed to a voice presented in the Left Ear; 
RE: binaural WN superimposed to a voice presented in the Right Ear) was compared with the chance level (50%) 
by means of exact t-tests (significance threshold = 0.017 after Bonferroni correction for multiple comparisons 
in each session). Data are provided in the Supplementary information file, and as it can be seen in Fig. 2, results 
confirmed that participants correctly localized the voice in the RE both in the l-TMS (t(17) = 8.19, p < 0.001) and 
in the r-TMS session (t(17) = 13.93, p < 0.001), and they correctly localized the voice presented in the LE both 
during the l-TMS (t(17) =  − 6.82, p < 0.001) and r-TMS (t(17) = -6.79, p < 0.001). Importantly, results showed that 
in the absence of vocal stimuli, namely in the WN condition, participants localized the voice more frequently 
in the right ear than expected by chance, both during the l-TMS (t(17) = 3.29, p = 0.004) and the r-TMS session 
(t(17) = 4.44, p < 0.001), confirming an imaginative REA independently of the side of stimulation.

Then, an analysis of variance (ANOVA) was carried out by using Sex of participants (female, male) and 
propensity to unusual experience as measured by O-LIFE (low, high) as between-subjects factors, and using 
Stimulation (l-TMS, r-TMS) and Condition (LE, RE, WN) as within-subjects factors. The percentage of 
“right ear” responses was used as the dependent variable (see Supplementary information). The main effect of 
Condition was significant (F(2,28) = 103.01, MSE = 26,263.2, p < 0.001, ηp

2 = 0.88), and all post-hoc comparisons, 
carried out by means of Duncan test, were significant (all ps < 0.001): the percentage of “right ear” responses was 
higher in the RE condition (83.22% ± 1.74) with respect to both the LE condition (28.18% ± 2.2) and the WN 
condition (67.22 ± 4.47), and it was significantly lower in the LE condition than in the WN condition.

The interaction between Sex of participants and O-LIFE was significant (F(1,14) = 6.24, MSE = 2471.8, p = 0.025, 
ηp

2 = 0.31). Post-hoc comparisons revealed that in male participants, the percentage of “right ear” responses was 
higher in the subsample scoring high (62.72% ± 3.57) rather than low in the O-LIFE (49.15% ± 3.48; p = 0.033). 
No other main effects and interactions reached significance.

Fig. 1. Expected inhibitory effects of 1-Hz rTMS applied on the left temporoparietal cortex (TP3 site in the 
pink area on the brain representation), leading to a reduction of the Right Ear Advantage (the opposite effect is 
expected following the right-hemispheric stimulation, namely an enhanced REA).
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Analysis on vocal targets
To further explore the laterality bias during voice presentation, as in Prete and colleagues27 (same paradigm), in 
a second ANOVA only LE and RE conditions were considered (WN condition was excluded): Sex of participants 
(female, male) and O-LIFE (low, high) were used as between-subjects factors, Stimulation (l-TMS, r-TMS), 
Ear (left, right), Intensity (42 dB, 48 dB, 60 dB), and Sex of voice (female, male) were used as within-subject 
factors. Since in each trial included in this analysis, participants can give a correct or incorrect response (the 
voice being presented in all trials), the analysis was carried out considering the Inverse Efficiency Score (IES) 
as the dependent variable27 (see also40,41). IES was obtained by dividing response times comprised between 500 
and 1500 ms for correct responses by the proportion of correct responses in each condition, so that lower scores 
correspond to a better and faster performance (see Supplementary information).

Intensity was significant (F(2,28) = 64.24, MSE = 15,846,002, p < 0.001, ηp
2 = 0.82), and post-hoc comparisons 

showed that the performance was better for the higher intensity (60 dB: 827.24 ± 33.21) with respect to 48 dB 
(996.86 ± 38.82; p = 0.007) and 42 dB (1494.8 ± 81.32; p < 0.001), and it was better for voices presented at 48 dB 
than 42 dB (p < 0.001). Ear did not reach significance as main effect (F(1,14) = 4.33, p = 0.056), but it significantly 
interacted with Intensity (F(2,28) = 5.09, MSE = 2,179,351, p = 0.013, ηp

2 = 0.27; Fig.  3). Post-hoc comparisons 
confirmed that the performance was better in the RE than in the LE condition with the lowest intensity (42 dB, 
p < 0.001). Moreover, the performance was worse with intensity 42 dB than both other intensities for the LE 
condition (ps < 0.001 for all comparisons; 48 dB vs 60 dB: p = 0.061), and for the RE condition (42 dB > 48 dB: 
p = 0.014, and 42 dB > 60 dB: p = 0.001; 48 dB vs 60 dB: p = 0.326).

The interaction between Intensity and Sex of voice was significant (F(2,28) = 4.74, MSE = 924,910, p = 0.017, 
ηp

2 = 0.25), and post-hoc comparisons showed that only with the lowest intensity (42 dB), the performance was 
better with male than with female voices (p = 0.006). Moreover, with both female and male voices it was worse 
for stimuli presented at 42 dB than at 48 and 60 dB (all ps < 0.001), and only for male voice it was worse at 48 
than at 60 dB (p = 0.008).

Fig. 3. Interaction between Ear (Left Ear: white columns; Right Ear: gray columns) and Intensity of the voice 
on the Inverse Efficiency Score. Bars represent standard errors and asterisks show significant comparisons 
(p < 0.05).

 

Fig. 2. Percentage of “right ear” responses in the Left Ear (LE), the Right Ear (RE) and the White Noise (WN) 
conditions. All comparisons between each condition (LE, RE, WN) in both the left TMS (l-TMS) and the 
right TMS (r-TMS) sessions were significantly different from the chance level (50%; p < 0.005). Bars represent 
standard errors.
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The interaction among Stimulation, Intensity, Sex of participants and O-LIFE was significant (F(2,28) = 4.03, 
MSE = 613,263, p = 0.029, ηp

2 = 0.22; Fig.  4). Post-hoc comparisons confirmed that in each subgroup the 
performance was worse for stimuli presented in each ear when voices were presented at 42 dB than at 48 and 60 
dB (only for male participants with high O-LIFE scores the comparison between voices presented in the left ear 
at 42 and 48 dB did not differ significantly). Importantly, in the male subsample, when the voice was presented 
at the lowest intensity (42 dB), the performance was better when TMS was applied over the right than the left 
hemisphere in participants with lower O-LIFE scores (p < 0.001), but it was worse when TMS was applied over 
the right than the left hemisphere for participants with higher O-LIFE scores (p = 0.003).

Finally, a series of exact t-tests were carried out on the percentage of accuracy in the RE condition subtracted 
to that of the LE condition for each intensity and for female and male voices separately (see27). The resulting 
scores were compared against 0 (absence of right-left asymmetry) and after the Bonferroni correction for multiple 
comparisons the threshold of significance was set at p = 0.008 for the l-TMS and for the r-TMS condition. None 
of the comparisons reached significance for l-TMS, whereas in the r-TMS condition the result was significantly 
higher than the chance level (showing a REA) for female and male voices presented at 42 dB (female: t(17) = 3.33, 
p = 0.004; male: t(17) = 4.49, p = 0.003) and for female voices presented at 48 dB (t(17) = 4.19, p < 0.001).

Correlation analysis
A Laterality Index (LI) was calculated by using the formula (R – L)/(R + L) X 100, where R and L correspond 
to the accuracy in the RE and in the LE condition, respectively. LI, in which higher scores correspond to a 
stronger perceptual REA, was calculated separately for l-TMS and for r-TMS session and it was correlated with 
the percentage of “right ear” responses in the WN condition (in which the voice was not presented: imaginative 
REA). As in Prete and colleagues27, a positive correlation emerged in both the l-TMS (r = 0.68, p = 0.002) and in 
the r-TMS (r = 0.73, p < 0.001; see Fig. 5), confirming that a higher perceptual REA when the vocal stimulus is 
present corresponds to a higher imaginative REA in the absence of vocal stimuli.

Discussion
The aim of the present study was to assess the causal involvement of the left vs right temporoparietal linguistic 
areas in perceived and imaginative REA. To this aim, a lateralized White Noise speech illusion paradigm was 

Fig. 5. Positive correlation between right ear responses in the WN condition (illusory REA: y-axis) and 
Laterality Index in the LE and in the RE condition (perceptual REA: x-axis), in the l-TMS (left panel) and in 
the r-TMS (right panel) session.

 

Fig. 4. Interaction among Sex of participants (females: left panel; males: right panel), O-LIFE (Low scores, 
High scores), Intensity of the voice (42 dB, 48 dB, 60 dB), and Stimulation (left TMS: white columns; right 
TMS: black columns) on the Inverse Efficiency Score. Bars represent standard errors and asterisks show the 
most important significant comparisons (p < 0.05). Note that in each comparison 42 dB < 48 dB < 60 dB, except 
for the comparison between 42 and 48 dB for males with high O-LIFE scores.
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used: although the voice was not always present, participants were forced to report its presentation side within 
a binaural WN stream. Besides confirming the REA both when the vocal stimulus was clearly perceived and 
when it was attenuated (presented at low intensity), the results also confirmed the imaginative REA in healthy 
participants, with a higher frequency of “right ear” responses during the presentation of the sole WN stream, 
as already shown in a previous behavioural study27, in pure imagery tasks23,24, and as statistically confirmed 
here by means of exact t-tests. Moreover, the first ANOVA carried out here showed that participants correctly 
localized the vocal stimuli in the WN speech illusion paradigm, with a higher percentage of right ear responses 
when the voice was really present in the right ear than when it was not present at all (WN condition), and 
with a lower percentage of right ear responses when the voice was present in the left ear than when it was not 
presented. Importantly, however, no direct effect of inhibitory low frequency rTMS applied on the left/right 
temporoparietal cortex emerged: our results did not reveal a main effect of stimulation on the performance 
of the healthy participants tested. This evidence contrasts with the results found in a DL task with the same 
rTMS protocol applied on the planum temporale37, in which it was found that right-hemispheric stimulation 
significantly reduced the REA. It must be underlined that a study exploiting transcranial Static Magnetic Field 
Stimulation (tSMS)38 on the primary auditory cortex revealed a reduced REA during left- instead of right-
hemispheric stimulation during DL. In the present study we did not target the primary auditory cortex, but 
we decided to focally apply an inhibitory stimulation on TP3 and TP4, namely the temporoparietal cortex 
of each hemisphere. This choice was due to the literature revealing positive effects of such a stimulation in 
patients suffering from clinical AHs28,29,32, but no direct evidence with healthy samples was collected so far, 
definitely not by means of WN speech illusion paradigms. Our main conclusion, indeed, is that neither the left 
nor the right temporoparietal inhibition is sufficient to modulate the perceptual and the imaginative REA in 
healthy participants, and this conclusion is in line with findings deriving from electrical stimulation studies9,10. 
Interestingly, when tRNS was applied simultaneously on the left and on the right auditory cortex (bilateral 
stimulation), the REA was enhanced, suggesting the concurrent involvement of both hemispheres at the basis 
of this asymmetry in healthy participants9. Anyway, beyond the classical DL task, when tDCS was applied on 
the auditory cortex during a WN speech illusion paradigm, more false alarms were recorded during the anodal 
stimulation of the left hemisphere, thus indicating that the hyperactivity of the left-linguistic areas can be related 
to vocal illusory perceptions26, indirectly confirming the evidence collected with patients hearing voices34. It 
must be considered that electrical stimulation exploits large electrodes, so that the spatial resolution of this 
stimulation technique is very low, whereas TMS allows us to target a specific area with a higher spatial resolution, 
and we can conclude that this kind of stimulation could be too focal to alter the well-established REA in healthy 
participants, as already suggested by Hirnstein and colleagues37.

The results of the analysis carried out considering the intensity of the vocal stimuli (excluding the WN 
condition) confirmed that in our sample the performance was higher for vocal stimuli presented in the right 
than in the left ear, mainly when the voice was presented at lower intensity and thus it was covered by binaural 
WN stream. This means that when the vocal input is attenuated by noise, healthy participants localize it 
more frequently in the right ear (showing a kind of illusory REA), again suggesting that the activity of the 
left-hemispheric linguistic areas is crucial in the proposed default mode network which has been suggested to 
be activated also during silence21,22. Nevertheless, exact t-tests carried out to assess the possible behavioural 
asymmetry during the lateralized stimulation showed that the inhibition of the left temporoparietal cortex did 
not lead to a modulation of the REA, whereas when rTMS was applied on the right linguistic areas, the REA 
increased, mainly for voices presented at intensities lower than the WN stream (42 and 48 dB). This interesting 
evidence suggests that the inhibition of the right linguistic areas is most effective in altering the REA with 
respect to the inhibition of the left temporoparietal cortex, further confirming that this lateral bias is due to the 
unbalanced activity of the two hemispheres, more than to the hyperactivity of the left one, at least in healthy 
participants. We could speculate that the hypoactivity of the right hemisphere due to 1-Hz rTMS leads to a 
weaker inhibitory control of this region on the contralateral homologue area, and that this resulting stronger 
activity of the left linguistic area is responsible for the strongest REA found here. This idea agrees with the 
structural model5 according to which the REA is due to the specialization of the left-hemispheric temporal cortex 
for language (see Fig. 1). Finally, correlation analysis confirmed the previous evidence of a positive relationship 
between perceptual and illusory REA, with higher preference for the right ear during the real presentation of 
the voice being correlated to a right ear preference even in the absence of physical stimuli27. Also this finding 
is in line with the idea of a default mode auditory network21,22: in participants in whom this network, leftward 
lateralized, is strongly activated, the REA is increased both in presence and in absence of physical inputs, as 
already proposed by Prete and colleagues27.

Besides the main aim of the study, a further explorative hypothesis was that the propensity to experience 
non-clinical AHs could impact the results. To assess this possibility, we measured the tendency to experience 
unusual events, including AHs, by means of a standardized questionnaire, and we used the scores obtained in 
this measure as a between-subject factor. We found that the percentage of right ear responses was enhanced in 
male participants with higher propensity to experience AHs, as measured by means of the O-LIFE subscale42. 
This interaction seems to suggest that, at least in males, a higher susceptibility to non-clinical AHs could be 
linked to an enhanced REA, possibly suggesting a stronger activity of the left-linguistic area in this subsample, 
independently of the stimulation. This speculation must be further explored, but it seems in line with the 
enhanced activity of the left linguistic areas described in patients suffering from clinical AHs43. Furthermore, we 
hypothesized a stronger REA and/or a better performance in localizing the voices during the right-hemispheric 
stimulation in participants with higher proneness to AHs, mainly starting from the evidence of stronger 
right-hemispheric stimulation effects in affecting high salience AHs in patients31. Results revealed a complex 
interaction, showing that only in males and only when the voice was very ambiguous because presented at the 
lowest intensity, the performance was enhanced (correct localization of vocal stimuli) when TMS was applied 
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over the right than the left hemisphere but in participants with low O-LIFE scores, and the opposite pattern 
emerged for participants with high O-LIFE scores (left-hemispheric TMS enhanced their performance with 
respect to right-hemispheric stimulation). In this regards only speculations can be proposed due to the very 
low numerosity of the subsamples called into question, but it is intriguing to hypothesize that, at least for males, 
on the one hand the inhibition of the left temporoparietal cortex leads to a better performance in correctly 
localizing ambiguous voices in participants with a high proneness to non-clinical AHs, confirming also in a 
WN speech illusion paradigm the direct involvement of the left hemisphere in the manifestation of AHs. On the 
other hand, the inhibition of the right homologue area would lead to a better performance in correctly localizing 
the same ambiguous voices in participants with a scarce proneness to AHs, confirming in the same WN speech 
illusion paradigm the main role of the right hemisphere in this kind of task for participants who do not show a 
propensity to AHs. This speculation must be further explored in future studies, but it could contribute to explain 
the complex relationship between hemispheric asymmetries and auditory perception/illusions: as specified 
above, in fact, it is quite surprising that the most acknowledged models of AHs attributed these phenomena to a 
hyperactivity of the left-linguistic cortex, but at the same time the absence of the (expected) REA is described in 
this clinical population. We can figure out that a different pattern of inter-hemispheric organization is the key for 
this inconsistency: maybe, the higher proneness to experience AHs makes the cerebral activity of this subgroup 
more similar to that of patients with clinical AHs, so that the inhibition of the left-linguistic area leads to a better 
performance in correctly localizing vocal stimuli (i.e., turning off aberrant perceptions and with a consequent 
better overall performance). This could be viewed as linked to the positive effects on AHs symptomatology 
described in the clinical population following 1-Hz rTMS applied over the left temporoparietal areas28,29,32, at 
least for low salience AHs, which could be considered similar to non-clinical AHs, being less intrusive both in 
thoughts and behaviours compared with high salience ones31. The fact that this result is present only in males 
makes it even more speculative, so that only hypothetical assumptions can be advanced and future research with 
both clinical and non-clinical samples is needed to shed light on these possibilities.

Conclusions
To conclude, the present results confirmed the expected perceptual and illusory Right Ear Advantage in a sample 
of healthy participants during a lateralized WN speech illusion task, also confirming their positive correlation, 
with a stronger perceptual bias positively correlated to a stronger illusory bias. Moreover, a clear effect of left vs 
right temporoparietal inhibition due to 1-Hz rTMS on the auditory performance did not emerge, confirming 
previous findings with electrical stimulation. This evidence showed that neither of the two hemispheres is solely 
responsible for the REA in the WN speech illusion task, but a complex relationship is suggested among the 
language-related activity of the two hemispheres and the proneness to experience AHs, at least in males, when 
the vocal stimuli are ambiguous and confused in a noise stream. This interaction must be explored in future 
studies, and it could help bridge the cerebral basis between clinical and non-clinical AHs.

Materials and methods
Participants
A sample of 20 right-handed healthy participants took part in the study. Two participants were excluded from 
the analysis due to technical issues, so that the final sample was composed of 18 participants (10 females; 
same numerosity exploited in a previous TMS study with a healthy sample37). The mean age of the sample was 
20.5 years (± 0.7 years) and all of the participants were right-handers, with a mean handedness score of 70.63 
(± 4.38), as measured by means of the Edinburgh Handedness Inventory44 (-100 corresponds to a complete left 
preference and + 100 corresponds to a complete right preference). Participants completed the short version of 
the Unusual Experiences scale of the Oxford-Liverpool Inventory of Feelings and Experiences questionnaire 
(O-LIFE42), composed of 12 items exploring perceptual aberrations and hallucinations (see also24,25). The final 
score of the scale used can range between 0 and 12, with higher scores being related to the positive symptoms 
of psychosis, and the mean score of the sample was 5.5 (± 0.5). Participants were divided into two subgroups 
depending on the O-LIFE score: ten participants obtained a final score lower than the mean of the sample (Low 
O-LIFE: scores between 0 and 5; 6 females) and eight participants obtained a final score higher than the mean of 
the sample (High O-LIFE: scores between 6 and 9; 5 females).

All participants signed a written informed consent to take part in the study, and they were enrolled if they did 
not report any auditory impairment and/or psychiatric and neurological conditions. An audiometric assessment 
already used in previous studies with a similar paradigm27 was performed prior the beginning of the task: a 
female voice pronouncing the phoneme /a/ was presented repeatedly in each ear via earphones, with increased 
intensities (2 dB steps) and participants had to press a button when the voice became perceivable. Participants 
were recruited when no different hearing thresholds were present between left and right ear (Δ = 10 dB). The 
study conformed to the principles of the Declaration of Helsinki and was approved by the Institutional Review 
Board of Psychology of the Department of Psychological, Health and Territorial Sciences – University “G. 
d’Annunzio” of Chieti-Pescara (protocol number: IRBP/22,011).

Transcranial magnetic stimulation
Each participant performed two separate sessions of 8-min repetitive Transcranial Magnetic Stimulation 
(rTMS): a left-hemispheric stimulation session (l-TMS) and a right-hemispheric stimulation session (r-TMS), 
and the order of sessions was balanced among participants. Two active sessions were used and compared to one 
another instead of an active session and a no-stimulation session (e.g., vertex stimulation or coil orientation), to 
avoid a difference between sessions due to the noise produced by TMS. Due to the auditory task exploited in the 
present study, in fact, the noise produced by the stimulation could affect the performance, indeed we preferred 
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to compare left vs right active temporal stimulation. The repetitive TMS train was delivered with 8-min duration, 
1-Hz frequency, and intensity set at 90% of the individual motor threshold, following previous TMS studies in 
patients suffering from AHs29, as well as safety guidelines45. This TMS setup had been shown to inhibit the target 
cortical area for a period corresponding at least to that of the stimulation46–48.

The location of the two stimulation sites was automatically identified on the participant’s scalp using the 
SofTaxic navigator system (E.M.S. Italy, www.emsmedical.net), which uses a set of digitized skull landmarks 
(nasion, inion, and two pre-auricular points), and about 40 scalp points entered with a Fastrak Polhemus 
digitizer system (Polhemus), and an averaged stereotaxic MRI atlas brain in Talairach space49. The average 
Talairach coordinates in the SofTaxic navigator system were transformed through a linear transformation to 
each individual participant’s scalp. This strategy has been successful in previous rTMS studies50–52. Target areas 
were chosen in accordance with previous studies on AHs using 1-Hz rTMS in clinical populations28, and were as 
follows for TP3: x =  − 63.88, y =  − 47.19, z =  + 33.9553.

Stimuli
Stimuli were the same as those used in a previous study without brain stimulation27: a white noise stream (WN) 
was created by using GoldWave v5.25 software (GoldWave Inc., Canada), lasting 250 ms and presented at 60 dB. 
Four female and four male voices were recorded, and the phoneme /a/ was presented for 250 ms at 60 dB. A 
linear fade-in lasting 50 ms and a linear fade-out lasting 70 ms were added to both WN and vocal stimuli. Then, 
vocal stimuli were manipulated to obtain two other intensities lower than the original voice (60 dB), namely 
48 dB and 42 dB.

The final set of stimuli consisted of WN at 60 dB presented binaurally, to which a voice could be superimposed 
either in the left or in the right channel: each of the eight voices was superimposed to the WN trace (always 
presented binaurally at 60 dB), at each of the 3 intensities (42 dB, 48 dB, 60 dB) in the left and in the right 
channel, separately (8 vocal stimuli × 3 intensities × 2 channels = 48 stimuli). Moreover, WN was also presented 
in isolation (60 dB, binaural presentation).

Procedure
Participants were tested in isolation in a quiet room, in which no external auditory inputs could be heard. They 
were asked to wear headphones, to seat in front of a computer screen and to gaze at a fixation cross presented 
in the center of the screen for the whole duration of the task. In each trial, after 500 ms in which only the cross 
was present, an auditory stimulus was delivered (duration: 250 ms). Participants were instructed to localize the 
voice as perceived in the left ear or in the right ear, by pressing “z” with the left hand and “m” with the right hand 
respectively, after which the following trial started. Participants were informed that a female or male voice would 
be presented lateralized together with a noise presented in both ears, and that the voice could be presented at 
different volumes so that in some trials it could be difficult to distinctively hear it, but that they had anyway to 
localize the voice in each trial. They were also asked to be fast and to give the first response they believed to be 
correct.

The task was controlled by means of E-Prime software (Psychology Software Tools, Inc., Pittsburgh, PA) 
and it was composed of 72 stimuli, repeated 4 times, for a total of 288 trials. Among the original 72 stimuli, 
24 were WN presented in both ears without any superimposed voice (WN condition), 24 were binaural WN 
superimposed to a voice presented in the Left Ear (LE condition), and 24 were binaural WN superimposed to a 
voice presented in the Right Ear (RE condition). In both LE and RE conditions, voices were presented at each of 
the three intensities (42 dB, 48 dB, 60 dB). The order of stimuli was randomized within and among participants. 
Each participant took part in two distinct sessions spaced at least 20 min apart, in which rTMS was applied either 
over the left or the right temporoparietal cortex, and the order of the sessions was balanced among participants.

Prior to the beginning of each session, four trials were presented to familiarize with the procedure. After 
the end of the task, participants were invited to complete the Unusual Experiences scale and the Edinburg 
Handedness Inventory, and then they were debriefed.

Data availability
The datasets generated during and/or analysed during the current study are available in the Supplementary file. 
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