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Abstract 

Background: Pharmacological and non-pharmacological methods of inducing altered states of 

consciousness (ASC) are becoming increasingly relevant in the treatment of psychiatric disorders. While 

comparisons between them are often drawn, to date no study has directly compared their neural correlates. 

Methods: To address this knowledge gap we directly compared two pharmacological methods: psilocybin 

(n=23, dose=0.2mg/kg p.o.) and LSD (n=25, dose=100μg p.o.) and two non-pharmacological methods: 

hypnosis (n=30) and meditation (n=29) using resting state functional connectivity magnetic resonance 

imaging (rs-fcMRI), and assessed the predictive value of the data using a machine learning approach. 

Results: We found that (i) no network reaches significance in all four ASC methods; (ii) pharmacological 

and non-pharmacological interventions of inducing ASC show distinct connectivity patterns that are 

predictive at the individual level; (iii) hypnosis and meditation show differences in functional connectivity 

when compared directly, and also drive distinct differences when jointly compared to the pharmacological 

ASC interventions; (iv) psilocybin and LSD show no differences in functional connectivity when directly 

compared to each other, but do show distinct behavioral-neural relationships. Conclusion: Overall, these 

results extend our understanding of the mechanisms of action of ASC and highlight the importance of 

exploring how these effects can be leveraged in the treatment of psychiatric disorders. 
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Introduction 

As altered states of consciousness (ASC) become increasingly relevant in the treatment of psychiatric 

disorders (1–4), comparisons between different altered states are often drawn (5–7). However, these 

comparisons are limited by the lack of plentiful and rigorous data that directly compares the neural 

correlates of different ASC. Furthermore, the whole-brain data-driven effects of many ASC methods (e.g., 

hypnosis, meditation) have not yet been explored, and the link between the behavioral and neural effects of 

ASC have been largely ignored. 

To address this, we will directly compare two pharmacological (psilocybin, LSD) and two non-

pharmacological (hypnosis, meditation) ASC interventions. While there is evidence of overlap in the 

phenomenology of pharmacologically and non-pharmacologically induced ASC, prior work has not tested 

whether there is also overlap at the neural level (8–14). By elucidating the common and distinct acute effects 

of pharmacologically and non-pharmacologically induced ASC in healthy controls, and their predictive 

value, we hope to inform the development of biomarkers for patient stratification that predict individual 

differences in response to the ASC interventions, including clinical efficacy and possible side-effects (15; 

16). 

Psilocybin and LSD are classic hallucinogens that  have been shown to alter perception and experience of 

the self (17). While psilocybin is a preferential 5-HT2A and 5-HT1A agonist and LSD stimulates serotonin 

and dopamine receptors (18–21), their experiential effects are both widely attributed to their agonist activity 

at the 5-HT2A receptor (22; 23). Recent neuroimaging studies are starting to uncover the neural 

mechanisms underlying psychedelic-induced ASC, pointing to the importance of altered information 

integration in sensory and associative brain regions (17; 23).   

Hypnosis and mediation are terms that both incorporate a wide range of mental techniques. In this study, 

we refer to a specific form of hypnosis termed ‘Esdaile’, in which instructions are used to induce a 

visualization. This results in a state of deep physical relaxation and mental absorption, distortions of the 
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perception of time and space, and altered bodily sensations. By meditation we refer to ‘open awareness’ 

meditation, which involves the non-judgmental, non-attached observation of salient thoughts and feelings 

and aims to cultivate meta-awareness (24). Research into the neural correlates of both hypnosis and 

meditation has implicated regions known to be involved in the top-down regulation of lower-level brain 

structures; however, such studies are limited by their use of seed-based approaches as: (i) the selections of 

seed regions is subjective; and (ii) the selection of different seeds makes it difficult to compare findings  (9; 

25–36). 

To directly explore the common and distinct features of pharmacologically and non-pharmacologically 

induced ASC, we will utilize four existing datasets ideally suited for comparison - they were collected at 

the same site, used the same MRI scanner and eyes-closed resting-state paradigm, and all included an 

appropriate within-person control condition. We aim to: (i) establish the neural correlates of each ASC 

intervention using a whole-brain data driven approach; (ii) assess the differences between the 

pharmacological and non-pharmacological ASC intervention methods; (iii) assess the predictive value of 

the rs-fcMRI effects; and (vi) conduct a preliminary analysis exploring the relationship between ASC-

induced changes in behavior and neural correlates. We hypothesize that pharmacological and non-

pharmacological ASC intervention methods show distinct changes in rs-fcMRI, and that changes in rs-

fcMRI are predictive at the individual level.  
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Methods and Materials 

Experimental Design 

The data were collected as part of four separate studies. Detailed information about the study procedures 

are described in the corresponding papers and the supplement (psilocybin: n=23, dose=0.2mg/kg p.o. 

(37), LSD: n=25, dose=100μg p.o. (38), meditation: n=29 (39); hypnosis: n=30 (Fig. S1)). A final sample 

of N=107 (female=51, male=56; ethnicity=Caucasian (100%)) was included (Table S1). Detailed 

description and subjective experience of each ASC are reported in the supplementary methods and Figure 

S2. The groups differed in age and gender. Therefore, we used each participant’s individual intervention 

vs. control contrast as the input for all analysis. For direct comparison of the intervention scans, 

controlling for age and gender, see Figure S3-S6. 

Imaging analysis  

For details on neuroimaging data acquisition, fMRI preprocessing, and exclusion criteria for flagged 

frames see supplementary methods and Table S2. ROI-to-ROI functional connectivity analysis was 

conducted using the Conn19c-toolbox (www.nitrc.org/projects/conn, RRID:SCR\_009550). For each 

participant and condition, ROI-to-ROI connectivity (RRC) matrices were generated between the 132 

Conn-default ROIs derived from a combination of FSL Harvard-Oxford atlas cortical and subcortical 

areas and AAL atlas cerebellar areas. The 132 ROIs were categorized into 22 networks (Table S3). Each 

value in an RRC matrix represents a Fisher-transformed bivariate correlation coefficient between a pair of 

ROI BOLD time series. 

For second-level statistics, three analyses were conducted. First, RRC matrices for the psilocybin, LSD, 

hypnosis, meditation and their respective control conditions were entered into a 2x2 ANOVA with 

pharmacological (psilocybin and LSD) and non-pharmacological (meditation and hypnosis) intervention 

as between-subject and intervention vs. control as within-subject factors. This analysis maps the 

differences between pharmacologically-induced and non-pharmacologically induced changes in RRC 
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with respect to each participant’s control condition. Next, to characterize differences between conditions, 

changes induced by each intervention with respect to its control condition were compared with each other. 

To investigate changes induced by each intervention individually, we compared each condition to its 

respective control condition separately. For both analyses, 'Threshold Free Cluster Enhancement' (TFCE) 

was used and statistical results were thresholded at p<0.05 (FWE-corrected). Finally, as a quality check, 

we also confirmed there were no correlations between mean hypo-/hyperconnectivity difference 

(intervention-control) and difference in motion (framewise displacement) or sleepiness (Fig. S7&S8). 

Using global signal regression (GSR) as a denoising step is still subject to ongoing debate. Therefore, we 

additionally report the results without GSR in the supplement (Fig. S9- S16). Lastly, the preliminary 

behavioral-neural analysis is described in the supplementary methods. 

Machine learning classification analyses 

Next, we investigated whether the ASC condition could be predicted based on the RRC matrices. The 

RRC matrices for each contrast (intervention-control) were therefore transformed into nifti images 

(https://github.com/CyclotronResearchCentre/Matrix\_to\_NIfTI). Each ROI was given equal weighting. 

Only the lower half of the symmetrical 132x132 matrix was used. These nifti images were fed into a 

binary support vector machine (SVM) classifier as implemented in the Pattern Recognition for 

Neuroimaging Toolbox ((PRoNTo), (40); http://www.mlnl.cs.ucl.ac.uk/pronto) to discriminate between 

pharmacologically and non-pharmacologically induced ASC at an individual subject level. To 

discriminate between all four interventions, a multiclass Gaussian Process Classification (GPC) was used. 

The accuracy and generalizability of the classifications were assessed with leave-one-subject-out cross-

validation procedure. Hyper-parameter estimation relied on a nested 5-fold cross-validation scheme. The 

soft-margin parameter for the SVM was optimized using 5 values between .01 and 100, as powers of 10 

from -2 to 2 (41). In a last step, a binary SVM was used to distinguish between psilocybin vs. LSD and 

hypnosis vs. meditation. For each classification, a 5000-times permutation test was used to test statistical 

significance of these accuracy measures. To avoid the risk of overfitting, we used kernel-based 
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approaches (42). In addition, for the SVM we explicitly optimized the hyper-parameter controlling for the 

regularization of the classifier. 

Reported outcomes consist of total accuracy, balanced accuracy, class accuracy, and Area Under the 

curve (AUC). Total accuracy is calculated as the number of correctly classified test samples divided by 

the overall number of test samples. Average class (balanced) accuracy considers the number of samples in 

each class and weights their accuracy equally. Class accuracy shows the model’s preference for some 

classes. AUC provides a scale-invariant measure of performance across classifications. 
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Results 

Behaviorally, all four interventions induced an ASC (as reported previously: psilocybin (37); LSD (38); 

meditation (39); hypnosis (Fig. S1)). Psilocybin and LSD resulted in a significant increase in all 5D-ASC 

subscales (p<0.05) (Fig. S2A) (43), meditation resulted in a significant increase in all MEDEQ subscales 

(p<0.05) (Fig. S2B) (44), and all participants in the hypnosis condition reported reaching sufficient hypnotic 

depth (Fig. S2C). When comparing the pharmacological interventions, we found no differences in the 5D-

ASC subscales between psilocybin and LSD (p>0.05) (Fig. S2A). A direct behavioral comparison of the 

non-pharmacological interventions was not possible due to the different scales used. 

Psilocybin, LSD, hypnosis, and meditation each induce distinct changes in rs-fcMRI 

To investigate the neural correlates of each ASC, each intervention was first compared to its control 

condition using a paired t-test (Fig. 1). Both psilocybin and LSD induced: (i) increased connectivity 

between regions involved in sensory and associative networks; (ii) decreased connectivity between regions 

involved in different associative networks; and (iii) decreased connectivity within sensory networks. 

Meanwhile, hypnosis induced: (i) decreased connectivity within the primary visual (V1) network; and (ii) 

increased connectivity between the V1 network and the somatomotor, superior temporal gyrus (STG), 

anterior default mode network (DMN), and limbic/anterior parahippocampal cortex (aPaHC) networks 

(Fig. 1). Finally, meditation induced decreased connectivity between the posterior DMN and secondary 

visual networks (V2) (Fig. 1).  

Pharmacological and non-pharmacological ASC intervention methods induce distinct rs-fcMRI changes 

that are predictive at the individual level 

We hypothesized that pharmacological and non-pharmacological ASC interventions have distinct rs-fcMRI 

patterns. The main effect of pharmacological vs. non-pharmacological ASC interventions on RRC revealed 

22 significantly correlated cluster pairs (p<0.05 TFCE) (Fig. 2). Compared to non-pharmacological ASC 

methods, pharmacological ASC methods showed: (i) decreased connectivity between and within different 
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associative networks (e.g., DMN, STG); ii) increased connectivity between the V1 and associative networks 

(e.g., inferior temporal gyrus (ITG), dorsal attention network (DAN)); and (iii) decreased connectivity 

between the V1 and associative networks (e.g., somatomotor). 

In addition, we hypothesized that rs-fcMRI changes induced by pharmacological and non-pharmacological 

ASC intervention methods are predictive at the individual level. We found that a binary SVM was able to 

predict pharmacological and non-pharmacological interventions with a total accuracy of 85.05% (balanced 

accuracy=84.89%, p=0.0002; class accuracy: pharmacological interventions=83.33%, p=0.0002, non-

pharmacological interventions=86.44%, p=0.0002) (Fig. 2). Furthermore, the weights matrix (Fig. S17) 

showed that this multivariate machine learning analysis reflects the univariate ROI-to-ROI analysis in 

Figure 2 (e.g., negatively weighted connections between the V1 and somatomotor networks). 

 

Hypnosis and meditation show distinct differences when compared to pharmacological interventions 

Each pair of individual ASC intervention methods was compared directly using a series of 2x2 mixed 

ANOVAs with a between-subjects factor of ASC intervention method (intervention 1 vs. intervention 2) 

and within-subjects factor of State (intervention vs. control) (Fig. 3). Directly comparing each of the 

pharmacological interventions to hypnosis revealed a consistent pattern. Compared to hypnosis, both 

psilocybin and LSD induced: increased connectivity between regions involved in sensory and associative 

networks; and decreased connectivity between regions involved in sensory networks (Fig. 3A&C). 

Meanwhile, directly comparing each of the pharmacological interventions to meditation revealed one 

common change in connectivity: decreased connectivity within V1 (Fig. 3B&D).  

As hypothesized, directly comparing psilocybin and LSD revealed no significant differences in RRC (Fig. 

3E). In contrast, directly comparing the non-pharmacological conditions showed that hypnosis induced 

decreased connectivity within V1 compared to meditation (Fig. 3F). 
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rs-fcMRI changes are predictive at the individual level when comparing hypnosis and meditation, but not 

psilocybin and LSD  

We hypothesized that hypnosis and meditation have distinct rs-fcMRI patterns, while psilocybin and 

meditation do not. To investigate this, we trained a multiclass Gaussian Process Classification (GPC) with 

four classes: psilocybin, LSD, hypnosis, and meditation. The multiclass GPC demonstrated no clear 

classification between all four interventions (class accuracy: psilocybin=39.13%, p=0.07; LSD=40.00%, 

p=0.23; hypnosis = 66.67%, p=0.01; meditation=44.83%, p=0.16) (Fig. 4A). This confusion matrix 

indicates that the model’s inaccuracy may be due to similarities between psilocybin and LSD. To further 

investigate this, we trained a binary SVM with two classes, psilocybin and LSD. The model was unable to 

distinguish the two pharmacological groups from each other as the model had a classification accuracy of 

47.92% (balanced accuracy=47.91%, p=0.46; class accuracy: psilocybin=47.83%, p=0.36, LSD=48.00%, 

p=0.73, Receiver Operating Characteristic=50%) (Fig. 4B). In contrast, a binary SVM was able to 

successfully distinguish between hypnosis and meditation, with a classification accuracy of 66.03% 

(balanced accuracy=66.03%, p=0.02; class accuracy: hypnosis=70%, p=0.03; meditation=62.07%, p=0.07; 

AUC=0.50) (Fig. 4C). 

ASC-induced changes in rs-fcMRI are directly related to behavioral changes  

To explore whether ASC-induced changes in rs-fcMRI are related to behavioral changes, we conducted a 

preliminary analysis regressing ASC-induced changes in behavior onto changes in rs- fcMRI for psilocybin, 

LSD, and meditation. We were unable to include hypnosis in this analysis as no in-depth behavioral data 

was collected. We found that two 5D-ASC subscales, ‘experience of unity’ and ‘insightfulness’, resulted in 

significant (p<0.05) clusters in the psilocybin condition (Fig. 5A-B), while one 5D-ASC subscale, 

‘elementary imagery’, resulted in a significant (p<0.05) cluster in the LSD condition (Fig. 5C). 

Furthermore, the meditation depth questionnaire (MEDEQ) subscale 'essential quality' resulted in two 

borderline significant (p=0.06) clusters in the meditation condition (Fig. 5D).  
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Discussion 

This study closes major knowledge-gaps regarding the neurobiology of ASC by showing that: (i) no 

network reaches significance in all four ASC methods; (ii) pharmacological and non-pharmacological 

interventions of inducing ASC show distinct connectivity patterns that are predictive at the individual level; 

(iii) hypnosis and meditation show differences in functional connectivity when compared directly, and also 

drive distinct differences when jointly compared to the pharmacological ASC interventions; (iv) psilocybin 

and LSD show no differences in functional connectivity when directly compared to each other, but do show 

distinct behavioral-neural relationships.  

 

Psilocybin and LSD show overlap in their neural correlates, while hypnosis and meditation are distinct 

We used a whole-brain data-driven approach to establish the neural correlates of each ASC method and 

found that: (i) no network reached significance in all four interventions (Fig. 1); and (ii) while there is 

overlap in the neural correlates of the pharmacological methods, there is no overlap in the non-

pharmacological methods (Fig. 3). The lack of a common network in all four ASC methods is striking given 

the observed overlap in the phenomenology (45; 46; 38; 37; 11; 8–10; 12–14). In addition, the lack of 

overlap between hypnosis and mediation is of particular interest, as to date the whole-brain data-driven 

effects of hypnosis and meditation have not yet been explored, limiting comparisons between studies.  

Comparing hypnosis to its control, we found that all changes involved V1, which may reflect the importance 

of visual imagery in hypnosis. More specifically, we found that hypnosis induced decreased connectivity 

within V1, and increased connectivity between V1 and associative networks (e.g., aDMN, pSTG, limbic, 

and somatomotor) (Fig. 1C). This finding is in line with previous studies showing that both hypnotic and 

mental imagery rely on activation of the visual cortex via top-down mechanisms (26; 27). In addition, a 

recent meta-analysis of 15 hypnosis neuroimaging studies found that hypnotic responses correlate most 

highly with activation in the lingual gyrus, a key V1 region (28).  
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Comparing meditation to its control showed that meditation induced decreased connectivity between 

regions of V2 (fusiform cortex) and pDMN (precuneus, posterior cingulate) (Fig. 1D). Interestingly, the 

fusiform cortex is an area that has come up consistently in the meditation literature but has been largely 

ignored (47; 35; 48–50). Though historically the fusiform cortex has most commonly been linked to the 

perception of faces, it has also been linked to visual imagery (51–53). Thus, one possible explanation for 

why meditation involves decreased connectivity between the fusiform cortex and the DMN is that visual 

imagery commonly accompanies mind wandering, which is typically reduced during meditation and 

involves alterations in the DMN (54). This finding is in line with the literature: one of the most consistent 

findings is that open awareness-related meditation techniques lead to changes in the functional dynamics 

of the DMN (34; 47; 48; 55).  

In contrast to the non-pharmacological ASC methods, psilocybin and LSD show an overlap in their neural 

correlates as both induced: (i) decreased connectivity between regions involved in different associative 

networks (e.g., aDMN and STG); (ii) decreased connectivity within sensory networks (e.g., V1, V2); and 

(iii) increased connectivity between regions involved in V1 and DAN (Fig. 1A-B). This general pattern of 

results is of interest as it replicates previous publications that used the same data but (i) different 

preprocessing pipelines (QuNex vs. Conn Toolbox), (ii) different levels of analysis (dense vs. parcellated), 

and (iii) different analysis methods (GBC vs. ROI-to-ROI functional connectivity) (38; 37). We also 

observed several differences between psilocybin and LSD. For example, only LSD induced increased 

connectivity between V1 and the frontoparietal, language, and ITG networks, while only psilocybin induced 

increased connectivity between STG and the DAN/ superior lateral occipital cortex (sLOC) networks (Fig. 

1A-B).  

Pharmacological and non-pharmacological ASC intervention methods induce distinct changes in rs-fcMRI 

that are predictive at the individual level 

Comparing changes in RRC between pharmacological and non-pharmacological methods revealed 

widespread differences within and between neural networks. Compared to non-pharmacological ASC 
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methods, pharmacological ASC methods showed: (i) decreased connectivity between and within different 

associative networks; ii) increased connectivity between the V1 and associative networks; and (iii) 

decreased connectivity between the V1 and associative networks (Fig. 2). This neural connectivity pattern 

mainly reflects that observed when comparing psilocybin and LSD to their own control (Fig. 1A&B). Our 

machine learning analysis confirmed that pharmacological and non-pharmacological methods of inducing 

ASC have distinct neural correlates, as a binary SVM was able to successfully classify pharmacological 

and non-pharmacological interventions using functional connectivity data (Fig. 2). This demonstrates that 

the ROI-to-ROI functional connectivity results are predictive at the individual level.  

 

Hypnosis and meditation show distinct differences when compared to pharmacological interventions  

To further investigate the contrast between pharmacological and non-pharmacological ASC methods we 

then compared each pair of ASC methods directly. This revealed that: (i) the decreased connectivity 

between and within different associative networks in Figure 2 is primarily driven by the differences between 

psilocybin and meditation (Fig. 3B); (ii) the increased connectivity between the V1 and associative 

networks in Figure 2 is primarily driven by differences between the pharmacological  and hypnosis (Fig. 

4A&C); and (iii) the decrease in connectivity between the V1 network and the somatomotor network is 

primarily driven by differences between the pharmacological interventions and hypnosis (Fig. 4A&C). 

Overall, this supports our finding that hypnosis and meditation are distinct, as not only do they show 

significant differences in connectivity when compared directly, but they also show distinct differences when 

compared with the pharmacological conditions (Fig. 4A-F). This conclusion is further supported by the fact 

that a binary SVM was able to successfully classify hypnosis and meditation using the functional 

connectivity matrices, while it was unable to distinguish between psilocybin and LSD (Fig. 4).  

The decrease in connectivity between V1 and the somatomotor network (Fig. 2) is of particular interest as 

it is the only significant connection where pharmacological and non-pharmacological interventions show 
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opposite effects: LSD shows decreased connectivity between V1 and the somatomotor network (Fig. 1B) 

while hypnosis shows increased connectivity (Fig. 1C). This connection is also highlighted by the machine 

learning analysis, as the weights matrix for the binary support vector comparing pharmacological to non-

pharmacological conditions shows that one of the most discriminative ROI-to-ROI connections is the one 

between V1 and the somatomotor network (Fig. S12). The contrast in connectivity patterns may reflect the 

different origins of psychedelic and hypnotic visual perceptual alterations: in hypnosis, visual perceptual 

alterations are believed to be the result of mental representations that are then translated into perceptual 

states via top-down regulation; in psychedelics, visual perceptual alterations have been shown to be the 

result of an amplification of internally-driven excitation of the visual pathway (8; 9). However, causal 

influences cannot be derived from RRC, as it is a measure of functional rather than effective connectivity.  

 

Similarities between pharmacological methods and hypnosis may be linked to visual alterations 

Directly comparing hypnosis to meditation reveals reduced connectivity within V1 (Fig. 3F). This finding 

is of particular interest as it may reflect the fact that hypnosis involves guided visual imagery, while 

meditation does not involve visual imagery, but instead a self-instigated strengthened awareness of the 

present moment (Fig. 3F). This interpretation is supported by the fact that psilocybin and LSD, which both 

involve visual alterations, also show: (i) reduced connectivity within V1 when each intervention is 

compared to its own control (Fig. 1A&B); and (ii) reduced connectivity within V1 when each intervention 

is compared to meditation (Fig. 3B&D). In addition, neither psilocybin nor LSD show a difference in 

connectivity within the V1 cortex when compared to hypnosis (Fig. 3B&D). Overall, these findings 

highlight that not only are hypnosis and meditation distinct, but there are similarities between the 

pharmacological conditions and hypnosis, which may be linked to visual alterations. 

 

Behavior-neural analysis uncovers further distinctions between psilocybin and LSD 
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As outlined above, at these specific doses psilocybin and LSD show no significant behavioral or neural 

differences when compared directly to each other (Fig. S2, Fig. 3E). However, we also observed that 

different behavioral 5D-ASC subscales correlate with different rs-fcMRI changes in the psilocybin and 

LSD conditions. For example, in the psilocybin condition both ‘experience of unity’ and ‘insightfulness’ 

correlate with decreased connectivity between regions in the DAN/aSMG and the language networks (Fig. 

5A&B). In contrast, in the LSD condition ‘elementary imagery’ correlates with decreased connectivity 

between regions in the DAN and the lDMN/aDMN/ITG networks (Fig. 5C). Although we were not able to 

assess the relationship between behavioral and rs-fcMRI changes in hypnosis as no in-depth behavioral data 

was collected, we did find that meditation depth correlated with decreased connectivity between the 

fusiform cortex and several other regions (Fig. 5D). 

 

Implications for clinical use and consciousness research 

When considering the clinical implications of our results, it is important to note that we focus on acute 

effects. However, it is currently unclear how the acute ASC state translates into prolonged clinical 

improvements, though there is some preliminary evidence that in psychedelics, the acute experience may 

be related to treatment response (56). Understanding this relationship is of vital importance given that: (i) 

there is substantial variability in the acute response which may help understand the variability in treatment 

response (15; 57); and (ii) we are able to shape the acute experience (e.g., the psychedelic experience can 

be shaped by an individual’s set, setting, and dose) (58; 59). Furthermore, by establishing the acute neural 

correlates of different ASC methods in healthy controls, we hope to contribute to the development of 

clinical biomarkers and the mapping of specific mechanisms of action of each ASC intervention to either a 

disease area or individual patients. In addition, given that we show pharmacological and non-

pharmacological engage in distinct brain circuits, they may have synergistic properties that could prolong 

or augment therapeutic effects. 
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Limitations 

These findings should be interpreted in light of the following limitations. First, we combined datasets that 

used different scan parameters and showed significant differences in age, which we tried to account for by: 

(i) using a within-subject design; and (ii) conducting an additional analysis including age as a co-factor 

(Fig. S3-S6). Secondly, meditation study had a shorter scan time that may reduce the data’s test–retest 

reliability (60). Furthermore, the test-retest reliability of the four ASC methods is currently unknown. 

Thirdly, we were unable to directly compare subjective effects as no consistent behavioral measure was 

used across datasets and no in-depth behavioral data was collected for hypnosis. Fourthly, we were unable 

to correct for physiological noise due to lack of data (see supplementary discussion for further details). 

Finally, the use of GSR remains an unresolved issue in the field (see supplementary discussion for further 

details). 

 

Conclusion  

Overall, these results deepen our understanding of the mechanisms of action of ASC and highlight the 

importance of exploring how these effects can be leveraged in the treatment of psychiatric disorders. In 

addition, they show that care must be taken when drawing comparisons between different methods of 

inducing ASC, especially given the differences we observed between the non-pharmacological ASC 

methods, and to a lesser extent the pharmacological ASC methods. However, such categorizations may still 

prove useful given we found that when comparing pharmacological and non-pharmacological ASC 

methods, changes in rs-fcMRI are predictive at the individual level. Our results also highlight the need for 

more whole-brain data-driven approaches in the hypnosis and meditation literature to obtain a more 

cohesive picture of their neural correlates. Finally, our findings demonstrate the importance of linking 

behavioral and rs-fcMRI data, as doing so revealed distinctions between psilocybin and LSD that are not 

apparent when evaluating the behavioral and rs-fcMRI results in isolation. 
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Figure 1. Psilocybin, LSD, hypnosis, and meditation each induce distinct changes in rs-fcMRI. Paired t-tests 

were conducted to compare intervention vs. control for each ASC intervention method: (A) psilocybin (N=23), (B) 

LSD (N=25), (C) hypnosis (N=30), and (D) meditation (N=29). (A-D) Centre shows the cluster pairs that survived 

connection thresholding (p<0.05 TFCE type I error protected). Red = increased connection between cluster pairs 

induced by intervention vs. control, blue = decreased connection between cluster pairs induced by intervention vs. 

control. Opacity of the connections is scaled according to the TFCE statistics for visual clarity. For further details 

about each cluster see Table S6, Table S7, Table S8, Table S9. The three brain images at the bottom of each panel 

depict the same ROI-to-ROI results in the sagittal, coronal, and axial planes. Network abbreviations: DAN = dorsal 

attention, sLOC = superior lateral occipital cortex, Cereb Crus = cerebellar crus, FPN = fronto parietal, Lang = 

language, ITG = inferior temporal gyrus, l/a/p DMN = lateral/anterior/posterior default mode, aPaHC = anterior 

parahippocampal cortex, STG = superior temporal gyrus, Som. Motor = somatormotor. r/l denotes both the left and 

right hemispheres.  

 

Figure 2. Pharmacological vs. Non-Pharmacological ASC Interventions. (A) A 2x2 mixed ANOVA with a 

between-subjects factor of ASC intervention method (pharmacological (Ph) vs. non-pharmacological (N-Ph)) and a 

within-subjects factor State (intervention vs. control) was conducted. Pharmacological interventions (N=48) include 

psilocybin and LSD; non-pharmacological interventions (N=59) include hypnosis and meditation. Centre shows the 

22 cluster pairs that survived connection thresholding (p<0.05 TFCE type I error protected). Red = increased 

connection between cluster pairs induced by pharmacological vs. non-pharmacological interventions, blue = decreased 

connection between cluster pairs induced by pharmacological vs. non-pharmacological interventions. Opacity of the 

connections is scaled according to the TFCE statistic for visual clarity. The 132 ROIs used are arranged into 22 

networks, and the relevant networks are displayed on the outer ring. The three brain images in the right column depict 

the same ROI-to-ROI connectivity results in the sagittal, coronal, and axial planes. For further details about each 

cluster see Table S10. (B) Confusion matrix showing the predicted vs. the true classifications of subjects’ intervention 

vs. control ROI-to-ROI connectivity matrices into either pharmacological or non-pharmacological interventions. 

Green = correct predictions, red = incorrect predictions. (C) Model predictions per subject (as we used a leave-one-

subject out cross-validation scheme each fold represents an individual subject). The y-axis shows each subject grouped 

by ASC intervention method. The x-axis shows whether the subjects were classified as having undergone the 

pharmacological intervention (negative function value), or non-pharmacological condition (positive function value).  

 

Figure 3. Direct comparison of each pair of ASC Interventions. A 2x2 mixed ANOVA with a between-subjects 

factor of ASC intervention methods (intervention 1 (Int 1) vs. intervention 2 (Int 2)) and within-subjects factor state 

(intervention vs. control) was conducted to directly compare each pair of ASC intervention methods including: (A) 

Psilocybin vs. Hypnosis, (B) Psilocybin vs. Meditation, (C) LSD vs. Hypnosis, (D) LSD vs. Meditation, (E) Psilocybin 

vs. LSD, and (F) Hypnosis vs. Meditation. (A-F) Centre shows the cluster pairs that survived connection thresholding 

(p<0.05 TFCE type I error protected). Red = increased connection between cluster pairs in intervention 1 vs. 

intervention 2, blue = decreased connection between cluster pairs in intervention 1 vs. intervention 2. Opacity of the 

connections is scaled according to the TFCE statistic. For further details about each cluster see Table S11, Table S12, 

Table S13, Table S14, Table S15. Psilocybin: N=23, LSD: N=25, Hypnosis: N=30, Meditation: N=29. 
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Figure 4. Classification of Individual ASC Interventions. (A) Confusion matrix showing the predicted vs. the true 

classifications from the Multiclass GPC with four classes: psilocybin, LSD, hypnosis, and meditation. Green = correct 

predictions, red = incorrect predictions. (B) Left: confusion matrix showing the predicted vs. the true classifications 

from the binary SVM with two classes: psilocybin and LSD. Green = correct predictions, red = incorrect predictions. 

Right: Model predictions per subject. The y-axis depicts each subject. The x-axis shows whether the subjects were 

classified as psilocybin (negative function value), or LSD (positive function value). (C) Left: confusion matrix 

showing the predicted vs. the true classifications from the binary SVM with two classes: hypnosis and meditation. 

Green = correct predictions, red = incorrect predictions. Right: Model predictions per subject. The y-axis depicts each 

subject. The x-axis shows whether the subjects were classified as hypnosis (negative function value), or meditation 

(positive function value).  

Figure 5. Regression of ASC-induced behavioral changes onto changes in rs- fcMRI. To assess the effect of 

behavior on the rs-fcMRI, a preliminary analysis was conducted regressing ASC-induced changes (intervention - 

control) in behavior onto changes (intervention - control) in rs-fcMRI for psilocybin, LSD, and meditation. For the 

pharmacological interventions (psilocybin and LSD), the 5D-ASC subscales were used. For meditation, the MEDEQ 

five subscales were used. The behavioral-neural analyses were run with hierarchical clustering and all clusters were 

p-FDR corrected at p<0.05 using an MVPA omnibus test. (A-B) The 5D-ASC subscales 'experience of unity' and 

'insightfulness' showed a significant relationship to psilocybin induced rs-fcMRI change (p < 0.05, FDR-corrected). 

(C) The 5D-ASC subscale 'elementary imagery' showed a significant relationship to LSD induced rs-fcMRI change 

(p < 0.05, FDR-corrected). (D) The MEDEQ subscale 'essential quality' showed a borderline significant relationship 

to meditation induced rs-fcMRI change (p = 0.06, FDR-corrected). For further details about each cluster see Table 

S16, Table S17, Table S18, Table S19. 
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