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Abstract 23 

Background: Psilocybin is a widely studied psychedelic substance, which leads to the psychedelic 24 

state, a specific altered state of consciousness. To date, the relationship between the psychedelic 25 

state’s neurobiological and experiential patterns remains under-characterized as they are often 26 

analyzed separately. We investigated the relationship between neurobiological and experiential 27 

patterns after psilocybin by focusing on the link between dynamic cerebral connectivity and 28 

retrospective questionnaire assessment. Methods: Healthy participants were randomized to receive 29 

either psilocybin (n=22) or placebo (n=27) and scanned for six minutes in eyes open resting state 30 

during the peak subjective drug effect (102 minutes post-treatment) in ultra-high field 7T MRI. The 31 

5D-ASC Rating Scale was administered 360 minutes after drug intake. Results: Under psilocybin, 32 

there were alterations across all dimensions of the 5D-ASC scale, and widespread increases in 33 

averaged brain functional connectivity. Further time-varying functional connectivity analysis 34 

unveiled a recurrent hyperconnected pattern characterized by low BOLD signal amplitude, 35 

suggesting heightened cortical arousal. In terms of neuro-experiential links, canonical correlation 36 

analysis showed higher transition probabilities to the hyperconnected pattern with feelings of 37 

oceanic boundlessness, and secondly with visionary restructuralization. Conclusions: Psilocybin 38 

generates profound alterations both at the brain and at the experiential level. We suggest that the 39 

brain's tendency to enter a hyperconnected-hyperarousal pattern under psilocybin represents the 40 

potential to entertain variant mental associations. These findings illuminate the intricate interplay 41 

between brain dynamics and subjective experience under psilocybin, providing insights into the 42 

neurophysiology and neuro-experiential qualities of the psychedelic state.   43 Jo
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Introduction  44 

Hallucinogens are psychoactive drugs that, historically, have been used to alter conscious 45 

experience (1,2). These drugs are divided into the classes of serotonergic psychedelics (e.g., 46 

psilocybin), antiglutamatergic dissociatives (e.g., ketamine), anticholinergic deliriants (e.g., 47 

scopolamine) and kappa-opioid agonists (e.g., salvinorin A) (3). Research on classical hallucinogens 48 

has focused largely on serotonergic psychedelics, such as lysergic acid diethylamide (LSD), 49 

ayahuasca, psilocybin, N-dimethyltryptamine (DMT), and mescaline (4). Among them, psilocybin 50 

has been one of the most studied psychedelics, possibly due to its potential contribution in treating 51 

different disorders (5), such as obsessive-compulsive disorder (6), death-related anxiety (7), 52 

depression (8–11), treatment-resistant depression (12–14), major depressive disorder (15), terminal 53 

cancer-associated anxiety (11,16), demoralization (17), smoking (18), and alcohol and tobacco 54 

addiction (19–21).  55 

The acute phase of psilocybin administration leads to the psychedelic state, which is a specific 56 

altered state of consciousness associated with consuming psilocybin and LSD (22). By “state” we 57 

here refer to the combination of neurobiological and experiential patterns that are associated with 58 

the psychedelic experience (23).  In terms of the general experiential alterations, the psychedelic 59 

state has been associated with ego dissolution, i.e., the reduction in self-referential awareness, 60 

ultimately disrupting self-world boundaries with increasing feelings of unity with others and own 61 

surroundings (25,26), unconstrained and hyper-associative cognition (27,28), profound alterations 62 

in the perception of time and space (29,30), perceptual alterations, synesthesia, amplification of 63 

emotional state (31), and emotional volatility (32). Long-term and enduring effects have also been 64 

reported on personality and mood, such as increases in openness and extraversion, decreases in 65 

neuroticism, and increases in mindful awareness (33–35). In terms of the neurobiological pattern, 66 

the psilocybin administration resulted in increased cerebral connectivity with reduced modularity, 67 

whether in the acute or post-acute phase (36–38). Region-wise, there were reports of decreased 68 

activity in the thalamus, posterior cingulate cortex, medial prefrontal cortex (10), and altered 69 

connectivity of the claustrum (39). Network-wise, decreased connectivity was reported within the 70 

default mode network-DMN (1,10), visual network (1), and executive control network  (40), as well 71 

as reduced segregation of the dorsal attentional network and executive control network  (41). These 72 

neural counterparts indicate that the subjective effects of psilocybin are linked to alterations in the 73 

activity and connectivity of important brain regions involved in information integration and routing 74 

when averaged signal analysis is concerned. Dynamic analyses of connectivity patterns after 75 

psilocybin administration have shown that the brain tended to recurrently configure into transient 76 
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functional patterns with low stability (42). In addition, under psilocybin, there were higher 77 

probabilities for the brain to configure into a connectivity pattern characterized by a global cortex-78 

wide positive phase coherence (43). In terms of state transition dynamics, a recent study calculated 79 

the minimum network control energy required to transition between states (or maintain the same 80 

state) and found that the network control energy landscape was flattened under LSD and psilocybin, 81 

meaning that there were more frequent state transitions and increased entropy of brain pattern 82 

dynamics (44). Taken together, averaged and dynamic connectivity analyses suggest that psilocybin 83 

alters brain function such that the overall neurobiological pattern becomes functionally more 84 

connected, more fluid, and less modular.  85 

Of interest is the link between the brain’s functional dynamic reconfigurations and the 86 

psychedelic state’s experiential patterns. A recent investigation correlated the occurrence rates of 87 

prominent connectivity patterns (i.e., frontoparietal subsystem and a globally coherent pattern) with 88 

subjective drug intensity (SDI) measured on a 10-point Likert scale (43,45). As much as this 89 

approach has provided insights into the ensuing psychedelic state, it can be argued that, due to its 90 

simplicity, the SDI cannot capture the complexity of the psychedelic state’s phenomenological 91 

pattern. Here, we adopt a neuro-experiential approach, defined here as the quantification and 92 

comparison of both the neurobiological and experiential patterns. This approach allows the 93 

investigation of psilocybin’s effects on cerebral functional dynamics and, further, the linking of 94 

these dynamic spatiotemporal fingerprints with reported experiential alterations measured 95 

retrospectively with standardized assessment.    96 

Methods and Materials 97 

This study was conducted according to the code of ethics on human experimentation established 98 

by the Declaration of Helsinki (1964) and amended in Fortaleza (Brazil, October 2013). This study 99 

was in accordance with the Medical Research Involving Human Subjects Act (WMO) and was 100 

approved by the Academic Hospital and the University’s Medical Ethics Committee (Maastricht 101 

University, Netherlands Trial Register: NTR6505). All participants were fully informed of all 102 

procedures, possible adverse reactions, legal rights, responsibilities, expected benefits, and their 103 

right to voluntary termination without consequences. 104 

Participants. The present study analyzed previously collected data on 49 healthy participants 105 

with previous experience with a psychedelic drug, but not within the past 3 months of the experiment 106 

(1). Participants were randomized to receive a single dose of psilocybin (0.17 mg/kg, n=22; 12 male; 107 

age=23±2.9 y) or placebo (n=27; 15 male; age=23.1±3.8 y).  108 
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Procedure. Participants were familiarized with the test day procedures on a separate training day 109 

prior to the treatment conditions.  Participants were instructed to refrain from drug use, including 110 

psychedelic drugs (≥ 3 months), MDMA/ecstasy (≥ 14 days), alcohol (≥24 hours), and all other 111 

drugs of abuse (≥7 days) prior to their testing day. Additionally, participants were asked to refrain 112 

from caffeine and nicotine use on the day of the test day. On arrival of a test day, the absence of 113 

drug and alcohol use was assessed via a urine drug screen and a breath alcohol screen.  An additional 114 

pregnancy test was given if participants were female.  If all tests were found to be negative, 115 

participants were allowed to proceed. After measurements, the treatment was administered orally in 116 

a closed cup containing bitter lemon (placebo) or bitter lemon and psilocybin (powder). After 40 117 

minutes, participants were placed in the MRI scanner, where resting state scans and magnetic 118 

resonance spectroscopy were performed throughout a 1 hour time window. Six minutes of resting 119 

state fMRI were acquired from the participants with eyes open. At the end of the test day 120 

(approximately 6 hours after treatment administration), participants were asked to complete 121 

measures of retrospective subjective experience (5-Dimensional Altered States of Consciousness 122 

(5D-ASC). Participants stayed under supervision until the testing day was complete, and the 123 

researcher deemed they were fit to go home. 124 

Phenomenological Assessment. The 5D-ASC Rating Scale is a 94-item self-report scale that 125 

assesses the participants’ subjective experience after an altered state of consciousness, and as such, 126 

is termed a retrospective phenomenological assessment (46,47). In this questionnaire, participants 127 

are asked to make a vertical mark on the 10-cm line below each statement to rate the extent to which 128 

the following statements applied to their experience: “No, not more than usual” to “Yes, more than 129 

usual.” The 5D-ASC comprises five dimensions, including oceanic boundlessness (OBN), dread of 130 

ego dissolution (DED), visionary restructuralization (VRS), auditory alterations (AUA), and 131 

vigilance reduction (VIR). Further, OBN, DED, and VRS can be decomposed into 11 subscales via 132 

a previously published factor analysis (25): OBN: experience of unity, spiritual experience, blissful 133 

state, insightfulness, disembodiment, DED: impaired control and cognition, anxiety, and VRS: 134 

complex imagery, elementary imagery, audio-visual synesthesia, and changed meaning of percepts 135 

comprising the 11-ASC scoring scheme.   136 

 Analysis encompassed an initial assessment for normality assumptions of the 5D-ASC and its 137 

11-ASC factors using Shapiro-Wilk tests set at α=0.05. In case of violations of normality, non-138 

parametric Mann-Whitney U tests would compare the 5D-ASC and 11-ASC scores between the two 139 

groups. P-values were corrected using the Bonferroni method with a significance level set at α=0.05. 140 

The effect size was calculated based on Glass rank biserial coefficient (rg). 141 
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Neuroimaging Setup. Images were acquired on a 7T Siemens Magnetom scanner (Siemens 142 

Medical, Erlangen, Germany) using 32 receiving channel head array Nova coil (NOVA Medical 143 

Inc., Wilmington MA). The T1w images were acquired using a magnetization-prepared 2 rapid 144 

acquisition gradient-echo (MP2RAGE) sequence collecting 190 sagittal slices following 145 

parameters: repetition time (TR) = 4500 ms, echo time (TE) = 2.39 ms, inversion times TI1 /TI2 = 146 

900/2750 ms, flip angle1 = 5°, flip angle2 = 3°, voxel size = 0.9 mm isotropic, bandwidth = 250 147 

Hz/pixel. In addition, 258 whole-brain EPI volumes were acquired at rest (TR = 1400 ms; TE = 21 148 

ms; field of view=198 mm; flip angle = 60°; oblique acquisition orientation; interleaved slice 149 

acquisition; 72 slices; slice thickness = 1.5 mm; voxel size = 1.5 × 1.5 × 1.5 mm). 150 

Analysis encompassed:  151 

- Preprocessing: fMRI data were preprocessed using a local pipeline based on SPM12 (48) and 152 

FSL 6.0.4 (49). After realignment and susceptibility distortion correction (FSL topup (50)), 153 

functional data were registered to the high-resolution T1 image, then normalized to the standard 154 

MNI space, and finally smoothed using a Gaussian kernel with a full width at half maximum 155 

(FWHM) of 6mm. After segmentation of the structural T1 image into grey matter (GM), white 156 

matter (WM), and CSF masks, the bias-corrected structural image and all the extracted masks 157 

were normalized to the MNI space. Further, WM and CSF masks were eroded by one voxel to 158 

remove any overlapping between these tissues and the GM voxels. To denoise functional time 159 

series, we used a locally developed pipeline written in Python [nipype package (51)]. In this 160 

pipeline, a general linear model (GLM) was fitted to each voxel data separately, regressing out 161 

the effect of six movement parameters (translation in x, y, and z directions, and rotation in yaw, 162 

roll, and pitch directions) and their first derivative, constant and linear trends using zero-order 163 

and first-order Legendre polynomials, 5 principal components of signals in the WM and CSF 164 

masks. In addition, outlier detection was performed using the ART toolbox 165 

(http://web.mit.edu/swg/software.htm), and outliers were modeled as nuisance regressors in the 166 

GLM. Any volume with a movement value of greater than 3 mm, rotation value of greater than 167 

0.05 radians, and z-normalized global signal intensity of greater than 3 was considered an outlier. 168 

After regressing out these nuisance regressors, the remaining signal was filtered in the range of 169 

[0.008, 0.09] Hz and was used for further analysis. The Schaefer atlas with 100 ROIs and a 170 

resolution of 2mm (52) was used to extract the averaged BOLD signals inside each ROI. 171 

- Estimation of Averaged Functional Connectivity. Pearson correlations were calculated between 172 

the BOLD time series for every pair of ROIs, subsequently Fisher transformed, resulting in the 173 

generation of a 100×100 connectivity matrix for each individual participant. An Independent t-174 
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test was used to compare the 4950 possible between-region connectivity values between the two 175 

groups. FDR correction was performed to correct for multiple comparisons. Further, the average 176 

of the connectivity values over the whole brain was calculated for each participant and was 177 

considered as the overall connectivity value of the brain. An independent t-test was performed to 178 

compare the overall connectivity values between psilocybin and placebo groups.  179 

- Estimation of Time-varying Functional Connectivity. We used phase-based coherence to extract 180 

between-region connectivity patterns at each time point of the scanning session(52,53). For each 181 

participant i, after z-normalization of time series at each region r (i.e., xi,r[t]), the instantaneous 182 

phase of each time series was calculated via Hilbert transform as: 183 

𝑥̂𝑖,𝑟(𝑡) =  
1

𝜋𝑡
∗ 𝑥𝑖,𝑟(𝑡) 184 

where * indicates a convolution operator. Using this transformation, we produced an analytical 185 

signal for each regional time series as: 186 

𝑥𝑖,𝑟
𝑎 (𝑡) = 𝑥𝑖,𝑟(𝑡) + 𝑗𝑥̂𝑖,𝑟(𝑡) 187 

where 𝑗 = √−1. From this analytical signal, the instantaneous phase of each time series can be 188 

estimated as: 189 

𝜑𝑖,𝑟(𝑡) = tan−1 (
𝑥̂𝑖,𝑟(𝑡)

𝑥𝑖,𝑟(𝑡)
) 190 

After wrapping each instantaneous phase signal of 𝜑𝑖,𝑟(𝑡) to the [−𝜋, 𝜋] interval and naming the 191 

obtained signal as 𝜃𝑖,𝑟(𝑡), we calculated a connectivity measure for each pair of regions as the 192 

cosine of their phase difference. For example, the connectivity measure between regions r and s 193 

in subject i was defined as: 194 

𝑐𝑜𝑛𝑛𝑖,𝑟,𝑠(𝑡) ≜ cos (𝜃𝑖,𝑟(𝑡) − 𝜃𝑖,𝑠(𝑡)) 195 

By this definition, completely synchronized time series lead to a connectivity value of 1, 196 

completely desynchronized time series produce a connectivity value of zero, and anticorrelated 197 

time series produce a connectivity measure of -1. Using this approach, we created a connectivity 198 

matrix of 100×100 at each time point t for each subject i that we called 𝐶𝑖(𝑡): 199 

𝐶𝑖(𝑡) ≜ [𝑐𝑜𝑛𝑛𝑖,𝑟,𝑠(𝑡)]
𝑟,𝑠

 200 

After collecting the connectivity matrices across all time points and participants, k-means 201 

clustering was applied, with 500 repetitions and 200 iterations at each repetition. With this 202 
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technique, four robust and reproducible patterns were extracted as the centroids of the clusters, 203 

and each resting connectivity matrix was assigned to one of the extracted patterns. For 204 

comprehensive purposes, we performed supplementary analyses by varying the number of 205 

clusters k=3- 7.  206 

We calculated the occurrence rate of each pattern defined as the proportion of connectivity 207 

matrices assigned to that pattern and was calculated for each subject separately. Independent two-208 

tailed t-tests were used to compare the occurrence rate of each FC pattern between the 209 

psychedelic and placebo groups. Bonferroni correction was used to correct the p-values for 210 

multiple comparisons across the four connectivity patterns.  211 

- Dynamic state transition modeling. To investigate the temporal evolution of the identified 212 

connectivity matrices, we defined the extracted patterns as the distinct states of a dynamical 213 

system transitioning between them over time using Markov modelling(53). Using this approach, 214 

the data of a sample participant could be stated as a sequence of connectivity patterns over time 215 

(i.e., {𝑃𝑡 | 𝑡: 1, … , 𝑇 𝑎𝑛𝑑 𝑃𝑡 ∈ {1, … , 𝑀}}, where M is the number of patterns and T is the number 216 

of signal time points). In this case, the probability of transitioning from Pattern 𝐼 to Pattern 𝐽 217 

defined as 𝑝(𝐼 → 𝐽), considering 𝐼, 𝐽 ∈ {1, . . , 𝑀}, can be calculated as the number of consecutive 218 

𝐼, 𝐽 pairs in the sequence, divided by the total number of transitions from pattern 𝐼:  219 

𝑝(𝐼 → 𝐽) =  
∑ [(𝑃𝑡 == 𝐼) & (𝑃𝑡+1 == 𝐽)]𝑇−1

𝑡=0

∑ ∑ [(𝑃𝑡 == 𝐼) & (𝑃𝑡+1 == 𝑗)]𝑇−1
𝑡=0

𝑀
𝑗=1

 220 

This transition probability was estimated for each possible between-state transition and each 221 

subject separately. With this approach, we could compare any significant difference in transition 222 

probabilities between two groups of subjects. To detect significantly different transition 223 

probabilities between the two groups, Wilcoxon rank-sum test was performed on each transition 224 

and p-values were FDR-corrected.  225 

- Regional BOLD Amplitude Analysis. The Euclidean norm of the BOLD signal was calculated 226 

at each ROI as a measure of the power of the signal. Independent t-test was used to compare the 227 

regional BOLD signal power between two groups, and p-values were FDR-corrected due to 228 

multiple comparisons.  229 

- Neuro-experiential Analysis. A canonical correlation analysis (CCA) was conducted using the 230 

sixteen dynamic patterns transition probability variables as features of the neuronal space and the 231 

11-ASC variables as features of the phenomenological space to evaluate the multivariate shared 232 

relationship between the two variable sets. CCA is a multivariate latent variable model that 233 

identifies associations between two different data modalities (55). Considering matrix 𝑋𝑁×𝑀 234 
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contains M neuronal features of N subjects, and 𝑌𝑁×𝑃 contains P questionnaire features of N 235 

subjects, the objective of the CCA is to find pairs of neuronal and questionnaire weights 𝑤𝑥
𝑀×1 236 

and 𝑤𝑦
𝑃×1 such that the weighted sum of the neuronal and experiential variables maximizes the 237 

correlation between the resulting latent variables (canonical variates): 238 

max
𝑤𝑥,𝑤𝑦

𝑐𝑜𝑟𝑟(𝑋𝑤𝑥, 𝑌𝑤𝑦) 239 

After finding latent variables 𝑋𝑤𝑥 and 𝑌𝑤𝑦 that have the maximal correlation, the features in 240 

each data modality that have a stronger correlation with their respective latent variable are also 241 

significantly associated with one another. To account for over-fitting, we used a permutation test 242 

to calculate the significance of correlation values. This was achieved by random shuffling of 243 

observations in the neural space compared to the observations in the phenomenological space. 244 

The procedure was repeated 100,000 times, and at each iteration, a CCA model was fitted to the 245 

data, and the correlation values were calculated. These values were used to construct the null 246 

distribution and to calculate the p-value of the observed correlation value in the main analysis. 247 

The obtained p-values were FDR-corrected to account for the multiple comparisons. 248 

- Validation of the Results. We analyzed the potential effects of motion, atlas parcellation, and 249 

global signal regression on the main results. To quantify motion, we calculated the mean 250 

framewise displacement (FD) (56) for each subject as well as for each time-varying connectivity 251 

pattern. Independent t-tests were used to compare the mean FD between Placebo and Psilocybin 252 

groups as well as between time-varying connectivity patterns. Furthermore, the Pearson 253 

correlation between the Mean FD and either mean functional connectivity or mean BOLD signal 254 

amplitude was calculated. To investigate the role of sub-cortical regions, we incorporated 19 sub-255 

cortical regions (Brain Stem together with the Thalamus, Caudate, Putamen, Pallidum, 256 

Hippocampus, Amygdala, Accumbens area, VentralDC, and Cerebellum in the right and left 257 

hemispheres) sourced from the Human Connectome Project  (57–59), into the initially utilized 258 

Schaefer atlas, resulting in an atlas with 119 regions of interest. Then, we performed both 259 

averaged and dynamic functional connectivity analysis using this combined atlas. Finally, to 260 

verify the effect of the global signal on the analysis results, we also performed all the analyses 261 

after global signal regression (GSR).  262 

Results 263 

Experiential Assessment. All variables of the 5D-ASC and its 11-ASC factors violated the 264 

assumption of normality (Table S1). As a result, Mann-Whitney U tests compared the 265 

phenomenological outcomes in the two groups. Analyses revealed significant differences in all 266 
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dimensions and factors with large effect sizes, such that the psilocybin group had more substantial 267 

effects than the placebo (Figure 1A and 1B, Table 1). 268 

Neuroimaging. After psilocybin, whole-brain averaged connectivity increased (independent t-269 

test: t=3.087, p=0.004; Figure 2A). This overall increase was further observed as a cortex-wide 270 

increase in the connectivity matrix values (independent t-test on the between-region connectivity 271 

values with FDR correction; Figure 2B) and an increase of the averaged connectivity values in the 272 

transmodal regions (independent t-test on the regional averaged connectivity values with FDR 273 

correction; Figure S1). These alterations in the connectivity values were also accompanied by 274 

changes in the BOLD signal amplitude. By calculating the Euclidean norm of the BOLD time series 275 

related to each ROI, we found that regional BOLD signal amplitude decreased after psilocybin 276 

administration in both posterior and anterior regions compared to the placebo group (independent t-277 

test, FDR-corrected; Figure 2C, and Figure S2). While somatomotor, limbic network, and temporal 278 

regions of the DMN did not show significant changes in their signal norm, the highest decrease in 279 

BOLD signal amplitude was related to the posterior cingulate cortex and parietal regions of the 280 

external control network. 281 

Time-varying analysis revealed variant and distinct patterns of complex inter-areal interactions: 282 

one of both correlations and anti-correlations (Pattern 1), one of anti-correlations of the DMN with 283 

other networks (Pattern 2), one of global cortex-wide positive connectivity (Pattern 3), and one of 284 

low inter-areal connectivity (Pattern 4). Pattern 3 occurred significantly more often in the psilocybin 285 

group when compared to the placebo group (independent t-test: t=3.731, p=0.001, αbonferroni = 286 

0.05/4 = 0.0125, Figure 2D). Supplementary analyses using k=3-7 clusters showed that the same 287 

connectivity patterns were replicable, and hyperconnectivity had a higher occurrence rate in the 288 

psychedelic state (Figure S3). In terms of dynamic transitions, the psilocybin group showed 289 

significantly higher transition probabilities towards Pattern 3 from Pattern 1 (Wilcoxon Rank-Sum 290 

test: z=2.744, p=0.006), Pattern 3 (z=2.291, p=0.022), and Pattern 4 (z=2.000, p=0.045; Figure 2E). 291 

In addition, the psilocybin group showed lower transition probabilities from Pattern 2 to itself 292 

compared to the placebo group (z=-2.452, p=0.014).     293 

The neuro-experiential link was investigated with canonical correlation analysis (CCA), by 294 

which we estimated the first canonical vector for both the behavioral and neural space that 295 

maximized the shared correlation between two spaces (r=0.97, p<0.001). Considering the neural 296 

space, the transition probabilities from Pattern 1 to Pattern 3 showed the highest correlation with 297 

the first canonical vector of the neural space (r=0.86, p<0.001, Figure 3A). In addition, the transition 298 

from Pattern 4 to Pattern 3 (r=0.40, p=0.016) showed a lower significant correlation with the first 299 
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canonical vector of the neural space. In the questionnaire space, factors related to oceanic 300 

boundlessness (experience of unity: r=0.80, p=0.008, blissful state: r=0.74, p=0.010, insightfulness: 301 

r=0.68, p=0.013, spiritual experience: r=0.62, p=0.044) and visionary restructuralization 302 

(elementary imagery: r=0.67, p=0.012 and audio-video synesthesia: r=0.61, p=0.021) showed the 303 

highest correlations with the first canonical vector of this space (Figure 3B). To account for over-304 

fitting, we used a permutation test to calculate the significance of correlation values. This was 305 

achieved by random shuffling of observations in the neural space compared to the observations in 306 

the questionnaire space. The procedure was repeated 100,000 times, and at each iteration, a CCA 307 

model was fitted to the data, and the correlation values were calculated. These values were used to 308 

construct the null distribution and to calculate the p-value of the observed correlation value in the 309 

main analysis. The obtained p-values were FDR-corrected to account for the multiple comparisons. 310 

To validate the results, we also performed a CCA analysis between the dimensions of the 5D-ASC 311 

and the between-state transition probabilities. At the neural space, the transition probability from 312 

Pattern 1 to Pattern 3 showed the highest correlation with the first canonical vector of the neural 313 

space (r=0.89, p<0.001), and at the questionnaire space, oceanic boundlessness showed the highest 314 

correlation with the first canonical vector (r=0.93, p=0.0145; Table 2).  315 

Validation. The analysis of the effect of motion revealed comparable values in terms of mean 316 

framewise displacement between the Psilocybin and Placebo group (independent t-test, t=-0.31, 317 

p=0.76; Figure S4.A), as well as between the connectivity patterns (Figure S4.B). Additionally, no 318 

significant correlations were observed between mean framewise displacement and either mean 319 

functional connectivity values (r=0.23, p=0.12) or mean BOLD signal amplitude (r=0.11, p=0.43; 320 

Figure S4.C). Furthermore, the connectivity results were replicated even after adding subcortical 321 

regions to the parcellation atlas (Figure S5). However, regressing out the global signal led to the 322 

absence of a significant increase in functional connectivity values within the psilocybin group 323 

(Figures S6.A, and S6.B), as well as the absence of a hyper-connectivity pattern in the dynamic 324 

functional analysis (Figure S6.C) as also previously shown (59). Given that the GS amplitude was 325 

lower in the Psilocybin group, and that motion values were comparable between the Psilocybin and 326 

Placebo groups, we do consider that GS might contain inherent information about the psychedelic 327 

state. Therefore, we opted to retain the GS in the main analyses. 328 

Discussion 329 

We investigated the effect of the serotonergic hallucinogen psilocybin on the brain’s functional 330 

connectome to link it with consciousness alterations to better comprehend how resulting neural and 331 

phenomenological changes are interconnected. Overall, we found that psilocybin administration led 332 
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to a tendency of the brain to recurrently configure in a globally hyperconnected pattern, which was 333 

linked to heightened reports of oceanic boundlessness (experience of unity, blissfulness, 334 

insightfulness, and spiritual experience), and visionary restructuralization (complex imagery, 335 

elementary imagery, audio-visual synesthesia, and changed meaning of percepts).  336 

Regarding experiential changes, the psilocybin group exhibited significant increases across all 337 

dimensions and factors compared to the placebo, including derealization, depersonalization, loss of 338 

self-control, visual pseudo-hallucinations (both elementary and complex), audio-visual synesthesia, 339 

unity experiences, spiritual insight, bliss, and disembodiment (45), as previously reported (1). These 340 

findings demonstrate that a moderate psilocybin dose produces a distinct phenomenological pattern 341 

compared to a placebo. Previous research on psilocybin administration also noted measurable 342 

changes in various dimensions with dosages ranging from 45 to 315 μg/kg body weight compared 343 

to a placebo (60,61). Our data aligns with this dose-dependent phenomenological pattern associated 344 

with psilocybin consumption. 345 

Regarding neural changes, the psilocybin group exhibited an overall increase in whole-brain 346 

functional connectivity, consistent with previous reports (37). Serotonergic psychedelics, including 347 

psilocybin, have been shown to alter the brain's functional organization, promoting greater global 348 

integration with increased short-range and long-range functional connections (41,62,63). The 349 

dynamic analysis revealed a higher probability of the brain transitioning to a hyperconnected pattern 350 

under psilocybin compared to the placebo group, a pattern reported in other psychedelic studies 351 

(42). This hyperconnected state, previously shown to be characterized by maximal integration and 352 

minimal segregation (53), aligns with the flattened landscape theory, where specific connectivity 353 

patterns become less dominant under psychedelics, resulting in increased transition probabilities to 354 

the functionally non-specific hyperconnected pattern.43,63,64 355 

Additionally, the hyperconnectivity pattern in the psilocybin group was associated with cortex-356 

wide decreases in BOLD signal amplitude. Despite the ongoing debate about global signal (GS) 357 

removal in denoising processes due to its reflection of various fMRI nuisance sources, we chose to 358 

retain GS in our analysis (66–70). This decision was based on our recent finding that GS can 359 

complement extracted connectivity patterns (59). Specifically, we observed that when the 360 

hyperconnected pattern coincided with high GS amplitude during wakeful rest, participants were 361 

more likely to report instances of mind blanking (59,71). Previously, the GS amplitude served as an 362 

indirect measure of general arousal levels, with higher amplitude indicating lower arousal and lower 363 

amplitude linked to higher arousal (72–75). After LSD intake, similar results were observed, 364 
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showing a decrease in signal variance, which eventually leads to a decrease in GS (76).  In our study, 365 

the hyperconnectivity pattern was associated with reduced GS amplitude, further contributing to the 366 

understanding of the psychedelic state as mediated by high cortical arousal (77). It is important to 367 

mention that the hyperconnected pattern was sensitive to GS removal and did not show such signal 368 

configuration after the regression (Supplementary Information), which is consistent with our 369 

previous work with this method (59).   370 

In neuro-experiential terms, we found a significant association between higher transition 371 

probabilities into the hyperconnected pattern and the factors of oceanic boundlessness (OBN) and 372 

visionary restructuralization (VRS). OBN entails a positive mood, insight, and unity experiences 373 

(25). Previous studies linked positive ego dissolution and oceanic boundlessness to reduced 374 

hippocampal glutamate (1) and increased insight to reduced DMN within-network static functional 375 

connectivity (27). Our whole-brain dynamic analysis extends this by demonstrating that recurrent 376 

hyperconnected states after psilocybin intake can explain unity experiences, characterized by a 377 

disruption of the self-world boundary, contrasting with the hyperconnected pattern's atypical 378 

minimal segregation profile (53). We propose that unity feelings and visual pseudo-hallucinatory 379 

experiences under psilocybin are linked to the brain's inclination for highly integrated patterns, 380 

showcasing its capacity for diverse mental associations. This is supported by improved creative 381 

thinking dimensions (27,79) attributed to increased between-network functional connectivity of 382 

DMN and the frontoparietal network, (28) which resembles the hyperconnected pattern. 383 

Three OBN factors (unity, bliss, insight) had the highest canonical correlations in our analysis, 384 

followed by VRS factors. Dimensional-level canonical correlations reinforced OBN's highest 385 

association with transition probabilities to the hyperconnected pattern. Despite serotonergic 386 

psychedelics being historically labeled as hallucinogens, our findings align with psilocybin studies, 387 

emphasizing OBN's primary role in phenomenological outcomes (79–81). OBN’s overall 388 

importance in the psychedelic state is further supported by research showing that it is linked to 389 

increased 5-HT2AR receptor binding potential (60,61), that it predicts functional connectivity 390 

changes (82), and that it positively correlates with somatomotor network disconnection (83). Since 391 

OBN is defined as the positive valence associated with depersonalization and derealization, it is a 392 

key psychometric dimension describing ego phenomenological modifications (25,45). The here 393 

performed CCAs on both the 5D-ASC and 11-ASC show OBN and its factors as having the strongest 394 

correlations with the latent variable of the neurobiological space. This may suggest OBN as the 395 

primary driver of psilocybin’s experiential pattern, prompting consideration of more precise terms 396 

such as "egotropic" over "hallucinogenic” when discussing its clinical relevance. This is not to 397 
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suggest that the other psychometric dimensions/factors do not have importance or clinical relevance. 398 

Rather, we mean to raise a discussion around how egotropic effects of psilocybin may be overlooked 399 

as reflected in how the drug is labelled or categorized.  400 

Our study has several limitations. First, the absence of concurrent physiological recordings 401 

during fMRI scanning restricts tracking arousal levels, leaving us to use GS amplitude as a proxy 402 

for cortical arousal. Simultaneous physiological and electrophysiological recordings in future 403 

studies could enhance the understanding of neuronal firing during hyperconnected patterns. Second, 404 

the between-subject design, which also requires brain anatomy normalization to the MNI space, 405 

could hamper the reproducibility of the findings. A proper within-subject design is required in future 406 

studies to mitigate this shortcoming. We further recognize that, even with classic mitigations at 407 

preprocessing, the effect of motion can still be influencing the obtained findings. Similar effects can 408 

also come from the shift in the neurovascular coupling during psychedelics, as recent work in mice 409 

with calcium imaging has shown (84). Fourth, we are aware that due to methodological differences 410 

using an eyes-open condition during rest our results are not fully in line with other protocols where 411 

the psychedelic effects are were maximized with eyes closed. However, as in our past study  we 412 

showed that the characteristic psychedelic effects could be found in this cohort of subjects even in 413 

the eyes open (1), we remain assured that here we also characterize this state adequately. Also, in 414 

our past work we identified differences in the DMN which in the present analysis was not 415 

straightforward finding. We think that this discrepancy is due to the adoption of a whole-brain 416 

network characterization, using an atlas-based parcellation with multiple ROIs, which can reduce 417 

the sensitivity of capturing network-level alterations. Lastly, the analysis' reliance on the recruited 418 

population may limit generalizability, though previous studies demonstrated replicability and 419 

universality of recurrent connectivity patterns in different datasets and brain parcellations (53,59). 420 

In summary, psilocybin induces significant alterations in both brain function and subjective 421 

experience, promoting a functionally non-specific hyperconnected organization. The 422 

hyperconnected state correlates with reported experiences of oceanic boundlessness and visual 423 

pseudo-hallucinations, highlighting the complex interplay between brain dynamics and subjective 424 

phenomena potentially reflecting the ability to entertain variant mental associations. In total, these 425 

findings illuminate the intricate interplay between brain dynamics and subjective experience under 426 

psilocybin and providing insights into the neurophysiology and neuro-experiential qualities of the 427 

psychedelic state.   428 
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Figure 1. Substantial alterations in subjective experience were reported after psilocybin 664 

administration compared to placebo. A) The assessment of five dimensions of altered states of 665 

consciousness questionnaire (5D-ASC) showed that the administration of psilocybin significantly 666 

altered subjective experience in all dimensions. B) The same effect can also be observed considering 667 

the 11 factors of altered states of consciousness (11-ASC). Notes, OBN: Oceanic Boundlessness, 668 

DED: Dread of Ego Dissolution, VRS: Visionary Restructuralization. Radar plots illustrate group 669 

means for each dimension/factor. 670 

Figure 2. After psilocybin administration, there was an overall cerebral tendency to show 671 

more re-occurrence of a functional hyper-connectivity pattern. A) Averaged functional 672 

connectivity expressed as Fisher-transformed correlation values increased significantly after 673 

psilocybin administration compared to the placebo group. B) There were higher inter-regional 674 

connectivity values in the psilocybin group. The matrix represents t-values comparing the 675 

connectivity matrices of the psilocybin group and those of the placebo group (contrast: psilocybin 676 

minus placebo). Only significant difference values are colored. C) The BOLD amplitude of 677 

posterior and anterior brain regions decreased after psilocybin administration, while the amplitude 678 

of somatomotor and limbic areas, as well as the temporal regions of default more network (DMN), 679 

remain unchanged. Colors are based on t-values comparing the Euclidean norm of BOLD time series 680 

in the psilocybin group and the placebo group at each ROI; only significant difference values are 681 

colored. D) The functional connectome reconfigures in four connectivity patterns, ranging from 682 

complex inter-areal interactions (Pattern 1) to a low inter-areal connectivity profile (Pattern 4). After 683 

psilocybin administration, there was a significant increase in the occurrence rate of the global 684 

cortex-wide positive connectivity (Pattern 3). The connectivity matrices are colored based on the 685 

connectivity value: from dark blue to dark red corresponds to connectivity values from -1 to +1. 686 

Violin plots represent the distribution of patterns' occurrence rates across participants. E) The 687 

transition probability from other patterns to Pattern 3 increased in the psilocybin group. Arrows 688 

indicate transitions between functional connectivity states. Green corresponds to significantly 689 

higher transition probabilities (Wilcoxon Rank-Sum test) for the psilocybin group compared to the 690 

placebo, and red corresponds to significantly higher transition probabilities for the placebo 691 

compared to the psilocybin group.  692 

 693 

Figure 3. The neuro-experiential analysis indicated that transitions to the hyperconnected 694 

Pattern 3 were linked to the factors of oceanic boundlessness and visionary 695 

restructuralization.  A) In the neural space, the canonical correlation analysis showed that the 696 
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transition probabilities to the hyperconnected pattern had the highest correlation with the first 697 

canonical vector of the space. Notes: Demonstrated p-values are related to the significant correlation 698 

values and are FDR-corrected. The x-axis represents pattern transitions, e.g. T13: transition from 699 

Pattern 1 to Patten 3. B) In the phenomenological space, factors related to the dimension of oceanic 700 

boundlessness and visionary restructuralization showed the highest correlation with the first 701 

canonical vector of the space. Bars represent correlation values of each factor to the first canonical 702 

vector of its associated space. Notes: OBN: oceanic boundlessness, VRS: visionary 703 

restructuralization, DED: dread of ego dissolution, Unity: experience of unity, Bliss: blissful state, 704 

Insight: insightfulness, Spirit: spiritual experience, Disembody: disembodiment, ElemImg: 705 

elementary imagery, Synesth: audio-visual synesthesia, CmpxImg: complex imagery, ChangeMean: 706 

changed meaning of percept, Impair: Impaired control and cognition, AUA: auditory alterations, 707 

VIR: vigilance reduction.  708 

 709 

Table 1.  There were substantial changes in subjective experience after psilocybin 710 

administration compared to placebo. Mann-Whitney U test results of comparison between 11-711 

ASC factors of the Psilocybin and Placebo groups. rg = Glass rank biserial coefficient effect size. 712 

 713 

Table 2.  The neuro-experiential analysis indicated that transitions from Pattern 1 to the 714 

hyperconnected Pattern 3 were linked to Oceanic Boundlessness. Canonical correlation analysis 715 

between between-state transition probabilities and five dimensions of the 5D-ASC.  The results are 716 

sorted from the highest correlation to the lowest. 717 
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Table 1 

 

 

 Psilocybin 

(n=21) 

Placebo 

(n=26) 

Stats  

(MW-U test) 

 mean SD mean SD U rg p 

5
D

-A
S

C
 

Oceanic Boundlessness 35.09 23.58 3.78 5.56 528.5 .936 < 0.001 

Dread of Ego Dissolution 20.54 17.12 3.94 8.05 494 .81 < 0.001 

Visionary Restructuralization 42.97 19.20 5.33 9.23 528.5 .936 < 0.01 

Auditory Alterations 16.99 17.18 4.69 12.97 458.5 .679 < 0.001 

Vigilance Reduction 28.18 20.43 13.99 16.33 400.5 .467 < 0.001 

1
1
-A

S
C

 

Insightfulness 42.44 29.77 4.99 7.39 508 0.861 <0.001 

Spiritual Experience 21.73 22.04 3.33 6.91 435 0.593 <0.001 

Experience of Unity 33.27 30.57 2.85 4.70 483.5 0.771 <0.001 

Blissful State 35.65 27.02 4.36 7.04 489 0.791 <0.001 

Disembodiment 20.65 25.71 1.74 1.82 434 0.59 <0.001 

Anxiety 19.55 22.57 3.01 4.30 430 0.575 <0.001 

Impaired Control and Cognition 24.29 18.35 4.77 12.51 497 0.821 <0.001 

Changed Meaning of Percept 36.75 29.65 4.24 8.92 495.5 0.815 <0.001 

Audio-Visual Synesthesia 49.54 22.82 4.94 12.99 525 0.923 <0.001 

Complex Imagery 36.43 25.49 6.22 12.03 528.5 0.839 <0.001 

Elementary Imagery 49.25 21.95 5.68 9.24 502 0.943 <0.001 
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Table 2.  

 

 

Factor Correlation 

Coefficient 

p-value p-value  

(FDR-Corrected) 

N
eu

ra
l 

S
p

a
ce

 

T13 0.89 1.00e-05  1.60e-04 *** 

T23 0.44 3.07e-02  1.64e-01  

T43 0.43 1.71e-03  1.37e-02 * 

T33 0.25 5.94e-02  1.91e-01 

T21 0.23 4.86e-02  1.91e-01 

T14 0.12 1.58e-01  4.22e-01 

T32 0.09 2.90e-01  5.80e-01 

T24 0.09 2.51e-01  5.73e-01 

T31 -0.01 5.37e-01  9.55e-01 

T44 -0.08 7.61e-01  9.92e-01 

T11 -0.09 6.61e-01  9.92e-01 

T41 -0.17 8.38e-01  9.92e-01 

T34 -0.27 9.70e-01  9.92e-01 

T22 -0.33 9.69e-01  9.92e-01 

T12 -0.34 9.84e-01  9.92e-01 

T42 -0.34 9.92e-02  9.92e-01 

P
h

en
o

m
en

o
lo

g
ic

a
l 

S
p

a
ce

 

OBN 0.93 2.90e-03   1.45e-02 * 

VRS 0.74 4.29e-02   1.07e-01 

DED 0.46 2.02e-01   3.32e-01 

AUA 0.35 2.66e-01   3.32e-01 

VIR 0.11 4.54e-01   4.54e-01 

Tij: probability of transition from Pattern i to Pattern j. OBN: oceanic boundlessness, VRS: 

visionary restructuralization, DED: dread of ego dissolution, AUA: auditory alteration, VIR: 

vigilance reduction.  
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A B C

D E

O
cc

ur
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nc
e 

Ra
te

PsilocybinPlacebo

P = 0.485 P = 0.02 P = 0.001 P = 0.217

Psilocybin - PlaceboPsilocybin - Placebo

Pattern 1 Pattern 2 Pattern 3 Pattern 4AA B

p=0.014

p=0.045

p=0.022

p=0.008

Psilocybin > Placebo 
Psilocybin < Placebo 

PsilocybinPlacebo PsilocybinPlacebo PsilocybinPlacebo

Patt. 1 Patt. 2

Patt. 3 Patt. 4

5.3-5.3

p=0.045

Psilocybin > Placebo
Psilocybin < Placebo

p=0.008

p=0.022

p=0.014
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AA B

p=0.014

p=0.045

p=0.022

p=0.008

Psilocybin > Placebo 
Psilocybin < Placebo 

AA B

p=0.014

p=0.045

p=0.022

p=0.008

Psilocybin > Placebo 
Psilocybin < Placebo 

AA B
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p=0.045
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p=0.008

Psilocybin > Placebo 
Psilocybin < Placebo 

AA B

p=0.014

p=0.045

p=0.022
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p=0.014

p=0.045

p=0.022
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p=0.022

p=0.008
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AA B

p=0.014

p=0.045

p=0.022
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p=0.014

p=0.045

p=0.022
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AA B

p=0.014

p=0.045
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Pattern 3
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Pattern 1
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Pattern 2
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B Dynamic Transitions

Experiential Measures

p<0.001

p=0.016

p=0.008
p=0.010
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p=0.044 p=0.021
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