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Abstract 
Brain activity can be understood as the exploration of a dynamical landscape of activity 

configurations over both space and time.  This dynamical landscape may be defined in terms of 

spontaneous transitions within a repertoire of discrete metastable states of functional 

connectivity (FC), which underlie different mental processes. However, it remains unclear how 

the brain’s dynamical landscape might be changed in altered states of consciousness, such as 

the psychedelic state.  The present study investigated changes in the brain’s dynamical 

repertoire in an fMRI dataset of healthy participants intravenously injected with the 

psychedelic compound psilocybin, which is found in “magic mushrooms”. We employed a data-

driven approach to study brain dynamics in the psychedelic state, which focuses on the 

dominant FC pattern captured by the leading eigenvector of dynamic FC matrices, and enables 

the identification of recurrent FC patterns (“FC-states”), and their transition profiles over time.  

We found that a FC state closely corresponding to the fronto-parietal control system was 

strongly destabilized in the psychedelic state, while transitions toward a globally synchronized 

FC state were enhanced.  These differences between brain state trajectories in normal waking 

consciousness and the psychedelic state suggest that the latter biases a global mode of 

functional integration at the expense of locally segregated activity in specific networks. These 

results provide a mechanistic perspective on subjective quality of the psychedelic experience, 

and further raise the possibility that mapping the brain’s dynamical landscape may help guide 

pharmacological interventions in neuropsychiatric disorders.   
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Introduction 
Brain function can be understood as the structured exploration of a dynamical 

landscape of activity configurations over both space and time (1-3). High-order mental 

processes involve the coordinated integration of information over spatially-distributed 

networks of specialized brain areas (4-8), and a robust repertoire of large-scale functional 

networks has been consistently detected across individuals and neuroimaging modalities (9-13). 

Accordingly, brain dynamics have been described in terms of spontaneous transitions within a 

repertoire of discrete metastable states of functional connectivity (FC), or “FC states”, which 

underlie different mental processes (5, 14-17).   

How changes in the brain’s dynamical landscape relate to changes in behavior and 

cognition remains unclear however. The present study investigated changes in the brain’s 

dynamical repertoire in an fMRI dataset from healthy participants intravenously injected with 

the psychedelic compound psilocybin, all of whom reported marked changes in subjective 

experience during the scanning period. Investigating the link between the brain’s dynamical 

repertoire and departures from normal waking consciousness may help better understand 

functional mechanisms underlying the therapeutic potential of psilocybin for disorders 

including depression, anxiety and addiction (18-21).  Indeed, neuropsychiatric disorders have 

been linked to the disruption of specific functional networks (22-25) and understanding which 

factors modulate the relative stability of FC states, as well as the transitions between them, 

may lead to the design of novel and more efficient treatments (23, 26).  

 It can be hypothesized that alterations in the dynamical exploration of FC states may 

underlie the profound departures from normal waking consciousness seen in certain altered 

states of consciousness. A promising experimental framework for investigating such changes is 

to measure brain activity in the psychedelic state. Both synthetic (i.e. LSD) and naturally-

occurring psychedelic compounds (i.e. psilocybin, DMT) can profoundly alter one’s perception 

of their internal and external environments, and neuroimaging studies have begun to uncover 

the neural correlates of the psychedelic experience (27-30). Psilocybin, the compound of 

interest in the present study, is an ingredient in so-called ‘magic mushrooms’ and its 

characteristic psychoactive properties are largely mediated by activation of the serotonin 2A 

receptor subtype (5-HT2A receptors) (31). The phenomenology of the psilocybin experience 

includes a sense of ‘unconstrained’ consciousness characterized by hyper-association and 

profound alterations in the perception of time, space and selfhood (20, 32). 

 In light of these subjective effects of psilocybin, one would expect the brain’s dynamical 

landscape to become altered under the influence of the drug. This may be characterized by a 

combination of: 1) the emergence of atypical FC states, comparatively unexplored during 

normal wakefulness; 2) the suppression of common FC states that are normally highly visited at 

baseline; and/or 3) changes in the transition patterns between FC states. Preliminary support 

for these ideas first appeared in a fMRI study which found increased metastability in several 

canonical resting-state networks under psilocybin (32). A dynamical FC analysis of the same 
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fMRI data using windowed correlations revealed both a larger repertoire of FC motifs within a 

small subnetwork of four brain regions comprising the bilateral hippocampus and ACC under 

psilocybin compared to placebo as well as greater entropy of the motif sequence (33).  

Moreover, a MEG study revealed increased neural signal diversity (Lempel-Ziv complexity) 

following psilocybin (and other psychedelic) administration relative to placebo, consistent with 

increased metastability (28). Finally, a recent fMRI study based on a graph signal analysis 

investigated the dynamical changes in brain states in healthy participants under the influence 

of the synthetic psychedelic LSD. It was found that the drug, which is pharmacodynamically 

similar to psilocybin, leads to an expansion of the repertoire of active brain states in healthy 

participants (34). These various findings are broadly consistent with the so-called ‘entropic 

brain’ hypothesis, which states that the quality of a conscious state can be indexed by the 

variability or randomness of its activity (32, 35).     

 These advances call for a detailed investigation into the dynamics of distributed 

functional networks in the psychedelic state that relate to its subjective properties. An 

improved understanding of the neural correlates underlying the experience of unconstrained 

cognition and enhanced mind-wandering reported by many subjects under the influence of 

psilocybin may provide insights into the drug’s action at the systems level and perhaps inform 

on its therapeutic action for the treatment of neuropsychiatric disorders such as depression 

(18, 30).  Toward this aim, the present study employed a novel data-driven approach to study 

brain dynamics in the psychedelic state, which focuses on the dominant FC pattern captured by 

the leading eigenvector of dynamic FC matrices, and enables the identification of recurrent FC 

patterns over time (“FC-states”) (3).  This approach enabled us to investigate the probability of 

occurrence of and transition profiles between FC-states extracted from fMRI data in healthy 

participants under the influence of psilocybin. 

Methods 

Participants 

Nine healthy participants were included in this study. Study inclusion criteria were: at least 21 

years of age, no personal or immediate family history of a major psychiatric disorder, substance 

dependence, cardiovascular disease, and no history of a significant adverse response to a 

psychedelic drug. All of the subjects had used psilocybin at least once before, but not within 6 

weeks of the study (30). All participants gave informed consent to participate in the study. The 

study was approved by a National Health Service research ethics committee. 

Experimental protocol 
All subjects underwent two 12 min eyes-closed resting state fMRI scans over separate sessions, 

at least 7 days apart. In each session, subjects were injected intravenously with either 

psilocybin (2 mg dissolved in 10 ml saline, 60s intravenous injection) or a placebo (10 ml saline, 

60s intravenous injection) in a counterbalanced design. Injections were given manually by a 

doctor within the scanning suite. The infusions began exactly 6 min after the start of the 12 min 

scans and lasted 60 seconds. The subjective effects of psilocybin were felt almost immediately 
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after injection and sustained for the remainder of the scanning session. This experimental 

approach thus provided four distinct fMRI recordings (6-min each) corresponding to each of 

four experimental conditions: pre/post placebo injection and pre/post psilocybin injection. 

Neuroimaging data acquisition & processing 

Anatomical scan acquisition   

Neuroimaging data were acquired using a 3T GE HDx system. Anatomical scans were performed 

before each functional scan and thus prior to administering either the drug or placebo. 

Structural scans were collected using a 3D fast spoiled gradient echo scans in an axial 

orientation, with field of view = 256×256×192 and matrix = 256×256×192 to yield 1 mm 

isotropic voxel resolution (repetition time/echo time TR/TE = 7.9/3.0 ms; inversion time = 450 

ms; flip angle = 20).   

fMRI acquisition 

BOLD-weighted fMRI data were acquired using a gradient echo planar imaging sequence, TR/TE 

3000/35 ms, field-of-view = 192 mm, 64 × 64 acquisition matrix, parallel acceleration factor = 2, 

90 flip angle. Fifty-three oblique axial slices were acquired in an interleaved fashion, each 3 mm 

thick with zero slice gap (3 × 3 × 3 mm voxels). A total of 240 brain volumes were acquired, with 

drug/placebo infusion taking place in the middle of the session.  

fMRI processing  

fMRI data were processed data using MELODIC (Multivariate Exploratory Linear Decomposition 

into Independent Components) (36), part of FSL (FMRIB's Software Library, 

www.fmrib.ox.ac.uk/fsl). The default parameters of this imaging pre-processing pipeline were 

used on all participants: motion correction using MCFLIRT (37),  non-brain removal using BET 

(38), spatial smoothing using a Gaussian kernel of FWHM 5mm; grand-mean intensity 

normalization of the entire 4D dataset by a single multiplicative factor and linear de-trending 

over 50 second intervals. We then used tools from FSL to extract and average the time courses 

from all voxels within each cluster in the AAL-90 atlas (39).  This procedure was applied to fMRI 

data from all four experimental conditions listed above and four BOLD timecourses comprising 

100 TR’s each were extracted as such. 

Dynamic Functional Connectivity Analysis 

For each subject, and in each of the four experimental conditions mentioned above, we 

computed a phase coherence matrix (90 x 90) to capture the amount of interregional BOLD 

signal synchrony at each time point (TR). To compute the phase coherence between each pair 

of AAL regions, first the BOLD phases, (n,t), were estimated using the Hilbert transform for 

each BOLD regional timecourse.  The Hilbert transform expresses a given signal x in polar 

coordinates as x(t)=A(t)*cos((t)). Upon calculating the phases (angles) of the BOLD signals over 

time, the phase coherence dFC(n,p,t) between brain areas n and p at time t is estimated using 

Equation (1): 

dFC(𝑛, 𝑝, 𝑡) = cos(𝜃(𝑛, 𝑡) − 𝜃(𝑝, 𝑡))                            (1) 
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Using the cosine function, two areas n and p with temporarily aligned BOLD signals (i.e. with 

similar angles) at a given TR will have a phase coherence value dFC(n,p,t) close to 1 (since 

cos(0°)=1). On the other hand, time points where the BOLD signals are orthogonal (for instance, 

one increasing at 45° and the other decreasing at 45°) will have dFC(n,p,t) close to 0 (since 

cos(90°) = 0).  The resulting dFC for each subject in each condition is a thus three-dimensional 

tensor with size NxNxT, where N=90 is the number of brain areas and T=100 is the total number 

of time points. Note that the phase coherence matrix is undirected and, as such, for each time 

t, the NxN dFC(t) matrix is symmetric across the diagonal. 

FC Leading Eigenvector 

To characterize the evolution of the dFC matrix over time, we employed a method termed 

Leading Eigenvector Dynamics Analysis (LEiDA) focusing solely on the evolution of the dominant 

patterns of functional connectivity, which is the partition of the ROIs into two 

modules/communities and captures most of the coherence based connectivity of the system 

(see SI for more details)  focusing solely on the evolution of the dominant patterns of functional 

connectivity (16). The leading eigenvector, V1(t), is a Nx1 vector that captures the dominant 

connectivity pattern of the dFC(t) at each time t, given in matrix format by its outer product 

V1·V1
T. This approach substantially reduces the dimensionality of the data when compared to 

more traditional approaches considering all the values in the NxN FCt(t) connectivity matrix (15, 

40, 41). For further details about LEiDA, the reader is invited to consult the work of Cabral and 

colleagues (3) and the Supplementary Information (pp 4-7). 

FC States 

Identification of FC states from the leading eigenvectors of phase coherence matrices 

Upon computing the leading eigenvector of the phase coherence matrix dFC(t) for each TR, the 

next step in our analysis was to identify recurrent FC patterns in the data (‘FC states’).  A 

discrete number of FC patterns was detected by clustering the leading eigenvectors V1(t) from 

the pooled pre/post psilocybin fMRI data (2 conditions) including all 100 TR’s of all 9 subjects, 

which corresponded to a combined total of 1800 V1(t). The k-means clustering algorithm was 

run with k from 2 to 20, and significant difference between the statistics of FC pre/post 

psilocybin was sought. Clustering solutions output a k number of cluster centroids in the shape 

of Nx1 Vc vectors for each cluster c, which represent averaged recurrent FC states. The outer 

product of each cluster centroid vector VcVc
T is a NxN rank one matrix representing the 

dominant connectivity pattern and the elements of Vc weight the contribution of each brain 

area to the community structure established by the signs of the corresponding vector elements. 

To facilitate visualization and interpretation of FC-states, the cluster centroid vectors Vc were 

rendered onto a cortical surface using HCP Workbench. For the analysis of FC states in the 

placebo condition, we ran the k-means clustering using the same cluster centroids obtained 

from the pre- and post-psilocybin injection.   
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Probability of Occurrence and Switching Matrix of FC States 

Upon identifying FC states, we computed the probability of occurrence of each FC state in each 

condition (i.e. pre/post psilocybin and pre/post placebo). The probability of occurrence (or 

fractional occupancy) is simply the ratio of the number of epochs assigned to a given cluster 

centroid Vc divided by the total number of epochs (TRs) in each experimental condition (which 

is the same in all four experimental conditions). The probabilities were calculated for each 

subject, in each experimental condition and for the whole range of clustering solutions 

explored. In addition, we computed the switching matrix, which captures the trajectories of FC 

dynamics in a directional manner. In more detail, it indicates the probability of, being in a given 

FC state, transitioning to any of the other FC states. 

Differences in probabilities of occurrence and probabilities of transition for the different states 

were statistically assessed between each pair of experimental conditions using a permutation-

based paired t-test. This non-parametric test uses permutations of group labels to estimate the 

null distribution. The null distribution is computed independently for each experimental 

condition. For each of 1000 permutations a t-test is applied to compare populations and the 

significance threshold of α = 0.05/K was used, in order to take into account the K number of 

states compared in each solution. In a follow-up analysis, we also compared the number of 

occurrences of FC State III and FC State I at the individual subject level in the pre vs post-

psilocybin injection conditions using a paired t-test. 

Global Order and Metastability 

In addition to the properties of FC states outlined above, we investigated how psilocybin 

injection induced alterations in the order and stability of BOLD signals. At each instant of time, 

the degree of order between BOLD phases 𝜃(𝑛, 𝑡), n=1,..,90, can be quantified using the 

Kuramoto Order Parameter, 𝑂𝑃(𝑡), which can range between 0 (when all BOLD signals are out 

of phase) and 1 (when all BOLD signals are in phase): 

𝑂𝑃(𝑡) =
1

𝑁
|∑ 𝑒𝑖𝜃(𝑛,𝑡)𝑁

𝑛=1 |           (2) 

The variability of the Order Parameter is typically used to infer the degree of meta-stability in a 

system, whereas its mean informs whether the system is incoherent, partially synchronized or 

fully synchronized (42, 43). In other words, if the order parameter is constant over time, it 

means that the system is in a stable equilibrium, be it synchronized or not. When several 

attractors exist, which in this paper corresponds to the FC states, and the system switches from 

one to another, then the variance of the order parameter will grow with the metastability of 

the dynamics. To investigate the effects of psilocybin on the order and stability of BOLD activity, 

we therefore calculated the mean and the standard deviation of the order parameter over 

time, in each subject and experimental condition. Between-condition differences on these 

measures were assessed using a one-sample t-test. 
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Results 

Dynamical repertoire of FC states is altered by psilocybin 
We found a highly consistent FC pattern comprising bilateral frontal and parietal areas that had 

a significantly reduced probability of occurrence following the psilocybin injection, with 

p<0.05/k for clustering solutions in the k = 6 to k = 10 range (see Supplementary Figure S1). 

Over the aforementioned range of clustering solutions, this is the only FC state that reaches 

statistical significance between conditions upon applying the Bonferroni correction for multiple 

comparisons. The strongest statistical effect was observed for k = 7. The solution counting 

seven FC states and their associated probabilities of occurrence is plotted in Figure 1. As can be 

seen in the bar plots of Figure 1, the fractional occupancy of FC state III (red) significantly 

decreased from 14.3 ± 2.4% pre-injection (third most visited state) to 4.1 ± 1.2% following the 

psilocybin administration (p = 0.0003 uncorrected, p = 0.0021 after Bonferroni correction for 

the number of FC states compared). Conversely, a significant increase in the probability of 

occurrence of FC state I (dark blue) post-psilocybin injection was also observed with a fractional 

occupancy of 26.7 ± 4.5% pre-psilocybin injection and 37.2 ± 6.0% post-psilocybin injection (p = 

0.0068 uncorrected, p = 0.047 after Bonferroni correction for multiple comparisons). In 

contrast, the probability of occurrence of all other FC states remained statistically similar before 

and after the psilocybin injection (all p-values > 0.05).  This particular FC state corresponds to a 

highly integrated FC state as it is the only state not presenting a natural bipartition, and is the 

most prevalent state across all experimental conditions (in agreement with the findings in (3). 

Across k = 6 to k = 10 range of clustering solutions, the fractional occupancy of this globally 

coherent FC state was significantly higher post-psilocybin injection and survived the Bonferroni 

correction for multiple comparisons for k = 7 and k = 10 (Supplementary Figure S2). 

 

Figure 1 – Psilocybin alters the dynamical repertoire of FC states.  Top: Seven recurrent FC states obtained from unsupervised 
clustering of the eigenvectors of the dynamic FCt matrix, sorted (left to right) according to decreasing probability of occurrence 
pre-injection. Each NxN matrix (given by the outer product of each cluster centroid vector VcVc

T) represents a recurrent 
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dominant connectivity pattern, Middle: Cluster centroid vectors Vc rendered onto a cortical surface, where the N elements of Vc 
are used to scale the color of each brain area to illustrate the contribution of each brain area to the community structure 
established by the signs of the corresponding vector elements. Bottom: Fractional occupancy of each FC state in each of the 
four experimental conditions (pre/post psilocybin and pre/post placebo injection). Although all FC states showed consistent 
probabilities of occurrence across scanning sessions in the normal resting state (i.e. pre psilocybin and pre/post placebo), we 
found that following the psilocybin administration the fractional occupancy of FC state III is significantly decreased from 14.3% 
pre-injection to 4.1% (p = 0.0077; Bonferroni corrected). Conversely, the probability of occurrence of FC state I increased after 
psilocybin injection (p = 0.047; Bonferroni corrected), which was not found post-placebo. The remaining FC states did not show 
a significant change in fractional occupancy after the psilocybin infusion in this analysis. Asterisks (*) denote the presence of a 
statistically significant difference (α = 0.05) in the probability of occurrence between the post-psilocybin condition and other 
experimental conditions for a given FC state, upon correcting for multiple comparisons. 

Comparing with the separate fMRI session when a placebo solution was injected, we found that 

the probability of occurrence of all 7 FC states both before and after placebo injection did not 

differ significantly from the pre-psilocybin condition (all p-values > 0.05), indicating that the 

dynamical exploration of FC states assessed with LEiDA remained stable across subjects under 

normal conditions over the course of a week.  These FC states show spatial overlap with well-

known resting-state networks, namely the Default Mode Network (FC states II and IV), the 

Fronto-Parietal network (FC state III), the somatosensory network (FC state V), the visual 

network (FC state VI) and the auditory network (FC state VII). Corroborating our previous 

findings, the fractional occupancy of FC State III remained within normal levels both before 

(15.0 ± 3.3%) and after (14.3 ± 2.9%) placebo injection (p = 0.49; uncorrected), and was in each 

case significantly higher than the probability found during the psychedelic state (4.1 ± 1.2%, p = 

0.004 and p = 0.001 respectively, Bonferroni corrected). Moreover, the probability of FC state I, 

which was significantly increased after the psilocybin injection as stated above, remained 

unchanged before (23.6 ± 5.6%) and after the placebo injection (27.4 ± 3.1%) (p = 0.38; 

uncorrected).  When compared to the post-psilocybin fractional occupancy of FC State I (37.2 ± 

6.0%), the aforementioned pre-placebo value was significantly lower (p = 0.006; Bonferroni 

corrected) while the post-placebo comparison was borderline significant after correction for 

multiple comparisons (p = 0.07; Bonferroni corrected). 

We note that the FC state whose probability of occurrence was significantly reduced following 

the psilocybin injection closely overlaps with the fronto-parietal network involved in executive 

control originally reported by Vincent and colleagues (13), which includes many regions 

identified as supporting cognitive control and decision-making processes such as the lateral 

prefrontal cortex and inferior parietal lobule (Fig. 2). 
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Figure 2 - Characterization of the FC state destabilized by psilocybin. The FC state for which fractional occupancy is 
significantly reduced following the psilocybin infusion corresponds to a network involving mainly bilateral frontal and parietal 
brain areas. Left: (top) rendition of the relevant cluster centroid vector Vc onto a cortical surface, highlighting the symmetry of 
the network of interest across both hemispheres. (middle) graphical representation of the functional network where links 
represent all positive functional connections between the most relevant nodes belonging to the fronto-parietal network 
(Vc(n)>0.02); (bottom) FC pattern represented in matrix format as the outer product of the relevant cluster centroid vector 
VcVc

T. Right: Bar chart representing contributions of each of the N=90 AAL brain areas to the FC state of interest (Vc(n)>0 in red, 
blue otherwise). 

The non-stationary dynamics of the leading eigenvector over time reveals a constant 

exploration of a repertoire of FC configurations. In order to visualize this repertoire in a 3-

dimensional space, we applied a PCA reduction to all leading eigenvectors across conditions 

and subjects (90x36000) to their first 3 Principal Components (3x36000). Then, the leading 

eigenvectors V1(t) obtained in each of the four experimental conditions were plotted as dots in 

this 3D space and colored according to the label assigned by the clustering algorithm. As can be 

seen in Figure 3 there is little overlap between clusters (also supplementary Figure S2 to view 

the plot from a different perspective) and all clusters are distributed around the state of global 

integration (blue dots). We note that, by construction, the k-means clustering algorithm 

produces compact clusters (i.e. non-overlapping and well separated). However these clusters 

originally exist in the 90 dimensional space where the leading eigenvectors live. Retaining the 

first 3 principal components is, however, enough to conserve well-defined clusters, as can be 

seen in Fig 3.  
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This visual rendition of the data highlights the disruption of the fronto-parietal FC state of 

interest (red cluster), which is clearly prevalent the 3 non-psychedelic conditions (before 

psilocybin and before/after placebo injection), but nearly disappears after the psilocybin 

injection (upper right-hand corner). It can also be seen that the blue cluster corresponding to a 

globally coherent FC state becomes denser after the psilocybin injection (Fig. 3).    

 

Figure 3 - 3D embedding of FC patterns reveals the reduced stability of the fronto-parietal network (red) after psilocybin 
injection. In each scatter plot, each dot represents an FC pattern, V1(t), occurring during the corresponding session 
(before/after psilocybin/placebo, with 900 dots per subplot), projected onto the first 3 principal components of all eigenvectors 
across sessions (PCA-reduced from 90x3600 to 3x3600). Dots are colored according to the k-means clustering solution obtained 
before using the same color code as in Figure 1. It can be clearly observed that after the psilocybin injection the number of red 
dots is reduced indicating less detections of the frontal-parietal network (shown in Figure 2). Moreover, the network in the 
center of the 3D scatter plots corresponds to the global mode (blue), and all the remaining FC states appear as clouds of dots 
around it. See Supplementary Figure S3 for a different perspective of the same 3D scatter plots.  

Psilocybin increases whole-brain metastability and modulates the temporal expression of FC 

States 

We found a significant increase in whole-brain metastability following the psilocybin injection 

(0.18 ± 0.01) as reflected by an increase in the standard deviation of the order parameter of the 

system over time relative to the pre-injection baseline (0.16 ± 0.015) ; t(8) = 2.41, p = 0.04 (Fig. 

4, bottom panel).  On the other hand, no significant difference was found when considering the 
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mean of the order parameter over time, which reflects the average level of synchrony across 

the nodes comprised in the whole-brain network throughout the entire recording interval.  We 

also plotted, for each subject, the evolution of the order parameter of the system at each of the 

100 time points pre/post-psilocybin injection, as well as the corresponding leading eigenvector 

V1(t) color-coded according to their respective cluster assignment (Fig. 4, top panel).  In all 

subjects, the eigenvector corresponding to the global signal (1st state from top; blue colored) is 

the most frequently expressed both before and after the psilocybin injection, and its fractional 

occupancy is particularly elevated in subjects with the highest average order parameter values 

over time.  We further found that, with the exception of subject s1, the fronto-parietal FC state 

of interest (3rd state from top; red-colored) was approximately evenly expressed in all subjects 

in the pre-injection phase.  Following the psilocybin injection, the fractional occupancy of this 

state was decreased in all subjects.  We note that, in the case of subjects s4 and s9, not a single 

V1(t) in the post-psilocybin injection condition belongs to the fronto-parietal FC state. This was 

indeed the only FC state where a fractional occupancy of zero was found amongst all subjects 

and experimental conditions. A paired-sample t-test revealed that, at the individual subject 

level, the mean number of occurrences of FC state III (fronto-parietal network) was significantly 

decreased following the psilocybin injection (4.1 ± 1.2) relative to the pre-injection baseline 

(14.3 ± 2.5);  t(8) = 3.88, p = 0.005).  Conversely, a paired-sample t-test showed a significant 

increase in the mean number of occurrences of FC state I (globally integrated state) following 

the psilocybin injection (37.2 ± 6.0) relative to the pre-injection baseline (26.7 ± 4.5); t(8) = 2.75, 

p = 0.01 (Fig. 4, bottom panel).  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted July 25, 2018. ; https://doi.org/10.1101/376491doi: bioRxiv preprint 

https://doi.org/10.1101/376491


12 
 

 

Figure 4 - Psilocybin modulates the temporal expression of FC States and increases whole-brain metastability. Top: For each 
of the 9 subjects (s1, s2… s9), we show the order parameter (OP) of the system over time pre/post-psilocybin injection (100 TR/ 
subject/condition). Below, we show the order parameter when each of the seven FC states in ON (same color-code as Figure 1, 
sorted vertically by decreasing probability pre-injection). In all subjects, the FC state corresponding to the global signal (blue 
colored) is the most frequently expressed, and the order parameter is particularly high when this state is ON. On the other 
hand, less-frequent states, namely the light blue, purple, or yellow, correspond to epochs of lower order parameter values. 
Following the psilocybin injection, the red-colored fronto-parietal FC state of interest (3rd most prevalent state pre-injection) 
exhibits a significant decrease in all subjects. Bottom: The average number of occurrences of FC State III (fronto-parietal 
network) across subjects is significantly lower after the psilocybin injection compared to the pre-injection baseline (left), while 
the average number of occurrences of FC State I (globally integrated state) is significantly increased (middle).  A significant 
increase in whole-brain metastability following the psilocybin injection, as reflected by an increase in the standard deviation of 
the order parameter of the system over time (right).  

State-to-State switching profiles are significantly different under psilocybin 

The switching matrices shown in Fig. 5 (top) display the probability of: 1) being in a given FC 

state (rows), and 2) transitioning to any of the other states (columns) both before and after the 

psilocybin injection. An illustration of pre- vs post-injection changes in the transitions 

probabilities between FC-states rendered on the cortical surface is also provided to facilitate 

the neuroanatomical interpretation of FC state switching (Fig. 5, bottom). We find that the 

probability of transitioning from any given FC state to the fronto-parietal FC state of interest is 

consistently reduced post-psilocybin injection than prior to the injection. Conversely, all FC 

states except for one were more likely to transition toward the FC state corresponding to the 
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global signal following the psilocybin injection. The p-values for each state-to-state transition in 

the switching matrix are provided in Supplementary Table ST1.   

 

Figure 5. Psilocybin modifies the switching patterns between FC-states. Top: Switching matrices showing the probability of, 
being in a given FC state (rows), transitioning to any of the other states (columns) both before (left) and after the psilocybin 
injection (right). Significant between-condition differences assessed via a permutation test are indicated by asterisks (*) for the 
significance threshold α = 0.05.  Bottom: Pre vs post-injection changes in the transitions probabilities between FC-states 
rendered on the cortical surface, and numbered according to the transition matrices above. Each arrow represents a state-to-
state transition probability ± 1 SD from the mean change in transition probability post-injection; red/filled arrows represent a 
greater probability of transition post-injection, while blue/dashed arrows show reduced transition probabilities between states.  
It can be observed that the probability of transitioning from several FC states (IV, V, VII) to the frontoparietal FC state of interest 
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is reduced post-psilocybin injection. Conversely, most FC states (IV, V, VI, VII) were more likely to transition toward the globally 
integrated FC state I following the psilocybin injection.  

Discussion 
 The present results provide the first experimental evidence that the brain’s dynamical 

landscape is altered by the psychedelic compound psilocybin.  We found that the repertoire of 

functional networks at rest (described as “FC states”), and the transitions between them, are 

significantly changed by the drug. Notably, the strongly reduced fractional occupancy of a FC 

state overlapping with the previously-described fronto-parietal control system suggests that 

this particular functional network becomes destabilized under psilocybin (13).  Conversely, 

transitions toward a globally integrated FC state were enhanced under the influence of the 

drug.  The destabilization of a frontoparietal FC state supporting executive function, and 

increased transitions toward a highly integrated brain state provide a novel mechanistic 

perspective into psilocybin effects at the systems level. Indeed, these differences between 

brain state trajectories in normal waking consciousness and the psychedelic state suggest that 

the drug induces an alternative type of functional integration at the expense of locally 

segregated activity in specialized networks.  These new insights into altered brain dynamics in 

the psychedelic state may also help explain some the acute psychological effects of psilocybin, 

and the compound’s promising therapeutic applications.  

The decreased probability of occurrence of a FC state closely overlapping with the 

fronto-parietal control system is consistent with prior human neuroimaging studies of 

psilocybin effects. An fMRI study of the same dataset notably revealed that the psilocybin 

infusion modified the BOLD spectral content in a distributed fronto-parietal network.  

Specifically, the fronto-parietal system of interest showed a significantly decreased low 

frequency power and power spectrum scaling exponent following the psilocybin infusion (33). 

Similarly, a MEG study reported decreased oscillatory power following a psilocybin injection in a 

bilateral fronto-parietal network derived from beta-band activity (44). Findings from these prior 

studies indicate a desynchronization of the fronto-parietal control system under psilocybin and 

are thus consistent with the present results. Furthermore, the disengagement of the fronto-

parietal system can be interpreted in light of the cognitive and behavioral effects of psilocybin 

reported by the study participants. Evidence suggests the fronto-parietal system plays a key 

role in cognitive control by focusing attention on goal-relevant information through top-down 

mechanisms (45-47). Declines in fronto-parietal FC have been associated with difficulty 

suppressing goal-irrelevant information, and greater distractibility (48). These observations are 

broadly consistent with the reports of increased mind-wandering and unconstrained cognition 

reported by participants in the present cohort (30).  

The present study also found increased FC state transitions toward a globally 

synchronized functional network following the psilocybin injection. Previous work has shown 

that psilocybin induces an alternative type of functional integration, characterized by greater 

global integration (27, 49) as well as increases in the entropy or metastability of brain states 

(32). The results presented here not only align with these prior findings but also shed further 
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light on their functional significance. Here we found that a globally integrated state, i.e. FC state 

I, increased its predominance under psilocybin, not only statistically over time (Fig. 1), but also 

dynamically, as was evident from the structure of the state-to-state switching matrix (Fig. 5), 

where it became the ‘state of choice’ for inter-state transitions. In other words, under 

psilocybin the brain spent more time in globally coherent, highly integrated state. This state 

therefore served as an attractor, absorbing the majority of inter-state transitions. As was 

implied by previous analyses, this effect may enable atypical patterns of interregional 

communication to arise in the psychedelic state (27) alongside the breakdown of within-

network integrity in favor of globally integrated brain dynamics (27, 32, 44, 49, 50). 

In addition to changing the relative stability of FC states and the directionality of state 

transitions, we found that psilocybin also increases the global metastability of brain dynamics.  

This result is consistent with prior fMRI investigations of the same psilocybin dataset in which a 

greater diversity of functional connectivity motifs was observed after psilocybin infusion within 

a small network consisting of the bilateral hippocampal and ACC regions, thus reflecting 

increased variability in the collective repertoire of metastable states (33).  This prior analysis 

had purposely limited the number of regions included in the analysis in order to perform an 

exhaustive counting of all possible FC states. Another study had found increased metastability 

in several canonical resting-state networks as determined by the variance in the network’s 

intrinsic synchrony over time (relationship between the mean and variance of the signal over 

time) (32). Here we used a complementary analytical approach to demonstrate that increased 

metastability of the FC under psilocybin is generalizable at the whole-brain scale by calculating 

the standard deviation of the order parameter of the system over time. The increased 

metastability of FC dynamics over time under psilocybin may be interpreted in the context of 

the “entropic brain” theory of conscious states according to which more variable brain activity 

and dynamics reflect more a variable and dynamic conscious experience (32, 34, 35).  

Despite the relatively small number of subjects (N=9) included in this fMRI dataset, our 

findings are strongly validated by the replication of results in placebo conditions across the two 

scanning days (i.e. no changes in the distribution of network states in the placebo scanning 

session vs pre-psilocybin infusion), as well as the strong statistical effect of decreased 

probability of the FC state of interest after psilocybin injection (p < 0.0005). Importantly, since 

LEiDA compares the statistics between whole-brain FC patterns rather than individual 

functional links, the dimensionality is reduced from N(N-1)/2 (number of unique links in a NxN 

symmetric matrix) to the number of networks K, which overcomes several of the statistical 

limitations associated with multiple comparisons. Furthermore, given the instantaneous nature 

of LEiDA, our dynamic FC analysis revealed significant between-condition differences despite 

the fact that each scanning condition consisted only of 100 fMRI volumes, which would likely 

not have been sufficient for conventional sliding-window analysis (51). We note however, that 

the present analysis may not capture the fast dynamics of functional networks, which are 

believed to have lifetimes of approximately 200ms as suggested by MEG studies (52, 53), but 

still captures changes in their probability of occurrence over slower time scales. 
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The therapeutic potential of psilocybin in psychiatry has recently generated much 

interest. For example, indications of efficacy have been reported for conditions including 

treatment-resistant depression, anxiety related to end-of-life care and addictive disorders (18-

21). The neural mechanisms underlying these clinical benefits remain unclear however. The 

present results provide some of the first evidence that a psychoactive drug can modulate the 

brain’s dynamical landscape by selectively destabilizing a particular brain state, and promoting 

the transitions towards another, namely a globally integrated brain state. Importantly, the fact 

that a 5-HT2A receptor agonist can be used to target specific brain states in this way opens up 

the possibility of studying the effects of other classes of neuromodulators at the systems level 

and how they may be involved in the pathophysiology and potential treatment of 

neuropsychiatric disorders. In the present case, a FC state closely overlapping with the fronto-

parietal control system was selectively disengaged following the administration of psilocybin. 

This raises exciting expectations for the design of novel therapeutics for neuropsychiatric 

disorders informed by patho-connectomics, which may be generally understood in terms of 

targeting the specific FC states affected by a particular disorder.  

In summary, the present study used a novel, data-driven dynamical functional 

connectivity analysis (LEiDA) to help uncover the dynamics between functional connectivity 

states under the influence of psilocybin.  We found that a FC state closely corresponding to the 

fronto-parietal control system was strongly destabilized by the compound, while transitions 

toward a globally synchronized FC state were enhanced.  We also found an increase in the 

metastability of global brain dynamics following the psilocybin infusion.  Taken together, these 

findings are consistent with prior neuroimaging studies suggesting that a different type of brain 

integration and increased neural signal complexity underlie the psychedelic state.  The present 

results also raise the possibility that mapping the brain’s dynamical landscape may help guide 

pharmacological interventions in neuropsychiatric disorders by targeting the dynamical 

trajectories of functional brain states. 
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