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Psilocybin desynchronizes the human brain

Joshua S. Siegel1 ✉, Subha Subramanian2, Demetrius Perry1, Benjamin P. Kay3, Evan M. Gordon4, 
Timothy O. Laumann1, T. Rick Reneau4, Nicholas V. Metcalf3, Ravi V. Chacko5, Caterina Gratton6, 
Christine Horan7, Samuel R. Krimmel3, Joshua S. Shimony4, Julie A. Schweiger1, Dean F. Wong4, 
David A. Bender1, Kristen M. Scheidter3, Forrest I. Whiting3, Jonah A. Padawer-Curry8, 
Russell T. Shinohara9,10,11, Yong Chen11, Julia Moser12,13, Essa Yacoub14, Steven M. Nelson12,15, 
Luca Vizioli14, Damien A. Fair12,13,14,15, Eric J. Lenze1, Robin Carhart-Harris16,17, 
Charles L. Raison18,19, Marcus E. Raichle3,4,8,20,21, Abraham Z. Snyder3,4, Ginger E. Nicol1,23 & 
Nico U. F. Dosenbach3,4,8,20,22,23

A single dose of psilocybin, a psychedelic that acutely causes distortions of space–time 
perception and ego dissolution, produces rapid and persistent therapeutic effects in 
human clinical trials1–4. In animal models, psilocybin induces neuroplasticity in cortex 
and hippocampus5–8. It remains unclear how human brain network changes relate to 
subjective and lasting effects of psychedelics. Here we tracked individual-specific 
brain changes with longitudinal precision functional mapping (roughly 18 magnetic 
resonance imaging visits per participant). Healthy adults were tracked before, during 
and for 3 weeks after high-dose psilocybin (25 mg) and methylphenidate (40 mg), and 
brought back for an additional psilocybin dose 6–12 months later. Psilocybin massively 
disrupted functional connectivity (FC) in cortex and subcortex, acutely causing more 
than threefold greater change than methylphenidate. These FC changes were driven 
by brain desynchronization across spatial scales (areal, global), which dissolved 
network distinctions by reducing correlations within and anticorrelations between 
networks. Psilocybin-driven FC changes were strongest in the default mode network, 
which is connected to the anterior hippocampus and is thought to create our sense of 
space, time and self. Individual differences in FC changes were strongly linked to the 
subjective psychedelic experience. Performing a perceptual task reduced psilocybin- 
driven FC changes. Psilocybin caused persistent decrease in FC between the anterior 
hippocampus and default mode network, lasting for weeks. Persistent reduction of 
hippocampal-default mode network connectivity may represent a neuroanatomical 
and mechanistic correlate of the proplasticity and therapeutic effects of psychedelics.

Psychedelic drugs can reliably induce powerful acute changes in 
the perception of self, time and space by agonism of the serotonin 
2A (5-HT2A) receptor9,10. In clinical trials, a single high dose of psilocy-
bin (25 mg) has demonstrated rapid and sustained symptom relief in 
depression1–3,11–14, addiction4,15 and end-of-life anxiety13,14. Together, 
these observations indicate that psychedelics should induce potent 
acute (lasting roughly 6 hours) and persistent (24 hours to 21 days) 
neurobiological changes.

In rodent models, transient activation of the 5-HT2A receptors 
by a psychedelic can alter neuronal communication in 5-HT2A-rich 
regions (for example, the medial frontal lobe) and induce persistent 

plasticity-related phenomena5–7. Synaptogenesis in the medial frontal 
lobe and anterior hippocampus is thought to be key to the neurotrophic 
antidepressant effects of psilocybin5,16,17. Yet, inherent limitations of 
rodent models, and imperfect homology to the human 5-HT2A recep-
tor18, limit the generalizability of these assertions.

Understanding the effects of psychedelics on human brain networks 
is critical to unlocking their therapeutic mechanisms. In humans, during 
the roughly 6 hour duration of action, psilocybin increases glutamate 
signalling and glucose metabolism19–21, broadly decreases the power 
of electrophysiological signals22, reduces hemodynamic fluctuations23 
and decreases segregation between functional networks24. The drivers 

https://doi.org/10.1038/s41586-024-07624-5

Received: 24 October 2023

Accepted: 29 May 2024

Published online: 17 July 2024

Open access

 Check for updates

1Department of Psychiatry, Washington University School of Medicine, St Louis, MO, USA. 2Department of Psychiatry, Beth Israel Deaconess Medical Center, Boston, MA, USA. 3Department of 
Neurology, Washington University School of Medicine, St Louis, MO, USA. 4Mallinckrodt Institute of Radiology, Washington University School of Medicine, St Louis, MO, USA. 5Department of 
Emergency Medicine, Advocate Christ Health Care, Oak Lawn, IL, USA. 6Department of Psychology, Florida State University, Tallahassee, FL, USA. 7Miami VA Medical Center, Miami, FL, USA. 
8Department of Biomedical Engineering, Washington University in St Louis, St Louis, MO, USA. 9Center for Biomedical Image Computing and Analytics, University of Pennsylvania, Philadelphia, 
PA, USA. 10Penn Statistics in Imaging and Visualization Endeavor, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, USA. 11Department of Biostatistics, Epidemiology 
and Informatics, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, USA. 12Masonic Institute for the Developing Brain, University of Minnesota, Minneapolis, MN, USA. 
13Institute of Child Development, University of Minnesota, Minneapolis, MN, USA. 14Center for Magnetic Resonance Research (CMRR), University of Minnesota, Minneapolis, MN, USA. 15Department 
of Pediatrics, University of Minnesota, Minneapolis, MN, USA. 16Department of Neurology, University of California, San Francisco, CA, USA. 17Centre for Psychedelic Research, Imperial College 
London, London, UK. 18Usona Institute, Fitchburg, WI, USA. 19Department of Psychiatry, University of Wisconsin School of Medicine & Public Health, Madison, WI, USA. 20Department of 
Psychological and Brain Sciences, Washington University in St Louis, St Louis, MO, USA. 21Department of Neuroscience, Washington University School of Medicine, St Louis, MO, USA. 22Department 
of Pediatrics, Washington University School of Medicine, St Louis, MO, USA. 23These authors contributed equally: Ginger E. Nicol, Nico U. F. Dosenbach. ✉e-mail: jssiegel@wustl.edu

https://doi.org/10.1038/s41586-024-07624-5
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-024-07624-5&domain=pdf
mailto:jssiegel@wustl.edu


132 | Nature | Vol 632 | 1 August 2024

Article

of these acute changes are poorly understood, particularly in the sub-
cortex. Preliminary efforts to identify network changes in the weeks 
after psilocybin have yielded mixed results25–27. Persistent effects of 
psilocybin on clinically relevant circuits have yet to be characterized 
in humans.

The ventromedial prefrontal cortex and anterior and middle hip-
pocampus are functionally connected to the default mode network 
(DMN)28,29. Increased FC between the hippocampus and DMN has been 
associated with depression symptoms30 and decreased FC is associ-
ated with treatment31,32. These 5-HT2A receptor rich33 and depression 
associated default mode regions34–36 are candidates for mediating the 
neurotrophic antidepressant effects of psychedelics.

Precision functional mapping uses dense repeated functional 
magnetic resonance imaging (fMRI) sampling37–41 to reveal the time 
course of individual-specific intervention-driven brain changes42. This 
approach accounts for inter-individual variability in brain networks37 
and capitalizes on the high stability of networks within individuals 
from day to day38. Using precision functional mapping, we observed 
individual-specific acute and persistent brain changes following a single 
high dose of psilocybin.

Healthy young adults received 25 mg psilocybin and 40 mg meth-
ylphenidate (MTP, generic name Ritalin, dose-matched for arousal 
effects) 1–2 weeks apart and underwent regular MRI sessions (roughly 
18 per participant) before, during, between and after the two drug 
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Fig. 1 | Acute psilocybin effects on functional brain organization. FC  
change (Euclidean distance) was calculated across the cortex and subcortical 
structures. Effects of drug condition were tested with an LME model in n = 6 
longitudinally sampled participants over ten sessions with psilocybin and six 
sessions with methylphenidate (MTP) (a and b are thresholded at P < 0.05 
based on permutation testing with TFCE; see unthresholded statistical maps  
in Extended Data Fig. 2). a, Psilocybin-associated FC change, including in 
subcortex. a, anterior; p, posterior; L, left; R, right. b, MTP-associated FC 
change. c, Typical day-to-day variability as a control to the drug conditions 
(unthresholded: not included in LME model). d, Average FC change in individual- 
defined networks. Open circles represent individual participants. FC change is 
larger in DMN than other networks. Rotation-based null model (spin test62,97): 
ten psilocybin doses, 1,000 permutations, one-sided Pspin < 0.001, (Pspin > 0.05 
for all other networks). **P < 0.001, uncorrected. e, Whole-brain FC change 

(Euclidean distance from baseline) for all rest scans across conditions.  
FC change for MTP, psilocybin and day-to-day are in comparison to same- 
participant baseline. White dots indicate median, vertical lines indicate quartiles. 
LME model predicting whole-brain FC change: ten psilocybin doses (275 
observations), estimate (95% CI) = 15.83 (13.50, 18.15), t(266) = 13.39, P = 1.36 × 10−31, 
uncorrected. For the full FC distance matrix with session labels, see Extended 
Data Fig. 3. f,g, Comparison of the differences in FC change to differences in 
psychedelic experiences. f, Individual FC change maps and MEQ30 scores for 
two exemplars (see Extended Data Fig. 4 for all drug sessions). g, The relationship 
between whole-brain FC change and mystical experience rating is plotted  
for all drug sessions (psilocybin and MTP). The LME model demonstrated a 
significant relationship: 16 drug doses (ten psilocybin, six MTP), estimate (95% 
CI) = 69.78 (50.15, 89.41), t(13) = 7.68, P = 3.5 × 10−6, uncorrected. h, The relationship 
between FC change and MEQ30 (r2) is mapped across the cortical surface.
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doses (Extended Data Fig. 1, Supplementary Table 1 and Supplementary 
Video 1: data quality metrics for 129 total MRI visits). Dense predrug 
sampling familiarized participants with the scanner and established 
baseline variability.

Psilocybin disrupts brain connectivity
Psilocybin acutely caused profound and widespread brain FC changes 
(Fig. 1a) across most of the cerebral cortex (P < 0.05 based on two-sided 
linear mixed-effects (LME) model and permutation testing), but most 
prominent in association networks (FC change mean (standard devia-
tion, s.d.): association cortex 0.44 (0.03), primary cortex 0.36 (0.05)). 
In the subcortex the largest psilocybin-associated FC changes were 
seen in DMN connected parts of the thalamus, basal ganglia, cerebel-
lum and hippocampus29,43,44 (Fig. 1a and Extended Data Fig. 2). In the 

hippocampus, foci of strong FC disruption were located in the anterior 
hippocampus (Montreal Neurological Institute coordinates −24, −22, 
−16 and 24, −18, −16). Other large FC disruptions were seen in medi-
odorsal and paraventricular thalamus45 and anteromedial caudate. In 
the cerebellum, the largest FC changes were seen in the DMN connected 
areas44 (Fig. 1a).

By comparison, MTP-associated FC changes localized to sensorimo-
tor systems (Fig. 1b and Extended Data Fig. 2) and paralleled the map 
of day-to-day variability (Fig. 1c) probably due to arousal effects39. 
Psilocybin-associated FC change was largest in the DMN (Fig. 1d and 
Supplementary Fig. 1; averaged across all psilocybin sessions; spin test, 
1,000 permutations, one-sided Pspin < 0.001; Pspin > 0.05 for all other 
networks). However, MTP-associated FC change was largest in motor 
and action networks (Pspin = 0.002; Pspin > 0.05 for all other networks; 
Supplementary Fig. 1b).
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Fig. 2 | Data-driven clustering of brain network variability. MDS blind to 
session labels was used to assess brain changes across conditions. a, In the 
scatter plots, each point represents whole-brain FC from a single 15 min scan, 
plotted in a multidimensional space on the basis of the similarity between scans. 
Dimensions 1 and 4 showed strong effects of psilocybin. The top shows scans 
coded on the basis of drug condition. Dark red denotes that the participant had 
an episode of emesis shortly after taking psilocybin. The bottom shows scans 
coloured on the basis of participant identity. Dimension 1 separates psilocybin 
from non-drug and MTP scans in most cases. See Extended Data Fig. 5 for the 
dimension 1–4 weight matrices. b, Visualization of dimension 1 weights. The 
top 1% of edges (connections) are projected onto the brain (green indicates 
connections that are increased by psilocybin). Cerebellar connections are 
included although the structure is not shown. c, Re-analysis of dimension 1 in 

extant datasets with intravenous psilocybin (left, ref. 55, paired two-sided 
t-test of change in dimension 1 score, n = 9, t(8) = 2.97, P = 0.0177, uncorrected) 
and LSD (right, ref. 56, paired two-sided t-test: n = 16, t(15) = 4.58, P = 3.63 × 10−4, 
uncorrected). *P < 0.05, **P < 0.001, uncorrected. d, Average effects of psilocybin 
on network FC, shown separately for within-network integration (left) and 
between network segregation (right). For network integration (left), blue 
indicates a loss of FC (correlations) between regions within the same network. 
For network segregation (right), blue indicates a loss of FC (anticorrelations)  
to all other regions in different networks; see Extended Data Fig. 6 for a full 
correlation matrix. Dissolution of functional brain organization corresponds 
to decreased within-network integration and decreased between network 
segregation.
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Despite MTP and psilocybin causing similar increases in heart rate 
(Supplementary Fig. 2), the effects of psilocybin on FC were more than 
threefold larger than the effects of MTP (Fig. 1e; post hoc two-sided 
t-test; P  = 3.6 × 10−6, uncorrected). The psilocybin effects also dwarfed 
those of other control conditions (Fig. 1e; day-to-day change (nor-
malized) 1; task 1.22, MTP 1.10, high head motion 1.29, psilocybin 3.52, 
between person 3.53; Extended Data Fig. 3; these effects were robust 
to preprocessing choices: Supplementary Figs. 3 and 4). To put the 
effects of psilocybin into perspective, it helps to consider that the mean 
changes in brain organization caused by the drug were as large as the 
differences in brain organization between different people (Fig. 1e).

The psychedelic experience
The large amount of data collected per participant, under the 
individual-specific imaging model, allowed us to move beyond 
group-analyses and compare the subjective psychedelic experience 
(30-item Mystical Experience Questionnaire, MEQ30)46 to brain func-
tion data session-by-session (Fig. 1f). The MEQ30 is a self-assessment 
instrument used to measure the intensity and quality of mystical expe-
riences, including feelings of connectedness, transcendence of time 
and space, and a sense of awe, with a maximum score of 150 (ref. 46).  
Across psilocybin sessions and participants, FC change tracked with 
the intensity of the subjective experience (Fig. 1f and Extended Data 
Fig. 4). Correlating the whole-brain FC change (x axis) against the 
MEQ30 scores (y axis) for all drug sessions (Fig. 1g) revealed an r2 = 0.81 
(LME model predicting MEQ30 score: effect of FC change, t(13) = 7.68; 
P = 3.5 × 10−6, uncorrected). Head motion was not significantly corre-
lated with MEQ30 scores (effect of framewise displacement, t(13) = −1.26, 

P = 0.23, uncorrected). Projecting the relationship between someone’s 
mystical experience and the corresponding FC change onto the brain 
(Fig. 1h, vertex-wise) showed it to be driven by association cortex, 
relatively sparing primary motor and sensory regions. Of the four 
MEQ30 dimensions (mystical, positive mood, transcendence of time 
and space, and ineffability), the one most strongly correlating with 
brain change was transcendence (for example, ‘loss of your usual sense 
of time or space’, r2 = 0.86, Supplementary Fig. 5), however, all dimen-
sions were highly correlated (r > 0.8). Repeated sampling enabled us 
to determine that the inter-individual variability in the effects of psilo-
cybin in the brain was more likely related to differences in drug effects 
than measurement error (likelihood ratio test of participant-specific 
response to psilocybin, P = 0.00245, uncorrected)47,48.

The psychedelic dimension
To examine the latent dimensions of brain network changes we 
performed multidimensional scaling (MDS) on the parcellated FC 
matrices from every fMRI scan38. MDS is blind to session labels (for 
example, drug, participant). Yet, dimension 1, which explained the 
largest amount of variability, separated psilocybin from other scans 
(Fig. 2a), apart from one session during which the participant (P5R) 
had emesis 30 minutes after taking psilocybin (dark red dots on the 
left of Fig. 2a). The higher score on dimension 1 associated with psilo-
cybin, corresponded to reduced segregation between the DMN and 
other networks (fronto-parietal49, dorsal attention50, salience51 and 
action-mode52,53) that are typically anticorrelated with it54 (Fig. 2b and 
Extended Data Fig. 5). To determine whether this reflects a common 
effect of psilocybin that generalizes across datasets and psychedelics, 
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increases in spatial entropy were similar to those induced by psilocybin (using 
data from ref. 56). f, Increases corresponded spatially to 5-HT2A receptor 
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we calculated dimension 1 scores for extant datasets from participants 
receiving intravenous (i.v.) psilocybin55 and lysergic acid diethyla-
mide (LSD)56. Psychedelic treatment increased dimension 1 in nearly 
every participant in the psilocybin and LSD datasets (Fig. 2c), sug-
gesting that this is a common effect across psychedelic drugs and  
individuals.

Subtraction of average FC (psilocybin minus baseline) revealed a 
pattern of FC change similar to dimension 1 (Fig. 2d and Extended Data 
Figs. 5 and 6). Consistent with previous psychedelics studies24, psilo-
cybin increased FC between networks (particularly fronto-parietal, 
default mode and dorsal attention), whereas FC within networks was 
relatively less affected. A similar pattern of loss of segregation between 
brain networks is produced by nitrous oxide and ketamine57, suggest-
ing that the psychedelic dimension observed here may generalize to 
psychedelic-like dissociative drugs.

By comparison, MTP decreased within-network FC in the sensory, 
motor and auditory regions (Extended Data Fig. 6), consistent with 
previous reports58 and similar to the effects of caffeine39. To verify that 
observations in our sample (n = 6) were generalizable, we compared 
stimulant effects in our study to those in the Adolescent Brain Cognitive 
Development (ABCD) Study59 (n = 487 taking stimulants). The effect of 
stimulant use in ABCD was consistent with MTP-associated FC changes 
in our dataset (Extended Data Fig. 6).

Desynchronization explains FC change
Multi-unit recording studies suggest that agonism of 5-HT2A receptors 
by psychedelics desynchronizes populations of neurons that typi-
cally co-activate60. We proposed that this phenomenon, observed at a 
larger spatial scale, might account for psilocybin-associated FC change 
(Fig. 1). We observed that the typically stable spatial structure of resting 
fMRI fluctuations was disrupted and desynchronized by psilocybin 
(Supplementary Videos 2–7: brain activity time courses during drug 
sessions for each participant). Therefore, we quantified brain signal 
synchrony using normalized global spatial complexity (NGSC): a meas-
ure of spatial entropy that is independent of the number of signals61. 
NGSC calculates cumulative variance explained by subsequent spati-
otemporal patterns (Fig. 3a). The lowest value of NGSC (0) means that 
the time course for every vertex and/or voxel is identical. The highest 

value of NGSC (equal to one) means that the time course for every 
vertex and/or voxel is independent, indicating maximal desynchro-
nization (or spatial entropy).

Psilocybin significantly increased NGSC acutely with values returning 
to predrug baseline by the following session (Fig. 3b,c). The increase 
in NGSC was observed at the whole-brain level (Fig. 3b; LME model, 
estimate (95% confidence interval (CI)) = 0.0510 (0.0343, 0.0676), 
t(265) = 6.8, P = 2.0 × 10−6, uncorrected) and correlated with the subjec-
tive experience (MEQ30: Extended Data Fig. 7; r = 0.80, P = 3.52 × 10−4, 
uncorrected, after single outlier removal), whereas nuisance variables 
did not. Increased NGSC was also observed for individual-defined brain 
areas62 (Fig. 3c; LME model, estimate (95% CI) = 0.0149 (0.0071, 0.0228), 
t(265) = 3.74, P = 2.30 × 10−4, uncorrected), with the largest increases in 
association cortex and minimal changes in primary cortex (Fig. 3d). 
Global and local desynchronization replicated in an LSD dataset56 
(Fig. 3e) and the distribution of these effects correlated with 5-HT2A 
receptor density (Fig. 3f; bivariate correlation NGSCpsilocybin to Cimbi-36 
binding, r = 0.39, P = 1.9 × 10−13; NGSCLSD to Cimbi-36 binding, r = 0.32, 
P = 4.5 × 10−9, uncorrected)33,63.

Task engagement reduces desynchronization
To investigate how psilocybin-driven brain changes are influenced by  
task states, participants were asked to complete a simple auditory–
visual matching task in the scanner (Methods, perceptual fMRI task). 
Participants performed this task with more than 80% accuracy during 
drug sessions (Extended Data Fig. 8a–c). Engagement in the task signifi-
cantly decreased the magnitude of psilocybin-associated network dis-
ruption and desynchronization (Fig. 4; LME model interaction of task ×  
psilocybin: FC change P = 5.49 × 10−5, NGSC P = 4.82 × 10−8, uncorrected). 
These results were robust to scan order effects (Supplementary Fig. 6) 
and regression of evoked responses (Supplementary Fig. 7).

The reduction of psilocybin-driven brain changes during task per-
formance seems to parallel the psychological principle of ‘grounding’: 
directing one’s attention externally as a means of alleviating intense or 
distressing thoughts or emotions. Grounding techniques are commonly 
used in psychedelic-associated psychotherapy to lessen overwhelming 
or distressing effects of psilocybin64. Task-related reductions in network 
desynchronization provide strong evidence for context-dependent 
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effects of psilocybin on brain activity and FC65 and fill an important 
gap between preclinical studies of context dependence66,67 and clini-
cal observations68.

Classical animal studies documented that psychedelics reduce optic 
tract responses to photic stimulation of the retina, indirectly reducing 
visual cortex activation69,70. We replicated these effects by documenting 
reduced task-evoked responses in primary visual cortex (Extended Data 
Fig. 8d–g). To assess whether psilocybin affects the magnitude of hemo-
dynamic responses elsewhere, we analysed evoked responses during 
the perceptual task in other task-related regions of interest (Extended 
Data Fig. 8f,g). But the magnitudes of other evoked responses were not 
significantly changed by psilocybin (two-way analysis of variance of 
drug and participant; effect of drug: left V1 P = 0.03, right V1 P = 0.02, 
all other P > 0.1, uncorrected).

Persistent decrease in hippocampal FC
To assess whether persistent neurotrophic and psychological effects 
of psychedelics might be associated with persistent FC changes after 
psilocybin, we compared FC changes 1–21 days post-psilocybin to 
pre-psilocybin. Whole-brain FC change scores were small (nor-
malized FC change (range) of 1.05 (0.94, 1.27)), indicating that the 
brain’s network structure had mostly returned to baseline (Extended  
Data Fig. 2).

Atypical cortico-hippocampal connectivity has been associated with 
affective symptoms30 and hippocampus neurogenesis is observed after 
psilocybin6. Further, acute decreases in hippocampal glutamate after 
psilocybin correlate with decreased DMN connectivity and ego dissolu-
tion21. Thus, we investigated whether the same region of the anterior 
hippocampus that showed strong acute FC change also showed persis-
tent FC change. We observed significant FC change in the 3 week post-
drug period (Fig. 5a,b; LME mean change 0.095, Ppre–post-psilocybin = 0.0033, 
uncorrected). No persistent FC differences were observed post-MTP 
(Methods, section ‘Persistent effects analysis’; LME ‘FC change’ 90% CI 
(−0.056, 0.080); equivalence δ = ±0.086, Ppre–post-MTP = 0.77).

FC between the anterior hippocampus and DMN was decreased post-
psilocybin (Fig. 5c,d). Time-course visualization, after aligning them so 
that psilocybin dose was day 0, suggests that connectivity is reduced 
for 3 weeks following a single psilocybin dose (Fig. 5d; AntHip-DMN FC 
mean (95% CI): pre-psilocybin was 0.180 (0.169, 0.192); post-psilocybin 
was 0.163 (0.150, 0.176)). AntHip-DMN FC values returned to pre- 
psilocybin baseline by the replication visit 6–12 months later, how-
ever, the smaller replication sample (n = 4 with one pre-psilocybin 
visit each) was not statistically powered to detect small changes. This 
observation is compelling, as it localized to the anterior hippocampus, a 
brain region showing substantial synaptogenesis following psilocybin6. 
Reduced hippocampal-cortical FC may reflect increased plasticity of 
self-oriented hippocampal circuits31 (Fig. 5e).

From micro- to macro-scale psychedelic effects
The synchronized patterns of cofluctuations during the resting state 
are believed to reflect the brain’s perpetual task of modelling reality71. 
It follows that the stability of functional network organization across 
day, task, MTP and arousal levels (but not between individuals), reflects 
the subjective stability of waking consciousness. By contrast, the much 
larger changes induced by psilocybin fit with participants’ subjective 
reports of a radical change in consciousness. The large magnitude of 
effects of psilocybin, in comparison to the effects of MTP, suggests 
that observed changes are not merely due to increased arousal or 
non-specific effects of monoaminergic stimulation72.

Our observation that psychedelics desynchronize brain activity 
regionally and globally provides a bridge between previous findings 
at the micro- and macro-scales of neuroscience. Multi-unit recording 
studies suggest that agonism of 5-HT2A receptors by psychedelics does 

not uniformly increase or decrease firing of pyramidal neurons, but 
rather serves to desynchronize pairs or populations of neurons that 
co-activate under typical conditions60. Meanwhile, previous rest-
ing fMRI studies have reported a range of acute changes following 
ingestion of psilocybin55,63, ayahuasca73 and LSD56,74, which broadly 
converge on a loss of network connectivity and an increase in global 
integration24,75. Disruption of synchronized activity at several scales 
may explain the paradoxical observation that psychedelics produce 
an increase in metabolic activity19,20, a decrease in the power of local 
fluctuations22,76 and a loss of the brain’s segregated network struc-
ture23,56. This desynchronization of neural activity has been described 
as an increase in entropy or randomness of brain activity in the psy-
chedelic state77,78. Our results support the hypothesis that these 
changes underpin the cognitive and perceptual changes associated 
with psychedelics.
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Desynchrony may drive persistent change
The dramatic departure from typical synchronized patterns of 
co-activity may be key to understanding the acute effects of psilocy-
bin and also its persistent neurotrophic effects. Changes in resting 
activity are linked to shifts in glutamate-dependent signalling during 
psilocybin exposure21,79,80. This phenomenon, shared by ketamine and 
psychedelics, engages homeostatic plasticity mechanisms81,82, a neu-
robiological response to large deviations in typical network activity 
patterns83–85. This response to novelty includes rapid upregulation in 
expression of BDNF, MTOR, EEF2 and other plasticity-related immedi-
ate early genes8,80, which are thought to have a key role in the antide-
pressant response86. Consistent with this notion, psilocybin produced 
the largest changes in the DMN, frequently associated with neuropsy-
chiatric disorders34,35,87–91, and in a region of the anterior and middle 
hippocampus associated with the self29,92 and the present moment93.

Psychedelics rapidly induce synaptogenesis in the hippocampus and 
cortex, effects that seem to be necessary for rapid antidepressant-like 
effects in animal models7,17. However, understanding the underpinnings 
of the behavioural effects of psychedelics requires human studies. 
Advances in precision functional mapping37,94,95 and individual-level 
characterization enabled us to identify desynchronization of 
resting-state fMRI signals, connect these changes with subjective psy-
chedelic effects and localize these changes to depression-relevant 
circuits (DMN, hippocampus). These analyses rely on precise charac-
terization of an individuals’ baseline brain organization (for example, 
individual definition of brain areas, networks and day-to-day variability) 
to understand how that organization is altered by an intervention. This 
precision drug mechanism study was conducted in non-depressed vol-
unteers. Verification of the proposed antidepressant mechanism of psil-
ocybin will require precision patient studies. New methods to measure 
neurotrophic markers in the human brain96 will provide a critical link 
between mechanistic observations at the cellular, brain networks and 
psychological levels.
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Methods

Regulatory approvals and registrations
Written informed consent was obtained from all participants in accord-
ance with the Declaration of Helsinki and procedures established by 
the Washington University in Saint Louis Institutional Review Board. 
All participants were compensated for their time. All aspects of this 
study were approved by the Washington University School of Medicine 
(WUSOM) Internal Review Board, the Washington University Human 
Research Protection Office (WU HRPO), the Federal Drug Administra-
tion (IND no. 202002165) and the Missouri Drug Enforcement Agency 
(DEA) under a federal DEA schedule 1 research licence and registered 
with ClinicalTrials.gov identifier NCT04501653. Psilocybin was supplied 
by Usona Institute through Almac Clinical Services.

Study design
Healthy young adults (n = 7, 18–45 years) were enrolled between April 
2021 and March 2023 in a randomized cross-over precision func-
tional brain mapping study at Washington University in Saint Louis 
(see Supplementary Methods for inclusion and exclusion criteria). The 
purpose of the study was to evaluate differences in individual-level 
connectomics before, during and after psilocybin exposure. Par-
ticipants underwent imaging during drug sessions (with MRI start-
ing 1 h after drug ingestion) with 25 mg psilocybin or 40 mg MTP, as 
well as non-drug imaging sessions. Drug condition categories were  
(1) baseline, (2) drug 1 (MTP or psilocybin), (3) between, (4) drug 2 and 
(5) after. Randomization allocation was conducted using REDCap and 
generated by team members who prepared study materials includ-
ing drug or placebo but otherwise had no contact with participants.  
A minimum of three non-drug imaging sessions were completed 
during each non-drug window: baseline, between and after drug 
sessions. The number of non-drug MRI sessions was dependent on 
availability of the participant, scanner and scanner support staff. Dos-
ing day imaging sessions were conducted 60–180 min following drug 
administration during peak blood concentration98. One participant 
(P2) was not able tolerate fMRI while on psilocybin, and had trouble 
staying awake on numerous fMRI visits after psilocybin and was thus 
excluded from analysis (except for data quality metrics in Extended  
Data Fig. 1).

MTP was selected as the active control condition to simulate the 
cardiovascular effects and physiological arousal (that is, controlling 
for dopaminergic effects) associated with psilocybin99. Usona Insti-
tute, a US non-profit medical research organization, provided good 
manufacturing practices for psilocybin.

Drug sessions were facilitated by two clinical research staff who com-
pleted an approved in-person or online facilitator training programme 
provided by Usona Institute, as part of the phase 2 study (Clinical-
Trials.gov identifier NCT03866174). The role of the study facilitators 
was to build a therapeutic alliance with the participant throughout 
the study, prepare them for their drug dosing days and to observe 
and maintain participant safety during dosing day visits64. The pair 
consisted of an experienced clinician (lead clinical facilitator) and a 
trainee (cofacilitator).

The predefined primary outcome measure was precision functional 
mapping (numerous visits, very long scans to produce individual con-
nectomes) examining the effects of psilocybin on cortical and cortico- 
subcortical brain networks that could explain its rapid and sustained 
behavioural effects. Predefined secondary outcome measures included 
(1) assessment of hemodynamic response to evaluate how 5-HT2A 
receptor agonism by psychedelics may alter neurovascular coupling,  
(2) assessment of acute psychological effects of psilocybin using the 
MEQ30 score (Supplementary Methods) and (3) assessment of person-
ality change using the International Personality Item Pool-Five-Factor 
Model100. Changes in pulse rate and respiratory rate during psilocybin 
and placebo were later added as secondary outcome measures and 

personality change was abandoned because it was clear that we would 
not be powered to detect personality change.

Replication protocol
Participants were invited to return 6–12 months after completing the 
initial cross-over study for a replication protocol. This included 1–2 
baseline fMRIs, a psilocybin session (identical to the initial session, 
except for lack of blinding) and 1–2 ‘after’ sessions within 4 days of 
the dose.

Participants
Healthy adults aged 18–45 years were recruited by campus-wide adver-
tisement and colleague referral. Participants (n = 7) were enrolled from 
March 2021 to May 2023. Participants were required to have had at least 
one previous lifetime psychedelic exposure (for example, psilocybin, 
mescaline, ayahuasca, LSD), but no psychedelics exposure within the 
past 6 months. Individuals with psychiatric illness (depression, psy-
chosis or addiction) based on the DSM-5 were excluded. Demographics 
and data summary details are provided in Supplementary Table 1. One 
of the authors (N.U.F.D.) was a study participant.

MRI
Participants were scanned roughly every other day over the course 
of the experiment (Extended Data Fig. 1). Imaging was performed at a 
consistent time of day to minimize diurnal effects in FC101. Neuroimag-
ing was performed on a Siemens Prisma scanner (Siemens) in the neu-
roimaging laboratories at the Washington University Medical Center.

Structural scans (T1w and T2w) were acquired for each participant at 
0.9 mm isotropic resolution, with real-time motion correction. Struc-
tural scans from different sessions were averaged together for the 
purposes of Freesurfer segmentation and nonlinear atlas registrations.

To capture high-resolution images of blood oxygenation 
level-dependent (BOLD) signal, we used an echo-planar imaging 
sequence102 with 2 mm isotropic voxels, multiband 6, multi-echo 5 
(times to echo: 14.20, 38.93, 63.66, 88.39, 113.12 ms)103, repetition or 
relaxation time: 1,761 ms, flip angle of 68° and in-plane acceleration104 
(IPAT or grappa) of 2. This sequence acquired 72 axial slices (144 mm 
coverage). Each resting scan included 510 frames (lasting 15 min, 49 s) as 
well as three frames at the end used to provide estimate electronic noise.

Every session included two 15-min resting-state fMRI (rs-fMRI) scans, 
during which participants were instructed to hold still and look at a 
white fixation crosshair presented on a black background. Head motion 
was tracked in real time using Framewise Integrated Real-time MRI 
Monitoring software (FIRMM)105. An eye-tracking camera (EyeLink) 
was used to monitor participants for drowsiness.

Perceptual (matching) fMRI task
Participants also completed a previously validated event-related fMRI 
task. This was a suprathreshold auditory–visual matching task in which 
participants were presented with a naturalistic visual image (dura-
tion 500 ms) and coincident spoken English phrase, and were asked to 
respond with a button press to indicate whether the image and phrase 
were ‘congruent’ (for example, an image of a beach and the spoken 
word ‘beach’) or ‘incongruent’. Both accuracy and response time of 
button presses were recorded. Each trial was followed by a jittered 
inter-stimulus interval optimized for event-related designs. In a subset 
of imaging sessions, two task fMRI scans were completed following 
the two resting scans. Task fMRI scans used the same sequence used 
in resting fMRI, included 48 trials (24 congruent, 24 incongruent) and 
lasted a total of 410 s. In analyses, high motion frames were censored106 
and the two task scans were concatenated to better match the length 
of the rs-fMRI scans. Note the stimulus order in the two trials did not 
vary across session. The order of rest and task scans was not counterbal-
anced across sessions to avoid concern that task scans may influence 
subsequent rest scans.
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Resting fMRI processing and resting-state network definition
Resting fMRI data were preprocessed using an in-house processing 
pipeline. In brief, this included removal of thermal noise using NOR-
DIC denoising107–109, correction for slice timing and field distortions, 
alignment, optimal combination of many echoes by weighted sum-
mation110, normalization, nonlinear registration, bandpass filter-
ing and scrubbing at a movement threshold of 0.3 mm to remove 
reduce the influence of confounds111. Tissue-based regressors were 
computed in volume (white matter, ventricles, extra-axial cerebrospi-
nal fluid)112 and applied following projection to surface. Task-based 
regressors were only applied when indicated. Details on rs-fMRI pre-
processing are provided in Supplementary Methods. Visualizations 
of motion, physiological traces and signal across the brain (‘gray-
plots’) before and after processing113 are provided in Supplementary  
Video 1.

Surface generation and brain areal parcellation
Surface generation and processing of functional data followed simi-
lar procedures to Glasser et al.114. To compare FC and resting-state net-
works across participants, we used a group-based surface parcellation 
and community assignments generated previously62.

For subcortical regions, we used a set of regions of interest115 gen-
erated to achieve full coverage and optimal region homogeneity.  
A subcortical limbic network was defined on the basis of neuroanat-
omy: amygdala, anteromedial thalamus, nucleus accumbens, anterior 
hippocampus and posterior hippocampus116,117. These regions were 
expanded to cover anatomical structures (for example, anterior hip-
pocampus)31.

To generate region-wise connectivity matrices, time courses of 
all surface vertices or subcortical voxels within a region were aver-
aged. FC was then computed between each region timeseries using 
a bivariate correlation and then Fisher z-transformed for group  
comparison.

Individualized network and brain area mapping
We identified canonical large-scale networks using the individual- 
specific network matching approach described previously43,44,62. 
In brief, cortical surface and subcortical volume assignments were 
derived using the graph-theory-based Infomap algorithm118. In this 
approach, we calculated the correlation matrix from all cortical ver-
tices and subcortical voxels, concatenated across all a participant’s 
scans. Correlations between vertices within 30 mm of each other 
were set to zero. The Infomap algorithm was applied to each par-
ticipant’s correlation matrix thresholded at a range of edge densities 
spanning from 0.01 to 2%. At each threshold, the algorithm returned 
community identities for each vertex and voxel. Communities were 
labelled by matching them at each threshold to a set of independent 
group average networks described previously62. In each individual 
and in the average, a ‘consensus’ network assignment was derived 
by collapsing assignments across thresholds, giving each node 
the assignment it had at the sparsest possible threshold at which 
it was successfully assigned to one of the known group networks. 
See Extended Data Fig. 4 and Supplementary Fig. 1 for individual 
and group mode assignments, respectively. The following net-
works were included: the association networks including the DMN, 
fronto-parietal, dorsal attention, parietal memory, ventral attention, 
action-mode, salience and context networks; and the primary net-
works including the visual, somato-motor, somato-motor face and  
auditory networks.

To compute local (areal) desynchronization, we also defined brain 
areas at the individual level using a previously described areal parcel-
lation approach39. In brief, for each participant, vertex-wise FC was 
averaged across all sessions to generate a dense connectome. Then, 
abrupt transitions in FC values across neighbouring vertices were used 
to identify boundaries between distinct functional areas.

LME model
To take advantage of the multilevel precision functional mapping study 
design, a LME model was used. Every scan was labelled on the follow-
ing dimensions: participant identity (ID), MRI visit, task (task or rest), 
drug condition (prepsilocybin, psilocybin, MTP, postpsilocybin) and 
head motion (average framewise displacement). The rs-fMRI metrics 
(described below) were set as the dependent variable, drug (drug 
condition), task, framewise displacement (motion) and drug × task 
were defined as fixed effects, and participant ID and MRI session were 
random effects.

Let yij be the rs-fMRI metric (for example, FC change score at a given 
vertex) for the jth observation (15 min fMRI scan) within the ith partici-
pant. The LME model can be written as:

y β β β β

β u v ε

= + ⋅ drug + ⋅ FD + ⋅ task

+ ⋅ task ⋅ drug + + +
(1)

ij ij ij ij

ij ij i j ij

0 drug FD task

task by drug 0 0‐ ‐

• β0 is the intercept term.
• βdrug, βFD, βtask and βtask-by-drug are the coefficients for the fixed effects 

predictors.
• drugij, frame displacementij (FDij) and taskij are the values of the fixed 

effects predictors for the jth observation within the ith group.
• u0i represents the random intercept for the ith participant, accounting 

for individual-specific variability.
• v0j represents the random intercept for the jth observation within the 

ith participant, capturing scan-specific variability.
• εij is the error term representing unobserved random variation.

In MATLAB (Wilkinsonian notation), this model is expressed for every 
vertex Y(vertex) = fitlme(groupd, FC_Change(vertex) ~ drug + frame-
wise displacement + task + task-by-drug + (1 |SubID) + (1 |session)).

To compensate for the implementations of this LME model on many 
rs-fMRI-related dependent variables, differences were highlighted 
when P < 0.001. All P values reported are not corrected for multiple 
comparisons.

Vertex-wise FC change
FC change (‘distance’) was calculated at the vertex level to generate FC 
change maps and a LME model (equation (1)) was used in combination 
with wild bootstrapping119,120 and threshold-free cluster enhancement 
(TFCE)95,121 to estimate P values for t-statistic maps resulting from the 
model (Figs. 1a–d and 4). Wild bootstrapping is an approach to permu-
tation testing that was designed for models that are not independent 
and identically distributed, and are heteroscedastic.

First, a FC change map was generated for every scan by computing, 
for each vertex, the average distance between its FC seedmap and the 
FC seedmap for each of that participant’s baseline scans. As each partici-
pant had several baseline visits, FC change was computed for baseline 
scans by computing distance from all other baseline scans (excluding 
scans within the same visit). This provided a measure of day-to-day vari-
ability. Second, the distance value was used as the dependent variable 
yij in the LME model to generate a t-statistic. Third, a wild bootstrapping 
procedure was implemented as follows. Several bootstrap samples 
(B = 1,000) were generated using the Rademacher procedure120, in 
which the residuals were randomly inverted. Specifically, a Rademacher 
vector was generated by randomly assigning −1 or 1 values with equal 
probability to the residual of each observation. By element-wise mul-
tiplication of the original residuals with the Rademacher vector, boot-
strap samples were created to capture the variability in the data.

For the observed t-statistic-map and each bootstrap sample, the 
TFCE algorithm was applied to enhance the sensitivity to clusters of sig-
nificant voxels or regions while controlling for multiple comparisons. 
The value of the enhanced cluster statistic derived from the bootstrap 
samples was used to create a null distribution under the null hypothesis. 



By comparing the original observed cluster statistic with the null dis-
tribution, P values were derived to quantify the statistical significance 
of the observed effect. The P values were obtained on the basis of the 
proportion of bootstrap samples that produced a maximum cluster 
statistic exceeding the observed cluster statistic.

The combined approach of wild bootstrapping with the Rademacher 
procedure and TFCE provided the method to estimate P values for 
our multilevel (drug condition, participant, session, task) design. 
This methodology accounted for the complex correlation structure, 
effectively controlled for multiple comparisons and accommodated 
potential autocorrelation in the residuals through the Rademacher 
procedure. By incorporating these techniques, association with psilocy-
bin and other conditions was reliably identified amid noise and spatial 
dependencies.

Whole-brain FC change
For analyses in Figs. 1e,g, 2 and 4a (bottom), Extended Data Fig. 3 and 
Supplementary Figs. 3, 4 and 6, distance calculations were computed on 
the FC matrix using z-transformed bivariate correlation of time courses 
from parcellated brain areas62. The effects of day-to-day, drug condi-
tion, task and framewise displacement and drug × task were directly 
examined by calculating the distance between functional network 
matrices generated from each scan. Root-mean-squared Euclidean 
distance was computed between the linearized upper triangles of the 
parcellated FC matrix between each pair of 15 min fMRI scans, creating 
a second-order distance matrix (Extended Data Fig. 3). Subsequently, 
the average distance (reported as ‘whole-brain FC change’) was exam-
ined for FC matrices that were from the same individual within a single 
session, from the same individual across days (‘day-to-day’), from the 
same participant between drug and baseline (for example, psilocybin), 
from the same individual but different tasks (‘task:rest’), from the same 
individual between highest motion scans and baseline (‘hi:lo motion’), 
from different individuals (‘between person’). In the ‘high head motion’ 
comparison (‘hi:lo motion’ in Supplementary Fig. 3), the two non-drug 
scans with the highest average framewise displacement were labelled 
and compared against all other baseline scans.

A LME model (equation (1)) and post hoc t-tests were used to assess 
statistical differences between drug conditions. A related approach 
using z-transformed bivariate correlation (‘similarity’ rather than dis-
tance) was also taken and results were unchanged (Supplementary 
Fig. 3c).

Likelihood ratio test of participant-specific response
To test whether variability in participant-specific response to psilocybin 
was larger than would be expected by chance, we used a likelihood ratio 
test for variance of random slopes for a participant-specific response 
to psilocybin48. The difference in log likelihood ratios was compared 
to a null distribution of 1 million draws from a mixture of chi-squared 
distributions with degrees of freedom 1 and 2. We note that the likeli-
hood ratio test of variance components is a non-standard problem47 as 
the covariance matrix of the random effects is positive definite and the 
variances of random effects are non-negative. Finally, the test statistic 
for the likelihood ratio in this LME model was compared against a 50/50 
mixture of two independent chi-squared distributions, each with one 
and two degrees of freedom, respectively.

Assessing subjective experience
Subjective experience was assessed for drug sessions using the 
MEQ3046 (Supplementary Methods). The MEQ30 is designed to cap-
ture the core domains of the subjective effects of psychedelics (as 
compared to the altered states of consciousness rating scales that 
more broadly assess effects of psychoactive drugs122) and is related 
to the therapeutic benefits of psychedelics. We applied a LME model 
across all drug sessions, similar to the one described above, but with 
MEQ30 total score as the dependent variable. Whole-brain FC change 

and framewise displacement were modelled as fixed effects, and par-
ticipant was modelled as a random effect. The same model was solved 
using FC change from every vertex to generate a vertex-wise map of the 
FC change versus MEQ30.

Normalized FC change
The conditions above were compared by calculating normalized 
FC change scores using the following procedure: we (1) determined 
FC change for each condition compared to baseline as described 
above, (2) subtracted within-session distance for all conditions (such 
that within-session FC change was 0), (3) divided all conditions by 
day-to-day distance (such that day-to-day FC change was equal to 1). 
Thus, normalized whole-brain FC change values (for example, psilo-
cybin versus base was 3.52) could be thought of as proportional to 
day-to-day variability.

Data-driven MDS
We used a classical MDS approach to cluster parcellated connectomes 
across fMRI scans, as previously described38. This data-driven approach 
was used to identify how different parameters (for example, task, drug, 
individual) affect similarity and/or distance between networks. MDS 
places data in multidimensional space on the basis of the dissimilar-
ity (Euclidean distance) among data points, which in this case means 
a data point represents the linearized upper triangle of a FC matrix. 
Every matrix was entered into the classical MDS algorithm (imple-
mented using MATLAB 2019, cmdscale.m). Many dimensions of the 
data were explored. The eigenvectors were multiplied by the original 
FC matrices to generate a matrix of eigenweights that corresponded 
to each dimension. These eigenweights were also applied to other 
rs-fMRI psychedelics datasets to generate dimensions scores (section 
‘Other datasets’).

Rotation-based null model (spin test) for network specificity
To assess network specificity of FC change values, we calculated 
average FC change of matched null networks consisting of randomly 
rotated networks with preserved size, shape and relative position to 
each other62,97. To create matched random networks, we rotated each 
hemisphere of the original networks a random amount around the 
x, y and z axes on the spherical expansion of the cortical surface62. 
This procedure randomly relocated each network while maintaining 
networks’ sizes, shapes and relative positions to each other. Random 
rotation followed by computation of network-average FC change score 
was repeated 1,000 times to generate null distributions of FC change 
scores. Vertices rotated into the medial wall were not included in the 
calculation. Actual psilocybin FC change was then compared to null 
rotation permutations to generate a P value for the 12 networks that 
were consistently present across every participant’s Infomap parcel-
lation. For bar graph visualization (Fig. 1 and Supplementary Fig. 1b), 
networks with greater change (P < 0.05 based on null rotation permu-
tations) are shown in their respective colour and other networks are 
shown in grey.

NGSC
We used an approach previously validated to assess spatial complexity 
(termed entropy) or neural signals61. Temporal principal component 
analysis was conducted on the full BOLD dense timeseries, which 
yielded m principal components (m roughly 80 K surface vertices 
and subcortical voxels) and associated eigenvalues. The normalized 
eigenvalue of the ith principal component was calculated as

∑
λ

λ

λ
′ =

′
(2)i

i

i
m

i=1

where m is the number of principal components, and λi and λ′i repre-
sent the eigenvalue and the normalized eigenvalue of the ith principal 
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component, respectively. Last, the NGSC, defined as the normalized 
entropy of normalized eigenvalues, was computed using the equation:

∑ λ λ
m

NGSC = −
′log

log
(3)i

m
i i

i
=1

The NGSC computed above attains values from the interval 0 to 1. 
The lowest value NGSC = 0 would mean the brain-wide BOLD signal 
consisted of exactly one principal component or spatial mode, and 
there is maximum global FC between all vertices. The highest value 
NGSC = 1 would mean the total data variance is uniformly distributed 
across all m principal components, and a maximum spatial complexity 
or a lowest FC is found.

NGSC was additionally calculated at the ‘parcel level’. To respect areal 
boundaries, this was done by first generating a set of individual-specific 
parcels in every participant (on all available resting fMRI sessions con-
catenated) using procedures described oreviously39,62.

NGSC maps were compared to PET-based 5-HT2A receptor binding 
maps published in ref. 33. Similarity was assessed by computing the 
bivariate correlation between NGSC values and 5-HT2A binding across 
324 cortical parcels from the Gordon–Laumann parcellation.

Persistent effects analysis
To assess the persistent effects of psilocybin, we compared FC changes 
1–21 days postpsilocybin to predrug baseline. The FC change analysis 
(described above) indicated that connectivity at the whole-brain level 
did not change following psilocybin (Supplementary Fig. 1). A screen 
was conducted with P < 0.05 threshold to identify brain networks or 
areas showing persistent effects. This analysis identified the anterior 
hippocampus as a candidate region of interest for persistent FC change 
(section ‘Baseline/after psilocybin FC change analysis’ in Supplemen-
tary Methods).

We assessed change in anterior hippocampus ‘FC change’ pre- ver-
sus postpsilocybin using the LME model described previously. In this 
model, all sessions before psilocybin (irrespective or cross-over order) 
were labelled as prepsilocybin and all sessions within 21 days after 
psilocybin were labelled as postpsilocybin.

As a control, we tested anterior hippocampus FC change pre- ver-
sus post-MTP using both the LME model, and an equivalence test. 
To control for potential persistent psilocybin effects, only the block 
of scans immediately before and after MTP were used (for exam-
ple, if a participant took MTP as drug 1, then all baseline scans were 
labelled as ‘pre-MTP’ and all scans between drugs 1 and 2 were labelled 
‘post-MTP’).

Equivalence testing (to conclude no change in anterior hippocam-
pus after MTP) was accomplished by setting δ = 0.5 standard devia-
tion of FC change across pre-MTP sessions. We computed the 90% 
CI of change in FC change between pre- and post-MTP sessions. 
If the bounds of the 90% CI were within ±δ, then equivalence was  
determined123.

Other datasets
Raw fMRI and structural data published previously55,56 were run through 
our in-house registration and processing pipeline described above. 
These datasets were used for replication, external validation and gener-
alization to another classic psychedelic (that is, LSD) for the measures 
described above (for example, NGSC and the MDS-derived psilocybin 
FC dimension, dimension 1).

Using the data from ref. 55: n = 15 healthy adults (five women, mean 
age 34.1 years, s.d. 8.2) completed two scanning sessions (psilocybin 
and saline) that included an eyes-closed resting-state BOLD scan for 
6 min before and following i.v. infusion of drug. fMRI data were acquired 
using a gradient-echo-planar imaging sequence, TR and TE of 3,000 
and 35 ms, field-of-view 192 mm, 64 × 64 acquisition matrix, parallel 
acceleration factor of 2 and 90° flip angle.

Using the data from ref. 56: healthy adults completed two scanning 
sessions (LSD and saline), which included an eyes-closed resting-state 
BOLD scan acquired for 22 min following i.v. drug infusion lasting 
12 min. n = 20 participants completed the protocol, but data were 
used for n = 15 (four women; mean age 30.5, standard deviation 8.0) 
deemed suitable for BOLD analyses. fMRI data were acquired using a 
gradient-echo-planar imaging sequence, TR and TE of 2,000 and 35 ms, 
field-of-view 220 mm, 64 × 64 acquisition matrix, parallel acceleration 
factor of 2, 90° flip angle and 3.4 mm isotropic voxels.

The ABCD database resting-state functional MRI59 (annual release 
v.2.0, https://doi.org/10.15154/1503209) was used to replicate the 
effects of stimulant use on FC. Preprocessing included framewise 
censoring with a criterion of frame displacement less than or equal 
to 0.2 mm in addition the standard predefined preprocessing proce-
dures124. Participants with fewer than 600 frames (equivalent to 8 min 
of data after censoring) were excluded from the analysis. Parcel-wise 
group-averaged FC matrices were constructed for each participant as 
described above for 385 regions on inter-test in the brain.

Use of a stimulant (for example, MTP, amphetamine salts, lisdex-
amfetamine) in the last 24 h was assessed by parental report. Par-
ticipants with missing data were excluded. Regression analysis was 
used to assess the relationship between FC (edges) and stimulant 
use in the last 24 h. Framewise displacement (averaged over frames 
remaining after censoring) was used as a covariate to account for 
motion-related effects. The t-values that reflect the relationship 
between stimulant use and FC were visualized on a colour scale from 
−5 to +5 to provide a qualitative information about effect of stimulant  
use on FC.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All data from individual participants P1–P7 are available at https://wustl.
box.com/v/PsilocybinPFM, with a password available on completion 
of a data use agreement. The ABCD data used in this report came from 
ABCD the Annual Release 2.0, https://doi.org/10.15154/1503209. The 
ABCD data repository grows and changes over time (https://nda.nih.
gov/abcd). The Imperial College London psilocybin and LSD datasets 
are available upon request.

Code availability
Data processing code for the psilocybin precision functional map-
ping data can be found at https://wustl.box.com/s/dmj5s3h9pxt9b-
cw9mm3ai9c15y756o79. Code specific to analyses can be found at 
https://gitlab.com/siegelandthebrain1/Psilocybin_PFM/. Data pro-
cessing code for the ABCD data can be found at https://github.com/
DCAN-Labs/abcd-hcp-pipeline. Matching task stimuli are available 
at https://gitlab.com/siegelandthebrain1/Psilocybin_PFM/-/blob/
main/image_task_clean.zip. Software packages incorporated into 
the above pipelines for data analysis included: MATLAB R2019b, 
https://www.mathworks.com/ (including Psychtoolbox v.2.0 and 
Statistics and Machine Learning Toolbox v.11.6); Connectome 
Workbench v.1.5; http://www.humanconnectome.org/software/
connectome-workbench.html; Freesurfer v.6.2, https://surfer.nmr.
mgh.harvard.edu/; FSL v.6.0, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki; 
4dfp tools, https://4dfp.readthedocs.io/en/latest/; Infomap, https://
www.mapequation.org; Cifti MATLAB utilities (including spin test): 
https://github.com/MidnightScanClub/SCAN and 4dfp tools, 
https://4dfp.readthedocs.io/en/latest/. MRI pulse sequences used 
to acquire the data are provided at https://gitlab.com/siegelandthe-
brain1/Psilocybin_PFM/-/blob/main/NP1161_MRI_sequence.pdf.
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Extended Data Fig. 1 | Quantifying psilocybin effects with precision 
functional mapping: design. a) Schematic illustrating the study protocol  
of the individual-specific precision functional mapping study of acute and 
persistent effects of psilocybin (single dose: 25 mg). Repeated longitudinal 
study visits enabled high-fidelity individual brain mapping, measurement of 
day-to-day variance, and acclimation to the scanner. The open label replication 
protocol 6-12 months later included one or two scans each of baseline, psilocybin, 
and after drug. b) Timeline of imaging visits for 7 participants. c) Head motion 
comparisons across psychedelics studies55,56. Average head motion (FD, 
framewise displacement, in mm) off and on drug compared between our 
dataset and prior psychedelic fMRI studies. Unpaired two-sided t-test:  

nPSIL 2012 = 15, nLSD,2016 = 20, nPSIL(PFM) = 7; off drug PSIL2012-PSIL(PFM) t(274) = −4.57, 
Puncorr = 7.33 × 10−5; off drug LSD2016-PSIL(PFM) t(286) = −4.03, Puncorr = 7.34 × 10−6; 
on drug PSIL2012-PSIL(PFM) t(46) = −1.80, Puncorr = 0.079; on drug LSD2016- 
PSIL(PFM) t(88) = −0.73, Puncorr = 0.46. Dotted line at FD of 0.2 mm. Dark gray bars 
indicate quartiles, light gray violins indicate distribution. *Puncorr < 0.05, +P < 0.1. 
d) Timeline for an example participant (P1). e) Participants reported significantly 
higher scores on all dimensions of the mystical experience questionnaire 
during psilocybin (red) than placebo (40 mg methylphenidate; blue). Paired 
two-tailed t-test, n = 7; Mystical t(6) = −3.64, Puncorr = 0.011; Positive Mood 
t(6) = −5.44, Puncorr = 0.0016; Transcendence t(6) = −4.98, Puncorr = 0.0025; Ineffability 
t(6) = −2.54, Puncorr = 0.044. Error bars indicate SEM.



Extended Data Fig. 2 | Unthresholded vertex-wise FC change maps. 
T-statistic maps, resulting from the linear mixed effects (LME) model based  
on vertex-wise FC change (Euclidean distance from baseline scans) across the 
cortex and subcortical structures for every scan. Higher t values indicate a 
larger change from baseline (pre-drug) scans. Effects of drug condition 

(baseline, psilocybin, methylphenidate, post-psilocybin, post-methylphenidate), 
were modeled as fixed effects. For example, if drug 1 was psilocybin and drug 2 
was methylphenidate, then scans between drug visits were labeled post- 
psilocybin and scans after drug 2 were labeled post-methylphenidate.
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Extended Data Fig. 3 | Functional connectivity (FC) distance and condition 
matrices for all fMRI scans. Following Gratton et al.38, we compared FC 
matrices between rs-fMRI sessions to quantify contributors to variability in 
whole-brain FC. Under this approach, the effects of group, individual, session, 
and drug (as well as their interactions) are examined by first calculating the 
Euclidean distance among every pair of FC matrices (i.e., distance among the 
linearized upper triangles). a) In the resulting second-order distance matrix, 
each row and column show whole-brain FC from a single study visit. The colours 
in the matrix indicate distance between functional networks for a pair of visits 

(i.e., Euclidean distance between the linearized upper triangles of two FC 
matrices). Panels b and c demonstrate how the distance matrix was subdivided 
to compare different conditions. b) Black triangles represent distinct individuals. 
Replication protocol visits are listed at the end. c) Task and rest scans are shown 
in white and orange, respectively. Note that psilocybin scans (black arrows 
pointing to P1 psilocybin scans in panel a are very dissimilar to no-drug scans 
from the same individual (left arrow; in a) but have heightened similarity to 
psilocybin scans from other individuals (right arrow in a).



Extended Data Fig. 4 | Participant-specific FC change maps for drug sessions. 
Individual participant methylphenidate (MTP) and psilocybin (PSIL) FC change 
maps. Left most column shows individuals’ functional networks. Right 3 columns 
show FC change maps, generated by calculating Euclidean distance from 

baseline seedmaps for each vertex. For each session the total score on the 
Mystical Experience Questionnaire (MEQ30: out of a maximum of 150) is given 
in the upper right corner. *P5 had an episode of emesis 30 minutes after drug 
ingestion during PSIL2.
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Extended Data Fig. 5 | Multi-dimensional scaling, dimension edge weights. 
a) Group parcellation (324 cortical and 61 subcortical parcels)31 b) Weights from 
the first 4 dimensions generated by multi-dimensional scaling of the full dataset. 
The color of each pixel in the plot represents the weight of a given edge. 
Dimension 1 captures the loss of network integration (on diagonal boxes) and 

segregation (off diagonal boxes) of psilocybin. Dimensions 2 and 3 primarily 
explain individual differences and do not show network patterns as clearly. 
Dimension 4 captures shared effects of psilocybin (PSIL) and methylphenidate 
(MTP) on sensorimotor systems (suspected arousal effects).



Extended Data Fig. 6 | Average functional connectivity (FC) matrices by 
condition. a) Group parcellation (324 cortical and 61 subcortical parcels)31.  
b) Average FC matrices and condition differences. Top left shows the group 
average FC adjacency matrix. Bottom left shows the effect of psilocybin, e.g. 
increased correlation between dorsal attention, fronto-parietal, and default 

mode network to each other and to other cortical, limbic, and cerebellar systems. 
Top right shows effect of methylphenidate. For comparison and validation, we 
compared methylphenidate to the main effect of stimulant use within the last 
24 hours (bottom right, n = 487 yes, n = 7992 no) in ABCD rs-fMRI data (bottom 
right).
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Extended Data Fig. 7 | Correlations with mystical experience scores. 
Comparison of MEQ30 score (y-axes) to global desynchronization (top left; 
NGSC change, drug minus baseline), head motion (bottom left; framewise 
displacement (FD) in mm), heart rate change (top right; drug minus baseline), 
and respiratory rate change (bottom right; drug minus baseline), for all drug 
sessions. Statistics (rho, P) are based on bivariate correlation, two-sided, 
uncorrected. In the case of Δ NGSC, statistics are reported before and after  
the removal of an outlier point (> 2 SD lower than mean, indicated by the gray 
arrow).



Extended Data Fig. 8 | Auditory-visual matching fMRI task. a) Schematic  
of auditory/visual matching task design. b) Comparison of performance  
(‘No Drug’ and psilocybin conditions are at ceiling). Lines indicate means and 
standard deviation across sessions. Number of task sessions are indicated in 
Supplementary Table 1. c) Comparison of reaction time (RT). Lines indicate 
mean and standard deviation across all trials (48 trials per session). d) Task 
fMRI activation maps (beta weights) and e) contrasts (simple subtraction) 
using the canonical hemodynamic response function (HRF). f) Eight a priori 
regions of interest for timecourse analyses. g) Average timecourses from the 

regions of interest shown in panel f, calculated using finite impulse response 
model over 13 TR x 1.761 s/TR = 22.89 seconds, for all trials. Shaded area around 
each line indicates SEM. ANOVAN of Condition x HRF Beta (Main effect of all 
trials) magnitude testing effect of drug, two-sided: Left V1, F(2,40) = 3.91, P = 0.030; 
Right V1, F(2,40) = 4.40, P = 0.020; Left M1 hand, F(2,40) = 0.40, P = 0.68; Left Auditory 
A1, F(2,40) = 0.22, P = 0.81; Right Auditory A1, F(2,40) = 0.77, P = 0.47; Left Language, 
F(2,40) = 0.025, P = 0.98; Left DMN, F(2,40) = 1.15, P = 0.33; Right DMN, F(2,40) = 0.14, 
P = 0.87. *P < 0.05. P-values are uncorrected for multiple comparisons.
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