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“I think it’s absurd that we try to examine this phenomenon. That we are
scanning my brain to figure out what’s happening. I know that we can’t
understand it, that we can’t put an equation on it and figure it out. I feel it is
human arrogance, trying to tame all the beauty. I think;
“Scan me then! We won’t get any closer to the truth!” *

— Participant



Preface

The present PhD thesis is based on my work at the Neurobiology Research Unit, Copenhagen University
Hospital Rigshospitalet, which commenced on March 17, 2021. My main supervisor is Associate Prof.
Patrick MacDonald Fisher, and my co-supervisor is Prof. Gitte Moos Knudsen.
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Summary

Psychedelic drugs, including LSD and psilocybin, produce a wide range of scientifically intriguing acute and
persisting behavioural effects. These include transient mystical, meaningful, and ineffable experiences as
well as lasting reductions in symptom severity across a range of psychiatric disorders or increases in
wellbeing in healthy individuals. The present PhD thesis seeks to develop our understanding of the
neurological underpinnings of these acute and lasting effects using functional magnetic resonance imaging
(fMRI) and Positron Emission Tomography (PET), and by evaluating the relation between the acute
mystical-type effects and persisting effects in healthy people.

Paper 1 evaluated the persisting effects of a single dose of psilocybin on fMRI-derived brain-network
connectivity in healthy individuals. Paper 2 evaluated the relation between psilocybin induced mystical-type
experiences, measured using the Mystical Experiences Questionnaire (MEQ), and persisting positive effects
in healthy people and provided a qualitative description of these mystical-type experiences. Paper 3 built on
previous hypothesis-generating research that suggested psychedelics increase fMRI-measured brain-entropy,
testing these hypotheses in an independent and larger cohort and presenting a toolbox resource for future
researchers. Paper 4 evaluated the relation between plasma LSD levels, acute subjective effects, functional
brain effects using fMRI, and occupancy at the serotonin 2A receptor (5-HT2AR) using [''C]Cimbi-36 PET.

Paper 1 showed a network-wide decrease in functional connectivity in the executive control network, which
was associated with increases in self-reported mindful-attention and awareness, highlighting a potential
neural mechanism through which psilocybin may have its persisting behavioural effects. Paper 2 found that
the subscales mystical and positive mood of the MEQ were significantly related to persisting positive effects,
but that the subscales ineffability and transcendence of time and space were not. Natural-language processing
revealed themes exclusive to mystical-type experiences, such as feelings of unity with the universe, familial
love, and profound aesthetic experiences. Paper 3 identified that previously reported measures of fMRI brain
entropy were distinct and uncorrelated. Despite this, three of the thirteen metrics evaluated were significantly
correlated with acute psychedelic effects and are thus candidate biomarkers for acute neural effects of
psychedelics. These included increases in the distribution of connectivity paths across the brain, the
distribution of connectivity strengths over time, and the unpredictability of the signal across several brain
areas. Paper 4 showed a close relation between plasma LSD levels and occupancy at the 5S-HT2AR, which
can inform future dosing strategies. fMRI analyses showed decreases in the global connectivity of the cortex,
which was correlated with 5-HT2AR occupancy.

In conclusion, the present work constitutes a wide knowledge base describing the acute and lasting effects of
psychedelics both behaviourally and neurologically. These findings can be used to design future studies,
highlighting candidate biomarkers that can be used to develop our understanding of altered states of
consciousness. These data show that measuring psychedelic effects using plasma drug level measurements
and behavioural questionnaires in combination with fMRI and PET imaging can assist in our understanding
of the brain and the eventual development of future therapeutics.



Dansk Resumé

Psykedeliske stoffer, herunder LSD og psilocybin, inducerer et bredt spektrum af videnskabeligt interessante
akutte og vedvarende adferdsmassige effekter. Disse omfatter forbigdende mystiske, meningsfulde og
ubeskrivelige oplevelser samt varige reduktioner i symptomsvearhedsgrad pa tveers af en rekke psykiatriske
lidelser eller stigninger i velbefindende hos raske individer. Denne ph.d.-athandling sgger at udvikle vores
forstaelse af de neurologiske grundlag for disse akutte og varige effekter ved hjelp af funktionel magnetisk
resonans billeddannelse (fMRI) og Positron Emissions Tomografi (PET), samt ved at evaluere forholdet
mellem de akutte mystiske effekter og vedvarende effekter hos raske individer.

Artikel 1 evaluerede de vedvarende effekter af en enkelt dosis psilocybin pa fMRI-afledt
hjernenetverkskonnektivitet hos raske individer. Artikel 2 evaluerede forholdet mellem
psilocybin-inducerede mystiske oplevelser, malt ved hjelp af Mystical Experiences Questionnaire (MEQ), og
vedvarende positive effekter hos raske individer og gav en kvalitativ beskrivelse af disse mystiske oplevelser.
Artikel 3 byggede pa tidligere hypotesegenererende forskning, der antydede, at psykedelika gger fMRI-maélt
hjerneentropi, og testede disse hypoteser i en uathaengig og stgrre kohorte og presenterede en toolbox
ressource til fremtidige forskere. Artikel 4 evaluerede forholdet mellem plasma koncentrationer af LSD,
akutte subjektive effekter, funktionelle hjerneeffekter ved hjelp af fMRI og okkupans af serotonin
2A-receptoren (5-HT2AR) ved hjalp af [''C]Cimbi-36 PET.

Artikel 1 viste et netvaerksomfattende fald i funktionel konnektivitet 1 det eksekutive kontrolnetverk, hvilket
var associeret med stigninger i selvrapporteret bevidst narvaer og opmarksomhed, hvilket fremhaver en
potentiel neural mekanisme, hvorigennem psilocybin kan have sine vedvarende adferdsmessige effekter.
Artikel 2 fandt, at underskalaerne mystical og positive mood i MEQ var signifikant relateret til vedvarende
positive effekter, men at underskalaerne ineffability og transcendance of time and space ikke var det.
Sprogteknologi afslgrede temaer, der var eksklusive for mystiske oplevelser, sasom fglelser af enhed med
universet, familieer kerlighed og dybe @stetiske oplevelser. Artikel 3 identificerede, at tidligere rapporterede
mal for fMRI-hjerneentropi var forskellige og ukorrelerede. Pa trods af dette var tre af de tretten evaluerede
malinger signifikant korreleret med akutte psykedeliske effekter og er siledes kandidatbiomarkgrer for akutte
neurale effekter af psykedelika. Disse omfattede stigninger i fordelingen af konnektivitetsveje pa tvers af
hjernen, fordelingen af konnektivitetsstyrker over tid og signalets uforudsigelighed pa tvaers af flere
hjerneomrader. Artikel 4 viste et tet forhold mellem plasma koncentrationer af LSD og okkupans af
5-HT2AR, hvilket kan danne grundlag for fremtidige doseringsstrategier. fMRI-analyser viste et fald i den
globale konnektivitet af hjernebarken, hvilket var korreleret med okkupans af 5S-HT2AR.

Afslutningsvis udggr dette arbejde et bredt vidensgrundlag, der beskriver de akutte og varige effekter af
psykedelika bade adfeerdsmaessigt og neurologisk. Disse fund kan bruges til at designe fremtidige studier og
fremhaver kandidatbiomarkgrer, der kan bruges til at udvikle vores forstielse af @ndrede
bevidsthedstilstande. Disse data viser, at maling af psykedeliske effekter ved hjelp af plasma koncentrationer
og adferdsmessige spgrgeskemaer i kombination med fMRI- og PET-billeddannelse kan hjelpe vores
forstaelse af hjernen samt den eventuelle udvikling af fremtidige terapeutiske midler.
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Background
Psychedelics

Psychedelic drugs are a family of naturally occurring and synthetic compounds. These include lysergic acid
diethylamide (LSD), first synthesised from ergot fungus alkaloids by Albert Hoffman in Switzerland in 1938
(Hofmann, 1992); psilocin, the active metabolite of psilocybin, which is naturally occurring in many fungal
species (most notably but not exclusively from the psilocybe genus (Gotvaldova et al., 2022)); mescaline,
which naturally occurs in hundreds of species of cactus, most notably the peyote (Lophophora williamsii)
and san pedro (Echinopsis pachanoi) cacti (Shulgin and Shulgin, 1991); and dimetrymine (N,
N-dimethyltryptamine), which is widely found in the plant kingdom, most notably in the leaves of Psychotria
viridis, which is used in the preparation of ayahuasca (Shulgin and Shulgin, 1997).

Psychedelics are typically defined in terms of their behavioural effects. The set of these has been proposed to
include, among others, alterations in sensory perception (e.g., open- and closed-eye simple and complex
visual effects, auditory and synesthetic effects), affect (e.g., both positive, negative and susceptibility to
perturbation), a range of cognitive domains (e.g., theory of mind, metacognitive capacity, long-term memory
recall) and the nebulous concept of “consciousness expansion/increase” (Preller and Vollenweider, 2018;
Studerus et al., 2010). Despite many psychedelics also being referred to as ‘“hallucinogens,” true
hallucinations (i.e., sensory appearances indistinguishable from reality) are rarely reported following
ingestion of psychedelics (Sacks, 2012). Certain drugs from other pharmacological classes, including the
NMDA receptor antagonist phencyclidine and the muscarinic agonist scopolamine, do produce true
hallucinations (Bey and Patel, 2007; Warburton et al., 1985). The term “hallucinogen” is used throughout this
thesis only when referencing previous work using this term to refer to psychedelics, e.g., Hallucinogen
Perception Persisting Disorder. There is hitherto no consensus on the precise set of behavioural effects
considered both necessary and sufficient for a compound to be considered “psychedelic.”

Another way psychedelics may be defined is that they are centrally-acting partial agonists at the serotonin
(5-HT) subtype 2A receptor (5-HT2AR). Most, if not all, the subjective effects of LSD and psilocybin are
blocked by administration of 5-HT2AR antagonists (Becker et al., 2023; Holze et al., 2022b; Preller et al.,
2017). The potency of compounds to produce these effects is closely related to their affinity at this receptor
(Glennon et al., 1984; Halberstadt et al., 2017; Wallach et al., 2023), occupancy of psilocin at the 5S-HT2AR
is related to intensity of subjective effects (Madsen et al., 2019), and compounds selective for the 5S-HT2AR
have been reported to produce psychedelic behavioural effects (Bersani et al., 2014; Rickli et al., 2015;
Shulgin and Shulgin, 1991). The categorisation of a drug as a psychedelic is not informed by the effect on
functional brain activity as measured using in vivo clinical neuroimaging. As future work reveals specific
neural signatures of psychedelic drug effects and the next wave of derivative compounds become available
for clinical use, such effects will become relevant, e.g., as it becomes important for regulators and political
bodies to classify whether drugs are psychedelics or not.

Pharmacology and physiological effects of psilocin

As well as binding to 5-HT2AR, psilocin is a partial agonist at several other serotonergic receptors, including
subtypes 1A, 1D, 2C, and 7. Psilocin may also inhibit the serotonin transporter SERT at higher
concentrations (Halberstadt and Geyer, 2011; Rickli et al., 2016). Following oral administration, psilocybin is
rapidly dephosphorylated to psilocin by alkaline phosphatase enzymes (Horita and Weber, 1961); plasma
psilocin levels (PPL) peak after approximately 2.5 hours and are metabolised with a half-life of



approximately 2.5 hours (Holze et al., 2022b). Psilocin is primarily metabolised by monoamine oxidase A to
4-HIA and subsequently to 4-HIAA and 4-HTP, neither of which are active at 5-HT receptors (Thomann et
al., 2024). It is also metabolised to its glucuronide by UDP-glucuronosyltransferase 1A10 (Manevski et al.,
2010). Psilocin may also be metabolised by the enzyme CYP2D6, but to a much lesser degree than the
aforementioned metabolic pathways (Thomann et al., 2024). Psilocin produces dose-dependent psychedelic
behavioural effects as detailed above; roughly, a low dose is around 5-10 mg, and a high dose is around 30-40
mg (Liechti and Holze, 2022). At a moderate dose, subjective effects typically onset in 1 hour, peak around 2
hours, and dissipate after 5-6 hours.

Pharmacology and physiological effects of LSD

LSD is more pharmacologically promiscuous than psilocin, binding to most serotonin receptors with
nanomolar affinity, as well as alpha-2 adrenergic receptors and dopamine D2, D3, and D4 receptors
(Marona-Lewicka and Nichols, 1995; Nichols et al., 2002); though, unlike psilocin, it does not appear to
inhibit monoamine transporters. Following oral administration, plasma LSD levels peak after 1.5 hours.
Curiously, subjective effects peak around an hour later, indicating either slow brain penetrance, slow kinetics
at the 5-HT2AR, or slow second-messenger signalling (Holze et al., 2021). The plasma half-life is
approximately 4 hours, and LSD is metabolised via a wide range of metabolic pathways, but primarily it is
metabolised to nor-LSD, which has a receptor binding profile similar to LSD, and O-H-LSD, and by several
cytochrome P450 enzymes (Luethi et al., 2019). Individuals who are genetically classified as poor CYP2D6
metabolisers tend to metabolise LSD more slowly (Vizeli et al., 2021), and inhibition of CYP2D6 also
increases the half-life of LSD (Straumann et al., 2023). A low dose of LSD is around 20 ug, and a high dose
is around 200 pg (Liechti and Holze, 2022).

Safety of psychedelics

Physiological effects of psilocybin include dose-dependent mild increases in heart rate (8 bpm @ 30 mg p.o.)
and body temperature (0.8 °C), and moderate increases in blood pressure (15/11 mmHg systolic/diastolic)
and mydriasis (0.8mm) (Holze et al.,, 2022b). LSD has similar physiological effects, including
dose-dependent moderate increases in heart rate (16 bpm @ 200 pg p.o.) and body temperature (0.4 °C), and
mild increases in blood pressure (10/5 mmHg systolic/diastolic) and mydriasis (0.9mm) (ibid.). Although
case reports of hospitalisation due to overdoses of LSD and psilocybin are rare (Nichols and Grob, 2018),
overdoses of a class of highly 5-HT2AR selective psychedelics known as NBOMes (N-benzylmethoxy
derivatives of mescaline (Halberstadt, 2017)) have been reported to have caused significant adverse effects
resulting in death, seizures and severe prolonged agitation (Suzuki et al., 2015). The mechanism through
which NBOMes produce their toxic effects is unresolved, but may include rhabdomyolysis secondary to
vasoconstriction and hyperthermia (Halberstadt, 2017).

Hallucinogen use disorder is defined by the Diagnostic and Statistical Manual of Mental Disorders V
(DSM-V) according to several criteria including “Craving or a strong desire or urge to use the hallucinogen”
and “Recurrent hallucinogen use resulting in a failure to fulfil major role obligations at work, school or
home” (Diagnostic and statistical manual of mental disorders, 2013). Use of LSD or psilocybin is rarely
associated with the development of this disorder (Shalit et al., 2019). Psilocybin has been determined to have
a low, but not zero, abuse potential according to the eight factors of the Controlled Substances Act (Johnson
et al., 2018). Expert panels from the UK, Australia, and the EU have also ranked LSD and psilocybin among
the least dangerous drugs using a multi-criterion decision analysis (Bonomo et al., 2019; Nutt et al., 2010;
van Amsterdam et al., 2015).
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Despite their general low risk for abuse, dependency, or acute toxicity, psychedelics can produce acute and
lasting adverse effects. The most common adverse effects are known colloquially as “bad trips”; this refers to
acute drug effects characterised by fear, confusion, paranoia, or dysphoria. In one trial in healthy volunteers,
7 out of 18 reported extreme fear, fear of insanity, or feeling trapped at some point during their experience
(Griffiths et al., 2011). In a survey study, 39% reported that their most challenging psychedelic experience
was among the top 5 most challenging experiences of their lifetime (Carbonaro et al., 2016). Although
anxiety does occur at some point during the psychedelic effects in 20-30% of participants, it rarely lasts for
the entire experience (Holze et al., 2021). The same participants often also report extremely positive effects
during the course of the drug effects. Although some early trials indicated that “difficult” experiences were
associated with positive lasting outcomes (Carbonaro et al., 2016; Griffiths et al., 2006), more recent work
suggests that positively valenced acute drug effects are positively related to reductions in clinical symptoms
(Goodwin et al., 2025; Roseman et al., 2018; von Rotz et al., 2023).

Hallucinogen Perception Persisting Disorder (HPPD) is a mental disorder defined by the DSM-V according
to three criteria: The persistence of visual effects that were experienced during the acute effects of
psychedelics, after the other acute effects have ended; that those visual effects are distressing or limit normal
function; and that are not attributable to another medical condition (Diagnostic and statistical manual of
mental disorders, 2013). An online study of psychedelic users found that 60% of respondents experienced
psychedelic-like visual effects in the absence of acute drug intake, an effect that was associated with lifetime
LSD use. Additionally, 4.2% of respondents experienced persisting visual effects following psychedelic use
that they found distressing (Baggot et al., 2011). Another more recent online prospective survey study found
that over 30% of psychedelic uses were associated with visual effects persisting up to 4 weeks after use, but
less than 1% of the sample found them distressing (Zhou et al., 2025). Therefore, persisting visual effects
following psychedelic use are relatively common, but rarely distressing enough to warrant medical attention.

Although extremely rare relative to the number of psychedelic administrations that occur in recreational and
clinical settings, there have been several case reports of prolonged psychoses following psychedelic
administration (Cohen, 1960; dos Santos et al., 2017; McGlothlin and Arnold, 1971). In the aforementioned
survey of challenging experiences, 3 out of 1993 respondents experienced lasting psychotic symptoms. In
most cases, the patient was directly related to someone with a psychotic disorder, and as such, this is a
recommended exclusion criterion in modern clinical research (Johnson et al., 2008). No prolonged psychosis
reactions have been reported in the modern age of clinical research (Johnson et al., 2008; Schlag et al., 2022).
Hospital admissions attributed to psychedelic use are relatively rare, especially compared to alcohol or
cannabis. One study of emergency department visits in California in the year 2022 reported 3467
hallucinogen-associated emergency department visits and 3965 hospitalisations (Garel et al., 2024). For
comparison, in the same year, there were 267,729 alcohol-associated emergency department visits and
227,165 hospitalisations. The criteria “hallucinogen-associated” included hospitalisations for MDMA,
phencyclidine (PCP), and ketamine-related issues as well, and thus, the actual number of admissions related
to psychedelics as defined above must be substantially lower.

Medicalisation of psychedelics
Following the discovery of its subjective effects, LSD was first considered a “psychotomimetic” (i.e.,
mimicking psychosis) and distributed under the brand name ‘Delysid’ to psychiatrists to “gain insights into

the world of mental patients” (Hofmann, 2022). LSD was also attempted to be weaponized in government
projects such as MK-Ultra in the USA (“Project MKULTRA, the CIA’s Program of Research in Behavioral
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Modification,” 1977), Project Coast in South Africa (Truth and Reconciliation Commission of South Africa,
1998) and Project Moneybags in the UK (“LSD Experiments,” 1995). Simultaneously, work began
investigating the potential for using LSD in combination with psychotherapy for the treatment of psychiatric
disorders such as alcohol addiction and anxiety in palliative care (Krebs and Johansen, 2012; Liechti, 2017),
and over 1000 research articles were published in this period (Nutt et al., 2013). Following widespread public
use of LSD, it was made illegal in the early 1970s, forcing research into the therapeutic potential to stop
worldwide, although limited clinical work continued in Switzerland through their ‘restricted medical
program’ from the 1970s until today (Oehen and Gasser, 2022).

In the 21st century, psychedelics have re-emerged as novel treatments for several psychiatric and headache
conditions. To date, phase 2a trials have been conducted in a wide range of disorders including psilocybin for
nicotine addiction (Johnson et al., 2017), alcohol use disorder (Bogenschutz et al., 2022), AIDS associated
demoralisation (Anderson et al., 2020), major depressive disorder (Carhart-Harris et al., 2016; Davis et al.,
2020; Sloshower et al., 2023; von Rotz et al., 2023), cluster headache (Madsen et al., 2022; Schindler et al.,
2022), body dysmorphic disorder (Schneier et al., 2023), obsessive compulsive disorder (Moreno et al.,
2006), depression associated with cancer (Agrawal et al., 2024), and anxiety associated with end of life
(Griffiths et al., 2016). There has also been a phase 1 trial of psilocybin in anorexia nervosa patients,
indicating safety and potential efficacy (Peck et al., 2023) and a pilot study in Parkinson’s Disease patients
showing improvements in both motor and non-motor symptoms (Bradley et al., 2025). LSD has shown safety
and efficacy in the treatment of anxiety disorders (Gasser et al., 2015; Holze et al., 2022a) and major
depressive disorder (Miiller et al., 2025). Dimetrymine has shown efficacy in the treatment of depression
(Falchi-Carvalho et al., 2025), and a phase 1/2 trial of inhaled 5-Methoxy-DMT has shown efficacy in
reducing depressive symptoms in treatment-resistant depression (Reckweg et al., 2023). Each of these trials
has shown significant efficacy in the treatment of its respective disorder. There has been one trial showing
that low doses of LSD were not effective for the treatment of ADHD (Mueller et al., 2025). Three phase 2b
trials have been conducted evaluating psilocybin as a treatment for treatment-resistant and major depressive
disorders (Carhart-Harris et al., 2021; Goodwin et al., 2022; Raison et al., 2023), each showing significant
antidepressant effects.

Although psychedelics target the serotonin system in common with current first-line treatments such as
fluoxetine and escitalopram, if approved, they will represent a significant paradigm shift in psychiatry, as they
target a novel mechanism as 5-HT2AR agonists. They produce acute effects that are currently deemed to
require psychological preparation before, support during the session, and integration sessions afterwards
(Johnson et al., 2008); though the effect of each of these on the safety and efficacy of treatment has not been
tested in comparative trials (McCulloch et al., 2024). Most importantly, psychedelics are characterised by
their ability to produce rapid therapeutic benefits following relatively brief acute effects, with these beneficial
changes persisting long after the drug has been fully cleared from the system—a fundamentally different
temporal profile from conventional antidepressants, which can require weeks of continuous administration to
achieve lasting effects (Cipriani et al., 2018). There is also evidence that although psychedelics are at least as
effective as SSRIs at reducing depressive symptoms, they may be superior for improving other patient
outcomes such as self-reported quality of life and wellbeing (Carhart-Harris et al., 2021).

Pivotal phase 3 trials of psychedelics for the treatment of major depressive disorder and generalised anxiety
disorder are underway. Despite the lack of formal approval from regulatory agencies, psychedelics are
available to be used as medications in at least three countries. Medical professionals in Switzerland can apply
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for an “exception authorisation for limited medical use of MDMA, LSD and psilocybin”; 450 such licenses
were issued in 2024 (Elci, 2025). Health Canada has begun to allow select practitioners to apply for licenses
to administer psychedelics with life-threatening conditions (Schlag et al., 2022), and the Australian
Therapeutic Goods Administration has approved the use of psilocybin for the treatment of treatment-resistant
depression (Nutt et al., 2024).

Magnetic resonance imaging

Magnetic resonance imaging (MRI) leverages the magnetic properties of atoms to non-invasively produce
structural and functional images. The MRI scanner includes a large magnet which produces a strong, uniform
BO field, this is commonly 1.5 or 3 Tesla in strength. This field causes the net magnetisation direction of the
protons in the object placed in the scanner to go from being uniformly distributed to becoming aligned. The
precession frequency of the magnetic moment of the proton is known as the Larmor frequency and can be
expressed as the gyromagnetic ratio multiplied by the magnetic field strength experienced by that particle. It
is possible to selectively perturb this net magnetisation by applying a radio-frequency (RF) pulse that
matches the Larmor frequency. Thus, to image a single “slice”, a magnetic field gradient is applied on top of
the BO field. The protons of that slice can then be selectively perturbed as they have a different Larmor
frequency from the surrounding protons. The thickness of the slice can be determined by the bandwidth of
the RF pulse. Once perturbed, the protons begin to relax to their previous configuration in two different ways.
The T1 relaxation is the relaxation of the net magnetisation of the protons back to alignment with the B0
field. The T2 relaxation is the desynchronisation of the processions of protons, after they have become
synchronised by the RF pulse. The observed T2 relaxation is known as the T2* relaxation and includes both
dephasing from spin-spin interactions and additional dephasing from local magnetic field inhomogeneities,
resulting in faster signal decay. Next, a phase-encoding gradient is applied, causing protons along the
gradient to precess at different frequencies while the gradient is applied. This is then switched off, and a
readout or frequency encoding gradient is applied. The receiver coil can then detect the processions of
protons, with the specific frequencies providing spatial information (McRobbie et al., 2006).

Functional MRI

Neural activity requires a supply of oxygen from blood to support the energetic demands of
neurotransmission. When a region of the brain is metabolically active, blood flow overshoots in the region,
increasing the ratio of oxyhaemoglobin to deoxyhaemoglobin (Drew, 2022). Deoxyhaemoglobin is
paramagnetic, meaning that it has small magnetic fields induced in it by the BO field, which cause magnetic
field inhomogeneities. These inhomogeneities cause the T2* dephasing to happen faster. Oxyhaemoglobin,
by contrast, is diamagnetic, and so the local magnetic field in the area is more homogenous and the T2*
dephasing happens relatively slower (Ogawa et al., 1990). Thus, neural activity, by increasing the ratio of
oxyhaemoglobin, causes the T2* to decay more slowly, causing an increase in the signal in regions, and this
is known as the Blood Oxygen Level Dependent (BOLD) signal (Ogawa et al., 1990). Utilising a rapid
imaging sequence known as Echo Planar Imaging (EPI), it is possible to acquire whole-brain images with a
temporal resolution of 500 to 2000 milliseconds and spatial resolution of 1.5 to 3mm isotropic voxels. Scans
are typically 5 to 20 minutes in length, meaning that the resultant data are a 4D matrix of several hundred 3D
images of the brain with intensity values at each voxel. This is known now as BOLD functional MRI (fMRI).

Historically, fMRI research was primarily concerned with mapping which areas of the brain responded (i.e.,
had an increase in BOLD signal) during specific tasks presented in a block design where the participant
would be repeatedly exposed to a stimulus e.g., a picture of an angry face, interspersed with a control
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condition e.g., a fixation cross or a neutral face. This allowed researchers to conclude, e.g., that the amygdala
was involved in the perception of emotion (Hariri et al., 2002). In 1995, Biswal and colleagues began to
evaluate instead the correlation between the BOLD signals in distinct regions, a phenomenon now known as
functional connectivity (Biswal et al., 1995). Subsequent work then revealed that even in the absence of
tasks, the BOLD signal is highly correlated across certain groups of anatomically distinct regions, which
have become known as functional brain networks, including the Default-Mode (Raichle et al., 2001) and
Fronto-Parietal Networks (Fox et al., 2005), among others. Our understanding of the network structure of the
brain has gradually expanded, and modern analyses now use population-level atlases of brain networks to
evaluate drug and population effects (Raichle, 2015; Shen et al., 2013; Yeo et al., 2011).

Previous fMRI work with psychedelics

In 2022, we published a review and consensus paper with almost all labs performing fMRI research in the
context of psychedelic administration, either evaluating acute or persisting effects on functional brain activity
using fMRI in the absence of an explicit task. We identified 42 published studies between 2012 and 2021 and
presented a summary of their methodologies as well as proposing consensus guidelines for alignment in
future research (McCulloch et al., 2022). A more recent update in July 2024 using the same search
methodology has identified that 81 papers analysing data from 25 datasets have been published evaluating
acute and persisting effects of psychedelics using fMRI (Figure 1). Fifteen of the datasets and 67 of the
published studies evaluated acute effects, and 11 of the datasets and 14 studies evaluated persisting effects
(Fig. 1). One study evaluated both acute and persistent effects.

Six major groups of analysis strategies have been applied: seed-to-voxel connectivity (how a specific brain
region connects to the rest of the brain), whole-brain connectivity (the structure of the entire functional
connectome), network-based static connectivity (the structure of communities of functional connectivity),
dynamic connectivity (how connectivity changes over time), effective connectivity (the structure of directed
connectivity), amplitude (the power of fluctuations in the BOLD signal) and "entropy" based (see Fig. 2 for
more detail). Additionally, some categories of analysis strategy have only been sparsely utilised, which are
collected in Figure 2 as “Exploratory Methods”. Despite this large corpus of data and thematic alignment in
analysis strategy, almost all specific methodologies have only been applied to a single dataset. This lack of
independent replication limits our ability to make definitive claims about the effects of psychedelics on
functional brain activity. Despite this, some broad hypotheses have gained popularity as explanatory models
of psychedelic brain action (Doss et al., 2021). These include alterations in thalamo-cortical connectivity
(Delli Pizzi et al., 2023), relaxation of the network structure of the brain (Madsen et al., 2021), changes in
global connectivity (Preller et al., 2020, 2018), and increases in information-entropy (Carhart-Harris et al.,
2014). At the time of writing, these hypotheses can be considered to be in “phase 17, to borrow nomenclature
from clinical drug development. They are promising and insightful, but as yet without evaluation of their
specificity for psychedelic effects, and have not been replicated in large, hypothesis-driven studies.
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Figure 1 | Graphical timeline detailing all resting-state functional MRI studies in the context of
psychedelics. Each coloured shape on the timeline represents a dataset, ordered chronologically from left to
right. The size of the shape is proportional to the sample size, the colour illustrates the drug used, and the
shape indicates the cohort evaluated. The name and year on top of each shape refers to the first publication in
which the dataset was described, and labels below refer to subsequent reanalyses of that data. In some cases,
analyses pooled data across multiple datasets, and these are shown in boxes linked with arrows to the
datasets. Subscript ‘p’ denotes those datasets evaluating persisting effects (NB. Siegel 2024 evaluates both
acute and persisting effects). Subscript ‘W’ denotes those datasets evaluating ‘microdoses’ of psychedelics,
i.e., producing no or only mild subjective effects. All other studies evaluated moderate or greater doses.
Asterixis beside names denotes articles that are only available on preprint servers. Uppercase ‘IV’ within an
icon denotes that the psychedelic was administered intravenously; otherwise, they are administered orally.
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Figure 2 | Methodological overview of resting-state fMRI studies in the context of psychedelics.

Symbols represent unique datasets as described in Figure 1 above. Names underneath studies represent

analyses or re-analyses of that dataset according to the methodological category described in each box.

Papers discussed in this thesis are denoted by red text.
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The entropic brain hypothesis

The entropic brain hypothesis was first described by Robin Carhart-Harris and colleagues in 2014
(Carhart-Harris et al., 2014). They propose that “the ‘qualia’ or subjective quality of any given conscious
state, and specifically the ‘richness’ of its content, can be indexed by a quantitative measure of the magnitude
of entropy (in the information theoretic sense) in a given parameter of spontaneous brain activity”
(Carhart-Harris, 2018). Furthermore, they postulate that psychedelics induce a so-called “primary state”
which is characterised by increased brain entropy, among other things. In the aforementioned review of
psychedelic effects on functional brain activity, we observed that 12 publications had quantified brain
entropy, with eight reporting some increase in the psychedelic state, two reporting no change, and two not
directly reporting an effect on entropy (Barrett et al., 2020; Carhart-Harris et al., 2014; Felippe et al., 2021;
Kringelbach et al., 2020; Lebedev et al., 2016, 2015; Luppi et al., 2021; Singleton et al., 2022; Tagliazucchi
et al., 2014; Varley et al., 2020; Viol et al., 2019, 2017). Since then, one additional paper has shown increases
in brain-entropy following psilocybin intake (Siegel et al., 2024). Upon closer inspection, we revealed that
each of the 13 papers had in fact used a distinct method for quantifying brain-entropy and that no findings
had been replicated across sites or datasets. Advancing our understanding of this hypothesis is the focus of
paper 3 in the present thesis.

Entropy

The quantification of information into “bits” was first proposed by Claude Shannon in his pivotal 1948 paper
“A Mathematical Theory of Communication”, kicking off the field of information theory (Shannon, 1948).
Here, he proposed that the information density, or entropy, of a system can be explained as the sum of the
probabilities of each event multiplied by the inverse log of the probability of that event. This effectively
measures the width of a probability histogram. Such a quantification can be applied to systems with discrete
states (e.g., rolls of a die) or systems with continuous states once these have been binned into discrete states
(e.g., temperature to the nearest whole degree). This formulation became known as “Shannon Entropy” and
is widely used as a means of describing the complexity, unpredictability, or diversity of a system. Since then,
other forms of measuring entropy have emerged. One of the most widely applied is known as Lempel-Ziv
complexity, developed by Nobel laureates Abraham Lempel and Jacob Ziv, which measures the degree to
which a system can be described as a reduced codebook without losing any information (Lempel and Ziv,
1976). In biological time-series analysis, a metric known as “sample entropy” (SampEn), an improved
version of approximate entropy, was described in the year 2000 by Richman and Moorman (Richman and
Moorman, 2000). By identifying patterns in the data and the degree to which they are maintained over longer
time-scales, SampEn measures the irregularity of a sequence.

Positron emission tomography imaging

Positron Emission Tomography (PET) is an in vivo imaging method based on measuring the locations of
radioactive decay events. Certain radioisotopes, such as [''C] and ["*F], decay by beta-plus decay, releasing a
positron which travels a very short distance before colliding with an electron. This annihilation subsequently
releases two photons that travel in approximately opposite directions and can be detected by gamma ray
detectors as (roughly) coincident detection events (Ter-Pogossian et al., 1975). To utilise this phenomenon to
evaluate biological systems, radioisotopes can be attached to molecules with known pharmacokinetic and
pharmacodynamic properties. A relevant example to the work presented here is to radio-label (i.e., add a
radioisotope to) a drug with specific affinity for a target of interest, creating what is known as a “radiotracer”.
Radiotracers are typically administered intravenously, they then travel to the tissue of interest and cross into
that organ, e.g., via the blood-brain-barrier into the brain. Once in the tissue of interest, the radiotracer can

18



exist either as free, i.e., in the interstitial space, specifically bound, i.e., bound to the tissue of interest, or
non-specifically bound, i.e., bound to a protein that is not the tissue of interest (Innis et al., 2007). PET scans
last for several minutes to hours, resulting in a timeseries for each 2-4 mm isotropic voxel within the field of
view. These data are then preprocessed, steps of which typically include summarising time-periods into
frames, realigning these frames to a single reference frame to correct for participant motion, and
co-registering the PET image to a high resolution T1-weighted MR image for delineation of anatomical
structures (Ngrgaard et al., 2020; Svarer et al., 2005). This process results in the generation of
“Time-Activity Curves” (TACs) for each brain-region. There are degrees of freedom in each preprocessing
step that can meaningfully affect results (Ngrgaard et al., 2020).

Simplified Reference Tissue Model

The properties of the tracer binding in each region can then be mathematically modelled using kinetic
modelling. Different kinetic models provide different outcome measures. The two-tissue compartment model
(2TCM) typically estimates the volume of distribution (V), which represents the total binding capacity in the
tissue. In contrast, models utilising a reference tissue like the Reference Tissue Model and its simplified
version (RTM, SRTM) provide the binding potential (BPyp), which specifically quantifies the ratio of
specifically bound to non-displaceable tracer, effectively isolating the signal of interest from non-specific
binding (Lammertsma and Hume, 1996). This model is based on considering a brain region that contains the
target of interest and a similar brain region that does not contain the target of interest but does have similar
non-specific binding properties (Figure 3). SRTM has the benefit over other kinetic modelling strategies of
not requiring an arterial input function, therefore alleviating the requirement for regular arterial blood
sampling during the PET scan, which can cause discomfort for participants.

SRTM is a simplification of the reference tissue model (Hume et al., 1992; Lammertsma et al., 1996), which
describes the following four compartments and six rate constants (See figure 3).

Cp is the concentration of tracer in blood.

Cr is the concentration of free and non-specifically bound tracer in the reference tissue
Cf is the concentration of free and non-specifically bound tracer in the target tissue

Cb is the concentration of tracer bound to the specific target in the target tissue

K1 is the rate constant for the movement of tracer from Cp to Cf

k2 is the rate constant for Cf to Cp

k3 is the rate constant from Cf to Cb

k4 is the rate constant from Cb to Cf

K’1 is the rate constant for Cp to Cr

k’2 is the rate constant for the movement of Cr to Cp

Through a series of assumptions, including the lack of specific binding in the reference tissue and that the
volume of distribution is the same in both target and reference tissues, the four compartments and six rate
parameters can be simplified to two compartments and three parameters. This is known as SRTM.
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e (tis the concentration of tracer in the target tissue

e Cris the concentration of tracer in the reference tissue

e RI is the ratio between the delivery from blood to the target tissue (K1) and the reference tissue
(K1)

e k2ais the rate constant for the transfer of tracer from the target tissue to the plasma (k2/1+BP)

e BP,, is the ratio of specifically bound to free ligand in the target tissue (k3 / k4)

The operational equation is then written:
Ct(t) = RiCr(t) + [kea - Rik2a/(1 + BPyp)]Cr(t) © exp[-k:at/(1 + BPyp)]

Where @ represents the convolution operator.

Reference Tissue Model

K1 k3 :I
C Co
I k2 I k4
Cp
K'1
e
I k'2

Simplified Reference Tissue Model

K1

Ce

k2a

K'l

k'2

Figure 3 | Compartmental models used in PET. Top: Compartmental model showing the kinetic
relationships between plasma (Cp), reference tissue (Cr), and target tissue compartments as characterised in
the Reference Tissue Model. The target tissue includes free/non-specifically bound (Cf) and specifically
bound (Cb) tracer concentrations. Rate constants K1, k2, k3, k4 govern target tissue kinetics, while K'l and
k2 describe reference tissue kinetics. Bottom: Compartmental model showing compartments described by
the Simplified Reference Tissue Model, where the target tissue compartments, Cf and Cb, are combined into
a single compartment Ct. Rate constant k2a represents the apparent efflux rate from the combined target
tissue compartment.
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[''C]Cimbi-36

[''C]Cimbi-36 is a radiotracer produced by labelling the phenethylamine psychedelic 25B-NBOMe at the
methoxy in the 2-position on the N-benzyl ring (Ettrup et al., 2011). It is an agonist, meaning that it binds
preferentially to the G-protein-coupled conformational state of the receptor. It is selective for 5S-HT2AR (Ki
(nM): 5-HT2AR = 0.5; 5-HT2BR = 100; 5-HT2CR = 6.2) with some lower affinity for H1 receptors (Ki
(nM) = 80) (Rickli et al., 2015). Cimbi-36 was first evaluated in pigs (Ettrup et al., 2011) and then shown not
to produce behavioural effects in rats at tracer doses (Ettrup et al., 2013). [''C]Cimbi-36 was then evaluated
in non-human primates, wherein the two-tissue compartment model (2TCM) and SRTM with cerebellar
reference region were both shown to adequately describe the tracer kinetics. Additionally, binding was shown
to be related to the distribution of 5-HT2AR in the cortex and 5-HT2CR in the choroid plexus and subcortical
regions (Finnema et al., 2014). It was then evaluated in humans, showing a relation between V; estimates
from 2TCM and BPy, estimates from SRTM, and showing that binding could be displaced by
preadministration with the 5-HT2A/2CR antagonist ketanserin (Ettrup et al., 2014). [''C]Cimbi-36 forms
mostly glucuronide radio-metabolites which do not cross the blood-brain barrier (Johansen et al., 2018), and
has an effective dose of 5.5 uSv/MBq, indicating that it is safe to administer several scans within a year
(Johansen et al., 2019). A test-retest study and comparison with the antagonist radiotracer ['*FJaltanserin
showed less than 5% test-retest variability and strong correlation between the BPyps estimated with each
tracer, except within the choroid plexus and hippocampus, likely due to 5-HT2CR binding (Ettrup et al.,
2016). [''C]Cimbi-36 has been shown to be sensitive to fenfluramine-mediated 5-HT release in the pig and
non-human primate brains (Jgrgensen et al., 2017; Yang et al., 2017) but not to citalopram mediated (smaller)
5-HT release or acute tryptophan depletion in humans (da Cunha-Bang et al., 2019).

Occupancy estimation

A primary utility of PET in drug development is the estimation of the relation between plasma drug levels
and occupancy of the target receptor, i.e., determination of the plasma concentration producing 50%
occupancy (ICsy) and maximum occupancy (Occ,,,,) for the drug-receptor pair (Laurell et al., 2022). The
typical study design includes a baseline scan to determine the receptor availability in the absence of drug,
followed by a re-scan wherein the radiotracer is administered shortly after administration of the drug of
interest. During this 2nd scan, plasma samples are taken to determine the plasma concentration of the drug
during the scan ([DRUG]). If binding can be quantified using any appropriate metric (e.g., BPy, from
reference tissue methods, V; from compartmental modelling), one can then determine the occupancy as the
percentage reduction in that binding metric between the baseline and block scans. Once this has been
determined across a range of plasma concentrations, one can then determine ICs, and Occ,,,, using the
Hill-Langmuir, or E_,, model (See Fig. 4 for an example):

Dru

Occupancy = Occmax S, T [Drag]

Previous PET work with psychedelics

Four previous studies have applied PET imaging to investigate the neuromolecular effects of psychedelics in
humans, all of which analysed the effects of psilocybin. The first of these investigated the acute change in
neural metabolic rate using the radiotracer ["*F]fluorodeoxyglucose (FDG). This study reported global
increases in neural metabolic rate, with the largest effects seen as increases of 20-25% in frontal regions
(Vollenweider et al., 1997). The same group later investigated the effect of psilocybin on the binding
potential of [''CJraclopride, a radiotracer for dopamine type 2 receptors (D2) (Vollenweider et al., 1999).
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They observed a 20% decrease in BPy,, interpreted as being caused by occupancy of the receptors by
psilocybin-stimulated endogenous dopamine release, as psilocybin has low direct affinity for D2 receptors
(Ki = 3700nM) relative to 5-HT2AR (Ki = 49 nM) (Rickli et al., 2016). One study investigated the relation
between PPL and receptor occupancy at the 5S-HT2AR using [''C]Cimbi-36, showing an ICs, of 1.95 pg/L
(10 nM) and an Occ,,, of 76.6% (Figure 4) (Madsen et al., 2019). Finally, a study investigated whether there
were lasting changes in 5-HT2AR binding potential one week after psilocybin administration in healthy
volunteers, showing no group difference but a linear relation between decreases in [''C]Cimbi-36 BPyy, and
increases in self-reported mindful-attention and awareness (Madsen et al., 2020).
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Figure 4 | 5-HT2AR occupancy of psilocybin from Madsen et al., 2019. Each coloured point represents an
estimated occupancy for a PET scan in one individual; the colours represent the individuals who each
received a different dose. The x-axis value denotes the plasma concentration of psilocin during each PET
scan, and the y-axis denotes the occupancy. The curve is a fitted Hill-Langmuir model indicating that psilocin
binds to the 5S-HT2AR with an IC50 of 1.95 pg/L (10 nM) and an Occmax of 77%.
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Motivation and aims

Paper 1

Arguably, the most medically intriguing property of psychedelics is their apparent capacity to produce lasting
positive changes in behaviour for weeks or even months after the acute psychedelic effects have subsided. At
the time we published this paper, only one paper had investigated the persisting effects of psychedelics on
functional brain activity more than 24 hours after administration. In this paper, we sought to characterise
alterations in network- and region-level connectivity one week and three months after psilocybin
administration in healthy volunteers. Following identification of a candidate connectivity change, we also
evaluated the relation between this and previously reported alterations in 5S-HT2AR availability, self-reported
change in mindful awareness, personality, and persisting positive effects. Finally, we evaluated whether
findings from the only prior analysis of this kind could be replicated in our sample using the same atlas and
analysis method. This constituted only the second replication effort in the field of functional brain imaging
with psychedelics.

Paper 2

Lasting positive effects on wellbeing and behaviour have even been reported in healthy people. Previous
studies have reported associations between the acute effects of psychedelics and their lasting effects,
particularly those effects described as “mystical”’, characterised using the “Mystical Experience
Questionnaire” (MEQ). In this paper, we first aimed to replicate previous findings in a new population of
healthy Danish individuals and expand on previous findings by delving into which components of the MEQ
were most closely related to persisting positive effects. We collected qualitative “trip reports” from all
individuals and, using natural language processing, identified themes that characterised mystical-type
experiences (MTE) in participants’ own words, and present quotes from participants alongside their drawings
to provide a more comprehensive overview of how MTE manifest in healthy individuals.
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Paper 3

The Entropic Brain Hypothesis states that ’the ‘qualia’ or subjective quality of any given conscious state, and
specifically the ‘richness’ of its content, can be indexed by a quantitative measure of the magnitude of
entropy (in the information theoretic sense) in a given parameter of spontaneous brain activity”. It also states
that psychedelics increase the richness of content of consciousness, and therefore should also produce
increases in brain entropy. At the time of writing this paper, 12 papers had evaluated psychedelic effects on
the fMRI entropy, yet each had used a distinct quantification of entropy. In this project, we sought to apply
each of the previously used methods to fMRI data collected from individuals administered a high dose of
psilocybin. We aimed to determine whether there was any relation between each distinct entropy metric and
whether any of these were associated with acute psychedelic effects.

Paper 4

Lysergic acid diethylamide (LSD) is a prototypical psychedelic and is in clinical development for the
treatment of several psychiatric and neurological conditions, including anxiety and migraine. The clinical
benefits of LSD are purported to be due to agonism at the 5-HT2AR. No previous target-engagement studies
have been performed to evaluate the relation between plasma LSD levels and occupancy at the 5-HT2AR,
and no previous evaluations of the acute neurological effects of LSD have concurrently measured receptor
occupancy. In this project, we characterised the baseline SHT2AR binding and functional brain activity using
[''C]Cimbi-36 in a simultaneous PET and MRI scanner in healthy volunteers. We then administered a range
of doses of LSD (25 to 200ug) and rescanned participants during peak drug effects to determine the
occupancy at peak and changes in functional brain activity.
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Study designs

Paper 1

The data collection study design of paper 1 is shown in Fig. 5. Ten healthy participants were included. At
baseline, each participant received a resting-state fMRI scan in a 3T Siemens scanner. They also received a
[''C]Cimbi-36 PET scan and completed the Mindful Attention and Awareness Scale (MAAS). On a separate
day, they received a single dose of 0.2-0.3mg/kg of psilocybin in a comfortable room with two psychological
support staff and music. Both one week and three months later, participants received another fMRI and PET
scan. After the three-month scan, participants also filled out the MAAS and the Persisting Effects
Questionnaire (PEQ), which measures lasting positive and negative changes across a range of domains that
the participant attributes to the psychedelic experience. fMRI data were pre-processed and denoised to derive
region-to-region connectivity matrices from which within- and between-network connectivity was estimated.
Whether the observed change in network connectivity was related to changes in MAAS or PEQ score was
evaluated using linear mixed models.

Resting State fMRI
[11C]Cimbi-36 PET Resting State fMRI
NEO-PI-R NEO-PI-R
MAAS Resting State fMRI MAAS
Preparation Meeting [11C]Cimbi-36 PET PEQ
: PSILOCYBIN : :
| 11D-ASC | |
| MEQ EDI | |
| SDI | |
| |

J |
] _
BASELINE ONE-WEEK THREE-MONTHS

Figure 5 | Study overview for paper 1. NEO-PI-R: NEO Personality Inventory-Revised, MAAS: Mindful
Attention Awareness Scale, 11D-ASC: 11-Dimensional Altered States of Consciousness Scale, MEQ:
Mpystical Experience Questionnaire, EDI: Ego Dissolution Inventory, SDI: Subjective Drug Intensity, fMRI:
functional Magnetic Resonance Imaging.
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Paper 2

The data collection study design of paper 2 is shown in Fig. 6. Twenty-eight healthy participants (12 female)
were included and administered 0.19-0.31 mg/kg psilocybin in a range of settings, seven participants
underwent two sessions in different settings, so there were a total of 35 sessions included. When subjective
drug effects had subsided, participants filled out the MEQ, provided an open-ended qualitative description of
their experience, and provided a drawing of their experience in coloured pencil. Three months later,
participants filled out the PEQ. Associations between MEQ total or subscale scores and PEQ were evaluated
using a latent variable model (LVM). Words used exclusively to describe so-called “complete mystical
experiences” were determined by tf-idf analysis of the preprocessed qualitative reports, and post-hoc,
representative quotes were extracted that contextualised these themes and paired with relevant drawings.
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Figure 6 | Study design for paper 2. PET: Positron Emission Tomography, MR
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Paper 3

The data collection study design of paper 3 is shown in Fig. 7. 27 healthy young adults were included. On the
dosing day, participants were scanned using a BOLD fMRI sequence in the morning before drug
administration. They were then administered between 0.2 and 0.3mg/kg of psilocybin orally before being
rescanned up to four times at +50, 90, 140, and 300 minutes. Following each scan, participants were asked to
rate their subjective drug intensity (SDI) on a scale from 0-10, and a plasma sample was taken, which was
used for quantification of PPL. Following the identification of manuscripts that evaluated task-free fMRI
brain entropy in the context of psychedelics, we mathematically determined and coded each study's entropy
quantification method into a MATLAB toolbox (the Copenhagen Brain Entropy Toolbox, or CopBET). Each
quantification method was then sent to the original authors to determine whether the methods were the same
as previously applied. For a summary of the 13 methods applied, see Fig. 8. Each of these methods was then
applied to the fMRI data from this sample, and the relation between SDI, PPL, and estimated occupancy of
the 5-HT2AR based on PPL (Occ,,) was evaluated using mixed-effect models. Then, to evaluate the metrics,
the intercorrelation between them, the effect of different fMRI denoising pipelines, and the effects on the two
different scanners on the relation with drug effects were each evaluated.

Baseline +50 mins +90 mins +140 mins +300 mins
S T - NH_ e i S =
ol Y ) - HO\}P? *N 4 4
(' - d = = N 4 N
| {
\-/ e I aline o e T aliny &
. - N — —_ — ﬂ - “
S — — —_— —
—] k| = “ =t I —0] ¥ —0f 9
18 Males ' 0.2-0.3 mg/kg =l o) v .
10 Females - = Psilocybin == R

32 + 7.9 Years Oral
Healthy Volunteers | d J v

Figure 7 | Study design for paper 3. Scanner icons represent fMRI BOLD scans, the clipboard represents a
measure of subjective drug intensity, and the vials of blood represent a plasma blood sample that was drawn
and used to quantify plasma psilocin levels. Times are approximate and vary between participants.
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Figure 8 | Data analysis overview for paper 3. Each square represents a method of quantification of
“brain-entropy” as previously reported in the literature. They are grouped into three categories: “Dynamic
Activity”, “Static Connectivity”, and “Dynamic Connectivity”. Each square contains details of the method.
In the top left, a symbol describes the dataset upon which the method was first described in the field of
psychedelic fMRI. Psiy: Intravenous psilocybin, LSDy: Intravenous LSD, Ay: Oral ayahuasca, Psi, : lasting
effects of oral psilocybin. To the left, below the metric name, there is a description of the spatial parcellation
used. To the right is a representation of the input to the function (i.e., regional or voxel-wise timeseries, or
region-to-region connectivity matrix). Below that is a graphical description of the method, and in the bottom

left corner is a citation for the paper that originally described the method.
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Paper 4

The study design of paper 4 is shown in Fig. 9. Eleven healthy adults were included. At baseline, participants
received a 2-hour simultaneous PET/MR scan. The PET scan was a dynamic PET acquisition using
[''C]Cimbi-36. The MR scans acquired during the PET scan included multi-band multi-echo BOLD
sequences. BPy, was determined for the neocortex using SRTM, with the cerebellum as reference tissue.
Occupancy was determined as the relative difference in BPyp and the relation between occupancy and
plasma drug level was determined using the Hill-Langmuir model. fMRI data were preprocessed and
denoised, and regional timeseries were extracted. Global, thalamic, and network connectivity were evaluated,
and several measures of brain entropy were quantified using CopBET. Comparing pre- and post-LSD scans,
effect sizes are reported for each fMRI metric.
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Figure 9 | Study design for paper 3. PET: Positron Emission Tomography, BOLD: Blood-oxygen Level
Dependent functional magnetic resonance imaging, pcASL: pseudocontinuous Arterial Spin Labelling, ToF:
Time-of-flight, PCM: Phase-Contrast Mapping.
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Methods
Psychometrics (Papers 1, 2, 3, and 4)

The subjective intensity of drug effects was assessed during the acute drug effects by regularly asking
participants, “How intense are your effects right now?” on a Likert scale from 0 to 10, where O represented
“not at all” and 10 represented “very much”. This was used in papers 3 and 4. A retrospective evaluation of
acute drug effects was also performed using the 30-item Mystical Experience Questionnaire (Barrett et al.,
2015), which is a self-report scale with four subscales, “mysticality”, “positive mood”, “transcendence of
time and space”, and “ineffability”. In paper 1, participants were asked to fill out the 15-item Mindful
Attention and Awareness Scale (MAAS), which measures self-reported degree of mindful attention to the
present moment. In papers 1 and 2, participants were asked three months after their psilocybin session to fill
out the Persisting Effects Questionnaire (PEQ) (Griffiths et al., 2006), which asks about “persisting effects
that they evaluate to be the result of their intervention or their subsequent reflection over their experience”.
This contained twelve subscales: positive or negative effects on behaviour, attitudes about life, mood,
attitudes about self, social effects, and spirituality. In paper 2, participants were asked to provide a circular
drawing and a free-form written description of their psychedelic experience on the evening of their
experience. These were used for natural language processing and qualitative analyses. In paper 4, participants
were asked to rate their emotional response to the music they listened to during the scans using the Geneva
Emotional Music Scale (Zentner et al., 2008).

Plasma psilocin and LSD quantification (Papers 1, 2, 3, and 4)

At regular intervals following either psilocybin or LSD administration, blood samples were drawn using a
venous antecubital catheter. Samples were stored on ice until centrifugation. Plasma was extracted and stored
at -20°C. Quantification of psilocin or LSD was performed by the Section of Forensic Chemistry, Department
of Forensic Medicine, Faculty of Health and Medical Science, University of Copenhagen, using
ultra-performance liquid chromatography and tandem mass spectrometry on EDTA-stabilised plasma
samples. In paper 3, PPL were converted into estimated occupancies using an ICs, of 1.95 ug/L and Bmax of
76.6% (Madsen et al., 2019).

Structural MRI acquisition (Papers 1, 3, and 4)

In papers 1, 3, and 4, T1 and T2-weighted images were acquired at the start of each imaging session. These
images were used for the identification of single-subject grey and white matter maps as well as for the
co-registration of the functional images. T1-weighted structural images were acquired across three studies
using MPRAGE sequences. Paper 1 used a 64-channel head coil with parameters: TR = 1900 ms, TE = 2.58
ms, TI = 900 ms, flip angle = 9°, FOV = 256 x 256 mm, matrix size = 256 x 256, voxel size = 0.9 x 0.9 x 0.9
mm, 224 slices, no gap. Paper 3 collected data on two scanners: Scanner A used parameters identical to those
of Paper 1. Scanner B employed a 32-channel head coil with parameters: TR = 1810 ms, TE = 2.41 ms, TI =
920 ms, flip angle = 9°, matrix size = 288 x 288, voxel size = 0.8 x 0.8 x 0.8 mm, 224 slices. Paper 4 also
used a 32-channel head coil but with parameters: TR = 2300 ms, TE = 2.26 ms, TI = 900 ms, flip angle = 8°,
FOV = 256 x 256 mm, matrix size = 256 x 256, voxel size = 1 x 1 x 1 mm, 176 sagittal slices, and GRAPPA
parallel imaging with acceleration factor = 3.
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Functional MRI acquisition (Papers 1, 3, and 4)

BOLD functional images were acquired across studies using echo-planar imaging (EPI) sequences. Paper 1
used a 64-channel head coil with parameters: TR = 2000 ms, TE = 30 ms, flip angle = 90°, FOV = 230.4 x
230.4 mm, matrix size = 64 x 64, voxel size = 3.6 x 3.6 x 3.0 mm, 32 slices, slice gap = 0.75 mm, GRAPPA
acceleration factor = 2. Paper 3 collected data on two scanners: Scanner A used identical parameters to Paper
1. Scanner B employed a 32-channel head coil with parameters: TR = 800 ms, TE = 37 ms, flip angle = 52°,
matrix size = 104 x 104, voxel size = 2 x 2 x 2 mm, 72 slices, no gap, multi-band acceleration factor = 8§,
collecting either 750 volumes (n = 5) or 375 volumes (n = 8) over 10 minutes. Paper 4 used a multi-echo,
multi-band EPI sequence with parameters: TR = 1117 ms, TEs = 15.0/33.68/52.36 ms, flip angle = 70°, FOV
= 204 x 204 mm, matrix size = 68 x 68, voxel size = 3 x 3 x 3 mm, 42 axial slices, multi-band acceleration
factor = 3, GRAPPA acceleration factor = 2.

Functional MRI processing and denoising (Papers 1, 3, and 4)

In paper 1, fMRI data were preprocessed using SPM12 (Penny et al., 2007). fMRI data were first realigned
and distortion-corrected using a spin-echo field map, then slice-time corrected. The structural T1-weighted
image was co-registered to the functional data and segmented to derive single-subject grey matter (GM),
white matter (WM) and cerebrospinal fluid (CSF) masks. Functional data were co-registered to the
T1-weighted image, and transformation parameters from the T1 to MNI space were applied. Functional data
were then smoothed using an 8mm full-width half-maximum (FWHM) Gaussian kernel. Functional data
were then de-noised using the CONN toolbox for SPM (Whitfield-Gabrieli and Nieto-Castanon, 2012)
wherein the first 5 principal components and their first derivative of the signal from WM and CSF were
regressed as well as the 6-motion parameters from the realignment step, and their first derivatives and flagged
volumes as identified using the Artifact Detection Tools (ART) toolbox with global variance threshold = 4
and composite motion threshold = 2. Data were linearly detrended and bandpass filtered (0.008 to 0.09 Hz).
Denoised data were then parcellated into 36 regions using the Raichle atlas (Raichle, 2011) as well as 268
regions using the Shen atlas (Shen et al., 2013). An illustration showing the Executive Control Network
(ECN) from the Raichle atlas is shown in Fig. 10.
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Figure 10 | Executive control network as defined by the Raichle atlas. [llustration showing axial (left),
coronal (top right), and sagittal (bottom right) projections of the regions included in the executive control
network as defined by Raichle.
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In paper 3, fMRI data from both scanners were preprocessed and denoised in the same way as paper 1,
except that a 6mm FWHM smoothing kernel was used, and data from scanner B were not slice-time
corrected. After denoising, data from scanner B were downsampled to match the temporal resolution of
scanner A (TR = 2000ms). Data were parcellated using eleven different atlases to match those utilised in the
original publications, as well as a separate atlas, common across all metrics, to evaluate the effect of
parcellation.

Schaefer-1000 regions (Schaefer et al., 2018)

Yeo-17 Networks (Yeo et al., 2011)

Harvard-Oxford 105 regions (Desikan et al., 2006)

Craddock-200 regions (Craddock et al., 2012)

4 x 10mm ROI spheres at bilateral anterior cingulate cortices and hippocampi (Tagliazucchi et al.,
2014)

Shen-268 regions (Shen et al., 2013)

Automated Anatomical Labelling-90 regions (Tzourio-Mazoyer et al., 2002)

Smith 9 Networks (Smith et al., 2009)

Schaefer-200 cortical regions + Tian-32 subcortical regions (Tian et al., 2020)

Lausanne-463 regions (Hagmann et al., 2008)

Schaefer-100 cortical regions + Tian-16 subcortical regions (common atlas)

Additionally, as a post-hoc analysis, six different preprocessing pipelines were applied, and in each case, the
common atlas was used.

Including global-signal regression

Removal of the low-pass filter

Applying a narrower bandpass filter (0.03-0.07 Hz)

Regression 24- instead of 12- motion parameters (i.e., the squares of the motion and derivatives)
Omitting scrubbing

Stricter scrubbing (z > 3SDs, motion > 0.5mm)

In paper 4, fMRI data were preprocessed using the Configurable Pipeline for the Analysis of Connectomes
(C-PAC; version 1.8.7.Devl). T1-weighted and functional data were preprocessed using FSL, AFNI, and
ANTs. Processing began with brain extraction of T1-weighted images using FSL's Brain Extraction Tool
(robust setting), followed by tissue segmentation with FSL FAST. Segmentation masks were generated using
a 0.9 probability threshold. For functional data, preprocessing included slice-timing correction, motion
correction (AFNI 3dvolreg), and distortion correction using fieldmap unwarping. AFNI masking was applied
to the functional images, followed by intensity normalisation. Spatial normalisation was performed by
registering T1 images to MNI152 space using ANTSs, while functional images were first co-registered to T1
space using FSL FLIRT with boundary-based registration before transformation to MNI space. Denoising
was performed in native space and included ICA-AROMA (non-aggressive option), regression of 24 motion
parameters (6 parameters plus derivatives, squares, and squared derivatives), the first 5 principal components
from white matter and CSF, mean CSF signal, and linear/quadratic trends. Finally, a bandpass filter was
applied (0.01-0.1 Hz). Data were then parcellated into Schaefer-200 cortical regions + Tian-32 subcortical
regions.
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Functional MRI metrics (Papers 1, 3, and 4)

fMRI metrics are described fully within the methods sections of the relevant publications, but are described
in brief below. Code is publicly available for the computation of each metric on the following two GitHub
repositories: https://github.com/Pneumaethylamine, https://github.com/anders-s-olsen/CopBET.

Several analyses used connectivity matrices (CM) calculated as the Fisher-transformed r-to-z Pearson’s
correlation between each region pair. “Edge” refers to the correlation between one region-of-interest (ROI)
and another. Several analyses ultimately quantify the Shannon entropy of a specific feature as described in
the background section.

In paper 4, baseline estimates for each metric were determined as the mean across 2 (n=3) or 3 (n=4) baseline
scans.

Network connectivity (Papers 1 and 4)

This method used the CM as input. Regions were assigned to networks based on the parcellation of interest.
Within-network connectivity (WNC) is defined as the mean (paper 1) or median (paper 4) of all of the
correlations that link the nodes that belong to the same network. Between-network correlation is defined
similarly, but for all edges connecting regions from one network to another.

ROI-to-ROI edge strength (Paper 1)

This method used the CM as input. First, a one-sample t-test is applied to all correlations to retain only those
with significantly non-zero connectivity after Bonferroni correction for the number of edges (i.e., the
strongest edges). Then, uncorrected paired t-tests were performed for each surviving edge between
conditions.

Out-network connectivity distribution (Paper 3)

This method used the CM as input. A community detection algorithm was applied to the CM, assigning a
community affiliation to each ROI. The Shannon entropy of the connectivity from any ROI to all ROIs
assigned to different communities was then calculated, returning an Out-network Connectivity Distribution
score for each region. This method was applied as described in (Lebedev et al., 2015).

Degree distribution (Paper 3)

This method used the CM as input, taking the absolute edge strengths. Degree is defined as the number of
super-threshold edges that an ROI has. First, the edges were thresholded with both a one-sample t-test and
then with a dynamic threshold that produced a given mean-degree across all ROIs (e.g., on average, each ROI
is connected to 27 others). The Shannon entropy of the number of edges that each ROI has was then
calculated, resulting in a single whole-brain score describing the width of the distribution of edge-numbers.
This method was applied as described in (Viol et al., 2017).

Path-length distribution (Papers 3 and 4)

This method used the CM as input, taking the absolute edge strengths. “Path length” is the shortest set of
edges that must be crossed to get from any ROI to another. First, a path-length matrix was calculated
representing the shortest paths between each ROI pair. Then the Shannon entropy of these matrix values was
calculated. This method was applied as described in (Viol et al., 2019).
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Von Neumann entropy (Paper 3)

This method used the Pearson’s CM as input. The Von Neumann entropy is calculated as :
N

S(p) =— Y Ailog Ai

i=1
Where A are the eigenvalues of the scaled correlation matrix p=R/N, where R is the CM and N is the number
of regions. This method was applied as described in (Felippe et al., 2021).

Intra-network synchrony distribution (Paper 3)

This method used voxel-wise time series as input. Within each region, at each timepoint, the variance across
voxel intensities was evaluated. Then the Shannon entropy of this variance over time was calculated. This
method was applied as described in (Carhart-Harris et al., 2014).

Motif-connectivity distribution (Paper 3)

This method used time series data from 4 regions of interest (ROIs) - bilateral hippocampi and anterior
cingulate cortices - each defined as 10mm diameter spheres. Using sliding windows of 15-150 seconds,
partial correlation matrices were calculated between all ROI pairs in each window, controlling for other
regions and motion. The standardised correlations were binarised using a significance threshold of p=0.0083
(0.05/6 pairs). This generated a probability distribution across all 64 possible network configurations, from
which Shannon entropy was calculated. This method was applied as described in (Tagliazucchi et al., 2014).

LEiDA-state Markov-rate (Paper 3)

This method used regional time series as input. The method computed phase coherence matrices using the
Hilbert transform to find phase differences between regions. These matrices were decomposed using
eigenvalue decomposition, retaining the first eigenvector at each timepoint. K-means clustering (K=3) was
applied to these eigenvectors. Transition probabilities between states were calculated, and the entropy rate
was computed as
K

St = —p@ ,le(i,j) logP(i, )

j=

Where p is the leading eigenvector of the transition matrix P. The final entropy was normalised as

S = Si/log2(K)

™M =

j=1

This method was applied as described in (Kringelbach et al., 2020).
Dynamic conditional correlation distribution (Papers 3 and 4)

This method used regional time series as input. Dynamic Conditional Correlation (DCC) was used to
calculate framewise correlation coefficients between all region pairs (Lindquist et al., 2014). The Shannon
entropy was calculated from the probability distribution of each edge’s DCC strengths across time. Bin
widths for entropy calculation were determined automatically using MATLAB's built-in histcounts function.
ROIs were assigned to networks. The mean entropy was calculated for each network-to-network pair. This
method was applied as described in (Barrett et al., 2020).
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Meta-state complexity (Paper 3)

This method used regional time series as input. K-means clustering (K=4) was applied to BOLD time series
using Pearson correlation distance, with 200 random initialisations to find the optimal solution. The four
states were condensed into two meta-states based on sign symmetry. Each volume was labelled as meta-state
0 or 1, and the Lempel-Ziv complexity was calculated from this binary sequence using the LZ76 exhaustive
algorithm (Lempel and Ziv, 1976). This method was applied as described in (Singleton et al., 2022).

Integration/Segregation-state distribution (Paper 3)

This method used regional time series as input. A sliding window correlation analysis was performed using a
44-second window convolved with a Gaussian kernel (FWHM = 3s). For each window, the correlation matrix
was calculated, and the Louvain modularity algorithm was applied to compute module degree z-scores and
participation coefficients. K-means clustering (K=2, 500 repetitions) was applied to the cartographic profile
of these measures using correlation distance. The Shannon entropy was calculated from the probability
distribution of state occurrences (i.e., segregated or integrated). This method was applied as described in
(Luppi et al., 2021).

Multi-scale sample entropy (Papers 3 and 4)

This method used voxel-wise time series as input. For each voxel, sample entropy was calculated by
examining the probability that signal patterns similar at length m=2 remain similar when extended to length
m = 3, with similarity defined by Chebyshev difference less than 0.3. Specifically, it counts matching patterns
of both lengths and takes the negative log of their ratio. To examine multiple timescales, the time series was
first coarse-grained by averaging over non-overlapping windows of different lengths (scales 2-5). Sample
entropy was then calculated on each of these coarse-grained signals to quantify pattern predictability across
different temporal resolutions. The entropy value for each region was then calculated as the mean entropy
across all voxels belonging to that region. This method was applied as described in (Lebedev et al., 2016)
and as originally described in (Richman and Moorman, 2000).

Lempel-Ziv complexity (Papers 3 and 4)

This method used regional time series as input. The analysis begins by applying the Hilbert transform to
extract amplitude information from each regional signal. These amplitude time series are then simplified into
binary sequences by marking timepoints as 1 if they exceed that region's mean amplitude, and O if they fall
below it. This creates a matrix where each row represents a time point and each column represents a region's
binary state. From this binary matrix, two different types of complexity can be measured using the
Lempel-Ziv algorithm (LZ78) (Ziv and Lempel, 1978). Temporal Lempel-Ziv complexity (LZc-temporal)
examines how patterns in brain activity change over time by concatenating complete regional time series.
Spatial complexity (LZc-spatial) instead looks at how complex the patterns of activity are across brain
regions at each moment by concatenating time-adjacent “region-series”. This method was applied as
described in (Varley et al., 2020).
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Normalised spatial complexity (Paper 4)

This method used voxel-wise time series as input. First, a PCA is performed on the time x voxel matrix. The
resultant eigenvalues are then normalised by the sum of all eigenvalues. The normalised spatial complexity is
then calculated as

m
_ v M*logy)
NSC = .Z ()
=1
This is analogous to the Shannon entropy of the eigenvalues, normalised by In(m) to ensure values fall
between 0 and 1. To calculate a global score, all voxels are included, and for regional scores, only voxels

from the given region are included. This method was applied as described in (Siegel et al., 2024).
Global correlation (Paper 4)

This method used voxel-wise time series as input. The correlations between each voxel's timeseries and all
other voxels within a cortical and subcortical mask were calculated. The median correlation value was
assigned as the Global Correlation (GCOR) score for each voxel.

Thalamo-cortical correlation (Paper 4)

This method used voxel-wise time series as input. The correlation between a thalamus seed's time series and
every other voxel in a cortical mask was calculated. The median correlation value was assigned as the TCOR
(Thalamic Correlation) score for each voxel.

Modularity (Paper 4)

This method used the Pearson’s CM as input. Modularity was calculated using the community_louvain
function from the Brain Connectivity Toolbox (BCT) (Rubinov and Sporns, 2010), with y = 1 and
asymmetric treatment of negative weights applied to the weighted, undirected Pearson's correlation matrix
for each scan. This calculation was repeated 100 times, with the maximum value retained as the absolute
modularity. One hundred null graphs were then generated using the BCT's null_model_und_sign function.
For each null graph, the same modularity calculation procedure was performed, taking the maximum of 100
repetitions of the community_louvain function. The observed modularity underwent normalisation relative to
the mean modularity of these null models, expressed as: normalised_modularity = absolute_modularity /
null_modularity.

Small-worldness (Paper 4)

This method used the Pearson’s CM as input, retaining only positively weighted edges. The mean clustering
coefficient (C) across all regions was calculated using the BCT function clustering_coef_wu. The average
path length (L) was computed using the BCT function distance_wei_floyd('log'), determined as the mean of
the non-infinite, non-zero path lengths. One hundred null graphs were generated using the BCT function
null_model_und_sign on the unthresholded matrix, which was subsequently thresholded to retain only
positive edges. C and L were calculated for each null graph, and the observed small-worldness underwent
normalisation according to: normalised_smallworldness = (C / mean(Cnull)) / (L. / mean(Lnull)), where Cnull
and Lnull represent the C and L values calculated on null graphs.

37



Relation between GCOR and other imaging metrics (Paper 4)

To evaluate the relation between distinct neural effects of LSD, maps describing the change in GCOR (LSD
minus baseline) were parcellated using the AAL3 atlas (Rolls et al., 2020) and regional values were
compared with regional values for change in cerebral blood flow or neocortical occupancy using Spearman’s
rank correlation. This created a regional correlation estimate for each region.

PET acquisition and processing (Papers 1 and 4)

PET images in paper 1 were collected on a high-resolution research tomograph (HRRT) PET scanner
(CTI/Siemens, Knoxville, TN, USA). PET images in paper 4 were collected on one of two identical 3T
Siemens Biograph mMR scanners (Siemens Healthcare, Erlangen, Germany). Data were attenuation
corrected using an MR-based attenuation correction method, reconstructed, and framed using a protocol of
6x10s, 6x20s, 6x60s, 8x120s, 19x300s, and then realigned and coregistered to session-specific T1- and
T2-weighted MR images. Segmentation maps were created using the T1- and T2-weighted MR images,
which were used to delineate grey-matter voxels. Regions of interest were defined using Pvelab (Svarer et al.,
2005), and regional time-activity curves were extracted for use in SRTM to determine BPy, in the neocortex,
defined as an average across cortical regions. The cerebellum was chosen as the reference region due to the
absence of 5-HT2AR (Ettrup et al., 2016, 2014; Spies et al., 2020).

Language analyses (Paper 2)

Natural language processing analyses were performed on qualitative reports by first lemmatising all words
(e.g., “swimming” and “swam” were transformed to “swim”) using the Python package lemmy (v2.1.0).
Then these reports were split by whether participants had a Complete Mystical-Experience (CME), defined
as a score greater than 60% on all four subscales of the MEQ. The lemmatised reports from CME and
non-CME were then compared using a term-frequency inverse-document frequency (tf-idf) analysis using the
R package tidytext (Silge and Robinson, 2016), which evaluates the relative frequency of word use across
documents. Reports containing the top 5 terms identified in the tf-idf analyses were then qualitatively
analysed, and representative quotes were extracted.

Mandala drawing (Papers 2 and 4)

On the day of dosing, after the psychoactive effects had ceased, participants were asked to provide a drawing
of their experience in a circle. Where relevant, these are presented with the accompanying quote.

Statistical analyses (Papers 1, 2, 3, and 4)

Paper 1 evaluated differences in connectivity using paired t-tests and reported p-values with and without
correction for multiple comparisons using the Bonferroni-Holm method (Salkind, 2012). We also report
effect sizes for network-connectivity as Cohen’s dz, i.e., the mean difference divided by the standard
deviation of the differences. Correlations between PET and MRI outcomes with various psychometrics were
evaluated using Pearson's correlations. The “Positive” subscales of the PEQ were evaluated together using an
LVM that captures the shared covariance within each subscale into a single variable (PPE,y) using the R
package lava (v.1.8.0); this approach was also used in paper 2. See Fig. 11 for an illustration of the structure

of the LVM. P-values were corrected for multiple comparisons using the Bonferroni-Holm method (Pryg)
(Holm, 1979).

Paper 2 evaluated the association between the total score and individual subscales of the MEQ and the PPE, .
P-values were corrected for multiple comparisons using the Bonferroni method (P,,,) (Dunn, 1961).
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Paper 3 evaluated each entropy metric for each scan as described above. The relation between PPL, SDI, and
estimated 5-HT2AR occupancy (Occ,,) with each entropy metric was evaluated using linear mixed effects
models using the R packages predictmeans (v1.0.6), Ime4 (v1.1.30), nlme (v3.1.157), ImerTest (v3.1.3) and
LMMstar (v0.7.6). We specified a subject-specific random intercept and adjustment for motion (i.e.,
Framewise Displacement (FD) estimated using Artifact Detection Tools), age, sex and scanner. We controlled
the family-wise error rate within each metric across regions (e.g., across the 17 networks for scale-1 sample
entropy) but not across metrics nor across SDI, PPL and Occ,,. This was done using the maxT test method
using a permutation framework (prwer) (Lee et al., 2012; Westfall and Troendle, 2008). Metrics without
regions (e.g., BOLD complexity) were evaluated using only permutation testing (ppe), applying 10000
permutations. Findings were considered statistically significant if they were associated with all three metrics
(collectively termed “PsiFx”) at pye, < 0.05 or prwpr < 0.05 for regional metrics. Effect sizes are reported as
Pearson’s correlation coefficients between the partial residuals of the entropy metrics adjusted for the above
covariates and each of PsiFx. The effect of the scanner on the estimated relation between PPL and entropy
was evaluated by a separate model including a scanner-x-PPL interaction as an additional covariate. The
relations between all non-regional entropy metrics plus motion were evaluated using Pearson’s correlations.

Paper 4 used PET data from baseline and LSD sessions to estimate the occupancy of LSD at the 5-HT2AR
for each participant as 100 x (baseline BPy, - LSD scan BPyp)/baseline BPy,. The across-participants
relation between plasma LSD levels during the scans and occupancy was then modelled using a single-site
binding model, i.e., Occupancy = (Occ,, x [LSD]) / (ICy, + [LSD]), where Occ,,,, is the maximal occupancy
of LSD and ICs, is the estimated concentration at which half of the binding of [''C]Cimbi-36 is blocked, i.e.,
half of the receptors are occupied. This was estimated using a nonlinear least squares regression from the R
package stats (v4.3.1). Confidence intervals were determined using a residuals bootstrap. Effect sizes
comparing baseline and LSD fMRI metrics (GCOR and brain-entropy metrics) were calculated using
Cohen's dz.

Ethical approvals (Papers 1, 2, 3, and 4)

Papers 1, 2, and 3 were based on data collected in a study approved by the Danish Medicines Agency
(EudraCT ID: 2016-004000-61, amendments: 2017014166, 2017082837, 2018023295) and by the ethics
committee for the capital region of Copenhagen (journal ID: H-16028698, with amendments). The study was
preregistered at ClinicalTrials.gov (identifier: NCT03289949).

Paper 4 was based on a study approved by the ethics committee of the Capital Region of
Denmark(H-21060056) and the Danish Medicines Agency (EudraCT no.: 2021-002633-42; CTIS:
2024-519564-41-00). The study was preregistered at clinicaltrials.gov (NCT05953038) and aspredicted.com
(https://aspredicted.org/gn3un.pdf).

In both studies, participants were given information packs including an overview of their rights and the use
of their data following telephone screening and before signing the consent forms. All research procedures
were conducted in accordance with the Declaration of Helsinki (World Medical Association, 2025).
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Dose Age

Project 2

Figure 11 | Latent variable model applied in paper 2. Subscales of the persisting effects questionnaire
(green boxes) are shown to load onto the latent variable PPL;, by estimates shown in the boxes on the
connecting lines. The effect of covariates (yellow boxes) on PPE,, are assessed both directly and indirectly
via modulation of MEQ (blue box). MEQ represents one of five inputs, each applied separately, the total
MEQ score and each of the four subscales.

40



Results

In the following sections, a summary of the main results from papers 1-4 is presented. Full details are
provided in each of the manuscripts (see Appendix).

Paper 1

In paper 1, we aimed to quantify the lasting effects of psilocybin on functional brain connectivity in 10
healthy individuals administered psilocybin in a comfortable research setting. We then evaluated whether
these functional brain changes were associated with behavioural outcomes.

Baseline network functional connectivity was as expected, with high within-network connectivity and
relatively lower between-network connectivity. At one-week follow-up scan, within-network connectivity
(WNC) was reduced in the Executive Control Network (ECN) (pgwg = 0.010, Cohen’s dz = —1.73). Further
investigation revealed that ECN WNC was reduced in 9/10 participants, and across participants was reduced
in 9/10 of the “edges” (Region-to-region connections) that make up the ECN. At three-month follow up this
effect had largely returned to baseline (pgwg = 1, Cohen’s dz = —-0.4). No other network-connectivity estimates
were statistically significantly affected at one-week or three-month follow-up (Fig. 12).
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Figure 12 | Lasting effects of psilocybin on network connectivity. Three heatmaps showing within-
(diagonal) and between- (off-diagonal) network connectivity scores, a) Connectivity scores (Fisher’s r-to-z)
during the baseline scan showing clear network structure. b) Cohen’s dz for the comparison between baseline
and 1-week follow-up, ¢) Cohen’s dz for the comparison between baseline and three-month follow-up.
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Our exploratory correlation analyses did not find any significant relationship between changes in ECN WNC
and measures of the acute psychedelic experience. Participants who showed larger reductions in ECN WNC
after one week demonstrated greater increases in mindfulness awareness (MAAS) scores at three months (r
[95% CI] = -0.65 [-0.91, -0.04], p,.. = 0.04). Conversely, those with smaller reductions at the three-month
mark also had greater MAAS increases (r [95% CI] = 0.71 [0.15, 0.93], py,. = 0.02) (Fig. 13). We observed a
trend suggesting that greater decreases in ECN WNC at one week were associated with higher positively
valenced Persisting Effects Questionnaire (PEQ) scores at three months, though this did not reach statistical
significance (Beta = —19.9 [-41.7, 1.93]; p = 0.07; units: change in Life Positivity PEQ per 0.1-unit change
in ECN RSFC). Additionally, ECN disintegration measured at three months correlated with change in
neocortex 5-HT2AR binding at one-week compared to baseline (r [95% CI] = -0.67 [-0.91, —0.06], pu,. =
0.01).

(d) Change in ECN RSFC at One-Week and MAAS at Three-Months (b) Change in ECN RSFC and MAAS at Three-Months
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Figure 13 | Correlations between Executive Control Network functional connectivity changes and
mindful attention and awareness scores. Correlations between ECN-WNC changes and MAAS score
changes at three months post-intervention. (a) Negative correlation between ECN-WNC reduction at 1-week
and increased MAAS scores at 3-months (r = —0.65 [95% CI: -0.91, -0.04], py,. = 0.04). (b) Positive
correlation between ECN-WNC changes and MAAS score increases at three months (r = 0.71 [95% CI: 0.15,
0.93], pue = 0.02). ECN-WNC, Executive control network within-network connectivity; MAAS, mindful
attention and awareness scale.
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Paper 2

In paper 2, we evaluated the associations between psilocybin-induced MTE measured on the day of the
experience with the MEQ and lasting behavioural outcomes as measured using a LVM of the PEQ (PPE, ),
measured at three-month follow-up. We also provide qualitative descriptions of these experiences.
Participants received 19.4 + 3.7 mg of psilocybin. 21 of the 35 experiences analysed met the threshold for
complete mystical experiences (CME), i.e., scored more than 60% on all four subscales of the MEQ.

First, we compared those participants who had MTE vs those who did not meet the criteria. We found no
effect of sex, age, baseline depression, stress or sleep-quality scores. We did not observe an effect of peak
PPL on MTE or PPE, (Table 1).

Measure All CME Non-CME p value
Participants (no.) 28 16* 2 NA,
Psilocybin sessions (no.) 35 21 14 NA
Project 1 (PET) (no.) 4 1 3 0.31
Project 2 (no.) 10 rs 3 0.21
Project 3 (MRI) (no.) 271 13 8 0.28
Female (%) 15 (43%) 8 (38%) 7 (50%) 0.50
Mean age (SD) (years) 31.7 (7.0 30.8 (4.9) 33.1 (9.4) 0.45
Mean weight (SD) (kg) 72.4{12.2) 755(11.9 727 (12.7) 0.44
Psychedelic Naive (no. (%)) 23 (66%) 14 (67%) 9 (64%) 0.89
Mean dose (SD) (mg) 19.4 (3.7) 193(35 19542 0.80
Mean dose (SD) (mg/kg) 0. 26 0.04) 0. 26 (0.04) 0.27 (0.04) 0.34
Mean baseline MDI 22 4} 1(2.6) 4 3(2.2) 0.94
Mean baseline PSS 8 (3.8 7 (3.6) 1 (4.1) 0.70
Mean baseline PSQI 7 7} 3(1.5) 3(1.9) 0.18

Table 1 | Descriptive statistics for participants from paper 2. Data are presented as an overall cohort and
split between those who had a complete mystical experience (CME) and those who did not. SD: Standard
deviation, MDI: Major Depressive Inventory, PSQI: Pittsburgh Sleep Quality Index, PSS: Perceived Stress
Scale, PET: Positron emission tomography, MRI: Magnetic resonance imaging, CME: Complete mystical
experience.

Secondly, we showed a significant positive association between MEQ total score and PPE,, (fp = 14.8,
95%CI = 8.66:20.96, p,,. = 3 x 107°) where P represents the increase in PPE, (rated from 0-100) per unit
MEQ score (rated from 0-5). When examining individual MEQ subscales, we found significant positive
associations between PPE,, and both Positive Mood (f = 14.5, 95% CI = 7.90:21.11, peer= 4.1 x 10™*) and
Mysticality (B = 10.8, 95% CI = 6.14:15.51, p..r = 2.0 x 10™*). However, no significant associations were
observed for the subscales Transcendence of Time and Space (f = 9.4, 95% CI = —1.72:20.56, p .= 0.38) or
Ineffability (B = 11.2, 95% CI = -2.75:25.14, p.... = 0.45) (Fig. 14, Table 2).
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Relation Between MEQ and Persisting Positive Effects
Attributed to Psilocybin

MEQ Total - I i i
Positive Mood - ¢ i3 |
Mysticality - k .z |

Transcendance of _ "
Time and Space

Ineffability- | ® |

i i i ] ]

Q 5 10 15 20 25

Change in PPE_y per MEQ unit £ 95% Confidence Interval
Figure 14 | Estimates of the relation between MEQ and Persisting Positive Effects. Each y-axis value
represents either the Mystical Experience Questionnaire total score or each of the four subscales. The x-axis
value represents the estimate for the relation between that scale and the latent variable PPE;, which
represents the self-reported persisting positive effects of psilocybin measured three months after
administration. MEQ, Mystical Experiences Questionnaire; PPE;y, Persisting Positive Effects Latent
Variable.

Variable B 95% ClI p-value p-value (corrected)
MEQ: total 14.8 8.66:20.96 30 % 10°° 30 x10°°
Positive Mood 14.5 7.90:21.11 1.0 x 107* 4.1 x 107"
Mysticality 10.8 6.14:15.51 51 x 107 20 x10™
Transcendence of Time and Space 9.4 -1.72:20.56 0.094 0.377
Ineffability 11.2 -2.75:25.14 Q.11 0.446

B and 95% Cl indicate effect size and 95% confidence interval in units of the latent variable PPE, » which represents persisting positive effects atiributable to the drug experience as a % of
maximum possible score,

Table 2 | Statistical description of the associations between MEQ and PPE, . Descriptive text is directly
from the original publication.
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The natural language processing of open-form reports revealed that the most frequently used words unique to
CME were “Universe”, “dad”, “MR” (Magnetic Resonance), “beautiful”, “simultaneous”, “infinite”,
“purple”, “in relation to”, “ray”, “happy”, and “brother” (Fig. 15). Manual searching confirmed that these
were not driven by a single report in any case. The most frequently used words unique to non-CME reports

were “gloomy”, “cycle”, “evil”, “cold” and “need”; most of these, except “gloomy”, were driven by one or
two reports only.

TH-idf Scores From CME Reports

Universe

Dad

Magnetic Resonance
Beautiful
Simultaneous

Infinite

Purple

In relation to

Ray

Happy

Brother

=]

2x10™ 4x%10™ 6x10™°
Tt-idf Score

Figure 15 | Natural-language processing results from complete mystical experiences. The x-axis value
indicates the term-frequency inverse document frequency score for each word, for reports from complete
mystical experiences.

In context, the word “Universe” referred to feelings of connectedness, aligning with MEQ item 14 *,
Freedom from the limitations of your personal self and feeling a unity or bond with what was felt to be
greater than your personal self”

The light of love brings clarity to everything. I get a deep feeling of purity and feel that everything is
beautiful, and that love is what makes up the world and the universe and connects everything like a network
of roots.

Report 22, female, CME, MEQ total 3.9 (out of 5)
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The word “Dad” was used to describe connectedness and love for the participants’ fathers, as in the below
quote and accompanying drawing. The word “mother” was present in both CME and non-CME reports, but
the word “father” was not found in non-CME reports. There are no allusions to feelings of connection to
family in the MEQ.

Figure 16 | Participant’s drawing of their experience - Report 6

I had the feeling that I was experiencing the world through myself as a little girl holding her dad’s
hand. My dad and I were observing what was happening around us. I think we saw something that resembled
beautiful nature and charming castles.

Report 6, female, CME, MEQ total 3.9
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21 of the 35 experiences were largely undertaken within an MRI scanner. One participant reported
synesthetic experience due to the MR sounds, and several described a feeling of connectedness with the
scanner echoing MEQ item 6, “Experience of oneness or unity with objects and/or persons perceived in your
surroundings.”

The sounds from the MR scanner each cast a specific hue, with high-frequency tones giving a
yellowish tinge and low-frequency tones having a purple tinge.

Report 22, female, CME, MEQ total 3.9

Figure 17 | Participant’s drawing of their experience - Report 32

[ felt a sense of no longer being connected to my own body. The MRI scanner and I stepped into a
different reality together. With colours, and shapes, and figures.

Report 32, female, CME, MEQ total 4.7, see Figure 6

47



The word “beauty” referred in several cases to perceptual effects which are not captured by the MEQ but also
to reflections on human nature and the depths and complexities of human conscious experience. In some
cases, these echo MEQ item 27, “sense of awe or awesomeness”.

Figure 18 | Participant’s drawing of their experience - Report 15

My inner vision became the universe, filled with colourful waterfalls, glistening like stars, not bound
by gravity. They floated in the air and folded around each other. Totally quiet. The streams were infinite and
beautiful.

Report 15, female, CME, MEQ total 3.5
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Figure 19 | Participant’s drawing of their experience - Report 3

The feeling of joy and love was the energy in the universe, completely intense and multiplied by 100.
It was like taking those two emotions and concentrating them, to have them in their purest form without any
worries or other troubles that can come with everyday reality. Everything else ceased to matter while those
two emotions were so pure—they made everything incredibly beautiful. When I was soaring through the
soundwaves with this energy, I could see all the people close to me in my life appear. My partner, my sister
and her boyfriend and their new-born son, my mother, my amazing friends. I felt immensely privileged to be
part of this universe/community, to be able to feel those feelings in such a pure form, to have such deep
emotions in my body—and I was overwhelmed with gratitude for this world. That everything simply is. And
with that I was overtaken by a desire to protect it all, to show the world how beautiful it is and to take care of

it
Report 3, female, CME, MEQ total 3.9

The word “simultaneous” frequently reflects that some participants felt like they had several experiences

occurring at the same time, sometimes complementary and sometimes contradictory.

In my thoughts, mentally, physically, and bodily. I desire the togetherness of being a pair, but
simultaneously I feel a togetherness with the whole world and all people.

Report 12, male, CME, MEQ total 4.9

From the non-CME reports, the word “gloomy” was often in reference to their dislike of certain songs that

were played during their experience.
The physical insecurities I have about myself and the gloomy music made me feel uneasy.

Report 7, female, non-CME, MEQ total 2.8
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Paper 3

In paper 3, we evaluated the acute brain effects of psilocybin in healthy volunteers using functional MRI.
Analyses focused on 13 metrics of brain-entropy that had previously been reported in the context of
psychedelic administration.

The previous metrics can be considered as belonging to one of three groups. Group A metrics evaluate the
entropy of the static connectivity matrix. Three of these, Out-Network Connectivity Distribution, Degree
Distribution and Von Neumann Entropy, were not associated with PsiFx (Fig. 24). Path-length distribution, a
measure of the distribution of path-lengths across the whole brain, was significantly positively
weak-to-moderately associated with PsiFx at the a priori defined threshold producing a mean degree of 27
(Pearson’s rho = 0.39, 0.27, and 0.23 for PPL, Occ,, and SDI, respectively) as well as exploratory extra
degrees from 22 to 38 inclusive.
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Figure 20 | Relations between plasma psilocin levels and whole-brain static connectivity entropy
measures. Points are coloured according to time after administration such that black dots represent pre-drug
scans, purple represent upslope and peak drug scans, and orange represent scans once participants were
mostly sober again. Y-axis values are adjusted for covariates: subject, age, sex, scanner, and motion. P,
values refer to the correlation with PPL.

Group B metrics evaluate the entropy of dynamic or time-varying connectivity. Four of these, Intra-network
Synchrony  Distribution, = Motif-connectivity = Distribution, = LEiDA-state ~ Markov-rate  and
Integration/Segregation-state Distribution, were not significantly associated with PsiFx (Fig. 21). Meta-state
Complexity, a measure of the complexity of the timeseries of brain-states, was weakly associated with Occ,,
and SDI, but not PPL (Pearson’s rho = 0.22, 0.33, and 0.20, respectively). DCC Distribution, a measure of
the width of distribution of connectivity strengths across time within and between given network edges (e.g.,
Default-Mode to Frontoparietal Networks), was positively moderate-to-strongly associated with PsiFx across
35/36 network edges (Rho range: 0.35 to 0.78; 18/36 prwrr < 0.0001, 29/36 prwer < 0.001, 35/36 prwer <
0.05) (Fig. 22).
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Figure 21 | Relations between plasma psilocin levels and whole-brain dynamic connectivity entropy
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Figure 22 | Relation between plasma psilocin level and dynamic conditional correlation distribution. A)
Heatmap of Pearson’s correlation values for each within and between network pair *** represents prwer <
0.0001, ** ppwer < 0.001, and * pewer < 0.05 for associations with PPL. B) A scatter plot showing the
relation between DCC distribution and plasma psilocin level for one of the strongest network edges, which
was within the default-mode network. (Rho = 0.74). Y-axis values are adjusted for subject, age, sex, MR

scanner and motion.
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Group C metrics evaluate the entropy of the timeseries themselves. Sample entropy is a measure of the
regularity of a timeseries. We evaluated sample entropy across five scales by down-sampling the timeseries
by taking the mean across non-overlapping windows of length s. At s = 1 (not downsampled), sample entropy
was positively associated with PsiFx across most networks, with Prygr < 0.05 in 7/17 networks. At s = 2, 3,
and 4, there was no association with PsiFx, but at s = 5, sample entropy was significantly negatively
associated with PsiFx in 14/17 networks. Scale 1 associations were weak to moderate (Rho range: 0.26 to
0.47), as were Scale 5 associations (Pearson’s rho range: -0.27 to -0.49) (Fig. 23). Lempel-Ziv complexity is
evaluated either by concatenating the regional time-series end-to-end (LZc-temporal) or across all regions at
each timepoint (LZc-spatial). LZc-spatial was not associated with PsiFx. LZc-temporal, a measure of the
complexity of the BOLD signal across time, was significantly but weakly associated with Occ,, (Rho = 0.23)
and SDI (Rho = 0.3) but not PPL (p,,, = 0.14) (Fig. 24).

Scale 1 Scale 2 Scale 3
0.002 1
*
{ ; +** *¥ \
Wathd T ] |1}
U AR LG i
-0.002 4
@)
a?
n
TI -0.004
) Scale 4 Scale 5
© 0.002-
E
5 —o— VisualCent
L : :
~a— VisualPeri ~8— LimbicB
| L] | —o— SomMotA -e— ContC
0.000 t : i
* * o* * —&— SomMotB -e— ContB
* * *
* *k T
*k & ~&~ DorsAttnA -e— ContA
T —o— DorsAtinB ~o~ TempPar
-0.002 1 —o— SalVentAttnA -e— DefaultC
—e— SalVentAttnB -e— DefaultA
—e— LimbicA -8~ DefaultB
-0.004
Network

Figure 23 | Relation between plasma psilocin and multi-scale sample entropy. Forest plots describing the
estimate and 95% confidence intervals for the relation between sample entropy and plasma psilocin level.
Colours represent brain networks from the Yeo atlas, and each subplot represents a different temporal scale
from 1-5. *** prwer < 0.0001, ** ppwer < 0.001 and * peywegr < 0.05 for associations with PPL.
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Figure 24 | Relations between plasma psilocin levels and whole-brain Lempel-Ziv complexity
measures. Points are coloured according to time after administration such that black dots represent pre-drug
scans, purple represent upslope and peak drug scans, and orange represent scans once participants were
mostly sober again. Y-axis values are adjusted for covariates: subject, age, sex, scanner, and motion. P,
values refer to the correlation with PPL.

All entropy metrics presented above were evaluated using the same parcellation as in the original paper that
evaluated their effects in the context of psychedelics. To evaluate the effect of parcellation, all metrics were
reevaluated using a common parcellation, i.e., 100 cortical regions from the Schaefer parcellation (divided
into 7 networks) combined with 16 subcortical regions from the Tian atlas. Consistent with previous results,
we observed significant associations with PsiFx for path-length distribution (mean degrees 31-38), DCC
distribution across most network edges, and sample entropy without downscaling.

To explore the effect of different preprocessing strategies on each entropy metric, the analyses were re-run
across six different pipelines, using the common atlas. These included adding global-signal regression (GSR),
removal of the lowpass (0.09Hz) filter, narrowing the bandpass filter (0.03-0.07 Hz), increasing the number
of motion parameter regressors from 12 to 24, omitting scrubbing, and increasing the strictness of the
scrubbing threshold from z > 4SDs, motion > 2mm to z > 3 SDs, motion > 0.5mm. With regard to the
relation with PsiFx, path-length distribution was unaffected across most pipelines except when adding GSR.
DCC was also consistent across most pipelines except those related to alterations in the filtering strategy.
Specifically, the narrow bandpass filter removed any association with PsiFx, and the removal of the lowpass
filter flipped the sign to a weak negative association in a few sparse network pairs. Sample entropy was
consistent across variations in scrubbing, but the effect was largely eradicated following GSR, alterations in
filtering and the addition of extra motion regressors.

As the data in this experiment were collected on two different scanners with different scanning parameters,
we constructed additional models to evaluate the effect of scanner on the interaction between each entropy
metric and PsiFx. There was a significant effect of scanner on the relation between path-length distribution
and PsiFx, such that the effect for one scanner was strong, and close to zero for the other. There was also an
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effect for sample entropy at scale 5, but for both scanners, there were still a significant negative association.
There was no moderating effect of scanner for DCC entropy.

To evaluate the relation between these entropy measures, the correlation across all whole-brain metrics was
estimated, as well as their relation to motion. After correction for multiple comparisons, certain entropy
quantification pairs showed significant relations, but there was no clear theme across metrics. Positive
associations were found between Motif Connectivity Distribution with a window length of 100 &
Von-Neumann, LEiDA state & Von-Neumann, Path-length distribution & Degree-distribution, LZc-spatial &
Von Neumann, and LZc-spatial & LZc-temporal. Negative relationships were observed between
Degree-distribution & Von Neumann, Degree-distribution & LEiDA state, Path-length distribution &
Von-Neumann, and Path-length distribution & LEiDA state. Additionally, LZc-spatial was significantly
negatively associated with motion (Fig. 25).
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Figure 25 | Relation between brain-entropy metrics. Heatmap showing Pearson’s Rho correlations
between each of the whole-brain entropy metrics and motion. *, Pryg  0.05.
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Paper 4

In paper 4, we aimed to evaluate the occupancy of LSD at the 5-HT2AR using [''C]Cimbi-36 PET imaging,
while simultaneously assessing functional brain effects using BOLD fMRI and hemodynamic effects using
arterial spin-labelling and time-of-flight angiography. For the purpose of this thesis, I will omit detailed
reporting of the hemodynamic effects (i.e., cerebral blood-flow and internal carotid artery diameter and flow),
as they were mostly performed by my co-first author, Kristian Larsen.

Eleven healthy volunteers were administered a single oral dose of LSD between 25 and 200 pg freebase
equivalent. Participants generally tolerated LSD well, with no severe adverse effects. One participant
experienced nausea throughout the session and thus did not undergo any intervention scans. One other
participant experienced significant anxiety during their intervention scan, and thus, the scan was terminated
before data could be collected. Furthermore, scanner malfunctions resulted in data from one peak scan and
one late scan being lost. Therefore, we ultimately collected 11 scans at baseline, seven during peak LSD
effects two of whom also received scans during late-phase LSD effects. Plasma LSD levels peaked
approximately 90 minutes after administration (Fig. 26A) and subjective drug intensity ratings peaked 30
minutes after that (Fig. 26B). By plotting concurrent SDI against PPL. over time on a single-subject level
(Fig. 26C) we were able to observe a clear anti-clockwise hysteresis effect in 10/11 participants such that
during the early phase, SDI ratings were relatively lower for a given PPL than during the post-peak phase.
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Figure 26 | Subjective and Pharmacokinetic Effects of LSD A) Temporal profile of Subjective Drug
Intensity (SDI) ratings (scale 0-10) from individual participants following LSD administration (25-200ug).
The inset graph shows the relation between concurrent SDI and plasma LSD concentration measures. B)
Plasma LSD concentration measurements over time after administration (t=0), with spline curve fitting. Inset
features a representative illustration of the LSD experience drawn by participant 8. C) Individual subject SDI
versus plasma LSD concentration (PPL) hysteresis plots. Thin black lines chronologically connect data
points, which are colour-coded by time (minutes after LSD intake). Black-outlined circles indicate
measurements taken during PET scanning. Participants 4 and 5 underwent two PET scans during LSD
effects. All participants except P7 demonstrate an anticlockwise hysteresis pattern.

All participants had normal [''C]Cimbi-36 BPy, values during the baseline scan (mean + SD = 1.11 * 0.26).
For representative baseline and intervention images from the highest and lowest administered doses, see Fig.
27A. Observed reductions in BPy, following LSD were converted to receptor occupancy percentages (Table
3). We fit a Hill-Langmuir (E,,,) model to the occupancy and average plasma LSD level from during each
scan and calculated confidence intervals on the parameters using a bootstrap technique. This model described
the data well (R? = 0.60) and estimated an IC, (the plasma concentration at which we estimate 50%
occupancy at the 5-HT2AR) of 1.93 nM (95% CI: 0.53-2.79 nM) and maximum occupancy (Occ,,,) of
97.4% (95% CI: 75.3-100%) (Fig. 27B). When evaluating a similar model comparing body-weight adjusted
dose with occupancy the model also fit the data well (R = 0.75), with an EDs, (the dose at which we estimate
50% occupancy of the 5-HT2AR) of 0.41 pg/kg (95% CI: 0.17-0.54 pg/kg) and Occ,,, of 98.7% (95% CI:
80.3-100%). Using a sigmoidal fit, we show a relation between peak occupancy and within-scan SDI ratings
(Fig. 27C, Rz = 0.87).
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Peak Scan Late Scan
LSD dose Cmax | Time post-dose [LSD] SDI  Occupancy | Time post-dose [LSD] SDI  Occupancy
[¥s) nM min nMm a.u. min nM a.u.
- 25 1.37 175 1.23 3.0 48%

50 4.08 164 3.32 10.0 42%
75 8.77 175 7.22 7.5 75%
75 9.21 161 6.43 8.5 85% 420 3.84 1.5 74%
100 9.56 271 5.31 8.0 67% 522 225 1.0 12%
100 6.19 167 6.19 9.0 73%
200 8.52 168 8.08 10.0 83%
150 15.26
150 7.30

10 150 5.67

11 75 3.67

Table 3 | LSD pharmacokinetics and 5-HT2AR occupancy. LSD dose, plasma concentrations, PET scan
timing, subjective drug intensity (SDI), and receptor occupancy data for each participant. Peak and late
timepoint measurements are shown where available. No intervention PET scans were collected for
Participants P8-11. SDI rated 0-10 (no effects to very strong effects). Receptor occupancy measured using
[''C]Cimbi-36 PET. Time post-LSD indicates minutes between administration and radiotracer injection.

Two participants received late scans. One participant was administered 75 pg and received scans starting 161
minutes (peak scan) and 420 minutes (late scan) after LSD administration. At peak, we observed 84%
receptor occupancy, 6.43 nM plasma LSD, and they rated an average of 8.5/10 SDI. At the late scan, we
observed 74% receptor occupancy, 3.84 nM plasma LSD and an average of 1.5/10 SDI. This scan implies
continued receptor occupancy in the absence of subjective drug effects. The other participant received 100 ug
of LSD with scans starting 271 minutes (peak) and 522 minutes (late scan) after LSD administration. At peak
scan, we observed 67% receptor occupancy, 5.31 nM plasma LSD and an average rating of 8.5/10 SDI. At
late scan, we observed 12% receptor occupancy, 2.25 nM plasma LSD, and minimal subjective effects (SDI
rating: 1/10). This scan suggests that receptor binding eventually returns to near-baseline levels (Table 3).
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Figure 27 | Serotonin 2A receptor occupancy by LSD measured with ["'C]Cimbi-36 PET.

A) Cortical [''C]Cimbi-36 nondisplaceable binding potential (BPy) maps at baseline and peak LSD for 25
pug (top) and 200 pg (bottom) doses. B) Plasma LSD concentration versus receptor occupancy with
Hill-Langmuir model fit (95% confidence intervals in grey). Circles show peak scans; triangles show late
scans. C) Receptor occupancy versus subjective drug intensity with sigmoid function fit. Colours represent

individual participants (n=7 for peak scans, n = 2 for late scans). Models in B and C are fit using peak scans
only.
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Comparing the LSD scan to the mean baseline global correlation (GCOR) map revealed decreases in GCOR
across most of the cortex, with numerically decreased GCOR in all brain networks defined by the Yeo-17
network parcellation. The areas defined by the Schaefer-Tian atlas with the largest effect sizes were in
regions assigned to the central and peripheral visual cortex networks (Average effect size of regions assigned
to Central: Cohen's dz = -0.43, Peripheral: dz = -0.40) and in regions assigned to dorsal-attention B (Average
dz = -0.53), temporal-parietal (Average dz = -0.64) and default-mode networks A and C (Average A: dz =
-0.48; C: dz = -0.43) (Fig. 28A). Changes in regional GCOR scores following LSD were negatively
associated with both regional changes in cerebral-blood flow following LSD (Fig. 29A, C), and neocortical
occupancy across most of the cortex (Fig. 29A, D). Effects on thalamocortical connectivity were more
limited except a bilateral increase in connectivity with primary somatomotor regions (Fig. 28B). Effects on
static network connectivity showed no consistent effect on within-network connectivity but a general
decrease in between-network connectivity especially between the two visual networks and the rest of the
brain (Fig. 28C). DCC distribution showed negligible to small increases across most network edges (Fig.
28D). Sample entropy was increased with a large effect size in visual (central: dz = 1.02; peripheral: dz =
0.94), control (B: dz = 0.97; C: dz = 0.96) and dorsal attention networks (A: dz = 1.02) (Fig. 28E). We also
evaluated the effect on sample entropy on temporally downsampled signals but effect sizes tended towards
zero as scale increased. Similarly, Normalised Spatial Complexity was moderately increased in control A and
B (dz = 0.77; dz = 0.72) and limbic A and B networks (dz = 0.75; dz = 0.67) as well as globally (dz = 0.55)
(Fig. 28F, G). LZc-temporal showed only a small increase (dz = 0.40), and the geodesic (path-length)
distribution was very slightly decreased (dz = -0.12). Graph-theory measures were negligibly affected with
slight increases in small-worldness (dz = 0.22) and decreases in modularity (dz = -0.13) (Fig. 28G).
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Figure 28 | fMRI-measured brain effects of LSD. A) A surface projection of voxel-wise global
connectivity changes (blue=decreased, orange=increased) with subcortical effects below. B) A surface
projection of voxel-wise thalamo-cortical connectivity alterations with the seed region highlighted in pink. C)
Static network-to-network connectivity effect sizes across Yeo 17 networks. D) Dynamic correlation
distribution changes within and between networks. E) Sample entropy alterations within individual brain
networks. F) Normalised Spatial complexity changes across the cortex. G) Effect sizes of global metrics
including temporal Lempel-Ziv complexity, small-worldness, modularity, and geodesic distribution (n=7).
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Figure 29 | Correlations between changes in neocortical occupancy, blood flow, and connectivity
following LSD. A) Correlation matrix showing Spearman's rank values for CBF (cerebral blood
flow)-GCOR (global connectivity across brain regions), CBF-OCC (neocortical occupancy), and
GCOR-OCC across 12 regions. B-D) BrainNet visualisation of correlations, thresholded at 10.2Ired-yellow =
positive correlation, blue = negative correlation. PCC = posterior cingulate cortex; OFC = orbitofrontal
cortex; ACC = anterior cingulate cortex.
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Discussions
Paper 1

In this paper, we evaluated the persisting effects of psilocybin on resting-state functional connectivity one
week and three months after administration in healthy individuals, and their associations with changes in
mindfulness and other lasting behavioural effects. At the time, this paper represented only the second
investigation of effects lasting more than 48 hours. One subsequent paper has not directly evaluated ECN
WNC but reported global decreases in modularity and an association between ECN dynamic network
flexibility and change in depression (Daws et al., 2022). We report reductions in within-network connectivity
of the executive control network (ECN) with a very large effect size at one-week, that returned to baseline at
three-month follow-up. This effect was apparent in 9 out of 10 participants and was distributed across 9 out
of 10 of the connections of the ECN, supporting the notion that such an effect was both generalisable and
network-wide. The ECN is a group of spatially incoherent brain regions that are associated with so-called
executive functions, including sustained attention, cognitive flexibility, and goal-related behaviour (Niendam
et al., 2012). Psychedelics have been reported to produce lasting beneficial effects on self-reported mindful
attention and awareness (Sgndergaard et al., 2022), notably that study included participants from paper 1.
Psilocybin has also been reported qualitatively to improve feelings of attentional control and goal setting in
addictive disorders (Nielson et al., 2018; Noorani et al., 2018). Therefore, our findings make thematic sense
relative to our understanding of the persisting behavioural effects of psychedelics. We report relatively small
effect sizes on all other network-to-network connections, including WNC of the default-mode network,
which has received substantial attention, especially within evaluations of the acute effects of psychedelics
(Carhart-Harris and Friston, 2019; Pasquini et al., 2020; Smigielski et al., 2019).

In further analyses, we demonstrate that greater ECN disintegration at one-week, and lesser ECN
disintegration at three-months was associated with increased self-reported mindful-awareness and attention at
three-months. This indicates that the process of ECN disintegration followed by reintegration is
mechanistically related to lasting effects on attention. We also show a trend-level association between change
in ECN connectivity at one-week and positive subscale scores from the persisting effects questionnaire,
which evaluates positively felt changes across a range of domains, including positivity about life, positivity
about the self, positive mood, and positive behaviours (Griffiths et al., 2011). Importantly, such changes relate
only to those changes that the participants believe were due to their psychedelic experience and reflection
thereon.

This paper represented a hypothesis-generating investigation of psychedelic effects on ECN connectivity,
especially relating to the associations with behavioural scales. We present data from a single preprocessing
strategy and a single a priori atlas of the ECN, as well as being from a study powered for a PET-related
question, and thus small for the evaluation of fMRI effects. We only evaluate static network connectivity and
do not evaluate dynamic brain connectivity effects. We also do not evaluate a control group and did not
pre-register any hypotheses or analysis pipelines. Our cohort was young, healthy individuals, and thus may
not translate to patient cohorts. We also do not directly measure executive functions like working memory
and attention, though a subsequently published paper has shown increases in cognitive flexibility in
depression patients post-psilocybin (Doss et al., 2021). Therefore, this paper represents a small, incremental
step towards understanding the persisting effects of psychedelics on functional brain activity. We report effect
sizes and correlation coefficients so as to inform future research, which may include larger studies, including
those in major depression or addiction-disorder patients.
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Paper 2

In this paper, we evaluated the association between psilocybin-induced mystical-type experiences and
persisting positive effects three months later. Previous work has shown a qualitative relation between these
(Belser et al., 2017; Nielson et al., 2018; Noorani et al., 2018; Swift et al., 2017) as well as some quantitative
explorations (Davis et al., 2020; Ross et al., 2016; Schmid and Liechti, 2018). We expand upon this previous
research by evaluating the subscales of the MEQ and providing data-driven qualitative descriptions of
complete mystical experiences (CME) in a novel cohort of healthy individuals administered psilocybin across
three different environments (i.e., PET scan, comfortable room, MRI scan).

We first showed that the overall score on the MEQ was related to an LVM representing positive PEQ scores
(PPE,y), aligning with previous findings. Next, we showed that the subscales ‘“Positive Mood” (e.g., MEQ
item 17 “Experience of ecstasy”) and “Mysticality” (e.g., MEQ item 28 “Experience of unity with ultimate
reality”’) were significantly related to PPE,,. The subscales “Transcendence of time and space” (e.g., MEQ
item 7 “Loss of your usual sense of space”) and “Ineffability” (e.g., MEQ item 10 “Feeling that you could not
do justice to your experience by describing it in words”) were not significantly associated with PPE,,.
Notably, the estimates for these relations were similar across subscales, but the confidence intervals were
much wider for the latter two. We observe no association between peak PPL and PPE,. These data suggest
that the nature of the experience is relevant for the lasting positive effects of psychedelics. This runs contrary
to an emerging idea that the subjective effects of psychedelics are only epiphenomenologically related to
lasting positive effects, and that the positive effects are mediated by a distinct, sub-perceptual molecular
pathway (Hibicke et al., 2020; Olson, 2021). Psychedelic-induced subjective effects are strongly influenced
by participant frame-of-mind coming into the session, commonly referred to as “set” (Vizeli et al., 2024), and
the setting in which the session takes place (Hartogsohn, 2017). Our results suggest that to optimise the
lasting positive effects of psychedelic administration, it may be prudent to facilitate a set and setting
conducive to “positive mood” and “mysticism” style experiences, as well as choice of dose, and potentially
also drug selection. One recent study has shown in a phase 2b trial that the Five-Dimensional Altered States
of Consciousness questionnaire subscale “Oceanic Boundlessness” was significantly associated with
observed antidepressant effects (Goodwin et al., 2025). Although this study did not employ the MEQ
directly, this subscale is thematically similar to the “Mystical” subscale of the MEQ, sharing themes of
connectedness and positive mood (Studerus et al., 2010).

We further investigated the character of the so-called CME by performing natural language processing and
thematic analysis of qualitative reports. We showed that words exclusively used to describe CME included
“universe”, “dad”, “magnetic resonance”, “beautiful”, and “simultaneous”. We showed that some of these
themes, e.g., connection with the Universe, were captured by the MEQ (i.e., “Experience of the fusion of
your personal self into a larger whole” (MEQ item 26). Whereas other prominent themes, like familial love
and the sense of having several contradictory feelings at once, were not described by the MEQ.

There has been some controversy around the investigation of psychedelic drug effects through the lens of
“Mystical-type experiences” (Sanders and Zijlmans, 2021). Broadly, critics express concerns around biasing
researchers, participants, and patients to interpret the effects through a spiritual or otherwise non-scientific
lens, which they may not have otherwise done. Relatedly, the “Comforting Delusion Objection” postulates
that it can be problematic for patients to draw comfort from conclusions drawn during psychedelic
experiences, which may not be empirically verifiable. These conclusions may be more likely to manifest if
experiences are considered mystical or beyond the scope of science. A full description and reasoned
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objections were made by Letheby (Letheby, 2021). It is, nevertheless, empirically valid that psychedelics
induce the sort of experiences wherein people rate statements such as “Certainty of encounter with ultimate
reality” (MEQ item 9) and “Sense of being at a spiritual height” (MEQ item 15) as accurately describing
something about their experience. Therefore, we consider the framework of “mystical-type experiences” as a
useful scientific tool for investigating a cluster of similar experiences without attributing any epistemic
weight to the claims made by the participants.

There are several ways in which this study may be improved upon in future research. Despite the application
of statistical methods to control our type-1 error at the nominal level (Ozenne et al., 2020), small samples
limit statistical power and the reliability of our findings. Thus, replication in much larger samples is required
for further testing of the claims made in this paper. Further, we did not employ a placebo or measure
expectancy effects, which likely influence at least the lasting effects of psychedelics (Muthukumaraswamy et
al., 2021). Curiously, although we show similar PEQ scores to similar healthy-volunteer studies in
Switzerland (Schmid and Liechti, 2018), they are lower than those from comparable studies in the USA; in
fact, they are more similar to the scores from the placebo arm (Griffiths et al., 2011). This indicates that
differences in participant cohorts, or set and setting, may be responsible for at least as much variation in PEQ
scores as the intervention itself. Future studies could employ a multi-site strategy to account for such
differences. We were limited in our capacity to describe non-CME qualitatively by the wide heterogeneity in
qualitative reports; larger samples may help to resolve this. It may simply be that CME experiences are more
generally aligned than non-CME experiences (e.g., comparing descriptions of a day where you went to the
zoo vs a day where you did not go to the zoo). We present quotes that we felt best described the themes
identified in reviewing the qualitative reports; although we used a data-driven method to first identify the
themes, there is undoubtedly bias in the selection of which quotes were presented, as in all qualitative
analyses (Galdas, 2017). We were furthermore limited in our capacity to apply more nuanced or advanced
natural-language process methodologies to this cohort due to the small sample (e.g, n-gram analysis, further
subgroup divisions).

Paper 3

In this paper, we presented the largest and most comprehensive evaluation of psychedelic effects on
fMRI-measured brain-entropy and established the publicly available Copenhagen Brain Entropy Toolbox
(CopBET), which can be easily applied to future datasets wishing to evaluate each of these measures.

We observe significant correlations with PPL, subjective drug intensity, and estimated occupancy
(collectively: PsiFx) with three entropy metrics: path-length distribution, sample entropy, and dynamic
conditional correlation (DCC) distribution. We also show correlations with some PsiFx for two Lempel-Ziv
complexity-based measures: meta-state complexity and temporal LZ complexity of the BOLD series. We do
not find significant associations with 8 of 13 metrics previously reported, and we do not observe any clear
correlation pattern between the 13 entropy metrics. Overall, we identify potential neural biomarkers for
psychedelic effects and highlight the problematic heterogeneity in the field, even among theoretically aligned
analyses.

Path-length distribution is a measure of the width of the distribution of the path-lengths across the whole
brain, where path-length represents the number of region-to-region functional connectivity edges that must
be traversed to get from one region to another. We observe weak-to-moderately positive associations with all
PsiFx, replicating previous research that showed significantly higher PLD following ayahuasca ingestion
(Viol et al., 2019). It is encouraging that our results were consistent with those of Viol and colleagues, as they
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administered a distinct psychedelic compound and employed relatively dissimilar scanning parameters. No
other pharmaco-fMRI studies have evaluated the effects of path-length distribution, so the specificity of these
effects for psychedelics is unresolved.

DCC distribution is an index of the width of the distribution of instantaneous connectivity estimates over the
duration of the scan. We observe a moderate-to-strong positive association with PsiFx across most within-
and between-network connections, indicating increased diversity of connectivity across time in the
psychedelic state across the whole brain connectome (i.e., Pearson's rtho with PPL > 0.7 for three edges, and
Pearson’s rho > 0.5 for 28/36 network edges). This is one of the strongest correlations reported in
pharmaco-fMRI, and we demonstrate that this association was robust to scanner sequence and across most
preprocessing pipelines. Therefore, DCC distribution represents a strong candidate biomarker. The previous
paper evaluating this metric showed no persisting effect one week or one month following oral psilocybin
administration, indicating that this is only a candidate biomarker for the acute effects (Barrett et al., 2020).
However, this also means that this represents the first evaluation of DCC distribution in the context of acute
psychedelic administration, necessitating independent replication.

Sample entropy is an index of the regularity of a signal. We evaluate it across timescales by temporally
downsampling the signal such that we can observe the regularity of the signal on a 2s to 10s timescale. We
observed weak to moderate positive associations with PsiFx at scale 1 in 7 out of 17 networks and negative
associations at scale 5 in 14 out of 17 networks. These associations were relatively robust to the
preprocessing pipeline and between scanners. This indicates that following psilocybin administration, the
BOLD signal becomes more irregular at the 2-second scale but more regular at the 10-second scale,
compared to the sober state. This pattern replicates the results from the previous investigation applying this
method (Lebedev et al., 2016); furthermore, a similar pattern of sample entropy (higher short-scale, lower
long-scale) has been shown to be associated with the positive symptoms of schizophrenia, e.g.,
thought-disorder and hallucinations (Yang et al., 2015). Sample entropy has also been applied to fMRI in the
context of sleep, which was associated with decreases at scale 1 (Kung et al., 2022) and following caffeine
intake, wherein it increases across much of the brain (Chang et al., 2018). Together, these indicate that
increases in sample entropy may simply reflect increases in wakefulness, and not be specific to psychedelic
effects, though this is yet to be resolved empirically. Sample entropy requires the selection of at least two
hyperparameters i.e., the length of the sequences compared and the similarity threshold, each of which can
meaningfully affect the interpretation of results (Wang et al., 2014). Furthermore, the interpretation of the
time-scale of the effects is contingent on the TR of the imaging sequence. As we aimed to directly replicate
previous methods, we did not explore this parameter space in this study, but future research may wish to do
SO.

Psychedelic effects on brain entropy have been evaluated using alternative neuroimaging methods, magneto-
and electroencephalography (Murray et al., 2024; Pallavicini et al., 2021; Schartner et al., 2017;
Timmermann et al., 2023, 2019), each showing increases in LZc of the time-series. Though notably, one of
these showed increases in LZc from sub-perceptual doses of LSD, indicating a potential epiphenomenon
(Murray et al., 2024). In this study, two LZc measures showed potential as biomarkers of acute psychedelic
effects: LZc-temporal (associated with all PsiFx in select pre-processing pipelines) and meta-state complexity
(associated with at least one PsiFx in all but one pipeline). Future work using simultaneous MRI-EEG may
resolve whether there are correlations between the LZc of fMRI and EEG-derived signals.

Of the 13 metrics evaluated here, eight did not show any effect with PsiFx despite four of these having been
previously reported to increase following psychedelic intake (Carhart-Harris et al., 2014; Lebedev et al.,
2015; Tagliazucchi et al., 2014; Viol et al., 2017). We apply a distinct statistical method to all previous
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studies, evaluating the correlation with plasma drug levels and subjective effect ratings, whereas previous
studies have compared drug vs. pre-drug or placebo scans. This is the first study to evaluate brain-entropy
effects of psychedelics following oral psilocybin administration. Although this somewhat limits comparison
with previous studies that administered psilocybin or LSD intravenously or ayahuasca (a mixture of MAO
inhibitors and N,N-DMT), oral psilocybin is the psychedelic formulation that has the most data supporting its
efficacy in psychiatric disorders and is thus the most clinically relevant to examine. Further, if effects are
specific to LSD or ayahuasca, then they do not represent useful biomarkers of psychedelic drug effects.

We do not observe a clear correlation pattern across metrics, except that the two metrics based on a
graph-theory representation of the static connectome and the two direct Lempel-Ziv metrics formed pairs.
We also observe four pairs of anti-correlated metrics. This highlights that future studies must be specific in
the description of their hypotheses and analyses, as simply describing “entropy” is insufficiently specific to
be of utility.

An article by Mallaroni et al. has recently become available on a preprint server, wherein they evaluated the
effects of oral psilocybin and the phenethylamine psychedelic 2C-B on four of the entropy measures
described here, namely, sample entropy, PLD, DCC distribution, and LZc-temporal (Mallaroni et al., 2024).
The authors utilised CopBET, ensuring analysis methods replicated previous work, though resting-state data
were collected with eyes open, and preprocessing strategies were distinct. The authors report a positive effect
of both drugs on LZc-temporal and sample entropy, aligning with our findings, but no significant effect on
PLD or DCC distribution, drawing into question their utility as biomarkers.

Data in this study were collected using two different scanners, each of which utilised a different scanning
sequence. To ensure comparability, especially regarding the dynamic analyses, data from that scanner with a
faster TR were downsampled to match the TR of the other, unfortunately necessitating data loss. However,
each participant was only scanned on one scanner, allowing us to statistically model each individual’s
response to PsiFx independent of the scanner. We do not use a placebo comparison; instead, we use pre-drug
scans as comparators. This may be a superior strategy due to the high inter-day variability in fMRI signal
(Noble et al., 2019). However, the test-retest reliability of these metrics is yet to be established, which could
have been resolved using a placebo group. PPL was significantly associated with increased motion in the
scanner, which may bias our results. We attempted to account for this by realigning scans and applying
movement parameters as regressors in the denoising and in the statistical models, though it is not possible to
fully remove this as a potential confounder. Our scans were either ten or five minutes long, which is relatively
short compared to current guidelines for maximising reliability of functional connectivity estimates (Birn et
al., 2013); the effect of scan length on entropy measures has not been evaluated.

Paper 4

In this paper, we present the first ever demonstration and quantification of occupancy characteristics of LSD
at the 5-HT2AR in humans, as well as providing effect size estimates for the neural effects of LSD across a
wide range of fMRI analysis strategies.

Modern clinical trials using LSD administer patients between 5 and 200 pg, whereas historical clinical trials
administered doses as high as 800 pg (Fuentes et al., 2019). We estimate the 1Cs, and EDs, for LSD at the
5-HT2AR to be 1.9nM and 0.41 pg/kg, respectively, and observe 85% occupancy in a participant
administered only 75 pg of LSD. These together suggest historical doses substantially exceeded the
maximum dose required for near-maximal occupancy at the S-HT2AR, and any potential differences in drug
effects may be mediated by off-target effects. Furthermore, our reported parameters can be used in
subsequent research to convert plasma LSD levels to estimated occupancies. This will allow mechanistic
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work to more closely investigate correlations between drug levels and behavioural or neuroimaging
outcomes, accounting for the non-linear relation between plasma drug levels and their effects. This study
further validates [''C]Cimbi-36 occupancy studies as a method for evaluating target engagement in the living
human brain. Future drug development efforts, especially forthcoming 5-HT2AR agonists that are putatively
non-psychedelic, e.g., tabernanthalogue (Cameron et al., 2021), will benefit from such measurement of target
engagement to select dosages in clinical trials, as no indication of target engagement can be estimated from
behavioural effects. Furthermore, despite the overall positive association between occupancy and subjective
drug effects, we observe significant variation across participants. One subject rated 10/10 SDI despite only
42% receptor occupancy, whereas another participant reported only 1.5/10 SDI despite 72% receptor
occupancy during a late scan. Thus, even in the development of psychoactive 5S-HT2AR agonists, receptor
occupancy can not be reliably estimated from self-report measures of drug intensity and therefore requires
molecular imaging studies.

Several 5-HT2AR agonists, including 5-MeO-DMT (NCT05800860, NCT05839509) and N,N-DMT
(NCT06094907, NCT05553691) are in clinical development despite the absence of target engagement
studies. The R enantiomer of MDMA is an agonist at 5-HT2AR (Nash et al., 1994; Straumann et al., 2024),
and some of its clinically relevant behavioural effects are blocked by pre-administration with a 5S-HT2AR
antagonist (Liechti et al., 2000). MDMA has recently been rejected by the FDA despite positive results from
phase 3 studies, and understanding the degree to which MDMA induces occupancy of 5-HT2AR either by
direct action or by induced 5-HT release will be highly informative in determining the safety profile and
mechanism of action. The only other psychedelic to have its occupancy described at the 5S-HT2AR in humans
so far is psilocin (Madsen et al., 2019).

We observed a clear anti-clockwise hysteresis pattern between plasma LSD levels and subjective drug
intensity ratings, such that there is an approximately 30-minute delay between the increase in plasma LSD
levels and their resultant behavioural effects. There may be several reasons for this delay. Although one may
hypothesise that the delay is psychological in nature, i.e., that it takes some time for participants to notice the
psychedelic effects, the same delay is not observed with psilocybin, which has almost indistinguishable
subjective effects (Holze et al., 2022b). It could be due to low brain penetrance resulting in a slow
accumulation in the brain; however, LSD has biochemical properties that favour blood-brain barrier
penetrance (i.e., molecular weight 323.4 g/mol; XLogP3 = 3; pKa = 7.8) (Kim et al., 2021), rendering this
relatively unlikely. This hypothesis could be tested if radiolabelled [''C]LSD PET became available as a
tracer. As a result of unique hydrogen-bond interactions between LSD and the 5-HT2AR, LSD has an
extremely long residence time at the receptor compared to related psychedelics like mescaline and psilocin
(Gumpper et al., 2025). This implies that following brain penetrance, LSD gradually accumulates at the
5-HT2AR, explaining the delayed onset of subjective effects. In the preregistration of this study, we aimed to
measure LSD occupancy during the downslope of effects to evaluate whether we observed residual
occupancy despite decreases in peripheral PLL. Due to adverse effects, scanner malfunctions, and issues with
radiotracer availability, we were unable to quantitatively evaluate this effect, and thus it remains an
outstanding question for future research.

LSD may function as a prodrug for nor-LSD, which has been shown to be an agonist at 5-HT2AR with a Ki
of 6.1 nM in vitro (Luethi et al., 2019). As this is relatively similar to the Ki of LSD, this would not directly
explain the delayed effects. However, we did not account for plasma nor-LSD concentration when modelling
our PET data, which may improve model fits and should be quantified in future research.
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We observe moderate decreases in global connectivity across the entire neocortex, with the strongest
decreases observed in the occipital and temporal cortices. Previous work has also reported decreases in visual
cortex GCOR (Avram et al., 2024; Preller et al., 2018), but these studies also report increases in frontal and
parietal cortex GCOR that we do not observe (Tagliazucchi et al., 2016). We do not observe widespread
alterations in thalamo-cortical connectivity as have been previously reported, except moderate to large
bilateral increases with the primary motor cortex (Avram et al., 2021; Preller et al., 2018). We evaluated
several brain-entropy metrics using the Copenhagen Brain Entropy Toolbox described in paper 3. Sample
entropy showed a concurrent effect with previous reports, i.e., moderate-to-large increases at short scale
(Lebedev et al., 2016). Normalised global complexity (a measure of signal heterogeneity in a region added to
CopBET since the release of paper 3) also showed moderate increases, aligning with a previous report in a
similarly sized cohort (Siegel et al., 2024). We show negligible effects on LZc-temporal and path-length
entropy and only small effects on DCC distribution, despite each of these emerging as candidate biomarkers
in paper 3. We evaluate two graph-theory measures, namely small-worldness and modularity. Modularity has
been shown to be reduced several weeks after psilocybin intervention in major depressive disorder patients
(Daws et al., 2022); acute effects have not been evaluated, but our results here suggest that effects are small.
Finally, we evaluated effects on static brain network connectivity. We do not observe the decreased
within-network connectivity and increased between-network connectivity that has been observed across
psilocybin, N,N-DMT, and LSD (Madsen et al., 2021; Miiller et al., 2018; Timmermann et al., 2023).
Instead, our network-connectivity findings complement our GCOR findings, showing that the decreased
GCOR from the visual and attention networks are distributed across most of the brain and not driven by a
specific network-network edge.

This study was designed with the PET measures as primary outcome measures and thus has a small sample
compared to most other fMRI studies evaluating psychedelics. Furthermore, participants were administered
one of a range of doses. Thus, we are limited in our ability to draw statistical significance from the fMRI
results. Nevertheless, we report effect sizes across a wide range of analyses that can be used in forthcoming
meta-analyses and to inform which fMRI metrics may be deserving of greatest focus in future research
(Botvinik-Nezer et al., 2020; Taylor et al., 2025). This study was the first to evaluate relations between fMRI
changes and occupancy at the 5-HT2AR, wherein we show that the decreases in GCOR are negatively
associated with occupancy, suggesting that the effects are 5S-HT2AR-related.

Related, although not considered in the thesis, we also evaluated changes in cerebral blood flow (CBF)
following LSD, showing that LSD increased CBF by 19.3%. Regional increases in CBF were associated with
decreases in GCOR across most of the neocortex (Fig. 29). Neural activity drives overcompensatory
increases in cerebral blood flow to a region, resulting in a relative decrease in the paramagnetic
deoxyhemoglobin, increasing the T2* relaxation time and the BOLD signal (Drew, 2022). The BOLD signal
is considered a measure of neural activity contingent on this effect, known as neurovascular coupling (NVC)
(Liu, 2013). Hypercapnia increases CBF without affecting cerebral oxidative metabolism and has been shown
to decrease the amplitude and functional connectivity of the BOLD signal, likely by reducing the
signal-to-noise ratio (SNR) (Biswal et al., 1997; Chen and Pike, 2010; Jain et al., 2011). Assuming that the
entropy of noise is higher than that of signal, decreases in SNR would increase measures of entropy.
Therefore, it may be the case that our observed decreases in GCOR and increases in information-entropy are
driven by SNR reductions due to increases in CBF, which disrupt NVC, rather than alterations in neural
activity.
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Conclusions and future research

The present thesis evaluates the effects of psilocybin and LSD in healthy volunteers. The four studies
describe 1) lasting effects of psychedelics on functional brain network connectivity, 2) the relation between
acute mystical-type experiences and persisting positive behavioural effects, as well as the nature of those
mystical-type experiences, 3) acute psilocybin effects on fMRI-measured brain-entropy, and 4) 5-HT2AR
occupancy and acute functional brain effects of LSD.

Paper 1 was among the first studies to evaluate the persisting effects of psychedelics on functional brain
activity. Although a small study that employed relatively simple analyses, we identified a key hypothesis in
the space, i.e., that persisting reductions in executive-control network connectivity were related to the lasting
positive effects of psychedelics and provided effect sizes for other network connectivity alterations that can
be used to power future studies. Subsequent work has evaluated persisting effects on functional connectivity
in patient cohorts (Daws et al., 2022; Doss et al., 2021), representing an essential step forward in the field.
However, these were still small, hypothesis-generating studies. Future studies looking to establish our
understanding of the persisting effects of psychedelics on functional brain activity may look towards the
implementation of naturalistic task designs such as movie watching, which have been shown to be more
closely associated with cognition and wellbeing (Finn et al., 2020; Finn and Bandettini, 2021). They may
also evaluate tasks which specifically investigate known persisting behavioural effects of psychedelics, such
as a focused-attention task (Dickenson et al., 2013) to probe neural circuits related to mindful attention and
awareness, which has been shown to increase following psilocybin (Sgndergaard et al., 2022). Studies can
also look to characterise neural activity beyond effects on network-connectivity, such as information-entropy
measures described in paper 3, or graph-theory measures of the functional connectome, such as
small-worldness or modularity (Sporns, 2018). Finally, future studies should strive to balance
hypothesis-generating research with replication of previously reported observations in larger cohorts. These
include the change in executive-control network connectivity reported here, the reduction in modularity
described by Daws et al., and increased dynamic functional connectivity between the anterior and posterior
cingulate cortices reported by Doss et al. (Daws et al., 2022; Doss et al., 2021).

Paper 2 evaluated the association between mystical-type experiences and persisting positive effects in healthy
people and provided qualitative descriptions of those mystical-type experiences. Subsequent work has
already built on this research, evaluating the relation between features of the acute experience and persisting
effects in patient groups (Goodwin et al., 2025). However, whether the psychedelic effects mediated by
5-HT2AR agonism are necessary for producing persisting effects remains unclear. No studies to date have
reported the persisting effects of a psychedelic coadministered with a 5-HT2AR antagonist to block the
subjective effects. A single case report describes a patient from a depression trial who was taking trazodone,
a 2A antagonist. They reported a dramatic reduction in depressive symptoms despite the patient experiencing
no subjective effects of the psilocybin (Rosenblat et al., 2023). Future trials evaluating this are planned,
including co-administration with risperidone (also a 5-HT2AR antagonist) (Husain et al., 2023). Regarding
the nature of the psychedelic effects, there are many other ways of measuring the quality of the acute
psychedelic experience, including the widely applied 5-dimensions of altered states of consciousness scale
(Studerus et al., 2010), ego-dissolution inventory (Nour et al., 2016) and psychological insight questionnaire
(Davis et al., 2021) each of which may represent distinct features of the psychedelic experience.
Furthermore, there are many ways of evaluating the positive persisting effects of psychedelics, be they
reductions in clinical symptoms, increases in flourishing, or alterations in health behaviours. The relation
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between features of the psychedelic experience and different lasting effects can be resolved in future studies
or by data pooling across sites. Paper 2 also provided qualitative descriptions of mystical-type experiences,
but we were limited in our capacity to provide qualitative descriptions of non-mystical experiences. As
psychedelics move closer to medicalisation, it will become increasingly important for practitioners to develop
a qualitative understanding of the full range of psychedelic experiences. Future qualitative research could
focus on describing experiences characterised by anxiety, paranoia, and other neutral-to-negative effects, as
well as further characterising the range of positive or mystical-type experiences.

Paper 3 evaluated the relation between the acute effects of psilocybin and fMRI-measured indexes of
brain-entropy. Specifically, we attempted to replicate psychedelic effects on 13 previously reported entropy
measures, as no replication efforts had been performed at the time. Another new entropy metric has since
been evaluated in the context of psychedelics, normalised global spatial complexity (Siegel et al., 2024), and
this has now been added to the Copenhagen Brain Entropy Toolbox (CopBET). Future research will
hopefully apply CopBET to larger and pooled datasets to provide more evidence for or against their utility as
neural correlates of the psychedelic experiences. An essential next step will be for these metrics to be
evaluated in the context of other non-psychedelic compounds such as caffeine, amphetamine, alcohol, and
benzodiazepines, and in other altered states of consciousness, such as REM sleep, to determine their
specificity for psychedelic effects. Psychedelic effects on the Lempel-Ziv complexity of EEG signals have
been reported across several datasets (Pallavicini et al., 2021; Timmermann et al., 2023, 2019). One of which
reported increases in the absence of subjective effects (Murray et al., 2024). The relation between this and the
Lempel-Ziv complexity of the BOLD signal, or other entropy measures, has not been evaluated and could be
done so using simultaneous fMRI-EEG. We also present a multi-verse analysis evaluating the effect of a
range of common pre-processing strategies on the relation between each entropy metric and psychedelic
effects. Future work developing entropy metrics as useful medical technologies may wish to evaluate the
impact of preprocessing strategies on each metric in large normative datasets, such as the Human
Connectome Project (Glasser, 2016) or UK Biobank (Miller et al., 2016).

Paper 4 evaluated the relation between LSD administration and occupancy at the 5S-HT2AR, and functional
brain effects. As the first study to administer psychedelics in a simultaneous PET/MR scanner, this study
establishes a framework for simultaneously evaluating the target engagement and functional effects for the
many 5-HT2AR ligands currently in clinical development. We observe evidence for slow receptor kinetics at
the 5-HT2AR, aligning with previous in vitro work. However, due to technical failures, we were unable to
resolve whether there is prolonged occupancy using PET. Future studies measuring occupancy at different
timepoints will help to resolve the intriguing temporal dynamics of LSD in the human brain. We provide
initial evidence that changes in BOLD connectivity may be related to alterations in CBF, indicating an effect
on NVC. Future studies can help shed light on the potential confounding effect by measuring the effects of
LSD (increasing CBF) or psilocybin (decreasing CBF (Larsen et al., 2025; Rieser et al., 2023)) on neural
activity, and potential effects on neurovascular coupling.

In summary, psychedelic neuroimaging with fMRI has to-date generated several intriguing hypotheses in a
range of small cohorts and using diverse mathematical modelling techniques. In order for the field to mature
and converge upon replicable and specific biomarkers for the acute and lasting effects of psychedelics on
functional brain activity researchers must begin testing these hypotheses using identical methodologies on
larger datasets, determine the specificity of these effects using positive and negative controls, and determine
the extent to which confounding variables such as neurovascular effects bias outcomes. This thesis presents
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estimates of lasting effects that can be used to power future studies, evidence that mystical-type experiences,
particularly those characterised by positive mood and mysticality, are associated with lasting positive effects,
a toolbox that can be widely applied to allow researchers to attempt to replicate psychedelic effects on
brain-entropy, data-driven dosing recommendations for LSD, effect sizes for acute effects on a wide range of
functional metrics, and evidence for a potential neurovascular confounding effect. Each of these will
hopefully contribute to the maturation of the field and eventual convergence on reliable psychedelic effects on
functional brain activity.
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Abstract

Background: Psilocybin is a psychedelic drug that has shown lasting positive effects on clinical symptoms and self-reported well-being following a
single dose. There has been little research into the long-term effects of psilocybin on brain connectivity in humans.

Aim: Evaluate changes in resting-state functional connectivity (RSFC) at 1week and 3 months after one psilocybin dose in 10 healthy psychedelic-naive
volunteers and explore associations between change in RSFC and related measures.

Methods: Participants received 0.2-0.3 mg/kg psilocybin in a controlled setting. Participants completed resting-state functional magnetic resonance
imaging (fMRI) scans at baseline, 1-week and 3-month post-administration and [11C]Cimbi-36 PET scans at baseline and 1week. We examined
changes in within-network, between-network and region-to-region RSFC. We explored associations between changes in RSFC and psilocybin-induced
phenomenology as well as changes in psychological measures and neocortex serotonin 2A receptor binding.

Results: Psilocybin was well tolerated and produced positive changes in well-being. At 1week only, executive control network (ECN) RSFC was
significantly decreased (Cohen’s d=-1.73, pFWE=0.010). We observed no other significant changes in RSFC at 1week or 3 months, nor changes in
region-to-region RSFC. Exploratory analyses indicated that decreased ECN RSFC at 1week predicted increased mindfulness at 3 months (r=-0.65).
Conclusions: These findings in a small cohort indicate that psilocybin affects ECN function within the psychedelic ‘afterglow” period. Our findings
implicate ECN modulation as mediating psilocybin-induced, long-lasting increases in mindfulness. Although our findings implicate a neural pathway
mediating lasting psilocybin effects, it is notable that changes in neuroimaging measures at 3 months, when personality changes are observed, remain
to be identified.

Keywords
Functional magnetic resonance imaging, resting-state connectivity, psilocybin, psychedelic, executive control network

dose of psilocybin. These include, for example, increases in per-
sonality traits openness and extraversion, decreases in neuroticism
and increases in mindful awareness (Erritzoe et al., 2018; MacLean

Introduction
Psilocybin is a prodrug of the psychedelic psilocin (4-hydroxy-

N,N-dimethyltryptamine) (Nichols, 2016). Effects include pro-
found alterations in consciousness that last approximately 6h and
are characterised by perceptual alterations and synaesthesia, experi-
ences of non-duality and transcendence and profound changes in
affect (Preller and Vollenweider, 2018). Therapeutic effects of psil-
ocybin have been reported following between one and three moder-
ate-to-high doses (0.025-0.42mg/kg) in brain-related disorders
including major depressive disorder (MDD) (Davis et al., 2020),
treatment-resistant depression (Carhart-Harris et al., 2018), obses-
sive-compulsive disorder (Moreno et al., 2006), terminal cancer-
associated anxiety (Griffiths et al., 2016), demoralisation (Anderson
et al., 2020), as well as smoking (Johnson et al., 2017) and alcohol
addiction (Garcia-Romeu et al., 2019). Psilocybin is currently in
phase 2b for the treatment of treatment-resistant depression
(COMPASS Pathways Ltd., London, UK) and in phase 2a for major
depressive disorder (Usona Institute, Madison, WI, USA).
Persistent changes in personality and mood have also been
observed in healthy volunteers following a single medium-to-high

et al., 2011; Madsen et al., 2020). These therapeutic and personal-
ity effects appear to persist for at least months, and in some cases
have been reported to last more than a year (Gasser et al., 2014;
Johnson et al., 2017; MacLean et al., 2011).
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The medicalisation of psychedelic drugs is expanding rapidly
despite a limited understanding of the neurobiology underpin-
ning therapeutic eftects. Psychological theories of psychedelic
therapy, such as reduced negative affect (Barrett et al., 2020),
increased mindfulness (Madsen et al., 2020; Murphy-Beiner and
Soar, 2020; Smigielski et al., 2019), increased cognitive flexibil-
ity (Murphy-Beiner and Soar, 2020) and reduced experiential
avoidance (Zeifman et al., 2020) have been proposed, as well as
increased acceptance and processing of traumatic autobiographi-
cal memories (Sloshower et al., 2020), but these have no current
grounding in neurobiology. Thus, in order to maximise psilocy-
bin’s safety and efficacy as a potential therapeutic, it is important
to investigate mechanisms by which psilocybin exerts its effects.

Functional magnetic resonance imaging (fMRI) resting-state
functional connectivity (RSFC) measures correlations between
blood-oxygen-level-dependent (BOLD) signals in participants
instructed to simply let their mind wander (Lee et al., 2013).
Despite not being focused on any task, the brain remains organ-
ised into networks (Raichle, 2015), the character of which cor-
relates with personality traits (Cai et al., 2020; Hsu et al., 2018)
and aligns with known functional and structural topology
(Straathofet al., 2019). During the psychedelic experience, psilo-
cybin produces a reduction in the synchronised BOLD activity of
the major hubs of the default mode network (DMN) (Carhart-
Harris et al., 2012; Mason et al., 2020), increases between-net-
work RSFC (Roseman et al., 2014) and increases global RSFC
across the sensory cortex while decreasing the global connectiv-
ity in associative regions (Preller et al., 2020). Similarly, lysergic
acid diethylamide (LSD) increases RSFC between high-level
association cortices, which correlates with subjective reports of
ego-dissolution (Tagliazucchi et al., 2016). Although understand-
ing the neurological basis of the acute psychedelic experience is
widely informative, the long-term psychological effects of
psychedelics may be distinct (Carhart-Harris et al., 2016).

Five studies to date have reported effects on human brain func-
tion after the psychoactive effects of a classical psychedelic have
subsided: two studies with ayahuasca and three with psilocybin
(Barrett et al., 2020; Carhart-Harris et al., 2017; Pasquini et al.,
2020; Sampedro et al., 2017; Smigielski et al., 2019). Post-drug
brain imaging was performed within 24 h after the psychedelic ses-
sion in all but one study (Barrett et al., 2020), during which time
‘afterglow’ effects and potential residual drug availability con-
founds relating effects to lasting changes (Madsen et al., 2019;
Maji¢ et al., 2015). By ‘afterglow’, we allude to the experience of
‘elevated and energetic mood with a relative freedom from con-
cerns of the past and from guilt and anxiety’ up to 2 weeks after the
experience, as described as early as during the 1960s and the “first-
wave’ of psychedelic research (Grob et al., 1996; Pahnke, 1969).
More recently, transient elevations in mood have been reported
(Maji¢ et al., 2015; Murphy-Beiner and Soar, 2020). Barrett et al.
(2020) reported an increase in the number of significant RSFC
across the brain in 12 healthy individuals from baseline to 1-week
and 1-month post-psilocybin, hypothesising that psilocybin may
increase emotional and brain plasticity. None of these previous
studies evaluated correlations between change in RSFC and
change in personality or other psychological traits. Furthermore,
none of these studies have explored neuromolecular mechanisms
mediating these effects. The psychoactive effects of psilocybin
stem from agonism at the serotonin 2A receptor (5-HT2AR)
(Vollenweider et al., 1998). Positron emission tomography (PET)

with the radiotracer [''C]Cimbi-36 enables the quantification of
brain 5-HT2AR levels in humans in vivo, which has been previ-
ously associated with aspects of the psychedelic experience (Ettrup
et al., 2014, 2016; Finnema et al., 2014; Madsen et al., 2020;
Stenbak et al., 2020). Combining [''C]Cimbi-36 PET with RSFC
would provide insight into the neuromolecular mechanisms associ-
ated with psychedelic effects on brain connectivity.

In the current study, we evaluated the effect of a single psilo-
cybin dose on RSFC in 10 healthy psychedelic-naive individuals
at 1 week and 3 months after administration, evaluating changes
in within- and between-network RSFC. Further, we sought to
replicate a previous finding of changes in region-to-region RSFC
(Barrett et al., 2020). Lastly, in an exploratory analysis, we
assessed correlations between network RSFC change and varia-
bles associated with increased well-being. These included per-
sonality measures, well-being and mindfulness, which we
recently showed were altered 3 months after psilocybin, as well
as correlated with change in the neocortex 5-HT2A binding
(Madsen et al., 2020). Additionally, the baseline neocortex
5-HT2A binding was related to the temporal character of the psy-
chedelic experience (Stenbek et al., 2020). Finally, we examined
whether the self-reported experience was correlated with long-
term changes in brain connectivity.

Materials and methods
Participants

Detailed information about participants and protocol are described
in a previous study (Madsen et al., 2020) and one more study,
which included these and other participants (Stenbak et al., 2020).
The study was approved by the Danish Medicines Agency
(EudraCT ID: 2016-004000-61, amendments: 2017014166,
2017082837, 2018023295) and by the ethics committee for the
capital region of Copenhagen (journal ID: H-16028698, with
amendments). The study was preregistered at ClinicalTrials.gov
(identifier: NCT03289949). Six male and four female participants
took part in this study (mean = SD age=28.3 * 3.4 years).

Participants were recruited from a list of individuals who
expressed interest in participating in a psilocybin brain scanning
study. After obtaining the informed consent, participants under-
went screening for somatic illness, including a medical examina-
tion, an electrocardiogram (ECG), blood screening for somatic
disease, and screening for psychiatric disorders using Mini
International Neuropsychiatric Interview, Danish translation ver-
sion 6.0.0 (Sheehan et al., 1998). Exclusion criteria were: (1) pre-
sent or previous primary psychiatric disease (DSM axis 1 or
WHO ICD-10 diagnostic classifications) or in first-degree rela-
tives; (2) present or previous neurological condition/disease, sig-
nificant somatic condition/disease; (3) intake of drugs suspected
to influence test results; (4) non-fluent Danish language skills;
(5) vision or hearing impairment; (6) previous or present learning
disability; (7) pregnancy; (8) breastfeeding; (9) magnetic reso-
nance imaging (MRI) contraindications; (10) alcohol or drug
abuse; (11) allergy to test drugs; (12) significant exposure to
radiation within the past year (e.g. medical imaging investiga-
tions); (13) intake of QT-prolonging medication or ECG results
indicative of heart disease, (14) blood donation less than 3 months
before project participation; (15) bodyweight less than 50kg; and
(16) low plasma ferritin levels (<12 pg/L).
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Figure 1. Flowchart describing study design. Note that not all data collected at a single time point was collected on a single day. Time lengths
(mean = SD) describe time between MRI scan sessions and psilocybin session.

EDI: ego-dissolution inventory; MAAS: mindful attention awareness scale; MEQ: mystical experience questionnaire; MRI: magnetic resonance imaging; NEO-PI-R: revised
NEO personality inventory; PEQ: persisting effects questionnaire; SDI: subjective drug intensity.

Experimental procedures

Figure 1 provides an overview of the study design. Prior to inclu-
sion, participants were informed about the study, including safety
precautions and potential effects and side effects of psilocybin.
Before the psilocybin session, all participants met at least one of
the two staff members present on the psilocybin intervention day.
A urine test was used to screen for common drugs of abuse
(Rapid Response, BTNX Inc., Markham, ON, Canada) on base-
line imaging days. At baseline, participants filled out question-
naires including the NEO Personality Inventory-Revised (NEO
PI-R) (Costa and McCrae, 2008; Skovdahl-Hansen et al., 2004)
and the mindfulness attention and awareness scale (MAAS)
(Brown and Ryan, 2003; Jensen et al., 2016) and completed an
magnetic resonance imaging (MRI) scan session.

On a separate day, open-label psilocybin sessions were con-
ducted including two supporting psychologists familiar with
effects of psilocybin, safety precautions and interpersonal sup-
port methods (Johnson et al., 2008). Psilocybin was administered
in the morning; a number of 3mg capsules were taken with a
glass of water to approximate dose (dose: 0.2mg/kg (n=4) and
0.3mg/kg (n=6)), considered ‘medium’ and ‘high’ doses, respec-
tively (Hasler et al., 2004). Participants listened to a standardised
music playlist, adapted from one kindly provided by Prof. Roland
Griffiths, Johns Hopkins Medicine. Music was played using a
stereo system. Subjective drug intensity (SDI) was measured
every 20 min using a 0—10 Likert scale (question: ‘How intense is
your experience right now?’ 0=‘Not at all’, 10="Very much’).
Measurements were obtained from the time of drug administra-
tion to the end of the session. Participants responded orally and
the supporting psychologists noted their responses. At the end of
psilocybin session days, participants completed questionnaires
aimed to quantify aspects of the psychedelic experience, includ-
ing the 11-dimensional altered states of consciousness (11D-
ASC) questionnaire (Studerus et al., 2010), the revised mystical
experience questionnaire (MEQ30) (Barrett et al., 2015), and the
ego-dissolution inventory (EDI) (Nour et al., 2016) (median

[range]: 6.4 [5.9-7.4]h after psilocybin intake). One week and
3months after psilocybin administration, participants returned
for MRI scan sessions identical to the baseline scan session. At
3months, participants filled out questionnaires including the
NEO PI-R, MAAS and persisting effects questionnaire (PEQ)
(Griffiths et al.,, 2006, 2011), which measures psychological
changes (both positive and negative) that are subjectively per-
ceived to be due to the psilocybin experience. Number of days
between psilocybin sessions and follow-up questionnaires: mean
(SD) [range]=97.8 (11.9) [79—120days]).

Positron emission tomography

The PET data used in this analysis are the same as those reported
previously (Madsen et al., 2020; Stenbzk et al., 2020). For a more
in-depth description of the PET methods, please refer Madsen et al.
(2020). [''C]Cimbi-36 is an agonist radioligand selective for seroto-
nin (5-HT) 2A (5-HT2AR) and 2C receptors (Ettrup et al., 2014).
Participants completed 120-min scans on a high-resolution research
tomograph (HRRT) PET-scanner (CTI/Siemens, Knoxville, TN,
USA) at baseline and 1week following psilocybin administration.
Regional time-activity curves were extracted using Pvelab (Svarer
et al., 2005) from a neocortex and cerebellum region for estimation
of non-displaceable binding potential (BPND) using the simplified
reference tissue model (Ettrup et al., 2016; Innis et al., 2007).
Neocortex [!'C]Cimbi-36 binding predominantly reflects 5S-HT2AR
binding (Finnema et al., 2014). The neocortex and cerebellum
regions of interest (ROIs) were defined a priori in Pvelab (Svarer
et al., 2005). The neocortex ROI comprises occipital, orbitofrontal
and parietal cortex as well as pre/post central, middle/inferior fron-
tal, middle/inferior temporal, superior frontal and superior temporal
gyri. A composite neocortex ROI was used because the signal is
very highly correlated between these regions (Spies et al., 2020).
Subcortical [''C]Cimbi-36 binding was not considered because the
signal is low and noisy. The cerebellum ROI encompasses only the
grey matter of the cerebellum.
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Magnetic resonance imaging scan parameters

Participants completed three identical MRI scan sessions: baseline,
1-week, and 3-month post-psilocybin. The MRI data were acquired
on a 3T Prisma scanner (Siemens, Erlangen, Germany) using a
64-channel head/neck coil. A high-resolution 3D T1-weighted
structural image was acquired: inversion time=900ms, echo
time=2.58 ms, repetition time=1900ms, flip angle=9°, in-plane
matrix=256 X 256, in-plane resolution=0.9 X 0.9 mm, 224 slices,
and a slice thickness of 0.9mm, no gap. Ten minutes of resting-
state BOLD fMRI data was acquired: repetition time=2000ms,
echo time=30ms, flip angle=90°, 32 axial slices with a slice
thickness of 3 mm, 0.75 mm gap, in-plane resolution: 3.6 X 3.6 mm,
iPAT acceleration factor=2. A gradient-echo field map of the same
spatial dimensions was acquired to resolve spatial distortions due
to inhomogeneities in the magnetic field (repetition time=400ms,
echo times=4.92 and 7.38 ms). Prior to the resting-state scan ses-
sions, participants were instructed to close their eyes, let their mind
wander freely and to not to fall asleep. Resting-state scan sessions
were acquired after structural image acquisition (~15-20min after
scanning onset) and prior to task-related fMRI measures not
described here.

Resting-state fMRI pre-processing

Resting-state fMRI data were pre-processed using SPM12 (Penny
et al., 2007). This process included slice-timing correction, rea-
lignment and unwarping, co-registration of the high-resolution
T1 structural image to the fMRI data, segmentation of the high-
resolution T1 structural image, applying warping parameters
estimated for the high-resolution T1 into MNI space to fMRI data
and smoothing with an 8-mm full width at half maximum
(FWHM) Gaussian filter. Additional denoising of time-series
data was performed using CONN (version 17.c) (Whitfield-
Gabrieli and Nieto-Castanon, 2012). Time series were filtered
using a bandpass filter from 0.008 to 0.09 Hz. Additionally, we
performed an estimation of physiological noise sources using
anatomical component correction (aCompCor): regressing out
the time series (and first derivative) of the first five principal
components from a decomposition of the time series from white-
matter and cerebrospinal fluid voxels, separately. Additionally,
we regressed the time series for the six motion parameters (and
first derivatives) (Behzadi et al., 2007; Whitfield-Gabrieli and
Nieto-Castanon, 2012). Individual outlier volumes were identi-
fied and censored using the Artifact Detection Tools (ART)
(global variance threshold=4 and composite motion thresh-
old=2) (http://web.mit.edu/swg/software.htm). Mean denoised
time series were extracted from ROIs for further analysis. We
calculated the between-region correlation across the entire time
series. The Pearson’s rho correlation estimates were transformed
using Fisher’s r-to-z transform (i.e. 7-to-z=0.5 X (In((1+7)/
(1-r))), where r is the Pearson’s rho and /n represent taking the
natural logarithm). These r-to-z values were included in the sta-
tistical analyses related to the connectivity strength.

Brain atlases

Regions of interest and networks were defined using an a priori
defined atlas (Raichle, 2011). This atlas defines 36 regions belong-
ing to seven canonical resting-state networks: network (DMN),

dorsal attention network (DAN), executive control network (ECN),
salience network (SN), sensorimotor network (SMN), visual net-
work (VN) and auditory network (AN). Montreal Neurological
Institute (MNI) coordinates for each network can be found in
Raichle (2011) and in Supplemental Table S1. Within-network
connectivity was defined as the mean connectivity between each
unique pair of ROIs comprising a given network. Henceforth ECN
integration and disintegration refer to increased and decreased
mean within-network connectivity, respectively. Between-network
connectivity was defined as the mean connectivity between all
ROIs from two networks, where each pair of ROIs contained a
region from each network. To draw comparisons with a similar
previous study, we also evaluated a 268-region atlas (https:/www.
nitrc.org/frs/?group id=51) described previously (Barrett et al.,
2020; Shen et al., 2013).

Statistical analysis

All statistical analyses were calculated in R (v4.0.2) (R Studio
Team, 2020). Plots were constructed using the ggplot2 package
(Wickham, 2016).

Paired #-tests were performed to investigate if there were any
significant differences in ART censored volumes between time
points (1 week vs. 3months). Effects of time (1 week vs. baseline
or 3 months vs. baseline) were compared separately using paired
t-tests to determine the effect of time on within- and between-
network connectivity and related estimates. The p-values across
the 28 within- and between-network comparisons at each time
point were adjusted using the Bonferroni-Holm method, which
controls the family-wise type-I error rate (Holm, 1979).
Unadjusted p-values are denoted p,,,., whereas adjusted p-values
are denoted ppye. Where an effect of psilocybin on connectivity
exceeded our statistical significance threshold (pgpygs<<0.05),
exploratory post hoc analyses were performed. We report the
Cohen’s d value for each post hoc effect evaluated. Due to lim-
ited statistical power stemming from a small sample, we do not
draw inference on statistical significance for post hoc analyses,
but instead report standardised effect sizes and 95% confidence
intervals.

Correlations. The post hoc Pearson’s product-moment correla-
tions were performed between change in ECN connectivity and
change in MAAS, change in neocortex 5-HT2AR (i.e. [!'C]
Cimbi-36 BPyp,) (Madsen et al., 2020) as well as measures of the
acute psychedelic experience (SDI, EDI, MEQ and 11-D-ASC)
and change in personality (NEO-PIR). Change in ECN RSFC
was also compared with the PEQ using a linear latent variable
model capturing shared covariance in individual behavioural
change measures using the /ava package (v. 1.6.8 in R (Holst and
Budtz-Jergensen, 2013)).

Barrett replication analysis. We attempted to replicate a previ-
ously described analysis framework applied to the Shen268 atlas
(Barrett et al., 2020). As described, we applied a one-sample
t-test to all ROI-to-ROI connectivity estimates and retained only
those edges with a statistically significant non-zero mean con-
nectivity after the Bonferroni correction for 35,778 edges tested
at each time point (i.e. p,,. < 1.4 X 1079). Paired #-tests evaluating
change from baseline at 1 week or 3 months were performed for
each edge surviving correction. Suprathreshold edges were
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Figure 2. Psilocybin effects on within- and between-network resting-state connectivity: (a) mean within- and between-network functional
connectivity, cell values and colour scale represent mean r-to-z values across participants, (b) change in connectivity from baseline to 1-week

rescan, (c) change in connectivity from baseline to 3 month rescan. Cell values and colour scale in (b) and (c) represent effect size (Cohen’s d).
* denotes change that is statistically significant after adjustment across 28 tests (i.e. pFWE < 0.05).

identified as either increases or decreases in connectivity follow-
ing psilocybin.

In our view, the type-I error for the test of interest (i.e. effect of
psilocybin) is inflated by the initial ‘edge filtering’ step consider-
ing each time point separately and further inflated by not adjusting
for the family of tests of interest (695 reported in Barrett et al.,
2020). Accordingly, we report paired z-tests evaluating changes
from baseline to 1 week or 3 months, adjusting p-values using the
Bonferroni-Holm method for the set of edges tested.

The R Notebook containing code used in the production of this
manuscript is available at https://github.com/Pneumaethylamine/
LastingPsilocybinRSFC

Results

Population

Acute psychedelic effects were well tolerated in all participants,
and no serious adverse events occurred. Based on self-report SDI
scores throughout the sessions, the psychedelic experiences were
characterised by three distinct phases, the onset, peak plateau and
descent (Stenbazk et al., 2020). As previously reported, partici-
pants in this study self-reported changes in personality, including
increased trait openness and mindfulness (Madsen et al., 2020).
Self-reported increases in positive attributes from the PEQ
(including spirituality) were 25.9% *21.5% (mean=* SD),
whereas increased negative attributes reported were 1.4% * 1.7%.
Time between baseline and psilocybin intervention was
15.3 £9.3 days, intervention and 1 week rescan was 6.5 = 1.4 days
and intervention and 3month rescan was 101.5*9.9days
(mean = SD).

Lasting psilocybin effects on network
connectivity

Within- and between-network RSFC structure was as expected,
for example, high within-network connectivity and relatively
lower between-network connectivity (Figure 2(a)). Mean com-
posite motion and censored volumes were low (3.5 4.0 vol-
umes; mean * SD) and not statistically significantly different
between scan times (p,,,. > 0.05).

unc

ECN within-network connectivity was statistically signifi-
cantly decreased at 1 week (p,,,=0.00039, ppywr=0.010, Cohen’s
d=-1.73; Figures 2(b) and 3). Nine of 10 participants showed
numerically reduced ECN RSFC at 1 week. Examination of indi-
vidual ECN edges showed that nine of 10 edges had decreased
connectivity across the 10 participants. At 3 months, ECN RSFC
remained numerically decreased as compared to baseline, but this
effect was not statistically significant (p,,.=0.23, ppwg =1, Cohen’s
d=-0.4). No other within- or between-network connectivity esti-
mates were statistically significantly altered at 1 week or 3 months
(Supplemental Table S2). Additional network connectivity effects
with a |Cohen’s d| > 0.5 include at 1 week, SMN-SMN, ECN-VN
and DAN-AN connectivity decreased (Cohen’s d=—0.6), whereas
DMN-ECN connectivity increased (Cohen’s d=0.5). At 3months,
ECN-VN and DAN-AN connectivity remained decreased
(Cohen’s d=—0.6 and —0.5, respectively). A Cohen’s d magnitude
>(0.5 represents a ‘medium’ effect size (Ferguson, 2009).

Replication of previous study

Later, we attempted to replicate previously reported findings from
a similar study (Barrett et al., 2020). Of the 35,778 edges defined
by the Shen268 atlas, 405 showed evidence for significant con-
nectivity based on the strategy described by Barrett and colleagues,
who reported 695 suprathreshold edges. RSFC was altered in 25
edges at 1 week (19 increased and six decreased) and 18 edges at
3 months (12 increased and six decreased) at a statistical threshold
of pyye <0.05. Two of these edges were altered in the same direc-
tion at both time points (one increased and one decreased).
Although we observed fewer total edges showing evidence for sig-
nificant connectivity, we observed a similar proportion of edges
showing a time effect (i.e. 25/405 and 18/405 are approximately
similar to 48/695 and 29/695, respectively). None of the 25 nor 18
edges remained statistically significant after controlling the type-I
error for the 405 tests using the Bonferroni-Holm method.

Exploratory associations with ECN functional
connectivity

Lastly, we explored the association between change in ECN
RSFC at 1week and self-report measures of the psychedelic
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Figure 3. Executive control network (ECN) connectivity by participant.
Spaghetti plot showing individual changes in mean ECN connectivity
scores (y-axis) and time point (x-axis). Error bars represent

mean * standard deviation. Colours represent individual participants.
ECN connectivity is significantly decreased at 1week but not at

3 months.

experience acquired immediately after the experience, change in
neocortex 5-HT2AR (at 1week), change in personality (at
3 months) and self-reported persisting effects of the psychedelic
experience (3 months). A summary of correlations can be found
in Supplemental Table S3.

The most promising associations were observed between
changes in ECN functional connectivity at 1 week and 3 months
with self-reported change in MAAS at 3months (r [95%
CI]=-0.65 [-0.91, —0.04]) and ( [95% CI]=0.71 [0.15, 0.93])
respectively, that is, the greater the decrease in ECN connectivity
at 1 week, the greater the increase in MAAS score at 3 months
(Figure 4). A smaller ECN connectivity change from baseline to
3 months was associated with a greater increase in MAAS score.

Neocortex 5-HT2AR. Change in neocortex 5-HT2AR binding
measured with [['C]Cimbi-36 BPy, at 1week was not correlated
with change in ECN connectivity at 1week (r [95% CI]=0.52
[-0.15, 0.87]). However, change in neocortex 5-HT2AR at 1 week
correlated more strongly with the ECN RSFC change at 3 months
(7 [95% CI]=-0.67 [-0.91, —0.06]). In other words, greater disin-
tegration of the ECN correlated with more neocortex 5-HT2AR.

Persisting effects questionnaire. The positive subscales of the
PEQ loaded strongly onto a single latent construct, indicating
high shared correlation (»p <107¢). Change in ECN RSFC at
1 week was negatively associated with the underlying latent vari-
able (—19.9 [—41.7, 1.93], units: change in Life Positivity PEQ
per 0.1-unit change in ECN RSFC; Figure 5). Individual esti-
mates are reported in Figure 5.

Discussion

Our results show that psilocybin, when administered to healthy
volunteers in a controlled environment, statistically significantly

decreases ECN RSFC at 1 week, but not at 3 months. We observed
correlations between ECN RSFC changes and changes in MAAS,
neocortex 5-HT2AR and positive aspects of the PEQ, implicating
alterations in ECN connectivity as a potential mechanism under-
lying the clinical and behavioural effects of psilocybin. No other
network connectivity estimates were statistically significantly
affected at 1 week or 3 months. Our study is small, but neverthe-
less implicates a candidate brain system underlying lasting psilo-
cybin effects that can be examined in future studies in healthy
and patient populations.

Executive control network connectivity

A single psilocybin administration decreased ECN RSFC; nine
out of 10 participants showed decreased ECN RSFC and nine out
of 10 ECN edges showed decreased RSFC across all participants.
This distributed effect is consistent with this representing a net-
work-wide effect not driven by a specific participant or edge.
Executive functions include, for example, cognitive flexibility,
goal setting, attentional control and information processing
(Niendam et al., 2012). This is consistent with qualitative reports
in addiction patients who report persistent changes in attentional
control and goal setting following psilocybin intervention
(Nielson et al., 2018; Noorani et al., 2018). Though little research
has been performed on ECN RSFC and its association with trait
changes in executive functions, one study reported lower FC
within the ECN in long-term tai-chi practitioners relative to con-
trols. These practitioners also showed increased trait mindfulness
and performed better on emotion regulation tasks (Liu et al.,
2018), aligning with our finding that decreased ECN connectivity
predicted increased trait mindfulness. Change in ECN connectiv-
ity was not associated with any measures of the acute experience
(Supplemental Table S3), suggesting it might not simply be
mediated by brain psilocin concentration (Madsen et al., 2019).

Psilocybin has been shown in small open-label trials to be
efficacious in the treatment of depression (Cohen’s d=-2.1 and
—2.5 at 5-week post-administration) (Carhart-Harris et al., 2018;
Davis et al., 2020), a disorder, which is partly characterised by
deficits in executive functions (Snyder, 2013). Our finding that
psilocybin decreased ECN RSFC is consistent with a recent
study reporting that unmedicated, first-time MDD patients dem-
onstrated hyper-connectivity between the left dorsolateral pre-
frontal cortex (PFC) and frontal and parietal regions, nodes
which commonly constitute cognitive control networks (Shen
et al., 2015). However, another study reported that MDD is char-
acterised by reduced frontoparietal control system connectivity
(Kaiser et al., 2015). Although it is intriguing that in healthy indi-
viduals we observe an effect of psilocybin on a resting-state net-
work that displays pathological connectivity in depressed
patients, future studies are necessary to more clearly establish
this network’s relation to treatment-induced changes in measures
of personality and well-being. Additionally, it remains to be
established whether psilocybin-induced changes in connectivity
would produce the well-being states described by such connec-
tivity signatures in healthy, untreated individuals.

The observed effect on ECN RSFC may also align with psilo-
cybin’s potential effects on obsessive-compulsive disorder
(OCD) (Moreno et al., 2006) and addiction (Bogenschutz et al.,
2015; Johnson et al., 2017), disorders broadly characterised by
aberrant control of behaviour. The OCD patients display greater



80

Journal of Psychopharmacology 36(1)

(3) Change in ECN RSFC at One-Week and MAAS at Three-Months
16~

Change in MAAS Score

a0 005
‘Change in ECN Functional Connectivity

Change in ECN RSFC and MAAS at Three-Months

a0 0.0 abo aos
Change in ECN Functional Connectivity

Figure 4. Correlations between executive control network (ECN) connectivity and mindful attention awareness scale (MAAS). Scatter plots with
linear regressions between MAAS score (y-axis) and (a) change in ECN connectivity at 1week, and (b) change in ECN connectivity at 3 months. Blue

lines represent lines of best fit and black dots denote observed data.
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Figure 5. Linear latent variable model linking change in executive control network (ECN) connectivity at 1week and persisting effects questionnaire
(PEQ) responses at 3months. The green box denotes observed change in ECN connectivity at 1week. The red box denotes the latent variable
(‘positive drug change’). The yellow boxes denote observed PEQ scores. Hatched orange lines between ‘mood-positivity” and ‘altruism” indicate
additional shared covariance. Hatched lines denote model components estimated with error. The loading parameter, B, reflecting the correlation of
the score with the latent variable for each model path is noted in respective boxes (95% confidence intervals indicated for estimates between latent
variable and PEQ subscale scores). Significance of the estimated effect of the ECN change on the latent variable is also noted.

connectivity in ECN regions, including dorsolateral PFC (Chen
etal., 2016), suggesting that reducing ECN connectivity could be
therapeutically beneficial. Although individuals with addiction
disorder show neuropsychological impairment in brain regions
associated with cognitive control (Goldstein et al., 2004), RSFC
investigations of control networks in addiction have so far uti-
lised alternative network definitions, and thus are not directly
comparable to these findings (Sutherland et al., 2012).

As we only see a significant change in ECN connectivity at
1 week and not at 3 months, this change may underlie the ‘after-
glow’ effect. Despite the lack of long-term effects, the association
between the 1 week effect and long-term measures of well-being
suggests a role for this period in mediating long-term effects on
well-being, the neural correlates of which were not detected in

this study. Detailed quantitative characterisation of the ‘after-
glow’ phenomenon could enable optimisation around this poten-
tially clinically important phase of psychedelic psychotherapy
by, for example, informing best practice surrounding post-ses-
sion integration.

Additional effects on connectivity

Besides ECN RSFC at 1 week, all other standardised effect sizes
for psilocybin induced change in RSFC (within- and between-
network) were small to medium (i.e. |Cohen’s d| <0.5). This sug-
gests that future studies evaluating similar effects of psilocybin
on RSFC would require sample sizes >60 to be adequately sta-
tistically powered (i.e. (1-f)>0.8). Thus, our findings argue
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against large-scale changes in network connectivity structure
insofar as we have quantified them here. This is notable consider-
ing participants report substantive changes in personality and
well-being lasting for at least 1year (Erritzoe et al., 2018;
MacLean et al., 2011; Madsen et al., 2020) that are likely not
entirely explained by ECN changes.

Our results suggest a small effect of psilocybin on DMN
RSFC (Cohen’s d=0.19). This is noteworthy because DMN dis-
integration has been reported when scanning participants during
the psychedelic experience (Carhart-Harris et al., 2012; Preller
et al., 2020) and may be implicated in the therapeutic effects of
psilocybin as DMN connectivity is elevated in a range of condi-
tions and is reduced following administration of psilocybin to
experienced meditators (Smigielski et al., 2019; Whitfield-
Gabrieli and Ford, 2012). Although we do not see a persistent
effect on DMN connectivity, acute disruption of the DMN may
still be therapeutically relevant (Carhart-Harris and Friston,
2019; Mason et al.,, 2020). Intake of both Salvinorin-A, a
5-HT2AR-independent hallucinogen, and 3,4-methylenediox-
ymethamphetamine (MDMA), which has a subjective effect pro-
file distinct from serotonergic psychedelics (Doss et al., 2020;
Miiller et al., 2020; Roseman et al., 2014), leads to a reduction in
DMN connectivity. Reduced DMN connectivity is not associated
with ego-dissolution in response to psilocybin (Lebedev et al.,
2015). This muted effect on DMN RSFC after the psychedelic
session is consistent with a study that scanned MDD individuals
lday after the psychedelic experience (Carhart-Harris et al.,
2017) and healthy volunteers 1 week and 1 month after psilocybin
(Barrett et al., 2020). Thus, convergent evidence indicates that
persistent alterations in DMN RSFC are unlikely to be a critical
mechanism underlying lasting psilocybin effects.

Associations with executive control network
change

Through exploratory analyses, we observed three notable asso-
ciations with change in ECN RSFC. Firstly, a greater decrease in
ECN RSFC at 1week and a lesser decrease in ECN RSFC at
3months both correlated with increased mindfulness score at
3 months. This could reflect that ECN disintegration followed by
reintegration produces lasting increases in mindful awareness, a
trait that is associated with reduced stress and better mood
(Brown and Ryan, 2003). Secondly, building on our previous
finding that change in 5-HT2AR correlated negatively with
change in mindfulness (Madsen et al., 2020), we observed that a
greater decrease in ECN RSFC 1 week and a lesser decrease in
ECN RSFC at 3 months was associated with decreased 5-HT2AR
at 1 week. Although speculative, our findings suggest that indi-
vidual change in neocortex 5-HT2AR following psilocybin
administration may effect a change in mindfulness that is medi-
ated by changes in ECN connectivity. Thirdly, decrease in ECN
at 1week was positively associated with a latent construct of
positive persisting effects, reflecting positive items from the
PEQ, at 3months. This effect was particularly pronounced
regarding ‘behavioural positivity’, aligning with qualitative
reports from patients in clinical trials (Nielson et al., 2018;
Noorani et al., 2018). Although exploratory, these observations
provide a framework for linking brain and behavioural changes
effected by psilocybin administration in future studies in healthy
and clinical cohorts. Although we see changes in personality-trait

openness, neuroticism and conscientiousness in this sample
(Madsen et al., 2020), these changes were not correlated with
change in ECN RSFC (Supplemental Table S3).

Barrett replication

Replication is critical for identifying reliable brain markers of
psilocybin effects. Here, we sought to replicate recently reported
findings from a study very similar to ours (Barrett et al., 2020).
We replicated the scale of region-to-region RSFC estimates that
were affected by psilocybin. However, none of these effects
remained statistically significant when controlling for multiple
comparisons. Ours and the previous study have small sample
sizes, which exacerbate the statistical power limitations of an
exploratory region-to-region RSFC analysis strategy. Without
substantively larger samples, this analysis framework would
likely benefit from a hypothesis-driven evaluation of specific
region pairs. Notably, the Shen268 atlas does not describe an
ECN, and thus these results cannot be compared with our ECN
finding using the Raichle atlas. This heterogeneity highlights a
case for co-ordination of spatial parcellation within this corner of
neuroimaging.

Limitations

As noted previously, our sample size of 10 individuals limits sta-
tistical power. Nevertheless, the data reported here provide a
firmer foundation for future studies in clinical and healthy
cohorts with larger samples. Although psilocybin seems to have
positive behavioural and mood effects in healthy individuals, it is
not clear how closely our observed effects on brain connectivity
would generalise to clinical cohorts. Additional studies in patient
groups are needed to delineate the neurobiological basis of thera-
peutic effects of serotonergic psychedelics including psilocybin.
There is variation across resting-state atlases in how cognitive
control networks are defined, limiting our ability to draw firm
conclusions with previous related studies (Raichle, 2015;
Schaefer et al., 2018; Shen et al., 2020). Alternative analytic
strategies (e.g. dynamic functional connectivity and entropy
analyses) or task-based fMRI may reveal more pronounced
effects on brain function and connectivity than those reported
here. Future studies integrating fMRI with PET markers may
offer deeper insights into the neurobiological mechanisms medi-
ating psilocybin effects on behaviour (Fisher and Hariri, 2012).
Although the observed effect on ECN may be related to individ-
ual differences in pharmacodynamics (i.e. drug availability and
metabolism), we did not measure individual plasma psilocin lev-
els (Madsen et al., 2019).

Conclusion

In conclusion, we report effects of a single psilocybin administra-
tion on RSFC networks at 1 week and 3 months in a cohort of 10
individuals. Although a small sample, we identified a statistically
significant reduction in ECN RSFC at 1 week but not at 3 months
(although numerically decreased). Exploratory correlations with
change in ECN at 1 week suggest that it may be associated with
change in neocortex 5-HT2AR at 1week as well as change in
mindfulness and persistent positive psychological effects at
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3months. Nevertheless, future studies are necessary to more
thoroughly map psilocybin effects on to changes in brain func-
tion and connectivity that may mediate its lasting clinical and
behavioural effects.
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Figure S1. Correlation between the change in neocortex [''C]Cimbi-36 BPND and change
in ECN connectivity. Scatter plot showing the change in ['!C]Cimbi-36 BPxp at one-
week (x-axis) and change in ECN connectivity at three-months (y-axis). The blue line

represents the line of best fit and black dots denote observed data.



Network
Executive Control
Executive Control
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Default Mode
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Dorsal Attention
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Salience
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Sensorimotor
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Visual

Visual

Auditory
Auditory

Region

Dorsal Medial Prefrontal Cortex
Left Anterior Prefrontal Cortex
Right Anterior Prefrontal Cortex
Left Superior Parietal Cortex
Right Superior Parietal Cortex
Posterior Cingulate/Precuneus
Medial Prefrontal Cortex

Left Lateral Parietal Cortex
Right Lateral Parietal Cortex
Left Inferior Temporal Cortex
Right Inferior Temporal Cortex
Meidal Dorsal Thalamus

Right Posterior Cerebellum

Left Posterior Cerebellum

Left Frontal Eye Field

Right Frontal Eye Field

Left Posterior IPS
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Left Anterior IPS

Right Anterior IPS

Left MT

Right MT

Dorsal Anterior Cingulate Cortex
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Left Lateral Parietal Cortex
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Left Motor Cortex

Right Motor Cortex
Supplementary Motor Area
Left V1
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Right A1

MNI Coordinates
0, 24, 46
-44, 45,0
44, 45,0
-50, -51, 45
50, 51, 45
0,-52, 27
-1, 54, 27
-46, -66, 30
49, -63, 33
-61,-24, -9
58, -24, -9
0,-12,9
-25,-81, -33
25,-81, -33
-29,-9,54
29,-9, 54
-26, -66, 48
26, -66, 48
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41, -39, 45
-50, -66, -6
53, -63, -6
0,21, 36
-35, 45, 30
32,45, 30
-41,3,6
41, 3,6
-62, -45, 30
62, -45, 30
-39, -26, 51
38, -26, 48
0,-21, 48
-7, 83,2
7,83,2
-62,-30, 12
59, -27, 15

Table S1. Regions and associated brain networks as described in (Raichle, 2011).
ROIs described by 10 mm radius spheres centred on given MNI coordinates.
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Psilocybin-Induced Mystical-Type
Experiences are Related to Persisting
Positive Effects: A Quantitative and
Qualitative Report

Drummond E-Wen McCulloch’, Maria Zofia Grzywacz', Martin Korsbak Madsen’,
Peter Steen Jensen', Brice Ozenne ™2, Sophia Armand’, Gitte Moos Knudsen ™3,
Patrick MacDonald Fisher' and Dea Siggaard Stenbazek **

"Neurobiology Research Unit and NeuroPharm, Copenhagen University Hospital Rigshospitalet, Copenhagen, Denmark,
2Department of Public Health, Section of Biostatistics, University of Copenhagen, Copenhagen, Denmark, Sinstitute of Clinical
Mediicine, University of Copenhagen, Copenhagen, Denmark, *Department of Psychology, University of Copenhagen,
Copenhagen, Denmark

Psychedelic drugs such as psilocybin have shown substantial promise for the treatment of
several psychiatric conditions including mood and addictive disorders. They also have the
remarkable property of producing persisting positive psychological changes in healthy
volunteers for at least several months. In this study (NCT03289949), 35 medium-high
doses of psilocybin were administered to 28 healthy volunteers (12 females). By the end of
the dosing day, participants reported the intensity of their acute experience using the 30-
item Mystical Experience Questionnaire (MEQ) and an open-form qualitative report from
home. Persisting psychological effects attributed to the psilocybin experience were
measured using the Persisting Effects Questionnaire (PEQ) 3-months after
administration. Using a linear latent-variable model we show that the MEQ total score
is positively associated with the later emergence of positive PEQ effects (o = 3 x 1079).
Moreover, the MEQ subscales “Positive Mood” (Deorr = 4.1 x 1074 and “Mysticality” (Deor =
2.0 x 107%) are associated with positive PEQ whereas the subscales “Transcendence of
Time and Space” (pcor = 0.38) and “Ineffability” (pcor = 0.45) are not. Using natural
language pre-processing, we provide the first qualitative descriptions of the “Complete
Mystical Experience” induced by orally administered psilocybin in healthy volunteers,
revealing themes such as a sense of connection with the Universe, familial love, and
the experience of profound beauty. Combining qualitative and quantitative methods, this
paper expands understanding of the acute psilocybin induced experience in healthy
volunteers and suggests an importance of the type of experience in predicting lasting
positive effects.

Keywords: psychedelic, psilocybin, qualitative, psychology, natural language processing, mystical, phenomenology,
persisting effects
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INTRODUCTION

Psilocybin is a prodrug to the 5-HT2A agonist psilocin (4-
hydroxy-N,N-dimethyltryptamine) (Passie et al., 2002), which
is the drug responsible for the psychoactive effects of “magic
mushrooms”. Preliminary evidence from the last 15 years suggest
that psilocybin has a rapid and potent positive treatment effect in
affective and addictive disorders (Moreno et al., 2006; Grob et al.,
2011; Bogenschutz et al., 2015; Griffiths et al., 2016; Ross et al.,
2016; Johnson et al., 2017; Carhart-Harris et al., 2018; Garcia-
Romeu et al., 2019; Anderson et al., 2020; Davis et al., 2020;
Carhart-Harris et al., 2021). In healthy individuals and patients,
psilocybin has been associated with long-lasting positive
psychological effects and self-reported positive changes in
mood, behaviour (Griffiths et al., 2011; Barrett et al.,, 2020)
and personality (e.g., increased openness; (MacLean et al,
2011; Erritzoe et al.,, 2018; Schmid and Liechti, 2018; Madsen
et al, 2020; Kettner et al., 2021), while no association with
persisting effects on cognition has been observed (Rucker
et al., 2021).

The subjective effects of psychedelics vary between individuals
(Stenbeek et al., 2020) and are substantially affected by dose,
CYP2D6 phenotype (Vizeli et al, 2021) and non-
pharmacological factors like emotional “set”, ie., a person’s
current psychological state, and environmental “setting”,
ie, the immediate surroundings (Hyde, 1960; Hartogsohn,
2017; Strickland et al., 2021). The acute effects of medium-
high oral doses (ie, >02mg/kg) of psilocybin last
approximately four to six hours (Passie et al., 2002; Hasler
et al., 2004; Preller et al., 2018; Madsen et al., 2019; Stenbaek
etal,, 2020; Madsen et al., 2021) though psilocybin may produce a
misjudged perception of time on behalf of the recipient of the
drug (Wackermann et al., 2008). Subjective psychedelic effects are
characterised by changes in bodily experience, cognition, and
alterations in the visual field (Preller and Vollenweider, 2018;
Hirschfeld and Schmidt, 2021), and by pseudohallucinations but
not “true hallucinations” (sensory phenomena indistinguishable
from reality) (Sanati, 2012). The typical experience induced by a
medium-high dose of psilocybin has a plateau of maximum
subjective intensity which, for some participants, can occasion
transient, profound alterations in consciousness described as a
sense of unity with all things accompanied by dissolution of ego
or personhood, blissful mood and ecstasy, and aberrant sense of
time and space (Preller and Vollenweider, 2018; Stenbzek et al.,
2020). Despite extensive quantitative characterisation, no papers
so far have reported a qualitative description of the subjective
experience of orally administered psilocybin in healthy
volunteers, though the effects of 2mg of intravenous
psilocybin in an MR scanning environment (Turton et al,
2014) and of 75 ug of oral LSD (Sanz et al., 2021) have been
described previously.

At maximum intensity psychedelic experiences can share
many similar features with traditional “mystical-type” or
“peak’ experiences which have a potential for psychological
transformation (Maslow, 1959; Griffiths et al., 2006; Griffiths
et al., 2011; Lyvers and Meester, 2012). A subset of these, known
as “Complete Mystical Experiences” (CME) are hypothesised to

be instrumental in the lasting positive effects of psychedelics
(Yaden and Griffiths, 2021). The magnitude of psilocybin-
induced mystical-type experience has shown positive
correlations with improvements in subjective life quality,
meaning in life, and mood in patients suffering from
anxiety and depression associated with life threatening
cancer (Griffiths et al., 2016; Ross et al,, 2016), cigarette
addiction (Garcia-Romeu et al., 2015) and major depressive
disorder (Roseman et al., 2018; Davis et al., 2020). In healthy
volunteers, the degree of mystical experience has been
positively associated with increases in personality-domain
openness up to 14-months after psilocybin (Griffiths et al.,
2008; MacLean et al., 2011; Griffiths et al., 2018) and self-rated
persisting positive effects 12-months after psilocybin (Schmid
and Liechti, 2018). Despite replicated research investigating
the acute effects of psychedelics, comparatively little is known
about the relation between the character of the acute
psychedelic experience (i.e., the way the experience feels,
not simply the intensity) and the persisting changes in
mood, behaviour, and personality.

Qualitative research so far has provided insight into themes
that patients report as important in the lasting effects of
psychedelic ~ therapy  including increased  aesthetic
appreciation and experiences of interconnectedness
(Noorani et al., 2018), movement from disconnection to
connection with senses, self, others and the world, and from
emotional avoidance or numbness to emotional acceptance
(Watts et al., 2017). In terminally ill patients, themes observed
to be associated with clinical improvement include
reconciliation with death and reconnection with life (Swift
et al, 2017). Patients’ qualitative reports also describe
meaningful aspects of the acute experience including altered
perception of relationships and the appearance of meaningful
visual phenomena (Belser et al., 2017) as well as acutely felt
motivation and commitment to behavioural change (Nielson
et al., 2018). However, qualitative analyses are particularly
susceptible to investigator bias, as quote selection can be
driven by the investigator’s proposed narrative (Galdas,
2017). We aimed to control for this for by first pre-
analysing data wusing an unbiased natural language
processing (NLP) script to steer qualitative analyses.

In this study, we contribute to the ongoing research
concerning the relation between the acute subjective effects
of psilocybin and their lasting effects. We do so by examining
whether the self-reported intensity of the mystical-type
experience is associated with persisting effects reported
3 months later in healthy volunteers. Further, we examined
whether NLP of qualitative reports can be used to differentiate
participants who have a CME compared to those who do not.
We also expand the literature describing the subjective
mystical-type experience induced by psilocybin by providing
curated quotes from the qualitative reports guided by NLP
results.

We hypothesise that there will be a positive association
between intensity of the mystical-type experience and
persisting positive effects attributed to the psilocybin
experience at 3-month follow-up. In addition, we provide
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NLP of qualitative reports to describe the experiences of
participants who have a CME compared to those who do not.

METHODS

Participants

Recruitment

We recruited 28 healthy participants (12 females) >18 years of
age from a list of individuals that expressed interest in
participating in a psilocybin neuroscience study. Individuals
participated in at least one of three sub-projects (sub-project 1
(n =4), sub-project 2 (n = 10) and sub-project 3 (n = 21)) fora
total of 35 psilocybin administrations (i.e., seven participants
took part in two sub-projects). The sample included in this
study only included those who had completed the Qualitative
Experience Report as described below, and received at least
12 mg of psilocybin.

All participants underwent screening for somatic illness,
including a medical examination, an ECG, blood screening
for somatic disease, and screening for psychiatric disorders
using the Mini International Neuropsychiatric Interview,
Danish translation version 6.0.0 (Sheehan et al., 1998).
Exclusion criteria for all sub-projects were: (Passie et al,
2002) present or previous primary psychiatric disease
(DSM axis 1 or WHO ICD-10 diagnostic classifications) or
in first-degree relatives; (Carhart-Harris et al., 2018) present
or previous neurological condition/disease, significant
somatic condition/disease; (Carhart-Harris et al., 2021)
intake of drugs suspected to influence test results; (Davis
et al., 2020) non-fluent Danish language skills; (Moreno et al.,
2006) vision or hearing impairment; (Bogenschutz et al.,
2015) previous or present learning disability; (Garcia-
Romeu et al, 2019) pregnancy; (Johnson et al, 2017)
breastfeeding; (Griffiths et al., 2016) magnetic resonance
imaging (MRI) contraindications; (Grob et al, 2011)
alcohol or drug abuse; (Ross et al., 2016) allergy to test
drugs; (Anderson et al., 2020) significant exposure to
radiation within the past year (e.g., medical imaging
investigations); (Barrett et al, 2020) intake of QT-
prolonging medication or electrocardiogram (ECG) results
indicative of heart disease (Griffiths et al., 2011), blood
donation less than 3 months before project participation;
(MacLean et al, 2011) bodyweight less than 50kg;
(Erritzoe et al., 2018) low plasma ferritin levels (<12 pg/L).

Ethics

Written informed consent was obtained from all individuals
before inclusion. The study was conducted in accordance with
the Declaration of Helsinki. The study was approved by the
ethics committee for the Capital Region of Copenhagen
(journal identifier: H-16028698, amendments: 56,023,
56,967, 57,974, 59,673, 60,437, 62,255, and Danish
Medicines Agency (EudraCT identifier: 2016-004000-61,
amendments: 2017014166, 2017082837, and 2018023295).
The study was also preregistered at ClinicalTrials.gov
(identifier: NCT03289949).

Psilocybin Intervention

Prior to the intervention day, all participants attended a
preparatory consultation with the study psychologists who
would assist them on the intervention day. In all three sub-
projects, psilocybin was administered orally in 3 mg capsules
with a glass of water. Dose was adjusted for bodyweight: mean
(SD) [range] = 0.26 (0.04) [0.19-0.31] mg/kg, absolute dose:
mean (SD) [range] = 19.4 (3.7) [12-30] mg. Interpersonal
support was provided throughout the interventions in all
three sub-projects by the same leading psychologist (DSS)
assisted by psychologist trainees. Likewise, the same medical
doctor was involved in all three sub-projects (MKM). A light
lunch and beverages (i.e., water + juice) were offered to the
participants on all intervention days. Among the 35 sessions,
four were conducted in the context of up to two positron
emission tomography (PET) scans on the intervention day in
sub-project 1 (Madsen et al., 2019), 10 sessions were conducted
in a comfortable hotel-room-like setting in sub-project 2
(Madsen et al., 2020; Stenbzk et al., 2020), and 21 were
conducted in the context of MRI scans on the intervention
day in sub-project 3 (Madsen et al., 2021). All participants
returned 1 day after the intervention day for a post-session
consultation with the assisting psychologists.

Data Collection and Outcome Measures
Baseline Psychometrics

The outcome measures used in this study consisted of qualitative and
questionnaire data collected on the day of psilocybin intervention
and at 3-month follow-up. At baseline, we also collected descriptive
information about depressive symptoms, perceived stress and sleep
quality with the Major Depression Inventory (MDI) (Bech et al.,
2001), Cohen’s Perceived Stress Scale (PSS) (Cohen et al., 1983) and
Pittsburgh Sleep Quality Index (PSQI) (Buysse et al, 1989),
respectively.

Mystical Experience Questionnaire

At the end of the psilocybin intervention (~6 to 8hours after
ingestion of psilocybin), participants completed the self-report
revised 30-item Mystical Experience Questionnaire (MEQ)
(Barrett et al, 2015). The MEQ is a validated questionnaire
comprising 30 items that capture the essential elements of a
mystical-type experience relating to a single, discrete event (e.g.,
one psilocybin administration). The MEQ was derived from the
MEQ43 which in turn was developed from the States of
Consciousness Questionnaire based on classical descriptive work
on mystical experiences and the psychology of religion (Stace, 1960;
Pahnke, 1969; Richards, 1975). Items in the MEQ are rated using a 6-
point Likert scale from 0 (none, not at all) to 5 (extreme, more than
any other time in my life and more than a rating of 4). It has four
sub-scales: Mysticality, Positive Mood, Transcendence of Time and
Space and Ineffability (e.g., MEQ items: “Experience of unity with
ultimate reality”, “Experience of ecstasy”, “Loss of your usual sense of
time” and “Sense that the experience cannot be described adequately
in words”, respectively). The threshold for a CME is a score of >60%
on all sub-scales (Barrett et al., 2015). This threshold was used to
divide data into CME and non-CME. MEQ total score was
calculated as the mean of all items.
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Mandala Drawing

Following completion of the MEQ, participants were asked to
draw a mandala of their experience using coloured pencils.
Mandala is the Sanskrit word for “circle”, and it is typically
interpreted as symbolising a transcendent function in the
psyche (Bailer and Leeming, 2020). Practically, participants
were given a paper with a circle represented on it and asked to
draw their psilocybin experience within the circle using
coloured pencils.

Qualitative Experience Report

In the evening on the day of psilocybin intervention,
participants completed a qualitative report describing their
experience in free writing using a secured online survey system
(https://www.limesurvey.org/). There were no constrains and
no minimum or maximum length to the experience report,
only that it had to be completed before the participants went
to sleep.

Persisting Effects Questionnaire

Approximately 3 months following the psilocybin sessions,
participants completed the Persisting Effects Questionnaire
(PEQ) (Griffiths et al., 2006). The PEQ is used to measure
long-lasting positive and negative effects attributed directly to
the psychedelic experience. The PEQ is a non-validated self-
report questionnaire that has been used, among others, by
Griffiths et al. (2006), Griffiths et al. (2008), Griffiths et al.
(2011), Griffiths et al. (2016) to assess persisting effects of
psychedelics as well as long-term positive effects attributable
to “naturally occurring” mystical-type experiences (Griffiths
et al,, 2019). The PEQ comprises 145 questions that describe
how the participants perceive changes in their life that they feel
are “due to the experiences during your last session [of
psilocybin] and your contemplation of those experiences”.
Items are rated using a 6-point Likert scale from 0 (none,
not at all) to 5 (extreme, more than any other time in my life
and more than a rating of 4). It has 12 subscale-themes, namely
a positive and a negative change in: Attitudes About Life,
Attitudes About Self, Mood Changes, Social Effects,
Behavioural Changes, and Spirituality (e.g., Attitudes about
life: “You have more joy in your life” and “You have less joy in
your life”, Social Effects: “You express more love toward
others” and “You express more hatred toward others”).
Subscale scores were converted to percentage of maximum
score as performed in previous analyses (Griffiths et al., 2011;
Griffiths et al., 2016). For the statistical analyses within study,
we used the positive subscales only since very few persisting
negative effects were rated. See Figure 2.

Plasma Psilocin Levels

In sub-project 3 plasma samples were drawn before and
approximately 40, 80, 110, 160, 190, and 340 min post-
psilocybin administration, and plasma psilocin levels
(PPL) were evaluated as described in (Madsen et al., 2019).
Peak values were chosen as the MEQ specifies “at any time
during that session you experienced the following
phenomena”.

Statistical Analyses
Descriptive Analyses

Differences at baseline between those who experienced a CME
and did not experience a CME (non-CME) on the MDI, PSS,
PSQI, age differences, bodyweight, dose administered, and
naivety to psychedelic experiences were compared using a
random intercept model to take into account that some
participants participated twice. Sex differences in MEQ
subscale and total score were also estimated using a similar
model. Associations between the highest PPL value,
i.e., representing peak effects of the drug, for each participant
and MEQ total score or PPE;y were evaluated using univariate
linear models. There were no repeated observations in this
subgroup.

Association Between MEQ and PEQ

The association between the MEQ and the PEQ, was investigated
with linear latent variable models (LVMs) using the “lava” package
for R (Holst and Budtz-Jorgensen, 2013). LVMs can be seen as an
extension of linear mixed models for the analysis of multiple repeated
measurements. While linear models parameterised with a random
slope assume a constant correlation between measurements, LVMs
relax this assumption allowing certain measurements to be more
correlated than others (i.e., measurements from certain subscales can
be more intercorrelated than others). LVMs were evaluated using the
“modelsearch” function from the lava package and typically
structured as shown in Figure 1 with some variation in
covariance as described in section Latent-Variable Model
Construction. A latent variable representing the six subscales of
the PEQ was constructed and termed Positive Persisting Effects
(PPE.y). The association between the MEQ total and PPE;y, was
evaluated within this model. Post hoc analyses of the associations
between MEQ subscale scores and PPE; y; were also evaluated, each in
a separate model. In order to calculate the potential direct and indirect
mediation effects of the co-variates “Age”, “Sex”, “Dose”, “Project 2”
and “Project 3”, both direct regressions of these onto PPE;y and
indirect effects of these via MEQ total or subscales were calculated in
each model. “Sex-Female” and “Project 1”7 are reported as the
intercept in the analysis of these co-variates. We report loadings
(i.e., parameter for the association subscale-latent variable, denoted by
“B” in Figure 1) and confidence intervals of each PEQ subscale onto
PPE;y with “life-positivity” arbitrarily chosen as a reference. To
control for the small sample size and repeated measures, robust
standard error was used (Ozenne et al., 2020). The MEQ total model
was evaluated first as a primary hypothesis and the p-value for the
relation between the MEQ total score and PPEpy is reported.
Subsequent tests investigating the subscales report the p-value for
the same interaction in the model, corrected using the Bonferroni
method for a family of four tests (Dunn, 1961).

Language Analyses

Lemmatisation

All evaluations were performed on the untranslated Danish text.
Instances of words and quotes presented in this paper were
independently translated by two bilingual individuals and
recombined by a native English speaker and a third bilingual
person.

Frontiers in Pharmacology | www.frontiersin.org

March 2022 | Volume 13 | Article 841648



McCulloch et al.

Persisting Effects of Psilocybin Experiences

—

Dose l

Project 2

[ o)
(it

FIGURE 1 | Latent Variable Model. Schematic diagram describing the structure of the LVM used in the analysis of the relation between MEQ and the latent variable
PPELy. “MEQ” (blue) represents either the MEQ total score or one of the four different subscales of the MEQ. Each was analysed using a different model; therefore,
regression outputs are not reported in this figure and are instead reported in Table 2. Loadings of the individual positive subscales of the PEQ are stable between models
and are thus reported on the lines between PPE, and the subscales. Loadings of co-variates are reported in Supplementary Table S3.

Project 3

o |
[t

In order to pre-process the qualitative data for this analysis,
words were lemmatised using the python package “lemmy” v
2.1.0 (https://github.com/sorenlind/lemmy). Lemmatisation is
the process of converting a word back to its root
(i.e., “running” “ran” and “runs” would each be lemmatised
to “run”). Danish words are not easily lemmatised as any given
word may represent different cases for several different roots.
For example, “slappe” (relax) could be lemmatised to “slappe”
(relax), “slap” (loose), or “slippe” (drop). In order to control
for this, the first lemma for each word was selected and others
discarded. Upon random manual checking, this was accurate
in all instances.

Tf-idf Analyses

In this paper we attempt to control for investigator-narrative
bias by utilising term-frequency inverse document frequency
(tf-idf) to identify distinguishing themes in the text prior to
qualitative analysis (Ramos, 2003). The corpus of all reports
was split into two documents containing reports from either
CME or non-CME. Tf-idf is a statistic that reflects the
importance of a term to a specific subset of documents
within a wider corpus. Term frequency is the number of
times the word appears in each document divided by the
total number of words in that document. Inverse document

frequency is the log of the total number of documents divided
by the number of documents containing the word, and tf-idf is
the product of these. Reports were pre-processed by
lemmatisation as described above, but stop-words (e.g.,
“the”, “if”, “and” etc.) were not removed as the tf-idf
process accounts for these. Tf-idf scores were computed for
each term within CME and non-CME documents. Analyses
were performed using the R package “tidytext” (Silge and
Robinson, 2016).

incidence o f x in document

f —idf =
tf ~id total length o f document

total number o f documents
x logio —
number o f documents containing x

Post-hoc Qualitative Analyses

To further investigate the terms with the highest tf-idf scores,
we manually searched through all reports and extracted quotes
that included each of the five highest tf-idf terms. We first
checked that each term was not driven by a single report that
used the word repeatedly. We then selected quotes that
reflected the most representative thematic usages of
these terms.
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TABLE 1 | Descriptive statistics of the participants split by Complete Mystical
Experience (CME).

Measure All CME Non-CME p value
Participants (no.) 28 16* 12* NA
Psilocybin sessions (no.) 35 21 14 NA
Project 1 (PEI') (no.) 4 1 3 0.31
Project 2 (no 10 7 3 0.21
Project 3 (MRI) (no.) 21 13 8 0.28
Female (%) 5 (43%) 8 (38%) 7 (50%) 0.50
Mean age (SD) (years) 31.7 (7.0) 30.8 (4.9) 33.1 (9.4) 0.45
Mean weight (SD) (kg) 72.4 (12.2) 755 (11.9) 727 (12.7) 0.44
Psychedelic Naive (no. (%)) 23 (66%) 14 (67%) 9 (64%) 0.89
Mean dose (SD) (mg) 19.4 (8.7) 19.3 (3.5) 19.5 (4.2) 0.80
Mean dose (SD) (mg/kg) 0. 26 (0.04) 0. 26 (0.04) O. 27 (0.04) 0.34
Mean baseline MDI 2 (2.4) 1(2.6) 3 (2.2 0.94
Mean baseline PSS 8 (3.8 7 (3.6) 14.1) 0.70
Mean baseline PSQI 7(1.7) 3(1.5) 3 (1.9 0.18

All descriptive statistics are mean (Standard Deviation) unless otherwise stated. These
describe the baseline characteristics including Major Depressive Inventory (MDI),
Perceived Stress Scale (PSS), and Pittsburgh Sleep Quality Index (PSQI), aspects of the
acute experience including dose of psilocybin administered (per 0s) and subproject.
p-values for projects were calculated using a chi-squared test. All other p-values were
calculated using a linear mixed-effects model controlling for participant ID as a random
variable. PET, Positron Emission Tomography; MRI, Magnetic Resonance Imaging. “All
individuals observed twice had either a CME or non-CME both times.

Mandala Assignment

To further illustrate our qualitative findings, available mandala
drawings were located that aligned with the qualitative reports
presented. Those interpreted as aligning with the themes of the
associated qualitative report were selected, and the five
participants were contacted to ensure that perception of
depicted themes was accurate. These are presented in the
results alongside their respective quotes.

Code Availability

R and python scripts used in analyses are available at https://
github.com/Pneumaethylamine/Mystical PEQ.

Statistical Inference

Throughout the paper statistical significance was considered at
an alpha of p < 0.05 following Bonferroni correction for
multiple comparisons where appropriate (Haynes, 2013).
We report corrected and uncorrected p-values, estimates
and 95% confidence intervals.

RESULTS

Descriptive Analyses

In total 35 reports from 28 individual participants were
recorded as seven participants took part in two projects. Of
the 35 reports, the mean age (SD) was 31.7 (7.0) [range = 24.3
to 58.8] years, and 15 were from female subjects. One
participant had missing PEQ data at 3-month follow-up.
Therefore, this dataset was not included in the analyses
involving the PEQ. Individual doses, sex, MEQ total and
subscale scores are reported in Supplementary Table SI.

Descriptive statistics of participants, psilocybin sessions,
project, sex, age, weight, naivety to psychedelics, dose, and
baseline psychometrics for all participants combined and
split by CME and non-CME are shown in Table 1,
indicating no significant differences in these metrics
between groups. PEQ subscale scores split by CME are
presented in Figure 2. MEQ total and subscale scores are
reported in Supplementary Table S2. A linear mixed effects
model comparing MEQ total score and subscales between
males and females, accounting for participant as a random
variable and treating “Female” as the intercept showed no
significant sex difference in any score (peorr > 0.31). A
description of the direct and indirect mediation effects of
sex and other co-variates on PPE;y can be found in
Supplementary Table S3. No relation was observed
between peak PPL and MEQ total score (p = 0.88,
uncorrected) or PPE;y (p = 0.35, uncorrected). See
Supplementary Figure S2.

Association Between MEQ and PEQ
Latent-Variable Model Construction

All six positive subscales of the PEQ loaded well onto the
latent variable PPE;y (Estimate range = 0.75:1.22, p < 1.1 x
107'° for all subscales). All subscale loadings for each model
are reported in Supplementary Table S4. No additional
covariances were modelled in the main analysis evaluating

MEQ total. The models for subscales Ineffability,
Transcendence of Time and Space, and Mysticality
contained covariance Dbetween the PEQ subscales

“Positive Attitudes about Life” and “Positive Attitudes
about Self” whereas the model investigating the Positive
Mood subscale contains a covariance between the MEQ
subscale Positive Mood and the PEQ subscale “Increased
Spirituality”.

Association Between PEQ and MEQ

The LVM investigating the association between MEQ total
score and PPE;y showed a statistically significant positive
association (f = 14.8, 95%CI = 8.66:20.96, p = 3 x 107°). The
subsequent LVMs investigating effects of the MEQ subscales
on PPE;y showed significant positive association with
Positive Mood ( = 14.5, 95%CI = 7.90:21.11, peorr = 4.1 X
10~%), as did the LVM evaluating Mysticality (8 = 10.8, 95%CI =
6.14:15.51, peorr = 2.0 x 10_4). However, no significant
associations were observed for Transcendence of Time and
Space (f = 9.4, 95% CI = -1.72:20.56, peorr = 0.38) or
Ineffability (8 = 11.2, 95% CI = —2.75:25.14, peore = 0.45).
See Table 2 for a full summary of the LVM results and
Figure 3 for a graphical representation. LVM model
summaries are reported in Supplementary Table S4. Direct
and indirect mediation effects of covariates are reported in
Supplementary Table S3. No indirect effects of any covariate
via MEQ were significant (all p > 0.1, uncorrected). Scatter plots
of MEQ total and subscales by PPE;y are reported in
Supplementary Figure S1.
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PEQ scores for Complete and Non-Complete Mystical Experiences by Subscale
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FIGURE 2 | Boxplots showing Persisting Effect Questionnaire (PEQ) scores relating to either Complete Mystical Experiences (CME) (Purple) or non-CME (Blue).
Each plot represents the positive (lighter colours, left) and negative (darker colours, right) aspects of each PEQ subscale. The middle line in each box represents the
median. Lower and upper hinges represent first and third quartiles. Datapoints more than 1.5 interquartile range beyond the hinges are plotted as outliers.

TABLE 2 | Results from the Latent Variable Model analyses for Mystical Experience Questionnaire (MEQ) total score and subsequent subscale analyses.

Variable B 95% CI p-value p-value (corrected)
MEQ total 14.8 8.66:20.96 3.0x107° 3.0x 107°
Positive Mood 14,5 7.90:21.11 1.0 x 107* 4.1 %107
Mysticality 10.8 6.14:15.51 51x107° 2.0x 107
Transcendence of Time and Space 9.4 -1.72:20.56 0.094 0.377
Ineffability 11.2 -2.75:25.14 0.111 0.446

3 and 95% Cl indicate effect size and 95% confidence interval in units of the latent variable PPE, ,, which represents persisting positive effects attributable to the drug experience as a % of

maximum possible score.

Language Differences in Mystical and

Non-Mystical Experiences

Natural Language Processing

Of the 35 reports analysed, 21 met the criteria for a CME
i.e, scoring at least 60% on all subscales of the MEQ. The
words with the highest tf-idf score from CME Qualitative
Experience Reports indicating the greatest distinction from the
overall corpus, were “Universe”, “dad”, “MR” (Magnetic
Resonance), “beautiful”, “simultaneous”, “infinite”, “purple”,
“in relation to”, “ray”, “happy”, and “brother” (See Figure 4).
The highest tf-idf scores from non-CME reports were “gloomy”,
“cycle”, “evil”, “cold” and “need”. To expand on these findings,
these words were identified in text and a selection of quotes are
presented below. Notably, as there are only two documents within
the corpus (CME and non-CME), any word which appears in
both documents has a tf-idf score of zero. Thus, tf-idf scores
distinguish words that only appear in one document set (CME or
non-CME).

Qualitative Reports of the Complete Mystical
Experience

By manually searching through the document body, we
confirmed that high tf-idf scores were not driven by single
individuals utilising the identified word multiple times. The
word with the highest tf-idf score from the CME reports was
“Universe”. Viewed in context, these references to the Universe
appear to relate to feelings of unity and connectedness, analogous
to MEQ item 14 “Freedom from the limitations of your personal
self and feeling a unity or bond with what was felt to be greater
than your personal self”, as well as a wonderment around the
complexity of conscious experience.

The trip was mostly concerned with the love pertaining to
the different relations in my life, but also the love that
exists between human beings in general, to the planet
and to the universe.

Report 3, female, CME, MEQ total 3.9
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Relation Between MEQ and Persisting Positive Effects
Attributed to Psilocybin
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FIGURE 3 | Results of the latent variable model describing the estimate of effect of the MEQ total and subscale scores measured on the day of psilocybin on PPE,
measured 3 months after psilocybin. The y-axis represents each individual subscale while the x-axis provides an estimate of the difference in PPE_y associated with a
one-unit increase in the indicated MEQ subscale.
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FIGURE 4 | Bar chart displaying the term-frequency inverse document frequency (tf-idf) values for the words that only appear in “Complete Mystical Experience”
(CME) reports. Analyses were performed on Danish words and are only translated into English for display in this figure.

The light of love brings clarity to everything. I get a deep Report 10, male, CME, MEQ total 4.7
feeling of purity and feel that everything is beautiful, and
that love is what makes up the world and the universe
and connects everything like a network of roots.

When 1 close my eyes, I am in a fantastic world.
Suspended in the whole universe. Stretched across the
cosmos. When I open my eyes, I am being prepared for

Report 22, female, CME, MEQ total 3.9 the MR-scanner. [...] I can hear the sounds of the
Several times during the trip, I found myself laughing in scanner which influence my universe, white and silver
sheer admiration of the impressive and wonderous lines unfold, make sudden angles and travel onwards
universe of human consciousness. abruptly.
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Report 31, male, CME, MEQ total 4.2

One report juxtaposes the profound noetic quality of the
experience with the tasks that participants were asked to
perform in the scanner environment. This aligns with item 9
of the MEQ, i.e., “Certainty of encounter with ultimate reality (in
the sense of being able to “know” and “see” what is really real at
some point during your experience).”

I have the answer to the riddle of the universe, but I'm
forced to look into a TV-screen.

Report 31, male, CME, MEQ total 4.2

The word that next-best distinguished the CME was “dad”.
The reports describe feelings of gratitude, love and respect for the
participants’ fathers. There are no items of the MEQ that reflect
this theme directly. Notably, references to the participants
mothers appeared in both CME and non-CME reports and
thus had a tf-idf score of zero.

I had the feeling that I was experiencing the world
through myself as a little girl holding her dad’s hand.
My dad and I were observing what was happening
around us. I think we saw something that resembled
beautiful nature and charming castles.

Report 6, female, CME, MEQ total 3.9, see Figure 5

My mum and dad are opposites, red and white, cold and
warm, but they are like a perfect yin-yang melting
together, like my drawing shows, and their dynamic
dance of east and west creates a space in the middle
where it is purple—I am purple—I am both of them.

Report 14, female, CME, MEQ total 4.5

In two cases, the participants describe a desire to share this
experience with their fathers specifically.

The tears run down my cheeks as I feel an enormous
sense of closeness and connectedness. I feel an
enormous sense of love towards my dad, his way of
being and his patience. I want my dad to experience
the feeling of ultimate love as I do, and for him to have
the same experience. I wish to share my love with him.

Report 12, male, CME, MEQ total 4.9

The word with the third highest tf-idf score was “MR”
referring to the MRI scanner. In several cases, participants
found the intense noises of the scanner influenced their
experience, in some cases inducing synaesthesia-like
experiences. More broadly, this represents the profound
impact of the environment on the experience.

The sounds from the MR scanner each cast a specific hue,
with high-frequency tones giving a yellowish tinge and
low-frequency tones having a purple tinge.

Report 22, female, CME, MEQ total 3.9

FIGURE 5 | | had the feeling that | was experiencing the world through
myself as alittle girl holding her dad’s hand. My dad and | were observing what
was happening around us. | think we saw something that resembled beautiful
nature and charming castles. Report 6, female, CME, MEQ total 3.9

The MR environment was the setting for 21 out of the 35
experiences collected (sub-project 3). Some felt that it played a
positive role in the experience, as described in item 6 of the MEQ
“Experience of oneness or unity with objects and/or persons
perceived in your surroundings.”

I felt a sense of no longer being connected to my own
body. The MRI scanner and I stepped into a different
reality together. With colours, and shapes, and figures.

Report 32, female, CME, MEQ total 4.7, see Figure 6

The word with the fourth highest score was “beautiful”. This
particular excerpt below combines the themes of universality,
family and beauty that appear repeatedly in the CME reports.
This report also aligns with item 8 in the MEQ “Feelings of
tenderness and gentleness”.

The feeling of joy and love was the energy in the
universe, completely intense and multiplied by 100. It
was like taking those two emotions and concentrating
them, to have them in their purest form without any
worries or other troubles that can come with everyday
reality. Everything else ceased to matter while those
two emotions were so pure—they made everything
incredibly beautiful. When I was soaring through the
soundwaves with this energy, I could see all the people
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FIGURE 6 | | felt a sense of no longer being connected to my own body.
The MRI scanner and | stepped into a different reality together. With colours,
and shapes, and figures. Report 32, female, CME, MEQ total 4.7.

close to me in my life appear. My partner, my sister
and her boyfriend and their new-born son, my
mother, my amazing friends. I felt immensely
privileged to be part of this universe / community,
to be able to feel those feelings in such a pure form, to
have such deep emotions in my body—and I was
overwhelmed with gratitude for this world. That
everything simply is. And with that I was
overtaken by a desire to protect it all, to show the
world how beautiful it is and to take care of it.

Report 3, female, CME, MEQ total 3.9, see Figure 7

Several reports refer to the beauty of the closed eye visual
effects and the participants interactions with them. Perceptual
effects are not measured by the MEQ.

Beautiful, beautiful geometrical shapes—and 1 spin around,
do backflips—for a moment I just enjoy doing
summersaults. My body diffuses into rays of sand/light
and disappear, but as soon as they’re completely gone and I
think to myself “oh, all gone, oh well”, they remanifest
themselves into a new meaningful picture.

Report 14, female, CME, MEQ total 4.5

My inner vision became the universe, filled with
colourful waterfalls, glistening like stars, not bound
by gravity. They floated in the air and folded around
each other. Totally quiet. The streams were infinite
and beautiful.

Report 15, female, CME, MEQ total 3.5, see Figure 8
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FIGURE 7 | The feeling of joy and love was the energy in the universe,
completely intense and multiplied by 100. It was like taking those two
emotions and concentrating them, to have them in their purest form without
any worries or other troubles that can come with everyday reality.
Everything else ceased to matter while those two emotions were so
pure—they made everything incredibly beautiful. When | was soaring through
the soundwaves with this energy, | could see all the people close to me in my
life appear. My partner, my sister and her boyfriend and their new-born son,
my mother, my amazing friends. | felt immensely privileged to be part of this
universe/community, to be able to feel those feelings in such a pure form, to
have such deep emotions in my body—and | was overwhelmed with gratitude
for this world. That everything simply is. And with that | was overtaken by a
desire to protect it all, to show the world how beautiful it is and to take care of

it. Report 3, female, CME, MEQ total 3.9.

Some of the reports of beauty refer to participants
experiences of reflecting on the nature of their
consciousness and emotions.

It gave me insights into consciousness as an abstract type of
cake: Normally, unaffected, you see it as a beautiful object
with all of its whipped cream and frosting, but throughout
the experience it was as if you entered the different layers; all
of them had their own contents to offer; and one only had to
choose.

Report 13, male, CME, MEQ total 3.6

I think it is absurd that we try to examine this
phenomenon. That we are scanning my brain to
figure out what’s happening. I know that we can’t
understand it, that we can’t put an equation on it and
figure it out. I feel it is human arrogance, trying to
tame all the beauty. I think, “Scan me then! We won’t
get any closer to the truth!”

Report 31, male, CME, MEQ total 4.2
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FIGURE 8 | My inner vision became the universe, filled with colourful
waterfalls, glistening like stars, not bound by gravity. They floated in the air and
folded around each other. Totally quiet. The streams were infinite and
beautiful. Report 15, female, CME, MEQ total 3.5.

Finally, many participants who had CMEs describe the beauty
of the world and Universe around them, both natural and
interpersonal. This is reflected in MEQ item 27 “sense of awe
or awesomeness”

With high spirits and a child-like excitement, I started to
think about how the Norwegian adventurer Thor
Heyerdahl crossed the Pacific Ocean on a raft to prove
that life was big and beautiful. I see long realistic passages
that made me laugh and feel a great inner joy.

Report 19, male, CME, MEQ total 3.8, see Figure 9

The fifth highest tf-idf word was “simultaneous”. These quotes
largely refer to a duality of experience (e.g., perceived
disconnection of body and mind) wherein participants report
feeling several, sometimes conflicting, emotions at the same time
or reflect on their experience as it is ongoing. No specific items in
the MEQ match these themes.

In my thoughts, mentally, physically, and bodily. I desire
the togetherness of being a pair, but simultaneously I feel
a togetherness with the whole world and all people.

Report 12, male, CME, MEQ total 4.9

The next sequence was a mixture of thinking about
different relationships and at the same time being
present on a different level of consciousness, which
transcended my body and my mind.

Report 16, male, CME, MEQ total 4.6
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FIGURE 9 | With high spirits and a child-like excitement, | started to think
about how the Norwegian adventurer Thor Heyerdahl crossed the Pacific
Ocean on a raft to prove that life was big and beautiful. | see long realistic
passages that made me laugh and feel a great inner joy. Report 19, male,
CME, MEQ total 3.8.

I open my eyes and cry with happiness. I am completely
one with the past, the future and the present-stretched,
but at the same time not in my body.

Report 31, male, CME, MEQ total 4.2

Qualitative Reports of the Non-Complete Mystical
Experience

Upon inspection, many of the words that had high tf-idf values
from non-CME reports were driven primarily by one or two
reports that used the words repeatedly. Thus, we did not feel that
they provided a sound reflection of the themes within the non-
CME. The only exception was the word “gloomy” which was used
six times in non-CME reports, never in CME reports, and was
reported by several individuals. In context this referred largely to
interpretation of music.

The physical insecurities I have about myself and the
gloomy music made me feel uneasy

Report 7, female, non-CME, MEQ total 2.8

DISCUSSION

Summary
This study investigated how persistent positive effects of
psilocybin attributed to the psychedelic experience are
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associated with the self-reported “mystical” nature of the
experience in healthy volunteers. Analyses showed that the
intensity and character of mystical-type experiences were
associated with these, a relation which could be considered
predictive as MEQ was collected approximately 3 months
before PEQ. We provide qualitative lexical and pictorial
descriptions of the psilocybin-induced Complete Mystical
Experience (CME) describing themes such as connection to
the Universe, familial love, beauty, and highlighting the
importance of setting. Beyond replicating the relation
between MEQ and PEQ in healthy volunteers, this paper
shows that the character of mystical-type experience may be
important for lasting positive effects in healthy volunteers and
provides a qualitative description of the psilocybin experience
in healthy volunteers that can be used to inform practice and
future research around the administration of psilocybin in this
population.

Relation Between MEQ and PEQ

Previous research suggests that the mystical-type experience is
qualitatively linked to patient outcomes (Belser et al., 2017; Swift
et al., 2017; Nielson et al., 2018; Noorani et al., 2018) as well as
being quantitatively linked to positive persisting effects in healthy
volunteers (Griffiths et al., 2006; Griffiths et al., 2008; Griffiths
et al., 2011; Griffiths et al., 2018; Schmid and Liechti, 2018) and
patients (Garcia-Romeu et al., 2015; Griffiths et al., 2016; Ross
et al, 2016; Davis et al, 2020). In this study we provide
quantitative estimates of these effects in a population of
carefully screened healthy Danish individuals. We also show
that the degree to which these experiences were described as
positively emotionally valanced, i.e., MEQ item 17 “Experience of
ecstasy” or as feelings of connectedness, ie, MEQ item
28 “Experience of unity with ultimate reality” were robustly
associated with lasting positive effects. However, the degree to
which the experiences were described as beyond typical
comprehension of space and time, i.e, MEQ item 7 “Loss of
your usual sense of space” or difficult to describe, i.e., MEQ item
10 “Feeling that you could not do justice to your experience by
describing it in words” were not significantly associated with
persisting positive effects. Importantly, the effect sizes for each
subscale were similar, but the variance of the latter two subscales
was too broad to conclude a significant association between these
subscale scores and positive persisting effects. Although other
papers have shown a relation between MEQ total score and
persisting positive effects of psilocybin (Griffiths et al., 2011;
Schmid and Liechti, 2018), this is the first paper to show a
subscale-specific effect. Our results indicate that the subjective
nature of the psychedelic experience is indeed linked to lasting
positive outcomes, though it is argued that such links may be
mere epiphenomena (Hibicke et al., 2020; Olson, 2021). Due to
the lack of adequate controls and mechanistic antagonists, our
study design is not suited to test whether the persisting positive
effects of psilocybin are caused by the subjective or non-subjective
effects of psilocybin. We did not observe a relation between peak
plasma psilocin levels and MEQ score or persisting positive
effects in the 20-participant subgroup for whom such data was
available.

Given the above findings we may consider how to optimise the
conditions that permit mystical-type experiences to unfold safely
and allow patients to surrender to the experience (Aday et al.,
2021), since this has been consistently associated with persisting
positive outcomes. These may be modulated by parameters such as
dose (Holze et al, 2021), choice of psychedelic compound, as
preliminary literature suggests differential phenomenology
between compounds (Richards, 1975; Shulgin and Shulgin,
1991; Shulgin and Shulgin, 1997; Metzner, 2015; Papaseit et al.,
2018), or “set” and “setting” (Hartogsohn, 2017; Hartogsohn, 2021;
Kettner et al., 2021; Perkins et al., 2021; Strickland et al., 2021).
Notably, despite previous research showing that the scanning
environment was strongly associated with negative reactions
(Studerus et al, 2012), our mediation analysis showed no
overall mediation effect of sub-project on persisting effects. A
weak direct negative effect of sub-project 2 (comfortable
environment) and sub-project 3 (MR scanner) was observed on
lasting effects, compared to sub-project 1 (PET scanner). However,
these associations do not survive multiple comparisons correction.
Curiously, the term “MR” only appeared in CME reports and not
in non-CME reports.

Qualitative Findings

In this paper, we provide the first extensive qualitative
descriptions of the subjective experience of healthy
volunteers given medium-high doses of oral psilocybin in a
modern research environment. The tf-idf analyses revealed
themes in open-ended reports that aligned with items of the
MEQ such as 1) connection with the Universe: “Experience of
the fusion of your personal self into a larger whole.” (MEQ
item 26), 2) A sense of infinity: “Feeling that you experienced
eternity of infinity” (MEQ item 5) and 3) Wonderment/
beauty: “Sense of reverence” (MEQ item 21) and “Sense of
awe or awesomeness’ (MEQ item 27) (Barrett et al., 2015).
Despite playing prominent roles in the CME open-ended
reports, certain themes emerged that are not described in
the MEQ such as familial love, gratitude, and the
simultaneous presence of contradictory feelings. The
themes of family (Breeksema et al., 2020) and gratitude are
also described in other qualitative reports (Watts et al., 2017;
Noorani et al., 2018), and while not “mystical” in nature these
may reliably co-emerge with the CME. None of the themes
identified in the CME reports have connotations of the
“challenging” or “dysphoric” experiences that have been
reported in the qualitative literature of patient experiences
(Belser et al., 2017; Swift et al., 2017; Nielson et al., 2018).
Although this may be in part driven by the Positive Mood
criteria of the CME, it still highlights the distinction between
experiences in healthy volunteers and patients that deserves
further investigation. We were not able to distinguish themes
that surround non-mystical experiences, likely due to greater
descriptive variability among these states relative to CME.

Ineffability

One notable finding from the descriptive analyses was that
even those who had non-CME had an average MEQ subscale
Ineffability score of 3.9 out of 5, and every participant
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surpassed the threshold of 3 for CME relating to Ineffability.
Some experts consider ineffability to be an essential
component of an authentic CME (Papanicolaou, 2021), yet
the idea that psychedelic phenomena are particularly ineffable
is at odds with the idea that all phenomena are inherently
ineffable, thus there is nothing special about psychedelia
phenomena (Nagel, 1974). If we consider other phenomena
to be “effable”, then describing psychedelic phenomena as
ineffable can be considered scientifically pessimistic, and
contribute to the culture of “psychedelic exceptionalism”
(Johnson, 2021; Sanders and Zijlmans, 2021). What is it
about a psychedelic experience, i.e., “Being in a realm with
no space boundaries” (MEQ item 19) that is judged to be more
ineffable than the inability to describe the colour blue, without
resorting to comparison? It has been argued that “effability” is
the product of shared experience and the subsequent
production of language (Millikan, 2005), which is why
“blueness” is easy to convey, at least to those who have
experienced it (Jackson, 1982; Jackson, 1986). Therefore, the
ineffability of these CME may reflect the novel nature of the
experience to individuals without indicating any epistemic
truth about the experience. If many people underwent high
dose psychedelic experiences, then we might expect a new
language to emerge that facilitates the description of such
experiences between individuals. An example of this is the
term “ego-dissolution” which is now widely used across
psychedelic science (Lebedev et al., 2015; Nour et al., 2016;
Preller and Vollenweider, 2018; Mason et al., 2020).

Scientific Inquiry Into the “Mystical-Type

Experience”

The focus of this paper is the investigation of the mystical-type
experience, an area of inquiry with which some researchers have
taken issue (Sanders and Zijlmans, 2021). Critics highlight the
pervasive culture of mysticism in psychedelic science (including
the MEQ itself) which may bias participants towards interpreting
their experiences through a supernatural, unscientific, or spiritual
lens where they may not have done so otherwise. It has been argued
that the epistemic status of metaphysical conclusions drawn from
psychedelic experiences are relevant to whether we should endorse
psychedelics as a means to lasting positive psychological changes
(Flanagan and Graham, 2017). Following psychedelic experiences,
individuals may draw comfort from beliefs that are not veridical,
which may be considered troublesome. This stance is known as the
“Comforting Delusion Objection” and is discussed and objected to in
detail by Letheby (Letheby, 2021). Nevertheless, psychedelic drugs
reliably induce the sorts of experiences wherein individuals feel that
statements such as “Certainty of encounter with ultimate reality”
(MEQ item 9) and “Sense of being at a spiritual height” (MEQ item
15) accurately describe a component of their experience (Griffiths
et al,, 2006; MacLean et al., 2012; Barrett et al., 2015). As participants
feel justified in describing their experiences with such language, the
framework of “mystical-type experiences” is a useful one for
describing a cluster of co-occurring experiences, independent of
ontological judgement of their content, especially given the apparent
predictive utility of such experiences.

Limitations

In the latent variable model analyses, we attempted to control the
type-1 error at its nominal level using a method described by
Ozenne, Fisher, and Budtz-Jorgensen (Ozenne et al, 2020).
Additionally, we accounted for individuals who took part in
two projects using robust standard error (section 6 of Ozenne,
Fisher and Budtz-Jorgensen). Despite these corrections, it is still
noteworthy that the type-1 error may be inflated by the sample size
and we urge independent replication with larger samples, especially
given these scales are widely used in psychedelic research.

This study had a low sample size of 28 participants and 35
observations, was not blinded, and did not account for
expectancy effects which have been theorised to mediate
some of the persisting positive effects of psychedelics
(Muthukumaraswamy et al., 2021). Rigorous future work
should aim to replicate these findings with such controls
and evaluate the role of expectancy in the intensity and
character of mystical-type experiences induced by
psilocybin. By performing a mediation analysis, it may be
possible to delineate the degree to which expectancy is
either related to persisting positive effects and whether
independent of or via MEQ. The PEQ specifically asks
participants to evaluate changes that are due fo the
experience, thus further work could aim to investigate the
subjectively experienced causal link between the content of the
experience and persisting positive effects. Additionally, we do
not collect data on whether participants recreationally
consume psilocybin between administration within the
study and 3-month follow up, which has the potential to
bias evaluation of persisting effects.

The PEQ scores that we report are similar in value to those
reported by a group based in Basel, Switzerland for a comparable
dose of LSD (Schmid and Liechti, 2018). Curiously, these scores
are equal to the PEQ scores reported for the placebo group from
studies at Johns Hopkins in the United States, and far lower than
the PEQ scores reported following similar doses of psilocybin
(Griffiths et al., 2011). This suggests that there may be a relevant
difference between studies, such as recruitment basis, age,
preparation, setting, and integration practices, or cultural
differences that should be taken into account when
considering the generalisability of these findings. Notably, the
PEQ has not been robustly compared to other measures of
persisting psychological change, or undergone factor analyses.
Our sample is drawn from three separate settings, namely PET
scanning, a comfortable environment, and MRI scanning. This
adds heterogeneity to our sample, though our mediation analysis
did not show a significant effect of setting on PEQ either directly
or via MEQ. Nevertheless, analyses comparing the mystical-type
experience to persisting positive effects could be repeated with a
more homogenous setting.

Due to the lack of generalisability of the terms within the
corpus of non-CME reports, we did not feel that these were
sufficient to provide a qualitative characterisation of non-
CME. The only exception was “gloomy” that referred in
several cases to the music, a sentiment that has been
identified in previous qualitative psychedelic research
(Watts et al., 2017).
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Qualitative analyses are often limited by biased selection of
quotes that fit the narrative of the paper (Galdas, 2017). We
attempted to control for this by utilising a natural language
processing procedure, tf-idf, to delineate themes without a
priori criteria. However, quotes selected after this filtering step
are not entirely unbiased, as not all quotes are reported.
Additionally, although tf-idf analyses account for total corpus
length, they are susceptible to bias from a single report
containing a specific word repeatedly. We attempted to control
for this bias by manually searching to ensure each word described
was used in multiple reports. Tf-idf analyses are limited in cases
where there are only two document bodies as a single incidence of
the term in both bodies results in a tf-idf value of zero. Therefore,
the high tf-idf scores reported above represent the most frequently
used terms that only appear in the CME reports, though this may
also be considered a strength of these findings. Further collection of
these open-form reports on the night of the session will allow for
more nuanced natural language processing of the data, as there
were several analyses that we were unable to perform due to a small
sample (e.g., thematic analyses, n-gram analyses, splitting into
smaller subgroups). These may provide a deeper understanding of
the phenomenology of the psychedelic experience.

Conclusion

In this paper we show a relation between the intensity of the
psilocybin-induced mystical-type experience and lasting positive
psychological effects and extend previous work by showing that the
MEQ subscales Mysticality and Positive Mood were more closely
associated with lasting positive effects than Transcendence of Time
and Space or Ineffability. This suggests that the phenomenology of
the psychedelic experience is relevant to lasting positive effects.
Additionally, we provide the first extensive qualitative descriptions
of orally administered psilocybin in healthy volunteers revealing
themes including universal connectedness, experience of beauty,
and familial love that may be used to inform future research
utilising psilocybin in healthy volunteers.
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Subscale Mean (SD) All CME Non-CME
MEQ total 3.6 (0.9) 4.2 (0.5) 2.7(0.6)
Mysticality 33(1.2) 4.0 (0.6) 2.1(0.9)
Positive Mood 3.6 (0.9) 4.1(0.7) 2.8 (0.8)
Transcendence of Time and Space 3.9 (1.0) 4.5(0.5) 3.2(0.9)
Ineffability 4.3 (0.7) 4.5(0.7) 3.9(0.5)

Supplementary Table 2 MEQ total and subscale scores as split by CME and non-CME

Supplementary Table 3 (LVM mediation analysis results) and Supplementary Table 4 (Complete

descriptions of LVMs) are provided as standalone excel files
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Supplementary Figure 1 Scatter plots showing MEQ total score or subscale scores and PPELy and a
univariate linear model. Colour denotes subproject involvement and shape denotes the sex of the
participant. No formal statistics were evaluated as these plots are only for visualisation purposes.

3



A: Relation Between Peak Plasma Psilocin Concentration and

MEQ total score

5=

MEQ Total

80-

60 -

PPE, v

40 -

20=

Supplementary Material

p=0.88,

Multiple R-squared: 0.001

'
0.010

0.015 0.020
Maximum Plasma Psilocin Concentration (ug/L)

B: Relation Between Peak Plasma Psilocin Concentration and
Persisting Positive Effects

l
0.025

p =0.35,
Multiple R-squared = 0.05

'
0.010

0.015 0.020
Maximum Plasma Psilocin Concentration (ug/L

'
0.025

)

Supplementary Figure 2 Scatter plots showing (A) MEQ total score or (B) PPELy and Maximum
plasma psilocin concentrations for the 20 participants from project 3 with complete data. Neither
association is statistically significant.
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Abstract

A prominent theory of psychedelics is that they increase brain entropy. Twelve studies have evaluated
psychedelic effects on fMRI brain entropy quantifications, no findings have been replicated. Here we
evaluated these metrics in an independent 28-participant healthy cohort with 121 pre- and post-psilocybin
fMRI scans. We assessed relations between brain entropy and plasma psilocin, brain serotonin 2A receptor
occupancy, and a subjective drug intensity rating using linear mixed-effects models. We observed
significant positive associations for Shannon entropy of path-length, instantaneous correlation distributions,
and divergent associations of sample entropy at varying time-scales. We did not observe significant effects
for 8 of 13 entropy metrics. Brain entropy quantifications showed limited inter-measure correlations. Our
observations support a nuanced acute psychedelic effect on brain entropy, underscoring the need for
replication and that these metrics do not reflect a singular construct. Our findings highlight candidate brain
entropy metrics that may mediate clinical effects of psychedelics.



Introduction

Psychedelic drugs induce profound altered states of consciousness including affective, sensory and
cognitive effects mediated by activation of downstream pathways initiated by agonism at the brain serotonin
2A receptor '*. In combination with psychological support, clinical studies up to phase 2b indicate
promising clinical efficacy of psychedelics in the treatment of affective and behavioural neuropsychiatric
disorders that may be associated with their acute effects >-1%1%12, Similarly, psychedelics induce acute and
lasting effects on behaviour and personality in healthy participants *'°. In parallel to evaluating clinical
treatment effects, human brain functional magnetic resonance imaging (fMRI) has begun to shed light on
neural pathways affected by psychedelics '°.

Several prominent theories of critically relevant psychedelic effects on brain function have been advanced
17 A prominent theory is the “Entropic Brain Hypothesis” (EBH), which posits that the 'richness' of the
phenomenology of the acute psychedelic state reflects brain-wide increases in entropy of functional brain
signals '%!°, The concept of "entropy" serves as a quantification of the degree of information or complexity
contained in a system; it is typically expressed in bits, without physical dimensions. Entropy has been
conceptualised as a metric of information content and is largely defined in terms of a probability
distribution; the metric is commonly referred to by the eponymous name “Shannon entropy” H(X) =
— Yrexp(x) - log,p(x) where H(X) refers to the Shannon entropy of probability mass function X
containing bins (x) with height (p) 2°. Other entropy metrics have been defined, e.g., Lempel-Ziv complexity
and sample entropy ?'"?*, and adapted to characterise information contained in various objects, e.g., complex
networks or graph structures %°.

To date, 12 studies have evaluated either acute or lasting psychedelic effects on the information-entropy of
brain-activity or connectivity using blood oxygen level dependent (BOLD) fMRI data (Figure 1), one of
which evaluates two metrics, thus 13 entropy metrics have been previously evaluated in this field. Four
papers analysed data from a study evaluating 2mg intravenous psilocybin administration in up to 15 healthy
participants 9228, Two papers reported effects from a study evaluating 75ug intravenous LSD
administration in 15 healthy participants 2*3°. Two papers evaluated data from both datasets *!32. Three
papers reported effects from a study evaluating oral ayahuasca administration, containing 96-160mg DMT
and 25.2-42mg harmine (a monoamine oxidase inhibitor that facilitated the oral bioavailability of DMT) in
9 healthy participants 3>, Finally, one paper reported effects from a study evaluating lasting effects of
25mg/70kg bodyweight orally administered psilocybin in 11 healthy participants *°. Notably, and
highlighted in a recent review '¢, each of these reports quantified a distinctly different metric of brain
entropy. Here we group these metrics into three categories: 1) “static connectivity”, 2) “dynamic
connectivity”, i.e., the time-varying relation between two or more time-series, 3) “dynamic activity”, i.e.,
the entropy of regional time-series (Figure 1). Nine of these metrics are based on the Shannon entropy of
distributions, three are Lempel-Ziv complexity metrics of a time-series and one is the sample entropy of a
time-series. Taken together, although there is a clear interest in evaluating psychedelic effects on brain
entropy, prominent limitations include that none of these measures have been evaluated in an independent
cohort, the set of effects have been evaluated in only a few datasets, some with atypical modes of drug
administration, and the inter-correlation between these metrics has not been considered. Previous studies
compared pre-drug or placebo and a single post-drug scan. For the most part, these previous studies report
increased brain entropy with only a few exceptions, e.g., two studies report non-significant psilocybin



effects and one study reports no lasting changes (Figure 1, Table 1). See Supplementary Table S1 for more
details about the previous studies. Previous fMRI studies have reported reduced brain entropy in other states
of "reduced consciousness", including NREM sleep ¥’ 3 and anaesthesia ¥,

whereas other studies have shown increased brain entropy following caffeine ** and Salvinorin A intake *!.

, minimal-consciousness

In the current study, we sought to evaluate the acute effects of 0.2-0.3mg/kg psilocybin administration on
these 13 brain entropy metrics in an independent dataset of 28 healthy individuals. Based on the entropic
brain hypothesis, we hypothesised that brain entropy metrics would be increased following psilocybin
administration. Participants completed a 5 or 10-min resting-state fMRI scan a single time before, and
multiple times following psilocybin administration (121 total scan sessions). All scans for each participant
were performed on one of two scanners. Each scan was accompanied by a self-report measure of subjective
drug intensity (SDI) and a blood sample to quantify plasma psilocin level (PPL), from which brain serotonin
2A (5-HT2A) receptor occupancy (Occaa), was estimated based on its relation to PPL established in a
previous study from our lab 2. We evaluated the relations between each entropy metric and SDI, PPL and
Occoa using linear mixed-effect model with a subject-specific random intercept and correction for age, sex,
scanner, and motion (see Methods Supplementary Material for more details). We report uncorrected
permutation p-values (pperm) for each metric producing a single whole-brain value. For entropy metrics
producing regional values, we report family-wise error rate corrected permutation p-values (prwer) With
correction across all regions within each metric using maxT correction *. We report as significant those
metrics which were significantly (i.e., p < 0.05) associated with SDI, PPL and Occ.a, collectively referred
to as “PsiFx”. Standardised effect sizes are reported (Pearson’s rho). This evaluation was repeated across
two parcellation strategies and seven pre-processing pipelines to explore the robustness of effects to pre-
processing decisions. Finally, we explored the inter-correlation between brain entropy metrics to
characterise their associations.



Dynamic Activity

Static Connectivity

BOLD Complexity

@ Von Neumann Entropy

@ OQut-network Connectivity

3 & AR o )
55 AR LA ,s'= = @ E
= % L e P T fn E z {E_'"
e =] -
_ Time o g ag -
= 2 tID LTI LN 5 =] =
R T T 3 R E-
2/ RS 105 ROITs p== 200 ROIs “
S —’ Ea . = N
1000ROIs =2 LA m i () z
1.7s: 2 = Concatenate(x,...x7) Given a density operator p with N eigenvalues A, . é
N - [
LZt: 7 = Concatenate(x, ...,x, ; - £
7 .o.nca ena E(t! Xp) Entropy(p) = — tr (plog p) = ZA‘ log .. s
, Lempel-Ziv Complexity(z) - = Connectivit
R Varley, 2020) L(l‘vllmu: 2021) i=1 (Lebedey, 2015) ¥

Multi-Scale
Sample Entropy

Voxel-wise
BOLD signal

s=1:5 I

@ Degree Distribution

Harvard-Oxford =
'é E
Z -
B
B G
W
2 E
=]
8 .
H(X) = = 3 Pl Yoy Pla)
105 ROIs o
z
E
o
=
|1
-9

(Lebedev, 2016)

I_(\r’lnl. 2017y

@ Path-length Distribution

Harvard-Oxford

Region-wise
connectivity matrix

ia'|x.-|u,u_r1=.1

mlm

Distance

Probability

{Viol, 2019)

Dynamic Connectivity

Motif-connectivity

@ DCC Distribution

@ LEiDA-state Markov-rate

9 Networks

Prabability

[TRETED

(Carhart-Harris, 2014) Variance

10mm spheres Di._stribution Shen AAL
E T ARSRARN 2 3D (AR 25
28 CARRRANA Z A Ve AR R
2 2 WA 2 g i - \'1::'.;'.\:'_'\“}\) 55
Time & " = v = 8 L i it ek &
Time s .
e 90 ROIs HiX)
H{X) = Fiz,)log, Pz .
= } zr\:.jlu-,r‘:a.: ' o . L2,
State | State 2...5tate 64 Z '_Ll_.’h'"l_FuU‘IthUJL’ %
) IHI‘““I . . é E'_”Lnlpl_ﬂ_.n.n.u-luu-ll_all_ 52
. i il - GetM Mo amnn =3
B ! State w f DCC murix per volume DECseore Time 12 3
| (Tagliazucehi 2014) . (Rarrett, 2020) Eatropy seors per wlge f(Kringelbach, 2020) To-state
@ Intra-network Synchrony I/S-state Distribution Meta-state Complexity
Distribution = _
o Schacfer 2 5/ 3 &' RARIVADAL
2 @ eanalnons rx Tian Za Lausanne TR AR RN
13 W2 | 23, 1= HA
e W T @ R e ek

Time

Brain-state assignment

463 ROIs

Meta-state assignment

|
L
Lempel-Ziv Complexity(0110001101010010111001..)

k-means stale assignment B e Yamniia s
E
EOE ‘mll
Integrated / Sepregated 25 :
= = 5
State

IiLu ppi, 2021}

(Singleton, 2022)




Figure 1: Overview of previous psychedelic fMRI entropy quantifications. Methods are grouped according
to the type of brain entropy metric. Symbols in the top left of each box represent the dataset that the original
publication analysed. LSDyv (blue) refers to data collected in relation to a 75 pg intravenous LSD
administration (n <= 15), Psiiv (green) refers to data collected in relation to a 2 mg intravenous psilocybin
administration (n <= 15), Ay (orange) refers to data collected in relation to an oral ayahuasca administration
(n=9), and Psir. (green oval) refers to data collected one-week before, one-week after, and one-month after
a 25 mg/70 kg oral psilocybin administration (n = 11). Brain images show an axial slice illustrating the
parcellation/atlas used. Images in the top right describe the input into the entropy function as one of "region-
wise connectivity matrix", "ROI-wise BOLD signal" and "voxel-wise BOLD signal". Illustrations in the
lower part of each box graphically represent simplified analysis steps for each method. The original
publication for each metric is denoted in the bottom left corner of each box. See Supplementary Table 1 for
more details.

Results

Participants showed substantial SDI and PPL following drug administration as anticipated (Supplementary
Figure S1). See Figure 1, Supplementary Table S1 and Table 1 for a summary of entropy metrics, previous
findings, and our findings respectively.

Entropy of Static Connectivity

Out-network Connectivity Distribution

Shannon entropy of regional out-network connectivity was not significantly associated with psilocybin
effects (PsiFx) in any of the 181 non-cerebellar brain regions after controlling for multiple comparisons
(prwer > 0.07 for all regions for at least one of PsiFx, Supplementary Table S2).

Degree Distribution

The entropy of degree distribution at a correlation coefficient threshold corresponding to a mean degree of
27 was not associated with any of PsiFx (pperm > 0.18, Figure 2A). We also did not observe significant
effects for thresholds producing a mean degree between 1 and 48 (Supplementary Table S3).

Path-length Distribution

The entropy of path-length distribution was significantly positively associated with PsiFx at the a priori
described threshold producing mean degree 27 (pperm < 0.04, Figure 2B). The associations were weak to
moderate (Pearson’s rho = 0.39, 0.27, and 0.23 for PPL, Occ2a and SDI, respectively). Significant weak to
moderate positive associations with PsiFx were also observed across thresholds producing mean degrees
from 22 to 38 (Supplementary Table S3).



Von Neumann Entropy

The Von Neumann entropy of correlation matrices was not significantly associated with PsiFx (pperm > 0.35,
Figure 2C and Supplementary Table S3).
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Figure 2: Scatter plots describing the relation between static connectivity entropy and PPL. Y-axis values
are partial residuals i.e., entropy values adjusted for age, sex, MR scanner and motion. Degree distribution
and path-length distribution statistics are computed using a correlation coefficient threshold corresponding
to a mean-degree of 27.

Entropy of Dynamic Connectivity

Intra-network Synchrony Distribution

Intra-network synchrony distribution was not significantly associated with PsiFx in any of nine networks
(All prwer > 0.98, Supplementary Table S2, Supplementary Figure S2).

Motif-connectivity Distribution

The four-ROI motif-connectivity state distribution was not significantly associated with PsiFx at any
window length from 15 to 150s except a single weak association at window-length 100s (pperm < 0.05,
Pearson’s rtho 0.30, 0.25, and 0.24 for PPL, Occza, and SDI, respectively) surrounded by non-significant
findings (Supplementary Figure S3 and Supplementary Table S3).

LEi1DA -state Markov-rate

LEiDA-state Markov-rate was not significantly associated with PsiFx (pperm > 0.7 for all PsiFx, Figure 3A,
Supplementary Table S3).



Meta-state Complexity

Meta-state entropy was positively associated with Occaa (pPperm = 0.03) and SDI (pperm = 0.003), but not PPL
(pperm = 0.076, Figure 3B). Associations were weak (Pearson’s rho = 0.22, 0.33, and 0.20 for Occaa, SDI,
and PPL, respectively; Supplementary Table S3).

Integration/Segregation-state Distribution

Integration sub-state entropy was not significantly associated with PsiFx (pperm > 0.06 for all PsiFx, Figure
3C, Supplementary Table S3).
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Figure 3: Scatter plots and linear models describing the relation between whole-brain dynamic connectivity
entropy measures and plasma psilocin levels. Y-axis values are partial residuals i.e., entropy values adjusted
for age, sex, MR scanner and motion. Panel B (Meta-state complexity) shows a non-significant association
with PPL but this entropy metric does show a significant linear relation with Occ,a and SDI.

Dynamic Conditional Correlation Distribution

Dynamic conditional correlation entropy was significantly positively associated with PsiFx in 35 of 36
network-network connections (18/36 prwer < 0.0001, i.e., observed data superseded all permutations, 29/36
prwer < 0.001, 35/36 prwer < 0.05; Figure 4A; Supplementary Table S2). Associations were moderate to
strong (Pearson’s rho range: 0.35 to 0.78, Supplementary Table S2). The one association with at least one
non-significant relation was for edges within the motor cortex.
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Figure 4: A: Heatmap of the Pearson’s correlation and p-values for the association between Dynamic
Conditional Correlation entropy and plasma psilocin level for each within and between network entropy
estimate. *** represents prwer < 0.0001, ** prpwer < 0.001, and * prwer < 0.05 for associations with PPL.
B: A scatter plot of the network edge with the strongest association between DCC entropy and PPL
(Pearson’s Rho = 0.74). Y-axis values are partial residuals i.e., entropy values adjusted for age, sex, MR
scanner and motion.

Entropy of Dynamic Activity

Multi-Scale Sample Entropy

At scale 1, (i.e., no time-series compression), sample entropy was significantly positively associated with
PsiFx (prwer < 0.05) in 7 of 17 networks (i.e., Central Visual, Dorsal Attention A, Control A, B and C,
Default-Mode A and C). At scales 2, 3, and 4, no associations were significantly associated with PsiFx
(prwer > 0.05). At scale 5, sample entropy was significantly negatively associated with PsiFx in 14 of 17
networks; Control A and C and Default-Mode A (prwer < 0.001), Somatomotor A, Dorsal Attention A and
B, Salience-Ventral-Attention B, Limbic B, Control B, Temporal-Parietal, Default-Mode B and C (prwer <
0.05, Figure 5, Supplementary Table S2). Scale 1 associations were weak to moderate (Pearson’s rho range:
0.26 to 0.47), as were Scale 5 associations (Pearson’s rho range: -0.27 to -0.49).
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Spatial and Temporal Dynamic BOLD Complexity

Temporal BOLD complexity (LZct) was not associated with PPL (pperm = 0.14, Figure 6B) but was
associated with Occaa (Pperm = 0.03) and SDI (pperm = 0.009). Associations were weak (Pearson’s rho =0.23,
0.30 and 0.17 for Occaa, SDI, and PPL respectively). Spatial BOLD complexity (LZcs) was not
significantly associated with PsiFx (pperm > 0.6, Figure 6A, Supplementary Table S3).
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Figure 6: Scatter plots and linear models describing the relation between spatial (A) and temporal (B)
Lempel-Ziv entropy of dynamic BOLD activity and PPL. Y-axis values are partial residuals i.e., entropy
values adjusted for age, sex, MR scanner and motion. Temporal BOLD complexity (LZct) was
significantly, but weakly associated with both Occ,a and SDI despite not being significantly associated with
PPL.

Effect of Parcellation

To evaluate PsiFx on brain entropy metrics using a common parcellation, all analyses were re-run using an
atlas combining the Schaefer-100 (7 Yeo networks) and Tian-16 subcortical atlases****. Path-length
distribution showed a weak positive association with all PsiFx at mean degrees 31 to 38. Meta-state
complexity was weakly positively associated with Occ, but not PPL nor SDI. LEiDA-state Markov-rate
was weakly negatively associated with all PsiFx and DCC distribution was weak-to-strongly associated
with all PsiFx across most network edges. Sample Entropy was weak-to-moderately associated with PsiFx
at scale 1 but no significant associations were observed at longer scales, though the trend of increased
entropy at short scales and decreased entropy at long-scales was maintained. All other metrics were not
significantly associated with PsiFx. See Table 1 for a summary and Supplementary Table S5 for detailed
results.
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Effect of Pre-processing Pipeline

To explore moderating effects of pre-processing pipelines on PsiFx associations with brain entropy metrics,
we considered six variations on the above Schaefer-100, Yeo-7, Tian-16 pipeline: 1) including global-signal
regression, 2) removal of the low-pass filter (0.09 Hz), 3) applying a narrow bandpass filter (0.03-0.07 Hz),
4) regressing 24 motion parameters, 5) omitting scrubbing, and 6) a stricter scrubbing threshold (z > 3 SDs,
motion > 0.5mm). Some brain entropy metrics were relatively robust to pre-processing pipeline, i.e.,
showing significant associations with PsiFx across most pipelines: sample entropy (scale 1), dynamic
conditional correlation entropy, meta-state complexity and path-length distribution. Some metrics were
consistently not associated with PsiFx across pipelines: motif-connectivity distribution, I/S state
distribution, LEiDA-state distribution and Intra-network synchrony. Some metrics were significantly
associated with PsiFx for some pipelines and not others: temporal BOLD complexity (i.e., only significant
with no-scrubbing and strict scrubbing) and Von Neuman Entropy (i.e., only significant with GSR and
significant associated with SDI and Occ,a when the low-pass filter was removed). Two pre-processing
pipelines modulating signal-filtering had substantial effects on results. First, removing the low-pass filter
flipped the sign to negative for the association between PsiFx and dynamic conditional correlation entropy
and sample entropy (scale 1). Second, a narrow-band filter (0.03-0.07 Hz) made non-significant all PsiFx
associations with dynamic and dynamic-connectivity metrics. See Supplementary Table S8 for a summary
and Supplementary Table S9 for a full detailing of pre-processing effects.

Moderating Effect of Scanner

To evaluate scanner effects on observed associations, we fit linear mixed models estimating the moderating
effect of scanner. Of the three entropy metrics that had a significant association with PsiFx, we observed a
significant moderating effect of scanner on the relation between PPL and entropy for path-length
distribution over the range of thresholds at which we observe significant associations with PsiFx. The nature
of this interaction was that for scanner A the effect was closer to zero than for scanner B. We also show a
significant moderating effect of scanner for Sample Entropy scale 5 across many ROIs that are significantly
associated with PsiFx. However, the observed effect is the same direction for scanner A and B, only
numerically stronger for scanner A. We do not observe a significant moderating effect of scanner for DCC
entropy, further supporting the robustness of this metric. For entropy metrics that were not associated with
PsiFx in the main model, we observed moderating effects of scanner for I/S-state distribution, some
window-lengths of motif-connectivity distribution, some ROIs of out-network connectivity, degree
distribution, and some sample entropy scale 4 ROIs. See Supplementary Table S6 for full results.

Correlation Between Whole-brain Entropy Quantifications

We estimated the correlation between whole-brain entropy metrics to explore their association with one
another across all included scans. Some pairs of metrics were both positively correlated and negatively
correlated and some pairs were effectively not correlated with one another (Figure 7). After correction for
multiple comparisons, five entropy quantification pairs were positively related (LZcs & LZct, LZcs & Von-
Neumann, Path-distribution & Degree-distribution, LEiDA state & Von-Neumann, Motif Connectivity
Distribution-window100 & Von-Neumann) and four were negatively related (Path-distribution & LEiDA
state, Path-distribution & Von-Neumann, Degree-distribution & LEiDA state, Degree-distribution & Von-
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Neumann). LZcs was significantly negatively associated with motion. See Supplementary Table S4 for
pairwise correlation coefficients and p-values.
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Figure 7: Heatmap showing the correlations between whole-brain entropy metrics and motion. Colours
represent the Pearson’s correlation coefficient. * represents peorr < 0.05. I/S state, Integration/Segregation
state distribution; MCD, Motif connectivity distribution (with either 100 or 15 second windows); LZcs,
Spatial Lempel-Ziv complexity. LZct, Temporal Lempel-Ziv complexity.
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Entropy

_ Original dataset

Original findings

Our findings (original atlases)

Our findings (common atlas)

Static Connectivity

Out-network connectivity IV Psi Region-specific effects Not associated with PsiFx Not associated with PsiFx
Degree distribution Oral Aya Increased Not associated with PsiFx Not associated with PsiFx
Path-length distribution Oral Aya Increased Weak-moderate association with PsiFxT Weak-moderate association with PsiFx¥
Von Neumann Entropy Oral Aya Numerically increased Not associated with PsiFx Not associated with PsiFx
Dynamic Connectivity
Intra-network synchrony IV Psi Increased (some networks) Not associated with PsiFx Not associated with PsiFx
Motif-connectivity distribution IV Psi Increased Not associated with PsiFx Not atlas dependent
. . . . Weak iati ith Occ but not SDI

Meta-state complexity IV Psi & IV LSD No change Weak association with SDI and Occ but not PPL eak assocation sm__n_. ccbutno or
1/S state distribution IV LSD No change Not associated with PsiFx Not associated with PsiFx
LEiDA state Markov Rate IV LSD Not reported Not associated with PsiFx Weak negative association with all PsiFx

. . . . Moderate-strong association with all PsiFx all Weak-strong association with all PsiFx in
Edge-wise DCC distribution Oral Psi* No persisting change .

networks except within motor cortex most networks
Dynamic Activity
Weak-moderat iati ith all PsiFxi .. . .
. Increased at scales 1 2 and 3. SaKmOderate mmm.o.n_m O WIEH Sl v.:3 Weak-moderate association with all PsiFx in
Multi-scale sample entropy IV LSD several networks. Positive at scale 1, negative at ..
Decreased at scale 5 several networks. Positive at scale 1
scale 5
. . . Increased (LSD . . . . . .
BOLD complexity (spatial) IV Psi & IV LSD ﬁ ) . Not associated with PsiFx Not associated with PsiFx
No change (psilocybin)

BOLD complexity (temporal) IV Psi & IV LSD Not reported Weak association with SDI and Occ but not PPL Not associated with PsiFx

*Investigates persisting effects at 1 week and 1 month post-psilocybin administration

T at thresholds producing a mean degree of 22-38

f at thresholds producing a mean degree of 31-38
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Table 1: Summary of entropy quantification methods, previous findings, and findings reported within this
manuscript. For the “Original findings” and “Our findings” columns, grey cells describe no association of
effect, light grey refers to no reporting of acute effects on brain entropy, yellow describes marginal
effects, and green statistically significant effects. For a more in-depth evaluation of our findings please
see supplementary tables 1 and 2.
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Discussion

Overview

Recent studies have reported acute psychedelic effects on functional brain entropy, but to date none of these
metrics have been evaluated in an independent sample. In this study we evaluated 13 previously reported
entropy metrics in a novel sample of 28 healthy participants scanned with BOLD fMRI before and several
times after psilocybin with concomitant measurements of subjective drug intensity and plasma psilocin
level. We observed statistically significant psilocybin effects that echoed previous reports for only two brain
entropy metrics: path-length distribution, wherein we replicate increased entropy at previously reported
thresholds; and sample entropy, wherein we replicate a previously observed increase in entropy at short
scales and decrease at long scales. We observed a strong positive relation between psilocybin effects and
brain entropy measured by Dynamic Conditional Correlation analyses that has not been previously reported.
Two Lempel-Ziv complexity metrics showed some evidence for associations with psilocybin effects. For 8
of 13 brain entropy metrics previously reported, we did not observe a significant association with psilocybin
measures and we see limited correlation between entropy metrics. These mixed findings underscore the
importance of corroborating outcomes in independent datasets. Although we observe some evidence
supporting the entropic brain hypothesis, these variable findings underscore the broadness of this theory
and the need to more clearly establish which brain entropy metrics of functional brain imaging signals are
acutely affected by psychedelics.

Path-length Distribution

We report a significant positive association between the Shannon entropy of the distribution of path lengths
across the whole brain as previously reported by Viol and colleagues ** and all three psilocybin metrics
evaluated: PPL, Occza, and SDI. We observed statistically significant associations at a range of correlation
coefficient thresholds that produce graphs with a mean degree from 22 to 38, Viol and colleagues reported
significant differences between conditions at thresholds producing mean degrees from 24 to 35.
Characteristic path length is a description of the number of edges that must be traversed to get from any
one brain region to another, a putative measure of capacity for information flow. Our results suggest that
one of the effects of psilocybin on the brain can be described as a broadening of the histogram of path
lengths across region-to-region connections in the brain. Notably, this does not imply that the average path
length is shorter or longer, only that there is a wider distribution of these across the whole brain i.e., it is
more equally likely that the path-length between any two nodes is 1, 2 or 3 instead of being more likely to
be one of these. Our convergent results are encouraging considering that the previously reported dataset
used a different drug (ayahuasca, which contains MAOIs as well as the psychedelic N,N-
dimethyltryptamine) and different imaging parameters, suggesting robustness of the metric. This
association with PsiFx was relatively robust to pre-processing strategies, though did appear sensitive to
scanning parameters between the two explored in this study. Thus, path-length entropy may be a useful
candidate biomarker of neural psychedelic effects, though associations were weak-moderate and
interpretation is not straightforward. We are not aware of other studies evaluating the entropy of path-length
distribution so comparison to other drugs or psychiatric conditions are not yet possible and should be
evaluated in future studies.
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Dynamic Conditional Correlation Distribution

We observed a statistically significant positive relation between psilocybin effects and Dynamic
Conditional Correlation (DCC) Distribution for all within or between network relations except within the
motor network. DCC distribution is a measure of the width of the distribution of instantaneous connectivity
values for any region-region edge across each scan. The previous study found no change in DCC
distribution at one-week and one-month post administration *® and importantly did not evaluate acute effects
during psilocybin. We observed moderate to strong correlations with psilocybin effects (i.e., Pearson's rho
with PPL > 0.7 for three edges, all including DMN (DMN-DMN, DMN-Frontoparietal, DMN-Medial
Frontal), and Pearson’s rho > 0.5 for 28/36 network edges). The strength of these associations is remarkable,
perhaps as large as any previously reported fMRI effect of psychedelic action, suggesting that DCC
distribution may be a strong candidate neural correlate of acute psychedelic effects and among the strongest
correlations observed in pharmaco-fMRI. Our results suggest that psilocybin increases the variability of
connectivity between regions across time across almost all region-region pairs, which are summarised into
networks. Furthermore, this association was robust to most pre-processing strategies and was similar across
the two scanning parameters applied in this study. As above, we are not aware of other pharmaco-fMRI
studies evaluating DCC distribution. Notwithstanding, the sheer magnitude of the observed associations
suggests DCC distribution may be a sensitive marker for acute psychedelic effects on the brain and so we
encourage independent replication.

Multi-scale Sample Entropy

We observed a significant positive relation between psilocybin effects and scale-1 sample entropy (i.e.,
temporal resolution = 2-seconds) in seven out of 17 brain networks. Conversely, we observed a significant
negative relation between scale 5 sample entropy (temporal resolution = 10-seconds) in 14 out of 17
networks. This association at short-scale was somewhat robust to pre-processing pipelines and at all scales
consistent across scanning parameters. Multi-scale sample entropy measures the irregularity of a signal
over its entire length. Increased sample entropy in most networks at scale-1 and decreased sample entropy
at scale-5 align in both cases with the original observation ». Unfortunately, we were unable to align the
previously reported network labels with available versions of the atlas; thus, it is hard to resolve the spatial
overlap between studies. fMRI-measured multi-scale sample entropy has been shown to be increased in the
default-mode, visual, motor and lateral-prefrontal networks following caffeine *° and decreased at scale 1
during sleep *’, although certain parameters used in their calculations were different to those employed here.
As such, it is possible that the effects that we, and Lebedev and colleagues, observed may reflect differences
in wakefulness and may thus be non-specific to psychedelic effects. Positive symptoms of schizophrenia
have been positively associated with sample entropy at scales 1 and 2, and negatively associated in certain
brain regions at scales 3,4, and 5 *. This is consistent with our observations and is also phenomenologically
consistent, as the high-dose psychedelic state has some overlap with some positive symptoms of
schizophrenia e.g., verisimilitude, alterations in visual perception (though psychedelics do not normally
produce ‘true’ hallucinations, i.e., sensory appearances indistinguishable from reality, as are present in
schizophrenia), and sense of self. We are aware of the problematic history of psychedelic
‘psychotomimetic’ research and urge caution in overinterpretation of this apparent convergence *°. Our
convergent results with Lebedev and colleagues are intriguing considering that the original paper reported
effects following intravenous LSD administration whereas we administered psilocybin orally. Taken
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together, divergent effects on sample entropy at short and long temporal resolutions may be a candidate
biomarker for psychedelic effects, if they cannot be explained by, e.g., wakefulness state.

Lempel-Ziv Complexity

Intriguingly, Lempel-Ziv complexity of two measures (meta-state complexity and temporal BOLD
complexity (LZct)) were significantly positively associated with Occ,a and SDI, but not PPL. LZct was
significantly moderately associated with all PsiFx in the no-scrubbing and strict-scrubbing pre-processing
pipelines, and meta-state complexity was significantly weak-moderately associated with at least one PsiFx
in all but one pre-processing pipeline. The original study of meta-state complexity does not report a
statistical analysis of intravenous LSD nor intravenous psilocybin effects, but the data are publicly available
and do not support a significant effect of either drug 3!. The original study of BOLD complexity reports an
increase in spatial BOLD complexity following LSD, but not psilocybin and does not report any findings
pertaining to temporal BOLD complexity. We speculate that the less significant relations with PPL reflect
that PPL is non-linearly related to brain 5-HT2A receptor occupancy, which is ultimately responsible for
the neural effects of psychedelics 2. Therefore, PPL may be a less precise metric of acute psychedelic effects
on brain function. One MEG and four EEG studies have reported increased LZc following psychedelic
administration 47-3!
reports increases in LZct in the absence of subjective drug effects, indicating a potential epiphenomenon.

, providing convergence for its utility as a marker of psychedelic effects, however one

Across previous studies analysing regional timeseries, there is inconsistency in the quantification of LZc in
the temporal (LZct) and spatial (LZcs) domain. Our borderline statistically significant associations were
observed for LZct only. It is our perspective that LZct is more sensible and should be used in future studies
as it preserves region-specific temporal information, whereas LZcs is sensitive to arbitrary region order.

Null Findings

We did not observe a significant association between 8 of the 13 brain entropy metrics considered here
(Table 1). Of these seven metrics, the original studies reported either increased entropy following
psychedelic drug administration '*?"-2%3° no effect *, or did not formally evaluate the effect of psychedelic
drug administration 2®** (Table 1, Supplementary Table S1). Our observed entropy estimates for
hippocampal-ACC motif entropy are markedly different from those previously reported 2. We are
concerned that the originally reported values are not mathematically possible, see the Supplementary Text
and Supplementary Figure S3 for a detailed consideration. Although our null findings with respect to these
metrics does not establish that they have no relation to acute psychedelic drug effects, they imply a smaller
relation that limits their utility as biomarkers of acute psychedelic effects. The discrepancy between our
observations and those reported previously underscores the need to replicate or corroborate findings in
independent cohorts to validate initial reports.

Our inability to replicate previous findings may be due to greater statistical power and different statistical
models i.e., linear regression with PsiFx. Incongruence may also be attributed to differences in data
collection. All previous studies reporting acute effects on brain entropy administered either 2mg of
intravenous psilocybin, 75ug of intravenous LSD or 96-160mg of oral DMT with harmine, yet we
administer 0.2-0.3mg/kg oral psilocybin, though the acute effect appear similar, we cannot rule out
differences due to drug or route of administration. However, if entropic brain effects are not consistent
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across drugs this would indicate that these metrics are not useful neural correlates of the psychedelic
experience. We encourage all future fMRI studies evaluating psychedelic effects on brain function to
measure subjective drug intensity at time of scanning and to collect plasma samples for quantification of
plasma drug levels as described in the psychedelic fMRI consensus paper !¢,

Inter-correlation Between Entropy Metrics

Despite the large set of brain entropy metrics that have been reported previously, no studies have considered
whether these measures are inter-correlated. We observed positive associations between path-length and
degree distribution, which are based on the same graph-theory representation of connectivity, and between
LZcs and LZct which are conceptually very much related. Notably, we observed four pairs of brain entropy
metrics that were significantly negatively correlated. This highlights the importance of specificity in
describing “brain entropy”. Many of these metrics represent distinctly different constructs, their individual
meaning and collective representation of psychedelic effects is muddied by superficially considering them
all metrics of “brain entropy”. Future studies should be cognisant of this variable relation in considering
whether findings are consistent or convergent across studies.

Alternative Neuroimaging Techniques

Although we focus here on fMRI quantifications of entropy, it is worth noting that psychedelic effects on
brain entropy, specifically LZc, have been applied to five original MEG and EEG datasets, over eight papers
4754 The entropy measures applied in these studies leverage the high temporal sampling rate that is not
clearly applicable to temporally slower fMRI and were not evaluated here. Further, the methods capture
different aspects of physiological response to psychedelics. Future work evaluating psychedelic effects on
brain entropy using multimodal neuroimaging and evaluating relations between alternative quantifications

of brain-entropy will contribute meaningfully to the field.

Limitations

Our study is not without its limitations. Brain imaging data were acquired on two different MRI scanners
with different sequences (e.g., different TRs) requiring temporal downsampling of some data to match the
other. However, each participant was scanned on only one scanner, enabling us to map within-subject
changes onto psilocybin effects independent of scanner differences. Our study did not include a placebo
condition, but we did acquire a pre-drug scan with which we estimated brain entropy metrics in the absence
of psilocybin effects. Due to the large within-subject variability in fMRI outcomes in participants scanned
several days apart, pre-drug vs post-drug scans performed on the same day may be superior to placebo scans
performed weeks apart for evaluating drug effects because it limits this within-subject variance component
3, PPL and SDI were associated with increased motion in the scanner, see Supplementary Figure S4;
although we included an estimate of motion as a covariate in our models, employed scrubbing, motion
correction and denoising strategies, and show that motion was not positively associated with any whole-
brain entropy metrics, we cannot rule out that motion confounds our reported effects. It has been reported
in many groups that head motion is increased following psychedelic drug administration so this is not a
limitation unique to our data **. Most fMRI scans were 10 minutes long, though some were only five. This
may not be long enough to derive stable estimates of brain entropy metrics, e.g., previous studies have
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recommended >13 minutes for single-echo fMRI *. Future studies, e.g., using openly available data with
longer scan durations, could inform recommended scan durations to establish stable brain entropy estimates
or other methods that improve signal quality, e.g., multi-echo fMRI 7. Approximately half of the scans
analysed herein utilised a multi-band acceleration protocol that may negatively affect signal-to-noise ,
though these effects may be less pronounced for task-free imaging as performed here *°. We corrected for
estimated physiological noise using aCompCor but did not statistically model physiological effects such as
changes in respiration, heart rate, or vasoconstriction which are affected by psilocybin and may have
confounded our findings °*°'. Our statistical models assume a close temporal relation between brain entropy
and PsiFx (measured adjacent to scans), thus, if changes in brain entropy occur after PsiFx, they would not
be well captured.

Pre-processing

A prevailing challenge in fMRI research is how best to handle the enormous flexibility in data pre-
processing 2. Here we explored this space by evaluating brain entropy metrics across a set of pre-processing
strategies. Most of our results were robust to using the original and common atlases, indicating robustness
to parcellation choice. We also considered six different denoising strategies. The associations with PsiFx
of some metrics (DCC distribution, Sample Entropy (scale 1), Meta-state complexity and Path-length
distribution) were robust to most pre-processing strategies, whereas some were sensitive to pre-processing
strategy, e.g., temporal BOLD complexity (LZct). For those metrics which remained significantly
associated with PsiFx across pipelines, the strength of some associations varied across pipelines. Notably,
the removing the low-pass filter and applying a relatively narrow bandpass filter both substantively affected
the statistical relations between PsiFx and brain entropy metrics. This is consistent with previous reports
that pre-processing decisions can influence observed effects on fMRI outcome measures®?, which
underscores the need for future studies in large, normative datasets probing brain entropy metric
characteristics in the context of this pre-processing multiverse. This is all the more relevant to advance their
predictive or prognostic utility in clinical cohorts.

We provide a public MATLAB-toolbox, the Copenhagen Brain Entropy toolbox (CopBET
https://github.com/anders-s-olsen/CopBET), containing functions to evaluate each of the entropy metrics
evaluated here, allowing future studies to determine how these entropy metrics are affected by the multitude
of possible fMRI pre-processing pipelines. For the purposes of this manuscript, we show that our pre-
processing pipeline was very similar to all previously applied in this space (See Supplementary Table S7)
and thus believe that our results are directly comparable with previously reported findings. We have shown
that one of our findings was more strongly supported using a multi-band sequence (path-length distribution)
and another when not using multi-band (Long-scale Sample Entropy). Further work may therefore also
wish to apply CopBET to data collected using a range of scanning sequences to evaluate the effect of
scanning parameters such as multi-band acceleration or multi-echo recording. However, given the
enormous number of possible parameter choices and the unsupervised nature of the problem, interpretation
of results from such an analysis remains a challenge 2.
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Conclusion

In conclusion, we observed acute effects of psilocybin on 3 of 13 previously reported brain entropy metrics.
We report novel evidence for a strong association effect on DCC distribution entropy, implicating it as a
potential biomarker of acute psychedelic effects. We also present convergent evidence for weak
associations with increases in path-length distribution entropy. In addition, two Lempel Ziv complexity
measures showed marginal associations with psilocybin measures. We did not observe significant
associations for 8 of 13 metrics evaluated, suggesting nuanced support for the popular theory that
psychedelics acutely increase brain entropy. Our observations implicate potential brain biomarkers of acute
psychedelic effects and emphasise the need for both transparency in reporting brain entropy metrics and
corroborating previously reported findings in independent datasets.

Methods

Twenty-eight healthy volunteers participated in the study (10 female, mean age + SD : 33 + 8) and were
recruited from a database of individuals interested in participating in a study involving psychedelics. A
detailed description of the study design can be found in the Supplementary Text and has been reported
previously . The study protocol was approved by the ethics committee of the capital region of Copenhagen
(H-16026898) and the Danish Medicines Agency (EudraCT no.: 2016-004000-61). The study was
registered at clincaltrials.gov (NCT03289949). Data presented here were collected between 2018 and 2021.
A subset of the functional brain imaging data presented here has been included in different studies reported
previously %, Details of recruitment, procedures during the psilocybin session, ethical approvals, MRI
acquisition and quality control, are described in the Supplementary Text. Analyses were pre-registered on
the 3rd of August 2022 (https://aspredicted.org//bw8vy7.pdf). Some analyses that met our inclusion criteria
(i.e., fTMRI studies investigating entropy changes pertaining to psychedelics) were identified after pre-
registration and were added. No statistical methods were used to pre-determine sample sizes but our sample
sizes are larger than all previous publications (see Figure 1).

Data Collection

After obtaining written informed consent and screening for neurological, somatic and psychiatric illness,
participants completed a single-blind, cross-over study design wherein participants received a single 0.2-
0.3 mg/kg dose of psilocybin (mean £ SD dose: 19.7 £ 3.6 mg, administered in units of 3 mg capsules) or
20 mg of ketanserin. Data from ketanserin scans are outside the scope of the current evaluation and not
presented here. After drug administration, participants completed MRI scan sessions including resting-state
fMRI (see Supplementary Text for details) approximately 40, 80, 130, and 300 minutes after administration.
Following each scan, participants were asked, "On a scale from 0 to 10 how intense is your experience right
now" to measure SDI and a venous blood-draw used to quantify PPL (see Supplementary Text for details).
After each resting-state fMRI scan, participants were asked if they had fallen asleep (no participants
reported doing so). Occaa, i.€., occupancy of psilocybin at the 5-HT2A receptor is closely related to PPL

and SDI 2. Here we applied the previously reported parameter estimates relating PPL to occupancy based
OcCmax X Cp

where Occmax refers to the maximum measurable
ECso + Cp

on the Hill-Langmuir equation: 0cc,, =

occupancy, C, refers to the measured concentration of the ligand in plasma (i.e., PPL), and ECs refers to
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the concentration in plasma at which occupancy is equal to 50% of Occmax (fixed parameters used to
compute Occoa: ECso = 1.95 pg/L and Occmax = 76.6%).

Pre-processing

Pre-processing and denoising was uniform across all entropy metrics despite differences in the pipelines of
the original publications. Our pipeline included slice-timing correction (where applicable), unwarping,
realignment, co-registration of structural scans to functional data, segmentation, normalisation, and
smoothing. Two MR-scanners were used to acquire the data, and some functional data were temporally
downsampled so that the sampling frequency was consistent across scan sessions. Denoising in CONN 6¢
included linear detrending, aCompCor ¢, 12-motion (three translations, three rotations and their first
derivatives) and artefact-flagged volume regression (z > 4 SDs or motion > 2 mm using ART), band-pass
filtering (0.008-0.09 Hz) and parcellation. Cerebellar ROIs were removed from included atlases as they
were not consistently within the field of view. See Supplementary Text for more details.

Entropy of Static Connectivity

Four studies evaluated the entropy of static connectivity given by the matrix of Pearson correlation
coefficients, R, computed from N-regional time-series data 23335, N being the number of ROIs in the atlas
used by the study.

Out-network Connectivity Distribution

Following a graph-theory framework, ROIs from the 200-region Craddock-atlas % were partitioned into
“networks” using the Louvain modularity algorithm applied to the average connectivity matrix across scan
sessions ®. The “Out-network Connectivity", referred to as "diversity coefficient" in the original publication

» 2170 of an ROI was calculated for each scan session as the Shannon

and “Brain Connectivity Toolbox
entropy of the distribution of connectivity estimates between a given ROI and the set of ROIs assigned to

a different network.

Degree Distribution

Degree refers to the number of non-zero elements in any given row of a thresholded matrix. ROI-specific
degrees are computed based on R, the Pearson correlation matrix between ROIs, with N=105 using the
Harvard-Oxford-105 atlas ”'. Both this analysis and Path-length distribution use the absolute correlation
values. The thresholding for this analysis occurred in two steps. In the first step, any correlation for which
the corresponding p-value was above 0.05 was set to 0. In the second step the goal is to reach a pre-specified
mean degree across rows. In order to achieve this, a threshold below which all absolute values are set to 0
is gradually increased until the mean number of non-zero elements is at the desired level. Here we applied
a scan-specific threshold that produced a mean degree of 27 because this was the threshold that produced
the largest effect in the original publication *°. This means that each scan may have a different absolute
threshold value, but identical mean degree. The final entropy quantification is simply the Shannon entropy
of the distribution of degrees across ROIs. We also calculated entropy for mean degrees of 1 up to the point
at which for any given scan session an increase in absolute threshold did not produce an increase in mean
degree, i.e., 48. This also applies to the path-length entropy described below.
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Path-length Distribution

Again using absolute correlation values, the matrix was thresholded using only the mean-degree criteria
and not the p-value threshold. The matrix was then binarised, setting all non-zero elements to 1. The
"shortest path length" was then computed as the fewest edges one must traverse to go from one node to
another. The Shannon entropy of the distribution of path lengths from each node to all other nodes was then
calculated **. Path-length distribution was evaluated for correlation coefficient thresholds up to a mean
degree of 53.

Von Neumann Entropy

Entropy of the Pearson correlation matrix, R, derived for the Harvard-Oxford-105 atlas, was calculated
through the von Neumann entropy: S(p) = —Y.N_, ; log 4;, where A are the eigenvalues of the scaled
correlation matrix p=R/N. The von Neumann entropy may also be defined as S(p) = -tr(plogp), where log
represents the matrix logarithm 3.

Entropy of Dynamic Connectivity

Intra-network Synchrony Distribution

Nine brain networks were defined according to a previous study 7*: auditory, dorsal attention, default mode,
left and right frontoparietal, motor, salience, visual 1 and visual 2. For a given network, for a given time
point, the variance across voxels within the network was evaluated. The Shannon entropy was then
calculated on the histogram of the variance estimates over time '°.

Motif-connectivity Distribution

Dynamic functional brain connectivity was evaluated in four regions (10mm diameter spheres) located at
bilateral hippocampi, MNI coordinates: right: (26, -21, -16), left: (-34, -22, -16), and anterior cingulate
cortices, right: (4, 35, 18), left: (-2, 23 ,28) using a non-overlapping sliding window approach with varying
window lengths (15-150s). In each window, the partial correlation coefficient and corresponding p-value
was calculated for every region pair, controlling for the remaining regions and the motion framewise
displacement time-series. These time-series were standardised before windowing. The 4 x 4 partial
correlation matrix was binarised for every window, according to a corrected significance threshold
p=0.0083 (i.e., 0.05/6, where 6 is the number of region pairs). A probability distribution of the frequency
of each of the 64 possible graph structures was established and the Shannon entropy was calculated *.

LEi1DA -state Markov-rate

Notably, this entropy metric was not applied to evaluate psychedelic effects in the original paper. Rather,
the authors provided a computational framework wherein parameters were learned by optimising this
entropy measure. For each scan session, Leading Eigenvector Dynamics Analysis (LEiDA) 7 was applied
to the time-series of 90 AAL atlas regions *. The phase series was computed using the Hilbert transform
and, for each time point, a phase coherence matrix was estimated based on the cosine of the difference
between pairwise instantaneous phases. The phase coherence matrices were decomposed using the
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eigenvalue decomposition and the first eigenvector was retained for every time point. The set of
eigenvectors was clustered using K-means with K = 3 states. Subsequently, the transition probability matrix
was computed for each scan session. The entropy rate of the transition matrix, P(i, j), for each state, i, was
calculatedas Si = —p(i) 25(:1 P(i,j))logP(i, j).where, p is the leading eigenvector of P. The final entropy

measure is given as S = Y5, S; /log, (K) *.

Dynamic Conditional Correlation Distribution

Regional time-series were evaluated for each of the regions described in the Shen 268 region atlas 7.

Windowless framewise correlation coefficients were calculated for all edges using the Dynamic
Conditional Correlation (DCC) toolbox 7. Subsequently, the probability distribution over each ROI-to-ROI
DCC time-series was established, and the Shannon entropy was calculated. Each ROI was assigned to one
of eight networks: default mode, fronto-parietal, medial-frontal, motor, subcortical-cerebellar, visual
association, visual 1, and visual 2. Each ROI-to-ROI pair was assigned to its respective network-to-network
association (e.g., motor-to-motor, default mode-to-motor) and the mean entropy of each network-to-
network association was calculated. Although the original publication applies bin-width correction, they do
not report an effect of bin width and we report findings using MATLAB’s histcounts function, which
automatically calculates bin-width . Thus, we did not implement bin-width correction.

Meta-state Complexity

Regional time-series were evaluated for each of the regions described in the Lausanne 463 region atlas 7.
BOLD time-series across all scan sessions were clustered using K-means into K =4 states using the Pearson
correlation distance metric. The clustering procedure was repeated 200 times with random initialisations
and the best repeat in terms of K-means loss was extracted. The four states were grouped into two meta-
states because the clustering procedure typically produces sign-symmetric states. Each volume was
assigned to meta-state 0 or 1 and the Lempel-Ziv complexity (LZ76 exhaustive algorithm) of this binary
sequence was calculated 3'.

Integration/Segregation-state Distribution

Regional time-series were evaluated for each region described in the Schaefer 200 region atlas *,

augmented with 32 subcortical regions from the Tian atlas **. A sliding-window correlation analysis was
performed using a window defined by convolving a rectangular window of size 44 seconds with a temporal
Gaussian kernel (FWHM = 3s). The correlation matrix was established for each window (stride of 1), and
the Louvain modularity algorithm ¢ was applied to estimate the module degree z-score and participation
coefficient for each region. The Louvain modularity algorithm was repeated 100 times to ensure an optimal
assignment. K-means clustering with K = 2 states was applied to a cartographic profile, i.e., a two-
dimensional unnormalised histogram of these measures, using the correlation distance and 500 replications.
The Shannon entropy was computed on the probability distribution of state occurrences *.
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Entropy of Regional Dynamics

Multi-scale Sample Entropy

Networks were defined using the Yeo 17-network atlas 7. Sample entropy is defined as the negative
logarithm of the conditional probability that if two vectors with length m (set to 2) are dissimilar below a
threshold distance r (set as 0.3), then vector pairs with length m + 1 will also have distance below the
threshold 2'. Scales 1-5 were evaluated for each network, meaning that each time-series was split into non-
overlapping windows of length (scale) s volumes and the means of each window were concatenated to form
a condensed time-series upon which sample entropy was calculated *°.

BOLD Complexity

Regional time-series were evaluated for each of the regions described in the Schaefer 1000 region atlas *4.
BOLD time-series for each ROI were first Hilbert-transformed. The amplitude of the Hilbert series was
then binarised around the mean amplitude for that region, i.e., assigned as “1” if greater than the mean and
“0” if less. These binarised time-series were combined into an T X N matrix, where N = 1000 is the
number of regions and T and is the number of time points.This matrix was collapsed into a single vector to
compute 1) the Lempel-Ziv complexity over time (LZct, LZ78 algorithm) wherein regional time-series
were concatenated or 2) Lempel-Ziv complexity over space (LZcs) wherein time-adjacent “region series”
were concatenated. LZct represents a calculation of the temporal entropy of each ROI, whereas LZcs
represents a calculation of the spatial entropy at each timepoint. The original publication 3? reported only
LZcs, but LZct is also described in 4/ whom Varley and colleagues reference as the source of their methods.

Statistical Model

Effects of psilocybin on brain entropy metrics were estimated using a linear mixed effects model with
relevant R packages, i.e., predictmeans (v1.0.6), Ime4 (v1.1.30), nlme (v3.1.157), ImerTest (v3.1.3) and
LMMstar (v0.7.6). We regressed each metric against each of the three measures (PPL, SDI, or Occaa)
separately with a subject-specific random intercept and adjusting for motion, age, sex, and scanner. A test
statistic for the association between metric and measure was obtained using the Wald statistic. To ensure
adequate control of the family-wise error rate (FWER) across regions within each of the 13 metrics, (e.g.,
17 networks for one time scale of multi-scale sample entropy), we calculate prwer adjusted using the maxT
test method ** in a permutation framework similar to 7, employing 10000 permutations. As such, if
observed data superseded all permutations, the p-value is reported as p < 0.0001. “Motion” reflects the
framewise displacement computed using the Artifact Detection Toolbox (ART) (see Supplementary Text)
and “scanner” controls for MR scanner, of which there were two. We do not adjust p-values across metrics,
nor across SDI, PPL and Occa; unadjusted p-values are reported for non-regional metrics as pperm. We
defined findings as statistically significant if they were associated with all three psilocybin effects, SDI,
PPL and Occ:a (collectively summarised “PsiFx”) at pperm < 0.05 for non-regional metrics or prwer < 0.05
for regional metrics. Effect sizes are reported as Pearson’s correlation coefficient between the partial
residuals of the entropy metrics (adjusted for covariates using the mixed-model described above) and each
of PsiFx. The strength of Pearson’s correlation coefficients for significant associations are described as
“weak” (<0.3), “moderate” (>0.3 and <0.6), or “strong” (>0.6) as previously defined *°.
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Moderating Effect of Scanner

Our data were collected on one of two MRI scanners. In order to investigate whether scanner choice had an
impact on the estimated relation between PPL and entropy moderating effects of scanner were explored in
separate models that included the scanner-x-PPL interaction as an additional covariate.

Correlation Between Metrics

Simple Pearson correlation coefficients were calculated between each whole-brain entropy metric pair as
well as with motion. Of the two graph theory metrics requiring thresholding, the threshold producing a
mean degree of 27 was used. For the motif-connectivity distribution, 15 and 100 second windows were
selected to represent fast and slow dynamics, respectively. P-values were adjusted using Bonferroni
correction *'. All scans remaining after pre-processing were used in these analyses.

Effect of Parcellation

To explore parcellation effects on outcomes, all entropy metrics were evaluated using the Schaefer 100
region atlas with 16 subcortical regions from the Tian atlas **#*. For metrics using network definitions, the
Yeo 7-network atlas was applied as a common atlas.

Effect of Pre-processing Pipelines

To explore the effect of pre-processing decisions on the associations between PsiFx and brain entropy
metrics, analyses were repeated for six additional pre-processing pipelines. Each pre-processing pipeline
was run on the data parcellated as described in the section “Effect of parcellation” i.e., 116 ROIs assigned
to seven networks. Each pipeline changed one variable from the “reference” pipeline. These were as
follows: 1) adding global signal regression, 2) removing the low-pass 0.09 Hz filter (i.e., not removing
high-frequency signal), 3) expanding the 12-motion regressors to include squares of the derivatives (i.e.,
Volterra expansion), 4) not regressing out flagged volumes 5) regressing flagged volumes with a stricter
threshold (z >3 or motion>0.5mm), (6) applying a narrower bandpass filter (0.03-0.07 Hz).

Code and Data Availability

We shared relevant analysis scripts with original authors, hoping to ensure as much as possible that our
computations aligned with original reports; we are thankful for the feedback we received. All functions
used to derive entropy estimates from pre-processed data have been compiled into the "Copenhagen Brain
Entropy Toolbox" (CopBET), a Matlab-based toolbox that can be found here: https://github.com/anders-s-
olsen/CopBET. The permutation testing code is also available here. Code for other statistical analyses and
figures can be made available upon request. The data that support the findings of this study are available
from the corresponding author upon request to the CIMBI database .
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Supplementary Text

Study Design

All participants were screened to exclude individuals with significant somatic disease, neurological
disorders and/or psychiatric disease using the Mini-International Neuropsychiatric Interview (Danish
translation version 6.0.0). Prior to inclusion, participants received written and verbal descriptions of the
study protocol, including the expected effects of psilocybin and potential side effects of administration; all
participants provided written consent prior to study participation.

Exclusion criteria were 1) present or previous personal or family (first degree relatives) history of
psychiatric disease (DSM axis 1 or WHO ICD-10 diagnostic classification) including substance misuse
disorder; 2) Present or previous neurological condition/disease, significant somatic disease or any intake of
drugs suspected to influence test results; 3) nonfluent Danish language skills; 4) vision or hearing
impairment; 5) learning disability; 6) pregnancy; 7) breastfeeding; 8) MRI contraindications; 9) alcohol or
drug abuse 10) allergy to test drugs; 11) significant exposure to radiation within the past year (e.g., medical
imaging investigations); 12) intake of QT-prolonging medication or electrocardiogram (ECG) results
indicative of heart disease, 13) history of significant adverse response to a hallucinogenic drug. 14) use of
hallucinogenic drugs less than 6 months prior to inclusion; 15) blood donation less than 3 months before
project participation; 16) body weight less than 50 kg; 17) low plasma ferritin levels (< 12 pg/L).

The order of psilocybin vs. ketanserin administration was balanced across participants as well as possible,
drug sessions were separated by at least three weeks. The data presented here is part of a study approved
by the ethics committee for the Capital Region of Copenhagen (journal identifier: H-16028698,
amendments: 56023, 56967, 57974, 59673, 60437, 62255) and Danish Medicines Agency (EudraCT
identifier: 2016-004000-61, amendments: 2017014166, 2017082837, 2018023295).

Participants were asked to refrain from alcohol the night before intervention days and to eat a light breakfast
and refrain from caffeine intake on the morning of intervention. Prior to intervention days, a urine sample
was drawn and screened for amphetamines, opioids, benzodiazepines, barbiturates, tetrahydrocannabinol,
cocaine, ketamine, phencyclidine, and gamma hydroxybutyrate (Rapid Response, BTNX Inc., Markham,
Canada), a blood sample and an electrocardiogram were taken to ensure that individuals were in good
overall physiological health (e.g., absent evidence for a prolonged QT interval).

On the day upon which participants received psilocybin, they arrived in the morning, completed state
questionnaires and a pre-drug MRI scan session. Following a brief conversation with the psychological
support personnel (two people) present for the psilocybin administration day, participants received
psilocybin in a room adjacent to the MRI scanner. Participants could lay on a bed or sit in a chair in this
room and music was played after psilocybin administration but not during scanning.

Participants were financially compensated for the hours spent taking part in the study.
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Components of preparation, support and integration sessions

Preparation:

The purpose of the session

The participant’s motivation for entering the study and expectancy management

The participant’s personal background

Previous experience with psychedelics or altered states of consciousness

Information about possible effects of psilocybin

Tools for navigating the psychedelic experience, with a particular focus on the MR environment
The participant's social support-network and potential contact person

Practical road map of the intervention day, including rules for the study

Agreements regarding therapeutic touch and physical support

SO RO Y e

Intervention (before administration):

1. The purpose of the session, including any questions arising since preparation
Anchoring - and repetition of tools for navigating the experience

3. Support the participant in letting go of everyday tasks and preoccupations, including hand over of
their mobile phone and helping with arrangements of various matters with the participant’s
family/contact person or social network

4. Repeating the practicalities of the intervention, including rules and agreements made during
preparation

5. Administration of psilocybin

Intervention (end of day):

1. Drawing a mandala
2. Information about afterglow effects and making a plan for self-care upon arrival at home
3. Confirmation of time for integration session

Integration:
1. The purpose of the session
2. Integration wheel
3. Eliciting a full narrative about psychedelic experience
4. Witnessing and debriefing of difficult material
5. Relating the psychedelic experience to the participant’s life going forward
6. Plan for self-care
7. Thoughts about ending the study and information about the possibility of contacting the

psychologists, if needed
8. Any questions that the participant may have
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Plasma Psilocin Level Quantification

Plasma psilocin level was measured using ultra performance liquid chromatography and tandem mass
spectrometry, reflecting free, unconjugated psilocin and not glucuronidated psilocin 2.

7 mL blood samples were drawn from an intravenous access in the antecubital vein and collected in EDTA
vials, placed on ice, centrifuged, and plasma was aliquoted and stored at -20 or -80°C. Psilocin was obtained
from Lipomed (Arlesheim, Switzerland) and Cerilliant (Round Rock, TX, USA) for calibrator and control
batches, respectively, while the deuterated internal standard (IS) psilocin-d10 was from Cerilliant.
Acetonitrile, methanol HPLC grade and water were obtained from Fishers Scientific (Loughborough, UK).
Ascorbic acid was obtained from VWR (Hassrode, Belgium).

Stock solution (1000 mg/l) of psilocin and IS were prepared in acetonitrile and stored in amber ampoules
at -20°C until use. Working standard solutions from 0.5 pg/l to 1000 pg/l were freshly prepared in 50%
methanol in water for each analysis, and the IS-solution was 100 pg/l in 50% methanol. For preparation of
calibration standards and quality controls blank plasma was preserved with 1% fluoride and stored at -20°C.
Two quality controls (QC) were prepared at low (5.0 pg/kg) and high (50 pg/kg) levels and stored at -80°C.
These two along with a freshly spiked blank plasma sample at 2.5 pg/kg were analysed in each run.

Protein precipitation was performed on a fully automated Tecan Freedom EVO 200 robotic platform (Tecan
group Ltd, Madnnedorf, Switzerland) that included all pipetting, centrifugation, and evaporation steps. Each
plasma sample (100 mg) was transferred to a 96-well 2.0 ml deep-well plate and 20 pl IS-solution was
added to each well, followed by precipitation with 700 pl acetonitrile and shaking. The samples were
centrifuged at 1000 g for 10 min, and the supernatant was evaporated to dryness under a stream of nitrogen
at 35°C. Afterwards, the samples were reconstituted in 100 pl mixture of 12.5% methanol:12.5%
acetonitrile:75% 0.05% formic acid in water, shaken and centrifuged again. Finally, the supernatant was
transferred to a 96-well plate and 1 pl was injected into the chromatographic system.

Chromatographic separation was performed on a HSS T3 column (100 x 2.1 mm, 1.8um, Waters, Milford,
MA, USA) using an ACQUITY Ultra Performance Liquid Chromatography system (UPLC) from Waters.
The mobile phase was composed of solvent A: 1 mM ammonium formate in 0.1% formic acid in water and
B: 0.1% formic acid in 1:1 mixture of acetonitrile:methanol. The column was maintained at 45°C with a
flow 0.4 ml/min, and a gradient elution was applied from 2% to 100% B within 3.2 min with a total analysis
time of 4.5 min. Detection was done by tandem mass spectrometry using an ACQUITY TQS from Waters.
Ionisation was achieved by electrospray in positive mode, and the source temperature was set at 150°C and
desolvation temperature at 600°C. Two transitions were used for psilocin, m/z 205 -> 58 and 205 -> 160,
with a cone voltage of 20 V and collision energy at 14 and 18 eV, respectively. For the IS the transition
was m/z 215 -> 164 with cone 20 V and collision energy of 18 eV. Argon was used as collision gas at 0.45
Pa, and desolvation and cone gasflow were fixed at 1000 L/hr and 150 L/hr, respectively. Data were
acquired and processed with MassLynx 4.2 software (Waters).
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Quantification was performed by an eight-point linear calibration curve (0.1, 0.5, 1.0, 5.0, 25, 50, 100, 200
png/kg) with weighting 1/x. Limits of detection (LOD) and quantification (LOQ) were 0.1 and 0.5 pg/kg,
respectively, while the upper limit of quantification was 200 pg/kg. The overall process efficiency was
found to be 63% based on an obtained extraction efficiency of 81% and matrix effect of 25% that the stable
isotope labelled IS adjusted for. QC plasma samples were measured in each series with a RSD of 5% and
an accuracy of 78% for the low level and less than 5% and an accuracy 89% for the high level. Similar
performance was obtained with QCs preserved with 1 mM ascorbic acid demonstrating that stored plasma
QCs at -80°C without ascorbic acid were stable for at least 6 months. The freshly spiked plasma QC at 2.5
pg/kg analysed in each series had a RSD of 13% and an accuracy of 88% (n = 11). For the final presentation
of results, units of concentration (ug/kg) were converted into pg/L using a conversion factor or 1.02 kg per
litre of plasma.

BOLD Scanning Parameters

Due to logistical constraints, MRI scans were acquired on one of two Siemens 3T MAGNETOM Prisma
scanners (“Scanner A”, “Scanner B”). The first 15 participants were scanned on Scanner A, the final 13
participants were scanned on Scanner B, all participants completed all scans on a single scanner.

A high-resolution, T1-weighted 3D MPRAGE structural image was acquired (Scanner A: inversion time =
900 ms, TE =2.58 ms, TR = 1900 ms, flip angle = 9°, in-plane matrix = 256x256, resolution = 0.9x0.9 mm,
224 slices; slice thickness = 0.9 mm, no gap, Scanner B: inversion time = 920 ms, TE =2.41 ms, TR = 1810
ms, flip angle = 9°, in-plane matrix = 288 x 288, in-plane resolution = 0.8x0.8 mm, number of slices = 224,
slice thickness = 0.8 mm).

BOLD fMRI data was obtained using a T2*-weighted gradient echo-planar imaging (EPI) sequence.

Scanner A: 64-channel head coil, TR = 2000 ms, TE = 30 ms, flip angle = 90°, in-plane matrix = 64x64
voxels, in-plane resolution=3.6x3.6 mm, number of slices = 32, slice thickness = 3.0 mm, gap = 0.75 mm,
phase-encoding direction = AP, scan time = 10 minutes, volumes = 300.

Scanner B: 32-channel head coil, TR = 800 ms, TE =37 ms, flip angle = 52°, in-plane matrix = 104x104
voxels, in-plane resolution = 2x2 mm, slices = 72, slice thickness = 2.0 mm, gap = 0, multi-band
acceleration factor = 8, scan time = 10 minutes, volumes = 750 (n = 5) or 375 (n = 8, due to an acquisition
error).

BOLD Data Preprocessing

BOLD data were preprocessed in SPM 12 (http://www.fil.ion.ucl.ac.uk/spm) and denoised using the CONN
toolbox 3 using MATLAB (The Mathworks, inc., version 2019b 9.7.0). Preprocessing pipelines were
identical for both scanners unless specified. We applied slice-timing correction (scanner A only because
scanner B used multi-band), data were unwarped and realigned, structural scans were co-registered to
functional data. High-resolution structural images were segmented into grey-matter, white-matter and CSF-
maps; functional data were normalised to MNI152 space based on parameters estimated during the
segmentation procedure and smoothed using a 6mm FWHM gaussian kernel. Denoising included linear
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detrending, aCompCor regression of white-matter and CSF time-series (first five components for each and
their first derivatives) * as well as regression of 6-motion parameters and their first derivatives, and
scrubbing of  volumes flagged using the artifact detection tool (ART,
https://www.nitrc.org/projects/artifact detect, global signal > 4 or motion > 2). Some analyses utilised
unsmoothed data to align with previous methods (Intra-network synchrony, Motif-connectivity distribution,
Multi-scale Sample Entropy.). A bandpass filter of 0.008 - 0.09 Hz was applied. Regional time-series were
averaged in CONN using analysis-specific atlases. Following preprocessing and denoising and to align the
temporal frequency between the two scanners, scanner B time-series were temporally downsampled to
match the TR of scanner A (i.e., 2s) using the MATLAB command “downsample”.

fMRI Quality Control and Missing Data

All BOLD data were visually inspected to ensure accurate co-registration to MNI space. Connectivity
matrices and regional time-series were visually inspected for artefacts or missing data.

Of the 130 resting-state fMRI scan sessions acquired during psilocybin intervention days for the 28
participants (76 Scanner A and 54 Scanner B), Nine scans and no participants were excluded from analyses:
two scans from one participant because of excessive head motion through the scan session (>50% of
volumes flagged for censoring), one scan from one participant due to technical problems with data
acquisition, two scans from one participant due to 1) interrupted scan and 2) technical problems with data
acquisition, one scan each from three participants due to interrupted scans. Thus, 121 scan sessions were
included in analyses. One scan session did not have an accompanying measure of PPL, another was without
a measure of SDI, these individual scans were excluded from these respective analyses.

Partial Residual Plots

To display the relation between PPL and each whole-brain entropy metric, plots were constructed that
display PPL values (in pg/L) on the x-axis and adjusted residual entropy values on the y-axis. These are
adjusted by removing the covariate effects. This was performed by taking the raw entropy score and
deducting the beta of each covariate multiplied by the relevant value of that covariate for each scan.

In-depth Comparison with Tagliazucchi 2015

We do not observe a significant relation between psilocybin effects and hippocampal-ACC motif
distribution entropy, calculated as described in °. The original publication describes a significant difference
comparing both pre-psilocybin vs post-psilocybin and post-psilocybin vs post-placebo at longer (c.75-150
second) windows. Unfortunately, the entropy values presented by Tagliazucchi and colleagues leave
significant cause for concern. They use non-overlapping windows, the shortest window-lengths they used
were 10-seconds, and their scans were 300-seconds long. Thus, at the shortest window lengths they would
observe 30 brain states whereas at the longest window length (150-seconds) only two events would be
observed. Thus at the longest window-lengths, there are two possible Shannon entropy values, one (i.e.,
two different states -2 x 0.5 x 10g2(0.5) = 1) and zero (i.e., two of the same state -1 x 1 x log2(1) =0). Thus,
it is mathematically impossible to have Shannon entropy values in excess of 1, which are reported in this
original publication. Additionally, one would expect the Shannon entropy values at short window-lengths
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to be higher than those at long window-lengths, as there are more events in the histogram of motifs (i.e., 5
of state 1, 3 of state 2, 10 of state 3, 6 of state 4, 6 of state 5, Shannon entropy = 2.2 bits) but they report
window-lengths approaching zero as window length approaches 10-seconds. Although unlike the high
entropy values at long window length, this is mathematically possible, as the same state may reoccur with
increasing frequency at shorter window-lengths (i.e., 29 of state 1, 1 of state 2, Shannon entropy = 0.21),
but this seems highly unlikely and is contrary to what we observe (Supplementary Figure S3).

Pre-registration

This study was pre-registered on the 3rd of August 2022 and the pre-registration document can be viewed
here https://aspredicted.org/bw8y7.pdf. Notably, three of 12 papers were identified after pre-registration
and therefore not described therein.

Funding

The collection of the data reported here, but not the current analysis work was supported by Innovation
Fund Denmark (grant number 4108—00004B), Independent Research Fund Denmark (grant number 6110—
00518B), and Ester M. og Konrad Kristian Sigurdssons Dyrevernsfond (grant number 850-22-55,166—17-
LNG). MKM was supported during data collection through a stipend from Rigshospitalet’s Research
Council (grant number R130-A5324). BO has received funding from the European Union’s Horizon 2020
research and innovation program under the Marie Sklodowska-Curie grant agreement No 746,850. DEWM
salary is supported by COMPASS Pathways Ltd. The funders had no role in study design, data collection
and analysis, decision to publish or preparation of the manuscript.

Inclusivity and Ethics statement

All aspects of this study were conducted with rigorous adherence to ethical guidelines as evaluated by the
Ethics Committee for the Capital Region of Copenhagen and Danish Medicines Agency. Data management
was undertaken with utmost care. The secure CIMBI database was employed for all data storage, ensuring
participant confidentiality and robust protection of personal data. The conduct of the clinical trial was
overseen by the Good Clinical Practice (GCP) unit, ensuring that all procedures adhered to the highest
ethical and professional standards.

Copenhagen Brain Entropy Toolbox

The twelve described entropy metrics have been collected in the MATLAB-based “Copenhagen Brain
Entropy Toolbox” (CopBET) located here: https://github.com/anders-s-olsen/CopBET. The toolbox was
developed in MATLAB R2018b and includes external dependencies to the Brain Connectivity Toolbox
(BCT) v19.03.03 (https://sites.google.com/site/betnet/), the Complexity Toolbox (LOFT) (https://loft-
lab.org/index-5.html), and Martin Lindquist’s Dynamic Conditional Correlation toolbox
(https://github.com/canlab/Lindquist Dynamic_Correlation/tree/master/DCC_toolbox). The CopBET has
further been tested to ensure functionality using Matlab versions R2019b and R2023a. However, it does not
work using versions prior to R2018b. The CopBET contains individual functions for each of the 12 metrics
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as well as a script that may be used to test the functions using example data.

An example call to the toolbox could be:
>> output_table = CopBET _function(input_table)

Here, ‘input_table’ is a MATLAB-table where each row in the first column contains a regional timeseries,
i.e., is a matrix n x p, where n is the number of acquired samples for the scan in question, and p is the
number of regions in the atlas used for parcellation. Three of the functions take the path to (denoised) voxel-
wise timeseries (4D-nifti file) as inputs instead of regional timeseries. The output, ‘output table’ will
consist of entropy-values for each scan in ‘input table’. The function name ‘CopBET _function’ may be
replaced with the name of any of the 12 included functions. All atlases described in this paper are also
included in the repository in 2mm MNI152 space. Each function outputs either one or several entropy values
for each scan, e.g., for each "mean degree” for the degree distribution entropy.
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Supplementary Figures
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Figure S1: Time-course of (A) plasma psilocin levels and (B) subjective drug intensity per participant.
Each colour represents a participant and the black line represents a locally estimated scatter-plot smoothing
across the sample. Pre-drug PPL measurements are set at 0 mins. fMRI scans were performed before drug

administration and then at approximately +40, +80, +120 and +300 minutes.
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Figure S2: Scatter plots describing the relation between variance of intra-network synchrony (VOINS) of
dynamic BOLD activity and plasma psilocin level, for each network. Y-axis values are adjusted for age,
sex, MR scanner and motion. All prwer > 0.98.
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Figure S3: Scatter plot of motif-connectivity distribution entropy with overlaid locally estimated scatter-
plot smoothing showing the relation between window-size and entropy derived from the linear model. Blue
points and line represent the intercept value from the linear model comparing PPL and entropy (i.e., model
estimated entropy when PPL = 0). The red points and line represent model estimated entropy when PPL =
15 pg/L, approximately PPL at peak drug effects. Note the discrepancy in y-axis values and that we
observed decreasing entropy with increasing window size vis-a-vis Figure SA from Tagliazucchi et al.,
2015.
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Molecular, haemodynamic, and functional
effects of LSD 1n the human brain

Abstract

In this study, we provide the first study to integrate molecular and functional neuroimaging during
psychedelic drug effects in humans. Using simultaneous PET-MRI technology, we describe
multiple brain actions of lysergic acid diethylamide (LSD) in healthy volunteers. We quantify the
occupancy of LSD at cerebral serotonin 2A receptors and show that LSD increases global cerebral
blood flow and internal carotid artery flow without affecting the diameter of the internal carotid
artery, opposite effects to those observed following psilocybin. Functional connectivity analyses
showed widespread decreases in global connectivity, particularly in visual networks, alongside
increases in network-wise sample entropy and spatial complexity. We observed an anticlockwise
hysteresis loop between plasma drug levels and subjective effects, suggesting atypical
pharmacodynamic mechanisms. By establishing the dose-occupancy relation of LSD in humans,
our findings provide critical insights for the clinical development of psychedelic compounds and
demonstrate unique neurophysiological effects that distinguish LSD from related psychedelics.
Our findings challenge the leading hypotheses of psychedelic brain-action, until now thought to
be instrumental for therapeutic efficacy.



Main

Lysergic acid diethylamide (LSD) is a serotonergic psychedelic drug (1). Recent phase 1 and 2a studies
have demonstrated that doses of up to 200 pug LSD are safe (2—5), and that a single dose of LSD is associated
with symptom reduction in patients with anxiety disorders, up to several months after treatment (6,7). LSD
has recently entered three phase 3 trials for the treatment of anxiety and depressive disorders
(NCT06941844, NCT06809595, NCT06741228). Intake of LSD changes mood, cognition, and perception
from doses as low as 10 pg; the psychoactive effects increase dose-dependently, eliciting extremely intense
effects at 100 pg and above (2,4,8). The promising clinical effects highlight the importance of
understanding LSD's mechanisms of action in the human brain.

The serotonin 2A receptor (S-HT2AR) is highly expressed in the human neocortex (9) and is the critical
target for psychedelic effects, with agonist affinity correlating with potency in inducing subjective effects
across psychedelics (10). This is supported by studies showing that ketanserin, a 5-HT2A/2CR antagonist,
can block LSD's psychedelic effects (3,4,11), and that selective S-HT2AR agonists can produce psychedelic
effects (12,13). Together, this shows that 5-HT2AR agonism is both necessary and sufficient for the
psychedelic effects of LSD. Compared to psilocybin, which produces similar behavioural effects at
appropriate doses (2), LSD shows distinct pharmacodynamics, with a reported delay between peak plasma
levels and peak subjective effects of up to 1 hour (4,14). A potential explanation for this intriguing
observation is based on in vitro crystallography data demonstrating that the binding pocket of LSD requires
a conformational change in extracellular loops, which may result in very slow binding and dissociation
between LSD and the receptor (15,16).

Understanding LSD's neural effects in humans remains incomplete and has so far mainly been based on
blood-oxygen level dependent (BOLD) functional magnetic resonance imaging (fMRI) studies (17). These
have identified alterations in global and thalamocortical connectivity, and increases in a range of
information-entropy metrics (18), but there has been extremely little replication in the space, and no
investigations to date have evaluated relations to target engagement (19). Additionally, the role of the
cerebral vasculature, which richly expresses vasoconstriction-mediating 5-HT2AR on vascular smooth
muscle cells (20), has largely been neglected. Addressing these gaps around LSD's receptor occupancy and
associated systems-level brain function improves our ability to link molecular mechanisms to neural
dynamics and therapeutic outcomes.

Leveraging simultaneous PET-MRI technology in healthy volunteers taking an oral dose of LSD, we report
for the first time how plasma LSD is associated with in vivo cerebral 5-HT2AR occupancy and subjective
drug effects. We present the first comprehensive evaluation of psychedelic effects on brain haemodynamics,
revealing that LSD substantially increases internal carotid artery (ICA) flow velocity and cerebral blood
flow (CBF), without affecting the ICA diameter. Moreover, when we quantify LSD effects on functional
brain activity, we provide evidence for widespread decreases in global connectivity alongside increases in
network-wise sample entropy and spatial complexity. These complementary measures provide valuable
insights into LSD's neural effects that challenge some widely held beliefs about the acute neural effects of
psychedelics.



Results

Baseline multimodal neuroimaging of participants

Eleven healthy participants (2 female; age: mean £ SD, 31 + 9 years; weight: 81 £ 12 kg) underwent a
multimodal baseline imaging session. See Supplementary Table S1 for demographic details. These included
a ["'C]Cimbi-36 PET scan to quantify neocortex 5-HT2AR nondisplaceable binding potential (BPnp),
multi-band multi-echo fMRI to assess brain activity, and haemodynamic measurements combining ICA
angiography, flow quantification with phase contrast mapping (PCM), and CBF measurement with pseudo-
continuous arterial spin labelling (pCASL). Baseline 5-HT2AR BPxp showed high binding in the neocortex
(meantSD = 1.11+£0.26). The preprocessed fMRI data exhibited modular network organisation
characteristic of healthy brain function (21), with normalised modularity values averaging 3.65+0.62
(mean+SD) times higher than those observed in random networks, confirming community structure in the
brain's connectome. CBF estimates (mean+SD = 49.2+10.4 ml/100g/min) (22), ICA flow (mean+SD =
215.0£57.8 ml/min), and ICA diameter (mean=SD = 4.65+0.32 mm, see Table S2) were all within expected
ranges (23-25). LSD is metabolised by the CYP2D6 enzyme, which has genetic variations that affect
enzymatic function (26). Two participants were intermediate metabolisers (n = 1 with activity score 0.5 and
n = 1 with score 1.0), and the remaining nine participants were normal metabolisers (n = 4 with score 1.5,
n =5 with score 2.0). The observed relation between peak plasma LSD level (PLL) and dose administered
was not clearly modified by CYP2D6 genotype (Supplementary Figures S1, S2).

LSD pharmacokinetics and acute subjective effects

On a separate day, participants were administered a single oral dose of LSD tartrate (25-200 pg freebase
equivalent). See Table 1 for an overview of all occupancies, plasma concentrations, and doses administered
at each scan. This dose range was evaluated to estimate the relation to 5-HT2AR occupancy across a
clinically relevant range of dose and PLL. In a dose-dependent manner, LSD intake produced psychedelic
effects in all participants, without serious adverse effects (Supplementary results). PLL peaked after 96
mins, and subjective drug intensity (SDI) peaked 30 mins later (Figure 1A, B). A clear anticlockwise
hysteresis loop emerged when examining the relation between plasma LSD levels and SDI scores over time
(Figure 1C); the PLL-SDI curves traced an anticlockwise loop, with lower SDI scores during the ascending
phase compared to the descending phase at equivalent PLL. This indicates that for a given PLL, subjective
effects were weaker while plasma levels were rising than while they were falling. Seven participants
completed PET-MRI scans during peak drug effects, and two completed scans after subjective drug effects
had largely subsided. Despite scan sessions lasting over two hours each, all but one participant tolerated the
procedure well, reporting feeling calmer, less tired, and less physically uncomfortable than during the
baseline scan (Supplementary Figure S3). Only one participant (P10, 150 pg) experienced scanner-related
anxiety that necessitated early scan termination; cessation of scanning resolved the anxiety. One participant
(P9, 150 pg) experienced severe nausea shortly after drug administration and was not scanned while in the
psychedelic state. For two participants (P8, 150 pg and P11, 75 pg), the scanner malfunctioned, and all scan
data was lost.
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Figure 1| Subjective and pharmacokinetic effects of LSD intake. A, Time course of subjective drug
intensity (SDI) scores (0-10) for each participant following LSD administration (25-200 ug); insert shows
SDI plotted against plasma LSD concentration. B, Plasma LSD concentrations over time post LSD
(intake is t=0). Curves are fitted with a spline for visualisation only. Subplot includes a representative
drawing of the LSD experience by PS8 (pink curve). C, Single-subject SDI vs PLL hysteresis plots. Points
are chronologically connected by black lines, and points are coloured by time, i.e., the number of minutes
post-LSD intake. Black outline circles indicate timepoints during PET scans. P4 and P35 received two
PET scans during LSD effects. All but P7 show an anticlockwise hysteresis loop.



Occupancy of LSD at the 5-HT2AR is associated with subjective drug effects

By comparing [''C]Cimbi-36 PET at baseline and after LSD administration (Figure 2A), we calculated
neocortical 5-HT2AR LSD occupancy. We fit the occupancy data and PLL measured during the scan to a
Hill-Langmuir model (R* = 0.60) with bootstrapped confidence intervals. This revealed an ICso of 1.93 nM
(95% CI: 0.53-2.79 nM) equivalent to 0.62 ng/ml (CI: 0.17-0.9 ng/ml) and maximum occupancy (OcCmax)
of 97.4% (95% CI: 75.3-100%) (Figure 2B). A similar relation was observed between LSD dose and
occupancy (R?=0.58), with an EDso of 31.1 pg (95% CI: 7.6-46.4 nug) and Occmax of 96.2% (95% CI: 73.5-
100%) (Supplementary Figure 4A). When analysing body weight-adjusted LSD dose, we observed a closer
relation with occupancy (R? = 0.75), with an EDso of 0.41 ug/kg (95% CI: 0.17-0.54 pg/kg) and OcCmax of
98.7% (95% CI: 80.3-100%) (Supplementary Figure 4B). Peak occupancy was related to mean within-scan
SDI ratings with a sigmoidal fit (Figure 2C, R? = 0.87).

Additionally, we assessed whether occupancy remained high after PLL had dropped using late-phase scans
in two participants. P4 was administered 75 pg. At the peak scan (+161-281 minutes), they showed 84%
occupancy and 8.5/10 SDI. At late scan (+420-540 minutes), they showed 74% occupancy, yet only 1.5/10
SDI, suggesting a temporal dissociation between receptor occupancy and subjective drug effects. PS was
administered 100 pg. At peak scan (+271-391 minutes), they showed 67% occupancy and 8.5/10 SDI. At
late scan (+522-642 minutes), they showed 12% occupancy and 1/10 SDI, demonstrating that receptor
occupancy eventually returns to near-baseline levels.
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Figure 2 | Serotonin 2A receptor occupancy by LSD measured with ['' C]Cimbi-36 PET.
A, Cortical 5-HT2AR nondisplaceable binding potential (BPyp) maps at baseline and peak LSD for
participants receiving 25 ug (top) and 200 ug (bottom) doses. The colour scale indicates BPyp values. B,
Plasma LSD concentration versus receptor occupancy fitted with Hill-Langmuir model. The solid black
line shows the model fit, and bootstrap-derived 95% confidence intervals are shown in grey shading.
Circles indicate peak scans, triangles show late scans connected to corresponding peak scans (dotted
lines). Model fitting used peak scan data only. C, Receptor occupancy versus subjective drug intensity
during PET scanning. The curve is fit with a sigmoid function. Each color represents an individual
participant. Model fitting used baseline and peak scan data only (n=7 for peak scans).

Peak Scan Late Scan
LSD dose Cmax | Time post-dose [LSD] SDI  Occupancy | Time post-dose [LSD] SDI  Occupancy
Mg nM min nM a.u. min nM a.u.
n 25 1.37 175 1.23 3.0 48%

2 50 4.08 164 3.32 10.0 42%
3 75 8.77 175 7.22 75 75%

75 9.21 161 6.43 85 85% 420 3.84 15 74%
5 100 9.56 271 5.31 8.0 67% 522 225 1.0 12%
6 100 6.19 167 6.19 9.0 73%
7 200 8.52 168 8.08 10.0 83%
8 150 15.26

150 7.30
10 150 5.67
1 75 3.67

Table 1| Pharmacokinetic and receptor occupancy measurements across participants. Overview of LSD
doses, peak plasma concentrations (Cmax), timing, and receptor occupancy data from PET scans. The table
shows data for each participant including LSD dose (ug, freebase equivalent), maximum observed plasma
LSD concentration (nM), timing of PET scans relative to LSD administration (minutes), mean plasma LSD
concentration during scan windows (nM), mean subjective drug intensity (SDI) ratings during scans, and
measured 5-HT2AR occupancy (%). Data from both peak and late scans are shown where assessed. P8-11
had only baseline PET data collected. SDI was rated on a 0-10 scale, where 0 represents no drug effects
and 10 represents the strongest imaginable effects. Receptor occupancy was calculated using [’ C]Cimbi-
36 PET. Time post-LSD refers to the minutes between LSD administration and radiotracer injection.




LSD increases cerebral blood flow and internal carotid artery flow

Haemodynamic quantification was performed 30-60 minutes after the start of the PET scan. LSD intake
produced widespread increases in CBF. Global CBF increased by 19.3% (Cohen's dz = 1.20), with the
strongest effects in the occipital cortex (26.4% increase; Cohen's dz = 1.85) and thalamus (19.4%
increase; Cohen's dz = 1.04). We observed more modest CBF increases in limbic regions, including the
hippocampus (15.1% increase; Cohen's dz = 0.88) and amygdala (10.9% increase; Cohen's dz = 0.36).
Convergent with these CBF changes, ICA flow increased by 28% (Cohen's dz = 1.30); yet ICA diameter
showed negligible changes (-3.5%; Cohen's dz = -0.38), suggesting the increased blood flow was not
driven by macrovascular changes. The correspondence between CBF and ICA flow is shown in
Supplementary Figure S5. Full details on regional responses are in Supplementary Table S2 and Figures
S6 and S7. Single-subject CBF delta maps (changes in cerebral blood flow following LSD administration)
are in Supplementary Figure S8.
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Figure 3 | Changes in cerebral blood flow (CBF) and haemodynamic parameters following LSD
administration. A, Group-averaged CBF maps at baseline and after LSD administration, respectively.
Color bars indicate CBF values in ml/100g/min. Histograms show distributions of voxel-wise values from
the whole brain with the same scale as the colour bar below. B, Global CBF at baseline and post-LSD for
individual participants. C, Internal carotid artery (ICA) flow at baseline and post-LSD. D, ICA diameter.
In panels B-D, each color represents the same participant across all measurements, with lines connecting
baseline (BL) and post-LSD (LSD) values.



LSD decreases global brain connectivity, increases sample entropy, and spatial
complexity

fMRI scans were performed 20-40 minutes after the start of the PET scan. LSD decreased global
connectivity (i.e., the average correlation across all grey-matter voxels) across most of the cortex, with the
largest effect sizes in visual and temporal-parietal network regions (Figure 3A, Supplementary Table S3,
Supplementary Figure S9). Effects on thalamocortical connectivity (TCOR) were more spatially restricted,
with the most clear effects of increased TCOR with primary somatomotor regions bilaterally (Figure 3B,
Supplementary Table S4, Supplementary Figure S10).

LSD also altered the temporal and spatial properties of brain activity. Sample entropy, a measure of regional
signal unpredictability, was markedly increased in both visual networks (central: dz = 1.02; peripheral: dz
= 0.94) and control networks (A: dz = 0.41; B: dz=0.97; C: dz = 0.96) (Figure 3E). Normalised Spatial
Complexity, a measure of the signal heterogeneity within a region, showed increases in control A and B
(dz=0.77/0.72) and limbic A and B networks (dz = 0.75/0.67) (Figure 3F) and a moderate global effect
(dz = 0.55) (Figure 3G). Network-level analyses showed predominantly decreased connectivity between
visual networks and other systems (Figure 3C) with smaller effects on the distribution of dynamic network
connectivity (Figure 3D) and the Lempel-Ziv complexity of the signals across the whole brain (dz = 0.40).
Graph-theory measures such as modularity, small-worldness, and geodesic distribution, a measure of the
distribution of connectivity paths across the brain, remained largely unchanged (Figure 3G). For a complete
overview of fMRI results, see Supplementary Table S5.



A

Global Connectivity

B

Thalamic Connectivity

Network Connectivity

Conta S04

cones [0 01 Cohcln(')s dz
. 01 02 - :
00 01 01 00 05
Oe £ 05 02 04 03 03 0.0

02 03 01 03

=i 05
4.43.: 20 08 04 .
00 04 03 o.:l. 01 01 20

A 01 0305 04 05508 02 02 03

Lmbess 01 03 01 04 03 02 03 03 08 01

» 108 m..as 04 00 -01 081 0.1
.DM 5 01 04 00 05 05 -02 04

01 .02 02 (08 03 0108 02 00 04 04 03 01

B 01 01 4)4 03 0.2 03 04 03 01 00 04 01 03 05

01 02 00 -02 01 00 01 03 uam

02 00 04 01 01 02 0o MOS8 03

2 02 ORISR 93 oo [El

05 03 0108

-()345

D

Dynamic Connectivity

Conta |0A

- Cohelnns dz
™ L)
C 02 00 00
05
DetauraA 01 00 .01 03
DelaukB 03 02 03 SO 0.0 0.0

05

I

A OS5 08 01 01 02 03 04

A 01 02 -01 04504 01 02 00 01

02 (06 00 02 01 03 05 00 01 00
A 03 02 01204 00 01 06 03 -00 01 02

& 02 02 S04 03 01 02 04 01 02 02 00 01

A 0a

4 04 01 02 02 00 01 02

02 02 04 02 00 02 03 02 01

TempPar 05 06 -02 03 00 02 00 02 OF 04 02 01 02 06 05
t 03 02 03 00 -01 01 04 00 0204 01 01 03 03 02 03

VisPern 04 05 03 02 01 02 03 02 01 00 02 00 -01 01 02 01 03

ey

E Sample Entropy

M

: ‘ I I
UUJ| I II

Network
. Control . Salience
‘ Default

. Somatomotor
- DorsalAttention

- TemporalParietal
- Limbic ,_ Visual

Cohen's dz

\

i Y
U I
> - 0.2

Cohen's dz

0.0

B Giobainsc
. LZ Complexity
[j] Smallworldness

. Modularity

Geodesic Distribution




Figure 4 | Functional MRI-measured brain effects of LSD. A, Whole-brain global connectivity changes
shown as Cohen's dz effect size maps projected onto the cortical surface (colour scale: blue = decreased,
orange = increased global connectivity). The lower panel depicts subcortical effects on anatomical slices.
B, Thalamic functional connectivity alterations, displayed as surface projections with the corresponding
thalamic seed region (pink) shown below. A and B are thresholded at |Cohen’s dz| > 0.3. C, Static
functional connectivity matrix showing Cohen's dz effect sizes for between- and within-network connectivity
across Yeo 17 networks. D, Dynamic conditional correlation (DCC) distribution changes between network
pairs. E, Sample entropy (a measure of signal unpredictability) alterations across major brain networks
and their subdivisions. F, Cortical distribution of Normalized Spatial Complexity changes (a measure of
signal heterogeneity within brain regions). G, Effect sizes of global metrics including Normalized Spatial
Complexity (NSC), Lempel-Ziv complexity (LZ-complexity, a measure of temporal entropy), small-
worldness (measure of network integration and segregation), modularity (degree of network subdivision
into communities), and geodesic distribution (distribution of minimum path lengths between brain regions).
(n =7); L, left hemisphere; R, right hemisphere.



Correlations between receptor occupancy and change in cerebral blood flow, and
global brain connectivity

To evaluate the relation between each neuroimaging metric, we calculated Spearman's rank correlation
coefficients (p) between the observed change in CBF, global connectivity across brain regions (GCOR),
and neocortical 5-HT2AR occupancy across participants in each of 12 brain regions (Figure 5). GCOR was
negatively correlated with neocortical occupancy across almost the entire neocortex, with 11 out of 12
regions showing negative correlations, of which seven were strong (p < -0.5) (Figure 5A, D). In contrast,
change in CBF showed no clear relation with neocortical occupancy, with |p| < 0.2 in 10 out of 12 regions
(Figure 5A, C). The relation between GCOR and CBF was predominantly negative, especially across large
cortical regions. (Figure 5A, B).
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Figure 5| Correlations between neocortical occupancy (OCC), cerebral blood flow (CBF), and global
connectivity across brain regions (GCOR). A, Correlation matrix showing Spearman's rank correlation
values for CBF-X-GCOR, CBF-X-OCC, and GCOR-X-OCC across 12 brain regions: posterior cingulate
cortex (PCC), temporal, prefrontal, parietal and occipital cortex, anterior cingulate cortex (ACC),
orbitofrontal cortex (OFC), amygdala, putamen, hippocampus, insula, and caudate. B-D, BrainNet
visualization of correlations in lateral (top) and medial (bottom) views. Brain images and table colouring
are thresholded at |p| > 0.2.



Discussion

In this first human study to administer a psychedelic and acquire simultaneous molecular and functional
brain imaging data, we characterised the pharmacodynamic effects of LSD in healthy volunteers, providing
in vivo cerebral 5S-HT2AR occupancy data and quantifying widespread alterations in CBF and functional
brain activity. LSD exhibited high-affinity binding to cerebral 5-HT2AR, increased global CBF
substantially, and increased flow in the internal carotid arteries without inducing profound changes in the
diameter. LSD altered the activity and connectivity of the brain in several ways, including widespread
decreases in cortical connectivity, enhanced thalamic coupling with somatomotor regions, and increases in
sample entropy and signal complexity across several functional brain networks.

Comparison with in vitro work and future applications

Our receptor occupancy results, with an ICso of 1.9 nM, align well with prior ex vivo receptor binding
studies conducted on human cortical tissue: specifically, previous work using the antagonist radioligand
3H-spiperone reported an affinity of 4 nM (27) and 3H-ketanserin in 5S-HT2AR-expressing NIH-3T3 cells
indicated an affinity of 4.2 nM (28). For comparison, clinical data suggest that the ECs for psychedelic
effects is 3-4 nM (29). This convergence across distinct methodologies is reassuring and further validates
[''C]Cimbi-36 PET as a tool for evaluating target engagement in humans in vivo, relevant for characterising
other forthcoming 5-HT2AR-based therapeutics. This is especially important for the Phase 1 testing of
prospective non-psychedelic 5-HT2AR agonists, for which target engagement cannot be estimated using
behavioural measures. Consistent with our observations assessing psilocybin 5-HT2AR occupancy (30),
we observed a generally positive relation between 5-HT2AR occupancy and self-reported subjective drug
intensity. However, we observed notable inter- and intra-participant variation across estimates, with one
participant receiving only 25 pug LSD rating 10/10 subjective intensity with a corresponding occupancy of
42%, and another rating only 1.5/10 SDI despite having 72% receptor occupancy during a late scan. This
positive, yet variable, relation indicates that clear evidence of target engagement requires molecular
imaging; it cannot necessarily be derived from subjective effects.

As only the second psychedelic compound after psilocin (30) to have its receptor occupancy profile
characterised in humans, this work establishes a framework for evaluating target engagement of emerging
compounds. Several classical psychedelics, including 5-MeO-DMT (NCT05800860, NCT05839509) and
N,N-DMT (NCT06094907, NCT05553691), are advancing in clinical development without direct
occupancy measurements. MDMA has progressed through phase 3 trials (31,32), and some of its clinically
relevant effects are known to be blocked by the 5-HT2AR antagonist ketanserin (33). Yet, the degree to
which MDMA occupies the 5-HT2AR either directly or via endogenous serotonin release is unresolved,
could be resolved using PET, and may be critically relevant for understanding its efficacy and safety.

The relation between dose and occupancy

Our model provides a valuable tool for translating measured plasma LSD concentrations into estimated 5-
HT2AR occupancy levels. Mechanistic work based on plasma levels alone overlooks the non-linear relation
between drug concentrations and receptor binding. By enabling the conversion from plasma measurements
to receptor occupancy estimates, our model offers a more mechanistically sound approach for interpreting



experimental and clinical outcomes in LSD research, potentially improving correlations with biological and
clinical endpoints, including physiological biomarkers, subjective experiences, therapeutic outcomes, and
neuroimaging measures. Based on typical peak plasma concentrations (4), oral doses of 25 ug, 50 ug, 100
ng, and 200 pg yield approximate receptor occupancies of 43%, 62%, 74%, and 84%, respectively.
However, we and others have observed substantial inter-individual variation in peak plasma levels,
insufficiently explained by bodyweight or CYP2D6 genotype (34); occupancy cannot be reliably estimated
from dose alone but requires at least blood samples to be measured for drug concentration over time.

Our PET data shows an Occmax of 97% for LSD - notably higher than previously reported values for other
5-HT2AR ligands including psilocin (77%) (30), ketanserin (77%) (35), volinanserin (77%) (36), and
pimavanserin (78%) (37). Future work administering high doses of LSD and psilocybin may elucidate
whether this observed difference in maximal occupancy is related to consequent differences in downstream
behavioural or neural effects. However, the confidence of our Occmax estimate is constrained by limited
sampling at high plasma concentrations. The increasing prevalence of adverse effects such as nausea and
anxiety at higher doses may pose inherent challenges for future high-dose occupancy studies. Future studies
may also wish to account for the concentration of the LSD metabolite nor-LSD, which has been shown to
be an agonist at 5-HT2AR with a K; of approximately 6.1 nM (26).

All but one participant showed a clear anticlockwise hysteresis loop between plasma LSD levels and
subjective drug effects, such that SDI peaked approximately half an hour after PLL. This effect is not
observed with psilocybin (2,38). Such a delay could be due to slow brain penetrance, post-receptor
signalling, or receptor binding. However, LSD has biochemical properties that make slow brain penetrance
unlikely (39) and has similar post-receptor signalling properties to psilocybin (40). Structural studies have
demonstrated that LSD exhibits unusually slow dissociation kinetics from 5-HT2AR due to unique
hydrogen-bond interactions, which may result in the gradual accumulation of 5-HT2AR-bound LSD, thus
explaining the observed delay (41). This slow dissociation is not observed with psychedelics from other
structural classes (16). This hypothesis could be tested using either radiolabeled LSD or carefully timed
[''C]Cimbi-36 scans in the early phase of drug effects. The temporal continuity of our SDI ratings may also
be biased by the fact that participants changed from the quiet treatment room to the scanner environment
around peak drug effects; however, most participants were already at peak drug effects when transported
to the scanner.

We observed one participant who, despite a significant reduction in subjective drug effects at their late-
scan, retained high occupancy of 5-HT2AR (in line with their PLL), implying rapid post-receptor tolerance
effects, which may be evaluated preclinically. PET cannot distinguish between reductions in available
receptor binding sites due to occupancy by cold ligand or by receptor downregulation; therefore, it may be
that the observed occupancy is the result of receptor downregulation. However, previous PET work with
psilocybin showed no reduction in 5-HT2AR binding one week after a high dose of psilocybin (42), and
we show in one participant that BPxp returns almost to baseline after only 8 hours, indicating no substantial
rapid receptor downregulation that would positively bias our occupancy estimates. Psilocybin similarly
showed a return to baseline BPxp once the drug was cleared (30). We are limited to only qualitatively
presenting data from the late scans due to losing three scans because of scanner failures and adverse effects,
limiting our capacity to test the lid-hypothesis as described in the preregistration.



Haemodynamic effects of LSD vs psilocybin

Our observation of increased global CBF (19.3%) under LSD stands in marked contrast to the cerebral
haemodynamic effects of psilocybin, for which four studies have reported reduced CBF (14,43-45). One
study found global CBF reductions of 12% following psilocybin administration, with regional analysis
revealing the strongest decreases in parietal (-15%) and occipital regions (-14%), alongside significant I[CA
constriction (-7%) (45). In contrast, following LSD, we observed widespread CBF increases, most
pronounced in the occipital (26%) and parietal cortices (18%). These CBF changes were accompanied by
increased ICA flow (28%), with ICA diameter remaining relatively stable. The only previous neuroimaging
study of LSD's effects on CBF employed 2D time-series acquisition following intravenous LSD
administration and reported elevated occipital blood flow. However, the absolute CBF values reported in
that study exceeded physiological ranges (>150 ml/100g/min) in both the LSD and placebo conditions,
limiting interpretability (14,24).

LSD and psilocybin both produce their psychedelic effects primarily via 5S-HT2AR agonism, yet these
opposing effects on cerebral haemodynamics suggest distinct downstream or off-target mechanisms. This
is supported by our observation that, unlike GCOR effects, S-HT2AR occupancy was not correlated with
changes in CBF. LSD binds with nanomolar affinity to several monoaminergic receptors, including most
serotonin, adrenergic alpha 2A and dopamine subtype 2 receptors, whereas psilocybin’s receptor binding
profile is mostly restricted to the serotonin receptors (46,47). Both psilocybin and LSD are agonists at 5-
HT2AR and 5-HT1BR, which induce vasoconstriction (48,49); yet, LSD does not produce vasoconstriction
at physiological levels in vitro, aligned with our observations here (50). LSD therefore may activate
counter-acting vasodilatory pathways, which can be evaluated in future research with selective antagonists.
The observed increase in CBF is unlikely to be driven by systemic confounds; although LSD produces
increases in blood pressure (4), these are well within the range that is accounted for by autoregulation (51).
A ["®F]FDG-PET study has previously shown that psilocybin increases cerebral glucose metabolism despite
concurrent reductions in blood flow, implying a functional decoupling between neural activity and
perfusion, which may be due to 5-HT2AR-mediated vasoconstriction, as discussed above (52). This
hypothesis may be evaluated using a peripherally selective S-HT2AR antagonist such as sarpogrelate (53).
Whether such decoupling also applies to LSD remains unknown, as ["*F]JFDG-PET imaging has not yet
been performed. Simultaneous ['|F]JFDG-PET/MR could directly evaluate this relation between
metabolism, blood flow, and neural activity following LSD administration. Previous work with psilocybin
has also not yet evaluated ICA flow, which can be measured on all major MRI systems in under two minutes
using a phase-contrast mapping sequence.

Effects of LSD on functional brain activity and connectivity

The decreased global connectivity observed across visual networks, attention, and temporal-parietal
networks, partially aligns with previous findings, particularly regarding visual cortex connectivity (11,54).
However, it diverges from studies reporting widespread increases in frontal and parietal connectivity (55).
These decreases in GCOR were strongly correlated with neocortical 5-HT2AR receptor occupancy and are
thus likely an on-target effect. Although we find increased thalamic coupling with bilateral somatomotor
regions, we did not replicate the more extensive thalamocortical connectivity changes reported in several
prior studies (11,54,56). Our entropy analyses provide support for medium-to-large LSD effects on brain
signal complexity. We observed large increases in sample entropy across visual and control networks and



medium-to-large increases in normalised spatial complexity, consistent with previous reports (57-59). We
did not observe even moderate increases in Lempel-Ziv complexity, geodesic distribution, or dynamic
conditional correlation distribution, further supporting the notion that each information-entropy measure
represents a distinct phenomenon (59). We did not observe widespread changes in within- and between-
network connectivity, which have been widely reported across LSD, psilocybin, and N,N-DMT
(11,17,60,61) or alterations in graph-theoretical measures such as modularity and small-worldness. Because
of the experimental design employing varying doses of LSD and a small sample size, which were chosen
based on the occupancy outcomes, we are constrained in our capacity to infer statistically significant effects
on functional neural effects. As such, voxel-wise analyses are presented without statistical thresholding,
with particular attention to results showing bilateral symmetry. These fMRI findings nevertheless contribute
valuable new data to the field, particularly given that most previous analyses of LSD effects have evaluated
the same dataset and extremely few studies have evaluated previously investigated methods (19).
Presentation of strictly thresholded statistical maps can exaggerate inconsistencies across studies (62);
therefore, we report effect sizes from all analyses, which can help establish which neural signatures of LSD
are most deserving of continued investigation and facilitate future meta-analyses and cross-study
comparisons (63).

We observed that LSD-induced increases in CBF were correlated with decreases in GCOR. The
neurovascular coupling model relates increased cerebral metabolic activity with blood flow
overcompensation and subsequent increases in the BOLD signal (64,65). By altering CBF, psychedelics
may modulate this coupling, as has been reported for, e.g., caffeine (66). Hypercapnia increases CBF
without affecting neural activity (67) and has been shown to reduce BOLD correlations, possibly by
decreasing signal-to-noise (68), which would also theoretically increase measures of signal complexity, i.e.,
entropy. Our observations highlight the urgent need for a future study to characterise psychedelic effects
on neurovascular coupling by relating cerebral metabolic, blood flow, and BOLD effects. If psychedelics
are shown to affect neurovascular coupling, it would substantially affect the interpretation of psychedelic
BOLD effects presented in dozens of previous studies, including those presented here.

In summary, this study provides the first in vivo pharmacodynamic profile of LSD in humans through
simultaneous molecular and functional neuroimaging. We characterise LSD's high-affinity binding to 5-
HT2AR and present data suggesting a temporal disconnect between LSD plasma concentrations, receptor
occupancy, and subjective drug effects. Our findings of increased cerebral blood flow contrast markedly
with psilocybin's CBF-reducing effects, suggesting pharmacological distinctions between these related
psychedelics. We observe widespread reductions in global connectivity, which were strongly correlated to
receptor occupancy, as well as increases in temporal and spatial complexity. We provide preliminary
evidence that such alterations in connectivity and complexity may be confounded by hemodynamic effects,
and propose future studies, especially involving direct measurement of the effects of LSD on cerebral
metabolism, to help resolve the basis of the observed neural effects. The observations presented here
advance our ability to dose LSD in clinical populations and progress our understanding of the neural
mechanisms that may underpin their acute and lasting effects.



Methods

Ethics and informed consent

All research procedures were conducted in accordance with the Declaration of Helsinki (69). The study
protocol was approved by the ethics committee of the Capital Region of Denmark(H-21060056) and the
Danish Medicines Agency (EudraCT no.: 2021-002633-42; CTIS: 2024-519564-41-00). Participants were
given information packs including an overview of their rights and the use of their data following telephone
screening and before signing the consent forms. The study was preregistered at clinicaltrials.gov
(NCT05953038) and aspredicted.com (https://aspredicted.org/gn3un.pdf).

Inclusion and exclusion criteria

Inclusion criteria were:
* Healthy individuals 18-75 years old

Exclusion criteria were:

* Current or past history of primary psychiatric illness (DSM-IV axis-1 or WHO ICD-10 diagnostic
classification)

* Current or past history of primary psychiatric illness (DSM-IV axis-1 or WHO ICD-10 diagnostic
classification) in a first-degree relative (i.e., parents, siblings)

* Current or past history of neurological disease, significant somatic condition/disease

* Use of medication that could potentially influence results (e.g., drugs that act on relevant components of
the serotonin system or may interfere with the metabolism of LSD)

* Non-fluent Danish language skills

* Profound visual or auditory impairments

* Severe learning disability

* Pregnancy on the scan date, verified by a pregnancy test (females, test omitted if confirmed that individual
is post-menopausal)

* Breastfeeding (females)

* Contraindications for MRI (e.g., pacemaker, claustrophobia, etc.)

* Contraindications for PET (e.g., claustrophobia, radiation exposure, etc.)

e Current alcohol or drug abuse

¢ Allergy to administered compounds

* Participant in research study with >10 mSv exposure within the past year or significant occupational
exposure to radioactive substances

e Abnormal ECG (i.e., indicating current, previous heart disease or predisposition thereof, e.g., QT
prolongation) or use of QT prolonging medication

* Use of psychedelic substances within the preceding six months

* Blood donation up to three months before the study (i.e., more than 500 ml of blood)

* Head injury or concussion resulting in loss of consciousness for more than 2 minutes

* Haemoglobin levels < 7.8 mmol/l for women and 8.4 mmol/l for men

* Ferritin levels outside normal range (12-300 pg/L)



* Body-weight < 50 kg or > 110 kg

* BMI > 35 kg/m?

* Individual assessment by research staff deeming drug administration unsafe due to ethical or
psychological circumstances of the participant

Recruitment

Healthy volunteers were recruited from an in-house database of individuals interested in participating in a
study involving psychedelics (see CONSORT diagram Supplementary Figure S11). A total of 52 volunteers
were contacted via telephone, 32 were excluded at telephone pre-screening, two declined before in-person
screening, three were excluded during in-person screening, and 2 dropped out after inclusion but before any
study visits. The data presented here are from 11 healthy participants collected between November 2023
and November 2024. Details of recruitment, procedures during the LSD session, ethical approvals, MRI
acquisition, and quality control are described in the Supplementary Text. Analyses were pre-registered on
the 27th of February 2023 (https://aspredicted.org/gn3un.pdf). No statistical methods were used to pre-
determine sample sizes.

Study Design

See Supplementary Figure S12 for an overview of scan elements.

Visit 0: Following telephone screening and informed consent, participants underwent a screening battery
including evaluation of medical and drug-use history, pregnancy, electrocardiogram, neurological exam,
and psychiatric health.

Following inclusion, participants were asked to fill out, online from home, a 2-hour set of state and trait
questionnaires.

Visit 1: Whole-blood, plasma, and buffy-coat samples were taken, as well as a urine sample to check for
the absence of drugs of abuse and for women to check for pregnancy. Participants then filled out a collection
of state questionnaires and underwent a 2-hour simultaneous PET and MRI scan. Music was played via
earphones during the entire scan, except when questions were asked. Scan parameters are discussed below.

Visit 2 involved a preparatory conversation with the psychological support staff, typically lasting 60-90
minutes, focused on the LSD intervention process. The conversation addressed both the psychological and
physiological effects of the intervention, the role of the support staff, and the participants’ expectations for
the session. All participants were informed about changes they might experience in perception, emotions,
and sense of self, and were provided with techniques to navigate these shifts with openness and acceptance,
as well as guidance on managing possible physical effects such as nausea or dizziness. The conversation
also explored participants' past experiences with psychoactive substances, and practical matters, including
transportation, accommodation arrangements, and post-session support, were addressed to ensure
participants had a reliable support network in place. Participants were reminded of the rules and safety
measures, including consent for touch and the prohibition of certain behaviours. Additionally, agreements
regarding communication during the scanning process were discussed to ensure participants understood



when and how to communicate with the support team. Occasionally, this conversation occurred before the
baseline PET scan. Three participants required an additional preparatory session. One was needed because
the initial conversation had taken place more than two weeks before the intervention. Another participant
required extra preparation to familiarise themselves with the support team, and one participant needed an
extra session to integrate talking points from the first preparatory conversation.

Visit 3: 1 week to 1 month later, participants came in for their intervention session. Participants were fitted
with two venous catheters, gave blood samples, filled out the same state questionnaires as during baseline
scans, and received a dose of LSD tartrate between 25 pg and 200 pg equivalent as LSD freebase.
Participants, but not study staff, were blinded to the dose received. Participants were dosed in a comfortable
aesthetic room with speakers and in the presence of two trained psychological support staff. Approximately
1 h 45 m following drug administration, participants were transported via wheelchair to the PET-MR
scanner. They then underwent the same scan as at visit 1, with injection of radiotracer at approximately 2
h 45 m after LSD administration, such that tracer injection was approximately aligned with peak subjective
drug effects. Following the scan, participants returned to the comfortable room via wheelchair. They
remained there until their subjective drug effects had diminished. Then they drew a mandala of their
experience and were either picked up by a friend or family member and returned home, or were escorted
by study staff to the patient hotel at the hospital.

Visit 4: Either the next day or the day after, participants returned for a follow-up conversation with the
psychological support staff. From home, participants filled out an online deck of questionnaires describing
their acute drug effects. One participant had an extra integrative phone conversation with a member of the
psychological support staff.

Three months after intervention, participants were sent a similar online deck of trait and state questionnaires
as they filled out at visit 0, which were filled out at home. Participants were instructed to report all adverse
effects to the study staff irrespective of whether they deemed them related to the study medication. All staff
with participant contact were responsible for the identification of potential adverse effects, which were
eventually evaluated by a medical doctor.

PET scanning parameters

PET images were acquired for 120 minutes on one of two identical 3T Siemens Biograph mMR scanners
(Siemens Healthcare, Erlangen, Germany) after a bolus injection of [!'C]Cimbi-36. Processing of
[''C]Cimbi-36 PET data was performed as described by (30). PET data was reconstructed using MR-
imaging based attenuation-correction (DeepDixon) (70) and a framing protocol of 6x10s, 6x20s, 6x60s,
8x120s, 19x300s. All frames were aligned to frame 27, with frames 1-12 using the transformation
parameters calculated from frame 13's alignment. Segmentation was performed using SPM12MultiSpectral
segmentation using session-specific high-resolution T1- and T2-weighted MRI scans. Regions of interest
were defined using PVElab (71), a fully automated regional delineation procedure, and regional time-
activity curves were extracted for kinetic modeling.

Kinetic modeling was performed using the simplified reference tissue model (SRTM) with neocortex (a
volume-weighted average of the below cortical regions) chosen a priori as the region of interest due to the



high expression of 5-HT2ARs and the beneficial signal-to-noise ratio within this region; cerebellum was
chosen as the reference region due to its absence of 5S-HT2AR in humans (72).

Orbital frontal cortex

Medial inferior frontal gyrus
Superior temporal gyrus
Parietal cortex

Medial inferior temporal gyrus
Superior frontal gyrus
Occipital cortex

Sensorimotor cortex

Nondisplaceable binding potential (BPxp) (73) was the primary outcome measure, with occupancy %
calculated as 100 x ((baseline BPxp - LSD scan BPxp)/baseline BPnp). The relation between plasma LSD
concentration and receptor occupancy was modeled using the single-site binding model, the Hill-Langmuir
equation:

Occupancy = (Occmax x [LSD]) / (ICso + [LSD])

where Occmax represents maximum achievable occupancy and ICsp represents the plasma concentration
producing 50% occupancy, and [LSD] was the average concentration of LSD from blood samples taken
during the PET scan (one at injection, two during the scan, and one at scan cessation).

The Hill-Langmuir equation parameters were estimated using nonlinear least squares regression via the
stats::nls function (version 4.3.1) in R with the 'port' algorithm, which ensures physically meaningful
parameter estimates through constrained optimisation (i.e., Occmax bounded between 0-100%, ICso
constrained to positive values). To assess uncertainty in these estimates, we performed a residual bootstrap
with 10,000 iterations. For each iteration, residuals from the observed model were randomly resampled
with sign flips and added to the fitted values to generate new synthetic datasets preserving the underlying
relation. The model was fit to each synthetic dataset using the same constrained optimisation approach.
This procedure provides robust confidence intervals that respect the physical constraints of receptor binding
while accounting for the uncertainty in our limited sample size. Bootstrap estimates were calculated using
the median of the bootstrap distribution, with 95% confidence intervals defined by the 2.5th and 97.5th
percentiles.

Surface maps of 5-HT2AR BPxp (Figure 2) were generated in PETSurfer using MRTM?2, where k2’ was
estimated with neocortex as the high-binding region and cerebellum as the reference region (74). These
maps are used only for data visualisation. All other reported BPnp or occupancy estimates are from SRTM-
derived BPnp values.

MRI scanning parameters

During the entire baseline and first post-intervention PET-MRI scan, participants listened to the following
playlist: https://open.spotify.com/playlist/5yTInTRdgoPIb2f0h5QuK g?si=b6374a44413a485b;



participants who completed a second PET-MRI scan after LSD administration listened to the following
playlist: https://open.spotify.com/playlist/OUWOwjkE14sX1jwqlmKf5Y ?si=74ad7745384244c5.

During the 120-minute PET scan, we acquired the following MR scans using a 32-channel head coil:

High-resolution T1-weighted structural images with a 3D magnetization-prepared rapid gradient-echo
(MPRAGE) sequence with the following parameters: repetition time (TR) = 2300 ms, echo time (TE) =
2.26 ms, inversion time (TI) = 900 ms, flip angle = 8°, field of view (FOV) = 256 x 256 mm?, matrix size
= 256 x 256, voxel size = 1 x 1 x 1 mm?®, 176 sagittal slices, and GRAPPA parallel imaging with an
acceleration factor of 3.

High-resolution T2-weighted structural images were acquired using a 3D turbo spin-echo sequence
(SPACE) sequence with the following parameters: repetition time (TR) = 3200 ms, echo time (TE) = 407
ms, variable flip angle with a nominal value of 120°, field of view = 230 x 230 mm?, matrix size = 256 x
256, 0.9 mm isotropic voxels, 256 sagittal slices, GRAPPA in-plane acceleration factor = 2, partial Fourier
sampling, echo-train length = 254, receiver bandwidth = 725 Hz/pixel; images were reconstructed to a 512
X 512 matrix.

We acquired field maps using the vendor-provided gradient echo field mapping sequence with the following
parameters: TR = 500 ms; TE1/TE2 = 6.16/8.62 ms; flip angle = 60°; FOV = 100% phase FOV; matrix size
= 68 x 68; slice thickness = 3 mm with 3 mm spacing; phase encoding direction = anterior-posterior (j-).
The sequence produced three images: magnitude images at both echo times and a phase difference map
calculated between the two echoes.

These were then followed by either two or three functional imaging blocks, time permitting, consisting of
the following scans:

Pseudo-continuous arterial spin labelling (pCASL) images were acquired using a five post-label delay 3D
turbo gradient spin echo sequence with the following parameters: scan time = 7 min 11 sec, label/control
pairs = 12, native voxel size = 3 x 3 x 3 mm, image matrix = 96 x 96, number of slices = 40, label duration
= 1508 ms, post-label delays = [500, 500, 1000, 1000, 1500, 1500, 2000, 2000, 2000, 2500, 2500, 2500]
ms, echo time = 3.78 ms, repetition time = 4100 ms, flip angle = 120°), two background suppression pulses
optimised for each PLD. The acquisition included an M0 scan with which to calibrate the pCASL signal
without any background suppression.

Time of Flight (TOF) angiography images were acquired using a 3D gradient recalled (GR) sequence with
the following parameters: scan time = 6 min 30 s, slice thickness = 0.8 mm, echo time = 4.79 ms, repetition
time = 27 ms, flip angle = 18°, acquisition matrix = 482x640 covering a 150x200 mm? field-of-view.

Phase Contrast Mapping (PCM) images were acquired using a 2D sequence with the following parameters:
scan time = 8.36 s, slice thickness = 8 mm, echo time = 7.5 ms, repetition time = 100.4 ms, flip angle = 10°,
VENC = 100 cm/s, acquisition matrix = 320x320 matrix covering a 240x240 mm? field-of-view.



BOLD functional images were acquired using a multi-echo, multi-band echo-planar imaging (EPI)
sequence with the following parameters: TR = 1117 ms, TEs = 15.0/33.68/52.36 ms, flip angle = 70°, FOV
=204 x 204 mm, matrix size = 68 x 68, voxel size =3 x 3 x 3 mm, axial slices =42, multi-band acceleration
factor = 3, in-plane acceleration (GRAPPA) acceleration factor = 2, and phase-encoding direction =
anterior-to-posterior (j-).

Investigational medicinal product

The study medication was produced by Apotheke Dr. Hysek, Biel, Switzerland, in accordance with Good
Manufacturing Practice (GMP). LSD was prepared as drinking solutions containing 36.5 pg or 146 pg of
GMP-grade LSD tartrate (Lipomed AG, Arlesheim, Switzerland), corresponding to 25 or 100 pug of LSD
base, dissolved in 1 mL of 20% alcohol solution (v/v). Participants were blinded to dose by affixing opaque
stickers to the bottles before being given to the participants. Participants were not blinded to the fact that
they would receive LSD. The investigational medicinal product was stored in a locked safe within a fridge
kept at 4-6°C, and doses were prepared on the actual dosing day.

Behavioural effects

Before each EPI scan, participants were asked to listen to the music. Immediately following each scan, the
participants were first asked if they had fallen asleep, and then to rate the following questions on a scale
from 0 to 10, where 0 was not at all and 10 was very much: How calm do you feel? How much
claustrophobia are you experiencing? How tired do you feel? How much physical discomfort are you in?
Participants were then asked to evaluate the effect of the music they listened to during that scan on the
following emotions from the Geneva Emotional Music Scale (GEMS): wonder, transcendence, tenderness,
nostalgia, powerfulness, happiness, peacefulness, sadness, and tension.

On the dosing day, participants were asked to rate how intense their LSD experience was on a scale from 0
to 10 approximately every 20 minutes from ingestion of the drug until they were considered sober by study
staff. During scans, these were less frequent, aligning with blood samples.

Cerebral blood flow quantification

The preprocessing pipeline of pCASL consisted of several steps. First, label/control difference images were
realigned for each post-label delay (PLD). The high-resolution T1-weighted structural image was then co-
registered with the MO image. Absolute CBF quantification was performed using BASIL (part of FSL -
FMRIB software library) on all pCASL images (75). This process involved label/control image subtraction
and signal calibration to absolute CBF (ml/100g/min), incorporating M0 scan data and employing a single,
well-mixed tissue compartment model for tracer kinetics modeling. Standard parameters were applied for
the quantitative modeling process (76). The structural image underwent segmentation using SPM12 to
generate probability maps for grey matter, white matter, and cerebrospinal fluid. Subsequently, the
calibrated pCASL image was transformed into MNI standard space using warps estimated during the
segmentation step. Finally, the normalized pCASL images were smoothed spatially using a 3D Gaussian
kernel (8 mm full-width half-maximum (FWHM)).



For regional analyses, we used the Anatomical Automatic Labelling atlas version 3 (AAL3) (77), which
provides detailed cortical and subcortical parcellation in MNI space. We combined anatomically adjacent
regions to create larger, functionally relevant regions of interest (ROIs). This resulted in 13 bilateral regions:
prefrontal cortex, temporal cortex, parietal cortex, occipital cortex, anterior and posterior cingulate cortices,
thalamus, amygdala, putamen, caudate nucleus, hippocampus, insula, and orbitofrontal cortex. Regional
CBF values were calculated using grey-matter weighted averaging based on subject-specific segmentation
maps. The specific composition of these compound ROIs followed the same approach as previously
described (45), with full details provided in the Supplemental Table S6.

Internal carotid artery diameter quantification

We quantified ICA diameter using publicly available in-house software
(https://github.com/kristian1801/ica-segmentation-tool). Through this software's pipeline, the TOF images
were automatically processed with background subtraction, anisotropic diffusion filtering, and top-hat
filtering to enhance vascular structures. The software's graphical interface allowed manual selection of the
ICA, which was then automatically segmented using a 2D region-growing algorithm with dynamic intensity
thresholding across axial slices. The software then reconstructed a 3D model of the segmented ICA and
calculated vessel diameter using the median of measurements from each slice. All images were visually
inspected to ensure the quality of the estimates.

Internal carotid artery flow quantification

We quantified ICA flow using previously developed PCMCalculator software (78,79) (software available
at https://github.com/MarkVestergaard/PCMCalculator). Through this software's pipeline, PCM images
were processed to measure through-plane flow. The software's graphical interface allowed manual selection
of the ICA, which was then automatically analysed to calculate the flow rate. The methodology has been
previously validated for both 3T Philips and 3T Siemens MR systems.

pCASL data quality control

pCASL and fMRI quality control are graphically described in Supplementary Figure S13.
1. Initial Data Collection and Exclusions

The dataset included multiple pCASL runs from baseline and LSD intervention sessions
Early quality assessment identified systematic signal dropout issues in runs 2 and 3, and
11 runs from 6 participants were excluded due to shimming-related signal dropouts.

2. Registration Quality Control

All pCASL images underwent visual inspection before and after transformation to MNI space.
Registration quality was assessed by:

- Alignment with participant structural images

- Correspondence with standard atlas landmarks

- Verification of anatomical boundaries and key structures.

3. Final Dataset Construction



7 participants met all quality criteria for both baseline and LSD sessions
Baseline CBF maps were constructed by averaging:

* 3 runs for 3 participants

* 2 runs for 4 participants

- LSD session analysis used only the first run from each participant's session.

Functional MRI preprocessing and denoising

Functional and anatomical preprocessing was performed using Configurable Pipeline for the Analysis of
Connectomes (C-PAC version 1.8.7. Devl). The .yml file containing all settings used is available on the
project GitHub (https://github.com/Pneumaethylamine/dOccLS). TI-weighted anatomical images
underwent brain extraction using FSL's Brain Extraction Tool with the “robust” setting. Tissue
segmentation using FSL's FAST and segmentation masks were made using a probability threshold of 0.9.
Functional preprocessing steps included slice-timing correction, motion correction using AFNI's 3dvolreg,
and distortion correction using a phase difference field map. Functional images were masked using AFNI
and intensity-normalised. For spatial normalisation, anatomical images were registered to the MNI152
template using Advanced Normalization Tools (ANTs). Functional images were co-registered to the
anatomical image using FSL's FLIRT with boundary-based registration, and subsequently transformed to
MNI space. Nuisance regression was performed in each subject's native space. We applied ICA-AROMA
(non-aggressive). Additional nuisance regressors included 24 motion parameters (6 motion parameters,
their derivatives, squared terms, and squared derivatives), the first 5 principal components from white
matter and cerebrospinal fluid, mean CSF signal, and linear and quadratic trends. A bandpass filter (0.01-
0.1 Hz) was applied. Global-signal regression was not applied.

Preprocessed data were visually inspected at each step; following visual inspection, it was deemed that
brain extraction was superior for one participant using the non-robust FSL BET setting, all other
preprocessing steps remained the same. Post-processing steps included spatial smoothing using a 4mm
FWHM Gaussian kernel, normalisation, and demeaning.

Functional MRI data quality control

1. Initial Data Exclusions

- Early quality assessment revealed systematic signal dropout issues in runs 2 and 3 of several sessions
related to erroneous shim settings

- 4 runs from 3 participants were excluded due to these shimming-related signal dropouts.

2. Preprocessing Quality Control

- Standard preprocessing was applied to all remaining runs

- During ICA-AROMA denoising, one run was classified as containing >90% noise components
- Visual inspection of this run confirmed severe artifacts throughout the timeseries

- This run was excluded from further analysis.

3. Motion Assessment
- Mean framewise displacement (FD) was calculated using Power's method



- A threshold of 0.2 mm mean FD was set as the initial screening criterion
- All runs exceeding this threshold underwent comprehensive visual inspection, including:
* Temporal plots of 6 motion parameters and their derivatives
* DVARS timeseries
* Functional time series for key regions of interest
* Seed-based connectivity matrices
* Raw EPI data and preprocessed BOLD timeseries
- Based on this assessment, 2 runs showing excessive motion-related artifacts were excluded.

4. Final Dataset Construction
- 7 participants met all quality criteria for both baseline and LSD sessions
- Baseline maps were constructed by averaging:
* 3 runs for 4 participants
* 2 runs for 3 participants
- LSD session analysis used only the first run from each participant's session, none of which were excluded
as described above.



fMRI correlation metrics

Scripts for transforming C-PAC outputs to the appropriate input format and for performing each fMRI
analysis are publicly available (https://github.com/Pneumaethylamine/dOccLS).

Atlas and region selection

Unless otherwise stated, all measures were calculated using a combined atlas of the Schaefer 200-region
parcellation and the 32-region S2 Tian subcortical atlas (80). For network connectivity, graph theory, and
information-entropy analyses, we extracted time series data using the Schaefer 200-parcel atlas, and
correlations were estimated using Nilearn in C-PAC (81). Each Schaefer 200-region region was assigned
to one of seventeen networks as described in the Yeo-17 network parcellation, which was used for
estimating network-connectivity scores (82). These networks include: Control (A, B, C), Default Mode (A,
B, C), Dorsal Attention (A, B), Limbic (A, B), Salience/Ventral Attention (A, B), Somatomotor (A, B),
Temporal Parietal, Visual Central, and Visual Peripheral. Thalamo-cortical correlation was calculated using
merged thalamic regions from the S2 Tian subcortex atlas as a single seed (available on GitHub), and all
voxels from the Schaefer-200 atlas as regions of interest (80,83). Normalised Spatial Complexity and
Sample Entropy used Yeo-17 Networks as seeds.

Global correlation (GCOR)

The correlation between the time series for each voxel and every other voxel in a mask was calculated, and
the median scores were considered as the GCOR score for that voxel. The resultant GCOR maps were then
smoothed with a 3 mm FWHM kernel to limit variance due to inter-individual anatomical differences and
enhance the spatial alignment of features across participants.

Thalamo-cortical correlation (TCOR)

The correlation between the timeseries for the thalamus seed and every other voxel in the mask was
calculated, and the median scores were considered the TCOR score for that voxel. The resultant TCOR
maps were then smoothed with a 3 mm FWHM kernel.

Surface projections of GCOR and TCOR analyses were generated using BrainNetViewer (84), with effects
thresholded at absolute Cohen's dz > 0.3 to delineate regions exhibiting at least small modulation of
connectivity.

Atlas-based network connectivity

Network connectivity was quantified for both between-network and within-network connections. Let C(ra,
rp) denote the functional connectivity score between regions r, and rg. The connectivity A;j between networks
Ni and N; was computed as: Ajj = median(C(ra, 1)) for all r, € N; and 1y € N; when 1, # 1.

fMRI information entropy metrics

Information-entropy metrics were calculated using the in-house developed Copenhagen Brain Entropy
(CopBET) toolbox, available on GitHub https://github.com/anders-s-olsen/CopBET. For more detailed



methods, please see (59). Each applied metric is summarised briefly below. The measures Geodesic
distribution entropy, Dynamic Conditional Correlation and Normalised Global Spatial Complexity apply a
Shannon entropy quantification H(X) = — > x€X p(x) - log2p(x) where H(X) refers to the Shannon entropy
of probability mass function X containing bins (x) with height (p).

Geodesic distribution entropy

Geodesic distribution entropy is a measure of the entropy of static connectivity given by the matrix of
Pearson correlation coefficients, R, calculated as described above (85). Degree refers to the number of non-
zero elements in any given row of a thresholded matrix. ROI-specific degrees are computed based on R,
with N=200, using absolute correlation values. The goal of the thresholding for this analysis is to reach a
pre-specified mean degree across rows. To achieve this, a threshold below which all absolute values are set
to 0 is gradually increased until the mean number of non-zero elements is at the desired level. Here, we
applied a scan-specific threshold that produced a mean degree range of 20-40. We report in the main text
only the results from a mean degree of 40, as this aligns with a threshold applied in the previous literature.
This means that each scan may have a different absolute threshold value, but nearly identical mean degree.
The matrix was then binarised, setting all non-zero elements to 1. The "shortest path length" was then
computed as the fewest edges one must traverse to go from one node to another using the MATLAB
function “distances”. The Shannon entropy of the distribution of path lengths from each node to all other
nodes was then calculated.

Dynamic conditional correlation entropy

Windowless framewise correlation coefficients were calculated for all edges using the Dynamic
Conditional Correlation (DCC) toolbox (86,87). Subsequently, the probability distribution over each ROI-
to-ROI DCC time series was established, and the Shannon entropy was calculated. Each ROI was assigned
to one of the Yeo-17 networks. Each ROI-to-ROI pair was then assigned to its respective network-to-
network association (e.g., motor-motor, default mode-motor, etc.); the mean entropy of each network-to-
network association was calculated.

Normalised spatial complexity (NSC)

NSC entropy was calculated using principal component analysis (PCA) of the voxelwise fMRI time series
across the whole cortex or each Yeo-17 Network separately (58). This yields a set of eigenvalues. Let A1,
A2, ..., Am be the eigenvalues obtained from the PCA, where m is the total number of eigenvalues. These
eigenvalues are first normalised by dividing each by the sum of all eigenvalues: \' =& /Y- _; A, where
Ai' is the normalised eigenvalue and the sum is taken over all i from 1 to m. The NSC entropy is then
computed as: NSC =-Y- _; (' * log(A")) / In(m), where the sum is taken over all i from 1 to m. The
division by In(m) serves to normalise the entropy value, ensuring it falls between 0 and 1. This calculation
is performed both on the whole-brain level and for each region of interest defined by the atlas, resulting in
a global NSC entropy value and a set of regional NSC entropy values for each fMRI session.

Multi-scale sample entropy

Sample entropy is defined as the negative logarithm of the conditional probability that if two vectors with
length m (set to 2) are dissimilar below a threshold distance r (set as 0.3), then vector pairs with length m+1



will also have distance below the threshold. Sample entropy for scales 1-5 was evaluated for each network,
meaning that each time-series was split into non-overlapping windows of length (scale) s volumes and the
means of each window were concatenated to form a condensed time-series upon which sample entropy was
calculated (88). Sample entropy was calculated for each voxel in the Yeo-17 networks and then averaged
across voxels to return a score for each scale for each network. Scale 1 (i.e., no downsampling) is reported
in the main text; all scales are reported in the Supplementary Table S5.

Lempel-Ziv complexity

The BOLD time series for each ROI were first Hilbert-transformed. The amplitude of the Hilbert series was
then binarised around the mean amplitude for that region, i.e., assigned as 1 if greater than the mean and 0
if less. These binarised time series were combined into a TN matrix, where T is the number of time points
and N = 232 is the number of regions. This matrix was collapsed into a single vector to compute the Lempel-
Ziv complexity over time (LZct, LZ78 algorithm) wherein regional time series were concatenated. LZct
represents a calculation of the temporal entropy of each ROI (89,90).

fMRI graph theory metrics

Graph theory metrics used functions from the Brain Connectivity Toolbox (2019 March version) (91).

Modularity

Modularity was calculated by applying the community louvain function from the Brain Connectivity
Toolbox (BCT) (91) with y = 1 and asymmetric treatment of negative weights to the weighted, undirected
Pearson's correlation matrix for each scan individually. This was repeated 100 times, and the maximum
value was saved as the absolute modularity. Subsequently, 100 null graphs were created using the
null _model und sign function in BCT; for each null graph, the same procedure for calculating modularity
was applied, i.e., taking the maximum of 100 repetitions of applying the community louvain function. The
observed modularity was normalised with respect to the mean modularity of these null models, i.e.,
normalised modularity = absolute_modularity / null_modularity.

Small-worldness

A positive-only matrix was used by removing all negative correlations because small-worldness stems from
calculating path-length, which is ill-described for graphs with negative correlations. Further, we did not
consider it sensible to take the absolute values, as negative correlations represent distinct neural phenomena
from positive correlations, and there is no consensus strategy for how to account for these in the estimation
of small-worldness (92).

First, the mean clustering coefficient (C) across all regions was calculated using the BCT function
clustering coef wu. The average path length (L) was calculated using the BCT function
distance wei_floyd(‘log”) as the mean of the non-infinite, non-zero path lengths. We generated 100 null
graphs using the BCT function null model und sign on the unthresholded matrix, which was then
thresholded to include only positive edges. C and L were calculated for each null graph, and observed small-



worldness was normalised as SMnom = (C / mean(Cnun)) / (L / mean(Lnui)), where Cnyi and Ly are C and
L, respectively, calculated on null graphs.

Multimodal analysis

Registration and regional alignment

To enable cross-modal comparisons between CBF and BOLD fMRI (GCOR), we quantified both
modalities within the same set of brain regions defined by the AAL3 atlas (93). CBF data were already
processed within the AAL regions. To ensure spatial correspondence, individual GCOR maps were
transformed into AAL3 space, and regional mean values were extracted from the same atlas-defined
regions. For PET data, we used previously computed neocortical 5-HT2AR occupancy estimates for each
participant.

Cross-modality correlation analysis

We used Spearman’s rank correlation (p) to assess the relation between neocortical 5-HT2AR occupancy
and changes in regional CBF, between occupancy and changes in regional GCOR, and between changes in
CBF and GCOR. Changes for CBF and GCOR scores were calculated as LSD minus baseline. Correlations
were run across participants for each region to identify spatial variability in how receptor occupancy relates
to functional brain changes.

Statistics

Given the densely sampled but limited cohort (n = 7) and heterogeneous dosing regimens, we prioritised
effect size analyses to characterize LSD-induced hemodynamic and functional connectivity alterations.
Effect sizes provide meaningful information about the magnitude and practical meaningfulness of the
observed changes, particularly valuable in studies with smaller samples (94). While we initially explored
linear mixed-effect models to account for repeated measures, these often failed to converge or produced
singular fits. Therefore, to ensure consistent modeling across measures, we averaged across densely
sampled baseline runs to calculate participant- and session-specific maps, considering only the first scans
during LSD sessions. We computed Cohen's dz values as the mean difference between conditions (LSD -
baseline) divided by the standard deviation of those differences. For CBF regional effects, we supplemented
the effect size analyses with a step-down permutation procedure that leveraged all possible permutations of
our dataset to control for multiple comparisons (see Supplementary Figure S7 and Supplementary Table S2
for details).

For the relation between average subjective drug intensity and occupancy, a sigmoid function was fit where
the parameters a, b, and ¢ were estimated using nonlinear least squares regression on the model data. The
sigmoid model was implemented in R (v4.3.1) using the following code:

sigmoid_model <-stats:: nls(avg_score ~a /(1 + exp(-b * (OCCUPANCY - ¢))),
data = model data,
start = list(a= 5, b=0.1, ¢ = 50))



Plasma LSD quantification

Plasma samples (100 pnL) were spiked with 20 pL internal standard (LSD-d3) and protein precipitated with
acetonitrile (700 uL) using a fully automated robotic system. The supernatant (700 uL) was acidified with
50 uL 10% formic acid in acetonitrile, evaporated, and reconstituted in 100 uL. 12.5% methanol:12.5%
acetonitrile in 0.05% formic acid.

LSD was quantified by ultra-high-performance liquid chromatography—tandem mass spectrometry
(UHPLC-MS/MS) using a Kinetex Biphenyl column (2.6 pm, 2.1 x 50 mm), and gradient elution of A: 1
mM ammonium formate in 0.1% formic acid and B: 1:1 methanol:acetonitrile with 0.1% formic acid. The
column temperature was held constant at S0°C, the flow rate was 0.50 mL/min, and the total run time was
3.9 min. The injection volume was 2 plL. The quantification was performed using multiple reaction
monitoring (MRM) in positive ionization mode. The two MRM transitions used for LSD were m/z 324 ->
223 and 324 -> 207. The MRM transition used for the internal standard LSD-d3 was m/z 327 -> 226.

Five calibrators in plasma were freshly prepared for each series, and two quality control (QC) samples in
plasma were included in each series in duplicates. The measurement range was 0.0001-0.01 mg/kg (0.28 -
28.5 nM) using a linear calibration model and a weighting factor of 1/x. The method showed acceptable
accuracy and precision for the QCs according to international guidelines.

Concentrations were quantified in mcg of LSD per kg blood, which were converted to nanomolar values
using an estimated plasma density of 1.02 g/ml and the molecular weight of LSD of 323.43 g/mol.

CYP2D6 genotyping

CYP2D6 genotyping was performed according to established methods at the Danish Epilepsy Centre
Laboratory Unit using validated real-time PCR assays (For detailed methodology, see Jensen et al.) (95).

Code availability

The code used for analyses are available on Github https://github.com/Pneumaethylamine/dOccLS.

Data availability

Data from this study are available through the Center for Integrated Molecular Brain Imaging (Cimbi)
Database and Biobank at Rigshospitalet, Copenhagen (96). Researchers can request access to the dataset
by completing a standardised application form available at the Cimbi website
(https://nru.dk/index.php/research-menu/research-groups/115-the-cimbi-database-and-biobank) (96)
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Adverse effects

Three participants experienced transient adverse events. One participant reported mild nausea, dizziness,
and moderate anxiety with ego dissolution, which resolved concurrently with the acute drug effects.
Another participant experienced severe emesis and nausea that resolved with drug clearance, followed by
temporary difficulty with distance visual accommodation that spontaneously resolved within 72 hours. A
third participant reported acute anxiety associated with the scanner environment that dissipated upon exiting
the scanner, and mild sleep disturbances lasting approximately one week post-administration, with
spontaneous resolution. No serious adverse events occurred, and no medical intervention was required for
any participant.

LSD eftfects on emotional response to music

LSD enhanced emotional responses to music during the scan compared to the baseline scan (Supplementary
Figure S14). The most pronounced effect was observed in the item ‘Transcendence’, showing a large
increase (dz = 1.63) under LSD compared to baseline. Moderate increases were also observed in Strength
(dz=0.89) and Joy (dz = 0.71). Smaller but notable effects were seen in Wonder (dz = 0.55), Tension (dz
=0.47), and Tenderness (dz = 0.46). Sadness showed a modest increase (dz = 0.40), whereas Nostalgia and
Peacefulness demonstrated the smallest effects (both dz = 0.26).
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Supplementary Figure S1 | Relation between CYP2D6 metabolizer status and LSD plasma levels.
Peak plasma LSD concentrations normalised by body weight-adjusted dose (nM per pg/kg) plotted
against CYP2D6 metabolizer scores for all participants (n=11). Each point represents an individual
participant, with different shapes and colors identifying unique participants. CYP2D6 scores range from
0.5 (poor metabolizer) to 2.0 (normal metabolizer).
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Supplementary Figure S2 | Relation between weight-adjusted LSD dose and peak plasma
concentrations. Peak plasma LSD concentrations plotted against body weight-adjusted dose (pg/kg)
across study participants (n=11). Individual CYP2D6 metaboliser scores are indicated by marker shapes
(circle=0.5, square=1.0, triangle=1.5, diamond=2.0), reflecting varying metabolic capacity. The black line
shows the linear regression (R*=0.49, p=0.017), demonstrating a significant positive correlation between
administered dose and peak plasma levels. Peak weight-adjusted plasma LSD levels showed little
correlation with CYP2D6 metabolizer status (R?2 = 0.01, P =0.78).
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Supplementary Figure S3 | In-scanner comfort ratings during scans. Self-reports during baseline and
LSD conditions (n=6). Effect sizes (Cohen's dz) show reduced Tiredness (dz = 1.3) with minimal changes

in Calm, Claustrophobia, and Physical Discomfort ratings. Each color represents a unique participant
receiving doses ranging from 25-200 pg of LSD. Ratings were collected immediately following each
scanning sequence during peak drug effects, approximately 2-3 hours post-administration.
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Supplementary Figure S4 | Dose-occupancy relation for LSD. A: LSD dose (ug) versus receptor
occupancy fitted with Hill-Langmuir model. The solid black line shows the model fit, and bootstrap-
derived 95% confidence intervals are shown in grey shading. Model estimates from the original fit with
bootstrap confidence intervals indicate maximum occupancy of 96.2% [73.5-100%] and EDso of 31.1 ug
[7.6-46.4 ug]. B: Body weight-adjusted LSD dose (ug/kg) versus receptor occupancy fitted with Hill-
Langmuir model. The solid black line shows the model fit with bootstrap-derived 95% confidence
intervals in grey shading. Model estimates indicate maximum occupancy of 98.7% [80.3-100%] and EDsg
of 0.41 pg/kg [0.17-0.54 pg/kg]. The improved coefficient of determination (R* = 0.75 versus R*=0.58
for unadjusted dose) suggests that body weight adjustment better predicts receptor occupancy.
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Supplementary Figure S5 | LSD-induced change in cerebral blood flow and internal carotid artery
flow. A) Global cerebral blood flow (CBF) measured using pseudo-continuous Arterial Spin Labeling

(pCASL) plotted against internal carotid artery flow measured with Phase Contrast Mapping (PCM), with

circles representing baseline measurements and triangles representing post-LSD administration for seven
participants at varying doses (25-200pg). B) Relation between LSD-induced changes (A) in global CBF
and changes in internal carotid artery flow, showing a significant positive correlation (r = 0.786, p =

0.036).
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Supplementary Figure S6 | Regional cerebral blood flow (CBF) measurements at baseline (BL) and
after LSD administration across 13 brain regions. Each colored line represents a different participant who
received varying doses of LSD (25-200ug), with measurements shown in ml/100g/min. Brain regions
analysed include the anterior cingulate cortex (ACC), amygdala, caudate, hippocampus, insula, occipital
cortex, orbitofrontal cortex (OFC), parietal cortex, posterior cingulate cortex (PCC), prefrontal cortex,
putamen, temporal cortex, and thalamus.
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Supplementary Figure S7 | Distribution of t-statistics for the LSD effect on cerebral blood flow
across 13 brain regions. Each subplot shows the null distribution of t-statistics generated from
permutation testing, represented by histograms (light blue bars) with overlaid density curves (blue lines).
The observed t-statistic for each region is indicated by a vertical red dashed line. The test statistics (t-
value) and stepdown-adjusted p-values are shown above each plot. The Occipital region shows the
strongest effect (t = 4.89, p = 0.016), whereas the Amygdala shows the weakest effect (t=0.95, p =
0.4006).
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Supplementary Figure S8 | Individual changes in cerebral blood flow following LSD
administration. Changes in cerebral blood flow (CBF) for each participant following LSD administration
compared to baseline, shown on inflated cortical surfaces. The color scale indicates CBF changes from -
30 to +30 ml/100g/min, with red-yellow showing increases and blue showing decreases. Made using
BrainNetViewer.
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Supplementary Figure S9 | Individual changes in global brain connectivity following LSD
administration. Brain surface renderings showing changes in global functional connectivity for each of
the seven participants included in the final analysis. Each panel displays lateral and medial views of both
hemispheres (L: left, R: right) with changes in connectivity represented on inflated cortical surfaces.
Orange-yellow colours indicate increases in global connectivity, whereas blue colours indicate decreases
relative to baseline. Colour intensity corresponds to the magnitude of connectivity change, thresholded at
an absolute delta correlation coefficient (R) of 5e-4. All maps were generated using BrainNetViewer.
Consistent patterns of decreased connectivity (blue) can be observed across visual and attention networks
in most subjects, aligning with the group-level findings reported in the main text.
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Supplementary Figure S10 | Individual changes in thalamo-cortical connectivity following LSD
administration. Brain surface renderings showing changes in functional connectivity between the
thalamus and cortex for each of the seven participants included in the final analysis. Each panel displays
lateral and medial views of both hemispheres (L: left, R: right) with changes in connectivity represented
on inflated cortical surfaces. Orange-yellow colours indicate increased thalamo-cortical connectivity
while blue colours indicate decreased connectivity relative to baseline. Colour intensity corresponds to the
magnitude of connectivity change, thresholded at an absolute delta correlation coefficient (R) of 5e-3. All
maps were generated using BrainNetViewer.



== CONSORT

L7 I TRANSPARENT REPORTING of TRIALS

Assessed for eligibility Volunteers (n=53)

Excluded (n=32)

- Did not meet inclusion criteria (n=22)
- Prior psychedelic use (n=15)

- Mental health condition (n=4)

"| - Did not speak Danish (n=3)

- Other reasons (n=10)

Lost to follow-up (n=5)

- Declined to participate

v

In-person screening (n=16)

Excluded (n=4)
- Did not meet inclusion criteria (n=4)

¥

Enrollment Randomized (n=12)

Discontinued intervention (n=1)
- Withdrew consent (n=1)

A 4

h 4

Study Baseline assessment(n=11)

v

Peak scan (n=11)

Incomplete scan data (n=4)
- Technical failure (n=2)

- Scanner discomfort (n=1)

h 4 - Adverse event: nausea (n=1)

Completed scan (n=7)

v

Late effects scan (n=2)

h 4

Analysis Baseline effects (n=7)

v

Late effects (n=2)

Supplementary Figure S11 | CONSORT flow diagram showing participant recruitment and
retention through the study.
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Supplementary Figure S12 | Schematic illustration of the study design and participant progression
through different scanning phases. All participants (n=11) underwent a baseline scan including
['"'C]CIMBI-36 PET imaging and multimodal MRI (multi-band multi-echo BOLD, pseudo-continuous
arterial spin labeling, time-of-flight angiography, and phase contrast mapping). Following LSD
administration (25-200ug oral), participants completed peak scans (n=7), and two of them also completed
late scans. Four participants did not complete LSD scans due to scanner failure (n=2) or adverse effects
(n=2). Of the seven completing peak scans, two completed late scans.
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Supplementary Figure S13 | Quality control pipeline across imaging modalities. The figure illustrates
the quality control and data processing pipeline across the MRI modalities: BOLD, pCASL, and
TOF/PCM. The planned acquisition for all modalities included BL=3 (Baseline) and LSD=3 runs. The
"Data collected" matrices show the distribution of participants according to the number of baseline runs
(y-axis, 0-3) and LSD runs (x-axis, 0-3) that were successfully collected. Forward slashes (/) indicate that
no participants had that particular combination of runs. The "Data analysed" panel shows the final
distribution of included runs for each modality.
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Supplementary Figure S14 | Music-evoked emotional responses to LSD measured by Geneva
Emotional Music Scale (GEMS). Music-evoked emotions that were measured within-scan using the
GEMS at baseline and after LSD administration. The figure shows nine emotional dimensions: Joy,
Nostalgia, Peacefulness, Sadness, Strength, Tenderness, Tension, Transcendence, and Wonder. Scores
range from 0-10 on each dimension. Individual participant responses are shown as colored dots, while black
diamonds represent group means. Effect sizes between conditions are indicated by Cohen's d (dz) values
for each emotional dimension.



Measure Baseline Peak Scan Late Scan
n 11 7 2
Age 31 £ 9[23-55] 29 + 6[23-41] 28*
Sex (M/F) 9M/2F 6M/1F 1M/1F
Weight (kg) 81 + 12[63-106] 84 +14[63-106] 68*
Height (cm) 184 + 9[167-195] 184 + 8[170-192] 175*
Injected dose (MBq) 361+ 117[147-501] 334 + 81[207-427] 417,436
Injected mass (ug) 0.21+0.16[0.033-0.63] | 0.20 % 0.11 [0.02-0.31] 0.31,0.38
Previous psychedelic uses 18 + 43[0-146] 8 £ 9[0-20] 0,1

Supplementary Table S1 | Participant characteristics and PET scan parameters across study phases.
Demographics, physical characteristics, and study parameters for participants in baseline (n=11), peak LSD
(n=7), and late LSD (n=2) scanning sessions. Data are presented as mean + standard deviation with
[minimum-maximum] ranges. Measures include age (years), sex distribution (Male/Female), weight (kg),
height (cm), radiotracer parameters (injected dose in MBq and mass in pg), and number of previous
psychedelic uses. * Only means are presented in Late Scan column to avoid reporting single-subject
demographic information.



Baseline LsD Change Statisties

MEASURE T M range [TEX-] M range A A%  t-stat  p-value p-stepdown cohen'sdz
gCBF 49.2+10.4 50.8 29.1-59.0 58.7 +10.9 57.1 45.6-77.4 6.3 19.3 | 3.16 0.020 NA 1.20
Prefrontal 53.T7+117 56.4 31.4- 645 63.3+114 60.1 43.4-83.5 37 18.0 2.85 0.02% 0.125 L.os
Parietal 5404114 54.8 31.9-67.5 63.8+£11.0 64,6 51.7-82.2 9.8 18.0 2.65 0.038 0.125 L.00
Temporal 49.9£103 520 3L.5-60.8 59.0+£127 55.3 42.5-83.1 34 18.4 221 0.06% 0.125 0.84
Occipital 46.2+9.8 47.3 28.5-56.2 58.4+10.5 60.7 44.1-70.8 133 264 4.89 0.003 0.016 1.85
OFC 48.6+11.0 52.8 29.4-59.3 55.8 + 10.6 59.0 36.9-70.7 6.1 14.9 1.68 0.144 0.203 0.63
ACC 57.5%133 G64.1 35.1-68.8 66.9+13.6 B5.7 52.8-92.3 16 16.3 220 0.070 0.109 0.83
PCC 63.3+139 64.3 40.3-79.3 T4.2+17.0 T6.9 51.5-105.1 127 173 319 0.01% 0.094 121
Insula 56.6+11.8 G4.4 37.0- BB.6 67.9+149 65.0 49.3-93.1 0.6 201 3.04 0.023 0.109 115
Hippocampus 44.3+95 44.1 26.7-51.5 51.0+12.7 47.1 39.0-74.1 3.0 15.1 2.34 0.058 0.141 0.88
Amygdala 39.5+9.0 39.8 25.1-45.1 43.8+14.5 37.3 33.0-73.4 1.4 10.9 0.95 0380 0.406 0.36
Thalamus 409+88 40.3 25.7-51.2 488 +6.7 50.4 39.1-55.7 102 154 278 0.033 0.141 Lo4
Caudate 3894111 41.0 20.6-52.8 46.5+7.2 44.6 36.7-57.7 38 19.5 226 0.064 0.141 0.86
Putamen 433+£89 45.6 29.7-52.5 53.4£112 50.3 3TT-72.6 4.8 23.2 271 0.035 0.125 03
ICA Diameter (mm) 45204 4.4 3.9-5.1 43206 4.4 3.3-5.0 0.0 -3.5 1.00 0.356 NA -0.38
ICA Flow (mlfmin) 210.1+62.3 2385 92.6-2T2.1 | 268.9£519 270.7 221.3-369.1 | 32.2 28.0 | -3.43 0.014 NA 1.30

Supplementary Table S2 | Regional cerebral blood flow (ml/100g/min), internal carotid artery
(ICA) diameter (mm), and blood flow (ml/min) measures at baseline and after LSD administration.
Values are presented as means (|1) with standard deviations (o), medians (M), and ranges [,], along with
numerical (A) and percentage (A%) changes, t-statistics, p-values (uncorrected and step-down corrected),
and effect sizes (Cohen's dz).



Additional supplementary tables

The following supplementary Tables are available as Excel workbooks.

Supplementary Table S3 | Global correlation (GCOR) changes following LSD administration.
Regional changes in global functional connectivity organized by brain region and network. The table
includes baseline and LSD condition means, absolute and percentage changes, effect sizes (Cohen's dz),
and statistical results for each brain region analyzed. Values are reported for both hemispheres where
applicable, with regions sorted by network membership according to the Schaefer 200-parcel atlas.

Supplementary Table S4 | Thalamo-cortical correlation (TCOR) changes following LSD
administration. Detailed results showing changes in functional connectivity between the thalamus and
cortical regions. For each cortical region, the table presents baseline and LSD condition means, changes
in connectivity strength, effect sizes (Cohen's dz), and corresponding statistical tests. Results are
organized by anatomical location and network membership to facilitate interpretation of the spatial
patterns of connectivity changes.

Supplementary Table S5 | Functional MRI results. Detailed results from analyses of network-level
functional connectivity measures, including static and dynamic network connectivity, sample entropy at
multiple scales, normalized spatial complexity, and global brain organization metrics (modularity, small-
worldness, etc.). For each metric, the table presents mean values at baseline and under LSD conditions,
absolute and percentage changes, effect sizes (Cohen's dz), and both uncorrected and corrected p-values.

Supplementary Table S6 | AAL3 regions of interest. Description of how we combined regions from the
Automated Anatomical Labeling 3 (AAL3) atlas into 13 broader anatomical regions of interest (ROIs).
Each row represents one of these ROIs, with the corresponding AAL3 subregions that were combined to
create it. All regions include both left and right hemispheric components.





