
 
 
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. 



 



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 (ρ) 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 (ρ < -0.5) (Figure 5A, D). In contrast, 
change in CBF showed no clear relation with neocortical occupancy, with |ρ| < 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). 

 
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  |ρ| > 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 5-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 IC50 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 5-HT2AR-expressing NIH-3T3 cells 
indicated an affinity of 4.2 nM (28). For comparison, clinical data suggest that the EC50 for psychedelic 
effects is 3-4 nM (29). This convergence across distinct methodologies is reassuring and further validates 
[11C]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 μg 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 μg, 50 μg, 100 
μg, and 200 μg 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 Ki 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 
[11C]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 BPND 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 BPND 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 ICA 
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 5-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, 5-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 [18F]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 5-HT2AR antagonist such as sarpogrelate (53). 
Whether such decoupling also applies to LSD remains unknown, as [18F]FDG-PET imaging has not yet 
been performed. Simultaneous [18F]FDG-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-I or WHO ICD-10 diagnostic 
classification) 
• Current or past history of primary psychiatric illness (DSM-IV axis-I 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.) 
• 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 
• 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 μg/L) 



• Body-weight < 50 kg or > 110 kg 
• BMI > 35 kg/m² 
• 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 μg and 200 μg 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 [11C]Cimbi-36. Processing of 
[11C]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 5-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 (BPND) (73) was the primary outcome measure, with occupancy % 
calculated as 100 x ((baseline BPND - LSD scan BPND)/baseline BPND). The relation between plasma LSD 
concentration and receptor occupancy was modeled using the single-site binding model, the Hill-Langmuir 
equation: 
 
Occupancy = (Occmax × [LSD]) / (IC50 + [LSD]) 
 
where Occmax represents maximum achievable occupancy and IC50 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%, IC50 
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 BPND (Figure 2) were generated in PETSurfer using MRTM2, 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 BPND or occupancy estimates are from SRTM-
derived BPND 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/5yT9nTRdgoPIb2f0h5QuKg?si=b6374a44413a485b; 



participants who completed a second PET-MRI scan after LSD administration listened to the following 
playlist: https://open.spotify.com/playlist/0UW0wjkE14sXIjwqlmKf5Y?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 mm2, matrix size 
= 256 x 256, voxel size = 1 x 1 x 1 mm3, 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 mm2, 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 × 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 × 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 mm2 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 mm2 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 μg or 146 μg of 
GMP-grade LSD tartrate (Lipomed AG, Arlesheim, Switzerland), corresponding to 25 or 100 μg 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℃, 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 M0 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. Dev1). The .yml file containing all settings used is available on the 
project GitHub (https://github.com/Pneumaethylamine/dOccLS). T1-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, 
rᵦ) denote the functional connectivity score between regions rₐ and rᵦ. The connectivity Aᵢⱼ between networks 
Nᵢ and Nⱼ was computed as: Aᵢⱼ = median(C(rₐ, rᵦ)) for all rₐ ∈ Nᵢ and rᵦ ∈ Nⱼ when rₐ ≠ rᵦ. 

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 (ݔ)݌2݃݋݈ ⋅ (ݔ)݌ ܺ∋ݔ∑ − = (ܺ)ܪ 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 ܰ=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 λ₁, 
λ₂, ..., λₘ 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: λᵢ' = λᵢ / ∑�

� ୀ 1 λᵢ, where 
λᵢ' is the normalised eigenvalue and the sum is taken over all i from 1 to m. The NSC entropy is then 
computed as: NSC = -∑�

� ୀ 1 (λᵢ' * log(λᵢ')) / ln(m), where the sum is taken over all i from 1 to m. The 
division by ln(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 T×N 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 γ = 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 SMnorm = (C / mean(Cnull)) / (L / mean(Lnull)), where Cnull and Lnull 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 (ρ) 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 c 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 - c))),  

data = model_data,  
start = list(a = 5, b = 0.1, c = 50)) 



Plasma LSD quantification 
Plasma samples (100 μL) were spiked with 20 μL internal standard (LSD-d3) and protein precipitated with 
acetonitrile (700 μL) using a fully automated robotic system. The supernatant (700 μL) was acidified with 
50 μL 10% formic acid in acetonitrile, evaporated, and reconstituted in 100 μL 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 μm, 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 50°C, the flow rate was 0.50 mL/min, and the total run time was 
3.9 min. The injection volume was 2 μL. 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 effects 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).  



 
Supplementary Figure S1 | Relation between CYP2D6 metabolizer status and LSD plasma levels. 
Peak plasma LSD concentrations normalised by body weight-adjusted dose (nM per μg/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).  



 
Supplementary Figure S2 | Relation between weight-adjusted LSD dose and peak plasma 
concentrations. Peak plasma LSD concentrations plotted against body weight-adjusted dose (μg/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 (R²=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 (R² = 0.01, P =0.78). 
 
 
  



 
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 μg of LSD. Ratings were collected immediately following each 
scanning sequence during peak drug effects, approximately 2-3 hours post-administration. 



Supplementary Figure S4 | Dose-occupancy relation for LSD. A: LSD dose (μg) 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 ED50 of 31.1 μg 
[7.6-46.4 μg]. B: Body weight-adjusted LSD dose (μg/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 ED50

of 0.41 μg/kg [0.17-0.54 μg/kg]. The improved coefficient of determination (R² = 0.75 versus R² = 0.58 
for unadjusted dose) suggests that body weight adjustment better predicts receptor occupancy.



 
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 (25-200μg). B) Relation between LSD-induced changes (Δ) in global CBF 
and changes in internal carotid artery flow, showing a significant positive correlation (r = 0.786, p = 
0.036). 
 
 
 
 
 

 



Regional ASL effects 

 
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 (25-200μg), 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. 
 



 
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 = 
0.406).  



 
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. 



 
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. 



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.  
  



Supplementary Figure S11 | CONSORT flow diagram showing participant recruitment and 
retention through the study.



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 
[11C]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 (25-200μg 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.



 
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. 
 
 
 



 

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.  

 
 
 



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 μg), and number of previous 
psychedelic uses. * Only means are presented in Late Scan column to avoid reporting single-subject 
demographic information.



 
 
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 (μ) with standard deviations (σ), medians (M), and ranges [,], along with 
numerical (Δ) and percentage (Δ%) 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. 
 




