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Introduction
Psilocybin has been used for centuries by native cultures and 
more recently in modern research for its psychoactive properties 
(Schultes and Hofmann, 1979). It is a naturally occurring 
tryptamine (4-phosphoryloxy-N,N-dimethyltryptamine) and the 
primary psychoactive component in Psilocybe mushrooms 
(Hofmann et al., 1958; Tylš et al., 2014). After ingestion, psilocy-
bin is rapidly dephosphorylated to psilocin (4-hydroxy-N,N-
dimethyltryptamine), which is mainly responsible for the 
psychedelic effects via partial agonist action at serotonin type 2A 
(5-HT2A) receptors (Vollenweider et al., 1998), similar to other 
classic psychedelics (Nichols, 2016).

The potential beneficial and therapeutic effects of psilocybin 
are currently under investigation even though it is still unclear to 
what extent such effects are due to neurobiological mechanisms 
or due to the psychological experience of an altered state of con-
sciousness (ASC) (Vollenweider and Preller, 2020). Psilocybin 
can induce profound ASC, comprising personally meaningful 
and spiritually significant mystical-type experiences (Griffiths 
et al., 2006, 2008, 2011; Pahnke, 1963). The quality of the expe-
rience seems to be associated with positive changes in mood, 
attitude and behaviour in healthy individuals (Griffiths et  al., 
2006, 2008, 2011, 2018; MacLean et al., 2011; Madsen et al., 
2020; Studerus et al., 2011), and therapeutic outcomes in patients 

with alcohol use disorder (Bogenschutz et  al., 2015), nicotine 
use disorder (Garcia-Romeu et al., 2015; Johnson et al., 2014, 
2017), major depression (Carhart-Harris et  al., 2016, 2018; 
Davis et al., 2020; Roseman et al., 2018) and cancer-related psy-
chiatric distress (Agin-Liebes et al., 2020; Griffiths et al., 2016; 
Grob et  al., 2011; Ross et  al., 2016). While it is of particular 
interest for future investigations to know how psilocybin dose 
relates to the phenomenological quality of the ASC, no dose–
response meta-analysis has been reported with regards to psy-
choactive properties. Such an analysis will also help to determine 
whether the acute psilocybin-induced experiences differ in spe-
cific patient groups.

Establishing dose–response relationships of subjective psilo-
cybin experiences comes with several challenges. First, to estab-
lish dose–response relationships, the response measure must be 
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accurately acquired across participants, which is challenging for 
psychological effects that depend on introspection (Cardeña 
et al., 2000). The gold standard for measuring ASC experiences 
is retrospective assessment with standardized and validated ques-
tionnaires (Cardeña et  al., 2000; Passie, 2007; Schmidt and 
Majic, 2016). To date, multiple questionnaires have been devel-
oped to quantify different aspects of ASC phenomena. Such psy-
chometric measures allow direct comparisons between induction 
methods, individuals’ responses, averaged group responses, and 
different experimental settings. Moreover, conducting laboratory 
studies with psilocybin is work- and cost-intensive as pharmaco-
logical intervention studies must conform to strong security 
standards to ensure the safety of participants (Nutt et al., 2013). 
Therefore, the amount of studies with controlled doses of psilo-
cybin is limited. In addition, some studies report statistically 
dependent effect sizes by assessing the same sample of study par-
ticipants multiple times, which constitutes a challenge for con-
ventional meta-analytical approaches. A recently presented 
meta-analytical approach, the robust variance estimation (RVE) 
framework (Hedges et al., 2010; Tipton, 2015), permits the inclu-
sion of small samples and statistically dependent effect sizes to 
determine reliable dose–response estimates. Dose–response rela-
tionships are usually best described by a sigmoid function, hav-
ing a characteristic S-shaped curve that starts from no measurable 
response and converges at a maximum response that does not 
proportionally increase with dose. As the reported doses of psilo-
cybin do not cover the upper and lower bounds of a sigmoid 
model, a linear function appears to be a suitable approximation 
for the dynamic range of the sigmoid dose–response function. 
Previous work also suggests a linear relationship of subjective 
experiences for medium to high doses of psilocybin is a good fit-
ting model (Vollenweider and Kometer, 2010; Studerus et  al., 
2011). Taken together, the RVE meta-regression approach 
appears well-suited to determine linear dose–response relation-
ships for psilocybin with the currently available data.

As it is well-known that the quality of the psilocybin-induced 
experience is not only determined by dose, but also by non-pharma-
cological factors like the psychological state of the individual and 
the setting of psilocybin administration (Hartogsohn, 2017; Leary 
et al., 1963; Zinberg, 1984), it is worth comparing dose–responses 
across studies to elucidate the variability of subjective experiences 
as well as the influence of non-pharmacological factors on response 
measures for dose-determination in future studies.

In this paper, we obtain estimates for dose–response relation-
ships of the subjective experiences for orally administered psilo-
cybin in healthy study participants in a controlled setting based 
on the data from the Altered States Database (ASDB; Schmidt 
and Berkemeyer, 2018), a collection of the currently available 
psychometric data on ASC experiences. In an additional analysis, 
we include data from patient populations to explore potential dif-
ferences in their psilocybin-induced subjective experiences. 
Results of this analysis may be used for dose-determination in 
experimental and clinical studies.

Methods

Included data

We used the ASDB to identify peer-reviewed articles that con-
tain suitable data for our meta-analysis. The data were obtained 

from the Open Science Framework repository in version 
ASDB_v1.1a_2020 (published in December 2020) (Schmidt, 
2017). For the meta-analysis, we only included datasets in 
which the effects of orally administered psilocybin were inves-
tigated in healthy study participants and any of the question-
naires listed in Table 1 were applied. We therefore excluded the 
following studies from the main analysis: Grob et  al. (2011), 
Bogenschutz et  al. (2015) and Griffiths et  al. (2016) because 
these studies investigated the effects of psilocybin in patient 
populations; Griffiths et al. (2018) because psilocybin adminis-
tration was combined with meditation, and Carhart-Harris et al. 
(2011) because psilocybin was administered intravenously. Two 
articles, Wittmann et  al. (2007) and Schmidt et  al. (2012), 
reported the identical data as they were previously reported in 
another article and were therefore excluded from the analysis. 
Further, we found two articles that each reported data on a sub-
sample of participants of a different study. We therefore 
included the data on the larger samples and excluded the data 
from Carter et al. (2007) and Preller et al. (2016). Table 1 con-
tains the information on all data included in the meta-analysis. 
Several articles reported data from repeated measurements with 
varying psilocybin doses, so we treated these data as statisti-
cally dependent observations. Corresponding information on 
data dependencies was added to the datasets.

Questionnaires

Our meta-analysis included data from three different question-
naires commonly applied in research on the subjective experi-
ences induced by psychedelic substances: the Altered States of 
Consciousness Rating Scale (5D-ASC; Dittrich et  al., 2006, 
2010), the Mystical Experience Questionnaire (MEQ30; Pahnke, 
1963, 1966) and the Hallucinogen Rating Scale (HRS; Strassman 
et al., 1994).

The 5D-ASC has become one of the most frequently used 
psychometric tools in the assessment of ASC. It is designed to 
investigate the characteristics of ASC that are invariant across 
various methods that are used to induce ASC, including both 
pharmacological (e.g. psilocybin, mescaline, ketamine) and 
non-pharmacological ones (e.g. sensory deprivation, hypnosis, 
autogenic training). Over the course of more than 30 years, the 
questionnaire has undergone several refinements finally leading 
to the currently used version that comprises 94 items (Dittrich 
et al., 2006, 2010). Two different ways to analyse the question-
naire are in use. The first is referred to as 5D-ASC, where the 
ratings of 66 items are combined to form three core dimensions: 
(1) Oceanic Boundlessness, (2) Dread of Ego Dissolution and 
(3) Visionary Restructuralization. Based on the remaining 28 
items, the analysis is supplemented with two empirically derived 
scales that are considered specific to certain induction methods: 
(4) Auditory Alterations and (5) Vigilance Reduction (Dittrich 
et  al., 2006, 2010). The second way of analysis uses only 42 
items of the three core dimensions (Studerus et al., 2010) and 
summarizes the item scores along 11 factors (11-ASC)., These 
factors can be correspondingly considered subscales of the three 
core dimensions and have been termed (1) Experience of Unity, 
(2) Spiritual Experience, (3) Blissful State, (4) Insightfulness, (5) 
Disembodiment, (6) Impaired Control and Cognition, (7) 
Anxiety, (8) Complex Imagery, (9) Elementary Imagery, (10) 
Audio-Visual Synesthesia, and (11) Changed Meaning of 
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Table 1.  Summary of studies included in the meta-regression analysis. All studies were performed with healthy study participants. Two studies report 
the data of the same sample (included only once in the meta-analysis) and two studies report subsamples of data already included in a meta-
analysis, which were therefore omitted. Several studies contain multiple observations (e.g. from repeated measurements).

Study Sample Size Study description Data report Psilocybin administration

Umbricht et al., 2002 N = 18 EEG, auditory mismatch-negativity paradigm 5D-ASC 
(converted)

Oral administration
Dosage:
(1) 280 μg/kg body weight

Hasler et al., 2004 N = 8 Double-blind placebo-controlled within-
subject design
ECG, blood pressure, body temperature and 
further questionnaire assessment

5D-ASC Oral administration as gelatin capsules
Dosages:
(1) 45 μg/kg body weight
(2) 115 μg/kg body weight
(3) 215 μg/kg body weight
(4) 315 μg/kg body weight

Carter, Pettigrew, et al., 
2005
(Same sample: Wittmann 
et al., 2007)

N = 12
(N = 12)

Double-blind placebo-controlled within-
subject design
Binocular rivalry paradigm, time reproduction, 
auditory sensorimotor synchronization task, 
finger tapping, spatial span test

5D-ASC Oral administration as gelatin capsules
Dosages:
(1) 115 μg/kg body weight
(2) 250 μg/kg body weight

Carter et al., 2007
(Subsample: Carter, Burr, 
et al., 2005)

N = 10
(N = 8)

Within-subject design with additional condi-
tions: (2) placebo, (3) 50 mg ketanserin, (4) 
ketanserin + psilocybin,
Multiple object tracking task, spatial working 
memory task

5D-ASC Oral administration as gelatin capsules
Dosage:
(1) 215 μg/kg body weight

Vollenweider et al., 2007 N = 16 Double-blind placebo-controlled within-
subject design
Prepulse inhibition of acoustic startle 
response

5D-ASC 
(converted)

Oral administration as gelatin capsules
Dosages:
(1) 115 μg/kg body weight
(2) 215 μg/kg body weight
(3) 315 μg/kg body weight

Quednow et al., 2012 N = 16 Double-blind within-subject design with 
additional conditions: (2) placebo, (3) 40 mg 
ketanserin, (4) ketanserin + psilocybin,
Prepulse inhibition of acoustic startle re-
sponse, colour-word-Stroop test

5D-ASC 
(converted)

Oral administration as gelatin capsules
Dosage:
(1) 260 μg/kg body weight

Pokorny et al., 2016 N = 19
N = 17

Double-blind within-subject design with two 
groups (G1: N = 19, G2: N = 17)
and additional conditions: (2) G1/G2: pla-
cebo, (3) G1: 20 mg buspirone, or
G2: 3 mg ergotamine, (4) G1: buspirone + 
psilocybin, or G2: ergotamine + psilocybin

5D-ASC Oral administration as gelatin capsules
Dosage:
(1) 170 μg/kg body weight (G1)
(2) 170 μg/kg body weight (G2)

Kometer et al., 2012 N = 17 Double-blind placebo-controlled within-
subject design
EEG, facial emotional recognition task, emo-
tional Go/NoGo task

11-ASC Oral administration as gelatin capsules
Dosage:
(1) 215 μg/kg body weight

Schmidt et al., 2013
(Same sample: Schmidt 
et al., 2012)

N = 21
(N = 20)

Double-blind placebo-controlled within- 
subject design with additional condition:
(2) S-ketamine
EEG, auditory mismatch-negativity paradigm, 
backward masking paradigm with facial affect 
discrimination

11-ASC Oral administration as gelatin capsules
Dosage:
(1) 115 μg/kg body weight

Bernasconi et al., 2014 N = 30 Placebo-controlled
EEG, passive viewing of emotional face task

11-ASC Oral administration as gelatin capsules
Dosage:
(1) 170 μg/kg body weight

Pokorny et al., 2017
(Subsample: Preller 
et al., 2016)

N = 33
(N = 21)

Double-blind placebo-controlled within-
subject design
Multifaceted empathy test, moral dilemma 
task,
fMRI, Cyberball task

11-ASC Oral administration as gelatin capsules
Dosage:
(1) 215 μg/kg body weight

Lewis et al., 2020 N = 55 Randomized double-blind placebo-controlled, 
repeated measures design

11-ASC Oral administration Dosages:
(1) 160 ug/kg body weight
(2) 215 ug/kg body weight

 (Continued)
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Percepts. Both analysis schemes have been validated and dem-
onstrate good reliability ((5D-ASC: Hoyt 0.88–0.95; Dittrich 
et  al., 2006, 2010); 11-ASC: mean Cronbach’s alpha of 0.83 
(Studerus et al., 2010)).

The initial MEQ was first used in the famous ‘Good Friday 
Experiment’ (Pahnke, 1963, 1966), where it was intended to 
assess the differences regarding the aspects of mystical experi-
ence between a group taking psilocybin and a control group tak-
ing a placebo. The items of the MEQ were chosen based on 
literature about mysticism including first-person accounts as well 
as theoretical work, most notably by James (1906) and Stace 
(1960). The initial MEQ has been further developed; the most 
recent is a condensed version MEQ30 by MacLean et al. (2012), 
consisting of 30 items and four empirical scales: (1) Sacredness, 
(2) Positive Mood, (3) Transcendence of Time/Space, and (4) 
Ineffability. This factor structure is currently recommended for 
analyses and has been assessed for reliability, yielding very good 
scores for all four subscales (Cronbach’s alpha: 0.80 to 0.95) 
(Barrett and Griffiths, 2017; Barrett et al., 2015).

Originally developed to quantify acute effects of  imethyl-
tryptamine (DMT; Strassman et al., 1994), the HRS has become a 
frequently used instrument in the assessment of hallucinogen-
induced ASC. The initial construction of this questionnaire was 
based on systematic interviews with experienced hallucinogen 
users describing the effects of smoking DMT freebase. The effects 
specifically induced by DMT, as well as general characteristic 
effects of hallucinogenic substances, were intended to be covered 

by the resulting collection of items. The HRS measures six concep-
tually distinct dimensions of ASC that were a priori defined and 
referred to as ‘clinical clusters’: (1) Somaesthesia: interoceptive, 
visceral, and cutaneous/tactile effects, (2) Affect: emotional/affec-
tive responses, (3) Perception: visual, auditory, gustatory, and 
olfactory experiences, (4) Cognition: alterations in thought pro-
cesses or content, (5) Volition: a change in capacity to willfully 
interact with oneself, the environment, or certain aspects of the 
experience, and (6) Intensity: the overall strength and course of the 
experience (Strassman et al., 1994). Revision and refinement of the 
early versions finally resulted in the HRS 3.06 as the most recent 
version (available from the questionnaire’s author upon request), 
containing 100 statements, most of which are rated on a 5-point 
Likert scale. Reliability assessment indicates good internal consist-
ency for the Affect, Somaesthesia, Cognition and Perception scales 
(Riba et al., 2001).

Standardization of data

Some studies reported the dose normalized to body weight 
(e.g. 25 mg per 70 kg body weight). To allow regression analy-
ses, we converted the doses to microgram (10−6 g) per kilogram 
body weight.

With regards to the psychometric data, some studies 
(Quednow et al., 2012; Umbricht et al., 2002; Vollenweider et al., 
2007; Wittmann et al., 2007) reported the scores of the 5D-ASC 
as non-normalized sums of item scores. These scores were 

Study Sample Size Study description Data report Psilocybin administration

Smigielski et al., 2020 N = 17 Double-blind placebo-controlled within- 
subject crossover design, EEG, self- 
monitoring task

11-ASC Oral administration as capsules Dosage:
  (1) 230 ug/kg body weight

Carbonaro et al., 2018 N = 20 Double-blind placebo-controlled within-
subject design with additional conditions: (4) 
400 mg/70 kg dextromethorphan
Blood pressure, heart rate, pupil diameter, 
circular lights, balance, repeated administra-
tion of other questionnaires

11-ASC
HRS
MEQ30

Oral administration as gelatin capsules
Dosages:
(1) 143 μg/kg body weight (10 mg/70 kg)
(2) 286 μg/kg body weight (20 mg/70 kg)
(3) 429 μg/kg body weight (30 mg/70 kg)

Griffiths et al., 2006 
(reported in Barrett 
et al., 2015)

N = 30 Double-blind within-subject design with ad-
ditional conditions (data from unblended con-
trol condition not included): (2) 40 mg/70 kg 
body weight Methylphenidate
Group setting, meetings with monitor before 
and after sessions

HRS
MEQ30

Oral administration
Dosage:
(1) 429 μg/kg body weight (30 mg/70 kg)

Griffiths et al., 2011
(reported in Barrett 
et al., 2015)

N = 18 Double-blind placebo-controlled between-
group crossover design Descending or ascend-
ing dosage order
Group setting, meetings with monitor before 
and after sessions

HRS
MEQ30

Oral administration as gelatin capsules
Dosages:
(1) 71 μg/kg body weight (5 mg/70 kg)
(2) 143 μg/kg body weight (10 mg/70 kg)
(3) 286 μg/kg body weight (20 mg/70 kg)
(4) 429 μg/kg body weight (30 mg/70 kg)

Nicholas et al., 2018 N = 12 Lying on sofa with eye-shades headphones 
and music
Preparation of participants with guides
Blood sample, ECG

MEQ30 Oral administration as capsules
Dosages (given in escalating order):
(1) 300 μg/kg body weight
(2) 450 μg/kg body weight
(3) 600 μg/kg body weight

EEG: electroencephalogram; ECG: electrocardiogram; fMRI: functional magnetic resonance imaging.

Table 1.  (Continued)
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converted to the ‘percentage of maximum score’, in line with the 
ASDB (Schmidt, 2017).

Statistical analyses

We performed linear meta-regression analyses for each factor and 
scale of the respective questionnaire. Although dose–response rela-
tionships are usually best described by a sigmoid function, the 
available data did not cover the upper and lower bounds to resemble 
a sigmoid function. We, therefore, modelled a linear dose–response 
relationship, which constitutes a suitable approximation for the 
dynamic range of a sigmoid function. We used a random effects 
model to estimate the true underlying effects across studies 
(Borenstein et  al., 2007), namely the intercept and slope of the 
dose–response function. A random effects model was employed to 
consider between-study variance, which can result from, for exam-
ple, differences in participant characteristics, interventions, the state 
of mind of participants (set), and the environment of substance 
intake (setting) across studies (Zinberg, 1984). Multiple studies 
used a within-subject design in which different doses were admin-
istered to the same sample of study participants. To account for 
these statistically dependent effect sizes, we used the RVE frame-
work developed by Hedges et al. (2010) with small sample adjust-
ment by Tipton (2015). The RVE framework permits the inclusion 
of multiple effect size estimates from a study without the knowl-
edge of the underlying covariance structure by assuming a common 
correlation p (0–1) between within-study effect sizes (p = .8 was 
used as the recommended default value (Tanner-Smith and Tipton, 
2014)). To test whether the choice of p affected the obtained param-
eter estimates, we performed a sensitivity analysis. The weights 
were calculated using the correlated effects model with the inverse 
of the sampling variance in combination with a method of moments 
estimator by Hedges et al. (2010). Heterogeneity was assessed by 
estimating the degree of inconsistency across studies using I² 
(Borenstein et  al., 2017; Higgins and Thompson, 2002) and the 
between-study variance with Tau² (Deeks et  al., 2011). Analyses 
were performed using the robumeta package (Fisher and Tipton, 
2015) in R version 3.6.2 (R Core Team, 2019).

To allow comparability with previous reports, we used spider-
plots for the visualization of the results for all questionnaires, 
inspired by the reports of Vollenweider and Kometer (2010) and 
Bayne et al. (2016). Spiderplots provide an overview of all ques-
tionnaire factors and scales by showing the percentage of the 
maximum score for different doses calculated with the linear 
regression estimates. In addition, we present dose–response rela-
tionships for each factor and scale, including the effect sizes of 
the individual studies presented as circles. The size of a circle 
represents the magnitude of the calculated weight of a study sam-
ple. We generated spiderplots with the fmsb package (Nakazawa, 
2019) and scatterplots with the plot function in R version 3.6.2 (R 
Core Team, 2019).

Additional meta-analysis including patient 
data

In addition to the main analysis, which comprises only data on 
healthy study participants, we performed a second analysis. This 
additional analysis was performed identically, however, patient 
data were added.

As patient data were not systematically included in the ASDB, 
we performed a literature search in Google Scholar (as described 
in Schmidt and Berkemeyer, 2018) and a hand-search in reference 
lists of thematically relevant literature to identify additional patient 
datasets published until 20 December 2020. This search strategy 
identified one study reporting data on patients with cancer-related 
psychiatric distress (Ross et al., 2016), one study reporting data on 
patients with major depressive disorder (Davis et  al., 2020) and 
two studies reporting data on patients with treatment-resistant 
major depression (Carhart-Harris et al., 2016, 2018). However, the 
data in Carhart-Harris et  al. (2016) constitute a subsample of 
Carhart-Harris et al. (2018). Therefore, we included only the data 
from Carhart-Harris et  al. (2018) in the 11-ASC analysis. The 
available ASDB data on patients with alcohol use disorder 
(Bogenschutz et al., 2015) and with cancer-related psychiatric dis-
tress (Griffiths et al., 2016; Grob et al., 2011) were included in the 
5D-ASC analysis. The additional analysis on the MEQ30 included 
data on patients with cancer-related psychiatric distress (Griffiths 
et  al., 2016; Ross et  al., 2016) and major depressive disorder 
(Davis et al., 2020). The additional analysis on the HRS included 
data on patients with cancer-related psychiatric distress (Griffiths 
et  al., 2016). The reported doses in Griffiths et  al. (2016) were 
given for a range instead of a specific dose (1–3 mg per 70 kg; 22 
or 30 mg per 70 kg). Therefore, we performed the analyses with the 
transformed weighted mean of the respective doses (21 μg/kg and 
317 μg/kg body weight), which was calculated based on the num-
ber of patients receiving each dose. The data in Carhart-Harris 
et al. (2018) were not adjusted for body weight, so we assumed an 
average body weight of 70 kg and adjusted the reported doses 
accordingly. Supplementary Table 1 specifies the studies that were 
additionally included in this analysis.

Results

Data description

We included psychometric data from 17 studies in which psilo-
cybin was orally administered to healthy study participants. 
Table 1 summarizes all data included in the meta-analysis. As 
several studies report repeated measurements, the final dataset 
comprised 14 observations from 7 samples of participants for 
the 5D-ASC (except for the Auditory Alterations and Vigilance 
Reduction scales with 12 observations from 5 samples); 8 obser-
vations from 6 samples for the 11-ASC (except for the scales 
Blissful State, Experience of Unity, Insightfulness and Spiritual 
Experience with 10 outcomes from 7 samples); 11 observations 
from 4 samples for the MEQ30; and 8 observations from 3 sam-
ples for the HRS.

Dose–response relationships

Regression coefficients for the dose–response analyses and hetero-
geneity parameters are summarized in Table 2. Ratings on all fac-
tors and scales of the included questionnaires positively correlated 
with the psilocybin dose, except for the 11-ASC subscales Changed 
Meaning of Percept and Impaired Control and Cognition. 
Spiderplots for each questionnaire and the dose–response relation-
ships for each factor and scale of the respective questionnaires are 
presented in Figure 1 (5D-ASC and the subscales of the ASC rat-
ing scale) and Figure 2 (MEQ30 and HRS).
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Sensitivity analyses

To test the robustness of the estimated RVE parameters (intercept 
and slope), we examined whether the estimates were stable for 
different values of p (0–1) (see Methods). Across all analyses, 
intercept parameters differed only in the range of 0 to 0.18, and 
slope parameters were virtually identical, differing only in the 
range of 0 to 0.0007. Therefore, in line with (Tipton, 2015), the 
sensitivity analyses produced robust effect size estimates for dif-
ferent values of p.

Additional meta-analysis including patient 
data

In the additional analysis, we included the available patient 
data on the 5D-ASC (Bogenschutz et al., 2015; Griffiths et al., 
2016; Grob et  al., 2011;), 11-ASC (Carhart-Harris et  al., 

2018), MEQ30 (Davis et al., 2020; Griffiths et al., 2016; Ross 
et al., 2016) and HRS (Griffiths et al., 2016). The meta-regres-
sion estimates on all factors and scales were similar to the 
analyses on healthy study participants (see Supplemental 
material).

Discussion
Here we performed a meta-analysis on psychometric data to esti-
mate linear dose–response relationships for psilocybin-induced 
subjective experiences assessed with standardized question-
naires. Our analyses revealed positive correlations of effects and 
doses for most factors and scales of the questionnaires tested.

For the 5D-ASC questionnaire, we found the strongest dose–
responses for the scales Visionary Restructuralization, compris-
ing alterations in perception, and Oceanic Boundlessness, 
comprising positively experienced ego dissolution, that is, 

Table 2.  Meta-regression estimates for all included questionnaires with respective factors/dimensions/subscales. Coefficients (Coeff.) are presented 
with 95% confidence intervals (CIs) and standard errors (SE). The t-test statistic determines whether a linear relationship exists under the null 
hypothesis that the slope is equal to zero. Tau² indicates the between-study variance and I² indicates the degree of inconsistency across studies in 
percent. Intercept estimates are rounded to the first decimal, except for the HRS due to its different range (0–4). Slope estimates are rounded to 
the third decimal considering its greater sensitivity to increasing dose.

Outcome Intercept Slope

t (df) p Tau² I²Coeff. (95% CI) SE Coeff. (95% CI) SE

5D-ASC
  Auditory Alterations 0.6 (–8.7−9.9) 1.71 0.044 (0.006−0.081) 0.0062 7.1 (1.5) .040 4.2 22.3
  Oceanic Boundlessness 4.0 (–28.9−37.0) 9.67 0.127 (0.005−0.249) 0.0388 3.3 (3.1) .045 30.8 43.9
  Dread of Ego Dissolution –2.2 (–10.4−6.0) 2.40 0.092 (0.062−0.122) 0.0093 9.8 (3.0) .002 0.0 0.0
  Vigilance Reduction 10.6 (–6.4−27.5) 4.15 0.098 (–0.015−0.211) 0.0252 3.9 (1.9) .065 78.7 64.0
  Visionary Restructuralization 6.3 (–22.3–34.9) 9.06 0.151 (0.032−0.269) 0.0390 3.9 (3.3) .026 71.4 65.3
11-ASC
  Anxiety –0.5 (–27.8–26.7) 3.69 0.029 (–0.121−0.179) 0.0203 1.4 (1.3) .348 3.9 49.0
  Audio-Visual Synesthesia 20.2 (–66.4–106.8) 13.89 0.061 (–0.449−0.571) 0.0692 0.9 (1.3) .510 243.7 83.3
  Blissful State 13.8 (–27.0–54.6) 7.91 0.117 (–0.091−0.324) 0.0352 3.3 (1.5) .115 18.2 40.1
  Complex Imagery 20.2 (–91.9–132.2) 16.16 0.117 (–0.480−0.713) 0.0796 1.5 (1.3) .338 61.2 59.2
  Changed Meaning of Percepts 32.8 (–3.2–68.8) 5.70 –0.010 (–0.352−0.332) 0.0432 –0.2 (1.3) .850 114.1 79.0
  Disembodiment 10.8 (–79.1–100.8) 12.02 0.067 (–0.401−0.536) 0.0611 1.1 (1.3) .435 28.7 43.2
  Elementary Imagery 27.8 (–139.6–195.1) 24.94 0.111 (–0.873−1.090) 0.1270 0.9 (1.3) .517 141.7 76.2
  Experience of Unity 8.3 (–3.7–20.4) 1.86 0.099 (0.038−0.160) 0.0103 9.6 (1.5) .025 0.0 0.0
  Insightfulness 8.8 (–10.4–28.1) 3.80 0.095 (–0.006−0.197) 0.0172 5.5 (1.5) .055 9.2 22.6
  Impaired Control & Cognition 18.7 (1.6–35.8) 2.41 –0.007 (–0.093−0.070) 0.0089 –0.7 (1.2) .579 21.1 58.2
  Spiritual Experience –10.0 (–63.4–43.4) 10.09 0.132 (–0.224−0.488) 0.0632 2.1 (1.6) .205 42.8 72.4
MEQ30
  Ineffability 48.2 (–13.1−109.5) 10.75 0.073 (–0.020−0.166) 0.0243 3.0 (2.3) .081 45.3 59.0
  Mystical 32.9 (–28.4−94.3) 9.90 0.081 (–0.021−0.183) 0.0264 3.1 (2.3) .078 58.1 58.4
  Positive Mood 49.8 (2.7−97.0) 7.97 0.058 (–0.034−0.150) 0.0239 2.4 (2.3) .122 62.2 70.1
  Transcendence of Time & Space 32.2 (–22.5−86.8) 9.23 0.090 (0.002−0.175) 0.0227 3.9 (2.3) .048 77.5 72.0
HRS
  Affect 1.24 (–1.08−3.57) 0.236 0.002 (–0.001−0.005) 0.0005 3.9 (1.7) .078 0.01 41.4
  Cognition 0.96 (–1.56−3.48) 0.261 0.003 (0.000−0.007) 0.0007 4.5 (1.7) .059 0.03 50.1
  Intensity 1.96 (1.58−2.34) 0.040 0.002 (0.001−0.003) 0.0003 7.8 (1.7) .024 0.02 50.3
  Perception 0.88 (–0.20−1.95) 0.112 0.003 (0.001−0.004) 0.0003 10.6 (1.7) .015 0.00 0.0
  Somaesthesia 1.07 (–1.94−4.08) 0.313 0.002 (–0.001−0.005) 0.0006 3.1 (1.7) .107 0.09 83.9
  Volition 1.44 (–0.23−3.11) 0.154 0.001 (–0.001−0.003) 0.0004 2.2 (1.5) .200 0.00 0.0
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Figure 1.  Dose–response relationships for the Altered States of Consciousness Rating Scale.
(a) Dose-specific subjective effects of psilocybin measured with the Altered States of Consciousness Rating Scale. The data of this instrument can be analysed accord-
ing to a schema where items are organized into five factors, called ‘dimensions’ of ASC experiences (5D-ASC). (b) A finer-grained quantification of specific aspects of 
subjective experiences is obtained when the questionnaire is analysed according to the 11-factors schema. These 11 factors can be considered subscales of the three core 
dimensions of the 5D-ASC, namely Oceanic Boundlessness, Dread of Ego Dissolution and Visionary Restructuralization (see corresponding colours of the subscale names). 
Doses are given in microgram per kilogram body weight; effects are given as the percentage score of the maximum score on each factor (questionnaire items are anchored 
by 0% for ‘No, not more than usual’ and 100% for ‘Yes, much more than usual’). Circle colour indicates data from the same sample of participants (the same colour cor-
responds to statistically dependent data), while circle size represents the weight of the data based on study variance (see Methods). Spiderplots present the estimated 
dose–responses for 100–300 μg/kg body weight on the 5D-ASC and 100–400 μg/kg body weight on the 11 subscales, corresponding to the range of doses that were 
included in the respective analyses. The colour of individual scales corresponds to the primary dimensions and the respective subscales.
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Figure 2.  Dose–response relationships for MEQ30 and HRS.
Dose-specific subjective effects of psilocybin for the psychometric instruments (a) MEQ30 and (b) HRS. Doses are given as microgram per kilogram body weight. Effects 
on the MEQ30 are presented as the percentage score of the maximum score. Effects on the HRS range from 0 to 4 (items in the questionnaire from 0 ‘Not at all’ to 4 ‘Ex-
treme’). Circle colour indicates data from the same sample of participants (the same colour corresponds to statistically dependent data), circle size represents the weight 
of the data based on study variance (see Methods). Spiderplots present the estimated dose–responses for 100–600 μg/kg body weight on the MEQ30 and 100–400 μg/kg 
body weight on the HRS, corresponding to the range of doses that were included in the respective analyses.
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derealization and depersonalization associated with positive 
affect, ranging from heightened mood to euphoric exaltation. 
Interestingly, a medium dose–response was found for Vigilance 
Reduction, relating to states of drowsiness, reduced alertness and 
impaired cognitive function. Since classic psychedelics like psil-
ocybin are usually characterized by a lack of sedation and cloud-
ing of consciousness, it was suggested that the effect of psilocybin 
on Vigilance Reduction rather reflects the state of contemplative-
ness, dreaminess and a reduction in attentiveness (Studerus et al., 
2011). Dread of Ego Dissolution associated with loss of self-
control and anxiety exhibited a small dose–response with com-
paratively low rating scores. Auditory Alterations, relating to 
acoustic hallucinations and distortions in auditory experiences, 
were barely experienced. Analysis of the 11-ASC reflected the 
finer facets of subjective experiences. Consistent with the 
5D-ASC, the strongest dose–responses were found for subscales 
referring to Visionary Restructuralization, that is, Elementary- 
and Complex Imagery. In contrast, Audio-Visual Synesthesia and 
Changed Meaning of Percepts exhibited little modulation by 
dose. The intensity of the subscales referring to Oceanic 
Boundlessness increased with dose, especially for Spiritual 
Experience and Blissful State. In contrast, subscales referring to 
Dread of Ego Dissolution were barely modulated by dose and 
exhibited only small effects.

The MEQ30 questionnaire aims to measure different aspects 
of mystical-type experiences. The effects of psilocybin were char-
acterized by relatively large and similar effects on all four factors 
of the questionnaire. It had been suggested that scores >60% on 
each of the four factors indicate a complete mystical experience 
(Barrett et al., 2015). According to the obtained estimates, such 
experiences are expected for doses of approximately 350 μg/kg 
body weight and above. Interestingly, even very small doses 
induced relatively high scores, and the fitted regression lines had 
a relatively high y-axis intercept. While responses for mid-range 
doses are covered well by the available data, the effects for doses 
in the lower range could not be clearly established.

On the HRS questionnaire, the dimensions Cognition and 
Perception showed the largest response, whereas Volition was 
barely modulated by dose.

In summary, psilocybin mainly induced dose-dependent alter-
ations in perception and positively experienced ego dissolution. 
Subjective experiences for high doses of psilocybin are charac-
terized by all aspects of mystical-type experiences captured by 
the MEQ30 questionnaire. The given data did not support the 
premise that higher doses of psilocybin would directly induce the 
more aversive aspects of experiences; however, as the given data 
are average scores, it cannot be excluded that some individuals 
undergo highly challenging experiences.

Statistical power and heterogeneity

To use the estimated linear dose–response models for predictions 
of psilocybin responses in future studies, it is important to dis-
cuss the robustness of the obtained estimates. Assessing the 
power of the given meta-regression approach is challenging due 
to the dependencies in the data structure. Hempel et al. (2013) 
consider heterogeneity to be the most important factor in assess-
ing power in meta-analyses. Jenkins and Quintana-Ascencio 
(2020) suggest that eight studies is the minimum amount for 
meta-regressions to be informative when the variance is small 

and 25 when variance is large. With 8 to 14 observations, the 
amount of available data in the present analysis was at the lower 
end of the recommended range. The between-study variance, 
Tau², was rather small for most of the factors and scales, indicat-
ing that the obtained estimates are reliable (see Table 2). The 
degree of inconsistency across studies, I², represents the propor-
tion of the observed variance that is due to systematic differences 
between studies rather than random error, for example, resulting 
from differences in study population, study design or bias 
(Borenstein et al., 2017; Higgins and Thompson, 2002). Values 
between 0% and 60% indicate a small to moderate degree of 
inconsistency (Deeks et al., 2011), which was the case for most 
factors and scales in our analysis. However, we found consider-
able inconsistencies (I² > 75%) for the scales Audio-Visual 
Synesthesia, Changed Meaning of Percepts and Elementary 
Imagery on the 11-ASC as well as Somaesthesia on the HRS. 
Until more data are available for these scales, corresponding 
dose–response estimates need to be treated with caution and con-
fidence intervals should be considered. Taken together, our anal-
ysis provided robust dose–response relationships for most factors 
and scales.

Non-pharmacological influences on 
subjective experiences

Although the psilocybin dose is the most important determinant 
of the acute psychedelic experience, there is considerable inter- 
and intra-individual variability in subjective responses to psilo-
cybin (Haijen et al., 2018; Russ et al., 2019a, 2019b; Studerus 
et al., 2012). A fundamental concept in psychedelic research is 
that the subjective experience is determined by the interaction of 
substance, set and setting (Hartogsohn, 2017; Leary et al., 1963; 
Zinberg, 1984). Set constitutes the personality of the substance 
user and the preparation, expectation and intention of substance 
use (Leary et al., 1963; Zinberg, 1984), whereas setting refers to 
the physical, social and cultural environment of substance admin-
istration (Leary et  al., 1963; Zinberg, 1984). Included studies 
generally adhered to guidelines to minimize adverse effects by 
providing adequate selection and preparation of study partici-
pants and a suitable setting for psilocybin administration 
(Fischman and Johanson, 1998; Johnson et al., 2008). While this 
ensures comparability to some degree, non-pharmacological var-
iables were not standardized, nor systematically assessed, and 
potentially varied, making them worth discussing.

Multiple set-related factors have been identified as affecting 
the quality of the subjective psilocybin experience. First and 
foremost, current mood, psychological distress prior to psilocy-
bin administration and clear intentions have been shown to exert 
influence (Dittrich, 1994; Metzner et al., 1965; Studerus et al., 
2012). Second, effects of personality traits have been reported: 
trait absorption was shown to promote all aspects of subjective 
experience (Haijen et al., 2018; Studerus et al., 2012), extrover-
sion has been associated with visionary experiences (Dittrich, 
1994; Smigielski et al., 2019a; Studerus et al., 2012), openness 
(Dittrich, 1994; MacLean et al., 2011; Smigielski et al., 2019a), 
optimism towards life (Smigielski et al., 2019a) and being in a 
state of surrender (Russ et al., 2019a, 2019b) have been associ-
ated with peak or mystical-type experiences. The trait neuroti-
cism has been reported to increase the occurrence of challenging 
experiences in some studies (Barrett et al., 2017; Dittrich, 1994; 
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Hemsley and Ward, 1985), while other studies did not find such 
an association (Haijen et  al., 2018; Smigielski et  al., 2019a; 
Studerus et  al., 2012). In addition, preoccupation (Russ et  al., 
2019a, 2019b) and emotional excitability prior to the experience 
(Studerus et  al., 2012) have been associated with challenging 
experiences, whereas feeling well prepared, having a recreational 
intention and emotional reappraisal have been shown to reduce 
the occurrence of challenging experiences (Haijen et al., 2018; 
Smigielski et al., 2019a).

The setting in laboratory experiments is typically strongly 
controlled (Fischman and Johanson, 1998; Johnson et al., 2008), 
but the degree of interpersonal support, the amount and difficulty 
of tasks performed and the general ambience potentially varied 
across the included studies. Previous work indicated that spa-
tially confined neuroimaging settings can increase the likelihood 
of challenging experiences (Studerus et al., 2012). However, the 
only study in our analysis (11-ASC) using magnetic resonance 
imaging (Pokorny et al., 2017) reported similar effects compared 
with the other studies on scales referring to challenging experi-
ences: Anxiety and Impaired Control and Cognition.

Some additional factors not covered by the concepts of set 
and setting may contribute to the variability of experiences. 
First, age may play a role. Several studies reported that older 
study participants experienced less Impaired Control and 
Cognition and tend to experience more of a Blissful State com-
pared with younger study participants, whereas younger study 
participants more often report challenging experiences (Dittrich, 
1994; Hyde, 1960; Metzner et al., 1965; Studerus et al., 2012). 
Second, the amount of previous experience with psychedelics 
may have an influence on the current experience. Hallucinogen-
naïve study participants reported slightly more Visionary 
Restructuralization, Disembodiment, and Changed Meaning of 
Percepts compared with experienced psilocybin users (Metzner 
et al., 1965; Studerus et al., 2012). Further, differences in indi-
vidual pharmacokinetics were reported in terms of plasma 
psilocin levels and 5-HT2AR occupancy, which were found to 
correlate with the overall subjective experience (Brown et al., 
2017; Hasler et  al., 2004; Lindenblatt et  al., 1998; Madsen 
et al., 2020). Finally, brain structure metrics have been reported 
to correlate with experiences, that is, a correlation of the thick-
ness of the rostral anterior cingulate and subscales of 5D-ASC 
dimension Oceanic Boundlessness (Lewis et al., 2020).

In sum, psilocybin dose can be considered the most important 
determinant of subjective experiences. However, it should be 
noted that studies reported relatively large proportions of unex-
plained variance in subjective responses to psilocybin (Haijen 
et al., 2018; Studerus et al., 2012). The potential influence of non-
pharmacological factors must not be underrated and warrants con-
sideration when interpreting dose–response relationships. Future 
research could benefit from more standardized assessment of non-
pharmacological factors in order to evaluate their effect on subjec-
tive experiences with meta-analytical approaches.

Comparison with subjective experiences of 
patients

We performed an additional analysis to test whether the health 
status of study participants may also influence the reported 
experiences. To this end, we included patient data on the 

5D-ASC, 11-ASC, MEQ30 and HRS in the analysis (see 
Supplemental material). Patient ratings were comparable to 
those of healthy study participants on all questionnaires. On the 
5D-ASC, the ratings of patients with alcohol use disorder and 
cancer-related psychiatric distress were found to be slightly 
higher for Oceanic Boundlessness and slightly lower for Dread 
of Ego Dissolution. This was consistent with the ratings on the 
11-ASC, where patients with treatment-resistant major depres-
sion rated slightly higher on the subscales of Oceanic 
Boundlessness (Blissful State, Disembodiment, Experience of 
Unity, Insightfulness, Spiritual Experience). However, patient 
ratings were higher on the subscale Anxiety. (Note: Data also 
indicated large within-study variance for this subscale.) While 
more studies are needed to confirm these differences, it can also 
be speculated that the differences may result from the fact that 
these studies were designed to facilitate peak or mystical-type 
experiences, which were reported to mediate therapeutic out-
comes (Agin-Liebes et  al., 2020; Bogenschutz et  al., 2015; 
Carhart-Harris et  al., 2016; Carhart-Harris et  al., 2018; Davis 
et  al., 2020; Garcia-Romeu et al., 2015; Griffiths et  al., 2016; 
Roseman et al., 2018; Ross et al., 2016).

Comparison with previous dose–response 
reports

So far, the number of studies reporting data to approximate 
dose–response relationships for psilocybin is small and the 
included data were limited to data assessed by the same research 
groups. Vollenweider and Kometer (2010) and Studerus et al. 
(2011) previously reported approximately linear dose–response 
relationships for subjective experiences assessed with the 
5D-ASC and 11-ASC. In line with our results, they found the 
strongest effects for perceptual alterations, followed by the sub-
scales referring to Oceanic Boundlessness. Contrary to the 
results of our meta-analysis across multiple studies from differ-
ent research groups, they reported stronger effects for Audio-
Visual Synesthesia and smaller effects for Spiritual Experience. 
They also found dose-dependent effects for the 11-ASC sub-
scales Changed Meaning of Percepts and Impaired Control and 
Cognition, whereas we did not find evidence for dose-depend-
ent effects. In our meta-analysis, the heterogeneity parameter, 
I², indicated considerable inconsistencies for those subscales. 
Therefore, the differences may be the result of methodological 
differences between studies, that is, with regards to the amount 
and difficulty of tasks performed.

Comparison with intravenous application 
of psilocybin and combination with other 
treatments

Since we only included studies where psilocybin was adminis-
tered orally, we excluded one study with intravenous administra-
tion of 1.5 mg and 2 mg (Carhart-Harris et al., 2011). Despite the 
considerably smaller dose quantities, the pattern of responses on 
the 5D-ASC were roughly comparable to our results, correspond-
ing to a low oral dose (i.e. 100–150 ug/kg body weight) for 1.5 mg 
intravenously and a medium oral dose (i.e. 200–250 ug/kg body 
weight) for 2 mg intravenously. In two studies, psilocybin was 
administered either in combination with spiritual practice support 
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(Griffiths et al., 2018) or to experienced meditators (Smigielski 
et al., 2019b). Compared with our analysis, both studies reported 
a similar pattern of responses for visual and auditory alterations 
for the administered doses, but substantially larger effect sizes for 
Oceanic Boundlessness and smaller effect sizes for Dread of Ego 
Dissolution than predicted by our dose–response estimates.

Comparison with effects of other 
psychedelics

Other classic psychedelics may induce comparable subjective 
experiences, considering that participants in early studies failed 
to discriminate between the subjective experiences of psilocybin, 
lysergic acid diethylamide (LSD) and mescaline (Hollister and 
Hartman, 1962; Wolbach et al., 1962). So far, no dose–response 
relationships have been established for those substances, but a 
report by Liechti (2017) analysed data on LSD from three studies 
performed by their research group, which showed a comparable 
pattern of response on the 11-ASC and MEQ30. Whereas the 
scales Audio-Visual Synesthesia and Changed Meaning of 
Percepts exhibited a strong dose–response for LSD, these scales 
were barely dose-dependent in our analysis. The Mystical scale 
on the MEQ30 was also less dose-dependent and showed smaller 
effect sizes compared with our results. Similarly, studies with 
DMT and 5-methoxy-N,N-dimethyltryptamine (5-MeO-DMT) 
report a largely comparable pattern of responses on both versions 
of the ASC rating scale (Uthaug et al., 2020), MEQ30 (Barsuglia 
et  al., 2018) and HRS (Gouzoulis-Mayfrank et  al., 2005; 
Strassman et al., 1994). Nevertheless, the comparisons are lim-
ited by the small amount of available data, so the characterization 
of differences requires the utilization of standardized question-
naires in future research to establish dose–response profiles, 
which could then serve as a general reference to compare and 
infer subjective experiences.

Limitations

The results of the present study need to be understood in relation 
to the method-immanent limitations. First and most generally, the 
study of subjective experiences depends on introspection and is 
more challenging to assess than other physiological parameters, 
especially because these experiences often go beyond the previ-
ously experienced epistemic range (Cardeña and Pekala, 2014; 
Majić et al., 2015). Second, dose–response relationships are, like 
most biological processes, typically sigmoidal relationships. 
Since the available data did not cover the upper and lower bounds 
to resemble a sigmoid function, we used a linear model to approx-
imate the active range of the sigmoid. Consequently, the obtained 
models are not suited to predict responses for very high and very 
low doses (e.g. microdosing). Third, while the RVE permits the 
inclusion of statistically dependent effect sizes (due to repeated 
measurements) to obtain reliable meta-regression estimates, it is 
not intended to provide precise variance parameter estimates, nor 
test null hypotheses regarding heterogeneity parameters (Tanner-
Smith et  al., 2016). Finally, the generalization of our results is 
limited by the number of available studies in which the inclusion 
of participants was highly selective and prone to self-selection 
bias. Therefore, the obtained results do not necessarily apply to 
the general population or recreational use aside from controlled 
laboratory experiments.

Conclusion
In conclusion, psilocybin intensified almost all characteristics of 
ASC that were measured by the given questionnaires. The subjec-
tive experience induced by psilocybin was mainly characterized by 
perceptual alterations and positively experienced ego dissolution 
with the ability to occasion mystical-type experiences. Even 
though the subjective psilocybin experience is also determined by 
non-pharmacological variables, we established robust dose–
response relationships for most factors and scales, which may be 
used as a general reference for relating expected and observed 
dose-specific effects. The results do not necessarily generalize to 
recreational use, as our analyses were based on data from con-
trolled laboratory experiments in healthy, highly selected study 
participants. Future research should facilitate comparison of sub-
jective experiences by utilizing standardized questionnaires to 
improve dose–response profiles and inform future clinical studies.
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