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Pharmacokinetics and Pharmacodynamics 
of Lysergic Acid Diethylamide Microdoses in 
Healthy Participants
Friederike Holze1,†, Matthias E. Liechti1,*,†, Nadia R.P.W. Hutten2, Natasha L. Mason2, Patrick C. Dolder2, 
Eef L. Theunissen2, Urs Duthaler1, Amanda Feilding3, Johannes G. Ramaekers2 and Kim P.C. Kuypers2

“Microdoses” of lysergic acid diethylamide (LSD) are used recreationally to enhance mood and cognition. Increasing 
interest has also been seen in developing LSD into a medication. Therefore, we performed a pharmacokinetic-
pharmacodynamic study using very low doses of LSD. Single doses of LSD base (5, 10, and 20 µg) and placebo 
were administered in a double-blind, randomized, placebo-controlled crossover study in 23 healthy participants. Test 
days were separated by at least 5 days. Plasma levels of LSD and subjective effects were assessed up to 6 hours 
after administration. Pharmacokinetic parameters were determined using compartmental modeling. Concentration-
subjective effect relationships were described using pharmacokinetic-pharmacodynamic modeling. Mean (95% 
confidence interval) maximal LSD concentrations were 151 pg/mL (127–181), 279 pg/mL (243–320), and 500 pg/
mL (413–607) after 5, 10, and 20 µg LSD administration, respectively. Maximal concentrations were reached after 
1.1 hours. The mean elimination half-life was 2.7 hours (1.5–6.2). The 5 µg dose of LSD elicited no significant acute 
subjective effects. The 10 µg dose of LSD significantly increased ratings of “under the influence” and “good drug 
effect” compared with placebo. These effects began an average of 1.1 hours after 10 µg LSD administration, peaked 
at 2.5 hours, and ended at 5.1 hours. The 20 µg dose of LSD significantly increased ratings of “under the influence,” 
“good drug effects,” and “bad drug effects.” LSD concentrations dose-proportionally increased at doses as low as 
5–20 µg and decreased with a half-life of 3 hours. The threshold dose of LSD base for psychotropic effects was 10 µg.

Lysergic acid diethylamide (LSD) is a well-known classic se-
rotonergic psychedelic that is widely used for recreational 
purposes.1 LSD is well-absorbed,2,3 and maximal LSD con-
centrations are reached 1.5–2  hours after oral administra-
tion.4 LSD is mainly metabolized to inactive O-H-LSD, 
which is renally eliminated.3 The plasma half-life of LSD is 
3–4  hours.3,4 Increasing interest has been seen in using LSD 

for the treatment of various disorders, including depression 
and anxiety,5 substance use,6 and cluster headache,7 among 
others.8 LSD “microdosing” has recently become popular.9,10 
The practice of microdosing refers to the use of very low doses 
of LSD that are taken at 2-to-5-day intervals to improve cog-
nitive function and mood.11–13 However, little is known about 
the effects of very low doses of LSD. More data are needed to 
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
 Microdosing of lysergic acid diethylamide (LSD) refers to 
the use of very small doses of LSD to enhance cognition and 
mood. Pharmacokinetic parameters for very low doses of LSD 
are lacking.
WHAT QUESTION DID THIS STUDY ADDRESS?
 The pharmacokinetics and pharmacokinetic-pharmacody-
namic relationship of LSD doses of 5, 10, and 20  µg were in-
vestigated in a double-blind, randomized, placebo-controlled 
crossover study in healthy participants.

WHAT DOES THIS STUDY ADD TO OUR 
KNOWLEDGE?
 Participants began to perceive effects of LSD at a threshold 
dose of 10 µg. LSD had a half-life of 3 hours. Effects peaked at 
1.5–2.5 hours and lasted 5 hours after LSD administration.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
 The present pharmacokinetic and acute effects data will 
support the design of further studies that use low-dose LSD in 
healthy subjects and patients.
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determine specific doses that do not produce subjective ef-
fects.14 A few controlled studies have used defined very low 
doses of LSD. One recent phase I trial randomly assigned older 
subjects (mean age: 63  years) 5, 10, and 20  µg LSD tartrate 
or placebo.15,16 Only limited pharmacokinetic data, however, 
were obtained, thus precluding definitions of all pharmaco-
kinetic parameters and pharmacokinetic-dynamic modeling 
and plasma levels of LSD could not be determined after 5 µg 
LSD administration because of low sensitivity of the analyti-
cal assay. Another controlled study administered LSD tartrate 
at doses of 6.5, 13, and 26  µg and placebo in a crossover de-
sign in four laboratory sessions in 20 healthy young adults.17 
Dose-dependent acute drug effects of LSD were reported. The 
same authors then showed that the 13  µg LSD tartrate dose 
increased functional connectivity of the amygdala with frontal 
brain areas, despite producing only weak effects on mood in 20 
young healthy subjects.18 However, no pharmacokinetic data 
were obtained in these latter two studies. Therefore, the aim 
of the present study was to assess the pharmacokinetics and 
acute effects of LSD and pharmacokinetic-effect relationships 
at doses of 5, 10, and 20 µg LSD base and placebo in 23 healthy 
subjects using a sensitive analytical method. Notably, 13  µg 
LSD tartrate contains 10 µg of LSD base.

METHODS
Study design
The present study used a double-blind, placebo-controlled, crossover de-
sign with four experimental 6-hour test sessions to investigate responses 
to placebo, 5  µg LSD, 10  µg LSD, and 20  µg LSD base. Twenty-four 
subjects were randomly assigned to 24 possible treatment sequences, 
counterbalancing all treatments. The washout periods between sessions 
were at least 5 days. The study was registered at the Dutch Clinical Trial 
register (no. NTR7102; www.trial regis ter.nl). Additional data from this 
study are published elsewhere.19

Participants
Participants were recruited from the University of Maastricht cam-
pus via advertisement, via social media, and by word of mouth. Only 
healthy participants who were between 18 and 40 years old, who had 
a body mass index between 18 and 28 kg/m2, and who had at least one 
previous experience with a hallucinogen were included in the study. 
The exclusion criteria were the following: pregnancy (urine pregnancy 
test at screening and before each test session) or lactation, a personal 
history of drug addiction, current or a history of psychiatric disorders 
or family (first-degree relative) history of major psychiatric disorders, 
previous experience of serious side effects to psychedelic drugs (anxi-
ety or panic attacks), chronic or acute physical illness (based on abnor-
mal physical exam, electrocardiogram, or hematological and chemical 
blood analyses or hypertension >  140/90  mmHg), tobacco smoking 
(>  20  cigarettes/day), excessive drinking (>  20 alcoholic consump-
tions per week), illicit drug use within the last 3  months, and illicit 
drug use during the last 7 days prior to the study or during the study. 
A urine drug test and alcohol breath test were performed at screen-
ing and before each test session. No illicit substances were detected 
during the study. The participants were not allowed to drink alco-
hol or xanthine-containing liquids after midnight before the study 
day. Previously used hallucinogens included LSD (n  =  12), psilocy-
bin (n  =  19), methylenedioxymethamphetamine (MDMA)/ecstasy 
(n  =  15), N,N-dimethyltryptamine (n  =  1), ketamine (n  =  1), “2C 
drugs” (n = 3), and salvia (n = 1).

Study procedures
The study included a screening visit and four experimental sessions (test 
days). Experimental sessions began at 9:00  am. An indwelling intra-
venous catheter was placed in an antecubital vein for blood sampling. 
A single oral dose of LSD or placebo was administered at 10:00 am. 
Autonomic and subjective drug effects were assessed repeatedly through-
out the session. Test sessions ended at 4:00 pm. For the analysis of LSD 
concentrations in plasma, blood samples were collected in lithium hep-
arin tubes before and 0.5, 1, 1.5, 2, 3, 4, and 6 hours after drug admin-
istration. Timepoints were selected based on existing pharmacokinetic 
data on LSD.4 Blood samples were centrifuged, and plasma was frozen 
at − 20°C until analysis.

Study drugs
LSD (D-lysergic acid diethylamide base, high-performance liquid chro-
matography purity >  99%; Lipomed AG, Arlesheim, Switzerland) was 
manufactured as an oral solution in units that contained 25 µg LSD in 
1 mL of 96% ethanol.4 Stability of the formulation for longer than the 
study period was documented as described elsewhere.4 One microgram 
of LSD base that was used in the present study corresponded to approx-
imately 1.23–1.33 µg of LSD tartrate (depending on the salt form and 
amount of crystal water), which is the form of LSD that is more likely to 
be used when acquired illegally (i.e., in blotter form) or was used in two 
recent studies that used very low doses.15–17 However, absorption of LSD 
base likely takes place orally, while LSD base derived from LSD tartrate 
is likely absorbed when reaching the basic environment of the small in-
testine. To prepare doses of 5, 10, and 20 µg, 0.2, 0.4, and 0.8 mL of LSD 
solution, respectively, solution was diluted with ethanol (96% volume) to 
a final volume of 1 mL. Placebo consisted of 1 mL of ethanol (96% vol-
ume) only.

Measures

Analysis of LSD concentrations. Plasma LSD levels were analyzed by 
ultra-high-performance liquid chromatography tandem mass spectrom-
etry as previously described in detail.4 Pharmacokinetic samples with 
an LSD concentration below 5  pg/mL were reanalyzed by a different 
extraction procedure. Briefly, 150 µL aliquots of plasma were extracted 
with 450 µL of methanol. The samples were rigorously mixed and sub-
sequently centrifuged. The supernatant was evaporated under a constant 
stream of nitrogen and resuspended in 200 µL of mobile phase A and B 
(10:90, volume/volume). The lower limit of quantification of 2.5 pg/mL 
was reached using this extraction method.

Subjective effects. Visual analog scales (VASs) were repeatedly used 
to assess subjective effects over time.20–23 The VASs included separate 
measures for “under the inf luence” (any drug effect), “good drug ef-
fect,” and “bad drug effect,” and were presented as 10 cm horizontal 
lines (0–10), marked from “not at all” on the left to “extremely” on 
the right. These VASs have been shown to be sensitive and reliable 
measures of the effects of LSD and other psychoactive substances 
and suitable for pharmacokinetic-pharmacodynamic (PK-PD) analy-
ses.3,4,22,24–26 The VASs were administered before and 0.5, 1, 1.5, 2, 3, 
4, and 6 hours after LSD administration and immediately after blood 
sampling to provide matched measures of LSD concentrations and ef-
fects for the PK-PD modeling.

Pharmacokinetic analyses and PK-PD modeling
A noncompartmental analysis was performed prior to compartmental 
modeling. Peak plasma concentration (Cmax) and time to Cmax were ob-
tained directly from the observed data. The terminal elimination rate 
constant (λz) was estimated by log-linear regression after semilogarithmic 
transformation of the data using at least three data points of the terminal 
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linear phase of the concentration-time curve. The area under the con-
centration-time curve (AUC) from 0–6 hours after dosing (AUC6) was 
calculated using the linear up log down method. The AUC to infinity 
(AUC∞) was determined by extrapolation of the AUC6 using λz.

Pharmacokinetic parameters were estimated using compartmen-
tal modeling in Phoenix WinNonlin 6.4 (Certara, Princeton, NJ). A 
one-compartment model was applied with first-order input, first-order 
elimination, and no lag time as previously used to assess the pharmaco-
kinetics of high doses of LSD.4 Initial estimates for apparent volume of 
distribution and λ were derived from noncompartmental analyses. The 
model fit was not improved by a two-compartment model based on vi-
sual inspection of the plots and resulted in smaller Akaike information 
criterion values. The pharmacokinetic model was first fitted and eval-
uated. The predicted concentrations were then used as an input to the 
pharmacodynamic model by treating the pharmacokinetic parameters 
as fixed and using the classic PK/PD link model module in WinNonlin. 
Thus, the goal was to model the PD parameters using the PK parameters 
and the observed PD values. The model used a first-order equilibrium 
rate constant that related the observed pharmacodynamic effects of LSD 
to the estimated LSD concentrations at the effect site and accounted for 
the lag between the plasma and effect site concentration curves.22,27 A 
sigmoid maximum effect (Emax) model (EC50, Emax, γ) was selected for 
all pharmacodynamic effects. Half-maximal effects (EC50) and Emax es-
timates were taken from the PK-PD plots.4 Lower and upper limits for 
Emax were set to 0 and 10, respectively, for all of the VAS scores. The 
sigmoidal Emax model best described the relationship between estimated 
effect-site concentrations and LSD effects compared with a simple Emax 
model (plot inspection (Figure S1) and Akaike information criteria).

Statistical analyses
The VAS score data were analyzed using repeated-measures analysis of vari-
ance, with drug dose as the within-subjects factor (four levels), followed 
by Tukey post hoc comparisons. Scores measured repeatedly over time are 
expressed as peak (Emax and/or minimum effect (Emin)) values prior to the 
analysis of variance (Statistica 12 software; StatSoft, Tulsa, OK). The cri-
terion for significance was P < 0.05. The time to onset, time to Cmax, time 
to offset, and effect duration were assessed for the model-predicted VAS 
“under the influence” ratings over time plots using a threshold of 25% of 
the maximum individual response to LSD using Phoenix WinNonlin 6.4.

RESULTS
Study sample
The final study sample included 23 participants (12 males and 
11 females) who completed the study. The participants were 
(mean ± SD) 23 ± 3 years old (range: 19–29 years) with a mean 
body weight of 70 ± 10 kg (range: 55–87 kg).

Pharmacokinetics
Plasma concentrations of LSD were determined for the 5, 10, and 
20 µg LSD doses in 13, 18, and 15 participants, respectively, for 
whom all blood samples per session could be collected for valid 
determination of the pharmacokinetic parameters. LSD could 
be quantified in all samples. The mean predicted and observed 
LSD concentrations are shown in Figure 1a. Individual predicted 

Figure 1 Pharmacokinetics of three very low doses of LSD, 5, 10, and 20 µg, in 13, 18, and 15 subjects, respectively. (a) Plasma LSD 
concentration-time curves representing the mean of the individual pharmacokinetic model predictions. The observed data are expressed 
as symbols and the mean ± SEM. Dose-linear increases in LSD concentrations were observed. (b–d) Predicted individual plasma LSD 
concentration-time curves shown separately for each subject and the mean marked in bold and illustrating the between-subject variability 
of LSD concentrations after the administration of (b) 5 µg, (c) 10 µg, and (d) 20 µg LSD. LSD was administered at t = 0 hour. h, hours; LSD, 
lysergic acid diethylamide.
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concentrations after the administration of 5, 10, and 20 µg LSD 
are shown in Figure  1b–d, respectively and Figures  S4–S6. 
Figure 1b–d also illustrate between-subjects variance in the con-
centrations of LSD for each dose. Coefficients of variation for 
Cmax values (Table 1) were 30.3%, 28.1%, and 36% for the 5, 10, 
and 20  µg LSD doses, indicating overall moderate variance and 
greater variance at the highest dose. The corresponding pharma-
cokinetic parameters based on compartmental and noncompart-
mental analyses are shown in Table 1 and Table S1, respectively. 
LSD concentrations increased proportionally with increasing 
doses. Elimination occurred according to first-order kinetics. 
Elimination half-lives were 2.5, 2.7, and 2.9 hours for the 5, 10, 
and 20  µg doses, respectively, as defined using compartmental 
analysis (Table 1).

Subjective effects
The PK-PD model-predicted subjective effect-time curves for VAS 
ratings of “under the influence,” “good drug effect,“ and “bad drug 
effect” are shown in Figures  2–4, respectively. Individual pre-
dicted effect-time curves for each dose are shown in Figures 2b,c, 
3b,c and 4b,c, respectively and Figures S5–S13.

The 5 µg dose of LSD produced no significant acute subjective 
effects compared with placebo (Table S2). The 10 µg dose of LSD 
significantly increased VAS ratings of “under the influence” and 
“good drug effect” (both P < 0.05, Table S2). Time to onset, time 
to offset, and effect duration of the subjective response were as-
sessed by the VAS “under the influence” as a measure of the overall 
response to LSD for each dose (Table 2). For example, at the 10 µg 
dose of LSD, subjective effects began an average of 1.1 hours after 
administration, peaked at 2.5 hours, and ended at 5.1 hours, result-
ing in an effect duration of 4.0 hours (Table 2). The 20 µg dose of 
LSD significantly increased VAS ratings of “under the influence” 
(P < 0.001), “good drug effect” (P < 0.001), and “bad drug effect” 
(P < 0.001) (Table S2).

PK-PD modeling parameters are shown in Table  S3. The 
predicted concentrations of LSD that produced half-max-
imal effects (EC50 values) were lower for good drug effects 
(mean ± SD = 0.86 ± 0.7 for 10 µg) compared with bad drug ef-
fects (1.6 ± 0.8 for 10 µg; Table S3).

DISCUSSION
The present study comprehensively described the pharmacoki-
netics of low doses of LSD for the first time. Using a sensitive 
analytical method, full concentration-time curves could be es-
tablished for the very low single dose of 5  µg LSD base. LSD 
administration at very low to low doses resulted in dose-pro-
portional changes in plasma LSD concentrations. We also doc-
umented first-order elimination kinetics of LSD, confirming 
past studies that used high doses.4,22 The average plasma elim-
ination half-lives of LSD were 2.5, 2.7, and 2.9  hours accord-
ing to the compartmental analysis and 3.0., 3.3, and 3.6 hours 
according to the noncompartmental analysis for the 5, 10, and 
20  µg doses, respectively, and where the noncompartmental 
analysis may provide a better estimate of the terminal elimina-
tion half-life. These half-lives were consistent with the adminis-
tration of high doses of LSD in four previous pharmacokinetic Ta
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studies.4,22,28 Importantly, the longer terminal half-life of 
8.9  hours that was described in one preliminary study3 could 
not be confirmed by any of the aforementioned studies, includ-
ing the present study. The relatively short half-life of LSD of 
approximately 3 hours indicates that LSD does not accumulate 
in the body with repeated administration (e.g., during “micro-
dosing” when small doses of LSD are used repeatedly), even 
when used at 24-hour intervals. Additionally, the plasma con-
centration-time curve of LSD is consistent with its within-sub-
ject effect-time curve as documented with the PK-PD modeling 
in this study for low doses, thus confirming the results with 
high doses.4,22 The subjective effects of LSD relatively closely 
mirror LSD concentrations in healthy subjects. Psychotropic 
effects of LSD are generally present as long as LSD is present in 
the body. Accordingly, no acute tolerance occurs as with other 
psychoactive substances, such as MDMA, in which the drug is 
present in plasma in high concentrations for several hours be-
yond its acute psychoactive effects.29 LSD concentrations and 
its effects are closely linked within subjects as evidenced by the 
good PK-PD model fit. Greater variance in the effects of LSD is 
observed between individuals. However, the variance in plasma 
concentrations between subjects at a given dose was surpris-
ingly small in the present study, indicated by the coefficients of 

variation for the Cmax values of 30–36%. Similar low variability 
in plasma has previously been reported with the same formula-
tion of LSD base when used at high doses.4 In contrast, higher 
variation was seen with older and less stable formulations that 
were used in older studies3,22 and would be expected with non-
controlled recreational products. This observation indicates 
that more consistent exposure to the drug is produced with the 
novel formulation of LSD used in the present and some recent 
studies,4 which may then likely result in more consistent and 
predictable effects compared with past and less well-charac-
terized pharmaceutical preparations. Using pharmaceutical 
formulations of LSD with confirmed content and stability and 
documenting consistent pharmacokinetic characteristics will 
be important for LSD research and the further development of 
LSD as a pharmaceutical product. We suggest that researchers 
use LSD formulations with known pharmacokinetic character-
istics or obtain such data during their studies when using novel 
preparations to validate the doses that are used and allow reli-
able comparisons with other studies as discussed and suggested 
previously.4,14,17

Limited preliminary pharmacokinetic data on low-dose LSD tar-
trate administration have previously been published in older healthy 
volunteers (mean age: 63 years).15 However, the use of an analytical 

Figure 2 Subjective effects of LSD and placebo over time based on visual analog scale (VAS) ratings from 0–10 for “under the influence” 
for the 5, 10, and 20 µg LSD doses. (a) Effect-time curves represent the mean of the individual pharmacokinetic model predictions. The 
observed data are expressed as symbols and the mean ± SEM. (b–d) Individual LSD effect-time curves for (b) 5 µg, (c) 10 µg, and (d) 20 µg. 
Predicted individual effect-time curves are shown separately for each subject, and the mean is marked in bold to illustrate the between-
subject variability of LSD effects after the administration of (b) 5 µg, (c) 10 µg, and (d) 20 µg LSD. LSD was administered at t = 0 hour. The 
corresponding maximal effect values are shown in Table S2. h, hours; LSD, lysergic acid diethylamide.
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method with a lower limit of quantification of 200 pg/mL in that 
previous study compared with 2.5 pg/mL in the present study did 
not allow for the sensitive and valid quantification of very low LSD 
concentrations. We also took eight blood samples within the first 
critical 6 hours after LSD administration compared with five sam-
ples in the previous study. Altogether, only the sensitive analytical 
method and more frequent sampling allowed valid determinations 
of pharmacokinetic parameters of very low doses of LSD in the pres-
ent study. Nevertheless, the present data and previously published 
Cmax and AUC values for 10 and 20 µg LSD base equivalent doses 
are comparable.15 Additionally, pharmacokinetic data for the 5 µg 
LSD base dose and half-lives are presented here for the first time.

In addition to being the first comprehensive description of the 
pharmacokinetics of LSD, we confirmed the results of a previ-
ous study of the subjective effects of 5–20 µg LSD microdoses. 
Specifically, the 5 µg dose of LSD base in the present study had 
no significant acute subjective effects in healthy young subjects, 
confirming the absence of relevant effects of an equivalent 6.5 µg 
dose of LSD tartrate.17 The 10 µg dose of LSD base that was used 
in the present study induced subjective feelings of “under the in-
fluence” and “good drug effects,” consistent with the increase in 
“feel good” at the drug peak effect that was seen with 13 µg LSD 
tartrate.17 Interestingly, although having negligible subjective 

effects, 13  µg LSD tartrate (equivalent to 10  µg LSD base) has 
been shown to alter brain connectivity in the limbic system.18 
These data indicate that healthy subjects begin to subjectively 
perceive effects of LSD at a threshold dose of 10  µg LSD base. 
Thus, doses < 10 µg LSD base could be considered subperceptual 
and would qualify as “microdoses.”14 Doses of 10  µg LSD base 
could also likely be used safely in future studies that use multiple 
dosing and/or administration in patients when aiming at produc-
ing no acute perceptual effects.

The higher 20 µg dose of LSD base that was used in the pres-
ent study and the equivalent 26 µg dose of LSD tartrate that was 
used previously17 both induced weak but clearly significant sub-
jective effects compared with placebo under double-blind con-
trolled conditions.17 These data indicate small but measurable 
psychedelic-like effects at a 20 µg LSD base equivalent.17 Thus, 
20 µg LSD base could be considered a very low to low psyche-
delic dose. Doses of 5–10 µg LSD appear to be without relevant 
subjective effects. However, requiring further investigation is 
how well the subjective effects of 10–25 µg doses are tolerated 
by participants in studies with less close monitoring after drug 
administration compared with the present study. The present 
study indicates that relevant alterations of the mind can be in-
duced by 20  µg LSD in some study participants. Additionally, 

Figure 3 Subjective effects of LSD and placebo over time based on visual analog scale (VAS) ratings from 0–10 for “good drug effect” for the 
5, 10, and 20 µg LSD doses. (a) Effect-time curves represent the mean of the individual pharmacokinetic model predictions. The observed 
data are expressed as symbols and the mean ± SEM. (b–d) Individual LSD effect-time curves for (b) 5 µg, (c) 10 µg, and (d) 20 µg. Predicted 
individual effect-time curves are shown separately for each subject, and the mean is marked in bold to illustrate the between-subject 
variability of LSD effects after the administration of (b) 5 µg, (c) 10 µg, and (d) 20 µg LSD. LSD was administered at t = 0 h. The corresponding 
maximal effect values are shown in Table S2. h, hours; LSD, lysergic acid diethylamide.
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the participants in the present study were healthy, and such re-
sponses may differ in clinical patients.

In the present study, we found that the subjective effects of 
5–20 µg LSD base began an average of ~ 1 hour after administra-
tion, peak at 1.5–2.5 hours, and lasted 5 hours. Most of the sub-
jects reported no subjective response to the 5  µg LSD base dose. 
The PK-PD modeling yielded lower EC50 values for “under the in-
fluence” and “good drug effect” compared with “bad drug effects,” 
thus confirming previous studies that used 100 and 200 µg LSD4,22 

and indicating that bad drug effects are associated with higher LSD 
concentrations.

The present study has several strengths. Three different doses of 
LSD were used within subjects and compared with placebo under dou-
ble-blind conditions in a controlled laboratory setting. Additionally, 
we used a very sensitive and validated analytical method.4 The study 
included several assessments of the acute pharmacodynamics of LSD, 
which allowed the PK-PD modeling of different aspects of the acute 
subjective response to LSD. The present study also has important 

Figure 4 Subjective effects of LSD and placebo over time based on visual analog scale (VAS) ratings from 0–10 for “bad drug effect” 
for the 5, 10, and 20 µg LSD doses. (a) Effect-time curves represent the mean of the individual pharmacokinetic model predictions. The 
observed data are expressed as symbols and the mean ± SEM. (b–d) Individual LSD effect-time curves for (b) 5 µg, (c) 10 µg, and (d) 20 µg. 
Predicted individual effect-time curves are shown separately for each subject, and the mean is marked in bold to illustrate the between-
subject variability of LSD effects after the administration of (b) 5 µg, (c) 10 µg, and (d) 20 µg LSD. LSD was administered at t = 0 hour. The 
corresponding maximal effects and statistics are shown in Table S2. h, hours; LSD, lysergic acid diethylamide.

Table 2 Characteristics of the subjective response ("under the influence") to different small doses of LSD

5 µg LSD 10 µg LSD 20 µg LSD

Time to onset (hour) 0.71 ± 0.58 (0.25–1.6)a 1.1 ± 0.52 (0.35–2.3)b 0.85 ± 0.41 (0.10–1.7)

Time to offset (hour) 5.4 ± 0.57 (4.6–5.9)a 5.1 ± 0.94 (2.9–6.0)b 5.2 ± 0.62 (4.2–6.0)

Effect duration (hour) 4.7 ± 0.96 (3.7–5.6)a 4.0 ± 0.97 (2.3–5.6)b 4.3 ± 0.57 (3.2–5.0)

Time to maximal effect (hour) 1.5 ± 1.2 (0–3.7) 2.5 ± 1.6 (0–6) 2.3 ± 0.84 (1.2–4.6)

Maximal effect 0.57 ± 1.2 (0–4.3) 1.4 ± 1.6 (0–5.4) 3.6 ± 2.0 (0.44–7.5)

Area under effect-time curve 2.2 ± 4.1 (0–15) 4.9 ± 5.9 (0–19) 12 ± 8 (1.7–29)

Parameters are for the VAS "under the influence" as predicted by the pharmacokinetic-pharmacodynamic link model. The threshold to determine times to onset 
was set individually at 25% of the individual maximal response. Values are mean ± SD (range).
LSD, lysergic acid diethylamide; VAS, visual analog scale.
a For four subjects. Ratings of other subjects were too low to define onset and offset. b For 13 subjects. Ratings of other subjects were too low to define onset 
and offset.
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limitations. The primary focus of the clinical trial was on psychological 
measures. Plasma samples could not be obtained from all 23 participants 
or for all doses because of technical problems. Therefore, the pharma-
cokinetic analyses included different total numbers of subjects for each 
dose and partly different subjects. Therefore, confirmative pharmaco-
kinetic studies are needed with more comprehensive blood sampling. 
Furthermore, the present study used a standardized formulation with 
an exactly known content of LSD base, while recreational users use 
noncontrolled products containing mainly LSD tartrate. Thus, the 
present data may not reflect the PK of LSD when used recreationally.

In summary, we newly described the pharmacokinetics of three 
very low doses of LSD base in healthy subjects, provided PK-PD 
modeling data, and confirmed the previously reported dose-linear 
subjective effects of LSD.

SUPPORTING INFORMATION
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Pharmacology & Therapeutics website (www.cpt-journal.com).

ACKNOWLEDGMENTS
The authors thank Beatrice Vetter for analytical laboratory work, Cees 
van Leeuewn for medical supervision of the clinical study, and Michael 
Arends for proofreading the manuscript.

FUNDING
The present study was supported by the Beckley Foundation (Beckley 
Park, Oxford, UK) and the Division of Clinical Pharmacology and 
Toxicology, University Hospital Basel.

CONFLICT OF INTEREST
M.E.L. is a consultant for Mind Medicine, Inc., which had no role in 
funding or conduct of the present study. All other authors declared no 
competing interests for this work.

AUTHOR CONTRIBUTIONS
F.H. and M.E.L. wrote the manuscript. F.H., M.E.L., N.R.P.W.H., P.C.D., A.F., 
J.G.R., and K.P.C.K. designed the research. N.R.P.W.H., N.L.M., E.L.T., 
P.C.D., and U.D. performed the research. F.H. and M.E.L. analyzed the data.

ETHICAL APPROVAL
The study was conducted in accordance with the Declaration of Helsinki 
and approved by the Medical Ethics Committee of the Academic 
Hospital of Maastricht and Maastricht University. The use of LSD in 
humans was authorized by the Dutch Drug Enforcement Administration.

INFORMED CONSENT
All of the subjects provided written consent before participating in the 
study and were paid for their participation.

© 2020 The Authors. Clinical Pharmacology & Therapeutics published 
by Wiley Periodicals LLC on behalf of American Society for Clinical 
Pharmacology and Therapeutics.

This is an open access article under the terms of the Creative Commons 
Attribution-NonCommercial License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited 
and is not used for commercial purposes.

 1. Krebs, T.S. & Johansen, P.Ø. Over 30 million psychedelic users in 
the United States. F1000Res. 2, 98 (2013).

 2. Grumann, C., Henkel, K., Brandt, S.D., Stratford, A., Passie, T. & 
Auwärter, V. Pharmacokinetics and subjective effects of 1P-LSD 
in humans after oral and intravenous administration. Drug Test. 
Anal. 12, 1144–1153 (2020).

 3. Dolder, P.C., Schmid, Y., Haschke, M., Rentsch, K.M. & Liechti, 
M.E. Pharmacokinetics and concentration-effect relationship of 
oral LSD in humans. Int. J. Neuropsychopharmacol. 19, pyv072 
(2015).

 4. Holze, F., Duthaler, U., Vizeli, P., Müller, F., Borgwardt, S. & Liechti, 
M.E. Pharmacokinetics and subjective effects of a novel oral 
LSD formulation in healthy subjects. Br. J. Clin. Pharmacol. 85, 
1474–1483 (2019).

 5. Gasser, P. et al. Safety and efficacy of lysergic acid diethylamide-
assisted psychotherapy for anxiety associated with life-
threatening diseases. J. Nerv. Ment. Dis. 202, 513–520 (2014).

 6. Krebs, T.S. & Johansen, P.Ø. Lysergic acid diethylamide (LSD) 
for alcoholism: meta-analysis of randomized controlled trials. J. 
Psychopharmacol. 26, 994–1002 (2012).

 7. Sewell, R.A., Halpern, J.H. & Pope Jr H.G. Response of cluster 
headache to psilocybin and LSD. Neurology 66, 1920–1922 
(2006).

 8. Liechti, M.E. Modern clinical research on LSD. 
Neuropsychopharmacology 42, 2114–2127 (2017).

 9. Passie, T. The Science of Microdosing Psychedelics (Psychedelic 
Press, London, 2019).

 10. Fadiman, J. & Korb, S. Might microdosing psychedelics be safe 
and beneficial? An initial exploration. J. Psychoactive Drugs 51, 
118–122 (2019).

 11. Lea, T., Amada, N., Jungaberle, H., Schecke, H. & Klein, M. 
Microdosing psychedelics: motivations, subjective effects and 
harm reduction. Int. J. Drug Policy 75, 102600 (2020).

 12. Hutten, N.R.P.W., Mason, N.L., Dolder, P.C. & Kuypers, K.P.C. 
Motives and side-effects of microdosing with psychedelics  
among users. Int. J. Neuropsychopharmacol. 22, 426–434  
(2019).

 13. Hutten, N.R.P.W., Mason, N.L., Dolder, P.C. & Kuypers, K.P.C. 
Self-rated effectiveness of microdosing with psychedelics for 
mental and physical health problems among microdosers. Front 
Psychiatry 10, 672 (2019).

 14. Kuypers, K.P.C. et al. Microdosing psychedelics: more questions 
than answers? An overview and suggestions for future research. 
J. Psychopharmacol. 33, 1039–1057 (2019).

 15. Family, N. et al. Safety, tolerability, pharmacokinetics, and 
pharmacodynamics of low dose lysergic acid diethylamide (LSD) 
in healthy older volunteers. Psychopharmacology 237, 841–853 
(2020).

 16. Yanakieva, S., Polychroni, N., Family, N., Williams, L.T.J., Luke, 
D.P. & Terhune, D.B. The effects of microdose LSD on time 
perception: a randomised, double-blind, placebo-controlled trial. 
Psychopharmacology 236, 1159–1170 (2019).

 17. Bershad, A.K., Schepers, S.T., Bremmer, M.P., Lee, R. & de 
Wit, H. Acute subjective and behavioral effects of microdoses 
of lysergic acid diethylamide in healthy human volunteers. Biol. 
Psychiatry 86, 792–800 (2019).

 18. Bershad, A.K. et al. Preliminary report on the effects of a low 
dose of LSD on resting-state amygdala functional connectivity. 
Biol. Psychiatry Cogn. Neurosci. Neuroimaging 5, 461–467 (2020).

 19. Ramaekers, J.G. et al. A low dose of lysergic acid 
diethylamide decreases pain perception in healthy 
volunteers. J. Psychopharmacol. (2020). https://doi.
org/10.1177/0269881120940937.

 20. Dolder, P.C., Schmid, Y., Müeller, F., Borgwardt, S. & Liechti, M.E. 
LSD acutely impairs fear recognition and enhances emotional 
empathy and sociality. Neuropsychopharmacology 41, 2638–
2646 (2016).

 21. Schmid, Y. et al. Acute effects of lysergic acid diethylamide in 
healthy subjects. Biol. Psychiatry 78, 544–553 (2015).

 22. Dolder, P.C. et al. Pharmacokinetics and pharmacodynamics 
of lysergic acid diethylamide in healthy subjects. Clin. 
Pharmacokinetics 56, 1219–1230 (2017).

 23. Kuypers, K.P.C. et al. Drug liking and wanting, not impulsive 
action or reflection is increased by 4-fluoroamphetamine. 
Psychopharmacology 235, 2349–2356 (2018).

 24. Holze, F. et al. Distinct acute effects of LSD, MDMA, and 
D-amphetamine in healthy subjects. Neuropsychopharmacology 
45, 462–471 (2020).

ARTICLE

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


VOLUME 109 NUMBER 3 | March 2021 | www.cpt-journal.com666

 25. Dolder, P.C., Strajhar, P., Vizeli, P., Hammann, F., Odermatt, A. 
& Liechti, M.E. Pharmacokinetics and pharmacodynamics of 
lisdexamfetamine compared with D-amphetamine in healthy 
subjects. Front Pharmacol. 8, 617 (2017).

 26. Dolder, P.C., Muller, F., Schmid, Y., Borgwardt, S.J. & Liechti, 
M.E. Direct comparison of the acute subjective, emotional, 
autonomic, and endocrine effects of MDMA, methylphenidate, 
and modafinil in healthy subjects. Psychopharmacology 235, 
467–479 (2018).

 27. Sheiner, L.B., Stanski, D.R., Vozeh, S., Miller, R.D. & Ham, J. 
Simultaneous modeling of pharmacokinetics and pharmacodynamics: 
application to d-tubocurarine. Clin. Pharmacol. Ther. 25, 358–371 (1979).

 28. Aghajanian, G.K. & Bing, O.H. Persistence of lysergic acid 
diethylamide in the plasma of human subjects. Clin. Pharmacol. 
Ther. 5, 611–614 (1964).

 29. Hysek, C.M. et al. The norepinephrine transporter inhibitor 
reboxetine reduces stimulant effects of MDMA ("ecstasy") in 
humans. Clin. Pharmacol. Ther. 90, 246–255 (2011).

ARTICLE


