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Abstract
N,N-	dimethyltryptamine	(DMT)	is	a	psychedelic	compound	that	is	being	studied	
as	a	therapeutic	option	in	various	psychiatric	disorders.	Due	to	its	short	half-	life,	
continuous	infusion	of	DMT	has	been	proposed	to	extend	the	psychedelic	experi-
ence	and	potential	therapeutic	effects.	The	primary	aim	of	this	work	was	to	design	
an	infusion	protocol	for	DMT	based	on	a	desired	level	of	psychedelic	intensity	using	
population	pharmacokinetic/pharmacodynamic	modeling.	As	a	secondary	aim,	the	
impact	of	choosing	a	continuous	variable	or	a	bounded	integer	pharmacokinetic/
pharmacodynamic	model	to	inform	such	an	infusion	protocol	was	investigated.	A	
previously	published	continuous	variable	model	and	two	newly	developed	bounded	
integer	models	were	used	to	assess	optimal	doses	for	achieving	a	target	response.	
Simulations	 were	 performed	 to	 identify	 an	 optimal	 combination	 of	 a	 bolus	 dose	
and	an	infusion	rate.	Based	on	the	simulations,	optimal	doses	to	achieve	intensity	
ratings	between	7	and	9	(possible	range	=	0–	10)	were	a	bolus	dose	of	16	mg	DMT	fu-
marate	followed	by	an	infusion	rate	of	1.4	mg/min	based	on	the	continuous	variable	
model	and	14	mg	with	1.2	mg/min	for	the	two	bounded	integer	models.	However,	
the	proportion	within	target	was	low	(<53%)	for	all	models,	indicating	that	individ-
ual	dose	adjustments	would	be	necessary.	Furthermore,	some	differences	between	
the	models	were	observed.	The	bounded	integer	models	generally	predicted	lower	
proportions	within	a	target	of	7–	9	with	higher	proportions	exceeding	target	com-
pared	with	the	continuous	variable	model.	However,	results	varied	depending	on	
target	response	with	the	major	differences	observed	at	the	boundaries	of	the	scale.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
N,N-	dimethyltryptamine	(DMT)	is	a	psychedelic	compound,	currently	being	in-
vestigated	as	a	treatment	option	mainly	in	depression.	Due	to	its	short	half-	life,	
a	continuous	infusion	has	been	proposed	as	a	way	forward	to	extend	its	effects.
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INTRODUCTION

In	 recent	 years,	 the	 need	 for	 new	 treatments	 in	 psychi-
atric	 disorders,	 such	 as	 depression	 and	 anxiety,	 has	 led	
to	 an	 increase	 in	 research	 with	 different	 psychedelic	
compounds.1–	5	The	effects	of	these	compounds	naturally	
include	 a	 subjective	 component	 related	 to	 the	 psyche-
delic	 experience	 and	 it	 has	 been	 hypothesized	 that	 this	
component	is	closely	related	to	therapeutic	effects.6	Con-
sequently,	 accurate	 characterization	 of	 the	 relationship	
between	drug	exposure	and	the	subjective	psychedelic	ex-
perience	may	prove	important	to	guide	dose	decisions	in	
future	clinical	studies.

The	relationship	between	exposure	to	the	psychedelic	
compound	 N,N-	dimethyltryptamine	 (DMT)	 and	 its	 psy-
chedelic	 effects	 has	 previously	 been	 investigated	 using	
population	 pharmacokinetic/pharmacodynamic	 model-
ing.7	The	psychedelic	effects	were	assessed	through	a	sub-
jective	intensity	score	where	individuals	were	asked	to	rate	
the	intensity	of	the	experience	on	a	numbered	scale	from	
0	 to	 10.	 Higher	 concentrations	 of	 DMT	 were	 associated	
with	a	higher	rating.	The	concentration	needed	to	achieve	
a	rating	of	5,	corresponding	to	50%	of	the	maximum	effect	
(EC50),	 was	 estimated	 at	 92	nM.	 The	 model	 was	 used	 to	
simulate	the	expected	ratings	associated	with	different	in-
travenous	bolus	doses,	demonstrating	how	this	model	can	
be	used	to	guide	dose	decisions.	However,	whereas	most	
published	studies	with	DMT	so	far	have	used	intravenous	
bolus	doses	to	investigate	its	effects,4,8,9	a	continuous	infu-
sion	of	DMT	rather	than	bolus	doses	has	been	proposed	
as	a	suitable	way	forward	to	extend	the	psychedelic	expe-
rience.10	Recently,	infusions	of	DMT	over	varying	lengths	
of	time	have	been	evaluated	in	the	clinic.11,12

The	 subjective	 intensity	 score	 used	 in	 the	 aforemen-
tioned	study7	 is	a	discrete	outcome	variable	 that	 can	only	
assume	integer	values	within	certain	boundaries.	However,	

the	 published	 model	 treats	 the	 intensity	 ratings	 as	 being	
continuous	 which	 means	 that	 predictions	 of	 non-	integer	
values	 can	 also	 occur.	 Another	 approach	 to	 handling	 this	
type	of	data,	that	was	recently	suggested	by	Wellhagen	and	
colleagues,13	is	the	bounded	integer	model.	This	model	re-
spects	both	the	discrete	nature	of	the	data	and	the	boundar-
ies	of	the	scale.	Previous	work	has	shown	that	the	bounded	
integer	model	is	able	to	provide	a	better	fit	to	the	data	than	
corresponding	continuous	variable	models.13	However,	lim-
ited	 information	 is	 available	 on	 how	 the	 two	 approaches	
compare	 in	 terms	 of	 applicability,	 for	 example,	 in	 a	 dose-	
finding	context.

The	primary	aim	of	 this	study	was	to	design	an	infu-
sion	protocol	for	DMT	based	on	a	desired	level	of	psyche-
delic	intensity	using	the	previously	published	continuous	
variable	model	as	well	as	a	newly	developed	bounded	in-
teger	model.	As	a	secondary	aim,	the	impact	of	choosing	
one	of	the	two	different	approaches	on	dose	selection	was	
investigated.

METHODS

Clinical study overview

The	data	set	used	in	this	work	was	obtained	from	a	pre-
viously	 published,	 placebo	 controlled	 clinical	 study	 per-
formed	at	the	Imperial	College	Clinical	Research	Facility,	
Imperial	 College	 London.8	 DMT	 fumarate	 was	 adminis-
tered	as	an	intravenous	bolus	dose	at	four	different	dose	
levels	 to	 13	 healthy	 subjects.	 Each	 subject	 received	 pla-
cebo	 on	 their	 first	 visit	 and	 DMT	 on	 their	 second	 visit.	
Blood	samples	for	quantification	of	DMT	in	plasma	were	
collected	up	to	60	min	after	administration.	The	intensity	
of	 the	 subjective	 effects	 was	 assessed	 by	 asking	 subjects	
to	 rate	 the	 intensity	of	 the	experience	on	a	 scale	 from	0	

WHAT QUESTION DID THIS STUDY ADDRESS?
This	study	aimed	to	design	a	dosing	protocol	for	DMT	based	on	a	target	psyche-
delic	 intensity.	 In	 addition,	 the	 impact	 of	 choosing	 a	 continuous	 variable	 or	 a	
bounded	integer	model	to	inform	such	a	protocol	was	investigated.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Dose	recommendations	for	DMT	based	on	a	target	response	is	presented	for	the	
first	time.	It	is	also	shown	that	no	single	dose	is	likely	to	lead	to	a	large	propor-
tion	of	the	population	within	target.	Further,	differences	between	the	continuous	
variable	model	and	the	bounded	integer	model	that	may	impact	dose	selection	
are	demonstrated.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
The	dose	recommendations	presented	here	may	impact	the	clinical	development	
of	DMT	by	providing	a	starting	point	for	designing	infusion	studies	with	DMT.
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to	10,	where	0	is	no	effect	and	10	is	the	most	intense	ex-
perience	imaginable,	every	minute	during	the	first	20	min	
after	administration.

The	study	was	conducted	according	to	the	revised	Dec-
laration	of	Helsinki	(2000),	the	International	Committee	
on	 Harmonization	 Good	 Clinical	 Practices	 guidelines,	
and	the	UK	National	Health	Service	Research	Governance	
Framework,	and	was	approved	by	the	National	Research	
Ethics	 Committee	 London	 –		 Brent	 and	 the	 Health	 Re-
search	Authority.	All	subjects	provided	written	informed	
consent	to	participate	in	the	study.

Pharmacokinetic/pharmacodynamic 
modeling approach

A	continuous	variable	model	describing	the	relationship	
between	DMT	exposure	and	subjective	psychedelic	expe-
rience	based	on	 these	data	has	already	been	published.7	
In	 the	 present	 work,	 a	 bounded	 integer	 model	 was	 also	
developed	in	order	to	assess	whether	the	choice	of	model	
might	impact	future	dose	decisions.	The	two	models	are	
described	in	more	detail	below.

Data	 were	 analyzed	 using	 nonlinear	 mixed	 effects	
modeling	 in	 NONMEM	 version	 7.4.3.	 (ICON	 Devel-
opment	 Solutions).14	 Pirana	 (version	 3.0.0)	 and	 Perl-	
speaks-	NONMEM	(version	5.2.6)15	were	used	for	model	
automation	and	diagnostics.	R	(version	4.1.1)	was	used	
for	model	diagnostics	and	visualization.	Models	were	fit-
ted	using	the	first-	order	conditional	estimation	method	
with	 interaction	 or	 the	 Laplace	 estimation	 method	 for	
the	 continuous	 variable	 and	 bounded	 integer	 model,	
respectively.

A	 population	 pharmacokinetic	 parameter	 and	 data	
approach	was	used,	where	the	same	population	pharma-
cokinetic	parameters	were	used	as	input	in	both	models	
whereas	 individual	 pharmacokinetic	 parameters	 were	
estimated	 simultaneously	 with	 the	 pharmacodynamic	
parameters.16	 Individual	 pharmacokinetic	 parame-
ters	 were	 assessed	 to	 assure	 that	 there	 were	 no	 major	
differences	 between	 the	 models	 that	 might	 impact	 the	
interpretation	of	 the	results.	Effect	compartment	mod-
els	were	used	to	describe	the	slight	delay	in	response	as	
compared	 to	 plasma	 concentrations.17	 The	 change	 in	
concentration	 in	 the	 effect	 compartment	 is	 described	
according	to:

where	 ke0	 is	 the	 effect	 compartment	 equilibrium	 rate	
constant,	 Cp	 is	 the	 plasma	 concentration	 of	 DMT,	 and	
Ce	 represents	 the	 theoretical	 concentration	 in	 the	 effect	
compartment.

Model	 discrimination	 between	 nested	 models	 was	
based	on	objective	function	value	(OFV)	where	a	change	
in	OFV	of	−3.84	was	considered	a	significant	model	im-
provement	at	p	=	0.05	under	the	assumption	that	ΔOFV	is	
approximately	χ2	distributed.	The	fit	of	the	models	to	the	
data	 was	 further	 assessed	 using	 visual	 predictive	 checks	
(VPCs).	Sampling	importance	resampling	(samples/resa-
mples	=	5000/1000)	was	performed	to	determine	precision	
of	the	parameter	estimates.18

Continuous variable model

The	 continuous	 variable	 model	 was	 a	 previously	 pub-
lished	model.	More	details	on	model	development	and	as-
sessment	can	be	found	elsewhere.7

In	brief,	the	relationship	between	DMT	exposure	and	
subjective	 intensity	 was	 described	 by	 an	 effect	 compart-
ment	 model	 with	 a	 sigmoid	 maximum	 effect	 (Emax)	 re-
sponse	according	to:

where	E0	is	the	baseline	response,	Emax	is	the	maximum	re-
sponse,	EC50,e	is	the	concentration	of	DMT	at	the	effect	site	
required	to	produce	half	of	the	maximum	response,	and	the	
Hill	coefficient	γ	describes	the	sigmoidicity	of	the	relation-
ship.	 For	 technical	 reasons,	 E0	 was	 fixed	 to	 0.001,	 a	 more	
detailed	discussion	on	this	can	be	found	in	the	original	pub-
lication.	However,	for	any	practical	purposes,	0.001	can	be	
considered	equal	to	0	in	this	context.

To	keep	predictions	within	the	boundaries	of	the	scale,	
a	logit	transformation	was	used	for	every	observation	j	of	
each	individual	i	as:

where	λ	 is	the	individual	prediction,	and	εij	 is	the	residual	
error,	 additive	 on	 the	 logit	 scale,	 and	 following	 a	 normal	
distribution.

Development of a bounded integer model

Given	a	scale	with	n	categories,	the	area	under	the	stand-
ard	 normal	 distribution	 is	 divided	 into	 n	 equally	 sized	
areas	in	the	bounded	integer	model.	This	is	done	using	the	
probit	function	to	define	n	−	1	cutoff	values	(Z1/n–	Z(n−1)/n).	
Because	 the	 subjective	 intensity	 rating	 scale	 consists	 of	
11	categories,	the	area	under	a	standard	normal	distribu-
tion	 was	 divided	 into	 11	 equally	 sized	 areas.	 A	 function	

dCe
dt

= ke0 ×
(
Cp − Ce

)

Response = E0 +
Emax ∗C

�
e

EC�

50,e
+ C�

e

y = 10 ∙
e
ln
(

�

10−�

)
+�ij

1 + e
ln
(

�

10−�

)
+�ij
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describing	the	mean	of	a	normal	distribution,	using	fixed	
effects	(θ),	random	effects	for	an	individual	i	(ηi),	time,	and	
covariates	 (Xi),	 f(θ,ηi,f,t,Xi,f),	 together	with	a	 function	de-
scribing	the	variance	of	a	normal	distribution,	using	fixed	
effects	(σ),	random	effects	for	an	individual	i	(ηi),	time,	and	
covariates	(Xi),	g(σ,ηi,g,t,Xi,g),	are	used	along	with	the	cutoff	
values	to	estimate	the	probability	of	each	score.	The	prob-
ability	for	the	kth	score	is:

where	Φ	if	the	cumulative	distribution	of	the	normal	distri-
bution	function.

For	the	first	category	(k	=	1)	this	collapses	into:

and	for	the	last	category	(k	=	n)	into:

representing	 the	 cumulative	 distribution	 within	 the	 inter-
vals	(−∞,	Z1/n)	and	(Z(n−1)/n,	∞),	respectively.

Linear	and	power	functions	were	evaluated	to	describe	
the	relationship	between	DMT	concentrations	and	the	in-
dividual	 prediction	 of	 the	 mean	 of	 the	 normal	 distribu-
tion.	Exemplified	here	by	a	linear	relationship	described	
as:

where	Base	 is	 the	mean	of	 the	normal	distribution	before	
any	drug	is	administrated,	Slope	is	a	constant	describing	the	
relationship	between	drug	concentration	and	the	individual	
prediction,	 and	 Ce	 is	 the	 drug	 concentration	 in	 the	 effect	
compartment.

Between	subject	variability	(BSV)	was	assessed	on	drug	
effect	and	variance	as	exponential	random	effects	follow-
ing	a	log-	normal	distribution	with	mean	zero	and	variance	
ω.2

In	 addition,	 a	 Markov	 element	 was	 implemented	 to	
evaluate	any	serial	correlation	in	the	data,	as	described	by	
Wellhagen	and	colleagues.13	This	was	implemented	as:

where	Yi,j−1	is	the	previous	observation	and	Pk,i,j	is	the	proba-
bility	of	a	score	k	for	individual	i	at	time	j.	If	Yi,j	and	Yi,j−1	are	
different,	the	equation	simplifies	to:

A	positive	value	of	the	Markov	parameter	PM	is	asso-
ciated	with	a	higher	probability	of	an	observation	having	
the	same	value	as	the	previous	observation.

A	 more	 detailed	 description	 of	 the	 bounded	 integer	
model	can	be	found	elsewhere.13

Simulations

Simulations	 including	 both	 BSV	 and	 residual	 variability	
were	 performed	 to	 assess	 optimal	 dose	 levels	 for	 achiev-
ing	different	 target	 intensity	ratings.	Doses	were	assessed	
as	DMT	 fumarate	doses	 throughout	 this	work.	The	over-
all	aim	was	to	identify	a	combination	of	a	bolus	dose	and	
an	infusion	rate	that	would	keep	subjects	at	steady	ratings	
over	a	longer	period	of	time	(e.g.,	60	min).	The	previously	
published	continuous	variable	model	and	two	newly	devel-
oped	bounded	integer	models	were	used	to	simulate	sub-
jective	 intensity	 ratings	at	2	min	after	administration	of	a	
bolus	dose	as	well	as	at	steady-	state	in	1000	virtual	subjects	
across	different	dose	levels.	A	timepoint	of	2	min	after	bolus	
administration	was	chosen,	as	it	is	the	time	where	peak	ef-
fect	compartment	concentrations	would	be	expected	based	
on	 the	 final	 models.	 Steady-	state	 was	 defined	 as	 a	 time-
point	where	more	than	five	terminal	plasma	drug	half-	lives	
had	 passed	 in	 all	 simulated	 subjects.	 For	 the	 purpose	 of	
this	work,	ratings	between	7	and	9	were	considered	desir-
able.	This	was	 to	ensure	a	strong	psychedelic	experience,	
as	this	has	been	hypothesized	to	correlate	with	therapeu-
tic	 outcome,6	 while	 also	 avoiding	 participants	 experienc-
ing	adverse	psychological	reactions	(i.e.,	extreme	anxiety).	
Consequently,	ratings	above	9	were	considered	undesirable	
in	this	context,	whereas	ratings	below	7	were	considered	a	
subtherapeutic	response.	A	lower	target	of	ratings	between	
4	and	6	was	also	evaluated	for	the	purpose	of	model	com-
parison.	For	the	continuous	variable	model,	ratings	greater	
than	or	equal	to	6.5	and	less	than	9.5	would	be	considered	
equal	to	7–	9	and	ratings	greater	than	or	equal	to	3.5	and	less	
than	6.5	would	be	considered	equal	to	4–	6.	For	each	evalu-
ated	 dose	 level,	 the	 proportion	 of	 the	 population	 within,	
below,	 or	 exceeding	 target	 was	 simulated.	 Once	 optimal	
doses	 had	 been	 defined,	 simulations	 of	 ratings	 over	 time	
in	 a	 typical	 subject	 (i.e.,	 without	 any	 variability),	 follow-
ing	administration	of	these	doses	were	performed.	For	the	
bounded	integer	models,	typical	ratings	were	defined	as	the	
rating	with	the	highest	probability	at	each	timepoint.
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   | 5OPTIMIZED INFUSION RATES FOR DMT

RESULTS

Model comparison

For	 the	 bounded	 integer	 model,	 a	 linear	 function	 best	
described	 the	 relationship	 between	 drug	 concentration	
and	effect.	BSV	was	incorporated	on	drug	effect	(slope)	as	
well	 as	 the	 variance	 function	 (SD).	 Including	 variability	
in	the	variance	function	significantly	improved	the	fit	of	
the	model	to	the	data.	Adding	a	Markov	element	provided	
a	better	 fit	 to	 the	data	 (ΔOFV	=	−83).	However,	because	
no	element	to	account	for	serial	correlation	is	present	in	
the	continuous	variable	model,	two	final	bounded	integer	
models	are	presented	here,	with	and	without	a	Markov	el-
ement.	Final	parameter	estimates	and	VPCs	of	all	models,	
including	 the	 previously	 published	 continuous	 variable	
model,	 are	 presented	 in	 Table  1	 and	 Figure  1,	 respec-
tively.	Based	on	the	VPCs,	the	fit	appears	similar	between	
models.	The	number	of	parameters,	parameter	precision,	
and	the	estimated	size	of	the	BSV	is	also	similar	between	
models.	Individual	pharmacokinetic	parameter	estimates	
from	the	different	models	were	considered	similar	 (data	
not	 shown).	Residual	 scatterplots	as	well	 as	distribution	

of	individual	pharmacodynamic	parameter	estimates	are	
provided	in	Appendix S1.	The	model	code	is	provided	in	
Data S1.	A	simulated	dataset	is	provided	in	Data S2.

Simulations

The	 distributions	 of	 simulated	 subjective	 intensity	 rat-
ings	 at	 2	 min	 after	 the	 administration	 of	 different	 bolus	
doses	 as	 well	 as	 at	 steady-	state	 across	 different	 infusion	
rates	with	the	different	models	are	presented	in	Figure 2.	
For	 the	 bolus	 doses,	 simulated	 median	 ratings	 between	
7	and	9	were	achieved	at	dose	 levels	ranging	 from	12	to	
26	mg	 with	 the	 continuous	 variable	 model,	 whereas	 the	
corresponding	dose	ranges	were	12–	16	and	14–	18	mg	for	
the	 bounded	 integer	 model	 without	 and	 with	 a	 Markov	
element,	respectively.	At	steady-	state,	a	predicted	median	
response	between	7	and	9	was	achieved	at	infusion	rates	of	
1.2–	2.6	mg/min	with	 the	continuous	variable	model	and	
1.0–	1.4	mg/min	for	the	two	bounded	integer	models.

Figures  3	 and	 4	 show	 the	 percentage	 of	 individuals	
having	 an	 intensity	 rating	 within,	 above,	 or	 below	 tar-
get	 across	 different	 dose	 levels.	 Tables	 summarizing	 the	

Parameter

Continuous variable 
model

Bounded integer 
model

Bounded integer 
model with 
Markov element

Estimate %RSE Estimate %RSE Estimate %RSE

ke0	(min−1) 1.38 17.5 1.12 6.5 1.16 5.5

Emax 10	FIX –	 –	 –	 –	 –	

EC50,e	(nM) 94.7 14.9 –	 –	 –	 –	

γ 2.87 4.2

Base –	 –	 −1.7 3.8 −1.68 4.0

SD	(g()) –	 –	 0.275 19.7 0.269 15.9

Slope –	 –	 0.0163 8.6 0.0159 7.0

PM –	 –	 –	 –	 0.289 22.4

BSV	EC50,e	
(CV%)

38.6 34.1 –	 –	 –	 –	

BSV	γ	(CV%) 77.3 36.6 –	 –	 –	 –	

BSV	slope	
(CV%)

–	 –	 35.8 32.9 31.8 36.9

BSV	SD	
(CV%)

–	 –	 75.7 35.0 81.9 39.3

Residual	
error	(SD)

0.82 7.8 –	 –	 –	 –	

Abbreviations:	Base,	mean	of	the	normal	distribution	before	any	drug	is	administrated;	BSV,	
between	subject	variability;	CV,	coefficient	of	variation;	DMT,	N,N-	dimethyltryptamine;	EC50,e,	effect	
compartment	concentration	required	to	reach	50%	of	maximum	response;	Emax,	maximum	achievable	
response;	ke0,	effect	compartment	equilibrium	rate	constant;	PM,	Markov	parameter;	RSE,	relative	
standard	error;	SD,	standard	deviation	of	bounded	integer	model	as	defined	by	g()	function;	γ,	Hill	
coefficient	describing	steepness	of	relationship.

T A B L E  1 	 Final	parameter	estimates	
for	the	three	different	pharmacokinetic/
pharmacodynamic	models	describing	
the	relationship	between	DMT	plasma	
concentrations	and	subjective	intensity	
ratings.
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   | 7OPTIMIZED INFUSION RATES FOR DMT

F I G U R E  1  Visual	predictive	checks	(n	=	1000)	of	(a)	the	continuous	variable	model	(b)	the	bounded	integer	model	without	a	Markov	
element	and	(c)	the	bounded	integer	model	with	Markov	element.	The	left	panels	demonstrate	predicted	intensity	ratings	over	time	and	
the	right	panels	demonstrate	the	proportion	of	each	rating	over	time.	Black	circles	represent	observations,	solid	lines	represent	the	median	
observation,	and	dashed	lines	represent	the	5th	and	95th	percentiles	of	the	observations.	Red	areas	represent	the	90%	confidence	intervals	of	
the	median	predictions	and	gray	areas	represent	the	90%	confidence	intervals	of	the	predicted	5th	and	95th	percentiles.

F I G U R E  2  Predicted	distribution	of	intensity	ratings	at	(a)	2	min	after	a	DMT	bolus	dose	across	different	dose	levels	and	(b)	at	steady-	
state	across	different	infusion	rates.	Solid	lines	represent	the	90%	prediction	interval	at	each	dose	level	with	filled	shapes	representing	the	
median	prediction.	Dashed	lines	demonstrate	a	target	response	interval	of	7–	9	and	the	dotted	line	represent	a	target	response	interval	of	4–	6.	
Simulations	were	performed	in	1000	subjects.	Doses	are	expressed	as	mg	DMT	fumarate.	DMT,	N,N-	dimethyltryptamine.
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8 |   ECKERNÄS et al.

predicted	percentages	can	be	found	in	Appendix S1.	The	
doses	that	are	predicted	to	achieve	the	highest	proportion	
of	the	population	within	target	with	the	different	models	
are	summarized	in	Table 2.	At	a	target	of	7–	9,	the	propor-
tions	within	target	at	the	optimal	dose	levels	varied	sub-
stantially	between	the	different	models	whereas	they	are	
more	similar	at	a	target	of	4–	6.	Figure 5	demonstrates	the	
simulated	typical	ratings	after	administration	of	the	opti-
mal	doses	to	achieve	ratings	between	7	and	9	presented	in	
Table 2.

DISCUSSION

The	primary	aim	of	this	work	was	to	design	a	dosing	pro-
tocol	 for	 achieving	 a	 target	 psychedelic	 intensity	 level	
over	an	extended	period	of	time	(e.g.,	60	min)	using	a	pre-
viously	published	continuous	variable	model	as	well	as	a	
newly	 developed	 bounded	 integer	 model	 describing	 the	
relationship	 between	 DMT	 plasma	 concentrations	 and	
ratings	of	the	subjective	intensity	of	the	psychedelic	expe-
rience.	The	data	used	in	this	work	come	from	a	previously	

F I G U R E  3  Predicted	proportions	of	the	population	having	an	intensity	rating	within	target	(green),	below	target	(red),	and	above	target	
(blue)	2	min	after	the	administration	of	a	bolus	dose	across	different	DMT	dose	levels.	Simulations	were	performed	in	1000	subjects.	Doses	
are	expressed	as	mg	DMT	fumarate.	DMT,	N,N-	dimethyltryptamine.
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   | 9OPTIMIZED INFUSION RATES FOR DMT

published	study	where	the	psychedelic	experience	was	as-
sessed	through	a	subjective	rating	score	on	a	scale	from	0	
to	10.8	Two	bounded	integer	models	are	presented	here,	
with	and	without	a	Markov	element	accounting	for	serial	
correlation	 in	 the	data.	However,	no	clear	 impact	of	 the	
Markov	 element	 on	 the	 simulations	 presented	 here	 was	
observed.	Although	the	addition	of	a	Markov	element	led	
to	a	slightly	larger	proportion	below	target	at	each	bolus	
dose	as	compared	to	the	bounded	integer	model	without	

a	Markov	element,	the	influence	on	dose	decisions	has	to	
be	considered	minor.

Based	on	the	results	of	 the	simulations,	optimal	dose	
levels	to	achieve	target	ratings	between	7	and	9	or	4	and	6	
were	explored.	Using	the	continuous	variable	model,	we	
predict	that	the	highest	proportion	within	a	target	of	7–	9	
would	be	achieved	with	a	bolus	dose	of	16	mg	followed	by	
an	 infusion	of	1.4	mg/min.	The	corresponding	combina-
tion	for	the	bounded	integer	models	was	14	mg	combined	

F I G U R E  4  Predicted	proportions	of	the	population	having	an	intensity	rating	within	target	(green),	below	target	(red),	and	above	target	
(blue)	at	steady-	state	across	different	DMT	infusion	rates.	Simulations	were	performed	in	1000	subjects.	Doses	are	expressed	as	mg	DMT	
fumarate.	DMT,	N,N-	dimethyltryptamine.
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10 |   ECKERNÄS et al.

with	1.2	mg/min.	These	doses	can	be	expected	to	provide	
ratings	within	target	over	an	extended	period	of	time	in	a	
typical	subject.	However,	 taking	variability	 into	account,	
the	predicted	proportions	within	target	are	generally	low	
(<53%),	 indicating	 that	 individually	 adjusted	 doses	 are	
necessary	to	achieve	a	large	proportion	of	the	population	
within	target.	At	a	target	response	of	4–	6,	the	highest	pro-
portion	within	 target	was	achieved	with	a	bolus	dose	of	
10	mg	combined	with	an	infusion	rate	of	0.8	mg/min	for	
all	 models.	 In	 addition,	 for	 this	 target,	 the	 proportions	
within	 target	 were	 low	 (<40%)	 and	 individually	 tailored	
doses	 are	 recommended.	 Nevertheless,	 whereas	 ratings	
above	9	were	considered	undesirable	here,	DMT	is	gener-
ally	considered	safe19	and	there	are	no	established	adverse	
levels.	 Although	 ratings	 of	 10	 might	 imply	 intolerance,	

one	 cannot	 make	 that	 inference	 directly	 from	 these	 rat-
ings	alone.	Further	questions	regarding,	for	example,	anx-
iety	would	have	 to	be	asked	 to	 infer	negative	valence	or	
intolerance	with	a	rating	of	10.	Furthermore,	bolus	doses	
higher	than	the	ones	proposed	here	have	been	tested	in	the	
clinic	without	resulting	in	any	safety	concerns.4,8,9	Conse-
quently,	we	believe	that	the	proposed	doses	could	serve	as	
a	 good	 starting	 point.	 Potentially,	 one	 could	 then	 adjust	
the	infusion	rate	gradually	based	on	the	reported	ratings	
of	each	individual	subject.	There	may	also	be	underlying	
covariates,	such	as	weight,	polymorphisms	in	metaboliz-
ing	enzymes,	or	baseline	neuropsychological	factors,	driv-
ing	the	large	variability	observed	here.	Unfortunately,	due	
to	the	low	number	of	subjects	in	this	study,	no	covariate	
analysis	could	be	performed	here.	Future	studies	should	

Model

Target 7– 9 Target 4– 6

Bolus dose 
[mg]  
(% within 
target)

Infusion rate 
[mg/min] 
(% within 
target)

Bolus dose 
[mg]  
(% within 
target)

Infusion rate 
[mg/min] 
(% within 
target)

Continuous	variable 16	(52%) 1.4	(45%) 10	(35%) 0.8	(31%)

Bounded	integer 14	(40%) 1.2	(24%) 10	(37%) 0.8	(28%)

Bounded	integer	with	
Markov	element

14	(39%) 1.2	(26%) 10	(38%) 0.8	(29%)

Note:	Doses	are	expressed	as	mg	DMT	fumarate.
Abbreviation:	DMT,	N,N-	dimethyltryptamine.

T A B L E  2 	 Suggested	optimal	doses	
based	on	predicted	proportions	within	the	
target	response.	Response	is	measured	
as	a	subjective	intensity	rating	on	a	scale	
from	0	to	10.

F I G U R E  5  Simulated	typical	rating	over	time	after	administration	of	a	16	mg	DMT	bolus	dose	followed	by	an	infusion	of	1.4	mg/min	
over	60	min	for	the	continuous	variable	model	and	a	14	mg	bolus	dose	followed	by	an	infusion	of	1.2	mg/min	over	60	min	for	the	bounded	
integer	models.	For	the	bounded	integer	models,	the	plotted	typical	rating	corresponds	to	the	rating	with	the	highest	simulated	probability	at	
each	timepoint.	DMT,	N,N-	dimethyltryptamine.
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   | 11OPTIMIZED INFUSION RATES FOR DMT

focus	 on	 characterizing	 potential	 covariates	 to	 allow	 for	
individualized	dosing	based	on	such	variables.

A	secondary	aim	of	this	work	was	to	further	investigate	
the	impact	of	the	model	structure,	that	is,	either	a	contin-
uous	variable	model	or	a	bounded	integer	model,	on	dose	
decision	 making.	 Interestingly,	 although	 the	 simulated	
optimal	 doses	 were	 similar	 between	 the	 different	 mod-
els,	some	key	differences	were	identified.	One	major	dif-
ference	lies	in	the	frequency	of	the	predicted	population	
falling	within	target	as	well	as	below	or	above	target	at	the	
predicted	optimal	dose	levels	(Figures 3	and	4).	At	the	pre-
dicted	optimal	infusion	rates	to	achieve	ratings	between	7	
and	9	of	1.4	and	1.2	mg/min	for	 the	continuous	variable	
and	the	bounded	integer	models,	respectively,	 the	corre-
sponding	proportions	within	 target	are	45%	 for	 the	con-
tinuous	variable	model	and	24%–	26%	for	the	two	bounded	
integer	models.	This	difference	is	mainly	due	to	a	higher	
proportion	of	 ratings	exceeding	 the	 target	of	9	based	on	
the	 bounded	 integer	 models	 rather	 than	 any	 difference	
in	the	proportion	of	people	at	subtherapeutic	levels.	The	
bounded	 integer	 model	 thus	 indicates	 that	 a	 larger	 pro-
portion	 of	 the	 population	 would	 need	 dose	 adjustments	
to	reach	therapeutic	levels	as	compared	to	the	continuous	
variable	model.	Furthermore,	with	a	target	level	of	ratings	
between	7	and	9,	the	continuous	variable	model	predicts	
a	larger	proportion	within	target	even	at	higher	doses	as	
compared	to	 the	bounded	integer	model.	This	can	again	
mainly	be	attributed	 to	a	smaller	proportion	of	 the	pop-
ulation	above	target	with	the	continuous	variable	model.	
With	 the	 bounded	 integer	 model,	 we	 predict	 up	 to	 94%	
of	people	having	a	 rating	of	10	at	 the	highest	 simulated	
dose	level	as	compared	to	52%	with	the	continuous	vari-
able	model.	Similarly,	there	is	a	difference	in	the	predicted	
dose	intervals	leading	to	median	ratings	between	7	and	9.	
For	 the	 continuous	 variable	 model	 bolus	 doses	 between	
12	 and	 26	mg	 as	 well	 as	 infusion	 rates	 between	 1.2	 and	
2.6	mg/min	are	predicted	to	lead	to	median	ratings	within	
target.	The	corresponding	dose	intervals	for	the	bounded	
integer	models	are	12–	16	mg	(or	14–	18	mg	when	a	Markov	
element	is	included)	and	1.0–	1.4	mg/min.	In	other	words,	
the	bounded	integer	model	predicts	a	higher	risk	of	peo-
ple	reporting	ratings	of	10,	which	could	potentially	mean	
an	 increased	 risk	 for	 adverse	 psychological	 reactions,	 at	
dose	levels	where	only	a	small	proportion	of	the	popula-
tion	would	be	expected	to	report	ratings	of	10	based	on	the	
continuous	variable	model.	This	difference	could	have	a	
major	impact	on	decision	making	and	consequently	study	
outcomes	in	a	clinical	development	setting.

It	should	be	noted	that	it	is	clear	from	the	results	of	
the	 simulations	 that	 the	 impact	 of	 choosing	 different	
modeling	 approaches	 depends	 on	 the	 target	 response	
and	 that	 the	major	difference	between	 the	 two	models	
is	 the	behavior	at	 the	boundaries	of	 the	scale.	Because	

the	continuous	variable	model	does	not	truly	respect	the	
boundaries	or	the	discrete	nature	of	the	data	this	natu-
rally	affects	the	predictions.	However,	the	impact	is	most	
prominent	at	the	higher	dose	levels	where	the	predicted	
score	 gradually	 gets	 closer	 to	 10	 without	 being	 able	 to	
reach	an	actual	value	of	10.	If	on	the	other	hand,	one	is	
aiming	for	a	medium	intensity	rating	of	between	4	and	
6,	the	results	from	the	two	different	models	are	very	sim-
ilar.	The	predicted	optimal	doses	are	identical	between	
the	 models.	 However,	 the	 dose	 intervals	 leading	 to	 a	
median	 response	 within	 target	 varies	 slightly	 at	 bolus	
doses	of	8–	10	mg	for	the	continuous	variable	model	and	
bounded	integer	model	without	a	Markov	element	com-
pared	to	8–	12	mg	when	a	Markov	element	is	added.	For	
the	two	bounded	integer	models,	only	an	 infusion	rate	
of	0.8	mg/min	is	predicted	to	lead	to	a	median	response	
within	target,	whereas	the	corresponding	range	for	the	
continuous	variable	model	is	0.8–	1.0	mg/min.	Addition-
ally,	Figures 3	and	4	demonstrate	that	the	predicted	pro-
portions	of	the	population	falling	within	a	target	of	4–	6	
are	similar	between	the	models,	 further	demonstrating	
that	 the	 main	 difference	 lies	 at	 the	 boundaries	 of	 the	
scale.

Whereas	we	believe	that	the	dose	recommendations	
provided	here	may	serve	as	a	good	starting	point	when	
designing	an	infusion	study,	some	limitations	should	be	
highlighted.	First,	this	work	focuses	on	a	single	dataset,	
based	 on	 only	 13	 subjects,	 and	 the	 models	 and	 hence	
dose	 recommendations	 may	 change	 with	 more	 data	
available.	 It	 should	 also	 be	 pointed	 out	 that	 the	 data	
which	the	models	are	built	on	are	derived	from	subjects	
with	previous	experience	of	psychedelics.	Consequently,	
there	could	be	an	underestimation	of	 the	 intensity	rat-
ings	 if	 applied	 to	 the	 general	 population.	 Second,	 be-
cause	the	recommended	doses	have	not	yet	been	tested	
in	the	clinic,	no	conclusions	can	be	made	at	 this	point	
regarding	their	clinical	suitability.	However,	although	a	
recent	 study,	 using	 doses	 similar	 to	 what	 has	 been	 re-
ported	 here,	 observe	 slightly	 lower	 mean	 intensity	 rat-
ings	than	what	would	be	predicted	based	on	the	models	
presented	 here,	 the	 large	 variability	 observed	 also	 in	
that	 study	 further	 demonstrates	 that	 individualized	
dosing	will	likely	be	necessary.11	Further,	this	work	was	
not	focused	on	making	the	models	fully	comparable	as	
such	 and	 that	 may	 have	 impacted	 the	 results.	 For	 ex-
ample,	the	included	BSV	term	in	the	variance	function	
of	 the	 bounded	 integer	 models	 allows	 the	 consistency	
in	 ratings	 to	 vary	 between	 individuals,	 something	 that	
could	be	considered	equivalent	to	including	BSV	in	the	
residual	error	 for	 the	continuous	model.13	However,	 to	
make	 sure	 that	 this	 had	 no	 major	 impact	 on	 the	 com-
parison	between	the	models,	simulations	were	also	per-
formed	using	a	bounded	integer	model	without	BSV	in	
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the	 variance	 function.	These	 simulations	 showed	 that,	
whereas	this	BSV	term	improved	the	fit	of	the	model	to	
the	data,	it	had	no	major	impact	on	the	behavior	of	the	
model	in	the	context	of	designing	a	dose	protocol	based	
on	 the	 simulations	 presented	 here	 (data	 not	 shown).	
Moreover,	based	on	the	VPCs	presented	in	Figure 1,	all	
models	seem	to	fit	the	data	well.	More	importantly,	the	
fit	 appears	 similar	 between	 them.	 Nevertheless,	 there	
are	 some	 expected	 differences	 in	 the	 behavior	 of	 the	
models	 that	 may	 impact	 predictions.	 For	 example,	 for	
the	continuous	model,	the	baseline	intensity	score	was	
fixed	 at	 0.	 Whereas	 with	 the	 bounded	 integer	 model,	
based	on	 the	estimated	base	parameter	and	variability,	
scores	above	0	are	sometimes	predicted	even	before	any	
drug	has	been	administered.	This	can	also	be	observed	
in	the	simulations	where	the	90%	prediction	interval	in-
cludes	ratings	of	1	when	the	administered	dose	 is	zero	
(Figure 2).	Furthermore,	because	individual	pharmaco-
kinetic	parameters	were	estimated	for	each	model,	this	
could	 cause	 differences	 in	 simulated	 outcomes.	 How-
ever,	the	aim	was	not	to	perform	an	extensive	investiga-
tion	on	the	behavior	or	appropriateness	of	the	different	
models	 but	 rather	 to	 give	 dose	 recommendations	 for	
DMT	 specifically	 as	 well	 as	 to	 provide	 an	 example	 of	
how	 the	 choice	 of	 model	 might	 impact	 dose	 selection	
when	planning	a	clinical	study.

To	 conclude,	 this	 study	 presents,	 for	 the	 first	 time,	
dose	 recommendations	 for	 DMT	 based	 on	 a	 target	 re-
sponse	level.	Overall,	it	appears	that	the	choice	of	opti-
mal	dose	 levels	based	on	 the	 target	 intensity	would	be	
similar	regardless	of	model	choice.	However,	it	 is	clear	
that	 individual	 dose	 adjustments	 will	 be	 needed	 and	
that	no	single	dose	will	lead	to	a	high	proportion	of	the	
population	 within	 the	 target	 range.	 Furthermore,	 the	
bounded	integer	and	the	continuous	variable	models	do	
behave	differently	in	terms	of	describing	the	variability.	
Hence,	 there	 are	 larger	 differences	 at	 target	 response	
levels	 approaching	 the	 boundaries	 of	 the	 rating	 scale.	
Dose	 decisions	 based	 on	 a	 continuous	 variable	 model	
may	lead	to	a	higher	risk	of	observing	maximum	ratings	
of	10,	whereas	predictions	based	on	 the	bounded	 inte-
ger	 model	 favor	 a	 more	 conservative	 approach	 in	 this	
context.
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