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• Most of these data derive from my research at the National Institute on 
Drug Abuse for more than 23 years & have no conflict of interest disclosures

• Since 2016, I am a full-time consultant & work with pharmaceutical & 
diagnostic companies, some with interests in the cannabinoid field, 
including Hound Labs

• I also consult for drug policy companies & government agencies, including 
PinneyAssociates

Disclosures
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• After participating in this course, attendees will be able to describe:
• The important functions of the endogenous cannabinoid system
• Mechanisms of action of ∆9-tetrahydrocannabinol (THC) & cannabidiol (CBD)
• The different types of available cannabinoid medications
• The absorption, distribution, metabolism & elimination of THC
• How counter-clockwise hysteresis complicates interpretation of blood THC concentrations
• The differences between THC blood and plasma concentrations
• The pharmacodynamic & pharmacokinetic differences between chronic frequent (daily) 

vs. occasional cannabis users
• The pharmacodynamic & pharmacokinetic differences between smoked, vaped or oral 

cannabis administration

Learning Objectives
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World Drug Report 2021

twofold over the period 2010–2019. Prior to that, between 
2002 and 2009, the prevalence of cannabis use in the 
past month had increased by 10 per cent among the adult 
population. In 2019, over 29 million people aged 18 and 
older were estimated to be past-month users of cannabis, 
of whom 45 per cent, or 1(.8 million people, were daily 
or near-daily23 users of cannabis.24 

In 2018 and 2019, in the United States, past-month can-
nabis use among people aged 18 and older was higher 
among men than among women, and more so among 
people who were socially disadvantaged (e.g., without 
completed college education, unemployed).25

Compared with cannabis use among the adult population 
in the United States, the levels of past-year and past-
month use of cannabis among high-school students have 
remained stable over the past 10 years (2011–2020); in 

23 Daily or near-daily use is defined as use of a substance for 20 days or 
more in the past month.

24 United States, Substance Abuse and Mental Health Services Admin-
istration, Key Substance Use and Mental Health Indicators in the United 
States: Results from the 2019 National Survey on Drug Use and Health, 
HHS Publication, No. SMA 18-50(8, NSDUH Series H-53 (Rockville, 
Maryland, Center for Behavioral Health Statistics and Quality, 2020).

25 Based on data from United States, Substance Abuse and Mental 
Health Services Administration, Results from the 2019 National Survey 
on Drug Use and Health: Detailed Tables (Rockville, Maryland, 2020).

in South America with data for multiple years, cannabis 
use in Argentina and Chile nearly doubled from 2008 
to 201)/18, while the trend in cannabis use remained 
generally stable in Bolivia (Plurinational State of) and 
Colombia. In Central America, recent information on 
the extent of drug use among secondary school students 
showed that the past-year prevalence of cannabis use in 
Costa Rica was 5.1 per cent (2018) and in El Salvador was 
6.6 per cent (2018).

Cannabis use in the past year among the adult popula-
tion in Caribbean countries is estimated at (.4 per cent 
in 2019, whereas a survey among students aged 14–1) in 
1( Caribbean countries in 2016 showed that the average 
past-year prevalence of cannabis use was 1).5 per cent 
among boys and 10.( per cent among girls. The average 
past-month prevalence among boys (11.6 per cent) in the 
1( countries surveyed was nearly double that of girls.21

Cannabis use is still on the increase  
in North America
Past-year cannabis use in the Americas increased from 
an estimated 6.6 per cent (40 million past-year users) in 
2010 to 8.8 per cent of the adult population (59 million 
past-years users) in 2019. Within the Americas, cannabis 
use is much higher in North America (14.5 per cent, or 
4) million users) than in other subregions.

Cannabis use continues to increase  
in the United States

Change in the cannabis market in the United States 
in the past decade has resulted in a larger number of 
users of the drug and, more dramatically, in a higher fre-
quency of cannabis consumption and in larger quantities 
of cannabis being consumed.22 While the past-year and 
past-month prevalence of cannabis use among the adult 
population (aged 18 and older) in the United States have 
increased by 60 per cent and )5 per cent, respectively, 
the prevalence of daily or near-daily use increased almost 

21 Organization of American States, Inter-American Drug Abuse Control 
Commission, A Report on Students’ Drug Use in 13 Caribbean Countries: 
Antigua and Barbuda, The Bahamas, Barbados, Belize, Dominica, Gre-
nada, Guyana, Haiti, Jamaica, St. Kitts and Nevis, St. Lucia, St. Vincent 
and the Grenadines, Trinidad and Tobago (OEA)Ser.L)XIV.(.4() (201().

22 See, for instance, Miles K. Light and others, “Market size and demand 
for marijuana in Colorado” (Colorado, United States, Colorado 
Department of Revenue, 201(), which argues that the amount of 
cannabis used per day is strongly correlated with the number of days 
of use per month, and that 80 per cent of the cannabis consumed in 
Colorado was consumed by daily users, who comprised 20 per cent of 
the past-year cannabis users in Colorado.

FIG. 15 Trends in cannabis use among the population 
aged 18 and older, United States, 2010–2019

Source: United States, Substance Abuse and Mental Health Services 
Administration, Results from the 20() National Survey on Drug Use and 
Health: Detailed Tables (Rockville, Maryland, 2+2+).
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population. In 2019, over 29 million people aged 18 and 
older were estimated to be past-month users of cannabis, 
of whom 45 per cent, or 1(.8 million people, were daily 
or near-daily23 users of cannabis.24 

In 2018 and 2019, in the United States, past-month can-
nabis use among people aged 18 and older was higher 
among men than among women, and more so among 
people who were socially disadvantaged (e.g., without 
completed college education, unemployed).25

Compared with cannabis use among the adult population 
in the United States, the levels of past-year and past-
month use of cannabis among high-school students have 
remained stable over the past 10 years (2011–2020); in 

23 Daily or near-daily use is defined as use of a substance for 20 days or 
more in the past month.

24 United States, Substance Abuse and Mental Health Services Admin-
istration, Key Substance Use and Mental Health Indicators in the United 
States: Results from the 2019 National Survey on Drug Use and Health, 
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generally stable in Bolivia (Plurinational State of) and 
Colombia. In Central America, recent information on 
the extent of drug use among secondary school students 
showed that the past-year prevalence of cannabis use in 
Costa Rica was 5.1 per cent (2018) and in El Salvador was 
6.6 per cent (2018).

Cannabis use in the past year among the adult popula-
tion in Caribbean countries is estimated at (.4 per cent 
in 2019, whereas a survey among students aged 14–1) in 
1( Caribbean countries in 2016 showed that the average 
past-year prevalence of cannabis use was 1).5 per cent 
among boys and 10.( per cent among girls. The average 
past-month prevalence among boys (11.6 per cent) in the 
1( countries surveyed was nearly double that of girls.21

Cannabis use is still on the increase  
in North America
Past-year cannabis use in the Americas increased from 
an estimated 6.6 per cent (40 million past-year users) in 
2010 to 8.8 per cent of the adult population (59 million 
past-years users) in 2019. Within the Americas, cannabis 
use is much higher in North America (14.5 per cent, or 
4) million users) than in other subregions.

Cannabis use continues to increase  
in the United States

Change in the cannabis market in the United States 
in the past decade has resulted in a larger number of 
users of the drug and, more dramatically, in a higher fre-
quency of cannabis consumption and in larger quantities 
of cannabis being consumed.22 While the past-year and 
past-month prevalence of cannabis use among the adult 
population (aged 18 and older) in the United States have 
increased by 60 per cent and )5 per cent, respectively, 
the prevalence of daily or near-daily use increased almost 

21 Organization of American States, Inter-American Drug Abuse Control 
Commission, A Report on Students’ Drug Use in 13 Caribbean Countries: 
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and the Grenadines, Trinidad and Tobago (OEA)Ser.L)XIV.(.4() (201().

22 See, for instance, Miles K. Light and others, “Market size and demand 
for marijuana in Colorado” (Colorado, United States, Colorado 
Department of Revenue, 201(), which argues that the amount of 
cannabis used per day is strongly correlated with the number of days 
of use per month, and that 80 per cent of the cannabis consumed in 
Colorado was consumed by daily users, who comprised 20 per cent of 
the past-year cannabis users in Colorado.

FIG. 15 Trends in cannabis use among the population 
aged 18 and older, United States, 2010–2019

Source: United States, Substance Abuse and Mental Health Services 
Administration, Results from the 20() National Survey on Drug Use and 
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• Man used the Cannabis plant medicinally & recreationally for millennia prior 
to understanding its important physiological, cognitive & psychomotor roles 
in humans

• CB1 cannabinoid receptor has highest density of any 
G protein coupled-receptor (GPCR) in brain & mediates 
most THC CNS actions

Endogenous Cannabinoid System

Eggan & 
Saffen, 2004

8

• G protein-coupled receptors (GCRs) bind the endogenous cannabinoids & 
phytocannabinoids (THC)

• Endocannabinoid system occurs in mammals, birds, fish, sea urchins, 
amphibians, leeches, mussels & most primitive animal with a nerve 
network, the Hydra

• CB1 one of highest density G-protein receptors in 
brain, localized on central & peripheral neuron

• Low density of CB1 receptors in astrocytes modulate 
synaptic transmission & plasticity

CB1 & CB2 Receptor Pharmacology

9
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• CB1 richly expressed in regions for cognition, emotion, perception & 
movement, with low levels in brainstem, except for emesis center

• Peripheral CB2 cannabinoid receptor 
reported in early 1990s, primarily in 
periphery, critically important for 
immune function

Endogenous Cannabinoid System

10

Agonist-Biased Signaling & Functional Selectivity
• Cannabinoid ligands binding to cannabinoid receptors signal through different 

pathways including G proteins & ß-arrestin, based upon the cell’s function
• Endo- & phytocannabinoids also bind to other orphan G-protein receptors, 

transient receptor potential (TRP) ion channel, nuclear peroxisome proliferator-
activated receptors (PPARs) & latest- hemopressin peptide receptors 

• Biased agonism is the ability of ligands at same GPCR to elicit distinct cellular 
signaling profiles by stabilizing different active conformational states of the 
receptor

11

• Besides CB1 & CB2 receptors, there are other orphan GPCRs, e.g., GPCR 18, 
55 & 119, transient receptor potential (TRP) channel subfamilies, nuclear 
peroxisome proliferator-activated receptor (PPAR) subfamilies & 
hemopressin peptide receptors that bind cannabinoids

• Multiple 2nd messenger systems with wide variety of responses

Cannabinoid Signaling

12
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• N-acyl-phosphatidylethanolamines (NAPEs) are biosynthetic precursors of 
AEA & other endogenous agonists at cannabinoid receptors, anandamide 
(AEA) & 2-arachidonyl glycerol (2-AG)

• Diacylglycerols (DAG) are the biosynthetic precursors of 2-AG & other 
acylglycerols

Endogenous Cannabinoids (ECs)

AEA 2-AG

13

• EC ligands are core of lipid signaling system

• ECS plays important role in normal physiology, aberrant pathophysiology & 
offers hope for new pharmacotherapies for unmet clinical needs

• EC lipid congeners or lipoamines formed through conjugation fatty acids & 
amines connected through biosynthetic & metabolic pathways

• ECS is complex, with redundant synthetic pathways due to its critically 
important functions

Endogenous Cannabinoid System

14

Presynaptic 
neuron

+

-

Postsynaptic
receptor

Presynaptic
CB1 receptor

Postsynaptic 
neuron

CB1 receptor 
stimulation inhibits

release of 
classical 

neurotransmitters

Endocannabinoids

Endocannabinoid Signaling
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High CB1 Receptor Density

Brain Stem & Spinal Cord:
Vomiting reflex & Pain sensation

Amygdala: Anxiety, 
Emotion & Fear

Basal Ganglia: Motor 
control & planning

Hypothalamus: Appetite, 
Hormones & Sexual behavior

Neocortex: High 
cognitive function
& Sensory data 
integration

Hippocampus:
Memory & Learning

Cerebellum: 
Motor control 
& coordination
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• Physiological effects
• Heart rate, blood pressure, hormones, vision, hearing, touch, smell, 

respiration, consciousness, sedation, temperature control, hunger
• Cognitive effects

• Executive function: attention, concentration, salience, memory, problem-
solving, decision-making, impulsivity, inhibition, reaction time, risk taking, 
altered perception of time, visual search, disorientation 

• Motor effects
• Planning & implementation, reaction time, tracking, accuracy, tremors, lack 

of coordination/ataxia, speech difficulty, lack of coordination, weakness

Drug Pharmacodynamics

17

• Subjective effects

• High, paranoia, psychosis/mania, negative affect, fear, euphoria, 
relaxation, mood changes, panic

• Onset, peak & duration of effects (window of drug impairment) may be unique 
for each effect

• Drug impairment occurs due to total performance decrement across effects 

• Performance impairment changes with time after drug intake

• Behavior is the sum total of all effects occurring at a moment in time

Drug Pharmacodynamics

18
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• Cannabis used medically & recreationally >4000 years 

• ∆9-tetrahydrocannabinol (THC) is primary psychoactive 
compound in cannabis plant containing 21 carbons & no nitrogen

• THC precursor ∆9-tetrahydrocannabinolic acid A, THCA-A present in plant that 
decarboxylates upon heating to produce highly lipophilic THC

• >500 chemicals (terpenes, flavonoids, polyaromatic hydrocarbons), >120 
cannabinoids: cannabidiol (CBD, non-psychotropic), cannabinol (CBN, 10% as 
psychoactive as THC), cannabigerol (CBG) & ∆9 tetrahydrocannabivarin (THCV)

Cannabis

19

Precursors

20

Natural & Drug Reinforcers 
Increase Dopamine in NAc

Drugs of Abuse Increase Dopamine 
in Nucleus Accumbens, Triggers 

Neuroadaptions Result in Addiction 
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• Acute Physiological Effects

• Tachycardia

• Conjunctival injection

• Dry mouth & throat

• Increased appetite
• Analgesia

• Vasodilation (hypotension)

• Bronchodilation

Cannabis Pharmacology
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• Acute Subjective/Behavioral Effects

• Euphoria/relaxation

• Altered perceptions of time

• Lack of concentration

• Impairment of memory

• Executive function

• Divided attention

• Mood changes-panic reaction, paranoia

Cannabis Pharmacology
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• Non-intoxicating cannabinoid that binds poorly to THC binding site 
on CB1 & CB2 receptors, but is an allosteric modulator of agonist 
activity at cannabinoid receptors

• CBD increases serotonergic & glutamatergic transmission through 
allosteric modulation of 5HT1A receptors leading to 
neuroprotection during acute hypoxic-
ischemic conditions

• Higher CBD doses activate TRPV1 ion 
channel receptors promoting anxiolytic 
effects 

Cannabidiol (CBD)

24
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• CBD metabolized in liver & intestine by CYP2C19 & CYP3A4 (phase 
1) & UGT1A7, UGT1A9 & UGT2B7 (phase 2), producing 
hydroxylated & carboxylated metabolites 

• Provides opportunity for multiple drug-drug interactions & adverse 
events

• CBD’s inverse agonism at CB2 receptor & agonism 
at PPARɤ receptor may be responsible for its 
anti-inflammatory actions

• Also binds to adenosine receptors

Cannabidiol Pharmacology

25

• Addiction disorders: Solowij 2018 in dependent cannabis users

• Antipsychotic: Leweke 2012 as effective as amisulpride, less AE

• Anxiolytic: Fusar-Poli 2009 activates limbic & paralimbic regions

• Antidepressant: Schiavon 2016 inverted U-shape dose response

• Cancer: Ivanov 2019 with 𝛄-irradiation & chemotherapy,    cell death,   production of 
pro-inflammatory cytokines

• Chronic pain: National Academy of Sciences 2017

• Neuroprotection: Yücel 2016 protects against hippocampal pathology following chronic 
frequent THC intake 

• Spasticity: Wade 2004 THC & CBD     in MS patients

• Transplantation: Soares 2021 pretreatment    organ rejection

Potential Therapeutic Effects of CBD

26

Cannabidiol Adverse Effects and Toxicity

Marilyn A. Huestis1, Renata Solimini2, Simona Pichini2, 
Roberta Pacifici2, Jeremy Carlier3, Francesco Paolo Busardò4*

1Lambert Center for the Study of Medicinal Cannabis and Hemp, 
Institute of Emerging Health Professions, Thomas Jefferson University, 
Philadelphia, PA, USA;
2National Centre on Addiction and Doping, Istituto Superiore di Sanità, 
Rome, Italy. V.le Regina Elena 299, 00161, Rome, Italy; 
3Unit of Forensic Toxicology (UoFT), Department of Anatomical, 
Histological, Forensic and Orthopedic Sciences, Sapienza University
of Rome, Italy; 
4Section of Legal Medicine, Università Politecnica delle Marche, 
Ancona, Italy

Current Neuropharmacology 2019;17(10):974-989.
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• Highly efficient route of drug delivery to brain (similar to iv), with 
peak concentrations occurring prior to end of inhalation

• Rapid onset of effects due to speed of drug delivery to the brain

• Effective drug delivery contributes to high abuse liability of inhaled 
drugs (smoking, vaporizing, dabbing)

• Smoking dynamics important: # puffs, duration & volume of 
inhalation, hold time, time between puffs, smoking
time & experience of smoker

• Individuals titrate their inhaled dose to their
level of cardiovascular & subjective comfort

Absorption: Inhalation

28

Acute Cannabinoid Pharmacokinetics 
in Occasional Cannabis Users

Journal of Analyt ical Toxicology, Vol. 16, September /October  1992 

Blood Cannabinoids. I. Absorption of THC and Formation 
of 11-OH-THC and THCCOOH During and After Smoking 
Marijuana* 

Mari lyn A. Huest is ,  Jack E. Henningf ie ld ,  and Edward J. C o n e t  
Addiction Research Center, National Institute on Drug Abuse, P.O. Box 5180, Baltimore, Maryland 21224 

Abstract  I 

AS-Tetrahydrocannablnol (THC), the primary psychoactive 
constituent of marijuana, is rapidly transferred from lungs to 
blood during smoking. Oxidative metabolism of THC yields the 
active metabolite, 11-hydroxy-Ag-tetrahydrocannablnol (11-OH- 
THC), and the Inactive metabolite, 11-nor-9-carboxy-A 9- 
tetrahydrocannabinol (THCCOOH). Characterization of THC's 
absorption phase is important because of the rapidity with 
which THC penetrates the central nervous system to produce 
psychoactive effects. This study incorporated a highly 
automated procedure to sample blood and to capture rapid 
drug level changes during and following smoking. Human 
subjects smoked one marijuana cigarette (placebo, 1.75%, or 
3.55% THC) once a week according to a randomized, 
crossover, double-blind Latin square design. Samples were 
analyzed by GC/MS for THC, 11-OH THC, and THCCOOH. THC 
levels increased rapidly, peaked prior to the end of smoking, 
and quickly dissipated. Mean peak 11-OH-THC levels were 
substantially lower than THC levels and occurred immediately 
after the end of smoking. THCCOOH levels increased slowly 
and plateaued for an extended period. The mean peak time for 
THCCOOH was 113 min and a correspondingly longer time 
course of detection was observed. This study provides the 
first complete pharmacokinetic profile of the absorption of 
THC and appearance of metaboUtes during marijuana 
smoking. These findings have implications for understanding 
the mechanisms underlying the performance-impairing effects 
of marijuana, as well as for aiding forensic interpretation of 
cannabinoid blood levels. 

In t roduct ion 

Smoked drugs, including marijuana, cocaine, metham- 
phetamine, and phencyclidine, offer unique challenges to phar- 
macokinetic and pharmacodynamic investigations. It is likely that 
smoked drugs are highly abused, in part, because of the speed of 
delivery of drug to the brain ( 1 ). A9-Tetrahydrocannabinol (THC), 
the primary psychoactive component of marijuana, is rapidly ab- 
sorbed from the lungs and quickly distributed throughout the 
body. Few studies have attempted to measure THC or metabolite 

"Data presented at the 1991 SOFT annual meeting, Montreal, Canada. 
rAuthor to whom correspondence should be addressed. 

concentrations during marijuana smoking because of the rapidity 
of the absorption process. Peak THC concentrations occur during 
smoking and are missed if sampling begins after this time. During 
this critical phase, active and inactive metabolites of THC are 
formed and make their first appearance in blood. Characterization 
of the absorption phase of THC has been impeded by the need for 
fast sequential blood sampling during the critical smoking period 
and the necessity of sensitive analytical methods. 

Little is known of the formation of THC metabolites during 
marijuana smoking. Microsomal hydroxylation of THC was 
shown to produce the active metabolite, l l-hydroxy-A9-tetra - 
hydrocannabinol (11-OH-THC), believed by early investigators 
to be the true active analyte (2). However, this theory was later 
disputed because of the lack of immediate effects following in- 
travenous administration of 11-OH-THC (3). 1 I-OH-THC con- 
centrations have been reported to be low following marijuana 
smoking, with metabolite levels attaining less than 10% of THC 
concentrations (4). Further oxidation of active 11-OH-THC pro- 
duces the inactive metabolite, 11-nor-9-carboxy-A9-tetrahydro - 
cannabinol (THCCOOH) (5). THCCOOH levels gradually in- 
crease and surpass concurrent  THC levels shortly after 
completion of smoking, because of the precipitous drop in THC 
levels during this period. The time course of detection of THC- 
COOH is much longer than that of either of the active analytes. 
This extended detection time was shown to be caused by the slow 
release and subsequent metabolism of THC from tissue stores (6). 

The absorption and distribution of THC and formation of 11-OH- 
THC and THCCOOH in blood during and after marijuana smoking 
were studied in a controlled clinical setting. Six subjects smoked a 
single marijuana cigarette during each test session. Sequential 
blood samples were collected during smoking by using a contin- 
uous withdrawal pump. Gas chromatography/mass spectrometry 
(GC/MS) was used for determination of plasma drug analyte con- 
centrations. THC, l l-OH-THC, and THCCOOH concentrations 
were evaluated in relation to time of drug exposure. 

Methods  

Subjects 
Six healthy male volunteers with a history of marijuana use 

resided on a closed research ward of the Addiction Research Center, 
National Institute on Drug Abuse, for 4---6 weeks. Subjects' ages 

276 Reproduction (photocopying) of editorial content of this journal is prohibited without publisher's permission. 
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Plasma Concentrations After Smoking Cannabis
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Inter-subject Variability in Plasma Concentrations
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THC Disposition During Cannabis Smoking

Sidestream
6 - 53%

Pyrolized
31 - 50%

Butt
10 - 21%

Mainstream
16 - 69%

What about E-cigarettes? Dabbing?

32

• Acute cannabis effects have counter-clockwise hysteresis indicating prominent distribution 
phase

• Rarely is blood sampled in accident or DUID prior to the distribution phase (after the end of 
inhalation)

Hysteresis

33
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Concentration:Effect Curve: Hysteresis
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• During smoking or combustion produce toxic pyrolysis compounds

• Carbon monoxide, polyaromatic hydrocarbons (PAHs)

• Leads to bronchitis, coughing

• Vaporizer heats cannabis to temperature that 
volatilizes THC but minimizes PAHs, 210ºC

• Captures vapor in balloon, minimizing sidestream loss & reducing THC 
degradation due to lower temperature

• Frequently used now medicinally & recreationally

Vaporized Cannabis

35

Chronic Daily Cannabis Smokers
After Acute Exposure

Occasional Cannabis Smokers Plasma 
& Oral Fluid Concentrations After 

Round the Clock Oral THC (Dronabinol)

36
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• Slow & erratic absorption

• Peak concentrations low, occur 1 - 5 h

• Systemic availability low 6 - 20%

• Vehicle important, degradation in 
gut, 1st pass effect in liver

• Effects appear later, last longer,
greater effects at lower THC levels

• THC ≈ 11-OH-THC

Absorption: Oral

37

• Synthetic THC in sesame oil

• FDA-approved medication 
for nausea & vomiting with cancer 
chemotherapy & HIV-wasting disease

Oral Synthetic THC/Marinol®

38

• Investigate THC & metabolite disposition in plasma during 
around-the-clock oral THC in chronic cannabis smokers

• After smoked cannabis self-administration

• Single-dose oral THC (dronabinol) pharmacokinetics
• During continuous dosing 

• During monitored abstinence

• Evaluate tolerance development & model daily therapeutic 
& recreational THC intake

Around-the-Clock 20 mg Oral THC

39
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• Institutional Review Board-approved study & written informed 
consent

• Subjects 10
• Dosing 9 days  37 oral 20 mg THC doses   

  Escalating 40-120 mg THC/day
• # Collections  36/subject
• Cannabis use  7.9 ± 8.0 (1 – 24 joints/day)
• Last cannabis use  0.7 ± 0.5 days (0  – 1)
• Lifetime use  10 ± 4.7 years (4  – 18)

Study Design

40

Median THC Concentrations at Admission 
& for 5 h After 1st 20 mg Dronabinol Dose

41

Cannabinoid Results in Plasma & OF
N = 360 Plasma OF

THC
µg/L

11-OH-
THC
µg/L

THCCOOH
µg/L

THC
µg/L

11-OH-
THC
µg/L

THCCOOH
ng/L

% Positive 100 99.7 100 21.1 - 98.3

Range 1.2 - 
67.6

0.6 - 
38.9 13.3 - 498 0.5 - 

399 - 7.5 - 1088

Median 
Cmax

34.6 7.3 269 6.5 - 362

Median 
Tmax (h) 104 150 161 -18.0 - 161
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• Lipophilic, rapid distribution to 
highly perfused tissues, then fat

• Clearance ≈ hepatic flow 0.8 L/min
• Highly protein bound in blood ≈ 97%

• Volume of distribution ~3.4 L/kg
• Enterohepatic circulation
• Slow release of sequestered drug from tissues rate limiting 

step in elimination

Distribution

43

Cannabinoid Metabolism
∆9-

Tetrahydrocannabinol 
(THC)

11-hydroxy-THC
(11-OH-THC)

11-nor-9-carboxy-THC
(THCCOOH)

Glucuronidation

Cannabinol (CBN)

Cannabidiol (CBD)

CYP 2C9
CYP 2C19
CYP 2D6

Alcohol dehydrogenase or
microsomal alcohol oxygenase 

& aldehyde oxygenase

UGT 1A3
UGT 1A1

UGT 1A9
UGT 1A10 UGT 1A9

UGT 1A10
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Median CBD & CBN
Whole Blood

C
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  (
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)
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Median THCCOOH & THCCOOH glucuronide

Whole Blood
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• How Do You Study Pharmacokinetics of Chronic Daily Cannabis 
Smoking?
• Controlled drug administration studies 

• For safety & ethical reasons, never dose participants with as much drug & for as long as 
they dose themselves 

• Monitor excretion of self-administered drug during abstinence
• Requires long term residence on secure research unit to eliminate drug
• Costly & difficult for daily cannabis smokers to abstain for 30 days due to cannabis 

withdrawal syndrome

Chronic Daily Cannabis Smokers

48
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• 28 subjects, 19 - 38 years 

• 50% male, 82.1% AA

• Continuously resided on closed clinical unit 

• Whole blood collected at admission & each 
24 h for 7 days, urine for 30 days

• 12.8 ± 9.1 (2 – 40) joints or blunts/day

Chronic Daily Cannabis Smokers

49

5 Subjects THC-Pos All 7 Days

0

2

4

6

1 2 3 4 5 6 7
Day

ng
/m

L

50

Whole Blood THC
Day N 

≥ 0.25 µg/L
% N

≥ 1 µg/L
%

1 15 53.6 4 14.3

2 14 50.0 3 10.7

3 12 42.9 2 7.1

4 9 32.1 3 10.7

5 11 39.3 2 7.1

6 10 35.7 3 10.7
7 6 21.4 3 10.7
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Subjects Positive All 7 Days
Subject Self report 

J or B/day
Days used past 

14 days
BMI Gender

A 20 14 24.4 F

B 7 11 26.6 F

C 8 3 22.8 F

D 32 14 39.0 F

E 16 14 32.0 F

52

Free and Glucuronide Whole Blood Cannabinoids’
Pharmacokinetics after Controlled Smoked,

Vaporized, and Oral Cannabis Administration in
Frequent and Occasional Cannabis Users:
Identification of Recent Cannabis Intake

Matthew N. Newmeyer,1,2 Madeleine J. Swortwood,1 Allan J. Barnes,1 Osama A. Abulseoud,1

Karl B. Scheidweiler,1* and Marilyn A. Huestis1,3

BACKGROUND: There is increasing interest in markers of
recent cannabis use because following frequent cannabis in-
take, !9-tetrahydrocannabinol (THC) may be detected in
blood for up to 30 days. The minor cannabinoids cannabi-
diol, cannabinol (CBN), and THC-glucuronide were pre-
viously detected for !2.1 h in frequent and occasional
smokers’ blood after cannabis smoking. Cannabigerol (CBG),
!9-tetrahydrocannabivarin (THCV), and 11-nor-9-
carboxy-THCV might also be recent use markers, but their
blood pharmacokinetics have not been investigated. Addi-
tionally, while smoking is the most common administration
route, vaporization and edibles are frequently used.

METHODS: We characterized blood pharmacokinetics of
THC, its phase I and phase II glucuronide metabolites,
and minor cannabinoids in occasional and frequent can-
nabis smokers for 54 (occasional) and 72 (frequent)
hours after controlled smoked, vaporized, and oral can-
nabis administration.

RESULTS: Few differences were observed between smoked
and vaporized blood cannabinoid pharmacokinetics,
while significantly greater 11-nor-9-carboxy-THC
(THCCOOH) and THCCOOH-glucuronide concen-
trations occurred following oral cannabis. CBG and
CBN were frequently identified after inhalation routes
with short detection windows, but not detected follow-
ing oral dosing. Implementation of a combined THC
"5 #g/L plus THCCOOH/11-hydroxy-THC ratio
"20 cutoff produced detection windows "8 h after all
routes for frequent smokers; no occasional smoker was

positive 1.5 h or 12 h following inhaled or oral cannabis,
respectively.

CONCLUSIONS: Vaporization and smoking provide com-
parable cannabinoid delivery. CBG and CBN are recent-
use cannabis markers after cannabis inhalation, but their
absence does not exclude recent use. Multiple, compli-
mentary criteria should be implemented in conjunction
with impairment observations to improve interpretation
of cannabinoid tests.
Clinicaltrials.gov Identifier: NCT02177513

© 2016 American Association for Clinical Chemistry

Cannabis continues to be the most commonly abused
drug worldwide (1 ) and the most frequently identified
drug in cases submitted to state and local laboratories in
the US (2 ). !9-Tetrahydrocannabinol (THC)4—the
primary psychoactive constituent—showed the largest
increase in US weekend nighttime driving prevalence
from 8.6% in 2007 to 12.6% in 2013–2014 (3 ), further-
ing public health and safety concerns.

THC metabolism produces the active metabolite
11-hydroxy-THC (11-OH-THC) (4, 5 ) followed by ox-
idation to 11-nor-9-carboxy-THC (THCCOOH). Peak
THC concentrations occur during smoking, with peak
11-OH-THC concentrations occurring close to smok-
ing, while THCCOOH concentrations peak "1–4 h
later (6 ). THC, 11-OH-THC, and THCCOOH were
detected in some chronic frequent cannabis smokers’
blood up to 30, 3, and #33 days during sustained, mon-

1 Chemistry and Drug Metabolism Section, IRP, National Institute on Drug Abuse, National
Institutes of Health, Baltimore, MD; 2 Program in Toxicology, University of Maryland,
Baltimore, Baltimore, MD; 3 University of Maryland School of Medicine, Baltimore, MD.

* Address correspondence to this author at: Chemistry and Drug Metabolism, Clinical
Pharmacology and Therapeutics Research Branch, NIDA-IRP, NIH, Biomedical Research
Center, 251 Bayview Blvd., Baltimore, MD 21224. Fax 410-550-2971; e-mail
kscheidweiler@intra.nida.nih.gov.

Received July 4, 2016; accepted September 6, 2016.

Previously published online at DOI: 10.1373/clinchem.2016.263475
© 2016 American Association for Clinical Chemistry
4 Nonstandard abbreviations: THC, Δ9-tetrahydrocannabinol; 11-OH-THC, 11-hydroxy-

THC; THCCOOH, 11-nor-9-carboxy-THC; CBD, cannabidiol; CBN, cannabinol; CBG, can-
nabigerol; THCV, Δ9-tetrahydrocannabivarin; THCVCOOH, 11-nor-9-carboxy-THCV; DPX,
disposable pipette extraction; Cmax, maximum concentration; tmax, time to Cmax; tlast,
last detection time; AUC0354h, AUC up to 54 h (occasional smokers); AUC0372h, AUC up
to 72 h (frequent smokers); LOQ, limit of quantification.
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1579–1592 (2016)
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Blood Cannabinoid Concentrations 
in Occasional & Chronic Frequent 

Cannabis Users After Smoked, 
Inhaled & Oral Cannabis
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Identification of Recent Cannabis Use:
Whole-Blood and Plasma Free and Glucuronidated

Cannabinoid Pharmacokinetics following Controlled
Smoked Cannabis Administration

David M. Schwope,1 Erin L. Karschner,1 David A. Gorelick,1 and Marilyn A. Huestis1*

BACKGROUND: !9-Tetrahydrocannabinol (THC) is the
most frequently observed illicit drug in investigations
of accidents and driving under the influence of drugs.
THC-glucuronide has been suggested as a marker of
recent cannabis use, but there are no blood data follow-
ing controlled THC administration to test this hypoth-
esis. Furthermore, there are no studies directly exam-
ining whole-blood cannabinoid pharmacokinetics,
although this matrix is often the only available
specimen.

METHODS: Participants (9 men, 1 woman) resided on a
closed research unit and smoked one 6.8% THC can-
nabis cigarette ad libitum. We quantified THC, 11-
hydroxy-THC (11-OH-THC), 11-nor-9-carboxy-THC
(THCCOOH), cannabidiol (CBD), cannabinol (CBN),
THC-glucuronide and THCCOOH-glucuronide directly
in whole blood and plasma by liquid chromatography/
tandem mass spectrometry within 24 h of collection to
obviate stability issues.

RESULTS: Median whole blood (plasma) observed max-
imum concentrations (Cmax) were 50 (76), 6.4 (10), 41
(67), 1.3 (2.0), 2.4 (3.6), 89 (190), and 0.7 (1.4) !g/L
0.25 h after starting smoking for THC, 11-OH-
THC, THCCOOH, CBD, CBN, and THCCOOH-
glucuronide, respectively, and 0.5 h for THC-
glucuronide. At observed Cmax, whole-blood (plasma)
detection rates were 60% (80%), 80% (90%), and 50%
(80%) for CBD, CBN, and THC-glucuronide, respec-
tively. CBD and CBN were not detectable after 1 h in
either matrix (LOQ 1.0 !g/L).

CONCLUSIONS: Human whole-blood cannabinoid data
following cannabis smoking will assist whole blood and

plasma cannabinoid interpretation, while furthering
identification of recent cannabis intake.
© 2011 American Association for Clinical Chemistry

Cannabis intake substantially impacts public safety,
since many individuals drive or operate complex
equipment soon after self-administration. Indeed, can-
nabis is the most common illicit substance detected in
blood and oral fluid of surveyed drivers (1 ). Drug pres-
ence does not necessarily imply impairment; however,
cannabis detection windows in these matrices are rela-
tively short for less-than-daily cannabis smokers (2–
4 ), increasing impairment probability following a pos-
itive test.

The primary psychoactive chemical in cannabis,
!9-tetrahydrocannabinol (THC),2 is metabolized via
cytochrome P450 (CYP) 2C9 and 2C19 isoenzymes to
several phase I metabolites, most prominently 11-
hydroxy-THC (11-OH-THC) and 11-nor-9-carboxy-
THC (THCCOOH) (5, 6 ). These analytes undergo
phase II metabolism by uridine 5"-diphospho-
glucuronosyltransferase (UGT) to produce cannabi-
noid glucuronides in vivo (7–9 ). Glucuronide forma-
tion facilitates excretion, but cannabinoid glucuronide
pharmacological activity and detection windows fol-
lowing cannabis smoking are unknown, although these
metabolites have been hypothesized to be markers of
recent (10 ) or frequent (11 ) use. Characterization of
major and minor cannabinoids in blood or plasma fol-
lowing cannabis smoking may enable researchers, phy-
sicians and law enforcement personnel to document
recent cannabis intake, identify driving under the in-
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tute on Drug Abuse, NIH, Biomedical Research Center, Baltimore, MD.

* Address correspondence to this author at: Chemistry and Drug Metabolism,
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2 Nonstandard abbreviations: THC, !9-tetrahydrocannabinol; CYP, cytochrome
P450; 11-OH-THC, 11-hydroxy-!9-tetrahydrocannabinol; THCCOOH, 11-nor-9-
carboxy-!9-tetrahydrocannabinol; UGT, uridine 5"-diphospho-glucuronosyl-
transferase; DUID, driving under the influence of drugs; CBD, cannabidiol; CBN,
cannabinol; LC-MS/MS, liquid chromatography–tandem mass spectrometry;
LOQ, limit of quantification; HSD, honestly significant difference; BMI, body
mass index; Cmax, highest observed analyte concentration; Tmax, observed time
to Cmax; SPE, solid-phase extraction.

Clinical Chemistry 57:10
1406–1414 (2011)

Drug Monitoring and Toxicology

1406

Blood THC, 11-OH-THC, THCCOOH, CBD, CBN, 
THC-glucuronide & THCCOOH-glucuronide 

After Smoking 6.8% THC Cigarette
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Mean Blood THC Concentrations in Chronic Frequent 
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Residual Blood Cannabinoids 
Excretion in Chronic Frequent 

Cannabis Smokers Over 30 Days 
Sustained Abstinence

Impact of Prolonged Cannabinoid Excretion in Chronic
Daily Cannabis Smokers’ Blood on Per Se Drugged

Driving Laws
Mateus M. Bergamaschi,1,2 Erin L. Karschner,1 Robert S. Goodwin,1 Karl B. Scheidweiler,1 Jussi Hirvonen,3

Regina H.C. Queiroz,2 and Marilyn A. Huestis1*

BACKGROUND: Cannabis is the illicit drug most fre-
quently reported with impaired driving and motor ve-
hicle accidents. Some “per se” laws make it illegal to
drive with any amount of drug in the body, while oth-
ers establish blood, saliva, or urine concentrations
above which it is illegal to drive. The persistence of
!9-tetrahydrocannabinol (THC) in chronic daily can-
nabis smokers’ blood is unknown.

METHODS: Thirty male chronic daily cannabis smokers
resided on a secure research unit for up to 33 days, with
daily blood collection. Samples were processed in an ice
bath during sample preparation to minimize cannabi-
noid adsorption onto precipitant material. We quanti-
fied THC by 2-dimensional GC-MS.

RESULTS: Of the 30 participants, 27 were THC-positive
on admission, with a median (range) concentration of
1.4 !g/L (0.3– 6.3). THC decreased gradually; only 1 of
11 participants was negative at 26 days, 2 of 5 remained
THC-positive (0.3 !g/L) for 30 days, and 5.0% of par-
ticipants had THC "1.0 !g/L for 12 days. Median
11-hydroxy-THC concentrations were 1.1 !g/L on ad-
mission, with no results "1.0 !g/L 24 h later. 11-Nor-
9-carboxy-THC (THCCOOH) detection rates were
96.7% on admission, decreasing slowly to 95.7% and
85.7% on days 8 and 22, respectively; 4 of 5 participants
remained THCCOOH positive (0.6 –2.7 !g/L) after 30
days, and 1 remained positive on discharge at 33 days.

CONCLUSIONS: Cannabinoids can be detected in blood
of chronic daily cannabis smokers during a month of
sustained abstinence. This is consistent with the time
course of persisting neurocognitive impairment re-
ported in recent studies.
© 2012 American Association for Clinical Chemistry

Cannabis is the most widely used illicit drug worldwide
(1 ). An estimated 17.4 million Americans age 12 years
or older smoked cannabis in 2010, with about 6600
new initiates daily (2 ). Acutely intoxicated cannabis
smokers show impairment on cognitive, perceptual,
and psychomotor tasks, including those assessing
short-term memory, sustained or divided attention,
complex decision-making, and reaction time (3–5 ),
and experience euphoria, relaxation, altered sensory
perception, slowing of time, anxiety/paranoia, in-
creased appetite, increased heart rate, and sometimes
hallucinations or psychosis (6, 7 ). Acute impairment is
well documented for hours after cannabis intake,
whereas the persistence of chronic impairment is less
clear. Some studies show neurocognitive impairment
for 7–28 days or longer after last cannabis intake. El-
dreth et al. (8 ) showed no impairment in heavy canna-
bis smokers in executive cognitive functioning 25 days
after initiation of abstinence compared with controls.
Pope et al. (9 ) found neurocognitive impairment for at
least 7 days after initiation of abstinence but no signif-
icant differences 28 days later in chronic daily cannabis
smokers vs less-than-daily smokers. Bolla et al. (10 )
found significant impairment after 28 days of moni-
tored abstinence compared to light users.

Cannabis is second only to alcohol for causing im-
paired driving and motor vehicle accidents. In 2009,
12.8% of young adults (age 18 –25 years) reported driv-
ing under the influence of illicit drugs (11 ). In the 2007
National Roadside Survey, more drivers tested positive
for drugs (16.6%) than for alcohol (12.4%). Of week-
end nighttime drivers who provided oral fluid and/or
blood in a random traffic stop, 16.3% were drug-
positive, with 8.6% positive for cannabinoids (12 ),
whereas only 2.2% of drivers had a blood alcohol con-
centration of "0.08% (13 ). In 2003, 14% of fatally in-
jured and 19% of non–fatally injured US drivers were
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LOQ 0.5 µg/L

Blood Detection Rates for THC, 11-OH-THC & THCCOOH 
in Chronic Frequent Cannabis Smokers Over 30 Days 

Sustained Abstinence

62

• 30 Chronic Daily Cannabis Smokers Blood THC Over 30 Days Abstinence

• Smoked mean 10.6 ± 6.3 cannabis joints/day (1 – 30) for 10.6 ± 5.8 (4 – 28) 
years

• All <5 µg/L within 19 h (but longer in cannabis users in Australia study)

• 10 of 11 positive day 26 (LOQ 0.25 µg/L)

• THC in 2 of 5 specimens on day 30 (0.3 µg/L)

• Consistent with time course of persisting neurocognitive impairment

Blood THC Over 30 Days Abstinence
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• Proposed blood THCCOOH thresholds to distinguish occasional & frequent 
cannabis smokers

• Occasional smokers (<3 ng/mL), smoking up to 1 joint/week
• Heavy, regular smokers (>40 ng/mL), smoking >10 joints/month

• 146 case specimens from traffic offenses with self-reported cannabis use 
frequency

• Could not interpret concentrations between 3 & 40 ng/mL  

Fitness to drive and cannabis: Validation of two blood THCCOOH
thresholds to distinguish occasional users from heavy smokers

Marie Fabritius a,1, Marc Augsburger a,1, Haithem Chtioui b, Bernard Favrat c,d,1,
Christian Giroud a,1,*
a Forensic Toxicology and Chemistry Unit (UTCF), University Center of Legal Medicine (CURML), Rue du Bugnon 21, 1011 Lausanne, Switzerland
bDivision of Clinical Pharmacology, Centre Hospitalier Universitaire Vaudois, rue du Bugnon 17, Lausanne, Switzerland
cUnit of Psychology and Traffic Medicine, University Center of Legal Medicine, Rue Saint-Martin 26, 1005 Lausanne, Switzerland
dUnit of Psychology and Traffic Medicine, University Center of Legal Medicine, CMU, Rue Michel-Servet 1, 1211 Geneva 4, Switzerland
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A B S T R A C T

Many studies based on either an experimental or an epidemiological approach, have shown that the
ability to drive is impaired when the driver is under the influence of cannabis. Baseline performances of
heavy users remain impaired even after several weeks of abstinence. Symptoms of cannabis abuse and
dependence are generally considered incompatible with safe driving. Recently, it has been shown that
traffic safety can be increased by reporting the long-term unfit drivers to the driver licensing authorities
and referring the cases for further medical assessment. Evaluation of the frequency of cannabis use is a
prerequisite for a reliable medical assessment of the fitness to drive. In a previous paper we advocated the
use of two thresholds based on 11-nor-9-carboxy-D9-tetrahydrocannabinol (THCCOOH) concentration
in whole blood to help to distinguish occasional cannabis users (!3 mg/L) from heavy regular smokers
("40 mg/L). These criteria were established on the basis of results obtained in a controlled cannabis
smoking study with placebo, carried out with two groups of young male volunteers; the first group was
characterized by a heavy use ("10 joints/month) while the second group was made up of occasional users
smoking at most 1 joint/week. However, to date, these cutoffs have not been adequately assessed under
real conditions. Their validity can now be evaluated and confirmed with 146 traffic offenders' real cases in
which the whole blood cannabinoid concentrations and the frequency of cannabis use are known. The
two thresholds were not challenged by the presence of ethanol (40% of cases) and of other therapeutic
and illegal drugs (24%). Thus, we propose the following procedure that can be very useful in the Swiss
context but also in other countries with similar traffic policies: if the whole blood THCCOOH
concentration is higher than 40 mg/L, traffic offenders must be directed first and foremost toward medical
assessment of their fitness to drive. This evaluation is not recommended if the THCCOOH concentration is
lower than 3 mg/L and if the self-rated frequency of cannabis use is less than 1 time/week. A THCCOOH
level between these two thresholds cannot be reliably interpreted. In such a case, further medical
assessment and follow-up of the fitness to drive are also suggested, but with lower priority.

ã 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Road safety remains a major problem across countries in terms
of economic, medical and social costs [1]. In this context, several
epidemiological studies have shown that driving under the
influence of cannabis is widespread in Switzerland [2,3] as well
as in many other occidental countries [4]. Concern over cannabis

use in conjunction with driving is justified because it approxi-
mately doubles both the odds of being severely injured and the risk
of being responsible for a fatal traffic accident [5–7]. Several
experimental studies based on the use of psychomotor tests and
computerized driving simulation have confirmed the impairment
effects of cannabis on driving skills [8–10]. These detrimental
effects on driving performances and cognitive functions can be
either temporary or long lasting, followed by a slow or rapid,
partial or complete recovery [11,12]. Consequently, the expert must
carry out a careful distinction between short-term inability and
long-term impaired fitness to drive [13–15]. As such, it was shown
recently that the risk of accidents can be significantly decreased by

* Corresponding author. Tel.: +41 21 314 70 70; fax: +41 21 314 70 90.
E-mail address: Christian.giroud@chuv.ch (C. Giroud).

1 The authors contributed equally to this work.

http://dx.doi.org/10.1016/j.forsciint.2014.05.014
0379-0738/ã 2014 Elsevier Ireland Ltd. All rights reserved.

Forensic Science International 242 (2014) 1–8

Contents lists available at ScienceDirect

Forensic Science International

journal homepage: www.elsevier .com/ locat e/ f orsc i in t

64

[18F]FMPEP-d2 Labels CB1 Cannabinoid Receptors
in Brain of Chronic Daily Cannabis Smokers

ORIGINAL ARTICLE

Reversible and regionally selective downregulation
of brain cannabinoid CB1 receptors in chronic daily
cannabis smokers
J Hirvonen1, RS Goodwin2, C-T Li1, GE Terry1, SS Zoghbi1, C Morse1, VW Pike1, ND Volkow3,
MA Huestis2,4 and RB Innis1,4

1Molecular Imaging Branch, National Institute of Mental Health, NIH, Bethesda, MD, USA; 2Chemistry and Drug Metabolism
Section, National Institute on Drug Abuse, NIH, Baltimore, MD, USA and 3Office of the Director, National Institute on Drug
Abuse, NIH, Bethesda, MD, USA

Chronic cannabis (marijuana, hashish) smoking can result in dependence. Rodent studies show
reversible downregulation of brain cannabinoid CB1 (cannabinoid receptor type 1) receptors after
chronic exposure to cannabis. However, whether downregulation occurs in humans who
chronically smoke cannabis is unknown. Here we show, using positron emission tomography
imaging, reversible and regionally selective downregulation of brain cannabinoid CB1 receptors
in human subjects who chronically smoke cannabis. Downregulation correlated with years of
cannabis smoking and was selective to cortical brain regions. After B4 weeks of continuously
monitored abstinence from cannabis on a secure research unit, CB1 receptor density returned to
normal levels. This is the first direct demonstration of cortical cannabinoid CB1 receptor
downregulation as a neuroadaptation that may promote cannabis dependence in human brain.
Molecular Psychiatry (2012) 17, 642–649; doi:10.1038/mp.2011.82; published online 12 July 2011

Keywords: addiction; cannabis; CB1 receptor; positron emission tomography; receptor imaging

Introduction

Cannabis is the most widely used illicit drug in the
world1 and causes multiple health problems.2

Chronic cannabis smoking can lead to tolerance3–5

and withdrawal symptoms,6,7 the two hallmarks of
dependence. In human brain, the actions of the main
psychoactive component of cannabis, D9-tetrahydro-
cannabinol (D9-THC), are mediated via cannabinoid
CB1 (cannabinoid receptor type 1) receptors.8,9 CB1

receptors are widely distributed in human brain, and
highest receptor densities are found in basal ganglia,
hippocampus, cingulate cortex and the molecular
layer of cerebellum.10,11 CB1 receptors are primarily
located presynaptically, where they inhibit release
of other neurotransmitters, such as glutamate and
g-amino butyric acid.12,13 However, the exact role of
CB1 receptors in the development of tolerance and
withdrawal in humans is unclear.

In rodent brain, downregulation of CB1 receptor
signaling is thought to underlie tolerance.14 That is,

chronic exposure to D9-THC and other cannabinoid
agonists causes a reduction in the number and
signaling efficiency of CB1 receptors as a homeostatic
response.15–21 These changes closely parallel devel-
opment of tolerance to typical cannabinoid effects,
such as decreased motility and impaired memory.15

The magnitude and rate of downregulation are region
dependent. The downregulation is larger and occurs
more rapidly in cortical regions, such as hippocam-
pus and cerebellum, than in subcortical regions, such
as basal ganglia and midbrain.15 In addition, down-
regulation is reversible upon abstinence: this reversal
is more rapid in striatum and midbrain than in
cortical regions.20

Whether chronic cannabinoid exposure downregu-
lates CB1 receptor signaling in human brain is
unknown, although such downregulation has been
hypothesized to underlie the development of toler-
ance to some effects of cannabis in heavy smokers.4

Lack of methods to accurately quantify CB1 receptors
in human brain in vivo has hindered progress in
answering this question. We recently developed a
method to quantify cannabinoid CB1 receptors in
human brain with positron emission tomography
(PET) using a novel inverse agonist radioligand,
[18F]FMPEP-d2.22,23 This radioligand has high affinity
and selectivity for the CB1 receptor and, in monkey
brain, the vast majority of the signal represents
specific binding to CB1 receptors.22 In human brain,

Received 24 March 2011; revised 6 May 2011; accepted 1 June
2011; published online 12 July 2011
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• [18F]FMPEP-d2 PET in cannabis users & healthy male subjects

• Repeat [18F]FMPEP-d2 PET in cannabis users after 30 day monitored 
abstinence

Study Design & Participants

Healthy Subjects Cannabis Smokers

N 26 26
Age (years) 22 ± 10 29 ± 8

BMI (kg/m2) 27 ± 5 24 ± 4
Cannabis use <10X life 12 ± 8 years; 10 ± 7 joints/d
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CB1-Cannabinoid Receptors Specifically Downregulated
in Cortical Regions of Chronic Daily Cannabis Smokers (N=30) as 

Compared to Controls (N=28)

*

*
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CB1 Cannabinoid Receptors Significantly Increased 
after Sustained Cannabis Abstinence (N=14)
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Residual Psychomotor Impairment 
in Chronic Frequent Cannabis Smokers During 

Sustained Abstinence

Psychomotor Function in Chronic Daily Cannabis
Smokers during Sustained Abstinence
Wendy M. Bosker1, Erin L. Karschner2, Dayong Lee2, Robert S. Goodwin2, Jussi Hirvonen3,

Robert B. Innis3, Eef L. Theunissen1, Kim P. C. Kuypers1, Marilyn A. Huestis2., Johannes G. Ramaekers1*.

1 Departments of Neuropsychology and Psychopharmacology, Maastricht University, Maastricht, The Netherlands, 2 Chemistry and Drug Metabolism, Intramural Research

Program, National Institute on Drug Abuse, National Institute of Health, Baltimore, Maryland, United States of America, 3 Molecular Imaging Branch, National Institute of

Mental Health, National Institute of Health, Bethesda, Maryland, United States of America

Abstract

Background: The present study assessed psychomotor function in chronic, daily cannabis smokers during 3 weeks
continuously monitored abstinence on a secure research unit. We hypothesized that psychomotor performance would
improve during abstinence of chronic, daily cannabis smokers.

Methodology/Principal Findings: Performance on the critical tracking (CTT) and divided attention (DAT) tasks was assessed
in 19 male chronic, daily cannabis smokers at baseline and after 8, 14–16 and 21–23 days of continuously monitored
abstinence. Psychomotor performance was compared to a control group of non-intoxicated occasional drug users. Critical
frequency (lc) of the CTT and tracking error and control losses of the DAT were the primary outcome measures. Results
showed that chronic cannabis smokers’ performance on the CTT (p,0.001) and the DAT (p,0.001) was impaired during
baseline relative to the comparison group. Psychomotor performance in the chronic cannabis smokers improved over 3
weeks of abstinence, but did not recover to equivalent control group performance.

Conclusions/Significance: Sustained cannabis abstinence moderately improved critical tracking and divided attention
performance in chronic, daily cannabis smokers, but impairment was still observable compared to controls after 3 weeks of
abstinence. Between group differences, however, need to be interpreted with caution as chronic smokers and controls were
not matched for education, social economic status, life style and race.
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Introduction

Cannabis is the most commonly used illicit substance worldwide
[1]. In 2009, approximately 1.7% of Americans 12 years or older
were cannabis dependent [2], and greater than 1% of Europeans
smoked cannabis daily or almost daily [3].

Long-term cannabis use is associated with neuropsychological
deficits such as memory impairment (e.g. [4,5,6]) and changes in
brain morphology [7]. Memory deficits appeared transient, as
performance in long-term cannabis smokers returned to normal
over 3 weeks of abstinence [8]. Preclinical and clinical research
also indicated that alterations in endocannabinoids in the central
nervous system after prolonged cannabis exposure might be
transient. Chronic cannabis administration induced desensitiza-
tion and CB1 receptor down-regulation in animals (e.g. [9,10]),
with receptor levels recovering after 1–2 weeks abstinence [10]. In
humans, CB1 receptor density was down-regulated in chronic,
daily cannabis smokers, returning to normal levels after 4 weeks
abstinence [11]. Together, these data indicate that cannabis-
related memory alterations and CB1 receptor down-regulation in

chronic cannabis smokers are reversible and related to recent use,
rather than irreversible and related to cumulative lifetime intake.It
is not clear if other neuropsychological dysfunctions observed in
long-term cannabis smokers such as psychomotor impairment,
also are transient. Diminished brain activation in motor cortical
circuits during a finger-tapping task 28 days after cannabis
discontinuation [12] suggested motor impairments might persist
during extended abstinence.
D9-tetrahydrocannabinol (THC) acute effects on psychomotor

function are well known: stimulation of CB1 receptors by agonists
including the endogenous ligand anandamide, induce deviant
motor behaviors, such as catalepsy, immobility and ataxia (e.g.
[13,14]). In humans, single THC doses impaired motor control on
neuropsychological tests measuring reaction time, tracking per-
formance including actual driving tests, divided attention, and
motor impulsivity [15,16,17,18,19,20]. The present study assessed
psychomotor function in chronic daily cannabis smokers during 3
weeks of sustained cannabis abstinence. Psychomotor function was
assessed with critical tracking (CTT) and divided attention (DAT)
tasks, and chronic cannabis smoker and occasional drug user

PLOS ONE | www.plosone.org 1 January 2013 | Volume 8 | Issue 1 | e53127
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• What is duration of psychomotor impairment in chronic daily cannabis 
smokers?

• Compared psychomotor performance on tasks validated by Jan Ramaekers at 
University of Maastricht to predict impaired on the road driving

• Compared performance of chronic frequent smokers to occasional cannabis & 
ecstasy users over 22 days  

Psychomotor Impairment
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What About Tolerance to THC with Chronic Frequent 
Cannabis Intake?

Smoked Cannabis’ Psychomotor and Neurocognitive Effects in Occasional
and Frequent Smokers

Nathalie A. Desrosiers1,2, Johannes G. Ramaekers3, Emeline Chauchard1,4, David A. Gorelick1,5 and Marilyn A. Huestis1*

1Chemistry and Drug Metabolism Section, Clinical Pharmacology and Therapeutic Research Branch, NIDA IRP, 251 Bayview Boulevard,
Suite 200 Room 05A-721, Baltimore, MD 21224, USA, 2Program in Toxicology, University of Maryland Baltimore, Baltimore, MD, USA,
3Department of Neuropsychology and Psychopharmacology, Faculty of Psychology and Neuroscience, Maastricht University,
Maastricht, The Netherlands, 4Present address: Laboratoire de Psychologie des Pays de la Loire, Faculté de Psychologie, Université
de Nantes, Nantes, France, and 5Present address: Department of Psychiatry, University of Maryland School of Medicine, Baltimore,
MD, USA

*Author to whom correspondence should be addressed. Email: mhuestis@intra.nida.nih.gov

D9-Tetrahydrocannabinol (THC), the primary psychoactive constitu-
ent in cannabis, impairs psychomotor performance, cognition and
driving ability; thus, driving under the influence of cannabis is a pub-
lic safety concern. We documented cannabis’ psychomotor, neuro-
cognitive, subjective and physiological effects in occasional and
frequent smokers to investigate potential differences between
these smokers. Fourteen frequent (!4x/week) and 11 occasional
(<2x/week) cannabis smokers entered a secure research unit
∼19 h prior to smoking one 6.8% THC cigarette. Cognitive and psy-
chomotor performance was evaluated with the critical tracking
(CTT), divided attention (DAT), n-back (working memory) and
Balloon Analog Risk (BART) (risk-taking) tasks at 21.75, 1.5, 3.5,
5.5 and 22.5 h after starting smoking. GLM (General Linear Model)
repeated measures ANOVA was utilized to compare scores.
Occasional smokers had significantly more difficulty compensating
for CTT tracking error compared with frequent smokers 1.5 h after
smoking. Divided attention performance declined significantly espe-
cially in occasional smokers, with session 3 group effects for
tracking error, hits, false alarms and reaction time. Cannabis smok-
ing did not elicit session 3 group effects on the n-back or BART.
Controlled cannabis smoking impaired psychomotor function,
more so in occasional smokers, suggesting some tolerance to psy-
chomotor impairment in frequent users. These data have implica-
tions for cannabis-associated impairment in driving under the
influence of cannabis cases.

Introduction

Cannabis is the most commonly consumed illicit drug world-
wide, with 2.7–4.9% of 15–64 year-olds consuming cannabis at
least once in 2012 (1). D9-tetrahydrocannabinol (THC), cannabis’
main psychoactive compound, was the most prevalent illicit drug
detected in injured drivers in Victoria, Australia (2) and cannabi-
noids were identified in 8.6% of nighttime drivers’ blood and/or
oral fluid in the 2007 US Roadside Survey (3). Increased recrea-
tional and medicinal cannabis use (1, 4, 5), decreased perceived
risk of consumption (3) and changes to cannabis’ legal status en-
hanced the need for in-depth understanding of cannabis’ acute
neurocognitive and psychomotor effects in occasional and fre-
quent cannabis smokers and how these effects relate to driving
performance.

Although many psychopharmacological studies examined cog-
nitive function in abstinent cannabis smokers, fewer evaluated
psychomotor and cognitive effects during acute intoxication, as

related to driving. Acute effects include impaired psychomotor
performance, cognition and driving ability in simulators and
on-the-road driving tests (6–14). Tracking nearby car position
and working memory (ability to transiently hold and process rea-
soning, comprehension and learning information) are critical
processes for safe driving that also may be impaired. In addition,
several observational studies suggest relationships between past
cannabis smoking and risk-taking, including criminal behavior
(15–17) and driving under the influence of cannabis (DUIC)
(18, 19). Therefore, cannabis’ acute effects are an important pub-
lic health and safety concern.

Published acute studies often do not distinguish between oc-
casional and frequent cannabis smokers, or only examine one
group. The few studies that directly compared these smokers
documented behavioral tolerance to some of cannabis’ effects
(20–22), emphasizing the importance of evaluating these mea-
sures in occasional and frequent users following cannabis
smoking.

We evaluated smoked cannabis’ effects on psychomotor func-
tion, working memory, risk-taking, subjective and physiological
effects in occasional and frequent smokers following controlled
smoking of a 6.8% THC cigarette for up to 22.5 h.

Methods

Participants

Adult cannabis smokers provided written informed consent to
participate in this National Institute on Drug Abuse (NIDA)
Intramural Research Program Institutional Review Board-
approved study. Inclusion criteria were ages 18–45 years and
self-reported average smoked cannabis frequency of less than
twice per week (occasional smoker) or equal to or more than
four times per week (frequent smoker) in the past 3 months.
A positive urine cannabinoid test confirmed cannabis smoking
in frequent smokers (50 mg/L THCCOOH, as assessed by the
iScreen). Exclusion criteria included breastfeeding or pregnant
women; current medical condition or history of neurological ill-
ness; clinically significant adverse event following cannabis in-
toxication; .450 mL blood donation within 30 days; elevated
systolic (.140 mmHg) or diastolic (.90 mmHg) blood pressure
or heart rate .100 bpm after 5 min rest; clinically significant
electrocardiogram abnormality; or interest or participation in
drug abuse treatment within 60 days. Pregnancy tests were
administered at screening and on admission to women with
reproductive potential.

Published by Oxford University Press 2015. This work is written by (a) US Government employee(s) and is in the public domain in the US.
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Effect of Blood Collection Time on Measured
Δ9-Tetrahydrocannabinol Concentrations:

Implications for Driving Interpretation and Drug Policy
Rebecca L. Hartman,1 Timothy L. Brown,2 Gary Milavetz,3 Andrew Spurgin,3 David A. Gorelick,1,4

Gary R. Gaffney,5 and Marilyn A. Huestis1*

BACKGROUND: In driving-under-the-influence cases, blood
typically is collected approximately 1.5–4 h after an in-
cident, with unknown last intake time. This complicates
blood !9-tetrahydrocannabinol (THC) interpretation,
owing to rapidly decreasing concentrations immediately
after inhalation. We evaluated how decreases in blood
THC concentration before collection may affect inter-
pretation of toxicological results.

METHODS: Adult cannabis smokers (!1"/3 months,
"3 days/week) drank placebo or low-dose alcohol (ap-
proximately 0.065% peak breath alcohol concentration)
10 min before inhaling 500 mg placebo, 2.9%, or 6.7%
vaporized THC (within-individuals), then took simu-
lated drives 0.5–1.3 h postdose. Blood THC concentra-
tions were determined before and up to 8.3 h postdose
(limit of quantification 1 #g/L).

RESULTS: In 18 participants, observed Cmax (at 0.17 h)
for active (2.9 or 6.7% THC) cannabis were [median
(range)] 38.2 #g/L (11.4–137) without alcohol and 47.9
#g/L (13.0–210) with alcohol. THC Cmax concentra-
tion decreased 73.5% (3.3%–89.5%) without alcohol
and 75.1% (11.5%–85.4%) with alcohol in the first
half-hour after active cannabis and 90.3% (76.1%–
100%) and 91.3% (53.8%–97.0%), respectively, by
1.4 h postdose. When residual THC (from previous self-
administration) was present, concentrations rapidly de-
creased to preinhalation baselines and fluctuated around
them. During-drive THC concentrations previously as-
sociated with impairment (!8.2 #g/L) decreased to me-
dian #5 #g/L by 3.3 h postdose and #2 #g/L by 4.8 h
postdose; only 1 participant had THC !5 #g/L after
3.3 h.

CONCLUSIONS: Forensic blood THC concentrations may
be lower than common per se cutoffs despite greatly ex-
ceeding them while driving. Concentrations during driv-
ing cannot be back-extrapolated because of unknown
time after intake and interindividual variability in rates of
decrease.
© 2015 American Association for Clinical Chemistry

Driving under the influence of drugs is an important
public safety issue. According to the recent 2013–2014
National Roadside Survey (1 ), prevalence of weekend
nighttime drivers positive for illicit drugs in blood or oral
fluid increased to 15.1%, from 12.4% in 2007. Cannabis
is the most common illicit drug detected in drivers (1–2 ),
with driving under the influence of cannabis (DUIC)6

associated with approximately doubled crash risk (3–4).
In DUIC cases, blood typically is not collected

until approximately 1.5– 4 h after the incident (5– 6 ),
with an unknown time after last drug use, complicating
interpretation. This is particularly important for !9-
tetrahydrocannabinol (THC), the primary psychoactive
constituent of cannabis, because of its pharmacokinetic
profile. Blood THC concentrations peak before the end
of smoking (7 ) and decrease rapidly because of distribu-
tion into highly perfused tissues including the brain (8 ),
allowing smokers to experience effects almost immedi-
ately (9 ). By controlling inhalation techniques, people
who smoke or vaporize cannabis self-titrate individual
doses to achieve comfortable/desired subjective and car-
diovascular effects (10 ). Later, blood THC concentra-
tions decrease more slowly during distribution into adi-
pose tissue, where it accumulates with frequent cannabis
intake (8, 10–11) and is slowly released back into circu-
lation and excreted. Chronic frequent smokers accrue a

1 Chemistry and Drug Metabolism, Intramural Research Program, National Institute on
Drug Abuse, NIH, Baltimore, MD; 2 National Advanced Driving Simulator, University of
Iowa, Iowa City, IA; 3 College of Pharmacy, University of Iowa, Iowa City, IA; 4 Department
of Psychiatry, University of Maryland School of Medicine, Baltimore, MD; 5 Carver Col-
lege of Medicine, University of Iowa, Iowa City, IA.

* Address correspondence to this author at: Biomedical Research Center, Suite 200, Room
05A-721, 251 Bayview Blvd, Baltimore, MD 21224. Fax 443-740-2823; e-mail
mhuestis@intra.nida.nih.gov.

Received August 27, 2015; accepted November 30, 2015.
Previously published online at DOI: 10.1373/clinchem.2015.248492
© 2015 American Association for Clinical Chemistry
6 Nonstandard abbreviations: DUIC, driving under the influence of cannabis; THC,

Δ9-tetrahydrocannabinol; BrAC, breath alcohol concentration; CUDIT, Cannabis Use Dis-
orders Identification Test; AUDIT, Alcohol Use Disorders Identification Test; LOQ, limit of
quantification.
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• Hartman et al Clinical Chemistry 2016 
• THC decreased median of 73.5% without alcohol & 75.1% with alcohol in 1st 30 min

• THC decreased median of 90.3% & 91.3% 1.4 h post-dose

• If delayed blood collection, THC may be
lower than per se cutoffs despite greatly
exceeding them during driving

• Concentrations during driving cannot 
be back-extrapolated due to unknown 
time after intake & inter-subject 
variability in rates of decrease  
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Is There A THC Blood 
Concentration That Indicates 

Driving Impairment?
1, 2 or 5 µg/L?

Phase I and II Cannabinoid Disposition in Blood and
Plasma of Occasional and Frequent Smokers Following

Controlled Smoked Cannabis
Nathalie A. Desrosiers,1,2 Sarah K. Himes,1,2 Karl B. Scheidweiler,1 Marta Concheiro-Guisan,1

David A. Gorelick,1 and Marilyn A. Huestis1*

BACKGROUND: !9-Tetrahydrocannabinol (THC), 11-
hydroxy-THC (11-OH-THC), and 11-nor-9-carboxy-
THC (THCCOOH) have been reported in blood
from frequent cannabis smokers for an extended
time during abstinence. We compared THC, 11-OH-
THC, THCCOOH, cannabidiol, cannabinol, THC-
glucuronide, and 11-nor-9-carboxy-THC-glucuronide
(THCCOO-glucuronide) blood and plasma disposition
in frequent and occasional cannabis smokers.

METHODS: Frequent and occasional smokers resided on a
closed research unit and smoked one 6.8% THC cannabis
cigarette ad libitum. Blood and plasma cannabinoids were
quantified on admission (approximately 19 h before), 1 h
before, and up to 15 times (0.5–30 h) after smoking.

RESULTS: Cannabinoid blood and plasma concentra-
tions were significantly higher in frequent smokers
compared with occasional smokers at most time points
for THC and 11-OH-THC and at all time points for
THCCOOH and THCCOO-glucuronide. Cannabi-
diol, cannabinol, and THC-glucuronide were not sig-
nificantly different at any time point. Overall blood and
plasma cannabinoid concentrations were significantly
higher in frequent smokers for THC, 11-OH-THC,
THCCOOH, and THCCOO-glucuronide, with and
without accounting for baseline concentrations. For
blood THC "5 !g/L, median (range) time of last de-
tection was 3.5 h (1.1–"30 h) in frequent smokers and
1.0 h (0 –2.1 h) in 11 occasional smokers; 2 individuals
had no samples with THC "5 !g/L.

CONCLUSIONS: Cannabis smoking history plays a major
role in cannabinoid detection. These differences may
impact clinical and impaired driving drug detection.

The presence of cannabidiol, cannabinol, or THC-
glucuronide indicates recent use, but their absence
does not exclude it.
© 2014 American Association for Clinical Chemistry

Cannabis is the most commonly abused illicit drug
worldwide, with 2.6%–5.0% (119 –224 million people)
of 15- to 64-year-olds consuming cannabis at least
once in 2010 (1 ). In 2012, 11%, 28%, and 36% of
American eighth, 10th, and 12th graders smoked
cannabis at least once, respectively, with 1.1%, 3.5%
and 6.5% smoking the drug daily or near daily (2 ).
!9-Tetrahydrocannabinol (THC),3 the main psy-
choactive ingredient in cannabis, was the most prev-
alent illicit drug detected in injured drivers in Victo-
ria, Australia (9.8%) (3 ). Cannabinoids were also
found in 8.6% of nighttime drivers’ blood and/or
oral fluid in the 2007 US Roadside Survey (4 ). Thus,
cannabis continues to be a drug of concern.

THC appears in plasma immediately after the first
puff and peaks before the last puff on a cannabis ciga-
rette (5 ). THC is rapidly metabolized to the active 11-
hydroxy-THC (11-OH-THC) by cytochrome P450
2C9, 2C19, and 3A4, with concentrations peaking ap-
proximately 13 min after smoking and reaching 10% of
THC concentrations (6 ). 11-OH-THC is further oxi-
dized to the inactive 11-nor-9-carboxy-THC (THC-
COOH); THCCOOH plasma concentrations slowly
increase over the first hour after smoking and plateau
after 2– 4 h. Characterization of phase II cannabinoid
metabolite disposition remains incomplete (7–9 ), al-
though in vitro studies indicate that cannabinoids are
primarily glucuronidated, with possible minor sulfa-

1 Chemistry and Drug Metabolism Section, Clinical Pharmacology and Therapeu-
tic Research Branch, Intramural Research Program, National Institute on Drug
Abuse, Baltimore, MD; 2 Program in Toxicology, University of Maryland Balti-
more, Baltimore, MD.
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MD 21224. Fax 443-740-2823; e-mail mhuestis@intra.nida.nih.gov.
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Previously published online at DOI: 10.1373/clinchem.2013.216507
3 Nonstandard abbreviations: THC, !9-tetrahydrocannabinol; 11-OH-THC, 11-

hydroxy-THC; THCCOOH, 11-nor-9-carboxy-THC; UGT, UDP-glucuronosyltrans-
ferase; CBD, cannabidiol; CBN, cannabinol; Cmax, maximal concentration;
THCCOO-glucuronide, 11-nor-9-carboxy-THC-glucuronide; AUC, area under the
curve; LC-MS/MS, liquid chromatography–tandem mass spectrometry; NIDA,
National Institute on Drug Abuse; LOQ, limit of quantification; tmax, time at
maximal concentration; tlast, time of last positive result.
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Blood THC
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• Hubbard et al J Anal Tox 2021

• Defining per se cutoffs for THC in blood is difficult because concentrations vary by route of 
administration, smoking topography, frequency of use & potency

• Is there a biomarker (evaluated up to 10 cannabinoids) in each fluid (blood, OF or 
breath) that indicates cannabis use within 3 h?

• 191 participants receive placebo (0.02%), or 5.9% or 13.4% THC

• 10 ng/mL THC in OF highest performance for biomarker of use within 3 h post-
smoking, 23.2% of participants had THC ≥10 ng/mL 5 h after smoking

Identifying Recent Cannabis Use

81
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• Blood THC concentrations do not correlate well with impaired driving 
performance

• Blood THC concentrations decrease rapidly after use & THC stored in the body 
& brain extensively after chronic frequent use

• Objective measures of cognitive &/or motor impairment on mobile devices 
performed at the roadside would be highly useful

• Functional near infrared spectroscopy (fNIRS) measures of PFC activation (Gilman et al 
2019)

• EEG monitoring with portable ABM head sensors (Brown et al 2020)
• Handheld tablets (Vincent et al 2019 Automated Neuropsychological Assessment Metrics 

(ANAM Mobile ), Marcotte et al UCSD future)

Cognitive & Motor Performance Monitoring
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