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REVIEW ARTICLE

A broader view on deriving a reference dose for THC traces in foods

Bernhard Beitzkea and David W. Pateb

aEIHA Advisory Committee, European Industrial Hemp Association, Brussels, Belgium; bNICM Health Research Institute, Western Sydney
University, Westmead, Australia

ABSTRACT
An Acute Reference Dose (ARfD) of 1mg of delta-9-tetrahydrocannabinol (THC) per kilogram (kg) of body
weight (bw) per day was recommended by the European Food Safety Authority (EFSA) for its assessment of
possible acute health risks from the intake of industrial hemp food products. The scientific basis for this
opinion, such as their choice of a Point of Departure for identification of the Lowest Observed Adverse
Effect Level (LOAEL) for THC on the central nervous system, and the seeming absence of an experimental
No Observed Adverse Effect Level (NOAEL), is critically reviewed. Moreover, the risk assessment for an ARfD
derivation for THC is then reconsidered. In contrast to the EFSA Scientific Opinion of 2015, a higher LOAEL
is presently identified from pharmacokinetic and pharmacodynamic studies, and forensic data, in representa-
tive cohorts of healthy humans after oral administrations of low THC doses. A NOAEL for THC is derived
through this combination of results, demonstrating a threshold for impairment of psychomotor function
only after intake of an oral THC bolus beyond 2.5mg for the average healthy adult. This 2.5mg dose produ-
ces mean THC blood serum levels of <2ng/mL, as well as do two doses when taken daily within a time
interval of �6h. The forensic threshold of THC that is correlated with the impairment of psychomotor func-
tion is known to be between 2 and 5ng/mL in blood serum for adults. For an appropriately spaced intake
of 2� 2.5mg THC per day, an adult can therefore be regarded as being at the NOAEL. Applying a default
uncertainty factor of 10 for intraspecies variability to a NOAEL of 2� 2.5mg (over �6hours) for THC, yields
a “daily dose of no concern” or a “tolerable upper intake level” of 0.50mg, corresponding to 7mg/kg bw.
Starting with a NOAEL of only 2.5mg, consumed as a single bolus, the lowest possible daily ARfD of THC
would therefore be 0.25mg, or 3.5mg/kg bw for healthy adults, as the absolutely most conservative esti-
mate. Other justifiable estimates have ranged up to 14mg/kg bw per day.
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1. Introduction

Modern industrial hemp (Cannabis sativa L.) varieties with a
total (�)-trans-delta-9-tetrahydrocannabinol (THC) content
not exceeding 0.3% (Williams 2020) are legal as a crop plant
in the European Union, as listed in the common catalogue of
agricultural plants (EU Commission 2020). This useful plant
genus has been a traditional Eurasian resource for centuries
to millennia (Abel 1980; Russo 2007), and aerial parts of the
plant, except for the stalk and stems, but predominantly the
seed, have been consumed as food. In the Western pre-
industrial era, hempseed oil was one of the most frequently
consumed vegetable oils (Callaway and Pate 2009), and in
late 1920s Russia, this chlorophyllous dark green oil com-
prised 12.5% of the all edible oil production (Kaufmann and
Juschkewitsch 1930), often used by those who could not
afford butter. In the modern era, European producers have
been selling hempseed and its oil since the early 1990s. The
1996 record of overall industrial hemp food use was meas-
ured in a survey (Nova-Institut 1997) requested by the
European Commission in 1997, which confirmed that multiple
tons of industrial hemp foods were already present on the
market at that time.1

Industrial hempseed is particularly rich in high-quality, eas-
ily digestible proteins (Callaway 2004) and its nutritionally

beneficial oil is composed primarily of essential fatty acids
(Callaway and Pate 2009; Galasso et al. 2016). A shift in con-
sumer trends towards healthy diets has led to a strong
increase of industrial hemp food product demand, which has
resulted in the significant development of production and
processing supply chains in Europe and North America.

Phytocannabinoids are natural components of the aerial
plant parts (i.e. stems, leaves, flowers, and seed) and can be
regarded as contaminants only if their levels in food exceed
the maximum daily intake recommended by the European
Food Safety Authority (EFSA 2015) as a “Health Based
Guidance Value” (HBGV), or the statutory limit set for food or
feed. Non-psychoactive (�)-trans-cannabidiol (CBD; CAS-Reg.
No. 13956-29-1) is the primary phytocannabinoid of industrial
hemp (Figure 1(a)), present in amounts not exceeding a few
percent by dry weight, about 20-fold that of THC (Figure
1(b)), the much more (and qualitatively different) psycho-
active compound. Therefore, derived foods also contain
traces of THC (also abbreviated as delta-9-THC, D9-THC or D9-
THC; CAS Reg. No. 1972-08-3) and other phytocannabinoids,
these remaining as faint constituents even after the most
careful of cleaning processes have been applied.

For analytical purposes, a “total-THC” concept has usually
been applied to both the plant and its derived foods or feed,
which is the sum of both THC and tetrahydrocannabinol-2-
carboxylic acid (THCA)2. In order to obtain correct results and
to differentiate between THC and THCA, each of these must
be measured by liquid chromatographic methods, because
gas chromatography (without prior derivatization of the phy-
tocannabinoid carboxylic acids) will convert THCA to THC as
an analytical artefact (Figure 2).

This is an important point because, like the analogous
cannabidiol-2-carboxylic acid (CBDA), THCA is the only phyto-
cannabinoid actually produced biogenetically by the
Cannabis plant, and these acidic compounds comprise the
vast majority (>95%) of phytocannabinoids found within any
analysis of fresh plant specimens (Abd-Elsalam et al. 2019).
THCA is metabolized in the body to various hydroxylated
derivatives, without being significantly decarboxylated to

Figure 1. (a) Molecular structure of CBD and (b) dibenzopyran numbering system usually employed with THC.

Figure 2. Thermal decarboxylation reaction of THCA, yielding THC.
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THC (Wohlfarth 2012). Unlike THC, THCA does not show any
cannabinoid receptor binding affinity (Roth 2014) and is,
therefore, not psychoactive. For this reason, it would not be
reasonable to establish legally binding THC limits on a com-
bined THC and THCA content in industrial hemp foods that
are not intended to be baked. Guidance has been proposed
(EIHA 2017) on “total-THC” values, for practical reasons, but
these could be acceptable by the industry only on the
grounds of comparability with historical values, easier analyt-
ical measurement, and possible decarboxylation of the corre-
sponding acid form upon prolonged exposure to elevated
temperatures. However, that conversion does not achieve
nearly a molar mass balance, as much of the THCA and THC
is lost due to polymerization and oxidation, with minor
amounts of cannabinol (CBN) and dihydrocannabinol being
produced (see e.g. Dussy et al. 2005). In addition, THC (but
not THCA) evaporates rapidly, most noticeably at a threshold
beyond approximately 150 �Celsius (at atmospheric pressure),
and complete elimination of THCA may not be possible, short
of unrealistic temperature conditions (EIHA 2016).

At the EU level, the HBGV for THC intake from food, rec-
ommended by the EFSA, is based on an overly narrow con-
sideration of selected studies, and is unnecessarily strict.
Indeed, the guidance value for oral THC intake recommended
by the EFSA, upon which the European Council will most
probably base its decision on THC limits in food, deserves
reconsideration and revision.

2. Materials and methods

Potential studies were systematically searched and identified
by the first author (B.B.). The data were collected by the first
author (B.B.) and reviewed by the co-author (D.W.P.). The
study selections were then jointly conducted by both
authors. A review of the published literature was conducted
using the PubMed database and a systematic internet search,
complete to April 2021. In particular, the websites of various
public health authorities (i.e. European Union, European
member states, United Kingdom, Canada, USA, Australia and
New Zealand, and Switzerland) were searched for the key-
words THC and/or delta-9-THC and/or tetrahydrocannabinol
and/or dronabinol in conjunction with the following attrib-
utes: oral, psychotropic, psychomotor, CNS, effect(s), dose–r-
esponse, pharmacokinetics, pharmacodynamics, blood (level),
plasma, serum, DRiving Under the Influence of Drugs
(DRUID), Point of Departure (POD), NOAEL, LOAEL, uncer-
tainty factor, safety margin, (Acute) Reference Dose, and risk
assessment. To be included, studies had to either describe
pharmacokinetic (PK) measurements, disclosing the main PK
parameters, or to report adverse effects, in particular central
nervous system (CNS) effects in humans, and to examine oral
administration, although they could also include other routes
of administration. Single-dose and multi-dose studies were
considered. Only article abstracts which met the criteria were
selected. Animal studies were usually excluded because of
abundant human study data. Studies on the effects of oral
administration of THC-containing substances combined with

CBD were included only if either PK data or CNS effects
were described.

3. Critical reviews of the European Food Safety
Authority (EFSA) and German Federal Institute for
Risk Assessment (BfR) derivations of lowest
observed adverse effect levels (LOAEL) and no
observed adverse effect levels (NOAEL) for THC as
the basis for a health-based guidance value (HBGV)

3.1. Reference doses

“Reference doses” (RfDs) or HBGVs are compound-specific (i.e.
a unique RfD is determined for each substance evaluated).
Often, separate acute and chronic RfDs are determined for
the same substance. RfDs are specific to dietary exposure.

The “Acute Reference Dose” (ARfD) is defined by the FAO/
WHO Joint Expert Committee on Food Additives (JECFA) as
follows: ‘ ‘The ARfD of a chemical is an estimate of the amount
a substance in food and/or drinking water, normally expressed
on a body weight basis, that can be ingested in a period of
24 h or less without appreciable health risk to the consumer on
the basis of all known facts at the time of the evaluation’’
(WHO 2017, p. 22). In consideration of the ARfD for THC in
foods, it will be important to determine what may be an
“appreciable health risk”, and what is not. The EFSA ARfD for
THC is presently set at the extraordinarily low level of
0.001mg/kg of body weight (bw). This benchmark is particu-
larly striking if compared to the HBGVs of other countries,
such as those of Switzerland, at 0.007mg/kg bw (Zoller et al.
2000) or Australia and New Zealand, at 0.006mg/kg bw
(FSANZ 2012).

Initial RfDs are usually derived from animal studies. In
such studies, animals are dosed with varying amounts of the
substance in question, and the largest dose is identified at
which no effects are observed. This dose level is called the
“No Observable Effect Level” (NOEL). To account for the fact
that humans may be more or less sensitive than a test ani-
mal, a 10-fold uncertainty factor is usually applied to the
NOEL. This uncertainty factor is called the "Interspecies
Uncertainty Factor" (UFInter). An additional 10-fold uncertainty
factor, the "Intraspecies Uncertainty Factor" (UFIntra), is usually
applied to account for the fact that some humans may be
substantially more sensitive to the effects of a substance
than others. Additional uncertainty factors may also be
applied.

The often used term “adverse effect” is defined by the
OECD (2003) as follows: “Change in the morphology, physi-
ology, growth, development, reproduction or life span of an
organism, system, or (sub) population that results in an impair-
ment of functional capacity, an impairment of the capacity to
compensate for additional stress, or an increase in susceptibility
to other influences.”

Frequently, a “No Observed Adverse Effect Level” (NOAEL)
value is used in place of a NOEL. If adverse effects are
observed at all dose levels tested, then the smallest dose
tested, i.e. the "Lowest Observed Adverse Effect Level"
(LOAEL), is used to calculate the RfD. An additional uncer-
tainty factor is usually applied in these cases, because the

CRITICAL REVIEWS IN TOXICOLOGY 697



NOAEL, by definition, would be lower than the LOAEL, had it
been observed. If human studies are used to determine the
RfD, then the UFInter can be reduced to 1, but generally the
10-fold UFIntra is retained as the default factor, should there
not exist substance-specific data on human toxicokinetics
and toxicodynamics. However, if such data already exist on
adverse effects, in particular from the clinical trial phases
required within the pharmaceutical approval process, then
these data should be used for replacing the uncertainty
default factor by a factor based on measured kinetic and
dynamic parameters of the studied substance (Dorne and
Renwick 2005).

An EPA review (EPA 2002, p. 4–43) on the RfD process
states: “… the 10-fold intraspecies factor appears to be suffi-
cient in most cases, and chemical-specific factors often indi-
cate a requirement for less than a 10-fold factor.”

Additionally, a Point of Departure (POD), as shown in
Figure 3, is very important in the process of derivation for an
RfD. This is defined as the point on a pharmacological or
toxicological dose-response curve established from experi-
mental data, or observational data, generally corresponding
to the LOAEL or the NOAEL, or both (Little Pro 2017). It
marks the beginning of an extrapolation to the toxicological
RfD. Some uncertainty for this value may exist for THC rela-
tive to the influence of CBD/CBDA and other phytocannabi-
noids within a whole plant extract matrix.

Besides basing the RfD on the LOAEL or NOAEL, there also
exists the possibility of using the so-called “Benchmark Dose”
(BMD) approach. This approach should use enough measur-
ing points to demonstrate a certain effect, in order to see a
correlation from the dose–response data (EFSA Sci Com 2009,
2017), where a certain point on this curve is taken as the
POD. Because the POD is a point on the dose–response cor-
relation, within a set of measurements under consistent con-
ditions, there is more certainty about this value than for a
single LOAEL or NOAEL. Therefore, the BMD approach is rec-
ommended for the competent authorities to consider, if the
available data allow for it.

In the case of THC, the EFSA Scientific Committee used the
LOAEL approach, obviously because consistent dose–response
correlations on the most critical effects (i.e. psychoactive, psy-
chomotor) in the range of very low THC doses (lower than
therapeutic) were regarded as insufficient or missing.

3.2. LOAEL and acute reference dose for THC

3.2.1. Derivation of LOAEL for THC by the BfR
Discussion in publications on scientific and legal aspects for
the consumption of “adverse” THC doses in food reveals a
strong discrepancy between the oral doses of THC recog-
nized in many studies as psychoactive and the LOAEL of
2.5mg/d for THC used today by some authorities to derive
an RfD for the substance. The minimal psychoactive dose
for THC is at least a 5mg oral bolus (see Sections 3.2.2 and
3.2.3), but a normal dose is usually considered to be 10 to
15mg, or sometimes even 20mg for adults as reported, for
example, by Grotenhermen and Leson (2002, p. 38).

The LOAEL for THC at which a CNS effect has been
observed in animal or human studies, as used by the German
“Federal Institute for Risk Assessment” (Bundesinstitut f€ur
Risikobewertung, or BfR) and the EFSA for the derivation of
an HBGV (EFSA CONTAM Panel 2015), is assumed to be
2.5mg of THC per day for an adult. This is an extremely low
value which, however, cannot be derived from most relevant
scientific studies with healthy people, for example, those per-
formed for the “New Drug Applications” (NDAs) of the
SyndrosVR and MarinolVR THC products (see Section 4.5.1).
Thus, it must be determined if, in the EFSA Scientific
Opinion, the POD for the derivation of the ARfD of THC has
been carefully considered on the basis of all known facts at
the time of the evaluation.

The BfR guidance value3 (as a recommendation) for a
1–2 mg maximum daily intake of “total-THC” of per kg bw
was based on only one observational study (not double-
blind, no control group) by the “German Research
Foundation” (Deutsche Forschungsgemeinschaft, or DFG)
involving 31 AIDS patients (DFG 1997–2004), 10 of whom
reportedly exhibited “undesired CNS effects” at a dose of
2.5mg/d. These effects were attributed solely to their treat-
ment with THC. In a report on THC levels in food in 2018
(BfR 2018, p. 14), and without consideration of any new evi-
dence, the BfR simply confirmed that it recognized the ARfD
of 1 mg THC/kg bw recommended by the EFSA CONTAM
Panel (2015) as a precautionary value. However, the LOAEL of
2.5mg THC/d and the subsequent ARfD, which were derived
by the EFSA from a small number of studies, are worthy of
discussion in depth.

Figure 3. Model dose–response curve (linear ordinate, nonlinear abscissa) and points of departure (POD).
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3.2.2. Main (and related) studies for deriving a point of
departure (POD) from the EFSA scientific opinion
The EFSA CONTAM Panel (2015) relied mainly upon three
large clinical trials in HIV patients (Struwe et al. 1993; Beal
et al. 1995, 1997) to determine a POD for the LOAEL, and
one additional very small study on 11 subjects (Ballard and
de Wit 2011). Of these, only the last study specifically
and systematically investigated the psychoactive effects of
THC, whereas in the clinical trials, any adverse CNS side-
effects were documented within the usual system for record-
ing all kinds of adverse effects. This opens the question as to
whether or not a mildly pleasant and transient feeling of psy-
choactivity should actually be considered to be an
“adverse effect.”

The EFSA CONTAM Panel (2015, p. 64) summarizes the
outcome of its investigation as follows: "In these studies
adverse effects associated with oral D9-THC doses of 2.5mg
twice a day (5mg D9-THC/day) or a single dose of 2.5mg D9-
THC/day were reported (see Section 7.5.1.3). Therefore, 2.5mg
D9-THC/person per day may be regarded as a lowest observed
adverse effect level (LOAEL). Indications in fact sheets for med-
ical uses are in accordance with this.”

The EFSA CONTAM Panel claims in its formal “Scientific
Opinion” (EFSA 2015, p. 64) that adverse THC effects occurred
not only at 5mg/d, but also at 2.5mg/d (Struwe et al. 1993;

Beal et al. 1995, 1997). However, a careful examination of the
original publications does not allow for such a conclusion.
Table 1 provides an overview of the relevant parameters of
these studies. In the trials, adverse effects are only docu-
mented for the entire patient collective, and were not attrib-
uted to a patient collective at the reduced dosage of 2.5mg/
d. Significant side-effects were not detected for most
patients. Higher doses of dronabinol4 (5–10mg/d) were actu-
ally administered to most patients to achieve the desired
effect (Beal et al. 1995): "The main increase in appetite to end
point for evaluable patients receiving dronabinol was 38% over
baseline, compared with 8% for those receiving placebo
(p¼ 0.015). Interestingly, in the 11 patients [of 72 evaluable
patients] who, due to side effects, decreased their dose of dro-
nabinol to 2.5mg once daily, the appetite increase was the
same as for those taking medication twice daily.” From this
data, one could easily conclude that a mild and transient
form of pleasant “adverse effect” might have actually pro-
vided some measure of a therapeutic benefit.

The same study showed that a single dose of 2.5mg
THC was well tolerated by all patients without side-effects
(as opposed to a single dose of 5mg): "Dronabinol was well
tolerated. Most side effects reported were central nervous sys-
tem disturbances that are commonly associated with canna-
binoids. In most cases, they were not severe enough to

Table 1. Parameters of clinical trials with dronabinol (Struwe et al. 1993; Beal et al. 1995, 1997).

Parameter Beal et al. (1995) Beal et al. (1997) Struwe et al. (1993)

Type of study Multicenter Multicenter, open-label, follow-up Cross-over, outpatients

Study purpose Anorexia treatment of AIDS patients Anorexia treatment of AIDS patients Anorexia treatment of AIDS patients

Main parameters evaluated Appetite, mood, nausea, weight Appetite, weight Caloric intake, weight, % body
fat, etc.

Randomized Yes No Yes

Double-blind Yes No Yes

Placebo-controlled, parallel group Yes No Yes, but cross-over

Type of patients evaluable (number) Mostly male, ill (50) Mostly male, ill (93) Ill with AIDS (12). Only 5 subjects
completed the protocol

Type of placebo-group (number) Mostly male, ill (38) None 5 patients in cross-over

Administration route Oral Oral Oral

THC-type Dronabinol (MarinolVR ) Dronabinol (MarinolVR ) Dronabinol (MarinolVR )

THC-dose/regime 2� 2.5mg/d (11 decreased dose to
2.5mg/d)

2� 2.5mg/d for 90% of patients, and
1� 2.5mg/d for 10%. 19%
increased up to 20mg/d, 19%
reduced to 2.5mg/d.

2� 5mg/d

Time period of dosing 42 d 12months 84 d (2� 5weeks)

Least effective dose for CNS side effects Not disclosed for 2.5mg/d Default-
value: 2� 2.5mg/d

Not disclosed for 2.5mg/d Default-
value: 2� 2.5mg/d

Not disclosed Default-value:
2� 5mg/d

In number of patients (%) 35% 38% 55 % ?

CNS side effects in placebo-group (%) 9% Not applicable ?

Other boundary conditions Commercially available or
investigational
antiretrovirals allowed

Patients receiving Zidovudine or other
antivirals or antibiotics, incl. FDA-
approved or INDs were eligible

60% of patients received
antiretrovirals, 80% used
medication to treat
gastrointestinal symptoms.
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warrant intervention. There was no significant difference
between both treatment groups in the patient dropout rates
due to adverse reactions. Six Dronabinol versus three placebo
recipients discontinued therapy due to any adverse effect
thought to be possibly or probably related to treatment.
These numbers are small and attest to the safety and toler-
ance of treatment. Most patients who required dose reduc-
tion were able to tolerate the half-dose (one 2.5-mg capsule
in the evening). Of 17 patients who received a reduced dose,
11 were evaluable for efficacy and showed a similar appe-
tite increase… "

Moreover, the reliability of this study is restricted because
"commercially available or investigational antiretrovirals were
allowed" meaning that the assignment of any observed side-
effects to any specific drug (here THC) becomes
questionable.

A review by Plasse et al. (1991) on clinical experiences
with dronabinol states "the lowest rates of termination for side
effects were in the 2.5mg … groups, only 1 patient in each
group" [8–9 patients per group, i.e. a maximum of 12% of
patients] had side-effects and further states that: "Many of
the side effects reported may have been related to underlying
disease or concomitant medications rather than to dronabinol.",
adding that "Drowsiness and sedation are often related to
other concomitant medications and the stress of disease and
therapy together." Left unmentioned was the fact that many
antiretrovirals (e.g. protease inhibitors) are metabolized by
the same P450 enzymes as THC, so interactions cannot
be excluded.

In addition, the long-term study by Beal et al. (1997) does
not show that these undesirable side-effects would have
occurred at a dose of 2.5mg/d (again, patients received
between 2.5 and 20mg THC/d). It should be noted that 90%
of the patients received 5mg/d of THC (i.e. dronabinol), while
only 10% received 2.5mg/d, and 19% of the patients even
increased their dose to 7.5mg/d: "Ninety percent of the
patients enrolled in the study received an initial daily dronabi-
nol dose of 2.5mg orally twice daily, and the remaining 10%
received 2.5mg orally once daily in the evening. Thirty-eight
percent of patients modified their dronabinol dose during the
study. One-half of these patients increased their dose, most
commonly to 2.5mg during the day and 5mg with supper or
at bedtime (7.5mg daily total). Two patients increased their
dronabinol dose to 5mg twice daily and another from 5mg
twice daily to 5mg twice daily plus 10mg at night (20mg daily
total). The other one-half decreased their dose from 2.5mg
twice daily to 2.5mg at bedtime."

As to the effects of these doses, it is reported: "As
expected, adverse events [AEs] were primarily related to the
central nervous system … [series of symptoms] … and
occurred in 35 of 93 patients (38%) enrolled in the study." In
the publication, nothing more specific is reported on side-
effects, and these have not been broken down into individual
dosing groups.

In Gorter et al. (1992), the THC dose was reduced from
7.5mg/d to 5mg/d as a minimum dose (not 2.5mg) to min-
imize side-effects: "Patients were treated with dronabinol
(MarinolVR , Roxane Laboratories, Columbus, Ohio, USA) at a
starting dose of 2.5mg orally three times daily. Doses, which

were adjusted to minimize side-effects while stimulating appe-
tite, ranged from 2.5mg twice daily to 5mg four times daily.
Most patients were continuing treatment at the time of this
analysis; the median duration of treatment was �12weeks
(range, >4 to >20weeks). All patients tolerated therapy well.
They were able to adjust the medication dose to avoid
unwanted THC side-effects, such as sedation and persistent
euphoria. No patient discontinued therapy because of
side-effects.”

The placebo-controlled study by Struwe et al. (1993), with
only 12 patients, does not show CNS side-effects at a dose of
2.5mg THC/d for all patients, or even for most. In this study,
only one patient had to reduce dosing to 2.5mg of THC
twice daily (i.e. 5mg/d), and for one other patient it was
reduced to 2.5mg once per day only. These two patients
“did not tolerate Dronabinol, even following dosage reduction,
and withdrew during the first period [5weeks] because of mood
altering effects and sedation.” All the other patients tolerated
5mg twice daily (i.e. 10mg/d) in order to achieve the desired
effect. However, one must be cautious in generalizing these
side-effects from only two HIV patients, as explained above.

It is generally recognized, from the toxicological literature,
that it is not advisable to base RfDs on data from sick indi-
viduals. For example, Lehmann and Fitzhugh (1954) had
stated: “ … a sick individual may be as much as 10 times
more susceptible to toxic substances than an individual in good
health …”. The attribution of any observed side-effects on
the CNS to THC becomes even more questionable, nowadays,
because it is known that HIV-associated neurocognitive dis-
order (HAND) affects nearly half of all HIV-infected individu-
als. “Synaptodendritic damage correlates with neurocognitive
decline in HAND, and many studies have demonstrated that
HIV-induced neuronal injury results from excitotoxic and inflam-
matory mechanisms" (Wu et al. 2019). For a decade, it has
been known that HIV-related co-morbidities, including symp-
toms of brain dysfunction, remain common even in treated
HIV-positive individuals (Heaton et al. 2010; Nightingale et al.
2014; Saloner and Cysique 2017). Thus, HIV-symptoms (e.g.
cognitive impairment) of the patients in the cited dronabinol
trials could have been misinterpreted as THC side-effects or
may have been disproportionately exacerbated by the
THC dose.

The study by Ballard and de Wit (2011) has the disadvan-
tage of being conducted on a very small trial group of 11
participants in a cross-over design, which has not yet been
reproduced or verified by other studies. An experimental flaw
here is that the time-dependence of effects is not shown in
detail, including the fact that ethanol dosages were adminis-
tered 60min after the THC dose, which may have induced
synergistic behavioral and psychomotor effects (Hartman
et al. 2015), affecting their Digital Symbol Substitution Test
results, as recorded at 100min post-THC dosing. This small
trial is the only one with healthy adults used by the EFSA to
derive an HBGV that describes very mild effects from THC on
subjective well-being and responsiveness at a dose of 2.5mg/
day (mg/d) "When given alone, 2.5mg THC produced modest
effects on subjective ratings, measures of cognitive perform-
ance, and physiological measures. Although participants did
not report feeling any drug effects, THC significantly reduced
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POMS ’vigor’ scale scores and increased sedation …” It may
be reasonably questioned if effects on "mood state" or slight
sedation are relevant endpoints for deriving an HBGV for
THC. Summarizing the result, the authors state: “ … these
very-low doses of ethanol and THC had only moderate effects
on isolated measures… "

As to the EFSA comment on the dose of 2.5mg/d being
the lowest dose for medical uses, this only applies to treat-
ment of the weight loss associated with AIDS-related ano-
rexia and then, only for the more sensitive or elderly patients
ingesting a 2.5mg bid (twice daily) dose, not for the anti-
emesis therapy indicated for the nausea and vomiting associ-
ated with cancer chemotherapy. In that latter case, a recom-
mended minimum dose is 2.5mg/m2 of body surface, which
corresponds to approximately 4.8mg/d (FDA 2017).5 The
2.5mg MarinolVR dosage form is useful mainly for intermedi-
ate titration of the full 5 or 10mg dose levels slightly
upwards, circumventing the need to administer another
whole 5 or 10mg increment. A moderate effect on appetite
stimulation from a dose of 2.5mg THC/d may not be
regarded as an adverse effect, and most probably (see the
NDA studies for MarinolVR and SyndrosVR in Section 4.5.1), this
marginal effect will disappear at any lower dose, so it may
be concluded that a 2.5mg/day (mg/d) dose is not justified
as the POD for a LOAEL.

3.2.3. Other studies (clinical and observational) and
reviews to be considered for deriving a POD
By contrast, another study (Gray et al. 2008) did not come to
the same conclusion as the above work for a dose of 2.5mg/
d. In fact, no effect for THC was found at a dose of 2.5mg/d,
and only at elevated doses of 5 or 10mg/d were changes in
subjective well-being self-reported.

A recent Israeli study by Bar-Sela et al. (2019) found no
significant side-effects from a combination of 4.75mg of THC
(including 0.25mg of CBD), consumed daily for periods rang-
ing from 2weeks to 6months for 10 patients in can-
cer therapy.

Results of many other human studies on THC also do not
indicate adverse effects at a dose of 2.5mg/d, or the studies
have been done only at doses of at least 5mg/d in order to
observe at least some significant measurable effects (Petro
and Ellenberger 1981; Chesher et al. 1990; Leson et al. 2001;
Strasser et al. 2006; Zuurman et al. 2009).

For example, Petro and Ellenberger (1981) report: “Side
effects of the 5- or 10-mg oral dosage were minimal. One
patient reported feeling "high" after 10mg, and another
reported a "high" after placebo. No other patients reported side
effects at the relatively low doses we used.”

In the study by Strasser et al. (2006), it is reported in their
summary of results that: “Intent-to-treat analysis showed no
significant differences between the three arms [cannabis
extract, THC, or placebo] for appetite, QOL [quality of life], or
cannabinoid-related toxicity.” In this study, the experimental
cohort had received 2.5mg of THC twice daily, and only in
the case of adverse effects was this dose reduced for some
patients to a single 2.5mg/d. The rate of AEs with a likely
relationship to THC medication was only 3.6%.

The review by Zuurman et al. (2009) includes studies on
oral administration of THC, and while not differentiating the
tabulated effects by administration route, this study men-
tioned adverse effects for THC at doses lower than 7mg/d,
but only for pulmonary administration, rather than for oral
administration. Obviously, only oral administration is relevant
for a toxicological assessment of THC in food, and it should
be noted that pulmonary administration produces more
immediate and higher (if more transient) THC blood levels.

Grotenhermen et al. (2001) had set up a comprehensive
assessment to estimate risks of THC intake to human health.
They differentiated between psychomotor and psychoactive
effects and conclude the following on the LOAEL and NOAEL
for THC. “Acute effects: The lowest observed adverse effect level
(LOAEL) for the ingestion of THC, representing a slight impair-
ment in psychomotor functions, is represented by a single dose
of 5mg of oral THC. The NOAEL for psychotropic effects caused
by the oral ingestion of THC has been established at 5mg/day.”
The authors determined an Acceptable Daily Intake (ADI) of
THC to be 500 mg/d for an average adult with an overall
uncertainty factor of 20 because, even at 10mg of THC per
day, there was no cumulative effect recognized.

A “meta-study” from the US by Kruger and Lodder (2018)
is a very short communication that does not present any
data at all for the derivation of a Total Daily Intake (TDI). The
TDI of 1.5mg THC/kg bw proposed by the authors is neither
substantiated nor comprehensible. Furthermore, a meta-ana-
lysis cannot logically generate more experimental data on
the toxicology of THC than those data generated within the
original studies. The parameter "change in heart rate," which
is mentioned as important, is not specific for THC, and the
study on the sublingual (i.e. enhanced dose delivery)
NamisolVR THC formulation by Klumpers et al. (2012), cited in
this analysis, reports data on minimal dosages of 5mg (as an
acute, single dose) and 6.5 or 8mg/d THC orally, but not the
2.5mg/d used as the EFSA POD. Moreover, the Klumpers
group commented “All adverse events were of mild to moder-
ate intensity and transitory in nature.” No significant AEs were
mentioned for the treatment arm with a dose of 5mg/d of
NamisolVR , and AEs were only mentioned for the
higher doses.

In addition, a recent study on gender differences in the
subjective perception of oral THC in cannabis users (Fogel
et al. 2017) was also able to identify adverse effects (i.e. mild
psychoactivity) only at a dose of 5mg/d.

The above studies, including larger human clinical trials
using THC for therapeutic purposes in patients, have
observed adverse effects on the CNS only at a single dose of
5mg THC, thereby allowing a LOAEL identification of 5mg
THC/d, which corresponds to 71 mg/kg bw (assuming a 70 kg
subject, on average).

In general, caution should be exercised when citing details
of dose-response relationships from reviews or meta-studies,
as certain effects are often not correctly reported for a spe-
cific dose. This may be demonstrated with a concrete
example. In a review (Badowski 2017) of the Nadulski et al.
(2005) study, a dose of 2.5mg THC was reported, but an oral
dose of 10mg/d had actually been used. If one relies only on
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secondary literature, then one might be tempted to draw
erroneous conclusions.

Within an extreme interpretation, the effects for 2.5mg of
pure THC on the CNS could conceivably involve a slight
effect on the psyche (i.e. mood alteration) in the very most
sensitive individuals. However, these effects are transient and
rapidly reversible, and considerably less than the acute
effects of drinking a small amount of alcohol, similar to the
slight mood alteration derived from consuming a 0.33 L bot-
tle of beer with 5% alcohol content by volume. However, no
adverse CNS effects (let alone health impairments) have yet
been found to occur reliably below a daily intake of 2.5mg
THC per adult.

The lesson is clear: Supportive evidence for adverse effects
caused by THC at an oral dose of only 2.5mg/d is lacking. In
fact, most of the studies cited point to a single THC dose
LOAEL of 5mg per day.

4. A closer look at the absorption, distribution,
metabolism, excretion, “toxicity” (ADMET) and
pharmacokinetics of low-dose oral THC

The effects of THC, even “low-dose effects,” have been
studied in detail with healthy adults in reviews within the
NDA process for MarinolVR (i.e., dronabinol) as oral soft gelatin
capsules which contain pure THC (2.5mg, 5.0mg, and
10.0mg) dissolved in sesame oil, and for the oral SyndrosVR

alcohol-glycol solution of dronabinol (FDA 2016). The original
NDA for MarinolVR had already been submitted to the US
Food and Drug Administration (FDA) in 1981 and was
approved in 1985 (FDA 1985). The recommended initial dose
at that time was 5mg/m2, corresponding to 0.135mg/kg bw,
and assuming a European adult standard body weight of
70 kg, which translates to 9.45mg. The NDA presents 8 stud-
ies, wherein the minimum applied dose of THC to cancer
patients was 7.5mg/day; all other doses were higher. For this
reason, none of these studies are suitable for the derivation
of an RfD for industrial hemp food consumption, as the low-
est study dose exceeds the LOAEL of THC. However, the
product monograph for MarinolVR (Abbott 2011), presents PK
data for THC after single doses (2.5mg, 5mg, and 10mg) and
multiple doses (2.5, 5, and 10mg given twice a day) studied
in healthy subjects (see Section 4.6).

4.1. Absorption

After oral ingestion of THC, systemic absorption is relatively
slow, resulting in maximum blood level concentrations of
both the parent drug and its major psychoactive metabolite
11-hydroxy-THC (11-OH-THC) at approximately Hours 0.5–4,
subsequently declining over several hours. THC is almost
completely absorbed (90–95%) after single oral doses, but
due to the combined effects of first-pass hepatic metabolism
and high lipid solubility, only 10–20% of the administered
dose reaches the systemic circulation (Abbott 2011).

Because of this high lipophilicity, a pronounced effect
from co-ingestion of fatty foods has been observed in the
time required (Tmax) to achieve a maximum plasma

concentration (Cmax) of THC, and of 11-OH-THC. Up to a 4 h
delay in mean Tmax and a 2.9-fold increase in total exposure,
measured as the concentration/time-curve (AUC) ad infinitum,
is observed, but the Cmax was not significantly changed (FDA
2017). On the contrary, it was lowered by 22% or more.
Therefore, the strength of the response (i.e. CNS effects) is
expected to be similar or lower, but extended over time,
because effects are associated mainly with actual plasma con-
centrations (i.e. Cmax).

4.2. Distribution

THC is distributed within the organism in three phases. In
the first phase, orally administered THC is absorbed into the
blood from the digestive tract via the liver and is then rap-
idly distributed by systemic circulation to all organs and the
CNS, with the concentration of THC in the blood constantly
falling. In the second phase, THC accumulates in the fatty
tissues with poor blood circulation (i.e. depot formation). In
the third phase, THC diffuses back from the fatty tissues
into the blood, so that the terminal drop in blood THC lev-
els, monitored as the non-psychoactive 11-nor-9-carboxy-
THC (THC-9-COOH) metabolite of 11-OH-THC, is slow. THC
has a large apparent volume of distribution at approxi-
mately 10 L/kg (McGilveray Pharmacon Inc and the
University of Ottawa, Ontario 2005) because of its lipid solu-
bility. Other studies (Grotenhermen 2003, p. 16), based on
more advanced analytics, have calculated a smaller steady
state volume of distribution at 3.4 L/kg (assuming a 70 kg
body weight). The plasma protein binding of dronabinol
and its metabolites is approximately 97% (Widman
et al. 1973).

4.3. Metabolism

After absorption via the gastro-intestinal tract, THC under-
goes extensive first-pass hepatic metabolism, primarily by
hydroxylation, forming psychoactive 11-OH-THC. Both are
present in approximately equal concentrations in plasma
after oral administration, illustrating the rapid metabolism of
THC, but a diverse array of other metabolites are also gener-
ated (see Section 6.1).

4.4. Excretion

The elimination of THC can be described using a two-com-
partment model (Abbott 2011, p. 16), having an initial half-
life of about 4 h and a terminal half-life of 25–36 h (for
doses of �10mg/d). This is due to the combined aforemen-
tioned effects of first-pass hepatic metabolism and the high
lipid solubility of THC and its metabolites. After the last oral
intake within an average of five days, 80–90% of THC and
(more so) its metabolites will have been excreted, more
than 65% via feces and 20–25% via urine (Sharma
et al. 2012).

Possible effects of THC accumulation have to be consid-
ered, and the fate of this compound and its main metabolites
have been examined in more detail. For example, in a study
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(Beal et al. 1995; Abbott 2011, p. 17) of MarinolVR involving
AIDS patients (doses between 2.5mg/d and 5mg/d), urinary
cannabinoid/creatinine concentration ratios were studied bi-
weekly over a six week period. The urinary cannabinoid/cre-
atinine ratio was closely correlated with dose. No increase in
the cannabinoid/creatinine ratio was observed after the first
two weeks of treatment, indicating that steady-state canna-
binoid levels had been reached. This conclusion is consistent
with predictions based on the observed terminal half-life
of dronabinol.

Grotenhermen (2001) has also commented on the possible
accumulation of THC:

“The accumulation of THC in body tissue represents a source
of THC to the plasma even after cessation of THC uptake. The
establishment of a dynamic equilibrium between accumulation
and remobilization and the slow rediffusion process indicate
that corresponding THC levels in plasma will be insufficient to
supply THC at rates which could result in or contribute to
adverse effects.”

4.5. Toxicity: Dose-dependent effects of THC

4.5.1. Psychoactivity as “toxicity”
THC has suffered a conflation of its inherent CNS effects,
which are quite real, with its somatic “toxicity,” which is
largely imaginary. In NDA documents (FDA 2017), the effects
of THC are summarized as follows: “Dronabinol also demon-
strates reversible effects on appetite, mood, cognition, memory,
and perception. These phenomena appear to be dose-related,
increasing in frequency with higher dosages, and subject to
great inter-patient variability. After oral administration, dronabi-
nol has an onset of action of approximately 0.5–1 h and peak
effect at 2–4 h. Duration of action for psychoactive effects is
4–6 h.” THC concentration drops rapidly within the first
30min after the maximum blood level is reached, and then
drops more slowly towards almost zero over the next

18–24 h. In contrast, the euphoric effect decreases signifi-
cantly after 1–2 h and is essentially gone after 5–6 h (see also
Grotenhermen 2003).

The adverse CNS effects of THC have been studied (FDA
2016) for the NDA of the SyndrosVR (i.e. enhanced dose deliv-
ery) oral solution of dronabinol and compared with those of
MarinolVR . Potential treatment-emergent adverse effects were
categorized and subjectively evaluated as euphoric mood,
abnormal thinking, and hypervigilance, but only the first
of these symptoms manifested (Table 2). The incidence of
euphoric mood was 3.8% after a single dose of 4.25mg of
SyndrosVR in the healthy and fed trial subjects, and nil for
5mg of MarinolVR . The effect frequency for this symptom was
0.6% for a dose of 5mg of SyndrosVR and 1 to 1.9% for 5mg
of MarinolVR in fasted subjects. Thus, the recorded psycho-
active effects cannot be regarded as significant, as the inci-
dence of adverse effects is extremely low, and the trial group
was large enough to give a representative result.

In evaluating these results, it should be noted that the
contrasting SyndrosVR dosage form evoked a slightly greater
incidence of euphoria than MarinolVR in one trial. Although
this may be an anomaly, it could also possibly be that the
solvent system of the SyndrosVR oral solution facilitated more
rapid and higher systemic THC levels via a degree of trans-
mucosal absorption, in a manner resembling that of the
similarly formulated SativexVR oro-mucosal spray product. In
contrast, MarinolVR is an encapsulated solution of dronabinol
in sesame oil, designed for absorption exclusively via the
gastrointestinal tract.

In an FDA review (Unimed Pharmaceuticals Inc 2004), a
summary on the treatment of chemotherapy-induced emesis
with MarinolVR was evaluated in 454 patients with cancer and
demonstrated (Table 3) that escalating the dose above 7mg/
m2 (corresponding to 12mg THC/d) increased the frequency
(i.e. from 12% to 28%) of “dysphoric” adverse experiences,
with no additional antiemetic benefit. However, these results
must be viewed with some reservation, because they are

Table 2. Treatment-emergent adverse events frequency (i.e. euphoric mood, abnormal thinking and hypervigilance) from pharmacokinetic studies (FDA 2016).

Preferred term

Study INS-10-012 Study INS-12-015 Study INS004-15-059

SyndrosVR

5mg (fasted)
MarinolVR

5mg (fasted)
SyndrosVR

4.25mg (fasted)
MarinolVR

5 mg (fasted)
SyndrosVR

4.25mg (fed)
MarinolVR

5 mg (fed)
MarinolVR

5mg (fasted)
N¼ 169 N¼ 171 N¼ 104 N¼ 104 N¼ 52 N¼ 54 N¼ 53
n (%) n (%) n (%) n (%) n (%) n (%) n (%)

Euphoric Mood 1 (0.6) 0 0 1 (1.0) 2 (3.8) 0 1 (1.9)
Abnormal Thinking 0 0 0 0 0 0 0
Hypervigilance 0 0 0 0 0 0 0

Study INS-10-012 – a single-dose, replicate crossover design, comparative bioavailability study of SyndrosV
R

(dronabinol) oral solution drops (5mg) versus
MarinolVR capsules (5mg), both under fasted conditions.

Study INS-12-015 – a single-dose, replicate crossover design, comparative bioavailability study of SyndrosVR (dronabinol) oral solution drops (4.25mg) versus
MarinolV

R

capsules (5mg), both under fasted conditions.
Study INS004-15-059 – a single-dose, replicate crossover design, comparative bioavailability study of SyndrosV

R

(dronabinol) oral solution drops (4.25mg) under
fed conditions versus MarinolVR capsules (5mg), under fed and fasted conditions.

Table 3. Dose-dependent response/adverse events frequencies in the treatment of 454 patients with MarinolV
R

for chemotherapy-induced emesis (Unimed 2004).

MarinolVR capsules dose-response frequency and adverse experiences� (N¼ 750 treatment courses)

MarinolVR capsules dose

Response frequency (%) Adverse events frequency (%)

Complete Partial Poor None Nondysphoric Dysphoric

<7mg/m2 36 32 32 23 65 12
>7mg/m2 33 31 36 13 58 28
�Nondysphoric events consisted of drowsiness, tachycardia, etc.

CRITICAL REVIEWS IN TOXICOLOGY 703



derived from patients receiving various (and often multiple)
anticancer therapeutics having severe side-effects which may
affect the bioavailability of THC, in addition to any effects
possibly provided by the illness itself.

4.5.2. Somatic toxicity
Instead of relying on a few studies for an HBGV derivation, it
is necessary for a somatic toxicological evaluation to take
into account the entire ensemble of scientific studies on the
effects of pure THC. Since the complete molecular structure
elucidation of THC by Gaoni and Mechoulam (1964), an
intense effort has been made to investigate its properties
and effects as the isolated compound within a wide range of
human and other animal studies, as well as its interactions
with other substances (Mechoulam 2005). As a result of these
comprehensive studies, THC certainly would have been iden-
tified as a substance of significant toxicity had it possessed
that trait, but in fact, the antithesis is true (WHO 2018).

An ARfD for THC (ingested with food or food supple-
ments) of 1 mg/kg bw was proposed by the EFSA CONTAM
Panel in 2015. The derivation of an RfD for chronic intake of
THC will not be discussed here, because the EFSA decided
that the establishment of a TDI was not necessary. Based on
the evaluation of the dose-response relationship in sub-
chronic and chronic oral exposure studies with rats, a BMD
corresponding to a Benchmark Dose Response of 10%
(BMDL10) was found to be 700 times higher than the ARfD.
This implies that ensuring an exposure below the ARfD would
also protect against possible effects of THC after repeated
human exposure. Chronic toxic effects in humans are not
often observed clinically with THC ingestion (discounting occa-
sional idiopathic reactions) at normal doses and usual frequen-
cies, and certainly not with micro-doses, let alone incidental
trace ingestion. Moreover, such a dramatic difference between
ARfD and BMDL10 also suggests a very broad therapeutic
index for THC, which is actually greater than 50,000, the acute
lethal dose in humans being roughly estimated at amounts
greater than 9000mg/kg bw, extrapolating from toxicity tests
with monkeys (Thompson et al. 1973). No such fatality has
ever been observed, for obvious reasons. Somatic toxicity in
rodents can be elicited only upon the administration of a
chronic regimen of massive overdose (NIH 1996), but evidence
for carcinogenicity is non-existent or ambiguous, even under
those extreme conditions.

4.6. Pharmacokinetics

The available data on dose-dependent toxicokinetics for THC
are quite detailed, including for a low single dose of 2.5mg/
d, and even lower dosages.

A recent comprehensive review (Poyatos et al. 2020) pro-
vides plenty of dose-dependent PK data (mainly as the Tmax

and Cmax for THC and its metabolites) and their correlation
with various THC formulations. However, possible dose-
related effects from low, and very low, doses of THC do not
represent the main focus of the review, and data therein on
low-dose (i.e. sub-clinical) PK parameters is sparse.

Administration of a single 2.5mg dose of dronabinol
(Table 4) in healthy volunteers (Abbott 2011) was reported to
yield a mean plasma Tmax at 2 h (range: 30min–4 h) with a
mean plasma Cmax of 0.7 ng/mL (range: 0.3–1 ng/mL). A single
5mg dose resulted in a mean plasma Cmax of 1.8 ng/mL
(range: 0.4–3.3 ng/mL), whereas a single 10mg dose gave a
mean plasma THC Cmax of 6.2 ng/mL (range: 3.5–8.9 ng/mL).

Because PK data are available from the MarinolVR NDA for
single doses of 2.5mg, 5mg, and 10mg of THC/d, and for
each of these doses twice per day, these data could be used
to determine the uncertainty sub-factor for the toxicokinetic
part of UFintra and serve as a check to see if the observed
standard deviations (SDs) are covered by the default uncer-
tainty sub-factor for this dosing regimen. Furthermore, a cor-
relation could be established between the dose-dependent
Cmax and psychoactive effects from other “DRiving Under the
Influence of Drugs” (DRUID) studies on the association
between THC blood levels and psychomotor performance.
These dosages and blood levels are very much higher than
the amounts that could be expected from the daily con-
sumption of foods derived from industrial hemp, though
trace detection in “zero tolerance” countries is highly
problematic.

The doses within these MarinolVR studies have not been
normalized to the body mass, or to the body mass index
(BMI), of the trial subjects. Such variables are a main factor
for intraspecies differences in dose–response correlations.
Therefore, the evident “noise” in results probably reflects this
unaccounted factor. This is an important point because it has
been observed (e.g. Goodwin et al. 2006) that the PK param-
eters of THC, in particular the Cmax and AUC, are highly corre-
lated with body weight. This correlation, however, could be
observed only with higher therapeutic doses (>7.5mg THC/

Table 4. Summary of MarinolVR pharmacokinetic parameters in healthy volunteers (Abbott 2011).

Dose (oral) Cmax (ng/mL) (SD) Median Tmax (h) (range) t1/2 (h) (SD) AUC 0! 1 (ng�h/mL) (SD) CL/F (L/h) (SD)

2.5mg sid 0.65 (0.30) 2.00 (0.50–4.00) 1.31 (0.66) 2.32 (2.47) 1676.20 (698.7)
5mg sid 1.83 (1.43) 1.00 (0.50–3.00) 1.43 (0.49) 3.45 (2.68) 2847.84 (2678.0)
10mg sid 6.22 (2.65) 1.50 (0.50–3.00) 4.37 (4.77) 9.67 (3.90) 1254.27 (657.2)

Dose Cmax (ng/mL) (SD) Median Tmax (h) (range) t1/2 (h) (SD) AUC 0! 12 (ng�h/mL) (SD) CL/F (L/h) (SD)

2.5mg bid 1.32 (0.62) 1.00 (0.50–4.00) 16.69 (21.72) 2.88 (1.57) 1074.27 (449.9)
5mg bid 2.96 (1.81) 2.50 (0.50–4.00) 43.27 (27.99) 6.16 (1.85) 926.15 (444.5)
10mg bid 7.88 (4.54) 1.50 (0.50–3.50) 87.04 (22.65) 15.17 (5.52) 754.56 (300.0)

The different strengths of MarinolVR are not bioequivalent to each other. Cmax: maximum observed plasma concentration; Tmax: time to maximum observed plasma
concentration; t1=2: terminal half-life; AUC0! 1: area under the curve from t¼ 0 until infinity [ng�h/mL], AUC0!12: area under the curve within 12 h [ng�h/mL],
CL/F: apparent total oral clearance from plasma. Values given are arithmetic mean values (SD in parenthesis: standard deviation), the “Multiple Dose” is a dose
twice daily for 10 days for 34 (fasted) healthy subjects, aged 20–45 years.

Boldface Cmax values denote levels below impairment.
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d). It should also be noted that correlating THC-blood levels
with effects is notoriously challenging. THC is quickly distrib-
uted from blood to other tissues (e.g. fat, brain). Slow back-
diffusion leads to overall long detectability of THC and its
metabolites. Especially frequent consumption can lead to
prolonged detectability long after any effects have ceased.

A single dose of 2.5mg THC/d is certainly below the
NOAEL because no psychoactive effects are reported for this
low dose, while the Cmax remained under 0.65 (± 0.3) ng/mL
in the blood plasma, which corresponds to 0.42 ng/mL in
whole blood or 0.84–0.95 ng/mL in blood serum.6 Thus, these
results are under even the overly stringent 1.0 ng/mL German
legal THC blood serum limit (corresponding to around 0.5 ng/
mL in whole blood) which is lower than in most other coun-
tries for vehicle driving, and is generally recognized to pro-
duce absolutely no relevant cannabis effects (T€onnes et al.
2016). Even dosages of 4.25 and 5mg THC/d produced hardly
any adverse effect (see the SyndrosVR and MarinolVR NDA stud-
ies previously described in Section 4.5.1).

Of course, the Cmax from a 2.5mg single dose is, therefore,
also well under the lower impairment threshold for THC in
serum determined by Ramaekers et al. (2006) from perform-
ance tests measuring skills related to driving. In this study on
smoked cannabis, it was concluded that the lowest threshold
for impairment of skill performance is associated with a
serum THC concentration of 2 ng/mL: “The proportion of
observations showing impairment progressively increased as a
function of serum THC in every task. Binomial tests showed an
initial and significant shift towards impairment in the critical
tracking task for serum THC concentrations between 2 and
5 ng/ml … It is concluded that serum THC concentrations
between 2 and 5 ng/ml establish the lower and upper range of
a THC limit for impairment”. This threshold should be consid-
ered as being independent of the route of administration, as
the term “cannabis” is not limited to products intended for
smoking. The effects on performance were all correlated to
the measured THC content in serum and oral fluid, as well.
The level of 11-OH-THC within the serum samples always ran
in parallel within the concentration versus time measure-
ments. Also, the sum of THC and 11-OH-THC (thus, the psy-
choactive substances together) did not provide higher
correlations with performance change than THC alone.

This finding can be compared to the results of the studies
used for the dronabinol NDA (Abbott 2011), wherein the
mean Cmax for THC (in plasma) was 1.32 (±0.62) ng/mL after
a dose of 5mg/d administered as 2.5mg bid, corresponding
to approximately 1.8 (±0.9) ng/mL in serum. This suggests
that an oral dose higher than 2� 2.5mg/d would be required
to achieve the lower range of impairment and is consistent
with a “lowest LOAEL” of 2� 2.5mg of THC, or 5mg THC/d,
which is very near to the NOAEL. It should be noted that the
variability of measuring points around the mean value is to
be considered later (see below and Section 6), only in the
next step of risk assessment (i.e. derivation of the PK part
of UFintra).

Furthermore, a 10-year study of 3398 driving fatalities (of
which 58 cases had only THC present) in three Australian
states found that there was no increased risk of car accidents
at whole blood THC concentrations of �5 ng/mL (Drummer

et al. 2004), as reviewed by Grotenhermen et al. (2007), who
presented a graph for the correlation between the Drummer
Odds Ratio and blood THC level, developed by a polynomial
regression. A whole blood THC concentration of 5 ng/mL
would be equivalent to a plasma concentration of about
7.5 ng/mL and to a serum concentration of about 11 ng/mL,
applying the distribution rates for THC described by Giroud
et al. (2001).

The caveat for such comparisons lies in the following. The
Ramaekers et al. (2006) smoking study correlated only the
THC levels in serum and oral fluid with performance tasks,
without taking into account the 11-OH-THC levels, because
that parameter did not give a better correlation. Actually, the
main reason was that 11-OH-THC comprises only a minor
proportion (ca. 10%) of total measured THC in serum after
smoking cannabis, compared to the oral ingestion, the latter
route of administration yielding a Cmax of 11-OH-THC equal
to, or higher than, that of THC (Wall and Perez-Reyes 1981).
However, if different oral doses correlate well with the
degree of observed CNS effects, and these oral doses are
clearly correlated with PK parameters for THC only, then a
comparison is possible between different studies with differ-
ent administration routes of THC. Of course, the later onset
of effect observed with oral administration (30min after
ingestion, at the earliest) should be considered, as well as
the fact that oral bioavailability is only approximately one
third that of smoking (Huestis 2007).

A more recent review (BASt 2012, p. 31) summarized 21
studies with 482 effects, in total, as a meta-analysis on the
effects of oral THC administration (dose range 7.5–39mg). In
this analysis, it was shown that the impairment caused by
3.7 ng/mL THC (range 3.1–4.5 ng/mL) in blood serum corre-
sponds to that caused by a blood alcohol concentration
(BAC) of 0.05%, the German legal blood alcohol driving limit.
In the same study, an additional meta-analysis on the effects
of smoking THC on performance led to a comparable result.
Here, a total of 78 studies were included within the scope of
the meta-analysis, with a total of 888 effects (for doses
between 1 and 52mg) resulting in their very similar deter-
mination of 3.8 ng THC/mL being the threshold of impair-
ment, with an added value for measurement error and
confidence interval (Hargutt et al. 2011).

In contrast to the DRUID studies above, a recent Swiss
review concludes that only higher THC levels cause driving
impairment, similar to the established Canadian levels. The
Swiss “Federal Office of Public Health” (Bundesamt f€ur
Gesundheitswesen, or BAG) commissioned a report from the
Institute for Forensic Medicine of the University of Basel
(Bucher et al. 2020) on the correlation of THC blood level
thresholds with driving impairment. After a review of the sci-
entific literature on driving under the influence of cannabis,
they concluded that THC levels between 3.0 and 4.1 ng/mL in
whole blood (6–8 ng/mL in serum) cause an impairment com-
parable to that of a BAC of 0.05%, and that the risk for car
accidents is not significantly increased at THC whole blood
levels not exceeding 5 ng/mL.

Notably, in an earlier meta-analysis (Grotenhermen et al.
2007), a legal limit for the concentration of THC in serum
was proposed that produces the same level of impairment,
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and possibly accident risk, as a BAC of 0.05% and would be
somewhere above 4–5 ng/mL of serum. The correlation
between THC serum concentrations and impairment did not
depend on the route of administration of cannabis (inhal-
ation vs. oral ingestion). Considering intra- and interspecies
variability and analytical errors, the authors conclude on a
legally enforceable threshold of 7–8 ng/mL THC in serum for
a DRUID offence.

In Canada, as another example, the current regulations
have fixed per se limits of 2 ng/mL and 5 ng/mL of THC (in
whole blood) for DRUID offences. The 5 ng/mL THC per se
limit7 (presenting an indictable offence) is based upon
impairment considerations, while the 2 ng/mL THC per se
limit (resulting in a finable offence) is based upon a wide
margin for conceivable public safety considerations. Their
“Drugs and Driving Committee” recommended the use of dis-
tinct, but corresponding, per se limits for blood plasma
(Government of Canada 2019). Using the distribution factors
described by Giroud (2001), the Canadian lower and upper
per se limits would correspond to 3 ng/mL and 7.5 ng/mL
THC in plasma (Coefficient of Variation [CV] 11%), respect-
ively, or to 4.4 ng/mL and 11ng/mL THC in serum (CV 22%),
respectively.

Serum concentrations after intake of 2.5mg THC (single
dose) and of 2� 2.5mg/d are under the Dutch critical limit
of 3.0 ng/mL for an influence on driving ability, according to
a study from The Netherlands (M€utze 2017). At these THC
dosages, blood levels also remained under a recent recom-
mendation from the German “Expert Panel on Drink and
Drug Driving Limits” (Grenzwertkommission) of 3.0 ng/mL of
THC in blood serum (Auw€arter et al. 2015). This level estab-
lished their benchmark for discriminating occasional cannabis
use from current use while driving, a level which was also
construed to differentiate between regular use and recent
consumption.

A THC dose of 2.5mg given twice daily may be regarded
as the NOAEL if these single-dose administrations are sepa-
rated by a time interval of at least 6 h, because each Cmax

will have subsided by then. For this total dose (2� 2.5mg),
plasma Cmax was 1.32 ng/mL with a SD of 0.62 ng/mL, and
the time to reach this concentration was found to be 1.00 h
as the median (Abbott Laboratories Ltd, Quebec, Canada
2011). These Tmax values appeared between Hours 0.50 to
4.00 h (the latter obviously not representing a normal distri-
bution) for both THC and its metabolite 11-OH-THC. The
uneven distribution is probably due to repeat phase hepatic
recirculation of THC, which varies considerably between indi-
viduals and also depends on fed versus fasted status.

The most important parameters that assess the strength
of the effects are the Cmax and the area under the plasma
AUC. The median AUC found for a 12 h time interval was
2.88 ng�h/mL with a SD of 1.57 ng�h/mL. Obviously, at such
low levels and with such a small sample size, the SD is large
relative to the AUC. Therefore, for Cmax, the variation is 47%
of the mean, which results in an uncertainty sub-factor of
about 2.5 for toxicokinetics using the correlations described
by Renwick and Lazarus (1998).8 For the AUC(0–12) the CV is
55% of the mean, resulting in an uncertainty sub-factor of
about 2.7 for the toxicokinetics.

Comparing the Cmax plasma THC values for 2� 2.5mg/d
dosing with serum levels, and applying the factors deter-
mined by Giroud et al. (2001), yields a Cmax of approx. 1.9 ng/
mL in serum (mean value), which is also under the lower
threshold of 2 ng/mL for any impairment as shown by
Ramaekers et al. (2006). For 5mg/d (as a single bolus), the
mean serum level would be expected at approximately
2.6 ng/mL, which is still under the 3 ng/ml serum THC limit
regarded as critical by some forensic experts and government
authorities (as explained previously).

A Phase I study (Ahmed et al. 2014) evaluated the PKs of
three oral single doses of THC (3mg, 5mg, and 6.5mg, as
NamisolVR ) in 12 healthy older subjects (mean age: 72; range:
65–80 years). This study revealed wide inter-individual vari-
ation in the plasma concentrations of THC and 11-OH-THC.
For those subjects who reached a Cmax within 2 h, the mean
THC concentration was 1.42 ng/mL (range: 0.53–3.48 ng/mL)
for the 3mg dose, 3.15 ng/mL (range: 1.54–6.95 ng/mL) for
the 5mg dose, and 4.57 ng/mL (range: 2.11–8.65 ng/mL) for
the 6.5mg dose. Drowsiness was the main observed AE, but
no correlation of incidences to the doses administered could
be established. All AEs were mild to moderate in degree.

A subsequent randomized, double-blind, placebo-con-
trolled, cross-over trial (Ahmed et al. 2015), which evaluated
the PKs of oral THC (as NamisolVR ) over a 12-week period in
10 older patients with dementia (mean age 77 years),
reported the median Tmax was between one and two hours,
with the PKs increasing linearly with increasing dose, but
again, with wide inter-individual variation. Patients received
0.75mg THC orally, twice daily (6 hour time interval between
these doses), on three consecutive days of the week, fol-
lowed by 4 days of wash-out, then placebo (same regimen)
over the next 6 weeks, and then 1.5mg THC twice daily
(same schedule) over the second 6-week period. The mean
Cmax after the first 0.75mg THC dose was 0.41 ng/mL, and
after the first 1.5mg THC dose it was 1.01 ng/mL (in blood
plasma). After the second dose of 0.75mg THC or 1.5mg
THC, the Cmax was 0.50 and 0.98 ng/mL, respectively.
“Psychedelic effects” were evaluated using a “Visual Analog
Scale” (VAS). Only 6 of the 98 reported AEs in the study were
related to THC. The VAS of feeling “high,” external percep-
tion, body-sway with eyes open, and diastolic blood pressure,
were not significantly different than control.

As the data from both of these studies are from elderly
populations, a group not often considered separately in stud-
ies for deriving an RfD, these data should be considered
within the UFIntra context. These data show that, even for the
elderly, THC doses of 0.75mg, once or twice/d, give rise to
serum levels which remain under 1 ng/mL, doses of 1.5mg,
once or twice per day, remain under 2 ng/mL, as calculated
with distribution factors from Giroud et al. (2001), and a sin-
gle dose of 3mg just reaches 2 ng/mL. Thus, no adverse psy-
chomotor or psychoactive effects could be expected for
these doses.

The results of Cmax measurements for various studies are
shown in Table 5, together with corresponding SDs from the
mean of the ranges, their CVs, and their calculated
“Pharmacokinetic Uncertainty Factors” (UFPK) of the UFIntra.
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Psychoactivity and psychomotor performance versus PK
parameters are generally regarded as dose-dependent.
However, it is difficult to show a very consistent correlation
among many experimental variables, including: pure com-
pound versus natural product mixture; variable dosage form
and matrix; sample preparation and applied analysis of whole
blood versus plasma versus serum; and various experimental
methodologies, including route of administration. In addition,
the published data are relatively scarce, in particular, those of
the Cmax for THC and 11-OH-THC and their consequent
physiological influences. Thus, it is difficult to draw firm con-
clusions from measured Cmax values on their subjective
effects and compare them between studies, if these effects
have not been measured within the same study, as the fol-
lowing examples illustrate.

A closed clinical study (randomized, double-blind, pla-
cebo-controlled) by Goodwin et al. (2006) on sub-chronic oral
administration of various THC doses to experienced cannabis
users gives some indications on the fate of low and high
THC doses. The doses administered orally in a five day ses-
sion were: 0.39, 0.47, 7.5, or 14.8mg THC/d. Plasma concen-
trations of THC, 11-OH-THC, and (non-psychoactive) THC-9-
COOH were determined by gas chromatography-mass spec-
trometry (GC-MS) with a limit of quantification (LOQ) for the

three compounds being 0.5, 0.5, and 1.0 ng/mL, respectively,
for 14 samples over time, the last 4 of them in the wash-
out period.

Effects of the full dose range administered daily to sub-
jects who self-evaluated were measured via a VAS that
included such subjective experience evaluation items as
“high”, “stoned”, “impaired/tired” or “confused/clear headed”,
but little change in the scores was noted. Likewise, blood
pressure, heart rate and respiratory rate remained relatively
unchanged during and after the various dosing conditions.

No trial subject samples exhibited THC or 11-OH-THC
plasma levels greater than the LOQ during or after the lowest
0.39mg/d or 0.47mg/d dosing regimens. The non-psycho-
active THC-9-COOH metabolite could be detected at concen-
trations very near to the LOQ for these two low THC doses,
but dropped below the limit of detection (LOD) 2 days after
the last dose, on Day 7 of the study period. It is important to
note that these very low dose results are representative of
possible trace THC exposure from hemp foods, and are very
near to the RfD of 7 mg/kg bw tolerance proposed by the
hemp industry (EIHA 2017).

A more recent study (Pellesi et al. 2018) on subjective
effects and PKs for low doses of cannabis extracts may shed
light on the variability of measured parameters as a function

Table 5. Pharmacokinetic parameters of THC, expressed as plasma and equivalent calculated serum levels, their coefficients of variation (CVs) and resulting
uncertainty sub-factors for the PK part of overall uncertainty.

THC dose (dosing mode)
Age of trial

group
Number

trial persons
THC Cmax plasma

(ng/mL)
CV
(%) UFPK

Cmax serum ng/
mL (calc. mean) Source for PK parameters

2.5mg/d (single dose) 20–45 years N¼ 34 0.65 [AM] (SD 0.304) 46.8 2.5 0.9 MarinolV
R

Abbott (2011)

5.0mg/d (single dose) 20–45 years N¼ 34 1.83 [AM] (SD 1.43) 78.1 3.0 2.6 See above

5.0mg/d (2.5mg bid
over 10 days)

20–45 years N¼ 34 1.32 [AM] (SD 0.617) 46.8 2.5 1.9 MarinolV
R

FDA (2017)

3.0mg (single dose) 65–80 years N¼ 10 1.42 [GM]
(range 0.53–3.48)

>100 >3.16 2.0 NamisolVR Ahmed
et al. (2014)

5.0mg (single dose) 65–80 years N¼ 11 1.9 [GM]
(range 0.26–6.95)

>100 >3.16 2.7 See above

0.75mg (single) 77 (± 5.6) N¼ 10 0.41 [GM]
(range 0.18–0.90)

138 >3.16 0.6 NamisolVR Ahmed
et al. (2015)

0.75mg (bid) 77 (± 5.6) N¼ 10 0.50 [GM]
(range 0.27–0.92)

94 0.7 See above

1.5mg (single) 77 (± 5.6) N¼ 10 1.01 [GM]
(range 0.53–1.92)

112 >3.16 1.4 See above

1.5mg (bid) 77 (± 5.6) N¼ 10 0.98 [GM]
(range 0.46–2.06)

140 >3.16 1.4 See above

0.47mg/d (over 5 days) 36 (± 3.8) N¼ 6 0.0 n.a. n.a. n.a. Goodwin et al. (2006)

0.39mg/d (over 5 days) 36 (± 3.8) N¼ 6 0.0 n.a. n.a. n.a. See above

0.3–0.45mg/d (single dose)
and 750mg CBD

Not specified N¼ 35 0.30 0.43 US Public Health Service,
Dept of Health & Human
Services (HHS) (2018)

0.45–0.9mg/d (single dose)
and 1500mg CBD

Not specified N¼ 35 0.44 0.63 See above

1.35–2.70mg/d (single dose)
and 4500mg CBD

Not specified N¼ 35 0.48 0.68 See above

CV: standard deviation divided by mean in percent (%); 95% confidence interval; Cmax: maximum observed plasma concentration; AM: arithmetic mean; GM: geo-
metric mean (GM�AM); bid: twice daily.
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of sample matrix and potential substance interactions.
Patients (N¼ 9) received a single dose of either a decoction
or an oil formulation, each containing a suite of measured
phytocannabinoids. In the decoction dose, the absolute
amounts were THC (1.85mg), THCA (2.22mg), CBD (1.93mg)
and CBDA (8.82mg), and those for the oil formulation dose
were THC (2.2mg), THCA (2.3mg), CBD (2.4mg) and CBDA
(4.4mg). The decoction dose led to a Cmax of 1.38 ± 0.75 ng/
mL for THC, whereas consumption of the oil formulation
dose resulted in a Cmax of 3.29 ± 1.39 ng/mL, both measured
in whole blood.

However, these results have to be interpreted with care
because the SDs of the analytical measurements were high.
For the decoction, the CV for the Cmax was ±54%, and for the
oil formulation it was ±42%. No serious AEs were reported
after the administration of either oral cannabis preparation.
No clinically relevant changes in blood pressure and heart
rate were found. Compared to other studies, in particular to
those with isolated THC, the observed physiological THC-lev-
els were rather high and should provoke more detailed PK
studies on orally consumed cannabis extracts versus
pure THC.

These results are in obvious discrepancy to the Cmax levels
measured by Vandrey et al. (2017) who reported a mean
Cmax of only 1, 3.5, and 3.3 ng/mL in the whole blood of sub-
jects who had consumed cannabis brownies containing 10,
25, or 50mg of THC, respectively. This corresponds to an
ingestion of THC doses between 5- and 25-fold those given
in the study cited above.

Further, a recent pilot study (Pichini et al. 2020) reported
data on one healthy individual treated with two suites of
phytocannabinoids, the first dose being in a decoction, fol-
lowed by a subsequent oil dose trial. The decoction dose
contained a combination of THC (0.36mg), THCA (1.6mg),
CBD (0.42mg) and CBDA (4.0mg), with the resulting Cmax for
THC in blood serum being 1.0 ng/mL. After a washout period,
the subject then received an oil dose containing a mixture of
THC (0.95mg), THCA (1.5mg), CBD (0.86mg), and CBDA
(2.8mg). The Cmax for THC in blood serum following this
larger oil-based THC was 0.5 ng/mL. In both cases, SDs were
given as ±15%. The serum THC level was within an expected
range for the oil dose, but that for the decoction seemed dis-
proportionately high, and did not echo the decoction results
of the above Pellesi et al. (2018) study.

In a study by Leson et al. (2001), 15 THC-naïve adults
were given four different and increasing amounts of THC in a
mixture of industrial hempseed and rapeseed oils over four
successive 10-day “dosing periods”, with a 3 day washout
phase at the end (Days 40–43), thus evaluating THC ingestion
in increasing amounts over 40 consecutive days. The increas-
ing “total-THC” (THCþ THCA) doses administered were 90,
190, 290, 450 or 600 mg/d (the highest dose given to only
three subjects within the fourth period), corresponding to an
actual THC (without THCA) range of 74–492mg/d. No psycho-
active side-effects were observed in the volunteers at any
dose, a fact which was confirmed by the author (2020 per-
sonal communication by Leson; unreferenced, see “Notes”).9

Evaluations were made on the impact of extended daily
ingestion of THC in the hempseed-rapeseed solutions on

urine concentrations of its non-psychoactive metabolite THC-
9-COOH for each of the four distinct daily doses. Urine sam-
ples (taken on Days 1 and 3 after each last ingestion, and on
Days 9 and 10 of each 10-day dosing period) were screened
by radioimmunoassay (RIA) for total-cannabinoids, and ana-
lyzed by GC-MS for THC-9-COOH specifically. For “total-THC”
doses up to the 450 mg/d maximum, the total cannabinoid
levels in the RIA were all below 20 ng/mL, except for the
highest dose on Day 39, which was only 21 ng/mL.
Quantification by GC-MS for THC-9-COOH gave levels under
the 2.5 ng/mL LOQ until Day 28. Starting a third period there-
after, when the dose was increased to 290 mg/d, levels of 3.6
and 4.4 ng/mL were found for the two last samples within
that period. At the end of the 450 mg/kg fourth period, THC-
9-COOH values in urine maintained in a similar range, with
only one sample showing a level of around 5 ng/mL. On
washout Day 3, all samples had cannabinoid levels below
the LOQ.

Unfortunately, the levels of THC and 11-OH-THC (versus
their major THC-9-COOH metabolite) were not measured sep-
arately. This would have been useful because conclusions on
acute and recent cannabis (or other THC) consumption can
be drawn only with this differentiation. Therefore, a correl-
ation of the analytical data in this trial with potential psycho-
active effects is not possible. Another detail of this study
deserves attention. The THC doses administered are
expressed as “total-THC” (i.e. THCþ THCA), with the content
of THC in the industrial hempseed-rapeseed oils comprising
82% of the two phytocannabinoids. Therefore, the highest
dose of 600 lg/d “total-THC” corresponds to only 492 mg/d of
actual THC, as previously mentioned. Overall, the authors of
the study conclude: “At daily THC intake rates of up to 0.6mg,
the highest measured THC-COOH concentration in urine of
5.2 ng/mL is well below the 15 ng/mL confirmation cut-off [by
GC-MS] used by [US] federal and many private employers.”

Results from the study above are also in general agree-
ment with a very small study by Bosy and Cole (2000), in
which 6 human male adults were exposed to single THC
doses in industrial hempseed oil over 7 days, ranging from
0.1 to 1.77mg THC/d. In one trial, 546 mg of THC ingestion
daily produced a single positive urine cannabinoid screening
result at the US administrative initial screening cut-off level
(via RIA) of 50 ng/mL, over 14 days, but caused no positives
within another trial. Likewise, GC-MS test results for the for-
mer series only once exceeded the THC-9-COOH confirmatory
cut-off value of 15 ng/mL, and then only by 1 ng/mL, whereas
all results for the latter series were below this threshold,
although quantitation varied quite substantially. Possible psy-
choactive side-effects for this dose range were not men-
tioned, but are highly unlikely. Any presumed accumulation
of THC, as measured by the observed (GC-MS) THC-9-COOH
levels steadily increasing over time, was not observed for any
dose up to 546 mg THC (corresponding to 9.9 mg/kg bw), but
was observed for the high THC dose of 1.77mg (21.6 mg/kg
bw) within the first 6 days.

From the two studies above (Bosy and Cole 2000; Leson
et al. 2001), it may be concluded that an oral daily THC
intake between 0.25mg and 0.50mg is without substantial
accumulation, as analyzed by THC-9-COOH in blood plasma
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or urine. Within this context, an oral THC maximum dose of
approximately 0.49mg/d ingested via industrial hemp food
was recommended (EIHA 2017) to provide an ample margin
of safety from presumed adverse health effects and to repre-
sent the ARfD for THC (see Section 7).

Because THC in industrial hemp food is only a minor or
trace constituent and CBD (as CBDA) is the dominant phyto-
cannabinoid, potential CBD/THC-interactions are relevant, in
particular those affecting changes of THC PKs and pharmaco-
dynamics. Agurell et al. (1981) found that co-administration
of 40mg of oral CBD did not notably change the PKs of oral
THC (20mg) as indicated by average plasma THC levels. Their
single dose PK study of – inter alia – a combination of
10.8mg of THC with 10mg of CBD in healthy volunteers
reported this formulation to be safe and tolerable. No
adverse event was considered serious, and no clinically sig-
nificant abnormalities in vital signs, ECG recordings, physical
findings or safety lab tests were noted.

Interestingly, PK data on the interaction of large CBD
doses with co-administered very low oral doses of THC (Table
5) may be found in the Human Abuse Potential (HAP) study
for EpidiolexVR (US Public Health Service, Dept of Health &
Human Services (HHS) 2018, p. 12). This pharmaceutical CBD
product, which contains traces of THC (<0.1%), is adminis-
tered in relatively high doses (approx. 10–20mg/kg bw per
day) to achieve the desired antiepileptic effect as an adjunct-
ive therapy. The measured respective Cmax plasma concentra-
tions of those THC traces were within the expected range,
upon administration of the two lower therapeutic doses of
750mg CBD (0.3–0.45mg THC), and 1500mg CBD
(0.45–0.9mg THC), when compared to plasma THC levels
after ingestion of those corresponding dronabinol amounts
alone. However, the supratherapeutic dose of 4500mg CBD
(1.35–2.70mg THC), gave a maximum THC plasma level of
only 0.48 ng/mL, approximately half the expected level, which
suggests nonlinear PKs. The FDA concludes: “Thus, it is
unlikely that THC contributed to the slight positive responses on
some of the subjective measures or contributed to the euphoric
AE responses reported following the higher doses of CBD.”
From these results, it may be concluded that high CBD/THC
ratios might decrease THC plasma levels, although the
opposite could have been expected (see Section 6.1) due to
the inhibitory effect of CBD on the major THC metabolizing
enzyme CYP2C9 (Qian et al. 2019). Such enzyme inhibition
would attenuate the metabolic conversion of THC to 11-OH-
THC, the latter of which is equally as psychoactive as THC
(Grotenhermen 2003), if also being an enzymatic step closer
to inactivation.

5. Implied human effects of THC micro-dosing

It remains to be determined whether or not sub-psychoactive
doses of THC have beneficial effects in humans. Sarne et al.
(2018) described a study designed to test whether ultra-low
THC doses could reverse age-dependent cognitive impair-
ments in old mice. They reported the brain being protected
from neuro-inflammation-induced damage “suggest[ing] that
extremely low doses of THC that are devoid of any psychotropic

effect and do not induce desensitization may provide a safe
and effective treatment for cognitive decline in age-
ing humans.”

A previous report by Bilkei-Gorzo et al. (2017) had
revealed that very low doses of THC in older mice restored
learning and memory, and social recognition abilities, to lev-
els seen in healthy young mice. The THC micro-dosing treat-
ment also enhanced molecular processes involved in cell
plasticity, synapse formation, and cell signaling, and posi-
tively affected genes involved in extending lifespan and
improving cognition, particularly a gene thought to be pro-
tective against Alzheimer’s disease. Some improvements
lasted several weeks after treatment. “Cannabis preparations
and THC … have an excellent safety record and do not pro-
duce adverse side effects when administered at a low dose to
older individuals,” the authors conclude, adding that “chronic
low-dose treatment with THC or cannabis extracts could be a
potential strategy to slow down or even to reverse cognitive
decline in the elderly.”

6. Application of uncertainty factors in deriving an
HBGV from the LOAEL/NOAEL for trace THC limits in
food versus presently legal recreational drugs

Currently, in Europe, including most of the EU member
states, there are no legally binding daily maximum levels for
THC traces in foods or food supplements. So far, only non-
binding recommendations exist. However, an EU Commission
stakeholder consultation on these limits began in 2020 and is
expected to conclude with an agreement amongst the EU
member states in 2022.

In 1997, Germany was the first country to recommend a
maximum daily intake of 1–2 mg of “total-THC” per kg bw
from industrial hemp foods as part of a precautionary con-
sumer health protection effort. In their risk analysis, an over-
all safety factor of 20–40 was applied to a LOAEL of 2.5mg/d,
which is highly questionable because it was based on only a
small clinical study (not double-blind, no control group)
involving severely ill HIV patients, and the pertinent publica-
tion was not even named (DFG 1997–2004).

On the basis of this maximum daily intake, recommenda-
tions on guideline values for THC in food were issued, but
only for Germany. Although noted as preliminary, this max-
imum daily intake recommendation has never been revised.
Despite a commission of the “German Research Foundation”
(Deutsche Forschungsgemeinschaft, or DFG) stating in 1999
that it urgently requested the determination of the NOEL for
the psychomotor effects of orally administered THC in
humans (DFG 1997–2004), none was soon forthcoming.
Eventually, the BfR (2021) published a notice in which it rec-
ommended basing the toxicological assessment of industrial
hemp-containing food on the EFSA ARfD for THC only, thus
throwing into disarray the previous German guideline values
for this compound in foods.

Since 1997, numerous studies have published reliable data
on the effects of THC. However, in 2015, the EFSA (CONTAM
Panel) still concluded in its risk assessment: "The identified
LOAEL of 0.036mg delta-9-THC/kg bw per day is considered to be
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relevant for sensitive individuals, since it is the lowest daily dose
administered in clinical studies for the therapeutical use of delta-9-
THC." However, in the derivation of an HBGV, it is not justified
to apply the standard uncertainty factor of 10 for intraspecies
variability because this factor should be applied only if an
adverse effect was observed as common for most of the
healthy participants in a representative human study, and if it
was of statistical significance, neither of which was the case in
the cited studies.

The EFSA line of argument for justification of uncertainty
factors is the following: “The CONTAM Panel concluded that
an UF of 3 is sufficient to allow for extrapolation from the
LOAEL to a NOAEL considering that the LOAEL is based on
effects of low or moderate severity. An additional UF of 10 is
required for interindividual differences because although the
data on adverse effects are partly derived from studies in
patients with severe diseases, data on adverse effects in infants
and children are not available and there are interindividual dif-
ferences in metabolism (CYP2C polymorphism).”

Indeed, lower uncertainty factors for extrapolation to the
NOAEL are to be applied if the observed effects (LOAEL) are
mild and transient. Grotenhermen et al. (2001) state: “When
using a LOAEL for determination of the sub-threshold dose, the
severity of the effect at the LOAEL level is to be considered. Mild
effects that may represent an adverse impact will require lower
UFs.” This statement is also supported by Dourson et al.
(1996). Research by Lewis et al. (1990) showed that the most
likely value of the true risk in the extrapolation of LOAEL to
NOAEL is an uncertainty factor of 2, meaning that for THC the
estimated NOAEL would be 2.5mg/d. Although this does not
differ much from the extrapolation factor of 3 applied by the
EFSA, it strongly influences the resulting RfD because of its
multiplication with the uncertainty factor for intraspecies vari-
ability (for which the EFSA had used the default value of 10).

It must be emphasized that the purpose of the 10-fold
default factor is the “extrapolation of an average human
NOAEL to a sensitive human NOAEL” (Dourson et al. 1996). In
other words, the POD for a NOAEL should be a dataset
obtained from average, healthy individuals, and is extrapo-
lated by an uncertainty factor to obtain an RfD that also con-
siders the sensitive part of the population. The inter-human
(i.e. intraspecies) uncertainty factor “is intended to account for
the variation in sensitivity among humans and is thought to be
composed of toxicokinetic and toxicodynamic uncertainties.”
This also implies that “if sufficient data on sensitive individuals
exist, the subthreshold dose [or RfD] can be estimated directly,
i.e. without the need of an uncertainty factor.”

Dourson et al. (1996) state that a default value of 10 for
inter-human variability appears to be adequate and protective
when starting from a median response, or by inference, from
a NOAEL obtained from an average group of humans.
“However, when NOAELs are available in a known sensitive
human subpopulation, or if human toxicokinetics or toxicody-
namics are known with some certainty, this default value of 10
should be adjusted or replaced accordingly.” These statements
clearly allow the conclusion that a default factor of 10 for
intraspecies variability is too high if the NOAEL or LOAEL is
already derived from results on the most sensitive individuals.

It has been proposed that one may regard the default fac-
tor of 10 for intraspecies variability to be composed of two
sub-factors, consisting of 3.16 each (equivalent to 2�10) for
the toxicokinetic and the toxicodynamic aspects (Renwick
and Lazarus 1998). Compared to other substances (e.g. caf-
feine, alcohol, morphine), the content of which must be lim-
ited within food or beverages, the approach by governing
authorities who have fixated on these extremely high safety
factors for THC is justifiably very questionable (Iffland et al.
2016; EIHA 2017).

Coffee and alcohol, for example, are both variably addict-
ive drugs that are known to have significant effects on the
CNS in socially tolerated quantities. With coffee, which con-
tains caffeine, daily consumption would have to be strictly
regulated (see Section 6.1.2) if an analogous approach to the
EFSA assumptions on THC were to be used. In the case of
alcohol, an analogous limitation would consequently lead to
a restriction on the marketability of dairy products such as
yoghurt, and of fruit juices and the like, because alcohol is
unavoidably produced as a minor by-product of fermenta-
tion. A thorough risk assessment of alcohol would also lead
to a ban on the marketing of all larger containers, and more
concentrated forms, of alcoholic beverages. However, in con-
trast to the properties of alcohol as a cellular poison, THC
has distinct neuroprotective qualities and both THC and CBD
have been shown to prevent hydroperoxide-induced oxida-
tive damage not only in a chemical system (i.e. the Fenton
reaction), but also in neuronal cultures (Hampson et al. 1998).

Of course, one would also need to ban acetaldehyde in
food, which is also the primary human metabolite of ethanol
and a known carcinogen (DFG 2020).10 Acetaldehyde occurs
naturally in many products, and it is even used as a flavour-
ing substance (European Parliament and the Council 2008) in
numerous products that are marketed to children, because of
its fruity flavour.

To date, no scientific evidence exists to support the
assumption that, for example, THC consumption of 7 mg/kg
bw is no longer "safe" or that it can be assumed to pose a
health risk or induce unacceptable damage to health. When
comparing the safety assessment of THC with that of demon-
strably more dangerous substances, there appear to be sub-
stantial and peculiar differences in the methodology and
exaggerated standards of risk assessment for THC; for
example, when compared to the case of morphine and its
physiological precursor, codeine (see Section 6.1.1).

6.1. Genetic polymorphisms as a potential THC risk in
intraspecies variability

During Phase I detoxification in the liver (Figure 4), THC is
converted mainly to 11-OH-THC by the cytochrome P450 iso-
zymes CYP2C9 and CYP2C19, the latter having only minor
catalytic activity (Watanabe et al. 2007). This psychoactive
metabolite is then further oxidized to the inactive THC-9-
COOH metabolite by a microsomal aldehyde oxygenase
(MALDO), which is affiliated with the CYP2C sub-family
(Gasse et al. 2020). In addition, both this metabolite and the
THC parent molecule, and also other metabolites, can be
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glucuronidated (Figure 4) via Phase II detoxification
(Hassenberg et al. 2020) by uridine 50-diphospho-glucurono-
syltransferases (Mazur et al. 2009).

Alternative minor THC metabolic routes include allylic
hydroxylation to 8b-OH-THC and 8b,11-(OH)2-THC, which has
been demonstrated in vivo, as well as epoxidation of the
9,10-double bond to 9,10-epoxyhexahydrocannabinol by
CYP3A4 (Maurer et al. 2006; Gasse et al. 2018) eventually
yielding the 9,10-dihydroxy-derivative or glutathione conju-
gate. So far, more than one hundred THC metabolites have
been identified, including di- and tri-hydroxy compounds,
aldehydes, ketones and carboxylic acids (Huestis 2007). These
data are reflective of the intense level of scientific scrutiny
that has been focused on THC and its metabolism in
recent years.

Some investigators state that other phytocannabinoids
can influence the metabolism of THC, in particular CBD
(Niesink and van Laar 2013), which is able to modulate some
of the psychotropic effects of THC (Zuardi et al. 1982). CBD is
an inhibitor of CYP3A isoforms (Yamaori 2011) and this effect
could theoretically inhibit THC-9,10-epoxidation and allylic
hydroxylation. However, the interaction of CBD with THC is
complex (Wikipedia 2021), and the effects of this interaction
on humans also depend on the quantities and the sequence
of ingestion of THC and CBD (Zuardi et al. 2012). For
example, it was found that CBD inhibits THC-elicited paranoid
symptoms and hippocampal-dependent memory impairment
(Englund et al. 2013). Recently, Hudson et al. (2019) identified
a molecular mechanism that may account for how CBD

functionally mitigates the neuropsychiatric side-effects of
THC. However, it should be considered if physiological con-
centrations of phytocannabinoids from medical/recreational
cannabis (let alone, hemp foods) consumption will be high
enough to have any significant effects on CYP-enzymes (Silva
et al. 2020), and thus, on interactions with each other and/or
other exogenous substances. Stout and Cimino (2014) con-
cluded that “Inhibitory constants and/or half maximal inhibi-
tory concentration values of THC, CBD, and CBN at studied
CYP-450 isoforms are generally well below the expected sys-
temic concentrations of these cannabinoids with most use”. At
present, this issue has not been conclusively determined. It
also remains unclear if the interactions are psychodynamic or
metabolic in nature.

In a human study (N¼ 43, healthy volunteers), designed
to measure the impact of CYP2C9 polymorphism on the PKs
of orally administered THC (a significant single dose of
15mg), it was found that plasma THC PKs did not differ due
to CYP2C9�2 allele status (Sachse-Seeboth et al. 2009).
However, the median area under the curve (AUC0!1) for
THC in the CYP2C9�3/�3 genotype was threefold that of the
CYP2C9�1/�1 genotype, and the AUC for THC-9-COOH was
69% lower. Maximum THC plasma concentration after oral
administration of the 15mg THC dose was a median of
6.3 ng/mL in carriers of CYP2C9�3/�3, compared to 2.7 ng/mL
in carriers of CYP2C9�1/�1. CYP2C9�3/�3 carriers also showed
a trend towards increased sedation following administration
of THC. Therefore, the CYP2C9�3/�3 variant may influence
both the therapeutic and adverse effects of THC.

Figure 4. Summary of various THC metabolic pathways and the enzymes involved.
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Polymorphisms in the relevant CYP enzymes would have
an influence on the degradation of THC, if these enzymes
would be the only, or major, enzymes for the metabolism of
THC. However, this is not the case. For example, CYP2C9
polymorphism is not relevant for the application of an add-
itional uncertainty in the risk assessment of THC because: (1.)
Additional enzymes are involved (e.g. CYP2C19 and CYP3A4)
in hydroxylation and epoxidation of THC. (2.) Only 13.4% of
the Caucasian population are low-metabolizing carriers of a
CYP2C9�3 allele (heterozygotes thereof being intermediate
metabolizers), and a minuscule 0–1.3% (average 0.4%) of
Caucasians are carriers of the homozygotic genotype
CYP2C9�3/�3, which metabolizes THC at a markedly reduced
rate (Lee 2002; Sachse-Seeboth et al. 2009).

Concerning the possible influence of genetic polymorph-
ism, Renwick and Lazarus (1998) write: “Genetically deter-
mined differences are of greatest relevance to risk assessment
when the polymorphic pathway represents the major route of
elimination. Poor metaboliser (PM) subjects would be at greater
risk if the polymorphic pathway resulted in detoxification but at
less risk than the extensive metaboliser (EM) group in cases
where the pathway is involved in a bioactivation process lead-
ing to toxicity.” They further add: “For many compounds the
presence of alternative or multiple pathways of elimination
means that PM subjects would show little or no increase in
plasma concentrations of the parent compound compared to
EMs. Therefore, knowledge that a chemical is a substrate for a
metabolic pathway which shows polymorphic expression raises
questions about the validity of the 3.16-fold default uncertainty
factor for kinetics (and therefore the combined 10-fold factor
for human variability), but does not automatically invalidate
the default or specifically adjusted values.”

Indeed, for THC, there are various enzymatic pathways for
detoxification, not only by other cytochrome P450 enzymes
producing the same metabolites (such as the inactive oxida-
tion product THC-9-COOH), but also for alternative metabo-
lites. For example, metabolites exist that are hydroxylated on
other allylic positions of the terpenoid portion of the ring
system, or on the pentyl side chain (Figure 4). Therefore,
there is no reason to account for an additional uncertainty
(sub)factor for genetic polymorphism, because CYP2C9 is not
the only enzyme employed for detoxification of THC.

6.1.1. Comparison with the risk assessment for morphine
As to the potential relevance of polymorphisms to intraspe-
cies variability, the EFSA CONTAM Panel (2018) states
“Codeine metabolism to morphine is dependent of the CYP2D6
activity. Individuals can be classified into poor metaboliser,
intermediate metaboliser, extensive metaboliser or ultra-rapid
metaboliser. The extensive metaboliser represents the majority
of the Caucasian population. The phenotypes generated by dif-
ferent CYP2D6 alleles affect the sensitivity of humans to adverse
effects of codeine.”

“� There is a sharp increase in both morphine AUC and
Cmax following codeine exposure in extensive/ultra-rapid
metabolisers.”

“� No new data were identified that provide a basis to
change the previous conclusion from 2011 that the maximal

metabolic conversion of codeine into morphine does not
exceed 20%.”

From an analysis of CYP2D6 allele-frequency data, a con-
siderable variation was seen across major ethnic groups, and
the prevalence of poor metabolizers was found to be in the
range of 0.4–5.4% of the world population (Gaedigk et al.
2017). Concerning the genetic polymorphism of CYP2D6,
which is responsible for the metabolism of codeine (i.e. the
direct metabolic precursor to morphine), this obviously did
not play any role in the decision on the ARfD for morphine.

The BfR (2006) has given morphine a safety factor of only
4.3, based on the lowest therapeutic single oral dose of
1.9mg of morphine per adult, which led to a recommended
maximum daily intake of 6.3 mg/kg bw, whereas the EFSA
CONTAM Panel (2011, 2018) assumed a safety factor of only
3, from which a morphine ARfD of 10 mg (equivalent)/kg bw
was derived. [Note: In studies with this dose, the placebo
group also exhibited some effects. It should also be noted
that an effective dose of opium alkaloids leads to pain relief
and sedation, in a manner somewhat resembling THC.] On
the other hand, if the analogous procedure with an uncer-
tainty factor of 5 was applied to the derivation of an ARfD
for THC, a value of approximately 7 mg THC/kg bw would be
obtained (from the lowest therapeutic single dose of 2.5mg,
divided by factor 5, relative to an average 70 kg body
weight). This corresponds exactly to the value proposed by
the European hemp industry for THC (EIHA 2017).

The EFSA CONTAM Panel (2018) concluded: “The data that
have become available since the 2011 CONTAM opinion do not
provide a basis for revising the ARfD for morphine of 10 mg/kg
bw, which is derived from the lowest therapeutic dose of mor-
phine. In order to characterise the risks of combined exposure
to morphine and codeine, the ARfD is a group ARfD for mor-
phine and codeine, expressed in morphine equivalents using an
equivalence factor of 0.2 for codeine (The lowest single oral
therapeutic dose reported for morphine is 1.9mg, corresponding
to 27 mg/kg bw for an adult weighing 70 kg).”

If these rules were applied to THC, which may exert a few
adverse (but not potentially lethal) acute CNS effects some-
what similar to that of morphine, the resulting calculation
should include the lowest adult therapeutic dose of THC:
2.5mg/d and apply a factor of about 2.7–3 to derive a logical
ARfD which is somewhere between 0.833 and 0.925mg THC/
d, or around 12–13 mg/kg bw (which coincides with the rec-
ommendations of Geiwitz et al. 2001). This is over an order
of magnitude above the unrealistically conservative ARfD
that has been suggested for THC by the EFSA.

6.1.2. Comparison with the risk assessment for caffeine
In the EFSA Scientific Opinion on the safety of caffeine (EFSA
NDA Panel 2015), it is notable that certain types of risks,
which have been included in the risk assessment for THC,
have been excluded a priori in the derivation of a “(tolerable)
upper intake level” for caffeine: “It is outside the scope of the
present opinion to address possible adverse health effects of
caffeine … in subgroups of the population selected on the
basis of a disease condition or in sub-populations with extreme
and distinct vulnerabilities due to genetic predisposition or
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other conditions which may require individual advice; or in
combination with medicines and/or drugs of abuse, or in com-
bination with alcohol doses which, by themselves, pose a risk
to health (e.g., during pregnancy, binge drinking).” From a sci-
entific viewpoint, it is incomprehensible that the scope of
risk assessment should be so different for THC and caffeine,
considering that both substances are naturally occurring con-
stituents of plant parts (i.e. fruits, leaves, flowers) and are
consumed as food ingredients, plant extracts, additives, fla-
vourings, and food supplements.

As an aside, there similarly exists no systematic assess-
ment by the EFSA of the amount of risk to health posed by
specific alcohol doses, although it is obviously substantial
(Public Health England 2016). Actually, the EFSA (as well as
the BfR), did evaluate alcohol, but only in relation to its
potential interactions with THC, in their risk assessments of
the latter drug. This again exposes an illogical bias against
cannabis, a cultural blindness to alcohol, or pos-
sible negligence.

Concerning genetic predisposition or polymorphism, it is
known that cytochrome P450 (i.e. CYP1A2) is the main
enzyme responsible for the metabolism of caffeine. In four
publications, the combined prevalence of the “slow” CC and
AC genotypes for the expression of CYP1A2 was reported to
be between 52 and 60%, whereas the “fast” AA genotype
prevalence was reported to be between 48 and 40% (EFSA
NDA Panel 2015). Therefore, a high probability exists that a
large part of the population metabolizes caffeine much more
slowly than others, and there is substantial intraspecies vari-
ability in the clearance of caffeine from the body. In practice,
this may explain why some people enjoy/tolerate large
amounts of daily caffeine, and others consume only limited
amounts, while a few refrain entirely from all methylated xan-
thines (i.e. theophylline from tea or theobromine
from chocolate).

For example, data from a study (Palatini et al. 2009) on
553 individuals with a follow-up after 8.2 years (median)
showed that the risk of hypertension associated with coffee
intake varies according to CYP1A2 genotype. Carriers of the
slow �1 F allele are at increased risk, and should therefore
abstain from coffee, whereas individuals with the �1A/�1A
genotype can safely drink coffee. Another study (Palatini
et al. 2015) on the risk of impaired fasting glucose through
coffee consumption demonstrated that among the subjects,
stratified by CYP1A2 genotype, heavy coffee drinkers being
carriers of the slow �1 F allele (59%) had a higher adjusted
risk of impaired fasting glucose (HR 2.8, 95% CI 1.3–5.9) com-
pared to abstainers, whereas this association was of border-
line statistical significance among those homozygous for the
A allele (HR 1.7, 95% CI 0.8–3.8). Taken together, these data
show that coffee consumption increases the risk of impaired
fasting glucose in hypertension, particularly among carriers of
the slow CYP1A2�1F allele. This effect may influence daily
dietary choices, such as increased intake of refined carbohy-
drates, which can lead to chronic disease over time.

Consequently, the conclusions on caffeine by the EFSA
NDA Panel (2015) read as follows: “The Panel notes that sev-
eral genetic and non-genetic factors have been reported to sig-
nificantly affect caffeine metabolism by CYP1A2 for various

population groups. Considering the reduced maternal clearance
and prolonged half-life during pregnancy, and the fetus’s expos-
ure to maternal caffeine plasma levels, the Panel considers
unborn children to be the most vulnerable group for adverse
effects of caffeine among the general population.” However,
these acknowledgments are partly excluded from the scope
of the risk assessment and the subsequent derivation of a
safe intake level. A consideration of uncertainty factors was
missing in the analysis, or missing a safety margin between
the LOAEL and the recommended maximum caffeine intake
for adults. A LOAEL of 1.0–1.3mg/kg bw for caffeine was
established for the effect of tolerance development on with-
drawal symptoms, and a LOAEL of 2.5mg/kg bw for the
onset of acute anxiety and jitteriness (EFSA NDA Panel 2015),
obviously one of the more sensitive of possible adverse effect
end points. The EFSA risk assessment does not apply any
uncertainty factors for extrapolation to the NOAEL and RfD.
Note that the maximum recommended single dose of caf-
feine for healthy adults is set at about 3mg/kg bw, or about
200mg of caffeine per adult (more than the LOAEL for an
adverse effect) and for the maximum caffeine intake over the
whole day, to about 5.7mg/kg (more than twice the LOAEL
for an adverse effect!).

A recent study (Beyer and Hixon 2018) found that the
“Human Equivalent Dose” for the NOAEL concerning cardio-
vascular effects of caffeine was 260mg (2–3 cups of coffee)
as a single dose for a 70 kg adult, while the LOAEL was
770mg (7–8 cups). Application of the usual uncertainty fac-
tors in risk assessment to the LOAEL of caffeine (3 for
extrapolation to NOAEL, and a default of 10 for extrapolation
to the safe RfD), would result in an allowance of approxi-
mately 26mg of caffeine (one quarter-cup of coffee) per
adult per day as being the safe upper limit, which is roughly
only one tenth of that currently recommended as safe. Thus,
the methodology of risk assessment for caffeine is substan-
tially different from that for THC, possibly due to an attach-
ment bias of the investigators, caused by their habitual use
of the former drug.

6.1.3. Comparison with the risk assessment for cyanide
Industrial hemp (Cannabis sativa L., fam. Cannabinaceae, ord.
Rosales) and flax (Linum usitatissimum L., fam. Linaceae, ord.
Malpighiales) represent two quite unrelated plant taxa, yet
are traditionally thought to be “agronomic twins” due to
their shared production of both a useful bast fibre and a
nutritious seed. Interestingly, industrial hempseed possesses
a 1:3 ratio of omega-3 to omega-6 fatty acids and flaxseed
has the exact opposite 3:1 ratio. Like many plants, industrial
hempseed possesses small traces of compounds thought to
act as natural defensive compounds against various biotic
and abiotic environmental threats (Pate 1994), mostly in the
form of phytocannabinoids, predominantly THCA and CBDA.

Flax also possesses various secondary compounds in its
seed, presumably for the same purpose, and one of them is
the infamous deadly poison, cyanide, embedded within cer-
tain glycosidic phytochemicals, such as linamarin or amyg-
dalin. Ironically, this is not a very common source of public
concern, but should provoke the question of what
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concentrations of this compound in the seed may be harmful
to consume. This has been experimentally addressed
(Abraham et al. 2016) and it seems that the answer is not
entirely assuring, at least within a worst case scenario.

Flaxseed may contain mean total cyanide levels (Abraham
et al. 2016, p. 563) of 154mg/kg (range 80–300mg/kg). Their
data reveal that the daily consumption of a maximum 60g of
raw flaxseed (containing 220mg cyanide per kg of flaxseed)
might be considered only marginally below concern, on an
acute basis, leading to a peak concentration of 20 mM blood
cyanide. The World Health Organization’s “Provisional
Maximum Tolerable Daily Intake” recommendation of 20 mg/
kg bw total cyanide (WHO 2012, p. 308) allows only 6.4 g of
flaxseed daily, accounting for a hundred-fold chronic intake
margin, including an approximate 10-fold margin to avoid
the lower threshold for acute cyanide toxicity. Yet, unlike
industrial hempseed, no serious consumer concern is usually
expressed over this common item of agricultural commerce,
and its cyanide levels are still unregulated in the
European Union.

The health risk from an intake of other cyanide or cyano-
genic glycoside containing foods was evaluated by the EFSA
CONTAM Panel (2016) for apricot kernel (products) and for
other foods (EFSA CONTAM Panel 2019). The derivation of
the ARfD for cyanide, which again in this case, seems to be
governed by rules other than those applied for the ARfD for
THC, deserves to be mentioned. In their risk assessment on
cyanide, the POD is the lowest toxic threshold value for cyan-
ide in human blood (20 mM), resulting from a cyanide intake
of 0.105mg/kg bw. Applying an uncertainty factor of 1.5 to
account for toxicokinetic (and of 3.16 to account for toxico-
dynamic) inter-individual differences (giving an overall UF of
nearly 5) results in an ARfD of 20mg/kg bw. Because the low-
est toxic threshold value for cyanide is equivalent to a
LOAEL, it is obvious that any UF for extrapolation from the
LOAEL to the NOAEL was omitted, which is against the nor-
mal rules for risk assessment. Moreover, the default UF of 10
for intraspecies variability was not used, although there are
not enough reliable human data for reducing the toxicoki-
netic part of the UFIntra to 1.5 only.

7. Risk assessments on THC by various countries,
and shifting policy trends

In 1996, the Swiss BAG had derived an HBGV for THC on the
basis of various studies (BAG 1996), defined as the
“Preliminary Tolerable Daily Intake” (PTDI) and using a LOAEL
of 5mg/d per adult person. This careful analysis included cal-
culations of plasma and urine concentrations to detect inten-
tional cannabis use and to distinguish that from the harmless
ingestion of THC traces in food. This PTDI for THC was
derived by the Swiss competent authority in two ways. The
first was by a single 5mg oral THC adult dose (70mg/kg bw)
which gave rise to typical CNS symptoms in 1 of 5 adults,
corresponding to a LOAEL for sensitive individuals.
“Application of an UF of 10 in regard of accumulation in the
body gives a provisional tolerable daily intake of 7mg/kg body
mass”. The second was by correlation of the THC

concentration in blood plasma with psychomotor effects.
“THC-concentrations of >1mg/L (1 ng/mL) in plasma often
seem to be correlated with difficulties in driving of motor
vehicles. A stationary THC-concentration in plasma of 1mg/L
may be achieved theoretically by a chronic oral supply of
approx. 85 mg THC/h or 2040 mg THC/d (absorption 20%, half-
life in plasma 24 h, plasma clearance 17 L/h). Using an UF of 5
results in a provisional tolerable daily intake of 7mg/kg bm
[body mass].”

In Canada, there is no HBGV defined for THC. Over twenty
years ago, a tolerable daily dose of 14mg/kg bw of THC had
been proposed in Canada by Geiwitz et al. (2001), within the
context of a comprehensive risk assessment on industrial
hemp foods and THC, but their recommendations were
ignored by Health Canada.

Food Standards Australia and New Zealand (FSANZ)
derived a dose of 5mg THC per day as the LOAEL in a careful
and comprehensive 2011 risk assessment re-examination of
THC in food (FSANZ 2011), from which was confirmed a level
of 6 mg THC/kg bw as the TDI, based – inter alia – on the
comprehensive work by Chesher et al. (1990).

The competent authority of Croatia (HAPIH) issued an ADI
as an HBGV of 0.5mg/d or 7 mg/kg bw (HAH 2015), which
was based on the rationale by Grotenhermen et al. (2007).

Uruguay was the first country to officially legalize both
recreational and medical cannabis in 2013 (Wikipedia 2021a).
This development was followed by Canada in 2018, and on
14 June 2019, the Government of Canada announced new
regulations for edible cannabis, cannabis extracts, and canna-
bis topicals. These regulations were published in the Canada
Gazette, Part II, on 26 June 2019, and came into force on
October 17, 2019. Edible cannabis, for example, has a recom-
mended THC limit of 10mg per discrete consumable unit
(Government of Canada 2021). In the US, the federal capital
and a clear majority the 50 states, plus some territories, cur-
rently allow legal access to either non-prescription medical
cannabis or recreational cannabis (or both) under a very wide
variety of regulations, which has greatly contributed to a
newly developing multi-billion dollar North American industry
(Wikipedia 2021b).

The situation is also changing in Europe, if more slowly.
The modern re-establishment of cannabis-derived prescrip-
tion medicines began in The Netherlands and England during
the 1990s with the founding of (and subsequent collabor-
ation between) HortaPharm BV and then GW Pharmaceuticals
plc, respectively, the latter of which was recently acquired by
an Irish corporation, Jazz Pharmaceuticals plc, for USD
7.2 billion.

Generally speaking, EU cannabis policy has presently
evolved into three camps. The most liberal sector is led by
Luxembourg, which had already effectively decriminalized
personal possession of cannabis in 2001, and in 2018 com-
mitted to become the first EU country to officially legalize
both medical and recreational cannabis by 2023 (Wikipedia
2021c). The Netherlands is included in this category because
it has followed a policy of decriminalization for decades, and
has even developed quasi-legal recreational-product licensing
and medical-product prescription systems for their technically
illegal products (Wikipedia 2021d). Spain has developed a
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particularly liberal informal cannabis policy (Wikipedia 2021e)
and Portugal has decriminalized cannabis (and all other
drugs) for personal use (Wikipedia 2021f).

Most of the other EU countries are employing more grad-
ualist strategies. For example, in Belgium (Health Belgium
2020) and Austria (Wikipedia 2021g), smoked or vaped prod-
ucts must not have a THC level above the current EU 0.3%
THC standard limit for industrial hemp. Other middle-path EU
members employ various policies, ranging from that pattern
to the policy of Germany, which has set up a strict prescrip-
tion medical cannabis system funded by state insurance. EU
non-member Switzerland allows industrial hemp products,
not including isolated hashish resin, containing less than
1.0% THC (Wikipedia 2021h).

Some European states remain intransigent within the most
conservative school of regulatory thought, for example France
(Wikipedia 2021i) and Sweden (Wikipedia 2021j), although the
former has instituted some very limited changes and the latter
now allows the SativexVR cannabis extract upon prescription.

This movement toward the evolution of European cannabis
laws (echoed in other countries worldwide) is motivated primar-
ily by the social benefits of legalized cannabis via elimination of
the vast social costs of criminalization and the provision of sub-
stantial new tax revenues, in light of the its relatively low public
health concerns (Lachenmeier and Rehm 2015). The resultant
impending wave of normalized cannabis use promises to re-
frame attitudes and de-prioritize the industrial hemp trace-level
THC concerns discussed herein.

8. Summary and conclusions

� The LOAEL of 2.5mg of THC, defined by the EFSA and
BfR for effects on the CNS, is derived from only a few
clinical studies or trials, respectively, the results of which
are not conclusive because the adverse effects studied
were predominantly affecting HIV-infected or cancer
patients rather than healthy persons. Such patients could
have already suffered from HIV-related neurocognitive
impairments, and they were receiving concomitant medi-
cation which could have induced a synergy that exacer-
bated the observed adverse effects. Within these clinical
studies, adverse effects have not been specifically
reported for small groups of patients administered the
lowest oral THC dose of 2.5mg/d. Apart from these stud-
ies, there is only one trial with a small group of 11 per-
sons who had been administered oral THC doses of
2.5mg/d which produced only modest effects on subject-
ive ratings, measures of cognitive performance, and
physiological measures. However, this small study cannot
be considered as representative for the derivation of
a LOAEL.

� Over the last 50 years, the threshold amount of THC that is
required for psychoactivity has been carefully studied in
humans and is now quite well known. Aside from the mild
psychoactive effect in most humans when 5mg of THC is
taken orally, there are no other physiological or psycho-
logical effects that can be ascribed to lower amounts of
THC. The whole ensemble of clinical trials and observational

studies on THC shows that the LOAEL should be set to
5mg, as a single adult daily dose.

� The overall uncertainty factor (or safety factor) of around
36 that is applied to a dose of 2.5mg THC per day, for
deriving an ARfD, is set too high for such a substance of
extremely low acute toxicity, compared to other substan-
ces of concern in food or consumer products such as
morphine (from poppy seed), caffeine (from coffee), or
cyanogenic glycosides (from flax seed). Hence, the ARfD
of 1 mg of THC per kg bw, per day, recommended in
2015 by the EFSA for their assessment of an acute health
risk from the intake of industrial hemp food products,
cannot be justified. It is unnecessarily low, taking into
account all the available scientific evidence. This conclu-
sion is also in line with the risk assessments by the com-
petent authorities of other countries.

� More meaningfully, studies of effects in healthy people
show that oral doses below 5mg/d of THC are without
significant adverse effects, so consequently, a single 5mg
dose is derived as the LOAEL. Furthermore, based on the
various correlations reviewed herein (i.e. THC intake ver-
sus THC blood plasma levels versus CNS effects), a twice
daily dose of 2.5mg (with a time lag between doses of
more than 6 hours) should be considered as the NOAEL.
PK data (i.e. mean maximum blood plasma concentra-
tions, half-life) show that this regimen, and certainly a
single THC dose of 2.5mg, provides systemic levels that
are below any definition of legal driving impairment, as
determined by a 2 ng/ml THC blood serum threshold.
Below this benchmark level, which has been established
by various forensic publications, no negative influences
on performance tests (i.e. psychomotor function) have
been found.

� The intraspecies uncertainty factor is herein proposed as
no more than 10 (the default factor according to gener-
ally accepted rules of risk assessment), which would then
also include the more sensitive part of the population,
including the elderly. Analogous to the EFSA risk assess-
ment on caffeine, the total daily upper tolerable dose for
THC should be based on two or more harmless single
2.5mg doses administered at time intervals of 6 or more
hours. Application of an overall uncertainty factor of 10
for intraspecies variability (which includes the elderly) to
a NOAEL of 2� 2.5mg THC per day for an adult, results
in a “daily intake of no concern” or a “tolerable upper
intake” of 500 mg of THC per day, corresponding to 7 mg/
kg bw per day. This intake can also be defined as the
ARfD because it falls under the FAO/WHO JECFA defin-
ition (see Section 3.1). The ARfD derived from the NOAEL
for a 2.5mg single oral THC bolus is therefore defined as
250 mg per adult or 3.6 mg/kg of body weight, as the
absolutely most conservative estimate. Thus, the resulting
range for an HBGV of THC intake from food consumption
is between 250 and 500 mg/d for an adult, or correspond-
ingly between 3.6 and 7 mg/kg bw per day, which is
about half the value of other justifiable pub-
lished estimates.

� In view of the excessively low 1 mg/kg bw EFSA daily
HBGV and the consequently derived maximum for THC
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levels in food, recently repealed by the BfR (2021), it is
not surprising that they had previously issued a report
(BfR 2018) in which it regarded THC content in food as
being too high. That report was deficient because of its
lacking a differentiation between psychoactive THC and
non-psychoactive THCA, the latter being the major com-
ponent of so-called “total-THC” (Skoczinski et al. 2019)
and – inter alia – because of insufficient evidence of data
from chemical analysis.

� The EFSA (2020) has been much more diligent and care-
ful in its recent assessment of acute human exposure to
THC because it acknowledged difficulties with the correct
chemical analysis of THC content in foods, although it
continues to base its risk assessment on an unrealistically
low daily HBGV of 1 mg/kg bw.

� Regulatory limits for substances (residues or contami-
nants, plant-inherent or not) must be based on solid toxi-
cology studies (preferentially with a Klimisch score of 1,
meaning reliable without restriction), good exposure
assessments for the substance in question, comparison
with toxicology results, and conclusive and consistent
risk assessments. However, for the case of THC, this has
not yet been achieved, particularly in contrast to the rela-
tively lax treatment of some other toxic substances com-
monly found in food.

� The 2020 exposure assessment by the EFSA used only
samples in which “total-THC” (i.e. THCþ THCA) was ana-
lyzed, therefore exaggerating psychoactivity exposure
scenarios as much as 20-fold, which resulted in a large
overestimation of the psychoactive THC component in, at
least, unbaked food. Moreover, many other uncertainties
remained, which the EFSA summarized, as follows. "The
use of proxies for the consumption of hemp and hemp-con-
taining products, the limited number of occurrence data
and the analytical limitations in the quantification of
Delta9-THC represent the most important sources of uncer-
tainty. Overall, exposure estimates presented in this report
are expected to represent an overestimation of acute expos-
ure to Delta9-THC in the EU." However, the discrepancy
between high estimated acute hemp food THC exposures
(e.g. for industrial hempseed, at up to 9 mg/kg bw; for its
oil, at up to 21 mg/kg bw; for derived raw pasta, at up to
6.4 mg/kg bw) and the established ARfD, is not only a
consequence of the “total-THC” concept, but is even
more so for the case of the ARfD level being set much
too low. Reports from health care systems on acute
intoxications by THC in food from industrial hemp (alone,
without alcohol) are extremely rare, with those undoubt-
edly resulting from THC dosing via drug-type cannabis-
derived products.

� The ARfD was derived for THC alone (i.e. without THCA),
and not for the “total-THC” (THCþ THCA) in industrial
hemp products, for the simple reason that all studies on
which the EFSA CONTAM Panel (2015) based its Scientific
Opinion had been carried out with dronabinol (i.e. pure
THC). Hence, no conclusions are possible on any pre-
sumed risk to the consumer, because the actual propor-
tions of psychoactive THC versus non-psychoactive THCA
were not known, and any possible THC inhibiting effects

due to the predominant CBD proportions that are pre-
sent in industrial hemp were ignored.

In conclusion, instances where foods are found to have
exceeded the guideline values for the presence of THC are
usually not related to the improper, or even insufficient,
cleaning of industrial hempseed by manufacturers prior to
food production. Rather, these cases can be attributed mostly
to an unrealistic and unnecessarily strict EFSA Acute
Reference Dose defined as a daily intake of 1 mg of THC per
kg bw, a value which should be increased considerably.

Notes

1. Data collected from 23 EU enterprises by on behalf of
Hanfgesellschaft (Berlin, Germany), 01.12.1997: Hempseed: ca 200
tonnes; Hempseed oil: ca 33,000 L; Hemp ready-made products
(snacks, flour, muesli, bakery products, and pasta): ca 55 tonnes;
drinks with hemp flowers/leaves: ca 115,000 L; snacks with hemp
flowers ca 2 tonnes. https://eiha.org/documents/hanfgesellschaft-01-
12-1997/.

2. “Total-THC” is the sum of delta-9-THC and delta-9-tetrahydrocanna-
binol carboxylic acid (THCA), normalized by calculation to delta-9-
THC using the ratio of their molecular masses: [“total-
THC”]¼ [THC]þ [THCA�0.877].
The content of THC in the plant is still analysed in EU as “total-
THC” by gas chromatography according to Commission Delegated
Regulation (EU) 2017/1155 of 15 February 2017.

3. Total THC is according to the BfR definition: "The above values refer
to the food ready for consumption and apply to total THC including
delta-9-tetrahydrocannabinol carboxylic acid". See https://www.bfr.
bund.de/de/presseinformation/2000/07/bgvv_empfiehlt_richtwerte_
fuer_thc__tetrahydrocannabinol__in_hanfhaltigen_lebensmitteln-
884.html (Accessed 18.09.2020).

4. Dronabinol is the INN of the pharmaceutical active ingredient
(-)-trans-D9-Tetrahydrocannabinol (D9-THC) which by its chemical
structure is identical to the THC naturally occurring in hemp. For
avoidance of doubt, this D9-THC is free from D9-tetrahydrocanna-
binol carboxylic acid, and not to be confused with “total-THC” (the
latter often simply called “THC”). “Total-THC” is the sum of D9-THC
and D9-tetrahydrocannabinol carboxylic acid, normalized by calcula-
tion to D9-THC.

5. Human body surface area used here (1.88 m2) is the average of
male and female body surface areas as found by: Tikuisis et al.:
human body surface area: measurement and prediction using three
dimensional body scans. Eur J Appl Physiol. 2001; 85(3–4):264–271.

6. Using the distribution factors determined experimentally by Giroud
et al. (2001).

7. THC is understood as D9-THC because of its definition in the
Canadian Cannabis Regulations – SOR/2018-144 (Section 1),
Definitions – Act and Regulations 1 (1): Cannabis Regulations
(justice.gc.ca).

8. For correlation of Coefficients of Variation with the UF for pharma-
cokinetics see Renwick AG, Lazarus NR. 1998. Human variability and
noncancer risk assessment – an analysis of the default uncertainty
factor. Regul Toxicol Pharmacol. 27 (1Pt 2), 3–20, chapter on data
analysis. Accordingly, a coefficient of variation of 30% correlates to
an UFPK¼2, of 50% to an UFPK¼2.5, and of 80% to an UFPK�3.2.

9. Personal communication by G. Leson to B. Beitzke.
10. Deutsche Forschungsgemeinschaft (DFG) – Permanent Senate

Commission for the Investigation of Health Hazards of Chemical
Compounds in the Work Area, List of MAK and BAT Values, 2020,
https://www.dfg.de/en/dfg_profile/statutory_bodies/senate/health_
hazards/. Acetaldehyde is listed there under Carcinogenic
Substances classified as Carc cat 5 and Muta cat 5: “5. Substances
that cause cancer in humans or animals or that are considered to be
carcinogenic for humans and for which a MAK value can be derived.
A genotoxic mode of action is of prime importance but is considered
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to contribute only very slightly to human cancer risk, provided the
MAK and BAT values are observed. The classification and the MAK
and BAT values are supported by information on the mode of action,
dose-dependence and toxicokinetic data”. Under the Regulation (EC)
No 1272/2008 (on classification, labelling and packaging of chem-
ical substances), acetaldehyde is legally classified as Carc Cat 2.

Glossary

ADI ¼ Acceptable Daily Intake
ADMET ¼ Absorption, distribution, metabolism, excretion, toxicity
AE ¼ Adverse event
AIDS ¼ Acquired Immune Deficiency Syndrome
AM ¼ Arithmetic Mean
ARfD ¼ Acute Reference Dose
AUC ¼ Area under concentration/time-curve
BAC ¼ Blood alcohol content
BAG ¼ Bundesamt f€ur Gesundheitswesen (Swiss “Federal Office of
Public Health”)
BAC ¼ Blood alcohol content
BfR ¼ Bundesinstitut f€ur Risikobewertung (German “Federal
Institute for Risk Assessment”)
bid ¼ Twice daily
BMD ¼ Benchmark Dose
BMDL10 ¼ Benchmark Dose Response of 10%
BMI ¼ Body mass index
Bw ¼ Body weight
Cmax ¼ Maximum Drug Concentration Achieved
CBD ¼ (-)-trans-cannabidiol
CBDA ¼ Cannabidiol-2-carboxylic acid
CBN ¼ Cannabinol
CI ¼ Confidence Interval
CNS ¼ Central nervous system
CONTAM Panel ¼ EFSA Panel on Contaminants in the Food Chain
CV ¼ Coefficient of Variation
d ¼ day
DFG ¼ Deutsche Forschungsgemeinschaft (“German
Research Foundation”)
dronabinol ¼ Generic name for synthetic (-)-trans-delta-9-
tetrahydrocannabinol
DRUID ¼ DRiving Under the Influence of Drugs
EFSA ¼ European Food Safety Authority
EM ¼ Extensive metaboliser
EpidiolexV

R ¼ CBD oral liquid formulation from GW
Pharmaceuticals
FDA ¼ U.S. Food and Drug Administration
FSANZ ¼ Food Standards of Australia and New Zealand
GC-MS ¼ Gas chromatography-mass spectrometry
GM ¼ Geometric mean
Grenzwertkommission ¼ (German “Expert Panel on Drink and
Drug Driving Limits”)
HAND ¼ HIV-Associated Neurocognitive Disorder
HAP ¼ Human Abuse Potential
HBGV ¼ Health Based Guidance Value
HHS ¼ Dept. of Health & Human Services of the U.S. Public
Health Service
HIV ¼ Human Immunodeficiency Virus
HR ¼ Hazard Ratio
JECFA ¼ (FAO/WHO) Joint Expert Committee on Food Additives
LOAEL ¼ Lowest Observed Adverse Effect Levels
LOD ¼ Limit of Detection
LOQ ¼ Limit of Quantification
MarinolV

R ¼ THC oral capsule formulation from Alkem
Laboratories
NamisolVR ¼ THC oral liquid formulation from Echo
Pharmaceuticals
NDA ¼ New Drug Application
NOEL ¼ No Observable Effect Level
NOAEL ¼ No Observed Adverse Effect Level

P450 ¼ Hepatic oxidative enzyme system
PK ¼ Pharmacokinetic
PM ¼ Poor Metaboliser
POD ¼ Point of Departure
PTDI ¼ Preliminary Tolerable Daily Intake
RfD ¼ Reference dose
RIA ¼ Radioimmunoassay
SativexVR ¼ THC oro-mucosal liquid spray formulation from GW
Pharmaceuticals
SD ¼ Standard Deviation
SyndrosVR ¼ THC oral liquid formulation from Benuvia
Therapeutics
TDI ¼ Tolerable Daily Intake
THC ¼ (-)-trans-delta-9-tetrahydrocannabinol
THCA ¼ tetrahydrocannabinol-2-carboxylic acid
Tmax ¼ Time required to achieve maximum drug level
THC-9-COOH ¼ 11-nor-9-carboxy-THC
11-OH-THC ¼ 11-hydroxy-THC
UFInter ¼ Interspecies Uncertainty Factor
UFIntra ¼ Intraspecies Uncertainty Factor
UFPK ¼ Pharmacokinetic Uncertainty Factors
VAS ¼ Visual Analog Scale
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