
Forensic Science International 309 (2020) 110188
D9-tetrahydrocannabinol (THC) is present in the body between
smoking sessions in occasional non-daily cannabis users
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A B S T R A C T

Background: THC can be measured in blood up to a month after last intake in heavy cannabis users. The
cognitive deficits during abstinence have been hypothesized to be at least in part due to residual THC in
brain. To which extent THC accumulation will occur after occasional cannabis use has gained limited
attention. We aimed to predict THC-levels between smoking sessions in non-daily as well as daily
cannabis users and to compare these predictions with published THC levels.
Methods: Predictions were based on pharmacokinetic principles on drug accumulation after repeated
dosing, applied to different cannabis smoking patterns, using data from a three-compartment model for
THC pharmacokinetics and results on the terminal elimination half-life of THC in humans. We searched
the literature for THC measurements which could be compared with these predictions. We found no such
results from controlled studies of long-term repeated cannabis consumption of known THC amounts.
Thirteen published studies contained, however, enough information on cannabis use and results from
THC-measurements to make tentative comparisons with the predictions.
Results: The predictions of THC-plasma levels present after different cannabis smoking patterns assuming
terminal elimination half-lives of THC of 21.5 h or longer, had some support in published THC levels
measured in individuals self-reporting their cannabis consumption. We found no consistent
discrepancies between the predictions and reported THC plasma levels after non-daily or daily cannabis
use. The predictions indicate that THC might be present in plasma between smoking sessions above usual
analytical limits when smoking every third and second day, and at lower levels after once weekly
smoking.
Conclusions: The study indicates that THC might be present continuously even in non-daily smokers at
low levels, even if the smoking occasions are separated by a week. This is different from alcohol, where
ethanol has disappeared after a day. From a toxicological point of view the persistance of THC in the brain,
raises questions whether this should be given more attention as with other toxicological thinking where
long-term presence of bioactive substances gives rise to concern. There are some uncertainties in this
analysis, and controlled studies on THC-accumulation accompanying different use patterns seem
warranted.

© 2020 Elsevier B.V. All rights reserved.
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1. Background

With rapidly changing legislation across the world on
recreational and medicinal use of cannabis, increased use can
be expected [1]. There is also a public tendency to view cannabis
as less dangerous than in the past [2] and such views might
further lead to increased use [3]. Cannabis use can result in
* Corresponding author at: Norwegian Institute of Public Health, Oslo, Norway.
E-mail address: jorg.morland@medisin.uio.no (J. Mørland).
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various degrees of acute intoxication with cognitive and
psychomotor impairment. Chronic use might be related to
long-term effects on cognition, brain structure, psychiatric
disorders and cannabis use disorders [4,5]. The cognitive deficits
during early abstinence in chronic daily users have been
hypothesized to be at least in part due to residual THC in brain
[6,7] as THC can be measured in blood for up to a month after last
intake in such users [8,9]. This prolonged THC-elimination has
been reported related to years of prior cannabis use [9], and has
been suggested to represent gradual transfer into the blood
stream from storage in adipose tissue [6,10].
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Most cannabis users are not daily smokers [11,12] and the
question whether occasional recreational smoking can lead to THC
accumulation between smoking sessions has only gained limited
research attention. Mounting THC levels in blood have not been
expected in occasional users as there are numerous observations of
a rapid decline of blood THC concentrations after smoking, with
the detection limit of usual analytical methods reached within
6�12 h [6,13]. Elimination half-lives (T1/2) determined from blood
THC concentration measurements during the hours following
smoking have accordingly been below 2 h [14–19].

The pharmacokinetics of THC is, however, complex and
different multiple compartment models have been suggested
[19,20]. Recently, Heuberger and co-workers [21] developed a
more complete population pharmacokinetic model of THC,
representing a three compartment model, based on detailed
analysis of several previous unpublished and published [22]
experimental studies. Heuberger’s paper suggests that THC
regardless of route of intake and intake frequency has a fast
initial and intermediate T1/2, but an apparent terminal T1/2 that is
about 21.5 h. Other previous studies have also reported T1/2 in the
order of 18�36 h [15,23,24]. One study with blood sampling for an
extended period of at least 10 days after THC administration even
reported a mean terminal T1/2 of 4.3 days in daily cannabis users
[25].

Whether there is a short (few hours) or long (days) T1/2 of THC
would greatly influence the possibility of THC to being present in
the body of recreational cannabis users between cannabis intake
episodes.

In the present study, we first wanted to develop a model that
could predict THC-levels in plasma present between intakes with
certain patterns of repeated recreational cannabis use. Knowledge
of drug half-life and dosing frequency gives the possibility to
calculate extent of drug accumulation [26] after repeated dosing.
Recreational non-daily use of cannabis does not occur with great
regularity but estimates of the THC-levels present in blood
between intakes were performed for individuals with smoking
patterns of e.g. once a week, every third and every second day.

The second purpose of the present study was to compare the
predictions from the pharmacokinetic model with published data
from users with long-term repeated smoking of cannabis, to the
extent that such data could be retrieved from the existing
literature.

2. Methods

2.1. Prediction of plasma THC levels after different repeated cannabis
use patterns

If a drug is eliminated according to first-order kinetics, the
amount of drug in the body will increase until a steady state (a
plateau level) is reached after a period corresponding to
Table 1
The effect of different dosing intervals on accumulation index (AI) and calculations of typ
smoking 54 mg THC, and at next intake, assuming terminal T1/2 of 21.5 h or 4.3 days, 

T1/2 = 21.5 h 

Pattern of use Accumulation Index (AI) THC plasma concentrations (ng/m

12 h after smoking At next 

Infrequent 1.00 1.2 (0.6–3.0) 

Once a week 1.01 1.2 (0.6–3.0) 0.01 (0.0
Every third day 1.11 1.3 (0.7–3.3) 0.2 (0.1-
Every second day 1.27 1.4 (0.7–3.6) 0.4 (0.2–
Once daily 1.87 2.2 (1.1–5.6) 1.5 (0.7–
Twice daily 3.13 3.8 (1.9–9.4) 3.8 (1.9–
approximately 5 times T1/2. At this plateau, the amount of drug
dosed per interval is equal to the amount of drug eliminated during
that interval. For any drug with multiple dosing, the accumulated
amount of the drug in the body at plateau conditions can be
calculated according to the expression [26]:

AI ¼ 1
1 � e�kt

K is the elimination constant of the drug in question (k ¼ 0:693
T1=2),

and t is the dosing interval.
AI is the accumulation index, i.e. the ratio between the amount

of drug in the body at plateau any given time after the last dose and
the amount of drug in the body at the same time after a single dose.
After distribution equilibrium is attained, the AI would also be
valid for circulating drug concentrations.

To apply this general pharmacokinetic principle of drug
accumulation to THC after cannabis use, a certain regularity of
smoking a given dose was postulated. We did this for the
prediction of THC concentrations after cannabis used once a
week, 2–3 times per week (every third day), every second day, once
every day, and twice every day. Daily smoking (once or twice) was
included among the predictions for the purpose of possible
comparison with more published data (see below). The pharma-
cokinetic model of Heuberger and co-workers [21] indicates that
the distribution of THC is finalized at 12 h after smoking and the
terminal phase is reached at this time. We thus calculated the
expected THC concentrations in plasma 12 h after smoking until
the next intake. We decided to use smoking of a dose of 54 mg THC
the standard dose in our calculations. This allowed us to use some
of the predictions calculated by Heuberger’s group [21]. This dose
is probably higher than often used by occasional users, about 25
mg THC and closer to that accepted by experienced users, 35�54
mg [15,21,27]. Thus, we obtained a representation of near maximal
accumulation obtainable by different smoking patterns. Based on
previous studies [24,28] we assumed that there was no difference
in terminal THC half-life between light and heavy cannabis users.
In the present predictions we used both the THC terminal half-life
of 21.5 h [21] and the mean value of 4.3 days as found by Johansson
and co-workers [25]. These half-lives cover roughly the range of
published elimination half-lives of THC from studies with
sampling periods longer than 12�24 h. The results of the
predictions are shown in Table 1.

2.2. Published data on THC levels in cannabis users with long-term
repeated intake

To collect studies with data that could be compared with the
calculated predicted THC levels, we searched Ovid Medline and
PubMed for relevant studies. We used the search terms “cannabis
or cannabinoid or marijuana or THC” and “accumulation or
excretion or disposition or half-life or pharmacokinetics or
ical predicted THC plasma concentrations (95 % prediction interval) [21], 12 h after
respectively.

T1/2 = 4.3 days

l) Accumulation Index (AI) THC plasma concentrations (ng/ml)

intake 12 h after smoking At next intake

1.00 1.2 (0.6–3.0)
-0.02) 1.48 1.8 (0.9–4.4) 0.7 (0.3–1.6)
0.5) 2.61 3.1 (1.6–7.8) 2.1 (1.1–5.2)
1.1) 3.64 4.4 (2.2–10.9) 3.5 (1.7–8.6)
3.8) 6.71 8.1 (4.0–20.1) 7.5 (3.7–18.6)
9.4) 12.83 15.4 (7.7–38.5) 15.4 (7.7–38.5)



J. Mørland, J.G. Bramness / Forensic Science International 309 (2020) 110188 3
concentration in blood/plasma/serum”, restricting the search to
human studies in the English language. From the retrieved papers,
we selected those, which had some information on the frequencies
of use of cannabis in the subjects and some measure of THC-levels
in whole blood (B), serum (S) or plasma (P). We also searched the
publications’ reference lists for additional publications. The search
led to 13 scientific publications with this kind of information.

We found no controlled studies of THC-levels obtained after
long-term repeated smoking of cannabis with known amounts of
THC. We used data from some studies, where THC concentrations
in blood or plasma were measured in people who had self-reported
their consumption of cannabis in the preceding period. Other
studies where THC was administered for pharmacodynamics/
kinetic purposes to people with different prior cannabis consump-
tion, the baseline levels related to previous self-reported cannabis
intake, were also used for comparison with the prediction model.
The results are presented in Table 2.

3. Results

3.1. Prediction of plasma THC levels after different repeated cannabis
use patterns

Table 1 shows the calculated accumulation indices (AIs) and the
predicted THC-plasma levels between intakes after certain non-
daily cannabis use patterns. For comparison, Table 1 also shows
data for infrequent smoking and two patterns of daily smoking.

The AIs increased with increasing frequency of use. The
difference between use once a week and every third or every
Table 2
Data from 13 studies measuring THC levels in blood/plasma/serum after preceding long-
Abbreviations on statistics: me: mean, md: median, r: range, SE: standard error, SD: stand
serum, P: plasma, B: whole blood.

Reference Group size, amount and frequency
of cannabis use

Smoking once a week
Skopp & Pötsch, 2008 [41] N=6, up to 1 joint/w 

Ramaekers et al. 2016 [39] N=5a, 10-15 occasions/3 months, i.e. 0.8-1.2
occasions/w

Smoking every third day
Hartman et al. 2015c [42] N=32, up to 2–3 occasions/w 

Hartman et al. 2016c [43] N=19, up to 2–3 occasions/w 

Smoking every second day
Skopp & Pötsch, 2008 [41] N=15, up to one joint /d, i.e. 3–4 joints/w(?) 

Hjorthøy et al. 2012 [29] N=88, on average 40.4 (3.24 SE) joints on 13.8 

SE) d/month
Smoking once daily
Skopp & Pötsch, 2008 [41] N=16, more than 1 joint/d 

Toeness et al. 2008c [15]; Ramaekers
et al. 2009c [44]

N=12, using 340 (86) times me (SD) per year,
joints on 7 (4–25) md (r) occasions last week

Smith et al. 2018 [30] N=16, using 0.30 (0.22) g me (SD) cannabis p
occasion, on 1.3 (0.8) me (SD) daily occasions

Smoking multiple times daily
Odell et a. 2016 [40] N=21, daily using 4–6 joints, or 20 (5–50) bongs

(0.5–4) g heads, md (r)
Desrosiers et al. 2014 [27] N= 14, using 4.5 (1.5–21) joints/d, md (r) for th

14 (11–14) d, md (r)
Schwope et al. 2011 [45] N=10, using 5 (1–12) joints/d, md (r); for the la

(8–14) d, md (r)
Bergamashi et al. 2013c [8]; Karschner
et al.2016c [9]

N=28, using 9 (1–30) joints/d, md (r); for the la
(11–14) d, md (r)

Smith et al. 2018 [30] N=10, using 0,62 (0.36) g me (SD) cannabis p
occasion on 2.7(0.93) me (SD) daily occasions

a Approximate numbers from fig. 1 and 4 [39].
b Calculated from data after placebo smoking, their supplementary table 5 [42].
c The two papers present different aspects of the same study.
d Time to first blood sample after 12 h since smoking [40].
e Data from supplementary data table 1e [27].
f Data from day 1, the day after admission day [8,9].
g Conversion factor from blood to plasma: x 1.54 [45,46]; serum to plasma ratio equ
second day was about 10 % or 25 %, respectively when T1/2 was set
to 21.5 h. Corresponding differences were around 70 % or 145 %,
respectively when a T1/2 of 4.3 days was applied (column 1 and 4,
Table 1). These differences were reflected in THC levels present
between intakes for the three different smoking patterns (once a
week, every third or second day).

Based on a T1/2 of 21.5 h the THC plasma concentration was
below 1 ng/ml 24 h after the last smoking for all three non-daily
smoking patterns (not shown in Table 1) and decreased to plasma
levels below 0,5 ng/ml at next intake (column 3, Table 1). As most
routine analytical methods for plasma THC have LOQs of 0.5 or 1
ng/ml, no finding of THC in the period between intakes would often
occur. But even for the least frequent pattern (once a week), some
THC was present in plasma.

Based on a T1/2 of 4.3 days the THC plasma levels were
substantially higher and would in most cases except for smoking
once a week, be above the analytical LOQs during the whole period
between intakes (column 6, Table 1).

3.2. Comparison of predicted and published data on THC levels in
cannabis users with long-term repeated intake

Table 2 summarizes data from 13 studies with data on
both long-term repeated cannabis consumption and measure-
ments of THC-levels in whole blood (B), serum (S) or plasma (P)
after distribution equilibrium of the last dose was reached. The
studies are listed according to intake of cannabis: once a week,
every third day, every second day, once a day or several times per
day.
term repeated cannabis use. Abbreviations about time: w: weeks, d: days, h: hours.
ard deviation, 95 CI: 95 % confidence interval. Abbreviations about sample matrix: S:

Time between last smoking
and blood sampling

Measured THC
conc. ng/ml

THC conc.g in plasma
ng/ml

36 (24–48) h me (r) S: 0 (0–1.4) md (r) 0 (0–1.4) md (r)
Not specified S: 0 (0–1) md (r)a 0 (0–1) md (r)

2 (0.3–4) d md (r) P: 0.9 mdb 0.9 md
2 (0.3–4) d md (r) B: (0–6.3) (r) 0-9.7 r

36 (24–48) h me (r) S: 0.3 (0–2.6) md (r) 0.3 (0–2.6) md (r)
(0.76 1 d md P: 4.1 (0.76) me (SE) 4.1 (0.76) me (SE)

36 (24–48) h me (r) S: 1.3 (0–6.4) md (r) 1.3 (0–6.4) md (r)
 2 One night (8 h?) + 4h after

smoking placebo
S: 2.8 (3.4) me (SD) 2.8 (3.4) me (SD)

er At least 12 h B: 1.2 (1.5) me (SD) 1.8 (2.3) me (SD)

, or 2 25.5 (12–31) hd md (r) B: 2 (1–13) md (r) 3.1 (1.5–20) md (r)

e last 22 (19–41) h md (r) P: 4.8 (3.3–6.3) me
(95% CI)e

4.8 (3.3–6.3) me
(95CI)

st 11 65 (39–116) h md (r) P: 1.6 (0–7.3) md (r) 1.6 (0–7.3) md (r)

st 14 At least 24 h P: 2.7 (0–8.7)f md (r) 2.7 (0–8.7) md (r)

er At least 12 h B: 2.3 (2.9) me (SD) 3.5 (4.5) me (SD)

als 1.0.
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Two studies in Table 2 reported THC levels from smoking once a
week, representing 11 individuals. For 5 of these the time between
smoking and blood sampling was unknown, for the other 6 it was
between 24 and 48 h. The highest value was 1.4 ng/ml, but in most
cases, the THC concentration was below the LOQ of 1 ng/ml. These
results were compatible with the predictions in Table 1.

Two studies presented THC-levels from 32 people smoking
every third day or less often (Table 2). The time between last
smoking and blood sampling was 2 days (median, with a range of
0.3–4 days). The measured THC plasma levels ranged from 0 to 9.7
ng/ml. The highest value was somewhat higher than the highest
predicted THC-level.

Two studies measured THC levels from 103 individuals smoking
every second day (Table 2). The median time since last smoking
was 24 h or more. The study with the most detailed description of
cannabis consumption and most participants [29] reported a mean
THC plasma concentration of 4.1 ng/ml for the period between
smoking occasions compatible with the predictions in Table 1,
column 5 and 6, i.e. those based on a terminal THC T1/2 of 4.3 days.

Ten different studies on smokers with intakes once or multiple
times daily with times between last smoking and blood sampling
from 12 to 116 h were collected (Table 2). The median or mean THC
plasma levels were ranging from 1.3–4.8 ng/ml, with individual
values ranging from 0 to 20 ng/ml. The highest individual values
recorded were compatible with the predictions presented in
column 5 and 6 in Table 1.

4. Discussion

The present predictions of THC-plasma levels present after
different cannabis smoking patterns assuming terminal elimina-
tion half-lives of THC of 21.5 h or longer, had some support in
published THC levels measured in individuals self-reporting their
cannabis consumption. We found no consistent discrepancies
between the predictions and reported THC plasma levels after non-
daily or daily cannabis use, supporting the reliability of the
predictions. It is therefore reason to assume that THC will be
present in plasma and organs in equilibrium with blood as e.g. the
brain, between smoking sessions in non-daily users.

Inaccurate reporting of smoking frequency in the published
studies cannot be excluded. Deliberate over- or underreporting
may, however, be less of a problem than expected, as several
studies comparing self-report and THC-biometrics have concluded
that self-report can be quite reliable [30,31]

It could be argued that some of the higher values measured
fitted with predictions due to the inclusion of THC results from
samples taken before a distribution period of 8�12 h after last
smoking had passed. This seems however very unlikely given the
information in the different papers. On the other hand, for all
consumption patterns we observed some deviations as
several published individual THC-levels were lower than those
predicted. In some instances, the broad range of smoking
frequencies included in the group thus containing less frequent
smoking than the pattern used to define the group, could explain
this.

Another factor that would give rise to lower measured levels
than those predicted was intake of lower doses than the dose (54
mg) THC used in the predictions, although this dose was
considered to represent a medium-strong marihuana cigarette
[21]. None of the studies in Table 2 reported the amount of THC
consumed per dose, occasion or day. In general, the knowledge
about doses of THC smoked by different individuals is quite
limited. A recent Spanish study estimated a “median joint” to
consist of 260 mg marihuana and to contain 7 mg THC [12]. The
median number of joints smoked per occasion were 3 giving an
intake of 21 mg per occasion. Other studies have estimated an
average marihuana joint weighing 320 mg [11] or to be within the
3�500 mg range [32]. A meta-analysis found increasing mean THC
content in herbal cannabis over the years, reaching about 10 % in
2010 [33]. Thus, a joint of 320 mg would contain about 32 mg THC.
However all these studies showed large variations in joint size and
THC content, in addition smokers often titrate the absorbed dose
by adjusting the way they smoke according to the influence they
experience during smoking [6], and considerable individual
variation in the amount absorbed might be expected [13,14,27].

As it is possible that the dose used in the predictions was in the
upper end of the usual dose range, the predicted THC plasma levels
might probably be somewhat higher than those usually experi-
enced by non-daily smoking. The most likely levels predicted for
those smoking once a week (Table 1) did generally not exceed 2 ng/
ml during the period until next smoking. THC concentrations in
plasma below 2 ng/ml probably do not inflict psychomotor or
neurocognitive impairment, but concentrations from 2�5 ng/ml
might [34]. The relations between pharmacodynamic and phar-
macokinetic parameters are, however, limited [28]. Some studies
have shown a rough concentration effect relationship for THC
levels in plasma [34–37], while others have not [13].Tolerance to
certain effects of THC as a possible consequence of chronic use
have been suggested in some studies [38], but is not found by
others [39]. It might therefore be difficult to relate certain cognitive
or psychomotor effects to the levels of THC being present between
smoking sessions for once a week smokers. The chances of
persistent cognitive impairment would probably be higher for
those smoking every third or second day, with higher accumulated
THC levels. On the other hand, development of tolerance might
obscure such effects.

However, if we assume that THC will be present continuously in
non-daily smokers, even if the smoking occasions are separated by
a week, we face a situation quite different from that present among
those drinking alcohol once a week and where ethanol has left the
body after a day. From a toxicological point of view the persistent
presence of a psychoactive substance (THC) in the brain, raises
questions whether this should be given more attention as is the
case elsewhere in toxicological thinking.

Presently, it is probably somewhat speculative to conclude
that THC has a terminal half-life of days in all users, which could
result in accumulation of THC and possible chronic impairing
effects in regular users who use cannabis only once or a couple of
days per week. There are, however, as discussed above, several
indications that this could be the case. Also rough estimates of T
1/2 of THC from data presented by Odell and co-workers [40] and
Bergamaschi and co-workers [8] indicate values of more than 4
days and around 6 days, respectively. Our current understanding
of the pharmacokinetics of THC may be less than comprehensive.
There is a great need for controlled studies clarifying the
accumulation of THC after repeated cannabis smoking. Smoking
frequency, in particular, should be addressed in such studies, as
this is a critical variable for accumulation. This was recently
indicated in a study where the frequency rather than amount of
cannabis used in the last month correlated better with
subsequent blood THC measurements [30]. Because cannabis
potency and use in many parts of the world is increasing, it is
fundamental to evaluate the risk of possible neurocognitive
impairment of periods lasting substantially longer than the hours
of acute inebriation.
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