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Abstract

Ad-Tetrahydrocannabinol (THC) is commonly found in
toxicological specimens from driving under the influence and
accident investigations. Plasma cannabinoid concentrations were
determined in 18 long-term heavy cannabis smokers residing on an
in-patient research unit for seven days of monitored abstinence.
THC, 11-hydroxy-THC, and 11-nor-9-carboxy-THC (THCCOOH)
were quantified by two-dimensional gas chromatography-mass
spectrometry with cryofocusing. THC concentrations were

> 1 ng/mL in nine (50.0%) participants (1.2-5.5 ng/mL) on
abstinence day 7. THCCOOH was detected (2.8-45.6 ng/mL)

in all participants on study day 7. THC and THCCOOH median
percent concentration decreases (n = 18) were 39.5% and 72.9%
from day 1 to 7, respectively. Most (88.9%) of the participants had
at least one specimen with increased THC compared to the
previous day. Cannabis use duration and plasma THCCOOH
concentrations were positively correlated on days 1-3 (R =
0.584-0.610; p = 0.007-0.011). There were no significant
correlations between THC concentrations > 0.25 ng/mL and body
mass index on days 1-7 (R = -0.234-0.092; p = 0.350-0.766).
Measurable THC concentrations after seven days of abstinence
indicate a potential mechanism for residual neurocognitive
impairment observed in chronic cannabis users. THC's presence in
plasma for seven days of abstinence suggests its detection may not
indicate recent use in daily cannabis users.

Introduction

AS-Tetrahydrocannabinol (THC) is the primary chemical
component responsible for cannabis’ euphoric and cardiovas-
cular effects. Impaired psychomotor and neurocognitive per-
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formance are other acute pharmacodynamic effects of THC
and its psychoactive metabolite, 11-hydroxy-THC (11-OH-
THC). Neuropsychological decrements may persist in chronic
cannabis users during multiple days of abstinence (1-6). Sig-
nificantly larger deficits were observed in 77 chronic cannabis
users on abstinence days 0, 1, and 7 but not 28 as compared to
former cannabis users (2,7). In contrast, others reported de-
creases in cortical motor activity (8) and neurocognitive im-
pairment (4) after 28 days or more of documented abstinence
in chronic, heavy cannabis users. Additionally, duration rather
than frequency of cannabis use has been suggested as the key
factor in performance impairment (5).

THC is a highly lipophilic compound that is extensively
stored in adipose tissue (9,10) following chronic exposure with
slow release over time back into the blood (11,12). This could
lead to differences in THC detection windows in blood of oc-
casional and frequent cannabis users. The rate-limiting step
in the terminal elimination half-life of THC after chronic ex-
posure was demonstrated in dogs to be the slow release of THC
from tissue depots (11). Forensic toxicologists rely on drug de-
tection windows, the time between first and last measurable
concentrations of a drug in a biological fluid, to corroborate
evidence of driving under the influence of drugs. As drug con-
centrations in brain are not accessible in living individuals,
blood or plasma levels most closely reflect drug exposure at
its sites of action.

Acute smoked administration of 1.75 or 3.55% THC
cigarettes to six occasional cannabis users yielded mean + SD
plasma THC detection times of 7.2 + 1.6 h (range 3-12 h) and
12.5 + 3.1 h (range 6-27 h) (13) with a limit of quantification
(LOQ) of 0.5 ng/mL THC. Limited data are available for inter-
preting THC concentrations after chronic cannabis exposure
for two reasons: ethical and safety concerns limiting adminis-
tration of chronic smoked doses and the high cost and diffi-
culty of continuous monitoring, collection, and analysis of
specimens during extended cannabinoid excretion. An early
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report indicated that mean plasma concentrations were only
0.86 + 0.22 ng/mL THC, 0.46 + 0.17 ng/mL 11-OH-THC, and
45.8 + 13.1 ng/mL THCCOOH in frequent cannabis users 12 h
after last cannabis use (14). However, a more recent study sug-
gested THC serum concentrations 2448 h after last cannabis
use could be 1.2-6.4 ng/mL in 16 frequent, daily cannabis
users who resided on a detoxification ward (15). After chronic
cannabis exposure, THC’s plasma half-life was estimated to be
4.1 days in two men (12).

Our research examines THC, 11-OH-THC, and THCCOOH
disposition in plasma of 18 frequent cannabis users during
seven days of continuously monitored abstinence on a secure
research unit. These plasma THC detection times following
chronic cannabis exposure strongly impact interpretation of
cannabinoid concentrations and driving under the influence of
drugs (DUID) legislation. We hypothesize that residual THC
concentrations in brain after chronic THC exposure may be
the source of observed neurocognitive impairment in absti-
nent frequent users and now provide pharmacokinetic data to
support this hypothesis.

Methods

Participants

Cannabis users (2145 years of age) with multiple years of
frequent self-reported use were recruited into this National
Institute on Drug Abuse (NIDA) Institutional Review Board-
approved study. Participants were required to have a positive
urine cannabinoid immunoassay test greater than 100 ng/mL.
Exclusion criteria included clinically significant cardiovascu-
lar, pulmonary, endocrine, hematologic, and hepatic abnor-
malities. Participants were excluded if they presented with a
history of past or current psychiatric disorder (i.e., post-trau-
matic stress, anxiety disorder, or major depression) as defined
by the Diagnostic and Statistical Manual of Mental Disorders
IV. Additionally, any history of neurologic illness, including
head trauma resulting in loss of consciousness, seizure disor-
der, and stroke, were exclusionary. Females of child-bearing
potential could not be pregnant or nursing and were required
to use a medically accepted method of birth control or abstain
from sexual intercourse throughout the study. Participants
provided voluntary written informed consent. Medical (phys-
ical examination, ECG, blood, and urine chemistries) and psy-
chological evaluations including self-reported drug use his-
tory were conducted.

Participants resided on the NIDA Intramural Research Pro-
gram’s (IRP) secure clinical research unit under 24 h medical
surveillance throughout the study to ensure cannabis absti-
nence. Upon admission, all participants’ belongings were
searched for drugs. Participants were constantly monitored,
and no visitors were permitted. Subjects had access to a uni-
versal gym, exercise bike, and a secure courtyard area for
recreation. Financial compensation for participation also was
provided. Meals were ordered from the hospital cafeteria, and
no diet or liquid restrictions were imposed.
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Plasma specimen collection

Five-milliliter whole blood specimens were collected from
an indwelling venous catheter into sodium heparin tubes at
the time of admission and generally at 9 a.m. each day there-
after for seven days. Indwelling venous catheters were replaced
at least every 72 h. Blood was collected, stored on ice, cen-
trifuged, and plasma separated within 2 h. Plasma was trans-
ferred to cryotubes and stored at —20°C until analysis.

Specimen analysis

Plasma specimens were analyzed for cannabinoids by a val-
idated two-dimensional gas chromatography—mass spectrom-
etry (2D-GC-MS) method for the simultaneous quantification
of THC, 11-OH-THC, and THCCOOH (16). Briefly, proteins in
1 mL plasma were precipitated by the addition of 2 mL cold
acetonitrile while vortex mixing. After centrifugation, super-
natants were decanted into 3 mL sodium acetate buffer (pH
4.0), mixed, and applied to conditioned 200-mg ZSTHC020®
solid-phase extraction (SPE) columns (United Chemical Tech-
nologies, Bristol, PA). Columns were washed with 3 mL deion-
ized water, 2 mL 0.1 N hydrochloric acid/acetonitrile (70:30,
v/v), and dried by full vacuum for 20 min. Analytes were eluted
with 1 x 3 mL and 1 x 2 mL hexane/ethyl acetate (80:20, v/v).
Eluents were dried under nitrogen and derivatized with 25 pL
N,0-bis-(trimethylsilyl)trifluoroacetamide (BSTFA) + 1%
trimethylchlorosilane (TMCS) at 70°C for 30 min.

Trimethylsilyl derivatized extracts were injected (3 pL) onto
an Agilent 6890/5973 2D-GC-MS (Santa Clara, CA) with cry-
ofocusing operated in electron impact (EI)/selected ion mon-
itoring (SIM) mode. 2D-GC-MS effectively separated analytes
from matrix while cryofocusing significantly enhanced signal.
THC ions were m/z 386 (quantitative ion) and three qualifier
ions, 371, 303, and 387. The method was fully validated for all
ions; occasional endogenous interference required use of the
387 ion as qualifier ion 2 for identification in place of 303. If
this was necessary, all calibrators and quality control samples
were evaluated similarly. Split calibration curves (low, 0.25-25,
and high, 25-100 ng/mL) had 2 > 0.990. LOQ were 0.25
ng/mL for THC and THCCOOH and 0.50 ng/mL for 11-OH-
THC. Intraassay imprecision (n = 5; assays = 4) was 1.5-13.6%
for all analytes, and interassay imprecision (n = 20) was less
than 10.7%.

Data analysis

Statistical analyses were performed with SPSS for Windows,
version 13.0 (Chicago, IL) and Microsoft Excel 2002 for Win-
dows. Body mass index (BMI) is a statistical approximation of
total body fat calculated using an individual’s height and
weight. BMI was calculated as BMI = 703 x [weight (Ib)/
height? (in.2)]. When statistically evaluating amount of
cannabis used with cannabinoid concentrations, one blunt was
considered equivalent to four joints as per Bolla et al. (4). Cor-
relation coefficient (R) and p value (p) are statistical calcula-
tions that, when combined, can help to determine if a signifi-
cant relationship exists between variables. If the p value is
< 0.05, the relationship is considered statistically significant.
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Results ratios were acceptable based on criteria established by cali-
brators assayed in the batch for quantifier and qualifier ion ra-

Eighteen frequent cannabis smokers (6 males, 12 females) tios.
completed the study. Participant demographic data and self- Median cannabinoid plasma concentrations from admission

reported cannabis use are detailed in Table .

The World Health Organization defines per- | Table I. Participant Demographics and Self-Reported Cannabis
sons with BMI values < 18.5 as underweight, Smoking Histories
18.6-24.9 as normal, 25-29.9 as overweight,
o = 0 s oese (1), Parician B . T ST T
ranged f rom 21.2 to 42.5. Median age of first Participant Sex* Yegrs Ethnicityt BMI  perDay Last14  Use*  Use Use
cannabis use was 14.5 years (range 9-21
years) with 2-22 years of cannabis smoking A M 36 AA~ 212 0250unce 14 0 22 14
experience. Most reported daily cannabis B Mo 24 AA- 321 1dime 10 1 10 14
smoking in the two weeks prior to study ini- ¢ M3 AA - 21,6 1 blunt 8 1 > 7
tiation with over half smoking on the day of D Mo 25 A 235 6blunts 14 0 I 1
admission. Only one participant reported E m ;; Qi ;gg ; E:Un? E g) ];‘ }i
smoking cannabis less than 7 of the last 1.4 G . I AL 313 05 Eznsce 1 0 b9
days. The repor?ed amouqts of gar_mabw H F 29 A 282 2blunts 14 1 0 1
smoked were variably described as joints (a [ oo AA 244 5blunts 14 0 8 14
cannabis cigarette), blunts (cannabis plant J F 30 AA 230 2blunts 10 1 12 18
material rolled into a cigar), ounces, or a K F 26 C 26.6 7 joints 11 0 221
dime (i.e., amount of cannabis available for L F 21 AA 228 4blunts 3 0 7 14
$10). All participants drank alcohol in the M F 22 AA- 283 4-5blunts 14 1 8 14
month prior to admission, and all but two N F28 AA~ 272 3blunts 14 0 1116
(participants L and Q) smoked tobacco. None 0 P26 AA 278 4blunts 14 1 9
reported other illicit drug use during the two P P2 AA - 390 8blunts 14 0 8 15
weeks prior to admission. Q F 23 AA 32.0  4blunts 14 0 320
A total of 126 plasma specimens were ana- R F 2 M- 425 2bluns ’ 1 > 18
lyzed for THC, 11-OH-THC, and THCCOOH | Mean 257 27.8 12.1 04 9.0 155
by 2D-GC-MS. It was necessary to use the 387 | SD 42 5.8 3205 4729
ion to obtain acceptable results for 4 (or | Median 245 263 140 00 85 145
3.2%) of specimens because of endogenous * M, male and F, female .
interferences with the 303 ion. All quallity ¥ /[\)/;\),/SAstirrlwccinl:srtnjsrécinoa(z(:e%(;i/u(():?;ﬁ:{ission); 1 (used day prior to admission).
control samples and authentic specimens’ ion

Table II. Median (n = 18) and Range of Plasma Cannabinoid Concentrations During Seven Days of Continuous Monitored
Abstinence, Number of Participants With Concentrations Above Common Analytical Cutoffs (1, 2, and 5 ng/mL) and LOQ
of 0.25 ng/mL for THC and THCCOOH and 0.5 ng/mL for 11-OH-THC

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
THC (ng/mL)
Median 1.9 1.6 1.4 13 1.2 1.0 1.1
Range 0.5-9.0 0.5-7.3 ND-6.7 ND-7.5 ND-4.0 ND-5.1 ND-5.5
n=L0Q 18 18 17 17 14 13 16
n=1.0 ng/mlL 15 14 13 11 12 9 9
n=2.0ng/mlL 9 6 5 6 5 4 4
11-OH-THC (ng/mL)
Median 0.0 0.0 0.0 0.0 0.0 - -
Range ND-7.0 ND-3.3 ND-2.0 ND-1.7 ND-1.2 - -
n=10Q 8 3 3 2 1 - -
n=1.0 ng/mlL 8 3 3 1 1 - -
n=2.0ng/mL 4 3 1 0 0 - -
THCCOOH (ng/mL)
Median 35.7 242 18.1 14.1 11.9 11.9 9.3
Range 12.1-205.4 7.1-189.4 6.3-111.1 4.3-88.3 3.8-89.7 2.9-53.8 2.8-45.6
n=L0Q 18 18 18 18 18 18 18
nz5.0ng/mlL 18 18 18 17 16 16 15
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through seven days of abstinence are presented in Table II. Me-
dian (n = 18) THC concentration on admission (day 1) was 1.9
ng/mL with a range of concentrations between 0.5 and 9.0
ng/mL (Table II and Figure 1). THC was still detectable in 16
cannabis smokers on day 7 at a median concentration of 1.1
ng/mL. Participant L had the highest THC on six of the seven
days with concentrations more than 1.5 times the interquar-
tile range (IQR) on days 1, 2, 3, and 6 and more than 3 times
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Figure 1. Box plot of A%tetrahydrocannabinol (THC) plasma elimina-
tion during continuous monitored abstinence in 18 frequent cannabis
users. Thin horizontal lines specify concentration range, boxes the 25th
and 75th percentiles (interquartile range, IQR), and the median con-
centration is the darker line within the box. Outliers (greater than 1.5
times IQR) are marked with an open circle and extreme cases (greater
than 3 times IQR) by a closed circle.
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the IQR on days 4 and 7 (Figures 1 and 2). 11-OH-THC was
only detected in 17 (13.5%) specimens. Median 11-OH-THC
concentration in the 18 participants on admission was none
detected (ND) with concentrations ranging between ND and
7.0 ng/mL. Only one participant was positive for the hydroxy-
lated metabolite on day 5; there were no further 11-OH-THC
specimens above the 0.5 ng/mL LOQ after this time. THC-
COOH was quantifiable in all participants for seven days of ab-
stinence. Concentrations of THCCOOH ranged from 12.1 to
205.4 ng/mL on day 1 and decreased to 2.8-45.6 ng/mL on the
final study day. All but three participants had THCCOOH con-
centrations greater than 5.0 ng/mL on day 7

Plasma cannabinoid concentrations generally decreased
over time (Table IIT) with median decreases from day 1 to day
2 of 24.6% for THC and 23.6% for THCCOOH. The median per-
cent decrease in concentration from day 1 to 7 was 39.5% for
THC (n =11) and 72.9% for THCCOOH (n = 18). THC median
percent decreases from day 1 to 7 ranged between 2.7 and
75.4%. Decrease in analyte concentration was variable from
day to day in participants for THC [coefficient of variation (CV)
33.9-125.6%] and THCCOOH (CV 27.9-100.2%). THC con-
centrations sometimes increased on consecutive days; 88.9%
of participants had an increase on at least one day, and a min-
imum of four participants had THC increases each day. THC
median percent increases were between 3.7 and 27.5%. Few
THCCOOH increases were observed with median increases be-
tween 4.5 and 60.9%. Median changes in THC and THCCOOH
concentrations were greater in participants that smoked the
day of admission (n = 10) than in those who last smoked the
previous day (n = 8), although there were no significant dif-
ferences in mean changes. The median change in THC con-
centrations in individuals smoking the day of admission was
—0.6 ng/mL with increases of 1.3 ng/mL (n = 2) and decreases
of 0.2-3.7 ng/mL (n = 8), and for THCCOOH -7.4 ng/mL with
increases of 2.5-25.1 ng/mL (n = 2) and decreases of 1.4-47.2
ng/mL (n = 8). The median change in THC concentrations in
individuals smoking the day prior to admis-

sion was +0.1 ng/mL with increases from 0.1

Day Day

with no drug detected (n = 18) (D).

Figure 2. A%-Tetrahydrocannabinol (THC, #), 11-hydroxy-THC (11-OH-THC, W), and 11-nor-9-
carboxy-THC (THCCOOH, O) concentrations in participant A (A), who smoked cannabis for 22
years (longest use), participant K (B), who smoked cannabis for the last 2 years (shortest use), and
participant L (C), who had the highest THC concentrations for 6 of 7 days of continuous moni-
tored abstinence. THC and THCCOOH mean + SD concentrations, including 0 for specimens

6 A 225 6 B 75
g - g| to0.4ng/mL (n =5) and decreases of 0.0-0.2
i3* g £5¢ g | ng/mL (n=3),andfor THCCOOH -6.0 ng/mL
ZE, s 5 =%, 2 | with increases of 4.7 ng/mL (n = 1) and de-
&) LU S ©
= g E E | creases of 0.0-16.7 ng/mL (n = 7).
0 0 0 0 Variable cannabinoid concentrations were
1 2 3 4 5 6 7 1 2 3 4 5 6 7 P . .
Day Day observed between participants. Participant A,
a normal weight 36-year-old male, had the
1 crm 3 D 0 longest duration (22 years) of cannabis smok-
g | ol . w £ | ing. On day 1, THC concentrations in Partici-
‘g*‘g g EN w g | pantAs plasma were 4.9 ng/mL and decreased
22, wg g’ w steadily to 1.2 ng/mL on day 7 (Figure 2A). 11-
= = ! £ | OH-THC was only measurable on admission
R e T T . s for this subject. He had the highest THC-

COOH concentrations on admission (205.4
ng/mL) through day 3 (111.1 ng/mL) followed
by a slow decrease to 32.0 ng/mL on day 7.
Participant K, an overweight 26-year-old fe-
male, had the shortest duration of use at 2
years. She first smoked cannabis at 21 years of
age and reported an average use of 7 cannabis
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cigarettes per day. Participant K’s plasma THC and 11-OH-THC
concentrations were 5.3 and 4.0 ng/mL, respectively, on ad-
mission and decreased to 1.6 ng/mL. None was detected on day
2 (Figure 2B). She remained THC positive for each of the seven
days. Concentrations of THCCOOH in Participant K’s plasma
ranged from 59.6 ng/mL on day 1 to 9.0 ng/mL on day 7. Par-
ticipant L, a normal weight 21-year-old female, was the par-
ticipant with the highest THC concentrations during six of
seven study days (Figures 1 and 2C). THC concentrations de-
creased from 9.0 ng/mL on day 1 to 3.8 ng/mL on day 5 and
were higher (5.5 ng/mL) on day 7. 11-OH-THC was detected for
the first four days, the longest duration of detection for this
cannabinoid. Participant L's THCCOOH concentrations were
between the third and fifth highest during the seven days. THC
decreases from day 1 to 7 were 75.4, 83.1, and 38.9% for Par-
ticipants A, K, and L, respectively, and 84.4, 84.9, and 65.8%,
respectively for THCCOOH. Mean + SD
plasma cannabinoid concentrations are found

Discussion

This study presents for the first time plasma cannabinoid
concentrations during seven days of continuously monitored
abstinence in chronic cannabis smokers. Plasma THC con-
centrations exceeded 1 ng/mL for seven days in nine frequent
cannabis users, and THCCOOH was measurable in all partici-
pants each day. Cannabis is the most commonly used drug
worldwide and higher cannabis potency in recent years (18)
has led to increased cannabis dependence (19) and markedly
higher demand for drug treatment (20).

Heavy chronic cannabis use may lead to impaired cognitive
performance. There are two primary hypotheses for impair-
ment noted after long-term heavy cannabis use. In one, there
is partial recovery of performance after chronic exposure.
Solowij et al. (21) reported that individuals smoking cannabis

in Figure 2D. Table I1l. Median, Minimum, and Maximum Percent Increases and
No statistically significant differences in | Decreases in THC (n = 11) and THCCOOH (n = 18) Concentrations Per
THC or THCCOOH concentrations on any Day During Seven Days of Continuous Monitored Abstinence
study day were observed between normal (n = Das  Days  Days Days  Das  Days
7), overweight (n = 6), or obese (n = 5) sub-
jects based on BMI calculations. Also, no cor- T2 2fo3  3fod 45 506 6to7
relations were found between THC concentra- | 11
tions greater than LOQ on days 1-7 and BMI n with decrease v 6 6 6 v 6
(R =-0.234-0.092; p = 0.350-0.766). In addi- Median % THC decrease 24.6 67 262 317 156 183
tion, there were no significant correlations in Minimum decrease (%) 6.6 1.0 53 3.4 6.4 45
percent decrease in THC (R = -0.315, p = Maximum decrease (%) 70.3 143 423 590 519 444
0.203), or THCCOOH (R =-0.308; p = 0.213) n with increase 4 5 5 5 4 5
concentrations from day 1 to 7 and BMI. Median % THC increase 13.1 13.9 3.7 17.9 27.5 16.8
The relationship between years of cannabis Minimum increase (%) >.8 32 15 0.5 05 5l
use and cannabinoid concentrations through- Maximum increase (%) 31.3 63.3 11.8 108.0 90.9 35.9
out seven days of abstinence was examined. | THCCOOH
There was no statistically significant differ- n with decrease 15 17 15 13 14 14
ence in THC concentration on day 7 based on Median % THCCOOH decrease ~ 23.6 32.0 27.6 20.1 15.5 26.1
cannabis use of = 10 years (group 1) or < 10 Minimum decrease (%) 0.1 7.6 3.4 3.7 1.5 2.7
years (group 2) (p = 0.961). No correlation was Ma>§imym decrease (%) 59.1 53.7 49.1 51.6 40.0 75.5
found between years of use and THC concen- n with nerease , 3 1 3 > 4 4
tration on days 1-7 (R = —0.211-0.063; p = mgdlan /o'THCCOCzH increase  15.9 60.9 45 23.9 9.2 28.7
0.401-0.968). There also were no relationships M;T?ﬂtn; ';Ccr:;ii ((é;o) | 33'3 6(_) 9 2;“51 3;'2 32'3 42)'2
between THC or THCCOOH concentrations ' ' ' ' ' )
on days 1 and 7 and frequency of cannabis use
(R =-0.375-0.042; p = 0.125-0.986) or amount smoked daily 20
(R =0.044-0.260; p = 0.350-0.876). Additionally, there was no
relationship between duration of use and percent decrease in £ 15 -
THC (R = -0.208; p = 0.407) or THCCOOH (R = 0.051; p = E
0.840) from days 1 to 7. However, plasma THCCOOH concen- g 10
trations on abstinence days 1-3 were significantly correlated o 5
with duration of cannabis use (R = 0.584-0.610; p = =
0.007-0.011). 0 i i i : i :
THCCOOH/THC ratios were evaluated over seven days of ab- 1 2 3 4 5 6 7
stinence. Median THCCOOH/THC ratios were 16.0 on day 1 (n Day
= 11; range 11.2-42.1), generally decreasing between days 1 and Figure 3. 11-nor-9-carboxy-A’-Tetrahydrocannabinol (THCCOOH, O)
3 and stabilizing on days 4-7. By day 7, the median THC- to A%tetrahydrocannabinol (THC, #) median ratios in 11 participants
COOH/THC ratio was 7.7 (n = 11; range 4.4-26.7). Median THC- with THC and THCCOOH concentrations greater than the 0.25 ng/mL
COOH/THC ratios for 11 participants with quantifiable THC and [imits of quantification for each of seven days of continuous monitored
THCOOH for each of seven days are shown in Figure 3. abstinence.
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an average of 9.0 + 3.8 years only partially recovered brain
function following extended abstinence. A second hypothesis
suggests that cognitive deficits in heavy frequent users can re-
turn to normal performance after extended abstinence (22).
Current heavy cannabis smokers with more than 5000 lifetime
uses had impaired performance on a memory task at baseline
and after 1 and 7 days of abstinence, but no significant differ-
ences were observed on day 28 as compared to control subjects
with less than 50 lifetime cannabis use occurrences (7,22). In
their study, a significant relationship was noted between base-
line urinary creatinine-normalized THCCOOH concentrations
and verbal learning and memory performance on cannabis ab-
stinence day 1. Other investigators documented neurocogni-
tive performance decrements in chronic cannabis users on day
28 of abstinence (4). Thus, studies are needed to determine if
decrements in performance found after long-term cannabis ex-
posure can be reversed with extended abstinence and if the im-
pairment and reversal correlate with plasma THC concentra-
tions.

We hypothesize that decreasing THC concentrations in
brain during abstinence correlate with improved neuropsy-
chological performance. In our study, THC was detected in
plasma on abstinence day 7 in 88.9% of participants. There are
two pieces of evidence to date that suggest THC may be present
in brain longer than in blood. Brunet et al. (23) demonstrated
that blood THC concentrations decreased faster than brain
THC when modeled in the large white pig. In addition, THC
was detected longer in human brain than in blood in 12 post-
mortem cases positive for the inactive THCCOOH metabolite
(24).

Unfortunately, in the present study, blood could only be col-
lected for seven days, an insufficient period for total THC elim-
ination in nine of 18 heavy cannabis users participating in this
in-patient research study. At the time, it was difficult to justify
seven days of blood collection to the ethical review commit-
tees due to the belief that THC would be rapidly eliminated, as
occurs within hours of acute exposure in occasional cannabis
users. Past research conducted in our laboratory showed that
THC concentrations decreased rapidly and fell below quantifi-
cation limits in approximately 12.5 + 3.1 h after a 3.55% THC
cigarette (13). Also, mean THC concentrations were only 0.86
+ 0.22 ng/mL in chronic users 12 h after last cannabis use in
a study by Peat et al. (14). A 13-day THC detection period was
described for three chronic cannabis smokers administered 60
mg THC over a 2-day period (12). However, the analytical
method did not report qualifier ions, LOQ, or other method
validation parameters for the few specimens analyzed by
GC-MS. More recently, participants resided on the closed re-
search unit for as long as 30 days of abstinence with collection
of all urine specimens. Urine specimens were specially hy-
drolyzed with E. coli B-glucuronidase to analyze free THC and
11-OH-THC (25). We found measurable THC (= 2.5 ng/mL) in
urine up to 24 days after initiation of abstinence on a closed re-
search unit with 24 h monitoring (26). These urine results in
conjunction with our plasma THC data suggest that residual
THC in the brain could be responsible for noted neurocogni-
tive impairment following heavy, frequent cannabis use.

THC has a high octanol/water partition coefficient (log P =
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6.97) (27) and rapidly distributes into lipophilic tissue. A heavy,
frequent cannabis user with a greater amount of fat would be
expected to have a larger THC body burden compared to a per-
son with less adipose tissue. However, in the present study,
plasma cannabinoid concentrations in 18 chronic cannabis
users were not correlated with participant BMI values on any
study day. Also, there were no significant THC or THCCOOH
concentration differences between normal, overweight, and
obese participants. Furthermore, no significant correlation
was found between THC percent decrease from day 1 to 7 and
BMI. BMI as a statistical function of height and weight may
not be the strongest measure of adipose content; future stud-
ies should consider body fat percent measurements.

Solowij et al. suggested that cannabis use duration was re-
lated to cognitive impairment (5). In the present study, no sig-
nificant correlations were found between THC concentrations
and BMI or cannabis use history. However, THCCOOH con-
centrations were positively associated with use duration on
days 1-3. This might indicate that the longer an individual
used cannabis, the higher the THCCOOH concentrations for
the first three days of abstinence. The best estimate for THC-
COOH half-life is approximately 3—4 days (12,28). The average
decrease in THCCOOH concentration between days 1 and 5
was 58.7%, indicating that the terminal elimination phase may
not have been reached.

Metabolite/parent drug ratios were calculated to further
evaluate cannabinoid excretion in this unique cohort. THC-
COOH/THC median ratios generally decreased from days 1-4
with a plateau from days 4-7. Median THC and THCCOOH
concentrations decreased 39.5% and 72.9% from day 1 to 7.
These data suggest that residual and newly formed THCCOOH
from THC metabolism might be excreted days 1 to 4. This is
followed by THCCOOH formation that is rate-limited by THC
release from tissues and subsequent metabolism, indicated by
stable THCCOOH/THC ratios from days 4 to 7. One might ex-
pect in this case that 11-OH-THC concentrations would be
equal to THCCOOH; however, the shorter half-life of this
metabolite (29), higher analytical LOQ of 0.5 ng/mL, and much
lower residual concentrations of 11-OH-THC after frequent
smoking could result in lower 11-OH-THC concentrations.
Only 44.4% of participants had measurable 11-OH-THC con-
centrations upon admission; this number decreased to 16.7%
by day 2. After smoked administration, low 11-OH-THC con-
centrations are formed by THC hepatic microsomal oxidation
(approximately 5-10% of THC) (13,29). In contrast, oral THC
first pass metabolism yields equivalent or sometimes higher
11-OH-THC concentrations (13,29).

Plasma cannabinoid excretion was variable between indi-
viduals as evidenced in three individuals’ excretion profiles in
Figure 2. The participant with the longest cannabis exposure
history (A) had measurable THC concentrations throughout
the study, and by day 3, THC and THCCOOH concentrations
decreased in a parallel fashion. The participant who most re-
cently became a cannabis user (K) had large decreases in THC
and THCCOOH on the first day and sustained low level THC for
the next six days. Additionally, Participant K last smoked
cannabis the day of admission, which may explain the large
drop in THC and THCCOOH concentrations observed between



days 1 and 2. 11-OH-THC concentrations were greater than
LOQ for four days in Participant L's plasma, the participant
with the highest THC concentrations for six of seven days.

Most participants (88.9%) had at least one day where THC
concentrations increased from the previous day. Possible rea-
sons for an increase in release might include differences in ex-
ercise, diet, or hydration. Although THC and THCCOOH me-
dian percent decreases were similar on most days, the most
dramatic difference occurred between days 2 and 3. Almost
five-fold higher THCCOOH decreases may be explained by ex-
cretion of high concentrations of residual THCCOOH between
days 2 and 3 with similar decreases in THC and THCCOOH
from days 4-7. This could be due to THC release from the tis-
sues and rapid metabolism. Importantly, reported increases
and decreases are based on median data, thus decreasing the
variability between participants.

Study limitations included reliance on self-report as data
analysis regressors, limited specimen volume, and long-term
storage of clinical specimens. Participant L, who had the high-
est plasma THC concentrations, reported using only three of
the last 14 days, which suggests inaccuracy in reporting. A
highly sensitive 2D-GC-MS method was developed for
cannabinoid analysis during residual excretion (16). LOQs of
0.25 ng/mL for THC and THCCOOH and 0.5 ng/mL for 11-OH-
THC were achieved. Sometimes there was difficulty in obtain-
ing an adequate blood volume or multiple analyses were re-
quired, which decreases available blood volume below the
usual 1-mL specimen size. In these cases, specimen volume
was decreased, resulting in a higher LOQ for that specimen. A
third limitation involved specimen storage in polypropylene
cryotubes for up to five years at —20°C. Cannabinoid concen-
tration decreases have been observed when specimens were
frozen for an extended period before analysis (30), although
this could only have caused an under-, not over-, estimation of
cannabinoid concentrations.

Forensic interpretation

There are several important implications of this research to
forensic toxicology. Plasma THC concentrations were greater
than 1 (n = 9) and 2 (n = 4) ng/mL for seven days in frequent
cannabis smokers during continuously monitored abstinence.
These concentrations are commonly thought to signify recent
cannabis smoking and, in some jurisdictions, can imply per-
formance impairment. In some U.S. states, per se DUID legis-
lation may specify impairment based on the presence of mea-
surable or low THCCOOH blood or plasma concentrations.
THCCOOH is an inactive THC metabolite that does not affect
driving performance. Some jurisdictions state “any measur-
able controlled substance or metabolite of a controlled sub-
stance in the person’s body” (31) is illegal while driving. In the
present study, THCCOOH was detected in all participants’
plasma throughout the study with day 7 concentrations
greater than 5.0 ng/mL in 83.3% of heavy, chronic cannabis
smokers.

Although neuropsychological impairment (32-36) and in-
creased motor vehicle accident risk (37) occur when under the
influence of acute THC, it has been difficult to correlate these
findings to specific blood or plasma concentrations. Accident
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risk attributed to cannabis use was assessed in 3398 Australian
driving fatalities. Drivers with detectable blood THC concen-
trations were 2.7 times (95% CI 1.0-7.0) more likely to be cul-
pable in an accident compared to drug-free drivers (37). The
likelihood of culpability increased 6.6-fold (95% CI 1.5-28.0)
when drivers had blood THC concentrations at or above 5.0
ng/mL (approximately 10 ng/mL plasma).

Recently, experimental research suggested cognitive im-
pairment at serum THC concentrations of 2-5 ng/mL on a crit-
ical tracking task, a skill important to driving performance
(38). At these limits, four of our participants would be judged
impaired after seven days of cannabis abstinence. Other inves-
tigators performed a comprehensive meta-analysis of experi-
mental data and proposed 7-10 ng/mL serum THC as per se
limits of impairment (39). Based on this assessment, partici-
pant L would be deemed impaired on day 4 of our study, three
days after last cannabis use. On the other hand, blood THC
concentrations at the time of an accident are likely much
higher than at the time blood is collected by clinical staff or po-
lice, which is generally 24 h after an incident. Thus, although
per se limits may be useful in cases where impairment cannot
be documented by field sobriety tests (40,41), drug recogni-
tion expert examinations, or other measures of performance,
limits as high as 2-5 ng/mL would prevent conviction of many
drugged drivers who had documented poor performance with
much lower THC concentrations at the time of blood collec-
tion. Jones et al. (42) clearly showed that 77-90% of Swedish
motor vehicle operators from 1995 to 2004 who recently
smoked cannabis would escape criminal charges if a 5 ng/mL
whole blood limit were applied.

Future studies

Future cannabinoid excretion studies in chronic cannabis
users should be conducted for longer than seven days and in-
clude psychomotor and cognitive performance measures to
document the presence or absence of impairment. If measur-
able THC concentrations were accompanied by neuropsycho-
logical impairment, this would provide a justification for per se
law implementation. An extended monitoring period would
allow for more comprehensive data on cannabinoid last detec-
tion times in plasma of frequent, daily cannabis users and ac-
companying performance deficits. Multiple daily blood draws
are also recommended, enabling plasma terminal half-life de-
termination in this unique cannabis-using population. Fur-
thermore, specimens should be analyzed after short-term stor-
age, which facilitates the development of models to predict the
time of last cannabis use. Although models estimating last
cannabis use were developed for occasional cannabis users and
validated with data from multiple smoked and oral adminis-
tration studies (43-45), models have not been validated in
heavy, long-term daily cannabis smokers.

Conclusions

This study is the first to determine plasma cannabinoid con-
centrations in chronic cannabis smokers during seven days of
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continuously monitored abstinence. Plasma THC concentra-
tions greater than 2 ng/mL were observed in multiple speci-
mens on the seventh day of cannabis abstinence, suggesting
THC’s presence in plasma may not necessarily indicate recent
cannabis smoking in chronic cannabis users. These data may
impact clinical cannabinoid pharmacotherapy, cannabis de-
pendence treatment, and per se DUID legislation in the U.S.
and abroad. It also suggests a mechanism for residual neu-
rocognitive impairment observed in chronic cannabis smokers
after multiple days of abstinence.
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