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Abstract

Analyte stability is an important factor in urine test interpretation, yet cannabinoid stability data
are limited. A comprehensive study of A%-tetrahydrocannabinol (THC), 11-hydroxy-THC (11-OH-
THC), 11-nor-9-carboxy-THC (THCCOOH), cannabidiol, cannabinol, THC-glucuronide, and
THCCOOH-glucuronide stabilities in authentic urine was completed.

Urine samples after ad libitum cannabis smoking were pooled to prepare low and high pools for
each study participant; baseline concentrations were measured within 24h at room temperature
(RT), 4°C and —20°C. Stability at RT, 4°C and —20°C was evaluated by Friedman tests for up to 1
year.

THCCOOH, THC-glucuronide, and THCCOOH-glucuronide were quantified in baseline pools.
RT THCCOOH baseline concentrations were significantly higher than —20°C, but not 4°C
baseline concentrations. After 1 week at RT, THCCOOH increased, THCCOOH-glucuronide
decreased, but THC-glucuronide was unchanged. In RT low pool, total THCCOOH (THCCOOH
+THCCOOH-glucuronide) was significantly lower after 1 week. At 4°C, THCCOOH was stable 2
weeks, THCCOOH-glucuronide 1 month and THC-glucuronide for at least 6 months. THCCOOH
was stable frozen for 1 year, but 6 months high pool results were significantly higher than
baseline; THC-glucuronide and THCCOOH-glucuronide were stable for 6 months. Total
THCCOOH was stable 6 months at 4°C, and frozen 6 months (low) and 1 year (high). THC,
cannabidiol and cannabinol were never detected in urine; although not detected initially, 11-OH-
THC was detected in 2 low and 3 high pools after one week at RT.

Substantial THCCOOH-glucuronide deconjugation was observed at RT and 4°C. Analysis should
be conducted within 3 months if non-hydrolyzed THCCOOH or THCCOOH-glucuronide
quantification is required.
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Introduction

Cannabis is the most commonly abused illicit drug worldwide, with 2.6-5.0% (119-224
million people) aged 15-64 consuming cannabis at least once in 2010 [1]. In 2011, 872,000
Americans sought treatment for cannabis dependence or abuse, second only to alcohol [2].
A9-tetrahydrocannabinol (THC), the main active compound in cannabis, was the most
prevalent illicit drug detected in injured drivers in Victoria, Australia (9.8%) [3] and
cannabinoids were identified in blood and/or oral fluid in 8.6% of nighttime drivers in the
2007 US Roadside Survey [4].

Given the high prevalence of cannabis use and of urine testing for cannabis in many
contexts, it is critical to accurately interpret a positive urine test. THC is rapidly metabolized
to 11-hydroxy-THC (11-OH-THC) and 11-nor-9-carboxy-THC (THCCOQH), with these
primarily present as phase Il glucuronide conjugates, and perhaps to a minor extent, as
sulfates [5]. THC, 11-OH-THC and THCCOOH are conjugated through UDP-
glucuronosyltransferase (UGT); THC is glucuronidated on the phenolic alcohol, forming an
ether glucuronide, whereas THCCOOH glucuronidation produces an ester glucuronide [5].
11-OH-THC can form ether glucuronides on either the phenolic or the 11-hydroxyl groups.
11-OH-THC and THCCOOH diglucuronidation could occur, but is unlikely due to steric
hindrance.

Recent research documented urinary THC and THCCOOH extended detection windows in
chronic frequent smokers following tandem enzyme and alkaline hydrolysis [6-7]. New
models were suggested to identify recent or new cannabis use in occasional [8] and chronic
frequent cannabis smokers [9]. There also were proposals to monitor unconjugated
THCCOOH [10-11], A%-tetrahydrocannabinolic acid A [12], and THC-glucuronide [13],
although these still need further research and validation. However, understanding
cannabinoid stability is required to adequately interpret drug concentrations and apply these
models or markers of recent use, especially if repeat analysis is requested months after initial
testing. Urine cannabinoid adsorptive losses [14-17] and instability [18-20] are well
documented. However, some studies utilized radioisotopes or immunoassay [14-15,19] and
few studies utilized authentic urine samples or examined THCCOOH and THCCOOH-
glucuronide stability. Skopp and P&tsch originally documented time- and temperature-
dependent THCCOOH-glucuronide cleavage to THCCOOH in THCCOOH-glucuronide-
fortified urine [21] and in authentic samples [22]. THCCOOH-glucuronide concentrations
were stable for at least 15 days at —20°C in authentic samples, but decreased at higher
temperatures. In fortified samples, molar sums of THCCOOH-glucuronide and THCCOOH
were equal to initial THCCOOH-glucuronide concentrations at 4°C, but not 20 or 40°C.
Furthermore, in fortified urine, higher pH increased THCCOOH-glucuronide degradation,
and pH increased over time [22]. These studies only investigated short-term cannabinoid
stability, providing no long-term stability data that is required for initial analysis that may be
delayed or repeat analyses months after initial testing. Felli et al. documented THCCOOH
and THCCOOH-glucuronide stability for at least 7 and 120 days at 4 and —20°C in 10
authentic urine samples, but did not describe changes in concentration [23]. Only one study
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documented analysis of THC-glucuronide; however, stability was not rigorously
investigated [13].

We evaluated THC, 11-OH-THC, THCCOOH, cannabidiol (CBD), cannabinol (CBN),
THC-glucuronide, and THCCOOH-glucuronide stability in 16 different low and high
concentration urine pools collected from 16 participants after controlled cannabis smoking.
These cannabinoid stability data generated from authentic samples will aid in interpreting
urinary cannabinoid results.

Healthy males and females provided written informed consent to participate in this National
Institute on Drug Abuse Intramural Research Program Institutional Review Board-approved
study. Individuals were recruited by television, radio and newspaper advertisements, flyers,
and referrals. Participants received a comprehensive medical and psychological evaluation
to verify study eligibility. Inclusion criteria were ages 18 to 45 years and self-reported
average frequency of smoked cannabis of less than twice per week (occasional smoker) or at
least four times per week (chronic, frequent smoker) in the past 3 months. History of
cannabis use was confirmed for chronic, frequent smokers by a positive urine cannabinoid
test. Exclusion criteria included: breastfeeding or pregnant women; current medical
condition or history of neurological illness; history of a clinically significant adverse event
associated with cannabis intoxication; donation of >450 mL blood within 30 days of drug
administration; presence of clinically significant anemia; increased systolic or diastolic
blood pressure or heart rate >100 bpm after 5 min rest; clinically significant
electrocardiogram abnormality; or interest in drug abuse treatment within 60 days of study
screening. Pregnancy tests were administered at screening and on study admission to women
with reproductive potential.

Study Design

Participants entered the secure research unit approximately 19h prior to cannabis dosing to
preclude intoxication at the time of drug administration. Participants smoked one cannabis
cigarette containing (meanzstandard deviation) 6.8+0.2% (54 mg) THC, 0.25+0.08% CBD,
and 0.21+0.02% CBN, ad libitum for up to 10 min. Urine was collected ad libitum from
admission up to 30 h after cannabis smoking. Urine was collected into 250 mL
polypropylene bottles (Thomas Scientific, Swedesboro, NJ) and immediately refrigerated.
Low and high concentration pools were prepared for each individual. All urine samples
collected between 0 and 6 h post-dose were pooled in equal portions within 6 h of collection
to form the high pool; low pool consisted of high pool diluted 1:5 (v/v) with fresh drug-free
urine from a healthy volunteer. Urine (3.5 mL) was aliquoted into 3.6 mL round bottom
polypropylene Nunc cryotubes (Thomas Scientific, Swedesboro, NJ) and stored in the dark.
Baseline concentrations were obtained in triplicate within 24 h of collection from samples
stored at room temperature (RT), 4°C, and —20°C. Stability was evaluated in duplicates after
8 days at RT, 8, 16 (range =1 day), 30 (30£1 days), 90 (935 days), and 180 (183+10 days)
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days at 4°C and —20°C; and 1 year (36520 days) at —20°C. All sample concentrations were
compared to their temperature-matched baseline samples.

Urine Analysis

Urine samples were analyzed for THC, 11-OH-THC, THCCOOH, CBD, CBN, THC-
glucuronide, and THCCOOH-glucuronide according to a previously published method [24].
Briefly, 0.5 mL urine was diluted with 0.2 M ammonium acetate and 0.025 M
dibutylammonium acetate buffer solution, pH 6.3 before transferring onto Isolute SLE+
columns (Biotage, Inc., Charlotte, NC). After 5 min equilibration, analytes were eluted with
5 mL ethyl acetate, dried and reconstituted in 150 uL mobile phase, and injected onto the
liquid chromatography tandem mass spectrometry (LC-MS/MS) instrument. Linear ranges
were 2-100 pg/L for THC and CBN, 1-100 pg/L for 11-OH-THC and CBD, 1-250 ug/L for
THCCOOH, 0.5-50 pg/L for THC-glucuronide, and 5-500 pg/L for THCCOOH-
glucuronide. Interassay (N=50) analytical bias and imprecision were 92.2-102.16% and 5.2—
10.2%, respectively. Urine creatinine was measured on a Roche/Hitachi Modular D2400
Analyzer by colorimetric assay based on the Jaffe reaction.

Statistical Analysis

Because data were non-normally distributed, statistical comparisons were conducted with
nonparametric tests in Prism 5.02 (GraphPad Software, La Jolla, CA). Concentration
decreases below the limit of quantification (LOQ) were represented as 0 in statistical
comparisons but as %L OQ for figures and % decrease calculations. Repeated-measures
Friedman tests were used to evaluate differences between baseline concentrations and to
compare cannabinoid concentrations, total THCCOOH (molar sums of free THCCOOH
+THCCOOH-glucuronide), and pH at different storage durations and temperatures to those
at baseline. Dunn’s multiple comparisons tests were employed for post hoc comparisons.
Wilcoxon matched pairs test was employed to compare one week RT concentrations and pH
to those at baseline. Generalized linear mixed model with sequential Bonferroni correction
for multiple comparisons in SPSS 20.0 for Windows (IBM, Armonk, NY) evaluated the
effects of initial pH, initial pH x change in pH, and creatinine concentration on log-
transformed cannabinoid concentrations. Results with 2-tailed p<0.05 were considered
significant.

Results

Human Participants

Sixteen healthy cannabis smokers (12 males, 4 females), ages 19-37, participated in the
study (Table 1). Participants reported smoking cannabis for mean+SD 10.5+3.6 years and
consumed 5.6+6.4 joints or joint-equivalents (empirically-normalized joint consumption, to
account for different smoking methods [i.e. bowl, pipe, blunt]) per day.

Urinary Cannabinoid Stability

Baseline urinary cannabinoid concentrations are shown in Fig 1. THCCOOH, THC-
glucuronide, and THCCOOH-glucuronide were quantified at baseline in 12, 16, and 15 low
RT pools; 13, 16, and 15 high RT pools; 7, 16, and 15 low 4°C pools; 12, 16, and 15 high
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4°C pools; 5, 15, and 15 low —20°C pools; and 12, 16, and 15 high —20°C pools,
respectively. Total THCCOOH (molar sum of THCCOOH and THCCOOH-glucuronide)
was measurable in 15 participants’ low and high baseline pools. No baseline pool contained
measurable THC, 11-OH-THC, cannabidiol, or cannabinol.

Baseline THCCOOH, THC-glucuronide, THCCOOH-glucuronide, and total THCCOOH
concentrations were significantly pool and temperature dependent (x2 (5)=56.6, 65.3, 59.1,
and 62.1, respectively). Post hoc tests revealed that baseline concentrations were similar
between storage temperatures, except for THCCOOH concentrations, which were
significantly higher at RT compared to —20°C high pools.

Median and range urinary cannabinoid stability results are shown in Fig 2. After one week at
RT, THCCOOH concentrations significantly increased in both low and high pools (W=-120
for both low and high pools). At 4°C, THCCOOH concentrations significantly increased
after 4 weeks in low and high pools (x2 (5)=71.9 and 73.9). At —20°C, THCCOOH was
stable for at least 52 weeks in the low pool (x2 (6)=7.9), but increased in the high pool (2
(6)=14.1); post hoc analysis revealed that concentrations increased compared to baseline
after 6 months, but not after 1 year. THCCOOH stability showed high inter-subject
variability due to low concentrations. THCCOOH baseline-negative pools contained 1.6-5.6
and 3.2-18.4 pug/L THCCOOH after one week at RT for low and high pools respectively; we
did not detect THCCOOH increases for participant O whose initial pool contained <5 ug/L
THCCOOH-glucuronide. THCCOOH increased after two weeks at 4°C in all but one
baseline-negative participant pools (Participant O), increasing up to 32.2 and 26.7 pg/L after
six months in low and high pools, respectively. At -20°C, THCCOOH increases in baseline-
negative pools were due to analytical variability in concentrations near the LOQ in low
pools.

THC-glucuronide was stable for at least one week at RT (W=70.0 and —36.0 in low and high
pools, respectively). We observed overall instability (x2 (5)=14.93) in low pool at 4°C,
although post hoc comparisons did not reveal any time points significantly differing from
baseline. THC-glucuronide high pools were stable for at least 6 months (x2 (5)=5.5). At
—20°C, THC-glucuronide was stable for up to 6 months (x2 (6)=36.1 and 38.6 in low and
high pools, respectively), although high inter-subject variability was documented due to the
low concentrations.

THCCOOH-glucuronide significantly decreased (—26.2 to —95.2% in low pools and —-21.2 to
-93.9% in high pools) after one week at RT (W=120 in low and high pools). After one week
at RT, two low pools and one high pool were <LOQ (initial concentrations 5.4-52.4 pg/L).
Significant decreases were observed beyond 1 month at 4°C (32 (5)=50.4 and 61.5 in low
and high pools, respectively). Two low pools were <LOQ after 1 month and 6 months
(baseline concentrations of 6.5 and 46.2 pg/L, respectively). In high pools, 2 and 3 pools
were <LOQ after 3 and 6 months, respectively (baseline concentrations ranges of 26.8-38.2
and 67.5-118 pg/L, respectively). At —20°C, THCCOOH-glucuronide significantly
decreased after 1 year (x2 (6)=28.4 and 37.5 in low and high pools, respectively).
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Total THCCOOH concentrations significantly decreased in low pool after one week at RT
(W=100), but not in high pool (W=68.0, P=0.0554). At 4°C, total THCCOOH
concentrations significantly decreased overall (2 (5)=21.9 and 13.9 in low and high pools,
respectively), although individual time points did not significantly differ from baseline. At
-20°C, total THCCOOH concentrations decreased significantly over time (x2 (6)=28.7 and
36.7 in low and high pools, respectively). Post hoc tests indicated 1-year concentrations
were significantly lower than baseline in low pools, but no time points significantly differed
from baseline in the high pools. The largest % change occurred in participant N due to low
THCCOOH and THCCOOH-glucuronide associated with occasional cannabis consumption.

THC, 11-OH-THC, CBD, and CBN were never detected in baseline samples. However, after
one week at RT, 11-OH-THC appeared in 2 low and 3 high pools. Participant D had 1.4
ug/L in one low pool replicate, participant G had 1.1 and 1.9 pg/L in low pool replicates,
participant C had 1.7 pg/L in one high pool replicate, participant G had 1.7 pg/L in both high
pool replicates and participant J had 6.3 and 7.9 pg/L in the high pool replicates. No samples
stored at 4°C or —20°C had detectable 11-OH-THC after 6 months or 1 year, respectively.
No THC, CBD or CBN were ever detected throughout the study.

Effect of pH and Creatinine Concentration

Urinary pH significantly increased over time (Fig 3); after one week at RT median (range)
pH increases were 0.35 (-0.32-3.85) (W=120 and —-124.0 in low and high pools
respectively). After six months at 4°C, median increase was 0.44 (0.02-1.36) pH units (32
(5)=57.2 and 65.2 in low and high pools, respectively). Post hoc tests revealed pH increased
significantly after 2 weeks at 4°C in both low and high pools. At —20°C, pH increased 0.35
(-0.10-1.38) after 1 year (32 (5)=71.8 and 63.1 in low and high pools, respectively). Post
hoc tests indicated that pH was significantly higher than baseline after 1 month and 2 weeks
in low and high pools, respectively.

Because pH significantly increased over time, the effects of the initial pH and the interaction
between initial pH and change in pH (initial pH x change in pH) on final cannabinoid
concentrations were evaluated. Initial pH x change in pH was a main effect on THCCOOH
(t=23.5, p<0.001);initial pH and initial pH x change in pH were a main effect on THC-
glucuronide (t=2.9, p<0.01 and t=-3.4, p<0.01), THCCOOH-glucuronide (t=2.9, p<0.05 and
t=-25.2, p<0.001), and total THCCOOH concentrations (t=3.0, p<0.01 and t=—9.3,
p<0.001). Creatinine concentrations did not affect THCCOOH, THC-glucuronide,
THCCOOH-glucuronide, or total THCCOOH concentrations (t=1.6, 0.9, 0.1, and 0.5,
respectively).

Discussion

To our knowledge, this is the most comprehensive study examining in-vitro phase | and Il
urinary cannabinoids following extended storage after controlled smoked cannabis. In this
study, we utilized polypropylene tubes for storage, even though adsorptive loss is less with
glass tubes [15, 17]. However, for safety reasons, plastic tubes are preferred for the storage
of biological samples. Therefore, we utilized polypropylene tubes, which adsorb
cannabinoids to a lesser extent than polyethylene tubes [15]. We aliquoted 3.5 mL urine into
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each 3.6 mL tube to reduce the surface area to volume ratio and minimize adsorptive losses.
Previous research showed that adsorptive losses occur within 0.2-2 h after addition of
solution or urine to a container, and that this loss plateaus [16, 15, 14]. Because our
baselines were quantified within 24 h, adsorptive loss may have already occurred; therefore,
our measurements could be more reflective of analyte stability rather than changes in
concentration due to adsorptive losses.

Previous long term stability studies utilized alkaline-hydrolyzed urine to monitor total
THCCOOH [18, 20]. However, direct and simultaneous analysis of THCCOOH and
THCCOOH-glucuronide is preferred, as quantification following hydrolysis is more variable
and it is difficult to ensure complete hydrolysis. Furthermore, previous studies documented
reanalysis of case samples which underwent prior screening, as well as possible transport to
the laboratory prior to initial analysis. Given that degradation of THCCOOQOH-glucuronide
occurs in a first-order kinetic manner [21], degradation could have occurred before the
initial analysis. In our study, we documented baseline concentrations (at three temperatures)
within 24 h of collection from samples that were stored at 4°C for less than 6 h prior to
making pools, minimizing any degradation that may have occurred between collection and
initial analysis.

THCCOOH concentrations in high RT-stored baseline pools were significantly higher than
frozen baseline pools. Previous work demonstrated that THCCOOH-glucuronide is labile
and prone to deconjugation [21, 25, 22]. THCCOOH-glucuronide is mainly found as an
ester-glucuronide; acyl and ester glucuronides are prone to deconjugation as well as intra-
molecular rearrangement by acyl group migration [26-27]. Therefore, the increase in
THCCOOH is due to THCCOOH-glucuronide deconjugation. Although the increased
THCCOOH derived from THCCOOH-glucuronide deconjugation, THCCOOH-glucuronide
baseline concentrations at RT were not significantly lower than frozen baseline pools, due to
the much higher THCCOOH-glucuronide concentrations yielding a lower percent change.

Skopp et al. previously reported time and temperature dependent conversion of THCCOOH-
glucuronide to THCCOOH in authentic urine samples [22]. At 4°C, THCCOOH-
glucuronide concentration decreases exceeded 25% in 7.9% and 13.2% of samples after 2
and 5 days, respectively. THCCOOH concentration increases ranged from 1-99% in 21.1%
and 28.9% of samples after 2 and 5 days, respectively; increases ranged from 100-499% in
2.6% of samples after 5 days. At 20°C, THCCOOH-glucuronide decreases exceeded 25% in
28.9% and 50% of samples after 2 and 5 days, respectively; THCCOOH increases exceeded
100% in 21.1 and 28.9% after 2 and 5 days, respectively. In our study, we also noted a time
and temperature dependent conversion of THCCOOH-glucuronide to THCCOOH. After one
week at RT, we saw complete degradation of THCCOOH-glucuronide in some participants’
urine samples and THCCOOH increases up to 1346% of baseline. At 4°C, significant
increases in THCCOOH (up to 1206% of baseline) occurred after 1 month; significant
decreases in THCCOOH-glucuronide occurred after 3 months. At -20°C, THCCOOH
concentration increases were significant in high pool after 6 months, but were not significant
at 1 year; variability was larger after one year, likely confounding statistical findings (Fig 2).
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Skopp et al. also reported decreased total THCCOOH at 20°C. Others also reported a trend
towards decreased THCCOOH in authentic hydrolyzed urine [20, 18]. We observed
significant overall decreases in total THCCOOH in low pools after 1 week at RT and in low
and high pools at 4 and —20°C, although post-hoc tests revealed that only samples stored for
1 year at —20°C were significantly lower than baseline. It is unclear why total THCCOOH
concentrations were unstable, although altered adsorption, intramolecular acyl migration,
protein binding, or further molecular degradation could explain these changes. Early
synthesis of cannabinoid metabolites used microbial transformation to produce certain
metabolites on the pentyl side chain [28]. Skopp et al. proposed that microbial degradation
of the side chain may be responsible for cannabinoid degradation.

THC-glucuronide concentrations significantly decreased only after one year at —20°C. High
variability was documented in low pools, because concentrations were near the LOQ.
Deconjugation of THC-glucuronide is not likely, as THC was not detected. Possible
explanations for THC-glucuronide decreases include adsorption, protein binding or
molecular degradation.

High inter-subject variability occurred for all analytes (Fig 2). This is most likely due to
differences in pH. The effect of higher pH on THCCOOH-glucuronide stability was
previously documented [22]. In this study, we documented similar effects of initial urinary
pH, but also of initial pH x change in pH. Our results suggest that higher baseline pH leads
to greater change in pH during storage, which together lead to decreased THC-glucuronide,
THCCOOH-glucuronide, and total THCCOOH concentrations and increased THCCOOH
concentrations. High inter-subject variability could also be caused by low analyte
concentrations near the LOQ, the small number of THCCOOH positive low pools and the
lack of commercially-available deuterated THC-glucuronide and THCCOOH-glucuronide
internal standards at the time of this study. High inter-subject variability may confound
stability findings.

It is unclear why 11-OH-THC appeared in 2 low and 3 high pools after one week at RT, as
11-OH-THC was suggested to be primarily an ether glucuronide that tends to be more stable
than ester glucuronides. 11-OH-THC-glucuronide is present in urine, as evidenced by its
increase following enzymatic or tandem alkaline-enzymatic hydrolysis [11, 29]; however,
no commercial 11-OH-THC-glucuronide standard is available to evaluate its presence in this
study. Further work is needed in order to fully characterize 11-OH-THC stability.

In summary, frozen storage provided optimal cannabinoid stability in urine, with THC-
glucuronide and THCCOOH-glucuronide being stable for up to 6 months. Analysis should
be conducted within 3 months if non-hydrolyzed THCCOOH or THCCOOH-glucuronide
quantification is required. These data will aid those interpreting urinary cannabinoid results,
as changes in concentration between repeat analyses can be explained with consideration of
storage length.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1.

Baseline concentrations in low and high cannabinoid urine pools prepared from samples
collected after controlled cannabis smoking (n=16 participant pools)

Horizontal lines in boxes are medians and dashed lines are LOQs. All high pools were
significantly higher than their temperature-matched low pool.

*Significant difference between storage temperatures
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Fig 2.

Median (range) cannabinoid stability in baseline positive pools after 1 week at room
temperature and up to 26 and 52 weeks at 4°C and —20°C, respectively, in low and high
cannabinoid urine pools, collected after controlled cannabis smoking
Significant differences from baseline for *low pool and #high pool. Dashed lines represents
+20% for THCCOOH (analyte with a deuterated internal standard) and +30% for THC-
glucuronide, THCCOOH-glucuronide and total THCCOQOH (analytes without a matched
deuterated internal standard)
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Fig 3.

M?edian (range) urinary pH after 1 week at room temperature and up to 26 and 52 weeks at
4°C and —-20°C, respectively, in low and high cannabinoid urine pools, collected after
controlled cannabis smoking

Significant differences (p<0.05) from baseline for *low pool and #high pool
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