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Abstract

Proving driving under the influence of cannabis (DUIC) is difficult. Establishing a biomarker of
recent use to supplement behavioral observations may be a useful alternative strategy. We deter-
mined whether cannabinoid concentrations in blood, oral fluid (OF) or breath could identify use
within the past 3h—likely the period of the greatest impairment. In a randomized trial, 191 fre-
quent (>4/week) and occasional (<4/week) cannabis users smoked one cannabis (placebo [0.02%],
or 5.9% or 13.4% Ag-tetrahydrocannabinol [THC]) cigarette ad libitum. Blood, OF and breath sam-
ples were collected priorto and up to 6 h after smoking. Samples were analyzed for 10 cannabinoids
in OF, 8 in blood and THC in breath. Frequent users had more residual THC in blood and were more
likely to be categorized as ‘recently used’ prior to smoking; this did not occur in OF Per se limits
ranging from undetectable to 5ng/mL THC in blood offered limited usefulness as biomarkers of
recent use. Cannabinol (CBN, cutoff =1ng/mL) in blood offered 100% specificity but only 31.4%
sensitivity, resulting in 100% positive predictive value (PPV) and 94.0% negative predictive value
(NPV) at 4.3% prevalence; however, CBN may vary by cannabis chemovar. A 10 ng/mL THC cut-
off in OF exhibited the overall highest performance to detect its use within 3h (99.7% specificity,
82.4% sensitivity, 92.5% PPV and 99.2% NPV) but was still detectable in 23.2% of participants ~4.4 h
post-smoking, limiting specificity at later time points. OF THC may be a helpful indicator of recent
cannabis intake, but this does not equate to impairment. Behavioral assessment of impairment
is still required to determine DUIC. This study only involved cannabis inhalation, and additional
research evaluating alternative routes of ingestion (i.e., oral) is needed.

Intr tion . . . . .
oductio of ingestion (8-10). Previous studies demonstrated weak relation-

Higher blood A°-tetrahydrocannabinol (THC) concentrations are ships between THC blood concentration and driving performance
associated with increased crash risk (1-7), but defining cutoffs for (7, 11), with impaired psychomotor function more pronounced in
safe driving limits is difficult. This is because blood THC concen- occasional than frequent users (12). Peak blood THC concentrations
tration varies by smoking topography, frequency of use and route occur during smoking, but drop rapidly, while subjective ‘high’ per-
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sists for several hours and varies significantly between users (13).
Furthermore, THC remains detectable in the blood of chronic fre-
quent cannabis users longer than occasional users (14, 15). Instead
of trying to find a biomarker that indicates impairment, a more prac-
tical approach may be to identify a biomarker that indicates recent
use. This can then be combined with officer observations to identify
DUIC (16).

Despite growing cannabis popularity, not all states have estab-
lished per se laws or legally allowable blood detection limits for
DUIC. Current per se limits range from zero tolerance to 5ng/mL
(17). To date, few states have any restriction on THC metabolite
concentrations. When using sensitive measurement techniques with
lower limits of quantification (LLOQs) of 0.25-0.5 ng/mL, THC and
certain metabolites can be detected in blood for weeks to months
after use and do not necessarily indicate impairment (14). Therefore,
current per se limits may lead to false accusations of DUIC.

The goal of this study was to investigate biomarkers as indicators
of recent cannabis use. Recent use was defined as smoking within
the last 3 h because the greatest impairment is observed within that
time frame, although some aspects of impairment may persist beyond
that period (7, 11, 18, 19). Blood, OF and breath were collected
immediately before and at various time points after smoking. Sensi-
tivity and specificity of up to 10 different compounds in each fluid
were determined and predictive values based on previously published
prevalence data were estimated.

Methods

Recruitment and requirements of study participants
This placebo-controlled, double-blinded randomized study was con-
ducted under guidelines outlined in the Declaration of Helsinki
and approved by the University of California, San Diego Human
Research Protections Program (Institutional Review Board no.
160641). Volunteers 21-55 years old with a valid driver’s license
who self-reported cannabis use at least four times in the past month
were recruited and pre-screened. Demographic information can be
found in the study of Hoffman et al. (20). Participants were classified
as ‘frequent’ or ‘occasional’ users based on self-reported cannabis use
of >4/week or <4/week, respectively. Participants were compensated
and medically evaluated prior to and during their visit for safety.
They were asked to refrain from cannabis use for at least 2 days
prior to participation and their OF was screened for recent use with a
Drager Drug Test 5000. Anyone (7 = 7) with OF THC concentration
>5 ng/mL or who were positive for any other drugs on the Drager OF
test were excluded. After exclusion criteria were applied, 191 par-
ticipants were included and randomly assigned to receive a cigarette
containing placebo (0.02%), or 5.9% or 13.4% THC (Supplemen-
tary Figure S1). Use patterns between the placebo (54% occasional
users), and 5.9% (50%) and 13.4% (50%) THC content groups
were not significantly different. In a negative pressure room, par-
ticipants smoked a 700 mg cigarette ad libitum within 10 min, with
a minimum of four puffs. Blood, OF and breath were collected prior
to smoking. After smoking, 4 additional OF and breath and 8 blood
collections were completed at time points up to ~6 h from the start
of smoking. Participants ate and drank water between collections,
although not within 10 min of OF collection.

OF was collected with the Quantisal™ device (Alere, Inc., San
Diego, CA, USA). The absorptive pad was placed under the tongue
until the indicator turned blue (indicating 1 mL OF collected) or until
10 min passed. The pad was placed in 3 mL extraction/stabilization
buffer in the supplied tube, capped and stored at room temperature

for 4-24h. The pad was removed and decanted, and the remain-
ing buffer was transferred into Nunc 3-mL cryovials (Wheaton,
Millville, NJ, USA) and stored at 4°C for up to 2months (21).
Venous blood was collected from the arm in gray-top vacutainer
tubes containing sodium fluoride and potassium oxalate, and 2 mL
blood was transferred to Nunc vials and stored at —20°C for
up to 3months (22). Aerosol breath was collected for ~3 min
via exhalation into a SensAbues® device (AB, Sweden). Mouth-
pieces were discarded and the device containing the collection pad
was capped and stored at 20°C for up to 6 months (23). Samples
were analyzed by liquid chromatography—-tandem mass spectrometry
by previously described methods (24, 25). LLOQs were as fol-
lows: in OF, 0.4 ng/mL THC, A’-tetrahydrocannabinol-glucuronide
(THC-gluc), 11-hydroxy-A°®-tetrahydrocannabinol (11-OH-THC),
cannabidiol (CBD), A®-tetrahydrocannabivarin (THCV) and CBN,
and 1.0ng/mL 11-nor-9-carboxy-A°-tetrahydrocannabinol-glucur-
onide (THCCOOH-gluc), 11-nor-9-carboxy-A°-tetrahydrocannab-
inol (THCCOOH), cannabigerol (CBG) and A°-tetrahydrocann-
abinolic acid A (THCA-A); in blood, 0.5 ng/mL THC, CBD, THCV
and CBN, 1.0ng/mL CBG, THCCOOH and 11-OH-THC, and
2.0 ng/mL. THCCOOH-gluc; and in breath, 80 pg/pad THC.

Statistical analysis

Data were analyzed with R (v3.6.0) in RStudio (Boston, MA); visu-
alizations were generated by ggplot2 (v3.3.2) (26). ¢-tests compared
compound concentrations between frequent and occasional users at
the pre-smoking time point. The P-values were adjusted for number
of comparisons using Bonferroni correction.

Time post-smoking was divided into time windows. All samples
collected between pre-smoking to 3 h (7 =908 for blood, n =601 for
OF and n =588 for breath) were included in all analyses for recent
use. Participants had a mean (standard deviation) of 4.8 (0.9) blood,
3.1 (0.4) OF and 3.1 (0.3) breath samples within that time frame.

Receiver operator characteristic (ROC) curves were generated
by plotting the percentage sensitivity versus (100 — specificity) using
various time windows pre- and post-smoking. A Youden’s ] statistic
(‘Youden’s index’) was calculated (] = sensitivity + specificity — 1) to
determine optimal cutoffs; it weighed sensitivity and specificity con-
tribution equally (27). A perfect test provides a Youden’s index of
one whereas a test yielding no useful information a Youden’s index
of zero. For example, a test with 80% sensitivity and 80% specificity
would yield a Youden’s index of 0.6.

Sensitivity, specificity, positive predictive value (PPV) and nega-
tive predictive value (NPV) were calculated for each biomarker of
recent use (within 3 hours). Participants receiving 5.9% and 13.4%
THC were grouped together because cannabis users are known to
‘self-titrate’ or smoke until the desired effects are achieved (28).
A participant receiving placebo whose analyte concentration was
below the specified cutoff was considered a true negative. A partic-
ipant receiving either the 5.9% or 13.4% THC and whose analyte
concentration was greater than or equal to the cutoff was considered
a true positive. A participant receiving the placebo whose analyte
concentration was greater than or equal to the cutoff was considered
a false positive. A participant receiving active THC whose ana-
lyte concentration was below a cutoff was a false negative. At the
pre-smoking time point, any participant whose analyte concentra-
tion was below the specified cutoff was considered a true negative
whereas any participant whose analyte concentration was greater
than or equal to the specified cutoff was considered a false posi-
tive, regardless of group assignment. The prevalence for PPV and
NPV calculations was the percentage of weekend nighttime drivers
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who tested positive for THC in various jurisdictions in California
(29). This ranged from 4.3% in Fresno to 18.3% in Eureka with an
average prevalence of 8.5% (29).

The relationships of THC across matrices and between THC
and CBN within a single matrix were determined by linear regres-
sion, reporting the effect size estimated by the coefficient (f1),
y-intercept () and correlation coefficient (r) for each. Relation-
ships were confirmed with a Spearman correlation (data not shown).
A heatmap calculating the Pearson correlation (r) between the var-
ious compounds within the same matrix was generated for blood
and OF

Results

Detection of cannabinoids in blood, OF and breath
Prior to smoking, frequent users had higher blood concentrations of
THC, 11-OH-THC, THCCOOH and THCCOOH-gluc compared
to occasional users (Figure 1). A notable outlier in the pre-smoking
time point was a frequent user who had the highest concentra-
tions of THC (16.2 ng/mL), 11-OH-THC (9.3 ng/mL), THCCOOH
(133 ng/mL) and THCCOOH-gluc (571 ng/mL) in the study. CBN,
CBD, CBG and THCV in blood, all compounds except THC in
OF, and THC in breath are not displayed in Figure 1 because <10
participants had detectable concentrations prior to smoking. No
significant difference in median THC concentrations in OF was
observed between frequent and occasional users at the pre-smoking
time point.

The median and range cannabinoid concentrations detected in
blood, OF and breath are listed in Supplementary File 1; any com-
pound not detected in any participants in a particular matrix was
excluded from this file. THC, THCCOOH and THCCOOH-gluc
were detected in blood in the majority of samples post-smoking
whereas THCV and CBD were rarely detected.

In OF, CBN, CBD, THC, CBG, THCV and THCA-A were
detected after smoking whereas the metabolites THCCOOH, THC-
gluc and THCCOOH-gluc were not at LLOQs of 1.0, 0.4 and 1.0,
respectively. 11-OH-THC was only detected in seven OF samples,
all at low concentrations.

THC in breath was measurable in 99.2% of participants within
40 min post-smoking either 5.9% or 13.4% THC and 25.4% in
those who received placebo, which contained 0.02% THC. After
smoking (41-90 min), THC was detected in 37% of participants
who received active THC, and only one participant in the placebo

group.

Biomarker potential for determining recent use

Cutoffs for recent use were optimized utilizing ROC curves
(Supplementary Figure S2) and Youden’s | statistic (Supplemen-
tary Table SI) with data from pre-smoking to 3 h post-smoking. In
blood, 1.6 ng/mL THC yielded the highest Youden’s index of 0.54.
Although CBN exhibited a lower Youden’s index (0.48) with a cutoff
of 0.5 ng/mL, it offered 98.2% specificity.

A 3.8 ng/mL THC cutoff in OF exhibited the highest overall sen-
sitivity and specificity with a 0.87 Youden’s index. In OF, only five
(2.6%) participants had concentrations >3.8 ng/mL pre-smoking.
CBN had the next highest Youden’s index (0.76) at 0.6 ng/mL cut-
off. CBN was detectable in three participants at >0.6 ng/mL prior to
smoking.

Breath was an excellent biomarker of use within the first 40 min
post-smoking. After this time, most participants had undetectable
concentrations and the utility of THC in breath as a biomarker was
diminished.

Considering the potential delay between smoking and a traffic
stop fluid collection, we calculated the ideal Youden’s index for the
last data point of each participant within 3 h after smoking, rep-
resenting ~1.5-3h post-smoking (Supplementary Table SII). The
highest Youden’s index (0.90) was a 0.9 ng/mL THC OF cutoff.

Performance of THC cutoffs in blood and OF

The Department of Health and Human Services recommended a
4ng/mL THC cutoff in OF for workplace drug testing (30). For
recent use, alternative cutoffs may be necessary. The sensitivity and
specificity of these cutoffs and current per se limits were determined
(Figure 2). In blood, false positives were observed in the pre-smoking
time window resulting in decreased specificity. In OF, the specificity
at the pre-smoking time point was 100% for all cutoffs >5 ng/mL,
but this was an artifact of study design. Participants with >5 ng/mL
THC in OF were excluded from the study to eliminate confound-
ing factors from self-administered cannabis prior to study initiation.
With lower OF cutoffs, false positives were noted in the pre-smoking
time point, but at a lower rate than in blood. The specificity of each
cutoff for OF dropped significantly 0-30 min after smoking due to
the presence of 0.02% THC in the placebo (Supplementary Figure
S1). Except for this dip, the specificity was superior to that of blood.

Alternative biomarker correlations within and between
matrices

We explored correlations between and within matrices in various
time windows to identify biomarkers that could serve as a ‘proxy’
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Figure 1. Cannabinoid blood and OF concentrations prior to smoking cannabis. Box and whisker plots represent the median and 1.5x the interquartile range of
concentrations. (A) Median concentrations of THC, 11-OH-THC, THCCOOH and THCCOOH-gluc in blood and (B) THC in OF in frequent (green) and occasional
(purple) users prior to smoking cannabis. Median concentrations are written for each compound and 0 indicates < LLOQ. The number of users (N) included in

each group is listed.
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Figure 2. Sensitivity and specificity of select cutoffs for THC in blood and OF. Graph of percentage (A) sensitivity and (B) specificity over time using different blood
THC cutoffs to determine recent use. The cutoff (1.6 ng/mL) with the highest Youden’s index, maximizing both sensitivity and specificity, is represented by the
dashed red line. Graphs of percentage (C) sensitivity and (D) specificity over time using different OF THC cutoffs to determine recent use. The cutoff (3.8 ng/mL)
with the highest Youden'’s index is represented by the dashed red line. The vertical dotted line indicates the end of the 0-3 h time window. The number of users

(N) included in each time window is listed.
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Figure 3. Within matrix correlation of THC and CBN. Linear regression correlation between THC and CBN concentrations (ng/mL) in (A) blood and (B) OF for all
participants. The linear regression equation and coefficient of determination (R?) is listed. The number of users (N) included in each analysis is listed.

for blood THC concentrations. While there is a significant correla-
tion (p < 0.001) between concentration of THC in blood and OF, the
correlation is modest (r = 0.41) and it is not possible to accurately
predict THC WB concentrations from OF or breath specimens. (Sup-
plementary Figures S3-56). However, CBN and THC exhibited a
strong correlation in both blood and OF (Figure 3, Supplementary
Figure S7). Therefore, we explored the biomarker potential of CBN.

Performance of CBN cutoffs in blood and OF

The specificity of CBN in blood as a recent use biomarker remained
excellent throughout the study, but the sensitivity dropped quickly
over time (Figure 4). CBN in OF offered better sensitivity than in
blood and had excellent specificity at the pre-smoking time point
with all cutoffs used. A drop in specificity was noted 0-30 min post-
smoking due to the small amount of CBN present in the placebo
(Supplementary Figure S1).

To highlight the optimal cutoff concentrations, the sensitivity and
specificity for THC and CBN in blood and OF at select concentra-
tions within 3 h of smoking were plotted (Figure 5). THC (3.8 ng/mL
cutoff) and CBN (0.6 ng/mL cutoff) in OF offered superior overall
sensitivity and specificity compared to the same biomarkers in blood.

PPV and NPV of CBN and THC as biomarkers of recent
use

PPV and NPV of THC and CBN in blood and OF at select con-
centrations were calculated (Table I). The frequency of driving after
‘recent’ cannabis use is unknown and likely lower than the average
prevalence of THC-positive drivers (29); therefore, we focused on
‘low prevalence’ data. THC in blood at 0-5 ng/mL cutoffs exhibited
poor performance. A zero tolerance limit had 56.9% specificity with
8.6% PPV. A 5ng/mL cutoff offered 94.2% specificity and 97.7%
NPV, but only 51.7% sensitivity.
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Figure 4. Sensitivity and specificity of select cutoff concentrations for CBN in blood and OF Graph of percentage (A) sensitivity and (B) specificity over time with
different blood CBN cutoffs to determine recent use. The cutoff (0.5 ng/mL) with the highest Youden’s index in blood, maximizing both sensitivity and specificity,
is represented by the dashed red line. Graph of percentage (C) sensitivity and (D) specificity over time with different OF cutoffs to determine recent use. The
cutoff (0.6 ng/mL) with the highest Youden’s index is represented by the dashed red line. The vertical dotted line indicates the end of the 0-3 h window. The

number of users (N) included in each time window is listed.

A Blood: THC B Blood: CBN
100 : k100 100 ;,.- k100
I '
' H
:
75 75 751 | Youden's index = 0.5 ng/mL F75
> ! o0 > ! w
2 ¢ S 2 | 3
= | = :
B 50 i 50 8 7 50 tso Q.
| = b =
5 i o & i Q.
(%] i =] i <
! :
25 ''Youden's index = 1.6 ng/mL F25 261 ! F o5
i i
| '
0 : 0 0] Fo
25 50 75 100 2 a 8
Cutoff (ng/mL) Cutoff (ng/mL)
c Oral Fluid: THC D Oral Fluid: CBN
100 N__\E_-__;_______- 100 100 : 100
1 ]
j
: I
75 ' 75 75 ! k75
- i » ' )
2 i ° b 5
= ! © | ®
» 50 ! Youden's index = 3.8 ng/mL 50 ©. ! Fso ©.
c 1 =h 1 =
1 O 1 (]
@ ' = | £
(2] ' < | <
1 1
25 ' 25 25 :Youden's index = 0.6 ng/mL [25
! |
‘ :
: !
0 ! 0 0 ! Fo
2 4 6 0.0 25 5.0 75 10.0
Cutoff (ng/mL) Cutoff (ng/mL)

G20z aunr | uo 1senb Aq 88¢ 1 1L £9/0Z8/8/Sy/al0nle/el/wod dnoolwspede//:sdiy wolj pepeojumod

Figure 5. Sensitivity and specificity of THC and CBN in blood and OF within 3 h of smoking cannabis. Percentage sensitivity (left y-axis; black) and percentage
specificity (right y-axis; gray) are plotted against cutoff concentrations of (A) THC and (B) CBN in blood as well as (C) THC and (D) CBN in OF The vertical red
dashed line indicates the Youden'’s index.
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Table I. PPV and NPV of CBN and THC as Biomarkers of Recent Use (Within 3 h Post-Smoking) in Blood and OF

Low prevalence Average High prevalence

4.3% prevalence 8.5% 18.3%

Cutoffs % %

Biomarker ~ Matrix (ng/mL) Sensitivity ~ Specificity PPV NPV PPV NPV PPV NPV
THC Blood 0.5 90.3 56.9 8.6 99.2 16.3 98.4 31.9 96.3
THC Blood 1 84.6 68.4 10.7 99.0 19.9 98.0 37.5 95.2
THC Blood 1.6 80 73.5 11.9 98.8 21.9 97.5 40.3 94.3
THC Blood 2 76.2 76.5 12.7 98.6 231 97.2 42.1 93.5
THC Blood N 51.7 94.2 28.6 97.7 45.3 95.5 66.6 89.7
THC Blood 10 32.3 99.8 87.9 97.0 93.8 94.1 97.3 86.8
THC OF 0.5 99.6 74.2 14.8 100 26.4 99.9 46.4 99.9
THC OF 1 97.4 83.6 21.1 99.9 35.6 99.7 571 99.3
THC OF 2 94.5 91.2 32.5 99.7 49.9 99.4 70.6 98.7
THC OF 3.8 90.1 96.7 551 99.5 71.7 99.1 85.9 97.8
THC OF N 87.9 99.1 81.4 99.5 90.1 98.9 95.6 97.3
THC OF 10 82.4 99.7 92.5 99.2 96.2 98.4 98.4 96.2
CBN Blood 0.5 49.6 98.2 55.3 97.7 71.9 95.4 86.1 89.7
CBN Blood 1 31.4 100 100 97.0 100 94.0 100 86.7
CBN Blood 2 19.8 100 100 96.5 100 93.1 100 84.8
CBN Blood N 8.4 100 100 96.0 100 92.2 100 83.0
CBN Blood 10 1.9 100 100 95.8 100 91.6 100 82.0
CBN OF 0.5 90.8 84.2 20.5 99.5 34.8 99.0 56.3 97.6
CBN OF 0.6 89 86.6 23.0 99.4 38.2 98.8 59.8 97.2
CBN OF 1 85.3 89.4 26.6 99.3 42.8 98.5 64.3 96.4
CBN OF N 66.2 97.6 55.3 98.5 71.9 96.9 86.1 92.8
CBN OF 10 56.6 99.1 73.9 98.1 85.4 96.1 93.4 91.1

Table II. Percentage of All Participants (Placebo, 5.9% THC and
13.4% THC Groups) above Specific Cutoffs in Blood and OF at Study
Completion

Matrix Compound Cutoff % Above cutoff
Blood THC 0.5 54.0
Blood THC 1.0 41.6
Blood THC 1.6 34.2
Blood THC 2.0 30.4
Blood THC 5.0 6.2
Blood THC 10.0 0.6
OF THC 0.5 59.5
OF THC 1.0 54.7
OF THC 2.0 50.0
OF THC 3.8 39.5
OF THC 5.0 35.8
OF THC 10.0 23.2
Blood CBN 0.5 0.6
Blood CBN 1.0 0.0
Blood CBN 2.0 0.0
Blood CBN 5.0 0.0
Blood CBN 10.0 0.0
OF CBN 0.5 35.8
OF CBN 0.6 31.6
OF CBN 1.0 23.7
OF CBN 5.0 2.6
OF CBN 10.0 0.5

At all cutoffs examined, THC in OF offered a NPV >99% with
4.3% prevalence. The overall best performing cutoff was 10 ng/mL
with 82.4% sensitivity, 99.7% specificity, 92.5% PPV and 99.2%

NPV. The Youden’s index cutoff (3.8 ng/mL) had better overall sensi-
tivity and specificity, but at the expense of 55.1% PPV. As prevalence
increased, the PPV increased while the NPV decreased.

CBN in blood offered 100% specificity and PPV at all concentra-
tions >1ng/mL. Even though this was at the cost of low sensitivity,
the NPV was >95.8% with 4.3% prevalence. The highest perform-
ing OF CBN cutoff was 10 ng/mL with 98.1% NPV and 73.6%
PPV.

Performance of biomarkers beyond 3 h post-smoking

To assess biomarkers’ performance beyond 3 h, we determined the
percentage of participants (placebo, 5.9% THC and 13.4% THC
groups) above the recommended cutoffs at the end of our study,
including only data points beyond 3 h, representing a mean of 5.1h
post-smoking in blood and 4.4 h in OF (Table II). With a zero tol-
erance cutoff of THC in blood, 54.0% were still categorized as
‘recently used’. In OF, 39.5% and 23.2% of participants had con-
centrations above 3.8 ng/mL and 10 ng/mL THC, respectively. CBN
was detectable in 0.6% of participants in blood at study completion.

Discussion

This study determined the potential of cannabinoids as biomarkers
of recent cannabis use. It was the first to examine cannabinoids as
biomarkers of recent use with a large sample size and high THC
(13.4%) content cannabis. This approaches THC content in cur-
rently marketed cannabis (31). Participants receiving 5.9% and
13.4% THC were grouped together because cannabis users are
known to self-titrate to achieve the desired effects (28). Hoffman
et al. (20) found that the number of puffs did not differ between the
5.9% and 13.4% groups, but participants who received 5.9% THC
had higher concentrations of most cannabinoids in blood than those
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who received 13.4% THC. Dose delivery, such as depth of inhalation
and breath holds, may account for this difference (32). Subjects take
smaller inhalation volumes and shorter puffs with higher-potency
cannabis (9). Therefore, the concentration of THC in cannabis
is not the primary determinant of the resulting THC concentra-
tions in blood. Due to self-titration, previous studies using lower
potency cannabis ranging from 2.9 to 6.7% (33, 34) likely accu-
rately reflect the physiological and cognitive responses to currently
marketed cannabis.

Previous studies estimated time since cannabis use with math-
ematical models and blood/plasma cannabinoid concentrations
(35-37). These were good predictors after both single and multiple
doses of cannabis. However, controlled dosing was used and mod-
els failed in chronic frequent smokers during sustained abstinence
(37). Predicting time since dosing based on a single blood sample
is difficult without knowing the baseline concentrations. We sought
to identify a marker that could predict recent use without multiple
sample collections or mathematical modeling.

Smoking cannabis reduces driving performance (7), but no
data unequivocally demonstrate that state-specific cutoffs equate to
impairment (29, 38). As recent use markers, per se cutoffs were
limiting as several participants had detectable concentrations prior
to smoking, including an outlier with 16.2 ng/mL THC. At study
completion, this participant’s THC concentration returned to the
pre-smoking concentration (16.5ng/mL), suggesting chronic past
use, but cannabis ingestion shortly before study participation can-
not be ruled out. An additional limitation to blood biomarkers is the
~1.5h delay between a traffic stop and blood draw. In that time,
blood THC concentrations drop by as much as 90% (38). If blood
is the preferred matrix, CBN offered superior overall performance
with 100% specificity (cutoff >1ng/mL) for detection of use within
3 h. CBN concentration in blood drops faster than THC and is less
likely to be detected at times >3 h (past the time of maximal impair-
ment). A drawback is that CBN concentration varies with both the
cannabis preparation and age of cannabis, because CBN is a primary
degradation product of THC (39, 40).

Prior to smoking, frequent users had higher concentrations of
THC in blood than occasional users, likely due to residual drug
from past self-administration. This makes it difficult to find a uni-
form national approach to DUIC and THC blood concentrations
in a court of law (41). No statistical difference in pre-smoking OF
THC concentration existed between frequent and occasional users.
OF may eliminate the bias of frequent past use seen in blood.

OF can easily be collected roadside with currently marketed col-
lection devices (42-44). A concentration of 10 ng/mL THC in OF
offered the overall highest performance for a biomarker of use within
3 h post-smoking. The specificity was <100% because 0.02% THC
was present in the placebo and detectable in OF. In a real-world
application, the specificity would likely be higher. PPV and NPV
remained >90% at all prevalence values examined and would likely
perform well within 3 h after smoking. However, 23.2% of partic-
ipants still had concentrations of THC >10ng/mL at an average
of Sh after smoking. While the exact time window of impair-
ment is unknown and varies in the literature (45), THC will likely
remain detectable in OF after maximal impairment ends, limiting its
long-term specificity.

Several cannabinoids were not considered for biomarkers of
recent use. In blood, 11-OH-THC, THCCOOH and THCCOOH-
gluc are detected for days to several weeks after smoking cessa-
tion in chronic users (14) and were rarely detected in OF. CBD

is a poor biomarker because its concentration varies significantly
between cannabis preparations and is offered in formulations with-
out the presence of THC, the psychoactive component of cannabis
(46). CBG, THCV, THC-gluc and THCA-A were infrequently
detected and/or offered limited specificity in either blood or OF.
THC in breath quickly dissipated after smoking and would be an
excellent marker of use within 40 min, but has limited potential
thereafter.

This study has several limitations. Subjects were dosed in a sin-
gle 10-min period. Only inhalation as a route of administration
and a single source of 5.9% and 13.4% THC cannabis was eval-
uated. Route and chemovar vary according to user preference, and
peak THC concentrations occur significantly later after oral admin-
istration (8,47). Cannabis chemovar affects the concentration of
certain phytocannabinoids such as CBN and CBD, thereby limit-
ing their potential as biomarker proxies for THC. Participants were
asked to refrain from smoking for 2 days prior to the study and
were excluded if their OF THC concentrations exceeded 5 ng/mL;
this may not accurately reflect cannabis consumption of the average
user. Additionally, dry mouth is a common side effect of cannabis
use. About half the OF samples collected immediately post-smoking
had less volume than suggested by the manufacturer of the Quan-
tisal ™ device. A Kruskal-Wallis test demonstrated no statistically
significant difference in OF THC concentration between those with
sufficient and insufficient volumes, so all OF samples were in the
analyses. The prevalence used in our calculations did not distin-
guish between recent and past use. Not all participants completed
the targeted goal of nine blood collections. Several participants only
donated the first few blood draws but were still included in the anal-
ysis, resulting in more samples at earlier time points. Breath samples
were extracted from SensAbues® devices, and the possibility of OF
contamination cannot be entirely ruled out.

A biomarker of recent cannabis use would fulfill the critical
need to determine who recently smoked cannabis and could corrob-
orate or contradict police officer observations. Recent use should
not be confused with driving impairment that requires documented
physiological and behavioral changes that adversely affect driving
performance. THC concentrations in OF may offer a means to deter-
mine recent use in an easy-to-collect matrix. Although we show
promising data for CBN in OF as a biomarker of recent use, this does
not replace the need for behavioral assessment of impairment. Addi-
tional research with alternative routes of cannabinoid administration
and varying dosing conditions are needed.

Supplementary data

Supplementary data is available at Journal of Analytical Toxicology
online.

Acknowledgments

The authors would like to thank the Center for Medicinal Cannabis
Research at the University of California, San Diego, and Waters
Corporation for their support throughout this project. We thank
Barth Wilsey, MD (retired) for his integral role in development and
early success of the project. We are also grateful for the Assem-
bly Bill number 266 (AB266), which funded this research project.
Waters Corporation and Roche Diagnostics are acknowledged for
funding the clinical chemistry fellowships for R.T.S. and M.A.H.,
respectively.

G20z aunr | uo 1senb Aq 88¢ 1 1L £9/0Z8/8/Sy/al0nle/el/wod dnoolwspede//:sdiy wolj pepeojumod


https://academic.oup.com/jat/article-lookup/doi/10.1093/jat/bkab080#supplementary-data

Recent Cannabis Use Biomarkers

827

Funding

This work has been supported by funding from the State of
California via Assembly Bill 266 (Bonta/Cooley/Jones-Sawyer/Lack-
ey/Wood), Agreement #907.

Data Availability

The data underlying this article are available upon contacting the

Center for Medicinal Cannabis Research at cmcr@ucsd.edu.

References

1.

10.

11.

12.

13.

14.

15.

Asbridge, M., Hayden, J.A., Cartwright, J.L. (2012) Acute cannabis
consumption and motor vehicle collision risk: systematic review of
observational studies and meta-analysis. BM], 344, e536.

Drummer, O.H., Gerostamoulos, J., Batziris, H., Chu, M.,
Caplehorn, J., Robertson, M.D., et al. (2004) The involvement of drugs
in drivers of motor vehicles killed in Australian road traffic crashes.
Accident Analysis and Prevention, 36, 239-248.

Grotenhermen, F, Leson, G., Berghaus, G., Drummer, O.H.,
Kriiger, H.-P., Longo, M., et al. (2007) Developing limits for driving
under cannabis. Addiction, 102, 1910-1917.

Hartman, R.L., Brown, T.L., Milavetz, G., Spurgin, A., Pierce, R.S.,
Gorelick, D.A., et al. (2015) Cannabis effects on driving lateral control
with and without alcohol. Drug and Alcohol Dependence, 154, 25-37.
Huestis, M.A. (2015) Deterring driving under the influence of cannabis.
Addiction, 110, 1697-1698.

Ramaekers, J.G., Berghaus, G., van Laar, M., Drummer, O.H. (2004)
Dose related risk of motor vehicle crashes after cannabis use. Drug and
Alcohol Dependence, 73, 109-119.

Hartman, R.L., Huestis, M.A. (2013) Cannabis effects on driving skills.
Clinical Chemistry, 59, 478-492.

Stuyt, E. (2018) The problem with the current high potency THC
marijuana from the perspective of an addiction psychiatrist. Missouri
Medicine, 115, 482-486.

Heishman, S.J., Stitzer, M.L., Yingling, J.E. (1989) Effects of tetrahy-
drocannabinol content on marijuana smoking behavior, subjective
reports, and performance. Pharmacology, Biochemistry, and Behavior,
34, 173-179.

Hryhorowicz, S., Walczak, M., Zakerska-Banaszak, O., Stomski, R.,
Skrzypczak-Zieliniska, M. (2018) Pharmacogenetics of cannabinoids.
European Journal of Drug Metabolism and Pharmacokinetics, 43,
1-12.

Ramaekers, J.G., Moeller, M.R., van Ruitenbeek, P., Theunissen, E.L.,
Schneider, E., Kauert, G. (2006) Cognition and motor control as a
function of A9-THC concentration in serum and oral fluid: limits of
impairment. Drug and Alcohol Dependence, 85, 114-122.

Desrosiers, N.A., Ramaekers, J.G., Chauchard, E., Gorelick, D.A.,
Huestis, M.A. (2015) Smoked cannabis’ psychomotor and neurocog-
nitive effects in occasional and frequent smokers. Journal of Analytical
Toxicology, 39, 251-261.

Schwope, D.M., Bosker, W.M., Ramaekers, J.G., Gorelick, D.A.,
Huestis, M.A. (2012) Psychomotor performance, subjective and phys-
iological effects and whole blood A9-tetrahydrocannabinol concen-
trations in heavy, chronic cannabis smokers following acute smoked
cannabis. Journal of Analytical Toxicology, 36, 405-412.
Bergamaschi, =~ M.M.,  Karschner, E.L., Goodwin, R.S.,
Scheidweiler, K.B., Hirvonen, J., Queiroz, R.H., et al. (2013) Impact
of prolonged cannabinoid excretion in chronic daily cannabis smok-
ers’ blood on per se drugged driving laws. Clinical Chemistry, 59,
519-526.

Newmeyer, M.N., Swortwood, M.]., Barnes, A.]., Abulseoud, O.A.,
Scheidweiler, K.B., Huestis, M.A. (2016) Free and glucuronide whole
blood cannabinoids’ pharmacokinetics after controlled smoked, vapor-
ized, and oral cannabis administration in frequent and occasional

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.
28.

29.

30.

31.

32.

cannabis users: identification of recent cannabis intake. Clinical Chem-
istry, 62, 1579-1592.

Schwope, D.M., Karschner, E.L., Gorelick, D.A., Huestis, M.A.
(2011) Identification of recent cannabis use: whole-blood and plasma
free and glucuronidated cannabinoid pharmacokinetics following con-
trolled smoked cannabis administration. Clinical Chemistry, 57,
1406-1414.

Home | GHSA. Drug Impaired Driving. https://www.ghsa.org/ (accessed
Jul 25, 2020).

Arkell, T.R., Lintzeris, N., Kevin, R.C., Ramaekers, J.G., Vandrey, R.,
Irwin, C., et al. (2019) Cannabidiol (CBD) content in vapor-
ized cannabis does not prevent tetrahydrocannabinol (THC)-induced
impairment of driving and cognition. Psychopharmacology (Berl), 236,
2713-2724.

Fischer, B., Jeffries, V., Hall, W., Room, R., Goldner, E., Rehm, J. (2011)
Lower Risk Cannabis Use Guidelines for Canada (LRCUG): a narrative
review of evidence and recommendations. Canadian Journal of Public
Health, 102, 324-327.

Hoffman, M.A., Hubbard, J.A., Sobolesky, P.M., Smith, B.E., Suhan-
dynata, R.T., et al. (2021) Blood and Oral Fluid Cannabinoid Profiles
of Frequent and Occasional Cannabis Smokers. Journal of Analytical
Toxicology, epub ahead of print.

Scheidweiler, K.B., Andersson, M., Swortwood, M.]., Sempio, C.,
Huestis, M.A. (2017) Long-term stability of cannabinoids in oral fluid
after controlled cannabis administration. Drug Testing and Analysis, 9,
143-147.

Desrosiers, N.A., Lee, D., Scheidweiler, K.B., Concheiro-Guisan, M.,
Gorelick, D.A., Huestis, M.A. (2014) In vitro stability of free
and glucuronidated cannabinoids in urine following controlled
smoked cannabis. Analytical and Bioanalytical Chemistry, 406,
785-792.

Himes, S.K., Scheidweiler, K.B., Beck, O., Gorelick, D.A.,
Desrosiers, N.A., Huestis, M.A. (2013) Cannabinoids in exhaled breath
following controlled administration of smoked cannabis. Clinical
Chemistry, 59, 1780-1789.

Sobolesky, P.M., Smith, B.E., Hubbard, J.A., Stone, J., Marcotte, T.D.,
Grelotti, D.J., et al. (2019) Validation of a liquid chromatography-
tandem mass spectrometry method for analyzing cannabinoids in oral
fluid. Clinica Chimica Acta, 491, 30-38.

Hubbard, J.A., Smith, B.E., Sobolesky, P.M., Kim, S., Hoffman, M.A.,
Stone, J., et al. (2020) Validation of a liquid chromatography tan-
dem mass spectrometry (LC-MS/MS) method to detect cannabinoids in
whole blood and breath. Clinical Chemistry And Laboratory Medicine,
58, 673-681.

Wickham, H. Ggplot2: Elegant Graphics for Data Analysis; Springer:
New York, 2016.

Youden, W.J. (1950) Index for rating diagnostic tests. Cancer, 3, 32-35.
Hartman, R.L., Brown, T.L., Milavetz, G., Spurgin, A., Gorelick, D.A.,
Gaffney, G., et al. (2015) Controlled cannabis vaporizer administra-
tion: blood and plasma cannabinoids with and without alcohol. Clinical
Chemistry, 61, 850-869.

Johnson, M.B., Kelley-Baker, T., Voas, R.B., Lacey, J.H. (2012) The
prevalence of cannabis-involved driving in California. Drug and Alcobol
Dependence, 123, 105-109.

SAMHSA. (2019) Department of Health And Human Services Sub-
stance Abuse and Mental Health Services Administration Mandatory
Guidelines for Federal Workplace Drug Testing Programs. Federal Reg-
ister 80, 28054-28101.

Potter, D.J., Hammond, K., Tuffnell, S., Walker, C., Di Forti, M.
(2018) Potency of A9-tetrahydrocannabinol and other cannabinoids
in cannabis in England in 2016: implications for public health and
pharmacology. Drug Testing and Analysis, 10, 628-635.

Azorlosa, J.L., Greenwald, M.K., Stitzer, M.L. (1995) Marijuana
smoking: effects of varying puff volume and breathhold duration.
The Journal of Pharmacology and Experimental Therapeutics, 272,
560-569.

G20z aunr | uo 1senb Aq 88¢ 1 1L £9/0Z8/8/Sy/al0nle/el/wod dnoolwspede//:sdiy wolj pepeojumod


https://cmcr@ucsd.edu.
https://www.ghsa.org/

828 Hubbard et al.

33. Hartman, R.L., Brown, T.L., Milavetz, G., Spurgin, A., Pierce, R.S., 39. Zamengo, L., Bettin, C., Badocco, D., Frison, G. (2020) Cannabis

Gorelick, D.A., et al. (2016) Cannabis effects on driving longitudinal potency in North-East Italy: a ten-year study (2010-2019). Forensic
control with and without alcohol. Journal of Applied Toxicology: JAT, Science International, 317, 110556.

36, 1418-1429. 40. Chandra, S., Radwan, M.M., Majumdar, C.G., Church, J.C,

34. Marsot, A., Audebert, C., Attolini, L., Lacarelle, B., Micallef, J., Freeman, T.P.,, ElSohly, M.A. (2019) New trends in cannabis potency
Blin, O. (2016) Comparison of cannabinoid concentrations in plasma, in USA and Europe during the last decade (2008-2017). European
oral fluid and urine in occasional cannabis smokers after smoking Archives of Psychiatry and Clinical Neuroscience, 269, 5-15.
cannabis cigarette. Journal of Pharmacy and Pharmaceutical Sciences, 41. Celeste, M.A. (2017) A judicial perspective on expert testimony
19, 411-422. in marijuana driving cases. Journal of Medical Toxicology, 13,

35. Huestis, M.A., Barnes, A., Smith, M.L. (2005) Estimating the time of 117-123.
last cannabis use from plasma delta9-tetrahydrocannabinol and 11-nor- 42. Lee, D., Schwope, D.M., Milman, G., Barnes, A.]., Gorelick, D.A.,
9-carboxy-delta9-tetrahydrocannabinol concentrations. Clinical Chem- Huestis, M.A. (2012) Cannabinoid disposition in oral fluid after con-
istry, 51,2289-2295. trolled smoked cannabis. Clinical Chemistry, 58, 748-756.

36. Huestis, M.A., Henningfield, J.E., Cone, E.J. (1992) Blood cannabi- 43. Swortwood, M.]., Newmeyer, M.N., Andersson, M., Abulseoud, O.A.,
noids. II. Models for the prediction of time of marijuana exposure from Scheidweiler, K.B., Huestis, M.A. (2017) Cannabinoid disposition
plasma concentrations of delta 9-tetrahydrocannabinol (THC) and 11- in oral fluid after controlled smoked, vaporized, and oral cannabis
nor-9-carboxy-delta 9-tetrahydrocannabinol (THCCOOH). Journal of administration: oral fluid cannabinoids after three routes of cannabis
Analytical Toxicology, 16, 283-290. administration. Drug Test and Analysis, 9, 905-915.

37. Karschner, E.L., Schwope, D.M., Schwilke, E.W., Goodwin, R.S., 44. Lee, D., Vandrey, R., Mendu, D.R., Murray, J.A., Barnes, A.].,
Kelly, D.L., Gorelick, D.A., et al. (2012) Predictive model accuracy in Huestis, M.A. (2015) Oral fluid cannabinoids in chronic frequent
estimating last A9-tetrahydrocannabinol (THC) intake from plasma cannabis smokers during ad libitum cannabis smoking. Drug Testing
and whole blood cannabinoid concentrations in chronic, daily cannabis and Analysis, 7,494-501.
smokers administered subchronic oral THC. Drug and Alcohol Depen- 45. Broyd, S.J., van Hell, HH., Beale, C., Yiicel, M., Solowij, N.
dence, 125, 313-319. (2016) Acute and chronic effects of cannabinoids on human cognition-a

38. Hartman, R.L., Brown, T.L., Milavetz, G., Spurgin, A., Gorelick, D.A., systematic review. Biological Psychiatry, 79, 557-567.

Gaffney, G.R., et al. (2016) Effect of blood collection time on 46. Millar, S.A., Maguire, R.E, Yates, A.S., O’Sullivan, S.E. (2020) Towards
measured A9-tetrahydrocannabinol concentrations: implications for better delivery of cannabidiol (CBD). Pharmaceuticals, 13, 1-15.
driving interpretation and drug policy. Clinical Chemistry, 62, 47. Huestis, M.A. (2007) Human cannabinoid pharmacokinetics. Chem-

367-377.

istry and Biodiversity, 4, 1770-1804.

G20z aunr | uo 1senb Aq 88¢ 1 1L £9/0Z8/8/Sy/al0nle/el/wod dnoolwspede//:sdiy wolj pepeojumod



	Biomarkers of Recent Cannabis Use in Blood, Oral Fluid and Breath
	 Introduction
	 Methods
	 Recruitment and requirements of study participants
	 Statistical analysis

	 Results
	 Detection of cannabinoids in blood, OF and breath
	 Biomarker potential for determining recent use
	 Performance of THC cutoffs in blood and OF
	 Alternative biomarker correlations within and between matrices
	 Performance of CBN cutoffs in blood and OF
	 PPV and NPV of CBN and THC as biomarkers of recent use
	 Performance of biomarkers beyond 3h post-smoking

	 Discussion
	 Supplementary data
	Acknowledgments
	 Funding
	 Data Availability
	References


