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Dissertation Directed by: Professor Dr. Dr. (h.c.) Marilyn A. Huestis, Chief, Chemistry 

and Drug Metabolism, Intramural Research Program, National Institute on Drug Abuse, 

National Institutes of Health 

 

 A positive drug test may result in suspension of one’s driving license, loss of 

employment, or removal of children from the home, making it imperative that multiple 

factors be considered when interpreting results. Controlled research is critical for 

providing the data to improve result interpretation. Two drug administration studies were 

conducted to address drug test interpretation of opiates, amphetamines and cannabis 

results.  

In the first, participants consumed two raw, uncooked poppy seed doses (15.7 mg 

morphine, 3.1 mg codeine per dose), and administered seven doses of intranasal l-

methamphetamine (Vicks® VapoInhaler™) per manufacturer’s recommendations. 

Positive OF morphine tests >2.5 h or positive OF codeine tests with a 15 µg/L 

confirmation cutoff suggest an alternate route of opiate exposure other than from poppy 

seeds. Prevalence of positive OF l-methamphetamine tests was ≤7.5% and last detection 

times were >32 h after the first dose with a 25 µg/L screening cutoff. Screening OF with 

a selective d-methamphetamine assay prevented positive test results.  



In the second, frequent and occasional cannabis smokers were administered 

placebo, smoked, vaporized, and oral (6.9% Δ9-tetrahydrocannabinol [THC], ~50.6 mg) 

cannabis. Cannabinol (CBN) and cannabigerol (CBG) were the best blood markers for 

identifying recent cannabis intake, but not after oral dosing. OF Δ9-

tetrahydrocannabivarin (THCV) identified use within 10 h after all administrations, 

useful for driving under the influence of drugs (DUID), while OF CBG may identify use 

within 26 h, useful for daily drug treatment compliance programs monitoring relapse. 

Blood 11-nor-9-carboxy-THCV (THCVCOOH) or OF THCV or CBG also discriminated 

medicinal synthetic THC from intake of cannabis plant products. OF THC on-site 

screening devices demonstrated best performance with a 5 µg/L cutoff, but there were 

more true positive results with a 2 µg/L cutoff; an OF THC ≥2 µg/L confirmation cutoff 

is suitable for drug treatment programs to detect intake within 26-32 h. Oral cannabis 

intake significantly increased performance impairment in occasional smokers only. 

Partial tolerance to cannabis’ subjective effects were observed in frequent smokers after 

all doses. Additionally, vaporization exposed users to significantly less carbon monoxide 

than smoking. These data improve result interpretation and guide development of 

evidence-based drug policies and legislation.  
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Figure 18. Mean +SD blood concentrations of minor cannabinoids from 11 frequent and 

9 occasional cannabis smokers following administration of cannabis containing 6.9% 

THC via smoked and vaporized routes. Shaded area designates 10 min smoking time. 

Dotted line is limit of quantification (LOQ). Data presented on a log scale. These 

analytes’ concentrations did not exceed the LOQ after oral THC administration. ......... 168 

Figure 19. Detection rates for 11 frequent and 9 occasional cannabis smokers utilizing 

five different cutoffs following administration of cannabis containing 6.9% THC via 

smoked, vaporized, and oral routes................................................................................. 171 

Figure 20. Mean + standard deviation (SD) concentrations on a log-scale for ∆9-

tetrahydrocannabinol (THC), 11-hydroxy-THC (11-OH-THC), and 11-nor-9-carboxy-

THC (THCCOOH) in n = 11 frequent (left) and n = 9 occasional (right) smokers up to 72 

and 54 h, respectively, after smoked, vaporized, and oral cannabis (6.9% Δ9-

tetrahydrocannabinol, THC; ~50.6 mg THC) administration (0 h). Horizontal lines 

present at the limits of quantification (LOQ; 0.2 µg/L for all, except 15 ng/L for 

THCCOOH) and OF THC cutoffs for DRUID (1 µg/L) and SAMHSA (2 µg/L). ........ 192 

Figure 21. Mean + standard deviation (SD) concentrations (up to 20 h) for ∆9-

tetrahydrocannabivarin (THCV), cannabidiol (CBD), and cannabigerol (CBG) in n = 11 

frequent (left) and n = 9 occasional (right) smokers after smoked, vaporized, and oral 

cannabis (6.9% Δ9-tetrahydrocannabinol, THC; ~50.6 mg THC) administration (0 h). 

Horizontal lines present at the limits of quantification (0.2 µg/L for all). ...................... 193 

Figure 22. ∆9-tetrahydrocannabinol (THC) detection rates (%) at three cutoffs: limit of 

quantification (0.2 µg/L, LOQ), DRUID (1 µg/L), and SAMHSA (2 µg/L) for n = 11 

frequent (left) and n = 9 occasional (right) smokers up to 72 and 54 h, respectively, after 
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Figure 24. ∆9-tetrahydrocannabivarin (THCV), cannabidiol (CBD), and cannabigerol 

(CBG) detection rates (%) up to 26 h at the proposed cutoffs (0.3, 0.5, and 0.3 µg/L, 

respectively) for n = 11 frequent (left) and n = 9 occasional (right) smokers after smoked, 

vaporized, and oral cannabis (6.9% Δ9-tetrahydrocannabinol, THC; ~50.6 mg THC) 

administration (0 h). ........................................................................................................ 199 

Figure 25. Overall oral fluid (OF) detection rates after controlled smoked, vaporized, and 

oral cannabis (50.6 mg ∆9-tetrahydrocannabinol [THC]) in 11 frequent and 9 occasional 

smokers in samples collected with Dräger DrugTest 5000 (DT5000) or Alere DDS2 
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Chapter 1 – Introduction 

Poppy Seeds 

The seeds from the poppy plant Papaver somniferum L. are consumed as food 

worldwide and contain several opiates, including morphine and codeine. The opiate 

content is highly variable (1-8) and depends on multiple factors, including country of 

origin, seed variety, harvesting techniques, and seed processing (8-10); washing or 

soaking the seeds can reduce the morphine content by 40-73%, grinding by 25-34%, and 

baking by 30-90% (8). Research over three decades demonstrated that poppy seed 

consumption can produce positive opiate drug tests in urine (2-7, 9, 11-19), blood (2, 6, 

7), and oral fluid (OF) (18) complicating opiate result interpretation and forming the basis 

of the “poppy seed defense”.  

The most commonly detected analyte in urine following poppy seed consumption 

is morphine, which is also detected after codeine (20) and heroin (3,6-diacetylmorphine) 

(21) intake. Published maximum total urine morphine concentrations (Cmax) after 

hydrolysis range from 860-17,900 µg/L (2-7, 9, 11-18). In these studies, participants ate 

various amounts of poppy seed-containing food or seeds themselves; in one participant 

860 µg/L total morphine was observed 12 h after ingesting two 100 g pieces of poppy 

seed cake (15) while 17,900 µg/L total morphine was observed in one participant after 

consuming 100-150 g freshly ground seeds with cake (11). Free urine morphine was 

measured in fewer studies, with observed Cmax 75-4776 µg/L (7, 9, 12, 17). Data on urine 

codeine concentrations are limited; total urine codeine Cmax range from 36-5700 µg/L (2, 

4-7, 9, 13, 15-17), and free urine codeine Cmax were  48 µg/L (9) and 160 µg/L (7). 

Typically, urine codeine concentrations following poppy seed administration are smaller 
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than morphine concentrations; however, instances are reported to the contrary (3, 19). 

Due to inter- and intra-subject variability, it is not possible to distinguish licit poppy seed 

consumption from prescription codeine administration or illicit heroin use based on urine 

morphine or codeine concentrations. To reduce the number of opiate-positive urine tests 

due to poppy seed administration, the US federally-mandated urine drug testing program 

raised the morphine and codeine cutoff from 300 to 2000 µg/L (22). The US Substance 

Abuse Mental Health Services Administration (SAMHSA) found that few positive opiate 

urine tests were acted upon by employers either due to legitimate prescriptions or reports 

of poppy seed intake. 

Data describing blood morphine and codeine concentrations following poppy seed 

consumption are limited. After consuming 25 g poppy seeds, total serum morphine for 4 

participants ranged from 80-131 µg/L and the mean (range) total codeine concentration at 

3 h post-dose was 7 (4-11) µg/L; in the same study 2 participants consumed 40 g poppy 

seeds and total serum morphine concentrations were 43 and 51 µg/L, while free serum 

morphine was 2.5 and 3.0 µg/L (2). In a separate study, 5 participants ate as much poppy 

seed-containing food as they wanted (total amount of food was not recorded) and serum 

was collected only from 3-4 h post-consumption; without hydrolysis no sample was 

morphine positive at the limit of quantification (LOQ) of 6.5 µg/L, while after hydrolysis 

2 samples were morphine positive at 12 and 24 µg/L (no sample was codeine positive 

before or after hydrolysis) (6). Finally, in a third study, 12 participants ate a “morphine 

cake” prepared with poppy seeds containing 87.5 µg/g morphine and 7.7 µg/g codeine 

(pre-baking concentrations); morphine was only detected in 25% of non-hydrolyzed 
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serum samples at concentrations between the method limit of detection (LOD, 1 µg/L) 

and LOQ (3 µg/L), while codeine was not detected in any sample (7). 

Less data about morphine and codeine detection in OF after poppy seed 

consumption are available. OF is an increasingly popular alternative sample-collection 

matrix with advantages and disadvantages compared to blood and urine. Its collection is 

less invasive, does not require same-sex collectors, and the potential for sample 

adulteration is minimized due to direct observation; however, there are potential 

difficulties in collecting adequate specimen volume, sampling time requirements may be 

unfavorable, particularly for driving under the influence of drugs (DUID) investigations, 

and addition of preservative buffers dilute specimens and can pose analytical challenges 

(23). SAMHSA established a 30 µg/L OF initial test cutoff and a 15 µg/L confirmation 

cutoff for morphine and codeine in workplace drug testing (24). The European Union 

Driving Under the Influence of Drugs, Alcohol and Medicines (DRUID) project proposed 

analytical OF morphine and codeine cutoffs of 20 µg/L, and 95 µg/L morphine and 94 

µg/L codeine as equivalent concentrations to 10 µg/L in whole blood for drug prevalence 

studies (25).  

In a study of opiates in OF after poppy seed ingestion, 4 participants at site 1 ate 3 

poppy seed bagels within an hour, with OF collected up to 24 h post-dose with a 

commercially-available device; 3 participants at site 2 ate 1 poppy seed bagel (containing 

820 mg seeds) followed by as many seeds as possible from a commercially-available jar 

of seeds within 1 h, with OF collected from 0.25-8 h post dose (18). Morphine and 

codeine were not detected in any OF sample collected from site 1 (3 ng/device LOD). At 

site 2, the maximum morphine concentration observed was 205 µg/L at 0.25 h post dose, 
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with morphine concentrations above 50 µg/L up to 0.5 h in all participants. At 1 h post 

dose morphine concentrations were close to the previous SAMHSA-proposed cutoff (40 

µg/L) but exceeded the currently accepted confirmatory cutoff (15 µg/L) in two 

participants (39 and 33 µg/L). No codeine was observed in OF from site 2. 

Considerable research attempted to identify poppy seed-specific markers to 

distinguish sources of opiate intake. Thebaine, another natural constituent of the poppy 

plant, was detected at 59.5 µg/L in one participant’s urine 2 h after consuming 1-3 poppy 

seed muffins, Cmax was 81.3 µg/L at 4 h, with detection up to 12 h (17). In another study, 

median (range) free urine thebaine Cmax was 125.9 (63.9-187) µg/L 2-8 h in three 

participants who ate 1-3 slices of poppy seed cake (9). In a third study, participants 

consumed cake prepared with seeds containing 1.57 µg/g noscapine and 0.057 µg/g 

papaverine (pre-baking concentrations), two additional poppy-plant alkaloids; however, 

these two analytes were never detected in urine or serum post dosing (7). Finally, one 

investigation suggested urinary ATM4G, a glucuronide metabolite of a thebaine by-

product produced during heroin synthesis, can distinguish heroin intake from other opiate 

administrations; it was identified in urine from 16 of 22 tested heroin addicts but in no 

urine specimen collected from participants who consumed 6 g poppy seeds (26). 

The most important limitation of previous poppy seed administration studies is 

that the morphine and codeine content of the seeds and, therefore, the total administered 

dose were unknown. This was because a) the administered dose was not recorded, b) the 

alkaloid content was not evaluated, or c) the alkaloid content was evaluated before seed 

processing (i.e. baking) but not afterward, such that the pre-baking concentrations were 

utilized to calculate the administered dose. In a review of poppy seed administration 
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studies, only 4 studies were identified that reliably reported the administered morphine 

dose (8). As OF continues to be evaluated as an alternative collection matrix for DUID, 

treatment, workplace, pain management and clinical drug testing programs, further 

controlled research studies regarding the effect of poppy seed consumption on morphine 

and codeine concentrations after known opiate doses are needed to provide scientific 

evidence needed to help guide drug policies and legislation. 

 

Intranasal l-methamphetamine 

Methamphetamine is an important component of federally mandated workplace 

drug testing and DUID programs because of its high abuse potential. Methamphetamine 

was the second-most common drug, behind cannabis, reported in drug cases (17.61%) 

submitted to US state and local laboratories for analysis from 1 January to 31 December 

2015 (27). Additionally, global methamphetamine seizures from increased by 21% from 

2013 to 2014 while an estimated 35.7 million people worldwide used amphetamines 

(amphetamine and methamphetamine) and prescription stimulants in 2014 (28). 

Methamphetamine contains a single chiral carbon and is found as the dextrorotatory (d, 

+, S) or levorotatory (l, -, R) enantiomers. The d-enantiomer is a strong central nervous 

system stimulant and a Schedule II substance available by prescription to treat attention 

deficit hyperactivity disorder and, more rarely, narcolepsy. l-Methamphetamine is much 

less potent than the d-enantiomer (29) and is the active ingredient in the US formulation 

of the over-the-counter (OTC) nasal decongestant Vicks® VapoInhaler™, labelled under 

the pseudonym levmetamfetamine. 
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 The potential for positive urine drug testing results following VapoInhaler use is 

well documented.  The first reported case in the literature involved an individual in a 

surveillance program whose urine was repeatedly methamphetamine positive despite the 

individual’s denial of illicit intake; after admitting heavy use of the VapoInhaler, the 

investigators performed a chiral analysis and found only the l-isomer (30). Another case 

report described positive postmortem l-methamphetamine tests from a 77-year-old male 

who frequently administered the inhaler (31).  

Extensive investigations were performed to evaluate the cross-reactivity of 

urinary immunoassays to l-methamphetamine following manufacturer-recommended (2 

inhalations/nostril every 2 h) administration, and higher or more frequent doses of the 

inhaler. After three subjects administered the inhaler approximately every 20 min for 6 h 

(resulting in doses 12-20x the manufacturer-recommended dose) urine l-

methamphetamine Cmax were 1520, 1950, 6000 µg/L occurring 24, 3, and 24 h, 

respectively, after initiating the first dose; l-amphetamine Cmax were 250-455 µg/L. Urine 

specimens screened with enzyme multiplied immunoassay technique (EMIT) and TDx 

immunoassays yielded positive results, while those screened with radioimmunoassay 

(RIA) did not due to low cross-reactivity (32). After manufacturer-recommended dosing 

for 5 days, urine l-methamphetamine concentrations were ≤250 µg/L, while hourly 

dosing for 3 days produced l-methamphetamine Cmax of 740, 1290, and 1390 µg/L; all 

specimens from both groups screened negative by immunoassay with a 1000 µg/L d-

methamphetamine cut-off (33). In another group of participants dosed according to 

manufacturer recommendations, urine l-methamphetamine Cmax was 872 µg/L, producing 

negative screening results with TDxADx/FLx assay (TDx, 300 µg/L d-amphetamine cut-
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off) and EMIT-d.a.u. monoclonal assay (EMIT-M, 1000 µg/L d-methamphetamine 

cutoff), but a positive result for the EMIT-d.a.u. assay (EMIT-P, an immunoassay 

incorporating polyclonal antibodies, 300 µg/L d-amphetamine cutoff) (34, 35). In the 

group inhaling hourly for 3 days, urine l-methamphetamine Cmax were 1530 and 1560 

µg/L producing positive screening results via TDx and EMIT-P assays, but not with 

EMIT-M (34, 35). 

 Great care, therefore, must be taken when interpreting positive urine 

methamphetamine drug testing results. One approach is to interpret chiral results based 

on relative percentages of each methamphetamine or amphetamine enantiomer in a 

sample compared to those in single-enantiomer controls, accounting for 

methamphetamine’s enantiospecific metabolism (36-38). Utilization of these criteria is 

dependent on amphetamine quantification (only detected following VapoInhaler 

administration at 12-20x the recommended dose) and historical data on isomer 

concentrations in controls. The current Department of Health and Human Services 

(DHHS) mandatory guideline for medical review officers in federal agency workplace 

drug testing programs for interpreting methamphetamine isomer data is if the sample 

contains >80% l-methamphetamine the results are consistent with OTC inhaler use, 

whereas samples containing >20% d-methamphetamine indicate a source other than an 

OTC product and is verified as methamphetamine positive (39). This guidance was 

recently evaluated via proficiency testing in 24 DHHS-certified laboratories and deemed 

appropriate (36). Interpretation of methamphetamine-isomer data is further complicated 

by repeated use, and single or repeated co-administration of licit l-methamphetamine and 

illicit racemic and/or d-methamphetamine (40). Finally, some legitimate medications are 
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metabolized to one or both methamphetamine and/or amphetamine enantiomers, 

requiring additional supplemental information for complete results interpretation (41, 42).  

 No data exist on the prevalence of positive OF methamphetamine tests following 

VapoInhaler administration. This is a critical knowledge gap as OF is implemented in 

various drug testing settings. Controlled administration studies are needed to characterize 

the pharmacokinetics of OF l-methamphetamine following VapoInhaler administration 

and determine the prevalence of positive drug test results at recommended cutoffs to best 

develop evidence-based OF drug testing policies. 

 Despite the benefits of chiral analysis to aid in interpretation of positive 

methamphetamine drug testing results, it is not routinely performed due to increased 

analysis time and cost. When requested, urine methamphetamine chiral analyses are most 

commonly performed via gas chromatography-mass spectrometry (GC-MS) 

implementing a chiral derivatization reagent (CDR), typically N-trifluoroacetyl-l-prolyl 

chloride (l-TPC), producing diastereomers that can be separated on routine stationary 

phases. One consideration of performing chiral analyses with CDR is obtaining reagents 

of high optical purity. Prior to analyzing case specimens, evaluations of the reagent’s 

optical purity should be conducted and historical data maintained to monitor inter-lot 

variability. For example, biases in the percent d-methamphetamine in proficiency 

samples containing 0-100% d-methamphetamine reported from one DHHS-certified 

laboratory ranged from 6-10% when utilizing an old l-TPC lot, but improved to 2-3% 

with a new lot (36). Evaluating the optical purity of CDR may also assist in results 

interpretation (40). For example, when determining the percent d-methamphetamine in 

lots of VapoInhalers, laboratories utilizing l-TPC reported 2-2.5% d-methamphetamine 
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while one laboratory utilizing R-(-)-methoxytrifluoromethylphenylacetic acid (MTPA) 

reported 0% (the manufacturer reports a d-methamphetamine content <1%). The 

discrepancy was due to the superior optical purity available for MTPA, while small and 

variable amounts of d-TPC are present in the l-TPC reagent (36). Implementation of the 

chiral reagent S-(-)-N-heptafluorobutyrylprolyl chloride (S-HFBPCl) is also reported (43-

47), which leads to increased sensitivity when analyses are performed in negative ion 

chemical ionization (NICI) mode; however, it is not commercially available and must be 

synthesized in-house (48). 

 As liquid chromatography-mass spectrometry (LC-MS) becomes increasingly 

popular in forensic laboratories new chiral methods are needed. Enantioselective methods 

via LC-MS (or tandem MS, MS/MS) following derivatization with CDR are reported 

(49-51) but are not common. The technique of choice is implementation of chiral 

stationary phases (CSP) (47, 52-55). The phase in CSPs is composed of a chiral 

compound, most commonly polysaccharides or cyclodextrins (CDs), with which the 

isomers in the sample interact differentially to facilitate separations. Analysis times are 

therefore reduced through the removal of a derivatization step. However, extensive 

method development times and cost can be associated with CSP implementation since 

they are much more expensive than routine LC columns and multiple columns with 

different phases may need to be evaluated for a single analysis. Selection of a technique 

is dependent on the laboratory’s capabilities, analytes of interest, and cost. 
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Cannabis 

Overview 

Cannabis continues to be the most widely abused illicit drug worldwide with an 

estimated 182.5 million global users in 2014 (28). In the US, cannabis/Δ9-

tetrahydrocannabinol (THC) was the most frequently reported drug by state and local 

laboratories (25.5%) in seized materials submitted from 1 January to 31 December 2015 

(27). Additionally, THC showed the greatest increase (48%) in prevalence in US 

weekend nighttime drivers’ OF and/or blood tests from 2007 (8.6%) to 2013-2014 

(12.6%) (56). As of November 2016, 28 US states and the District of Columbia approved 

legalization of medicinal cannabis and 8 states and the District of Columbia approved 

legalization of recreational cannabis. THC is the main psychoactive constituent of 

cannabis, first identified and synthesized in 1964 (57).  The mean percent THC in 

confiscated marijuana from 1995-2014 increased from ~4 to ~12% (58). 

 Acute euphoric sensations of “high” with decreased feelings of anxiety, alertness, 

depression and tension following cannabis administration are reported, although 

dysphoric feelings – including anxiety, panic, paranoia, and psychosis – are also possible 

(59). Indeed, administration of high-potency cannabis carries great risk of future 

development of psychosis, determined also by age of initial use and use frequency (60). 

Cannabis intake may also impair driving performance. One review of culpability and 

case-control studies concluded THC impaired actual driving performance in a dose 

related way and the degrees of observed impairment – in either laboratory or actual 

driving tests – after doses up to 300 µg THC/kg body weight were comparable to those 

after an alcohol dose producing a blood alcohol concentration (BAC) ≥0.05 g/dL (61). 
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One meta-analysis determined a significant summary odds ratio (OR) relating cannabis to 

crash risk of 2.66 (95% confidence interval [CI] 2.07-3.41) (62). Another meta-analysis 

determined driving under the influence of cannabis significantly increased the risk of 

motor vehicle collisions compared with unimpaired driving (OR 1.92 [1.35-2.73]), and 

that collision risk estimates were higher in case-control studies (OR 2.79 [1.23-6.33]) and 

fatal collision studies (OR 2.10 [1.31-3.36]) compared to culpability or non-fatal collision 

studies (63). Another recent meta-analysis which calculated adjusted OR for a road traffic 

crash with different methodology than previous studies determined a lower but 

statistically significant OR 1.35 (1.12-1.61) based on a random-effects meta-analysis, 

implying an upper bound OR of ~2 associated with high-THC driving (64). Additionally, 

data demonstrate that the adjusted risk of driver culpability increases with increasing 

blood THC concentrations while studies that analyzed urine did not show an association 

between cannabis and crash risk (65), a major consideration for all epidemiological 

studies investigating the association between cannabis and crash risk. 

 THC is strongly lipophilic and distributes to highly perfused tissues such as lungs, 

heart, brain, and liver (66, 67). Following chronic cannabis administration, THC 

accumulates in adipose tissue (68, 69) and is slowly released back into the bloodstream 

such that it can be detected in blood and plasma at least 30 days after the initiation of 

abstinence (70, 71). Phase I hydroxylation of THC at C9 by hepatic cytochrome P450 

enzymes forms the pharmacologically active metabolite 11-hydroxy-THC (11-OH-THC) 

(72, 73).  Subsequent 11-OH-THC oxidation yields the non-psychoactive 11-nor-9-

carboxy-THC (THCCOOH) metabolite. THC, 11-OH-THC and THCCOOH phase II 

conjugation with glucuronic acid increases water solubility to facilitate urinary excretion. 
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Smoked Cannabis 

Smoking is the most common cannabis administration route. Evidence of 

impairment on computerized neurocognitive exams and actual driving tasks following 

cannabis smoking are available. In a City Driving Test, alcohol (target BAC of ~0.05 

g/dL) and cannabis (100 µg/kg THC) administered alone did not significantly impair 

driving performance compared to placebo, but the combination produced significant 

decreases in the percent of intersections at which traffic was searched for (74). Minimal 

impairment effects on complex cognitive performance were observed in a group of near-

daily cannabis smokers following administration of 1.8 and 3.9% THC cigarettes, 

including increased number of premature responses and time required to complete tasks 

(75). After smoking 250 or 500 µg/kg THC, performance on a critical tracking task 

(CTT), the Tower of London (ToL) task, and Stop Signal task (SST) were significantly 

affected by THC, with weak to moderate significant linear relationships between 

performance and log serum THC concentrations (76). When data were grouped by serum 

THC concentration, binomial analysis showed a significantly greater proportion of 

observations showing impairment on the CTT for serum THC concentrations >2 µg/L 

and on the ToL and SST for serum THC concentrations >5 µg/L. In a separate cohort of 

near-daily cannabis smokers administered 6.8% THC cigarettes, no significant 

differences were observed on CTT or divided attention task (DAT) performance up to 6 h 

after smoking (77).  

Evidence exists for the development of partial tolerance to some of cannabis’ 

effects in frequent smokers. In one comparison of occasional (≤weekly use) and frequent 
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(>4 days/week) smokers administered either placebo or 500 µg/kg THC, significant 

THC-related impairments on the CTT and DAT were observed in only occasional 

smokers (78). Binomial analysis revealed a significant increase in the proportion of 

observations showing impairment on the CTT and number of hits on the DAT across all 

serum THC concentrations in occasional smokers only, tracking error on the DAT in 

occasional smokers with ≥10 µg/L serum THC, and on the stop reaction time on the SST 

in occasional and frequent smokers with ≥10 µg/L serum THC. Observed tolerance to 

some impairment effects were observed in other populations of frequent smokers 

compared to occasional smokers (79, 80). 

Other characteristic effects of smoked cannabis include increased subjective 

ratings on visual-analog scales (VAS) of “high”, “good drug effect”, “mellow”, 

“drowsiness”, “stoned”, “stimulated”, and “sedated” and increased heart rate (75, 77, 81). 

One study found dose-dependent increases in VAS ratings of “sedated”, “hungry”, 

“drowsy”, and “tired” after oral (cannabis baked in a brownie) placebo, 8.4 (low), and 

16.9 mg (high) THC, but did not find dose-dependent increases in the same measures 

after similar smoked doses (82). The lack of differences in VAS ratings between varying 

inhaled cannabis doses can be attributed to self-titration, which is achievable during 

inhalation but not during oral consumption; data indicate factors such as number, 

duration, and spacing of puffs, and inhalation volume (83, 84) but not breath hold time 

(85) affected subjective outcome measures. Tolerance to these effects also was 

demonstrated, with occasional smokers’ subjective ratings significantly greater than those 

from frequent smokers (78-80). Partial tolerance to some of the neurocognitive, 
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subjective, and physiological effects of cannabis may occur after frequent use, although 

pharmacokinetic tolerance does not occur (86, 87).  

Plasma THC Cmax occurred before the end of smoking and were 50-129 and 76-

267 µg/L in six participants following smoking of 1.75% and 3.55% THC cigarettes, 

respectively (88). Participants’ 11-OH-THC Cmax were lower (≤16.0 µg/L following 

smoking the 3.55% THC cigarette) and peaked at approximately the same time as THC. 

Participants’ THCCOOH Cmax were generally greater than 11-OH-THC Cmax and less 

than THC Cmax, but occurred later than either THC or 11-OH-THC (range 0.54-4.0 h 

from the initiation of smoking). While THC and 11-OH-THC last detection times were 

comparable (mean 4.5-7.2 and 11.2-12.5 h after smoking 1.75% and 3.55% THC 

cigarette, respectively) THCCOOH could be detected up to 168 h after both doses (cutoff 

for all analytes was 0.5 µg/L). Following smoking of a 6.8% THC cigarette, observed 

THC Cmax in blood and plasma from 10 participants were 13-63 and 18-110 µg/L, 

respectively, occurring at 0.25-50 h in both matrices (first collection time was 0.25 h) 

(89). Participants’ blood 11-OH-THC and THCCOOH Cmax were 3.2-8.8 and 19-80 µg/L, 

respectively, and in plasma were 4.0-16 and 27-110 µg/L, respectively. Additionally, 

THC-glucuronide and THCCOOH-glucuronide were detected in 50% and 100% of 

participants’ blood specimens, respectively, and in 80% and 100% of their plasma 

specimens, respectively. The minor cannabinoids cannabidiol (CBD) and cannabinol 

(CBN) were detected in 60% and 80% of participants’ blood, respectively, and 90% and 

100% of participants’ plasma, respectively. Participants were negative for CBD and CBN 

by 1 and 2 h, respectively, in blood and by 2 h in plasma (1 µg/L LOQ for both). Among 

the six participants who remained on the unit 22 h post-dosing, THCCOOH (1 µg/L 
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LOQ) and THCCOOH-glucuronide (5 µg/L LOQ) were present in all specimens while 

THC and 11-OH-THC were each detected in 10% and 30% of blood and plasma samples, 

respectively (1 µg/L LOQs). 

Some studies investigated pharmacokinetic differences between frequent and 

occasional cannabis smokers. In one study, 12 frequent (>4x/week) and 12 occasional 

(≤1x/week) cannabis smokers’ cannabinoid pharmacokinetics were characterized up to 8 

h after smoking a cannabis cigarette containing 500 µg/kg THC; observed and baseline-

adjusted serum THC Cmax and observed (but not adjusted) THCCOOH Cmax in frequent 

smokers were significantly greater (90). A study that monitored 14 frequent (≥4x/week) 

and 11 occasional (<2x/week) smokers’ cannabinoid pharmacokinetics up to 30 h 

similarly found that blood and plasma THC, 11-OH-THC, THCCOOH, and, THCCOOH-

glucuronide Cmax were greater in frequent smokers than in occasional smokers (91). 

Additionally, blood and plasma CBN and plasma CBD Cmax also were significantly 

greater in frequent smokers. Due to the extended monitoring (up to 30 h post dose) it was 

also observed that frequent smokers’ last detection times (tlast) for blood THC, 11-OH-

THC, CBN, and THCCOOH-glucuronide and plasma THC, 11-OH-THC, and CBD were 

significantly later; all participants were still THCCOOH positive in blood and plasma at 

the final collection time (1 µg/L THCCOOH LOQ). No significant differences between 

the smoking groups in any metabolites’ time to Cmax (tmax) were observed, supporting 

previous conclusions that frequent cannabis use doesn’t induce pharmacokinetic (i.e. 

enzymatic) changes but that differences observed are due to frequent smokers’ increased 

smoking efficiency and release of stored THC into the bloodstream. 
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OF testing for cannabinoids is an attractive alternative for DUID, workplace, and 

treatment testing. In one study, five frequent (daily use for >1 month) and five occasional 

(<daily use) smokers were administered a cannabis cigarette containing 20-25 mg THC 

and allowed to smoke ad libitum over 20-30 min; THC Cmax were 9-44 and 2-45 µg/L in 

frequent and occasional smokers, respectively, at 1 h (first post-dose time points) in OF 

collected with a commercially-available device (92). THC was above the method LOQ 

(0.5 µg/L) for 1 to >72 h. Within the same study a separate cohort of five occasional 

smokers were administered the same dose with more frequent OF collections (up to 1.75 

h); THC concentrations at 0.25 h were 8.6-228.2 µg/L with concentrations dropping to 2-

23.6 µg/L at 1.75 h. Another study that monitored OF THC collected with a 

commercially-available device over 8 h following smoking of a cannabis cigarette 

containing 500 µg/kg THC (resulting in 22.5-47.5 mg THC administered) showed 

significantly greater THC Cmax in 12 frequent smokers’ (>4x/week) OF (387-71,747 

ng/g) than in 12 occasional smokers’ OF (≤weekly use, 397-6438 ng/g) at 5 min post-

dose only (93). Following smoking of a 6.8% THC cigarette, 10 participants’ OF 

(collected with a commercially-available device) THC, CBD, and CBN Cmax were 68.0-

10,284, 2.6-588, and 4.8-1558 µg/L, respectively, occurring 0.25-0.50, 0.25-0.50, and 

0.25-0.50 h post-dosing, respectively; free THCCOOH Cmax was 26.7-763 ng/L occurring 

0.25-2 h post-dose (94). Among six participants remaining on the unit 22 h post-dose, 

66.7% and 83.3% were THC (0.5 µg/L LOQ) and THCCOOH (7.5 ng/L LOQ) positive, 

respectively; all other participants’ tlast for both cannabinoids were 6 h. CBD and CBN 

tlast were each 2-6 h (0.5 and 1 µg/L LOQs, respectively). In the same participant cohort, 

OF collected via expectoration yielded THC, CBD, and CBN Cmax up to 22,370, 1000, 
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and 1964 µg/L, respectively, (free THCCOOH 560 ng/L) occurring at approximately the 

same time as specimens collected with the commercial device (95); with expectorated 

OF, 11-OH-THC (0.25 µg/L LOQ) was detected at 0.25 h (1.2 µg/L), 1 h (0.3 and 0.4 

µg/L), and at 2 h (1.3 µg/L). Finally, a study monitoring cannabinoid OF 

pharmacokinetics up to 30 h post-dose in 14 frequent (≥4x/week) and 10 occasional 

(<2x/week) smokers after smoking a 6.8% THC cigarette reported significantly greater 

free THCCOOH Cmax in frequent smokers (59.7-430 ng/L) compared to occasional 

smokers (0-77.7 ng/L); 85% of frequent smokers’ OF was THCCOOH positive at 30 h 

(up to 197 ng/L) while only 15% of occasional smokers’ OF was ever THCCOOH 

positive (15 ng/L LOQ) (96). 

Research describing the relationship between blood and OF THC concentrations 

is published. Following smoking a 3.55% THC cigarette, one participant’s OF/plasma 

THC ratio following GC-MS analysis was 30.1 at 0.20 h, then dropped to 0.6-2.2 from 

0.33-4 h post-dose, and spiked again to 28.3 at 6 h; no OF or plasma THC was detected 

after 6 h in this participant (97). In another study administering 250 and 500 µg/kg THC 

cigarettes, mean ± SD OF/serum THC ratios were 46.2 ± 27.0 and 35.8 ± 20.3, 

respectively, with inter-individual variations (coefficients of variation) of 58.5% and 

56.9%, respectively (98). Finally, in a study that administered 500 µg/kg THC cigarettes 

to 12 frequent (>4x/week) and 12 occasional (≤weekly use) smokers mean ± SD 

OF/serum THC ratios were 31.7 ± 30.6 and 37.1 ± 40.8, respectively, and not 

significantly different; overall OF/serum ratios ranged from 0.3-425 (93). Based on 

available data, the high inter- and intra-individual variabilities observed preclude 

estimations of plasma or serum THC concentrations from OF data. 
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 An area of concern when interpreting positive cannabinoid results is the issue of 

passive exposure to cannabis smoke. A recent review included 21 studies conducted since 

1970 and described concentration ranges and provided recommendations on how to 

interpret positive cannabinoid results with respect to passive exposure in a variety of 

biological specimens (99). Factors that affect the likelihood of detecting cannabinoids 

following passive exposure include volume and ventilation of the exposure room, number 

of participants exposed, exposure time, magnitude of exposure (e.g. number and potency 

of cigarettes), and analytical methods utilized to detect and quantify cannabinoids. 

Differentiation of active and passive cannabis exposure with blood specimens is difficult; 

low (≤3.1 µg/L) THC and THCCOOH blood concentrations were observed following 

passive exposure in one study (100). Blood THC concentrations that low may also be 

observed during the elimination phase of a cannabis dose, and in baseline concentrations 

of abstaining frequent smokers. One suggestion to overcome this was to compare plasma 

THC and THCCOOH concentrations, with THC>THCCOOH consistent with passive 

exposure (101). Alternatively, OF may be a useful matrix for discriminating active from 

passive intake. THCCOOH is not present in the cannabis plant or smoke, and it was not 

observed in any participants’ OF specimen after various passive exposure conditions 

(100); it’s detection would indicate active intake. However, OF THCCOOH detection 

requires sensitive analytical techniques (typical concentrations are in the ng/L range). 

Minor cannabinoids other than CBD and CBN may also be good OF markers to 

distinguish between active and passive exposure; CBD is present in some medicinal 

cannabis products and CBN is a THC degradation product, so they would not be useful 

OF markers. 
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Oral Cannabis 

While smoking is the most common cannabis administration route, other intake 

methods are implemented. In a recent survey of US adults aged ≥18 years who had ever 

consumed cannabis, 88.7% ever consumed cannabis via “joints”, 47.5% via “bowl or 

pipe”, 29.8% via “edible or drink”, and 9.9% via “vaporizer or other electronic device” 

(102). Additionally, while 58.8% reported only implementing 1 mode of use within the 

past 30 days, 22.4% and 18.8% reported utilizing 2 and ≥3 modes, respectively, 

indicating the importance of characterizing multiple cannabis administrations. Oral 

cannabis administration is commonly utilized for therapeutic delivery (dronabinol, 

synthetic THC) in the form of capsules, but consumption in foodstuffs (e.g. brownies, 

cookies, etc.) is also common.  

In one comparative study in which participants were administered cannabis via 

smoked (19 mg THC ad libitum), oral (chocolate cookie containing 20 mg THC), and 

intravenous (IV, 5 mg THC injected over 2 min) routes, mean ± SD (range) THC 

bioavailability after smoking and oral doses were determined as 18 ± 6% (8-24%) and 6 

± 3% (4-12%), respectively; additionally, following smoked and oral doses median 

(range) increases in heart rates were 34 (0-80) bpm and 26 (4-68) bpm, respectively 

(103). Another study administered brownies containing placebo or 22.4 or  44.8 mg THC 

and found no significant differences in standing or supine pulse or standing or supine 

systolic or diastolic blood pressure (SBP/DBP); however, subjective ratings for “feel 

drug” and “liking” were significantly greater after the highest dose compared to either the 

placebo or low dose with peak effects generally occurring 1.5-3.5 h post-dose (104). 
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Similarly, after administering placebo, 20 mg dronabinol, or 16.5 or 45.7 mg THC in 

whole milk, significant increases in ratings of “high” and feelings of intoxication with 

decreased ratings in willingness to drive were observed compared to placebo, although 

the active doses were not significantly different from each other (105). All active doses 

also produced significant increases in time to achieve pairing in a roadside testing task 

and significantly decreased the percent time spent in a pre-defined “lane” in a 

computerized tracking task compared to placebo; however, no active dose was 

significantly different from another. In another study, up to 90 mg oral THC (in 15 mg 

increments) and placebo were administered over 7 sessions with significant performance 

impairments observed compared to placebo with dose-dependent increases in heart rate 

for all doses except 15 mg THC, and with significant decreases in SBP following 30 mg 

THC but significant increases following 75 and 90 mg THC (106). Results for subjective 

ratings were more complicated: ratings for “any drug effect” and “thirsty” rose in a dose-

dependent fashion across all administrations, ratings for “pay for drug” peaked following 

30 mg THC then declined; and ratings for “bad drug effect” were significantly greater 

than placebo after 90 mg THC only. Ratings for “good drug effects”, “high”, 

“tired/sedated”, “stoned”, “forgetful”, and “confused/difficulty concentrating” were 

significantly greater than placebo at doses ≥30 mg; however, none of the ratings after 

those doses were significantly different from each other, demonstrating a flat response 

over the dose range 30-90 mg THC. Oral THC administration produces typical, but 

delayed, subjective cannabis responses and performance impairments, although 

significant differences from placebo are dependent on the dose(s) administered and the 

specific metric measured. 
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Some studies compared the subjective effects of smoked and oral cannabis. 

Following administration of brownies containing placebo, 8.4 mg THC, or 16.9 mg THC 

and cigarettes containing equal doses, smoked and oral cannabis both produced 

significant increases in ratings for drug “feel”, “high”, and “want” compared to placebo 

but dose effects following smoking were larger, while significant dose effects for 

“sedated”, “hungry”, and “drowsy” were observed following oral dosing only (82). 

Another study administered either 5 mg oral THC four times daily (20 mg daily dose) or 

a cigarette containing 3.1% THC four times daily for 3 consecutive days and observed 

that although oral and smoked doses produced significantly greater ratings for “high” and 

“mellow” compared to their respective baseline ratings, ratings for “high” on active-

dosing days 1 and 2, “mellow” on active-dosing days 1 and 3, and “good drug effect” on 

active-dosing day 3 following smoking were significantly greater than after oral dosing 

(107). Interestingly, ratings for “irritable” and “miserable” on abstinence days 2 and 3 

(days immediately following the final active dosing day) were significantly greater than 

ratings at baseline or during active dosing following smoking but not following oral 

dosing. In both studies, administered doses were smaller than those described previously 

which may be partially responsible for the minor differences observed. 

THC and 11-OH-THC were not detected (0.5 µg/L LOQ) in plasma from six 

participants during or after administration 3x/day for 5 days of low-dose hemp oil (0.39 

mg THC/day) or low-dose THC capsules (0.47 mg THC/day), but were detected at 

concentrations up to 6.5 and 5.6 µg/L, respectively, after high-dose hemp oil (14.8 mg 

THC/day) or high-dose capsules (7.5 mg THC/day); they were observed in 16.7% and 

13.3% of plasma specimens, respectively, 49 h after the final dose (108). THCCOOH, 
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however, was detected in 27.8% of plasma specimens during the 5 days of 0.39 and 0.47 

mg THC dosing and up to 26.7% of specimens at 49 h after the final dose, while 92.6% 

of specimens were positive at the higher doses during dosing and 100% at 49 h after the 

final dose (1.0 µg/L LOQ). During continuous oral 20 mg THC dosing with increasing 

frequency (every 4-8 h producing daily doses of 40-120 mg THC) for 7 days, mean (SE) 

free plasma THC, 11-OH-THC, and THCCOOH Cmax and tmax (relative to the first dose) 

in six daily cannabis smokers were 47.7 (8.1) µg/L at 98.1 (9.6) h, 23.9 (3.1) µg/L at 

142.8 (12.7) h, and 327.2 (53.1) µg/L at 153.1 (9.9) h, respectively (109). At 22.5 h after 

the last dose, mean (SE, range) free plasma THC, 11-OH-THC, and THCCOOH 

concentrations were 3.8 (0.5, 2.4-5.2), 3.0 (0.7, 1.6-6.3), and 196.9 (39.9, 55.0-347.3) 

µg/L, respectively. Significant increases in free 11-OH-THC/THC and THCCOOH/THC 

ratios during 7 days of continuous dosing were observed. Additionally, significant 

decreases in percent free 11-OH-THC and significant increases in percent free 

THCCOOH were observed with a nonsignificant change in percent free THC, indicating 

differential glucuronidation among analytes. After low (5 mg) and high (15 mg) oral 

synthetic THC doses, mean (SE) plasma Cmax from nine participants were 4.7 (0.9) and 

14.3 (2.7) µg/L for THC, 3.0 (0.4) and 11.1 (2.0) µg/L for 11-OH-THC, and 69.3 (17.6) 

and 133.6 (36.3) µg/L for THCCOOH, respectively (110). The same participants were 

administered low (5.4 mg THC + 5.0 mg CBD) and high (16.2 mg THC + 15.0 mg CBD) 

dose Sativex (a whole-plant cannabis extract) and mean (SE) plasma Cmax were 1.6 (0.4) 

and 6.7 (2.0) µg/L for CBD, 5.1 (1.0) and 15.3 (3.4) µg/L for THC, 4.2 (0.7) and 8.4 (1.2) 

µg/L for 11-OH-THC, and 108.0 (30.5) and 126.6 (25.9) µg/L for THCCOOH, 

respectively. No significant differences in cannabinoid plasma concentrations between 
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low-dose oral THC and low-dose Sativex or high-dose oral THC and high-dose Sativex 

were observed, although differences between high doses and their respective low doses 

were significant. According to Karniol et al. (111), CBD interfered with and attenuated 

some effects of THC when administered together orally; in our research directly 

comparing equivalent doses of Sativex and THC, no effect of CBD on THC 

pharmacokinetics was observed when administered in a 1:1 ratio (110), suggesting 

CBD’s modulation of THC’s effects in not due to pharmacokinetic interaction at 

administered doses. 

Few published data are available for blood or plasma cannabinoid 

pharmacokinetics following oral administration of cannabis in foodstuffs. Following 

ingestion of a cookie containing 20 mg THC by 11 participants, plasma THC Cmax were 

4.4-11 µg/L occurring 60-90 min post-dose for most participants, although some 

concentrations peaked as late as 240 and 300 min (103), demonstrating THC’s slow and 

erratic absorption following oral dosing. Another study administered brownies baked 

with either low (8.4 mg) or high (16.9 mg) dose whole-plant cannabis extract or placebo 

cannabis laced with THC at equal concentrations to 12 participants (82). Plasma THC 

and THCCOOH concentrations increased dose dependently between each high dose and 

the corresponding low dose. At the low dose, no significant differences in plasma THC or 

THCCOOH pharmacokinetics between whole-plant cannabis and THC-only doses were 

observed. However, at the high dose significantly greater plasma THC and THCCOOH 

were observed following the THC-only dose compared to the whole-plant preparation, 

starting at 90 and 180 min post-dose, respectively. A similar significant difference 

between the preparations was not observed via the smoked route. Quantitative data for 
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only plasma THC concentrations were presented, with mean Cmax after low-dose 

brownies of ~4-5 µg/L at 150 min post-dose while Cmax after high-dose whole-plant and 

THC-only brownies were ~7 and 9 µg/L, respectively, also occurring at 150 min post-

dose. Following administrations of  whole milk decoctions containing 16.5 or 45.7 mg 

THC by eight participants, mean (range) whole blood THC Cmax was 3.8 (1.5-8.3) and 

8.4 (3.9-13.1) µg/L, respectively, each occurring 1 h post-dose, mean 11-OH-THC Cmax 

was 4.7 (2.7-7.0) and 12.8 (3.4-24.7) µg/L, respectively, occurring 1 and 2.5 h post-dose, 

and mean THCCOOH Cmax was 27.8 (14.1-42.4) and 66.2 (31.1-99.9) µg/L, respectively, 

occurring at 4 and 2.5 h post-dose (105). Finally, after eating brownies containing ~10, 

25 or 50 mg THC, blood Cmax were 1.0 (0.0-3.0), 3.5 (3.0-4.0), and 3.3 (1.0-5.0) µg/L for 

THC, 1.0 (0.0-2.0), 3.3 (2.0-5.0), and 3.2 (2.0-4.0) µg/L for 11-OH-THC, and 7.2 (5.0-

14.0), 21.3 (12.0-39.0), and 29.3 (16.0-44.0) µg/L for THCCOOH, respectively; 

cannabinoid detection times were 0-22, 0-12, and 3-94 h, respectively (LOQs not 

provided) (112). 

Fewer studies investigated OF cannabinoid pharmacokinetics following oral 

cannabis administrations. After administering brownies baked with cannabis containing 

20-25 mg THC, peak OF THC concentrations were 1.2-7.1 µg/L at 1-2 h post-dose with 

samples negative by 16 h in two participants (0.2 µg/L LOQ) while a third was positive 

72 h post-dose (92). In a separate study with brownies containing ~10, 25 or 50 mg THC, 

observed mean (range) OF Cmax were 192 (47.0-412), 478 (70.0-1128), and 598 (350-

1010) µg/L for THC and 50.8 (0.0-231), 140 (23.0-251), and 314 (0.0-822) ng/L for 

THCCOOH, respectively (112); THC and THCCOOH detection times ranged from 1.5-

22 h and 0-126 h, respectively (LOQs not provided). Following continuous oral 20 mg 
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THC dosing with increasing frequency (every 4-8 h producing daily doses of 40-120 mg 

THC) over 8 days, THC concentrations in OF collected from 10 participants with a 

commercially-available device did not significantly increase over 5 h after the first dose, 

with only 6.3% of samples positive on days 2-7 and only 2 participants THC positive 

after the first dosing day (0.5 µg/L LOQ) (113). In contrast, free OF THCCOOH was 

detected in 98.0% of samples collected within 5 h after the first dose, 98.3% of samples 

throughout days 2-7, and in all samples collected over 23 h after the final dose (7.5 ng/L 

LOQ), with a statistically significant increase in THCCOOH concentrations between the 

first and last study days. Additionally, the change from 3 days of 100 mg THC/day 

dosing to 3 days of 120 mg THC/day produced a statistically significant increase in OF 

THCCOOH concentrations (ranges 11.8-861.8 and 9.7-1117.9 ng/L, respectively). No 

11-OH-THC was detected in any OF specimen at a 0.5 µg/L LOQ. A similar trend was 

observed in the same cohort with expectorated OF with two exceptions: increasing the 

daily dose from 100 to 120 mg THC did not produce a statistically significant increase in 

OF THCCOOH concentrations (ranges 5.2-670.6 and 5.3-780.4 ng/L, respectively), and a 

single specimen was 11-OH-THC positive (0.5 µg/L) at 161 h after the first THC dose, 

coinciding with the time of maximum OF THCCOOH concentration (114). OF THC, 

CBD, and CBN concentrations were significantly elevated following low (5.4 mg THC + 

5.0 mg CBD) and high (16.2 mg THC + 15.0 mg CBD) dose Sativex actuations in 

contrast to 5 or 15 mg oral, encapsulated THC administration, while free THCCOOH 

concentration increases were observed only after high-dose Sativex (115). The absence of 

measurable OF THC, CBD, and CBN following therapeutic oral THC doses, and high 

CBD/THC ratios (median 1.05-1.34 and 0.82-1.26 following low and high-dose Sativex, 
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respectively, compared to after smoking [0.04-0.05]) distinguished those administrations 

from cannabis smoking, while low (<4 pg/ng) THCCOOH/THC ratios suggested either 

recent Sativex or smoked cannabis administration. These data suggest OF cannabinoid 

monitoring can identify relapse to smoked cannabis during therapeutic oral THC 

administration, but not compliance to oral treatment, and compliance with Sativex 

treatment (via high CBD/THC ratios) if specimens are collected rapidly enough after 

cannabis smoking (115).  

 

Vaporized Cannabis 

The Institute of Medicine suggested that smoking was an inappropriate route for 

medical cannabis administration (116). Smoked cannabis includes exposure to harmful 

combustion by-products including potentially carcinogenic polycyclic aromatic 

hydrocarbons However, the low bioavailability and slow, erratic absorption produced by 

oral cannabis suggests that an alternative administration route would be useful. 

Vaporization offers an attractive alternative for intrapulmonary cannabis administration. 

With this technique a sample – e.g. ground cannabis plant material, resin, or a liquid 

solution – is heated to a temperature that vaporizes cannabinoids but is below the 

temperature of sample combustion, reducing the formation of unwanted byproducts 

(117). One such device is the Volcano® Vaporizer, which consists of a heater, ventilator, 

filling chamber, valve, and balloon. During operation, hot air passes through the filling 

chamber into the attached balloon, volatizing cannabinoids in the sample. After the 

balloon is filled, it can be detached and fitted with a mouthpiece for inhalation of vapors. 

Performance of the Volcano was evaluated at varying temperatures, heating times, and 
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doses and it was determined to be a reproducible method for cannabinoid delivery, with a 

maximum of 53.9% of a loaded 4 mg pure THC dose delivered to an 8 L balloon in 55 s 

at 226 ˚C, while vaporization of 200 mg crude flower tops produced a maximum 29% 

THC delivery (118). In another investigation the composition of cannabis vapor and 

smoke were compared (119). It was observed that a greater amount of THC was present 

following vaporization at 230 ˚C (67.1±9.1 mg THC/g plant material) than after smoking 

(43.5±9.5 mg/g), while the ratios of unidentified by-products:THC after vaporization at 

230 ˚C and after smoking were 0.3:1.0 and 1.6:1.0, respectively. Over the temperature 

range 170-230 ˚C increases in THC content were observed from <10 to ~50 mg/g, while 

the amount of by-products were approximately ≤20 mg/g. Finally, the effect of sample 

sizes was investigated. With 50-1000 mg samples vaporized at 230 ˚C, total yield (all 

detected products including THC, other cannabinoids, and by-products) decreased from 

~400 to ~30 mg/g, while a maximum THC content of ~100 mg/g was observed with a 

100 mg sample, decreasing to 23.3 ± 6.3 mg/g with a 1000 mg sample. The total yield 

was inversely proportional to sample size while the decrease in THC content was less 

severe over the sample size range, implying sample size has a greater effect on non-THC 

components of the vapor (other cannabinoids or by-products). 

 In a pilot study comparing smoked and vaporized cannabis, 18 participants 

smoked or vaporized half a 0.9 g cigarette containing 1.7, 3.4, or 6.8% in six randomized 

sessions; vaporization was performed at 190 ˚C, requiring 2-3 balloon inflations to 

vaporize the whole dose (120). Plasma THC area under the curve (AUC) up to 6 h after 

dosing were not significantly different between smoking and vaporization at any dose, 

while concentrations of exhaled carbon monoxide (CO) were significantly greater 
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following smoking than after vaporization at all three cannabis potencies; there are the 

only other published data on expired CO concentrations following vaporization. Self-

reported ratings of “high” did not significantly differ between administrations but 

significantly increased with increasing THC strength. Another study administered 

ethanolic solutions of 2, 4, 6, and 8 mg THC via vaporization 1.5 h apart at 225 ˚C to 12 

participants and observed significant dose-dependent increases in heart rate, increased 

ratings of “feeling high”, and decreased ratings of “alertness” (121). Impaired driving 

behavior was also observed following cannabis administration via vaporization. 

Occasional-to-moderate cannabis smokers demonstrated increased standard deviation of 

lateral position (SDLP, lane weave), similar to impairing alcohol concentrations, with 

during-drive blood THC ≥8.2 µg/L (122), while also demonstrating slower driving and 

greater headway (distance relative to a lead vehicle) (123). Vaporization offers an 

attractive alternative to inhaled cannabis administration, producing similar subjective, but 

also impairing, effects to smoked cannabis while reducing exposure to harmful 

combustion by-products. 

 

Additional Minor Cannabinoids 

Cannabigerol (CBG) is a biosynthetic CBD precursor detected in human cannabis 

users’ urine (124). Δ9-Tetrahydrocannbivarin (THCV), a minor cannabis constituent, was 

identified in human urine after cannabis administration (125) and is not present in 

synthetic dronabinol preparations (126). Additionally, 11-nor-9-carboxy-THCV 

(THCVCOOH) was present in human urine only after participants smoked cannabis 

cigarettes containing THCV but not after oral dronabinol (125). More recently, the 
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prevalence of THCVCOOH in human urine was determined as part of a study 

investigating the efficacy of dronabinol for the treatment of cannabis dependence and was 

detected in 50% of admission urine specimens (127). The pharmacokinetics of these 

cannabinoids are poorly characterized, but they may aid in cannabinoid results 

interpretation by indicating inhaled or oral cannabis use, differentiating between active 

and passive smoking, or by indicating recent cannabis use. Therefore, characterization of 

their pharmacokinetics after controlled cannabis administration via multiple routes will 

provide crucial data to help improve result interpretations and guide policy making. 

 

On-site Oral Fluid Devices for Screening for Cannabis Use 

 Rapid and sensitive on-site OF devices offer strong advantages for screening for 

drug use at the roadside, allowing trained officers to presumptively identify drug use 

without lengthy delays associated with blood collections. Additionally, on-site OF 

devices may be useful in drug treatment and workplace drug testing settings, screening 

for drug intake within 1-2 days of last use, or in screening post-mortem blood as was 

demonstrated for one device for cocaine and opiates (128). The DRUID program 

suggested an 80% target for sensitivity, specificity, and efficiency when evaluating these 

devices (129). SAMHSA requires a 2 µg/L OF THC confirmatory cutoff for workplace 

drug testing settings (24), while DRUID implemented a 1 µg/L OF THC confirmatory 

cutoff (25). 

 Among volunteers from drug addiction centers (130, 131) or drivers arrested for 

DUID (132), sensitivity, specificity, and efficiency for the Draeger DrugTest®5000 

(DT5000, 5 µg/L THC cutoff) were 53.0-80.8%, 95.5-99.0%, and 84.0-92.0%, 
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respectively, when evaluated against chromatographic OF THC 1-10 µg/L cutoffs. 

Drivers stopped during roadside patrols and tested for drugs in OF showed an improved 

92.3% sensitivity (133). Performance of the DT5000 also was evaluated in controlled 

research settings following smoked (134-136) and vaporized (137) cannabis; at least one 

performance criterion was observed to be <80% in these studies. 

OF THC concentrations cannot be accurately converted to blood concentrations; 

however, it would be useful if OF could predict the presence of drugs in blood since 

blood concentrations more closely correlate with impairment. Utilizing residual OF from 

the swab of a first-generation DrugTest device (≥10 µg/L chromatographic cutoff), 

sensitivity, specificity, and efficiency of predicting THC in serum (≥0.5 µg/L cutoff) was 

91.8%, 91.3%, and 91.5%, respectively, among drivers suspected of DUID; serum was 

collected a median (range) 1 (0.1-3.3) h after OF collection (138). DrugTest sensitivity, 

specificity, and efficiency (20 µg/L cutoff) for predicting plasma THC (≥0.5 µg/L) in 

police controls were 50.9%, 92.9%, and 55.7%, respectively; when raising the plasma 

cutoff to ≥2.0 µg/L (Belgian limit) performance was 57.8%, 87.5%, and 65.6%, 

respectively (139). Other evaluations of suspected impaired drivers confirmed results 

from the newer DT5000 with plasma (140) or serum (135, 141), finding 84.8-93.0% 

sensitivity, 47.0-71.4% specificity, and 79.6-90.0% efficiency.  Among research 

participants administered 19.6-32.8 mg THC smoked, DT5000 sensitivity at any 

individual time point 0.25-4 h after smoking was 82-100% with a serum THC ≥5 µg/L 

cutoff (142). Differences in device performance may be due to different populations 

(occasional or frequent smokers, drivers stopped during roadside patrols or admitted to 

treatment clinic, and participants enrolled in controlled administration studies), 
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confirmatory matrices (blood/serum/plasma or OF), OF collection devices, and screening 

and confirmatory cutoffs.  

There are few published data evaluating the AlereTM DDS®2 (DDS2, 25 µg/L THC 

cutoff) OF screening device, although a small study recently showed 100% agreement 

between screening and confirmatory OF results with a 2 µg/L THC cutoff in 38 OF 

samples from randomly stopped drivers; however, THC prevalence was low (only 5 

drivers) (143). 

Neither the DT5000 nor the DDS2 on-site devices were evaluated following oral 

cannabis. To properly interpret cannabinoid test results, additional characterization of the 

relationship between blood and OF cannabinoid pharmacokinetics following ingestion of 

cannabis-containing edibles is required. These data will also provide scientific evidence 

for policies and legislation that aim to set standards for implementation of on-site devices 

in various drug testing settings. 

 

Drug Evaluation and Classification Program 

The 2013-2014 National Roadside Survey of Alcohol and Drug Use by Drivers 

found 1.5% of weekend nighttime drivers had a breath alcohol concentration (BrAC) 

≥0.08 (32% decrease since 2007) while 22.5% were positive for any drug based on OF 

and/or blood tests (38% increase) (56). To help combat drugged driving, the US 

Department of Transportation’s National Highway Traffic Safety Administration 

(NHTSA) and the International Association of Chiefs of Police (IACP) developed the 

Drug Evaluation and Classification Program (DECP) (144). The program was initially 

developed in the 1970’s by officers at the Los Angeles Police Department (LAPD) as a 
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multi-step protocol and the first drug recognition examiner (DRE) program.  In the 

1980’s NHTSA and the LAPD collaborated to standardize the DRE protocol, producing 

the DECP. Today, with the help of NHTSA and the IACP, all 50 states, the District of 

Columbia, Canada, and the United Kingdom participate in the DECP (145). 

 When an officer stops an individual suspected of driving under the influence 

(DUI), standardized field sobriety tests (SFSTs, e.g. horizontal gaze nystagmus [HGN], 

walk and turn [WAT], and one leg stand [OLS]) are performed and the individual is 

arrested if alcohol or drug use is suspected. If impairment based on the observations and 

results from the SFSTs are not consistent with the suspect’s BAC or the officer is unsure 

of naming an impairing agent, a DRE evaluation may be requested. The DRE utilizes a 

standardized 12-step procedure combining physiological, psychophysical, and 

observational evidence to form an opinion on which drug class(es) (CNS depressants, 

CNS stimulants, hallucinogens, dissociative anesthetics, narcotic analgesics, inhalants, 

and cannabis) is likely causing the impairment. 

 Evaluations of the SFSTs in identifying cannabis impairment are mixed, 

potentially due to differences in study populations, drug administrations, and the timeline 

of SFST examinations relative to dosing. Following administration of placebo, low 

(1.74% THC), and high (2.93% THC) potency cannabis cigarettes, overall impairment on 

the SFST (defined as impairment in at least 2 of 3 tests) was significantly related to THC 

dose at 5, 55, and 105 min post-dosing (146). Upon further inspection, observation of 

some WAT and OLS clues at all times and on the HGN clue “lack of smooth pursuit” at 

55 and 105 min were significantly related to THC dose. Over the three time points, 

percent of individuals classified as impaired on overall SFST performance dropped from 



 

33 

 

23.1% to 15.4% and from 46.2% to 28.2% after low- and high-dose cannabis, 

respectively. In the same cohort of participants, performance in a driving simulator was 

significantly impaired at 80 min post-dose but not at 30 min at both THC strengths (147). 

Based on the performance on the SFSTs administered before (at 55 min) and after (105 

min) the 80-min driving simulation after low-dose THC, 88.5% and 100%, respectively, 

of participants who were impaired on the driving task were identified as impaired while 

38.5% and 0% of participants who were not impaired were correctly identified as such. 

Following high-dose THC, 92% and 84% of participants impaired on the simulator were 

identified as impaired on the 55 and 105 min-SFST testing, respectively, while 15.4% 

and 61.5% of those not impaired on the simulator were identified as such from the 55 and 

105 min-SFST testing, respectively. These data imply that the SFST may be more 

sensitive than driving performance in identifying cannabis impairment, particularly at 

lower THC doses. After 10 and 20 mg oral dronabinol administration to occasional and 

frequent cannabis smokers, SDLP in an actual driving test 2-4 h after dosing was 

significantly increased in both groups, although to a lower extent in the frequent smoker 

group; however, performance on overall SFST or individual tasks was not impaired in 

either group when performed 4.5-5 h post-dose (148). In a study evaluating the combined 

effect of THC and alcohol on SFST performance in frequent smokers, cannabis alone was 

significantly related to OLS impairment while cannabis with either 0.05 or 0.07% BAC 

was significantly related to impairment on HGN with only a trend towards impairment on 

OLS (142). These data demonstrate alcohol’s impairing effect on HGN (149), but the 

general lack of observed impairment may be due to a combination of the study population 

– only frequent smokers that may develop partial tolerance to impairing effects – and the 
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study timeline (SFSTs were performed 2 h after cannabis dosing). In a more extensive 

study, placebo, low-dose (0.05% target BAC), and high-dose (0.08% target BAC) alcohol 

were administered with placebo, low-dose (1.8% THC), and high-dose (3.0% THC) 

cannabis to occasional and frequent smokers with SFSTs performed 50 min post-dose 

(150). Among the low-dose alcohol conditions, significantly more participants were 

impaired on HGN after high THC/alcohol compared to other conditions. A significantly 

greater proportion of impaired participants on OLS and overall SFST performance were 

only observed after low THC/alcohol compared to placebo/placebo. Within the high-dose 

alcohol conditions, significantly more participants were impaired on HGN after high 

THC/alcohol compared to some conditions; however, significantly more participants 

were impaired on HGN also after placebo THC/alcohol compared to low THC/placebo 

and placebo/placebo. No significant effects for OLS performance were observed, while 

percent impaired on overall SFST performance, again, was only observed after low 

THC/alcohol compared to placebo/placebo. These data suggest that OLS is a more 

reliable indicator of cannabis-related impairment than HGN or WAT, while impairment 

on other measures was mainly attributed to alcohol (e.g. impairment on HGN). An 

important consideration when reviewing these studies is these evaluations relied only on 

outcomes from the SFSTs instead of the entire spectrum of observations and evidence 

obtained during a full DEC exam. 

 A more complete examination was performed to determine the validity of the 

variables in the DECP in predicting whether participants were administered ethanol, 

cocaine, or cannabis while a secondary objective was to determine the accuracy of DREs 

in detecting whether participants were administered the substances (151). DREs 
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performed near-complete evaluations during the study, with participant questioning and 

interrogations excluded. Analysis of the data revealed 28 variables that best predicted the 

presence or absence of cannabis based on DRE’s opinions compared to the actual drug 

administered. For determination of DRE accuracy, IACP standards were utilized. Of 158 

examinations performed, impairment was called in 81. Of those 81, toxicology was 

positive for any drug(s) in 75 cases (92.6%); however, toxicology was consistent with 

DRE’s calls per IACP standards in 41 cases (50.6%). The 41 consistent cases contained 9 

ethanol-only calls; when removed from the analysis (because DREs administered a BrAC 

test, providing a priori confirmation of ethanol administration) toxicology was consistent 

with DRE’s opinion in 32 of the remaining 72 cases (44.4%). Cannabis was the only drug 

for which the proportion of “not impaired” opinions decreased and the proportion of calls 

of cannabis only increased as dose increased. In a similar study in which participants 

were administered alprazolam, d-amphetamine, codeine, or cannabis, toxicology was 

consistent with DREs’ opinions in 32.1% of cases with IACP standards (in no cases was 

only ethanol called), with cannabis having the largest (45.2%) percent consistency among 

the individual drugs (152). When interpreting these data, however, it is important to 

consider differences between the controlled laboratory environment and the field 

conditions under which DRE typically form their opinions including 1) DREs evaluated 

participants that were not dosed in some sessions while preliminary evidence in the field 

(e.g. driving behavior) makes it more likely a suspect used a drug, 2) an abbreviated form 

of the standardized procedure was implemented with interviews and interrogations 

excluded, an important step in the field to supplement DRE observations, and 3) suspects 
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in the field may use greater doses of drugs than were administered, and may exhibit 

clearer signs of impairment. 

 Recently, 302 toxicologically-confirmed cannabis-only (blood THC ≥1 µg/L) 

DECP cases were evaluated compared to 302 (non-impaired) controls (153). 

Significantly increased heart rate and SBP and significantly dilated pupils compared to 

controls were observed. Performance on the finger-to-nose (FTN) test utilizing a decision 

criterion of ≥3 misses best predicted cannabis impairment with sensitivity, specificity, 

positive/negative predictive value, and efficiency all ≥87.1%, while diagnostic criteria 

based on observing eyelid tremors during the Modified Romberg Balance (MRB) exam 

were all ≥86.1%. When tests results were combined, requiring two or more of the 

following: ≥3 FTN misses, MRB eyelid tremors, ≥2 OLS clues, and/or ≥2 WAT clues 

yielded ≥96.7% for all diagnostic criteria. Blood collection time relative to the evaluation 

significantly affected THC concentrations, with median (range) concentrations before the 

evaluation (7.1 [1.1-35.0] µg/L, n = 91) significantly greater than those after the 

evaluation (5.0 [1.1-47.0] µg/L, n = 72). Increasing blood collection time (relative to 

arrest) was significantly correlated with decreasing measured blood THC (Spearman r     

-0.2317), demonstrating the need for blood samples to be collected as early as possible.  

 These data were supported by a similar study that compared 602 toxicologically-

confirmed cannabis-only cases to 349 drug-free DECP control evaluations (154). The 

number of observed clues on the WAT and OLS and the number of FTN misses were 

significantly greater in cases than in controls. Significant correlations between blood 

THC concentrations and DBP, FTN misses, odor of cannabis, and lack of convergence 

(LOC) were observed, even though data were collected a mean 74 min after the arrest, 
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with a maximum lag of 225 min. However, no indicator was associated with a significant 

OR for predicting blood THC concentrations above or below 5 µg/L. Additionally, when 

comparing blood THC concentrations from 0-4.9 µg/L (considered non-impairing for this 

analysis) and those ≥5 µg/L (considered impairing) to impaired or non-impaired 

performance, no indicator produced ≥80% sensitivity, specificity, and efficiency; when 

looking at only SFST impairment, no blood THC concentration cutoffs evaluated (1, 2, 3, 

5, 7, and 10 µg/L) produced ≥80% for all diagnostic criteria. These data highlight the 

difficulties with establishing per se blood THC cutoffs for DUID, while the results from 

Hartman et al. (153) demonstrate the strength of the DECP when multiple observations 

are utilized in forming an opinion regarding impairment. 

Evaluation of performance on DECP tasks following multiple cannabis 

administration routes in chronic frequent and occasional cannabis users will provide 

additional scientific evidence to improve interpretation of cannabis-related impairment, 

and strengthen the utility of observable impairment signs in documenting decrements in 

performance.  



 

38 

 

Chapter 2 – Simultaneous Plasma and Oral Fluid Morphine and 

Codeine Concentrations after Controlled Administration of Poppy 

Seeds with Known Opiate Content1 

 

Abstract 

Opiates are included in drug testing programs because of their psychoactive 

properties and abuse potential, but excluding poppy seed ingestion is necessary to 

correctly interpret positive opiate results. There are few available data for plasma and oral 

fluid (OF) following poppy seed ingestion, and most do not report opiate content in the 

ingested poppy seeds. We quantified plasma and OF morphine and codeine 

concentrations via a fully validated liquid chromatography–tandem mass spectrometry 

method after controlled administration of two doses (8 h apart) of raw, uncooked poppy 

seeds (45 g) each containing 15.7 mg of morphine and 3.1 mg of codeine. Simultaneous 

specimens were collected before and up to 32 h after the first dose. Maximum OF 

morphine and codeine concentrations (3.6–110 and 2.1–22.4 µg/L, respectively) were 

significantly greater than simultaneously collected maximum plasma concentrations (2.8–

9.3 and 1.1–2.0 µg/L, respectively). OF and plasma morphine and codeine concentrations 

were significantly correlated, but large variabilities preclude plasma concentration 

estimations from OF results. The median OF morphine time of first detection (tfirst) and 

time of last detection (tlast) were both 0.5 h with cutoffs from 20 to 40 µg/L, with 0.9–

6.7% positive specimens. Codeine was detected only at low 15–20 µg/L OF cutoffs; 

median tfirst and tlast were 0.5–1.3 h and 0.5–2.3 h, respectively, with only 0.4–1.8 % 

specimens positive. After two large, raw, uncooked poppy seed doses, significant 

                                                 
1 Newmeyer, MN et al. Forensic Toxicol. 2015;33(2):235-243 (doi: 10.1007/s11419-015-0266-9). 
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differences between plasma and OF opiate pharmacokinetics were observed. Less than 

6.7% positive OF tests and a median morphine OF detection time of only 0.5 h with 

cutoffs from 20 to 40 µg/L suggest that few OF positive morphine tests can be explained 

by poppy seed ingestion. 

 

Introduction 

The seeds of the opium plant, Papaver somniferum L., are consumed as food 

worldwide and contain alkaloids including morphine, codeine, thebaine, noscapine, and 

papaverine. Alkaloid content depends on seed origin and processing; washing the seeds 

can reduce morphine content by 40–75%, baking up to 90%, while seeds used in 

commercial baking mixes may contain no morphine (8). Opiates are included in federally 

mandated workplace and DUID (driving under the influence of drugs) testing programs, 

and there is concern over whether poppy seed consumption can produce false positive 

opiate tests. Therefore, while interpreting test results it is important to consider poppy 

seed ingestion as a possible explanation for positive opiate results. A recent review 

reported primarily on morphine and codeine urine concentrations after poppy seed 

administration (8). The most important limitation of previous administration studies is 

that the poppy seed morphine and codeine contents were unknown (18, 155). 

Few studies have addressed morphine and codeine concentrations after poppy 

seed ingestion in other forensically important matrices like plasma or oral fluid (OF). OF 

is an increasingly popular sample matrix with some advantages over blood and urine; it is 

less invasive, does not require same-sex collection, and minimizes sample adulteration 

(23). However, it also presents disadvantages that include potential difficulty in 

collecting adequate specimen volume, sampling time requirement (particularly for 
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DUID), and requires the addition of preservative buffers, which dilute specimens and can 

pose analytical challenges. Data are available that indicate OF concentrations more 

closely correlate with blood than urine concentrations (76, 97, 156); data for correlations 

between OF and plasma morphine and codeine after poppy seeds administration are not 

available. The US Substance Abuse and Mental Health Services Administration 

(SAMHSA) proposed a 40 µg/L OF confirmation cutoff for morphine and codeine in 

workplace drug testing (157), although lower thresholds (30 µg/L) also are considered. 

The DRUID (Driving Under the Influence of Drugs, Alcohol and Medicines) project in 

the European Union proposed analytical OF morphine and codeine cutoffs of 20 µg/L. In 

addition, the DRUID project recommended 95 µg/L morphine and 94 µg/L codeine as 

equivalent concentrations to 10 µg/L in whole blood for drug prevalence studies (25). 

In the present study, healthy adults were administered two raw, uncooked poppy 

seed doses, each containing 15.7 mg morphine and 3.1 mg codeine. The doses were 

administered 8 h apart, and plasma and OF specimens were collected for up to 32 h 

afterward. We quantified morphine and codeine in simultaneously collected plasma and 

OF via a fully validated liquid chromatography–tandem mass spectrometry (LC–MS/MS) 

method, characterized and compared concentrations in the two matrices, determined 

OF/plasma (OF/P) ratios and correlations, and evaluated different OF cutoffs. These data 

will aid in the interpretation of plasma and OF opiate test results.  
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Materials and methods 

Participants 

Individuals aged 18–65 years with adequate peripheral venous access were 

recruited from the community by advertising and word of mouth. Participants received an 

extensive medical and psychological evaluation. Exclusion criteria were: current medical 

condition precluding safe study participation, current physical dependence on any 

psychoactive substance other than caffeine or tobacco, inability to tolerate orally 

administered poppy seeds, pregnant or breast-feeding women, and history of psychosis or 

any current major psychiatric disorder. All participants provided written informed 

consent and the study was approved by the National Institute on Drug Abuse Institutional 

Review Board. 

 

Poppy seed administration 

Participants arrived at the secure clinical unit about 2 h before poppy seed 

administration and provided a urine sample. The urine was analyzed for opiates with the 

iScreen (Blue Grass Drug Screen, Louisville, KY, USA), and a pregnancy test was 

performed for women; participants with positive opiate iScreen or pregnancy results were 

disqualified. Each participant consumed two 45-g doses of raw, uncooked poppy seeds 

purchased from Bruegger’s Bagel Bakery, Raleigh, NC, USA (the highest commercially 

available morphine and codeine concentrations found). Analysis by Research Triangle 

International (Research Triangle Park, NC, USA) determined that each dose contained 

15.7 mg of morphine and 3.1 mg of codeine (the initial therapeutic morphine dose is 

generally 10 mg). Each dose was divided among four plastic bottles, with each bottle 
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holding 11.25 g of poppy seeds suspended in 40 mL of Ora-Plus suspension vehicle and 

10 mL of Ora-Sweet sweetener (both from Paddock Laboratories, Minneapolis, MN, 

USA). The thick liquid containing the seeds in the four bottles was drunk, and each bottle 

was rinsed with 50 mL of water to collect residual seeds, and these rinses were also 

consumed. Two additional 50-mL rinses were permitted to collect any remaining residual 

seeds; the total volume consumed for each dose did not exceed 500 mL. Participants were 

given up to 15 min to consume each dose. Doses were administered at 0900 and 1700 h 

on admission day. 

 

Plasma and OF collections 

Biological specimens were collected approximately 15 min before, and 0.5, 1, 2, 

2.5, 3, 4, 4.5, 5, 6, 6.5, 7, 8, 8.5, 9, 10, 10.5, 11, 12, 13, 15, 21, 24, 26, 28, 30, and 32 h 

after the first dose (up to 24 h after the second dose). Whole blood was collected from an 

indwelling peripheral venous catheter into a grey-top tube and placed on ice for no more 

than 2 h. Tubes were centrifuged at 3,000 rpm for 10 min and plasma was decanted into a 

3.6-mL Nunc CryoTube (Nalgene, Penfield, NY, USA) and stored frozen at -20 °C until 

analysis. OF was simultaneously collected with the Quantisal device (Immunalysis, 

Pomona, CA, USA) by placing the absorptive pad under the tongue until the volume-

adequacy indicator turned blue, indicating 1 ± 0.1 mL of OF was collected, or 5 min had 

elapsed, whichever occurred first. The pad was removed and placed in a plastic tube 

containing the elution/stabilization buffer, and stored for ≥12 h at 4 °C to allow analyte 

elution from the pad. A serum separator depressed into the tube aided buffer solution 

decanting into a 3.6-mL Nunc CryoTube. The OF/buffer solution was stored refrigerated 
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at 4 °C until analysis. Low-volume specimens were recorded at the time of collection and 

analyzed as collected, without applying weight corrections. 

 

Opiate analysis 

We quantified free morphine and codeine in plasma and OF by a fully validated 

LC–MS/MS method. Methanolic morphine-d6 and codeine-d6 internal standard solution 

was added to 0.5 mL of plasma or 1 mL of Quantisal (0.25 mL OF + 0.75 mL buffer), 

followed by 2 mL of 1% formic acid in water. Specimens were centrifuged at 4,000 xg 

and 4 °C for 5 min. Supernatants were applied to Strata-XC Polymeric Strong Cation 

mixed-mode solid phase extraction columns (Phenomenex, Torrance, CA, USA) (3 

mL/60 mg) preconditioned with 2 mL each of methanol and water. Once specimens were 

allowed to drip via gravity, columns were washed with 2 mL of each of 0.1 M acetic acid 

and methanol, followed by drying under positive pressure at maximum flow for 10 min. 

Analytes were eluted with 3 mL of 5% ammonium hydroxide in methanol and eluates 

were dried under a stream of nitrogen at 40 °C. Specimens were reconstituted with 200 µl 

of 1 mM ammonium formate + 0.01% formic acid in water:acetonitrile (9:1 v/v). 

Separations were performed on a Phenomenex Synergi 2.5 µm reversed-phase 

column (100 x 2.0 mm, 100 Å) coupled to a Shimadzu HPLC system (Columbia, MD, 

USA) and an ABSciex 3200 QTrap mass spectrometer with a TurboIonSpray source 

(Foster City, CA, USA). Data were acquired in electrospray ionization (ESI)-positive 

mode and analyzed with Analyst software version 1.5.1. The mobile phases were 1 mM 

ammonium formate + 0.01 % formic acid in water (A) and acetonitrile (B). Separations 

were performed under gradient elution conditions, starting with 10% B for 0.5 min, 
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increasing to 50% B by 5 min, increasing further to 90% B by 6 min, holding until 8 min, 

decreasing to 10% B by 8.5 min, and holding until 12 min. The column oven temperature 

was set to 30 °C and the flow rate to 0.3 mL/min. Analytes were quantified with two 

multiple reaction monitoring (MRM) transitions and their ratio; ratios for both analytes in 

both matrices had to be within ±20% of the average calibrator ratio. Transitions 

(quantification ion underlined) were 286→152 and 286→128 for morphine, and 

300→152 and 300→128 for codeine. 

The method was fully validated, including linearity, accuracy, interday and 

intraday imprecision, extraction efficiencies, and matrix effects. Linear ranges for 

morphine and codeine were 1–500 µg/L with limits of detection (LODs) of 0.5 µg/L. For 

plasma, interday and intraday imprecision were ≤8.8% (coefficient of variation, CV), 

accuracy was 92.4–97.7%, extraction efficiency was 82.1–103%, and matrix effects were 

-24.8–4.3%. For oral fluid, the interday and intraday imprecision were ≤9.0% CV, 

accuracy was 95.6–104%, extraction efficiency was 94.6–103%, and matrix effects were 

-71.2 to -44.3%. 

 

Data analysis 

Statistical evaluation was performed with IBM SPSS Statistics version 20 for 

Windows, Graphpad Software Prism version 5.02 for Windows, and Microsoft Excel 

2007. Pharmacokinetic analyses were based on dose. Participants who did not produce 

positive morphine or codeine specimens after a dose were excluded from calculations for 

that dose relating to: maximum observed concentration (Cmax), time to Cmax (tmax), last 

detected concentration (Clast), time of Clast (tlast), and estimated half-life (t1/2). The tlast for 
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participants who were not negative before the second dose was set to 8 h for calculations 

and Clast was set to the 8-h concentration. Area under the curve (AUC) was calculated for 

each participant after each dose by the linear trapezoidal method, resulting in AUC-0.25→8h 

(dose 1) and AUC8→32h (dose 2). Statistical testing to evaluate differences between 

plasma and OF morphine and codeine pharmacokinetic parameters was performed via the 

Wilcoxon signed-rank test for related samples. Least-squares regression analysis was 

performed to determine the relationship between morphine and codeine plasma and OF 

concentrations. OF/P ratios were calculated for morphine and codeine for timepoints 

where analytes were detected in both matrices. Morphine and codeine results were 

evaluated at the method limit of quantification (LOQ, 1 µg/L), SAMHSA’s proposed 

confirmation cutoff of 40 µg/L, the DRUID 10-µg/L whole blood OF equivalent cutoffs 

of 95 µg/L (morphine) and 94 µg/L (codeine), the DRUID 20-µg/L analytical cutoff, and 

at 30 and 15 µg/L. Statistical significance was present if the two-tailed p-value was 

<0.05. 

 

Results 

Seventeen healthy adults aged 19–54 years (12 men, 5 women; 11 black, 3 white, 

3 mixed ethnicity) were admitted to the secure clinical unit. All urine opiate iScreen and 

pregnancy tests were negative. Participant G withdrew consent for plasma collection 

early in the study but stayed for all doses and OF collections; his data were excluded 

from plasma data analysis and calculating OF/P ratios and OF–plasma regression. 

Participants provided 430 plasma (N = 16 participants) and 459 OF (N = 17) specimens. 

There were 101 low-volume OF collections (5 min elapsed before volume-adequacy 
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indicator turned blue). Table 1 summarizes the positivity rates of full-volume and low-

volume specimens at the method LOQ at various time periods throughout the study. Low-

volume specimens were collected at least once at every timepoint, but there were always 

more full-volume specimens.  

 

Table 1. Comparison of positivity rates at the method limit of quantification (1 µg/L) for full-volume 

and low-volume Quantisal™ oral fluid (OF) specimens collected from 17 healthy adult participants after 

two 45 g doses of raw, uncooked poppy seeds, each containing 15.7 mg morphine and 3.1 mg codeine. 

Dose 
Time after dosing 

(h)a 

Morphine  Codeine 

% Positive 

result, full 

volume 

% Positive 

results, low 

volume 

 % Positive 

result, full 

volume 

% Positive 

results, low 

volume 

1 0.5-1 (25, 9) 100 100  96.0 100 

 2-3 (38, 13) 89.5 100  100 92.3 

 4-5 (39, 12) 74.4 58.3  84.6 58.3 

 6-8 (51, 17) 31.4 11.8  60.8 35.3 

2 0.5-1 (31, 3) 100 100  100 100 

 2-3 (41, 10) 97.6 80.0  97.6 70.0 

 4-7 (34, 17) 85.3 58.8  82.4 70.6 

 13-18 (36,15) 33.3 26.7  27.8 13.3 

 20-24 (46, 5) 2.2 20.0  2.2 20.0 
aData in parentheses indicate: (number of full-volume OF specimens, number of low-volume OF 

specimens) 

 

Median (interquartile range) plasma and OF morphine and codeine concentration–

time curves are presented in Figure 1, positivity rates at timepoints after dosing are 

summarized in Table 2, and pharmacokinetic parameters are summarized in Table 3; data 

presented are at the method LOQ. For participant J, the 6.5-h and 8-h plasma specimens 

after the first dose were unavailable because of complications with his intravenous 

catheter; these data were excluded from plasma Clast and tlast calculations after dose 1 and 

AUC calculations after both doses. Two participants did not produce codeine-positive 

plasma specimens after dose 1, so their data were excluded from plasma codeine Cmax, 



 

47 

 

tmax, Clast, tlast, and t1/2 calculations after dose 1. One participant produced no codeine-

positive plasma specimens after either dose, so these data were excluded from both doses. 

Participants who were plasma codeine-positive were not positive long enough to 

calculate t1/2. One participant after dose 1 and two participants after dose 2 were not 

plasma morphine-positive long enough, and three participants after both doses were not 

OF morphine-positive long enough to calculate t1/2.  

 

 

 

 

Participant plasma and OF morphine positivity rates after both doses were similar 

throughout the study. At the time of the second dose, 12.5 and 17.6% of participants were 

morphine-positive in plasma and OF, respectively. Participants were codeine-positive 

longer in OF than in plasma. Approximately 47% were OF codeine-positive at the time of 

the second dose, while none was positive in plasma. After dose 2, participants were OF 

codeine-positive for at least 15 h longer than in plasma.  

Figure 1. Median and interquartile range concentration-time curves for morphine and codeine 

in oral fluid (N = 17, filled circles) and plasma (N = 16, empty circles) after two 45 g raw 

poppy seed doses (indicated by vertical dashed lines) each containing 15.7 mg morphine and 

3.1 mg codeine administered 8 h apart 
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After both doses, median OF morphine Cmax was significantly greater and tmax 

significantly shorter than in plasma; median OF morphine AUC8→32 h was significantly 

greater than in plasma. After both doses, median OF codeine Cmax, Clast, and AUC were 

significantly greater, and median OF tlast was significantly longer than in plasma.  

 

Table 2. Percentage of participants positive in plasma (N = 16) and oral fluid (OF, N = 17) at the method 

limit of quantification (1 µg/L) at each time point after two 45 g doses of raw, uncooked poppy seeds, 

each containing 15.7 mg morphine and 3.1 mg codeine. 

Time 

after 

dose (h) 

Dose 1  Dose 2 

Morphine  Codeine  Morphine  Codeine 

Plasma OF  Plasma OF  Plasma OF  Plasma OF 

0.5 82.4 100  35.3 94.1  94.1 100  5.9 100 

1 94.1 100  52.9 100  94.1 100  70.6 100 

2 94.1 94.1  58.8 100  88.2 100  82.4 94.1 

2.5 88.2 94.1  58.8 94.1  82.4 94.1  64.7 100 

3 82.4 88.2  58.8 100  94.1 88.2  58.8 82.4 

4 82.4 70.6  23.5 70.6  88.2 82.4  23.5 94.1 

4.5 76.5 64.7  11.8 76.5  - -  - - 

5 76.5 70.6  5.9 88.2  70.6 76.5  17.6 88.2 

6 47.1 23.5  0 64.7  - -  - - 

6.5 43.8 41.2  0 52.9  - -  - - 

7 52.9 23.5  0 52.9  47.1 70.6  0 64.7 

8 12.5 17.6  0 47.1  - -  - - 

13 - -  - -  29.4 47.1  0 41.2 

16 - -  - -  23.5 23.5  0 17.6 

18 - -  - -  23.5 23.5  0 17.6 

20 - -  - -  5.9 5.9  0 5.9 

22 - -  - -  0 5.9  0 5.9 

24 - -  - -  0 0  0 0 

 

Figure 2 depicts results from OF and plasma morphine and codeine least-squares 

linear regression and Figure 3 depicts OF/P ratios over time after each dose. OF and 

plasma concentrations were significantly correlated for each analyte. Morphine was 

present in OF and plasma in 214 paired samples (49.8%) for calculating OF/P ratios. The 

median (range) morphine OF/P ratio was 1.2 (0.3–34.3). From 2 to 6.5 h after dose 1 and 

from 2 to 18 h after dose 2, the median OF/P ratio was 1.0 (0.3–10.2) and 1.0 (0.3–4.7), 
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Table 3. Summary statistics for median morphine and codeine pharmacokinetic parameters in plasma (N = 16) and oral fluid (N = 17) at the method limit of 

quantification (1 µg/L) after two 45 g doses of raw, uncooked poppy seeds, each containing 15.7 mg morphine and 3.1 mg codeine. 

Dose 
Pharmacokinetic 

Parameter 

Plasmaa  Oral Fluidb  p-valuec 

Median 

Morphine 

(range) 

Median 

Codeined  

(range) 

 Median 

Morphine  

(range) 

Median  

Codeine  

(range) 

 

Morphine Codeine 

1 Cmax (µg/L) 5.4 (2.8-8.4) 1.5 (1.2-2.0)  17.5 (3.6-76.5) 6.4 (2.1-23.8)  0.002 0.001 

 tmax (h) 1.5 (0.5-4.0) 2.0 (0.5-3.0)  0.5 (0.5-2.5) 1.0 (0.5-5.0)  0.022 0.032 

 Clast (µg/L) 1.6 (1.1-3.5) 1.1 (1.0-2.0)  1.4 (1.0-3.0) 1.6 (1.0-3.0)  0.649 0.015 

 tlast (h) 7.0 (2.0->8.0) 3.0 (1.0-5.0)  5.0 (3.0->8.0) 7.0 (3.0->8.0)  0.378 0.002 

 AUC-0.25→8h (µg∙h/L) 16.2 (10.2-29.0) 3.0 (0.0-7.3)  26.2 (8.1-70.8) 16.6 (8.2-62.7)  0.069 0.001 

 t1/2 (h) 2.4 (1.0-3.1) -  2.1 (1.2-3.8) 2.6 (1.9-8.9)  0.730 - 

2 Cmax (µg/L) 5.4 (3.8-9.3) 1.4 (1.1-1.7)  36.4 (4.6-110) 7.2 (3.3-22.4)  0.001 0.001 

 tmax (h) 2.0 (0.5-10.0) 2.0 (1.0-2.5)  0.5 (0.5-0.5) 1.0 (0.5-7.0)  0.001 0.451 

 Clast (µg/L) 1.4 (1.0-5.8) 1.1 (1.0-1.3)  1.4 (1.0-2.9) 1.3 (1.1-5.0)  0.856 0.029 

 tlast (h) 7.0 (4.0-20.0) 3.0 (1.0-5.0)  13.0 (2.0-22.0) 7.0 (5.0-22.0)  0.131 0.001 

 AUC8→32h (µg∙h/L) 23.2 (8.3-53.1) 2.6 (0.0-7.2)  43.9 (20.4-118) 23.2 (9.9-126)  0.015 0.001 

 t1/2 (h) 2.3 (1.5-8.1) -  2.0 (1.0-8.7) 3.4 (1.4-9.8)  0.421 - 
Cmax maximum observed concentration, tmax time to Cmax Clast last detected concentration, tlast time of Clast, AUC area under the curve, t1/2 estimated half-life 
aN = 13 for all codeine parameters after dose 1 (except t1/2), N = 14 for morphine t1/2 after dose 2, N = 15 for morphine AUCs after both doses and t1/2 after dose 

2, and all codeine parameters (except t1/2) after dose 2. 
bN = 15 for morphine t1/2 after dose 2 and codeine t1/2 after dose 1, N = 16 for morphine t1/2 after dose 1 and codeine t1/2 after dose 2. 
cp-values in bold <0.05 denote significant difference between plasma and OF. 
dt1/2 not calculated for plasma codeine because participant specimens not positive for long enough to perform calculations. 
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respectively. When calculating codeine OF/P ratios, 104 specimen pairs (24.2%) had 

measurable codeine in both matrices; median codeine OF/P ratio was 3.7 (1.1–18.9). 

Codeine OF/plasma ratios could only be calculated for 5 h after each dose. Table 4 

presents OF results evaluated at different cutoffs. At the method LOQ (1 µg/L), 273 

(59.5%) and 297 (64.7%) were morphine-positive and codeine-positive, respectively. In 

the cutoff range 15–95 µg/L, median OF morphine time of first (tfirst) and last (tlast) 

detection were both 0.5 h; in that range the percent positive specimens (number of 

Figure 2. Oral fluid and plasma regression analysis for morphine and codeine (N = 430 each 

analyte). Least-squares regression line with 95% confidence intervals, line equation, and r2 values 

shown. Slopes for each analyte were significantly non-zero (p <0.001 for each). 

Figure 3. Median (range) oral fluid (OF)/plasma ratios in 16 healthy adults after two 45-g doses of 

raw, uncooked poppy seeds, each containing 15.7 mg morphine and 3.1 mg codeine. Only pairs of 

simultaneously collects specimens in which opiates were positive in both matrices at the method 

limit of quantification (1 µg/L) were included. 
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participants positive) was 0–9.2% (2–15). Two participants were OF codeine-positive 

only at cutoffs 15–20 µg/L with median tfirst and tlast 0.5–1.3 h and 0.5–2.3 h, 

respectively. 

 

Discussion 

Few studies have reported plasma and OF morphine and codeine concentrations 

after poppy seed consumption. Hayes et al. (2) conducted two poppy seed administration 

trials. In the first, four participants each consumed 25 g of poppy seeds, containing 

approximately 7.5 mg of morphine and 0.4 mg of codeine; in the second, two participants 

each consumed 40 g of poppy seeds, with 2.5 mg of morphine and 0.16 mg of codeine. 

Hydrolysis with β-glucuronidase was performed for serum samples to measure total 

morphine and codeine. In the first trial, total serum morphine and codeine concentrations 

3 h post-dose (first timepoint reported) were 80–131 and 4–11 µg/L, respectively. For the 

second trial, peak serum total morphine concentrations were 43 and 51 µg/L 1.5 h post-

dose. Free morphine also was measured after the second trial with maximum observed 

concentrations of 2.5 and 3.0 µg/L. Codeine concentrations in the second trial and the 

method LOQ were not reported. In another study, serum morphine and codeine 

concentrations were measured before and after hydrolysis after five participants 

consumed poppy seeds containing 50 mg/kg morphine, and serum was collected between 

3 and 4 h post-dose; the total amount of seeds consumed was not recorded (6). Before 

serum hydrolysis, no participant was morphine-positive (LOQ = 6.5 µg/L) or codeine-

positive (LOQ = 8.2 µg/L). Our lower LOQ (1 µg/L) and higher morphine dose explain 

the higher percentage of positive free morphine specimens. After hydrolysis, two 
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 Table 4. Oral fluid cutoff evaluations for morphine and codeine from 459 Quantisal™ specimens collected from 17 healthy adults after two 45 g poppy seed 

doses, each containing 15.7 mg morphine and 3.1 mg codeine per dose. 

Dose  

DRUID 10 µg/L blood equivalent: 

95 µg/L morphine, 

94 µg/L codeine 

SAMHSA 

40 µg/L 
30 µg/L 

DRUID 

analytical 

20 µg/L 

15 µg/L 

1 Morphine      

    Positive specimens (%)a 0 0.9 (2) 1.4 (3) 4.5 (8) 5.9 (9) 

    Median tfirst (h)b N/A 0.5 (0.5-0.5) 0.5 (0.5-0.5) 0.5 (0.5-0.5) 0.5 (0.5-0.5) 

    Median tlast (h)b N/A 0.5 (0.5-0.5) 0.5 (0.5-0.5) 0.5 (0.5-2.0) 0.5 (0.5-2.0) 

 Codeine      

    Positive specimens (%)a 0 0 0 0.5 (1) 1.8 (2) 

    Median tfirst (h)b N/A N/A N/A 0.5 (0.5-0.5) 1.3 (0.5-2.0) 

    Median tlast (h)b N/A N/A N/A 0.5 (0.5-0.5) 2.3 (2.0-2.5) 

2 Morphine      

    Positive specimens (%)a 0.8 (2) 2.9 (7) 4.2 (9) 6.7 (12) 9.2 (15) 

    Median tfirst (h)b 0.5 (0.5-0.5) 0.5 (0.5-0.5) 0.5 (0.5-0.5) 0.5 (0.5-0.5) 0.5 (0.5-0.5) 

    Median tlast (h)b 0.5 (0.5-0.5) 0.5 (0.5-0.5) 0.5 (0.5-1.0) 0.5 (0.5-1.0) 0.5 (0.5-1.0) 

 Codeine      

    Positive specimens (%)a 0 0 0 0.4 (1) 0.8 (1) 

    Median tfirst (h)b N/A N/A N/A 1.0 (1.0-1.0) 0.5 (0.5-0.5) 

    Median tlast (h)b N/A N/A N/A 1.0 (1.0-1.0) 1.0 (1.0-1.0) 

SAMHSA Substance Abuse and Mental Health Services Administration, DRUID Driving Under the Influence of Drugs, Alcohol, and Medicine. 
aNumber of participants in parentheses. 
bRange given in parentheses. 
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.participants had measurable morphine, 12 and 24 µg/L, and the participant with the 

higher morphine concentration had detectable codeine ([LOD of 4 µg/L but <LOQ) (6). 

High serum opiate concentrations (>100 µg/L) after hydrolysis were reported for oral 

opiate doses that were approximately half those administered in the present study. We did 

not perform hydrolysis in the present study because it is not typical to hydrolyze blood, 

plasma, or serum  

There are few OF opiate concentration data after poppy seed administration in the 

literature. Rohrig and Moore (18) administered three commercially prepared poppy seed 

bagels to four participants at one site. At a second location, three participants were each 

administered one bagel (containing 820 mg of poppy seeds) plus as many seeds as they 

could eat from a jar within an hour. Morphine and codeine content were not evaluated in 

the seeds at either site. The amount of ingested seeds was not documented at the first 

location, but at site 2 participants consumed 820 mg of poppy seeds from the bagel and 

then up to 20.8 g of seeds from the jar. Morphine and codeine were not detected in OF 

from the first site, collected with the Epitope OF device, and no codeine was detected in 

OF from the second site, obtained with a collector-free OF kit. OF morphine Cmax 

observed at the second site was 205 µg/L, 15 min after dosing (15 min earlier than the 

first collection in the present study), with concentrations below SAMHSA’s 2004 

proposed Mandatory Guidelines cutoff after an hour post-dose. Niedbala et al. (155) 

reported positive OF specimens collected with the Intercept device 15 min post-dose with 

an administrative 10-µg/L cutoff after a volunteer ingested 40 g of poppy seeds; the 

volunteer was negative at 1 h post-dose. Our OF results agree well with these results. 
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OF codeine was not detected by Rohrig and Moore after participants ingested 

more than 20 g of seeds. It is possible that lower codeine doses than those administered in 

the present study (3.1 mg per dose) were given. Processing poppy seeds is known to 

reduce the opiate content by up to 90% (8). Another explanation could be differences in 

seed variety; seeds originating in different countries are known to vary in opiate content 

(4). 

OF opiate positivity rates were greater in full-volume specimens at nearly every 

timeframe. This appears to contradict previously published results in which higher OF 

drug prevalence was observed in low-volume specimens (158). Some drugs reduce 

salivation for a short time after drug intake, and it is possible that low-volume specimens 

were collected shortly after drug administration when concentrations would be higher. In 

the present study, low-volume OF collections occurred throughout the study, but 56% 

were morphine-positive and 58% codeine-positive, indicating that low-volume specimens 

should be analyzed. 

Observed maximum OF opiate concentrations were significantly greater and tmax 

values were significantly shorter than in plasma. In addition, OF codeine was detected for 

significantly longer than in plasma, but this was not true for morphine; there was no 

significant difference between plasma and OF morphine tlast or t1/2 after either dose. OF 

contamination from opiates on the seed surface and ion trapping in OF due to its lower 

pH compared to plasma are important mechanisms that can explain these observations. 

Codeine ion trapping is a likely mechanism because codeine is not highly protein-bound 

(7–25%) and is more lipophilic than morphine (codeine LogP 1.19, morphine LogP 0.89), 

which may explain why extended detection was observed for codeine only. The higher 
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lipophilicity of codeine contributes to the larger difference between the median observed 

maximum OF and plasma concentrations for codeine (4.3 times greater) than for 

morphine (3.2 times greater). 

Some participants were still opiate positive in plasma and OF before the second 

dose was given; two participants were plasma morphine-positive, three were OF 

morphine-positive, and seven were OF codeine-positive. For dose 2, the median AUCs 

for plasma morphine and OF morphine and codeine were each greater than the AUCs for 

dose 1. In addition, the OF morphine AUC for dose 2 was significantly greater than that 

for plasma, but this was not true after dose 1. However, the maximum observed opiate 

concentrations between doses remained similar in plasma and OF. The AUC for dose 2 

was greater probably because it was calculated for 24 h (8–32 h), while the AUC for dose 

1 was calculated for 8.25 h (-0.25–8 h). In addition, the residual concentrations from dose 

1 in participants who were not morphine-negative before the second dose contributed to 

the AUC for dose 2. Because such a large dose was administered, these residual 

concentrations would most likely not significantly contribute to the maximum 

concentrations reached. 

Morphine and codeine OF/P ratios demonstrated large intersubject and 

intrasubject variability. Similar results were demonstrated after administrations of Δ9-

tetrahydrocannabinol (97), 3,4-methylenedioxymethamphetamine (156), and oral codeine 

(159). Median morphine OF/P ratios remained close to unity from 2 to 6.5 h and from 2 

to 18 h after doses 1 and 2, respectively, but variability during those time frames was still 

large (0.3–10.2). Codeine OF/P ratios could only be calculated for 5 h after each dose 

because of the shorter detection window for plasma. Large variability was observed for 
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codeine OF/P ratios (1.1–18.9), although the median ratios appeared to remain within a 

narrow range (1.8–5.2 after dose 1, 2.0–5.5 after dose 2). The higher lipophilicity of 

codeine can also account for the greater median ratio compared to morphine. OF and 

plasma morphine and codeine concentrations were significantly correlated, but the high 

variability precludes predicting plasma opiate concentrations from OF results after poppy 

seed ingestion. 

First detection times for OF morphine did not change depending on the cutoff. 

This is not surprising because a large oral dose was administered, with maximum 

concentrations expected at the first collection time due to contamination from opiates on 

the seed surface. Median morphine tlast did not change (0.5 h) in the cutoff range from 15 

to 95 µg/L. Within that range the percent positive specimens ranged from 0.8 to 9.2%, 

corresponding to 2–15 participants producing at least one morphine-positive OF 

specimen after either dose. The current recommended OF cutoffs are 20–40 µg/L. In that 

range, percent positive morphine specimens ranged from 0.9 to 6.7%. Only 1 or 2 

participants produced codeine-positive OF specimens with a 20- or 15-µg/L cutoff, 

respectively. These data suggest lowering the opiate OF cutoff to 20 µg/L will not 

significantly increase the time that OF is morphine-positive after poppy seed ingestion. In 

addition, the percentage of specimens positive for OF morphine will be ≤6.7 %, even 

after two large raw poppy seed doses containing 15.7 mg of morphine each. Positive 

opiate OF results are possible after large doses of uncooked poppy seeds, but consuming 

doses as large as those administered in the present study is rare; in most cases seeds are 

cooked before consumption, greatly reducing the possibility of positive opiate tests. 
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Participants ingested two 45-g doses of raw poppy seeds, each containing 15.7 mg 

of morphine and 3.1 mg of codeine; seed processing was avoided to prevent opiate loss. 

Significantly greater OF opiate concentrations were detected compared to plasma, but 

only codeine was detected significantly longer in OF. Morphine and codeine OF/P ratios 

were highly variable after poppy seed ingestion, precluding plasma concentration 

estimations from OF data, despite significant OF–plasma correlations. We demonstrated 

that in the OF cutoff range of 20–40 µg/L, the median OF morphine tfirst and tlast did 

not change (both 0.5 h) and prevalence remained low (0.9–6.7%) after large morphine 

doses. Our findings suggest false-positive opiate tests in plasma or OF are unlikely after 

consumption of typical amounts of cooked or uncooked poppy seeds.   
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Chapter 3 – Morphine and Codeine in Oral Fluid after Controlled 

Poppy Seed Administration2 

 

Abstract 

Opiates are an important drug class in drug testing programs. Ingestion of poppy 

seeds containing morphine and codeine can yield positive opiate tests and mislead result 

interpretation in forensic and clinical settings. Multiple publications evaluated urine 

opiate concentrations following poppy seed ingestion, but only two addressed oral fluid 

(OF) results; neither provided the ingested morphine and codeine dosage. We 

administered two 45 g raw poppy seed doses, each containing 15.7 mg morphine and 3.1 

mg codeine, 8 h apart to 17 healthy adults. All OF specimens were screened by on-site 

OF immunoassay Draeger DrugTest 5000, and confirmed with OF collected with Oral-

Eze® device and quantified by liquid chromatography-tandem mass spectrometry (1 μg/L 

morphine and codeine limits of quantification). Specimens (n = 459) were collected 

before and up to 32 h after the first dose. All specimens screened positive 0.5 h after 

dosing and remained positive for 0.5–13 h at Draeger 20 μg/L morphine cut-off. 

Maximum OF morphine and codeine concentrations (Cmax) were 177 and 32.6 μg/L, with 

times to Cmax (tmax) of 0.5–1h and 0.5–2.5h post-dose, respectively. Windows of detection 

after the second dose extended at least 24 h for morphine and to 18 h for codeine. After 

both doses, the last morphine positive OF result was 1 h with 40 μg/L 2004 proposed US 

Substance Abuse and Mental Health Services Administration cutoff, and 0.5 h with 95 

μg/L cutoff, recently recommended by the Driving under the Influence of Drugs and 

                                                 
2 Concheiro, et al. Drug Test Anal. 2014;7(7):586-591 (doi: 10.1002/dta.1742). Reproduced with 

permission by John Wiley and Sons.  
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Medicines project. Positive OF morphine results are possible 0.5–1h after ingestion of 

15.7 mg of morphine in raw poppy seeds, depending on the cut-off employed. 

 

Introduction 

 The seeds of the opium poppy plant, Papaver somniferum L., are commonly 

consumed in food worldwide. The seeds, consumed raw or cooked, contain opiate 

alkaloids, primarily morphine (0–450 μg/g seeds) and codeine (0–57.1 μg/g), but also 

lower concentrations of thebaine (0.3–41 μg/g), noscapine (0.84–230 μg/g) and 

papaverine (0–67 μg/g) (7). Thus, poppy seeds consumption can yield a positive opiate 

test in biological matrices (6, 8, 160), and mislead interpretation of clinical and forensic 

results. Despite multiple efforts, no unambiguous markers were identified, nor has a 

poppy seed consumption limit or analytical cutoff been developed to differentiate poppy 

seed ingestion from heroin or morphine use. A recent study suggested that urinary 

ATM4G, a glucuronide metabolite of a byproduct from the synthesis of illicit heroin 

(thebaine with a 2-(N-methylacetamido)-ethyl sidechain), can differentiate the source of 

opiate intake (26). 

 Poppy seed morphine content is highly variable, depending upon poppy seed 

variety, geographical origin, harvesting and processing procedures (8, 19). Morphine 

content is substantially reduced after grinding (34%), baking (90%), or washing the seeds  

(70%) (10). 

 Morphine and codeine concentrations were reported in urine, serum, blood, and 

oral fluid (OF) following poppy seeds ingestion. Urine cases were recently reviewed (8), 

with morphine concentrations as high as 18,000 μg/L after poppy seed cake ingestion 
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(11). In serum, total morphine maximum concentration was 100 μg/L 2 h after ingestion 

of 7.4 mg morphine in poppy seeds (2), and in blood, up to 24 μg/L after ingestion 

products containing 50 μg morphine/g poppy seeds. We are aware of only two reports of 

OF opiates following poppy seed ingestion, but neither provided the amount of morphine 

or codeine ingested. One study detected morphine for up to 15 min (155); the other 

reported morphine positive specimens for up to 1 h (18). 

 OF is an alternative matrix of increasing interest in workplace, drug treatment, 

pain management, and driving under the influence of drugs programs. Collection is easy, 

non-invasive, gender-neutral, and difficult to adulterate because of the observed 

collection. In 2004, the US Substance Abuse and Mental Health Services Administration 

(SAMHSA) proposed a 40 μg/L OF screening and confirmation cut-off for morphine and 

codeine for workplace drug testing (157). The Driving under the Influence of Drugs and 

Medicines (DRUID) project recommended analytical OF morphine and codeine cut-offs 

of 20 μg/L each. Additionally, the DRUID project recommended OF cut-offs of 95 μg/L 

confirmation for morphine and 94 μg/L for codeine as equivalent concentrations to 10 

μg/L in whole blood for drug prevalence studies (161). 

 We evaluated morphine and codeine OF concentrations at different cutoffs after 

controlled oral administration of two doses 8 h apart of 45 g raw poppy seeds containing 

15.7 mg morphine and 3.1 mg codeine. All OF specimens were collected by the Oral-

Eze® device and then screened by an onsite immunoassay device; OF morphine and 

codeine collected from the confirmatory device were quantified by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS). 
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Materials and methods 

Participants 

Healthy volunteers 18–65 years old were recruited from the community by 

advertising and word-of-mouth and received a comprehensive medical and psychological 

evaluation. Exclusion criteria included current medical condition precluding safe study 

participation, current physical dependence on any psychoactive substance other than 

caffeine or tobacco, inability to tolerate orally administered poppy seeds, women who 

were pregnant or nursing, history of psychosis or any current major psychiatric disorder, 

or inadequate peripheral venous access. All participants provided written informed 

consent for this National Institute on Drug Abuse Institutional Review Board-approved 

study. 

 

Poppy seed administration 

Participants resided on the secure clinical unit ≥2 h before and 32 h after the first 

poppy seed administration. Each participant consumed two doses of 45 g raw, uncooked 

poppy seeds purchased from Brugger’s Bagels (Raleigh, NC, USA). Morphine and 

codeine content were determined by Research Triangle International (Durham, NC, 

USA). The amount of codeine and morphine in the poppy seeds was determined in 

triplicate using the method of standard additions. An aqueous solution containing codeine 

and morphine at 0.5 mg/mL was added to glass tubes containing 1 ± 0.03 g of ground 

poppy seeds to provide standard amounts of codeine and morphine at 0, 100, 200, and 

400 μg/g. The internal standard, hydromorphone, was added to each tube at 100 μg/g. 

The samples were dried, and 3 mL extraction solvent (methanol with 0.1% acetic acid) 
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was added to each sample. The samples were vortexed, sonicated for 1 h and centrifuged 

at 3500 rpm for 5 min. The solvent layer was removed and transferred into an 

autosampler vial for analysis. For each analyte (codeine and morphine), the relative 

response (analyte response/internal standard response) for each sample was plotted versus 

the concentration of analyte added (μg/g) and a linear trendline was fitted to the data. The 

analyte concentration in each sample was calculated by extrapolating the line back to the 

x-axis intercept and taking the absolute value. Average codeine and morphine 

concentrations were calculated from the three analyses. The black seeds average (SD) 

morphine and codeine concentrations were 348 (31) μg/g and 70 (4) μg/g, respectively; 

each dose contained 15.7 mg morphine and 3.1 mg codeine. A dose consisted of 4 plastic 

bottles each holding 11.25 g poppy seeds suspended in 40 mL Ora-Plus® suspension 

vehicle and 10mL Ora-Sweet® sweetener (both from Paddock Laboratories, Inc., 

Minneapolis, MN, USA). After consuming the entire dose, each bottle was rinsed up to 

three times if needed with 50 mL water to collect residual seeds. Within a 15 min time 

period, all participants drank all the rinses to ensure delivery of the entire dose. Doses 

were administered at 0900 h and 1700 h on admission day. 

 

OF collection 

OF specimens were screened and collected approximately 0.25 h before, and 0.5, 

1, 2, 2.5, 3, 4, 4.5, 5, 6, 6.5, 7, and 8 h after the first and 0.5, 1, 2, 2.5, 3, 4, 5, 7, 13, 16, 

18, 20, 22, and 24 h after the second dose. OF for confirmation analysis was collected 

with the Oral-Eze® device (Quest Diagnostics, Inc., Lenexa, KS, USA) by placing the 

collector between the lower cheek and teeth, with the plastic shield against the cheek with 
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the mouth closed. Due to the complexity of the study timeline, the collector remained in 

the mouth for 5 min or until the volume-adequacy indicator turned blue, indicating 

approximately 1 mL OF collection, whichever occurred first. The pad was removed and 

placed in a plastic tube containing the elution/stabilization buffer, and stored laying down 

at room temperature for 12 h to allow analyte elution from the pad. The weight supplied 

with the Oral-Eze collection tube was inserted into the tube, followed by centrifugation at 

4 °C for 5 min at 2200 xg; during centrifugation the weight depresses the collection pad 

and improves release of the OF-buffer mixture. The OF-buffer solution was decanted into 

a 3.6 mL Nunc™ CryoTube™ (Thermo Scientific, Waltham, MA, USA) and refrigerated 

at 4 °C until analysis. Low-volume specimens (volume-adequacy indicator did not turn 

blue) were recorded at the time of collection and analyzed as collected, without applying 

weight corrections. 

OF was screened by the on-site Draeger DrugTest 5000 device (Draeger, Lübeck, 

Germany) with a 20 μg/L morphine cut-off. The assay’s antibody cross-reactivities 

reported by the manufacturer with common co-occurring compounds are summarized in 

Table 5. The OF collector was continuously moved around the participant’s mouth until 

the indicator turned blue. After inserting the collector and test cartridge into the analyzer 

and closing the door, results were displayed in approximately 8 min. Invalid tests 

(specimen collected correctly but no reading) were recorded at the time of screening. 
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Table 5. Draeger DrugTest® 5000 antibody cross-reactivities reported by the manufacturer with common 

co-occurring compounds. 

Compound 
Positive result at a given 

concentration (µg/L) 
% Cross-reactivity 

6-acetylmorphine 35 57.14 

Amobarbital 100,000 0.02 

Atropine 80,000 0.03 

Codeine 25 80 

Delta-9-tetrahydrocannabinol 55,000 0.04 

Diazepam 50,000 0.04 

Dihydrocodeine 20 100 

Ecgonine methyl ester 1,500 1.33 

Hydrocodone 20 100 

Hydromorphone 30 66.67 

Methadone 85,000 0.02 

Methylenedioxyethylamphetamine 10,000 0.2 

Morphine-3-glucuronide 35 57.14 

Nalorphine 35 57.14 

Naloxone 1,000 2 

Norcodeine 4,000 0.5 

Normorphine 8,000 0.25 

Ofloxacin 55,000 0.04 

Oxycodone 1,000 2 

Procaine 70,000 0.03 

S(+)methamphetamine 20,000 0.1 

 

Opiate analysis 

We quantified OF morphine and codeine by a fully validated LC-MS/MS method. 

To 0.75 mL Oral-Eze (0.25 mL OF and 0.5 mL buffer) specimen, we added 25 μL 

methanolic d6-morphine and d6-codeine internal standard solution at 1 μg/mL, followed 

by 2 mL 1% formic acid in water. Specimens were centrifuged at 4 °C and 4000 xg for 5 

min. Supernatants were subjected to solid-phase extraction and analyzed on an ABSciex 

3200 QTrap® mass spectrometer. Analytes were quantified by two MRM transitions and 

their ratio; transitions for morphine (quantification transition is underlined) were m/z 

286→152 and m/z 286→128, and for codeine m/z 300→152 and m/z 300→128. 
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Validation parameters included linearity, accuracy, inter- and intra-day 

imprecision, extraction efficiencies, and matrix effects. Linearity was determined on 5 

different days and determined acceptable if r2 was ≥0.99 and calibrators quantified within 

±20% of target. Limit of detection (LOD) and limit of quantification (LOQ) were 

determined by fortifying matrices with decreasing analyte concentrations. LOD was 

defined as the lowest concentration with acceptable chromatography, two MRM 

transitions with appropriate ion ratio, and a signal-to-noise ≥3. LOD was evaluated in 

samples from three different sources. The LOQ was the lowest concentration with two 

MRM transitions with appropriate ion ratio, signal-to-noise ratio ≥10, and imprecision 

<20% and bias ≤ ±20%. LOQ was evaluated by five replicates on three different days and 

three different matrix sources. Imprecision was determined at low, medium and high QC 

concentrations with five replicates per concentration on four different days (n = 20). 

Imprecision was expressed as coefficient of variation (%CV) and was expected to be 

<20%. Interday, intra-day, and total imprecision were calculated according to Chesher 

(162). Accuracy was calculated as percent target concentration (n = 20) with required 

criteria of 80–120%. Matrix effect and extraction and efficiency were evaluated by 

preparing specimens in blank matrix before (n = 5) and after (n = 10) the extraction for 

all QC concentrations. Neat samples were prepared in the elution solvent (n = 5). All 

replicates were prepared in blank matrix from different donors. Matrix effect was 

calculated as ([average peak area from after set/average peak area from neat set] - 1)× 

100. Extraction efficiency was calculated as (average peak area from before set/average 

peak area from after set) × 100. Linear ranges for morphine and codeine were 1-500 

μg/L, with limits of detection of 0.5 μg/L and of quantification of 1 μg/L. Intra- and inter-
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day imprecision and accuracy/bias were ≤16.5% CV and 95.3–101.3%, respectively; 

extraction efficiencies and matrix effects were 84.4–105.6% and -46.1 to -28%, 

respectively. Figure 4 shows an extracted ion chromatogram for morphine and codeine at 

the LOQ in Oral-Eze collected OF. 

 

 

Immunoassay evaluation 

We evaluated the Draeger DrugTest 5000 device comparing its valid results to 

Oral-Eze morphine and codeine confirmation results in all specimens (n = 450) and in 

full volume specimens (n = 301). We evaluated the Draeger test at different confirmation 

cutoffs (1, 5, 10, 15, and 20 μg/L) for morphine in the Oral-Eze specimens, and also 

Figure 4. Morphine and codeine extracted ion chromatogram at the limit of quantification (1 µg/L) 

in Oral-Eze®
. 
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taking into account codeine cross-reactivity (morphine and 80% codeine at 0.07 μM 

equivalent to morphine 20 μg/L). We determined true positive (TP, screen and 

confirmation positive), true negative (TN, screen and confirmation negative), false 

positive (FP, screen positive but confirmation negative), and false negative (FN, screen 

negative but confirmation positive). Sensitivity was TP/(TP + FN)*100, specificity 

TN/(TN+FP)*100 and efficiency (TP+TN)/(TP+TN+FP+FN)*100. 

 

Results 

Seventeen healthy adults aged 19–54 years (12 male, 5 female; 11 African-

American, 3 Caucasian, and 3 multi-racial), body weight 52.2–88.9 kg, were admitted to 

the secure clinical research unit. Participants provided 459 OF specimens collected with 

the Oral-Eze device, and 459 that were screened by the Draeger DrugTest 5000. Nine 

Draeger tests were invalid (2%), 6 from participant L (8 h post-first dose and 0.5, 1, 3, 4, 

and 5 h post-second dose), 2 from participant U (before dosing and 6.5 h post-first dose) 

and one from participant S (18 h post-second dose). Among the Oral-Eze specimens, 155 

were low volume (33.8%), collected throughout the study timeline after both doses 

(median 4.5 h, range 0.5–24 h post-dosing). 

At the method LOQ (1 μg/L), 288 Oral-Eze OF specimens were positive for 

morphine (62.8%) and 306 for codeine (66.9%). Median (interquartile range) OF 

concentration-time curves for morphine and codeine are presented in Figure 5. For 

morphine, the maximum concentration (Cmax) after the first dose ranged from 11.9 to 99.9 

μg/L (median 34.0 μg/L), and after the second dose from 7.8 to 177 μg/L (median 46.5). 

Time to reach Cmax (tmax) after both doses was 0.5–1 h (median 0.5, the first OF sample).
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Figure 5. Median (range) oral fluid concentration-time curves for morphine (panel A) and codeine (panel B) after the ingestion of 45 g raw poppy 

seeds (15.7mg morphine and 3.1mg codeine) at t = 0 and t = 8 h (vertical dash lines). SAMHSA (40 μg/L) and DRUID (95 μg/L and  20 μg/L) opiate 

cut-offs are indicated (horizontal dash lines). 
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Six of 17 participants were still positive at the time of the second dose (1.1–2.7 μg/L); 

therefore, Clast and tlast could not be determined for the first dose at the method LOQ. For 

the other 11 participants, Clast was 1–3.5 μg/L (median 1.3 μg/L) and tlast 4–7 h (median 5 

h). All participants except participant O (1.1 μg/L) were negative after the second dose 

prior to the last specimen (24 h after the second dose). For these 16 participants, Clast was 

1–3.8 μg/L (median 1.5 μg/L) and tlast was 3–22 h (median 13 h). 

Codeine Cmax after the first dose was 3.8–31.8 μg/L (median 8.6) and after the 

second dose from 1.1 to 32.6 μg/L (median 9.5). Median tmax after the first and second 

doses was 0.5 h (0.5–7 h). Eight participants were positive for codeine at the time of the 

second dose (1.3–3.7 μg/L) and nine were negative. Clast in these 9 participants was 1.1-

1.6 μg/L (median 1.2) and tlast 3–7 h (median 6.5). After the second dose and before the 

end of the study, all participants were negative for codeine. Clast was 1.1–4.1 μg/L 

(median 1.4 μg/L), and tlast was 4–18 h (median 13). Pharmacokinetic data are 

summarized in Table 6. 

At the DRUID OF opiate cutoff of 95 μg/L for morphine and 94 μg/L for codeine 

equivalent prevalence to 10 μg/L in whole blood, 7 specimens were positive for morphine 

(1.5%) and none for codeine. Morphine tlast after the first (n = 1) and the second dose (n = 

6) was 0.5 h. At the SAMHSA proposed 40 μg/L OF opiate cutoff, 16 specimens were 

positive for morphine (3.5%) and none for codeine. Morphine tlast was 0.5 h after the first 

(n = 5) and 0.5–1 h after the second dose (n = 10). Another suggested cutoff is 30 μg/L 

for the opiate screen and 15 μg/L for the morphine and codeine confirmation cutoffs. At a 

30 μg/L screening cut-off, 32 specimens were positive for morphine (6.9%) and 2 for 

codeine (0.4%). Morphine tlast after the first (n = 11) and second (n = 14) doses was 0.5–1 
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h, and codeine tlast was 0.5 h after the first (n = 1) and the second (n= 1) doses. At a 15 

μg/L confirmation cutoff, 50 specimens were positive for morphine (10.9%) and 11 for 

codeine (2.4%). Morphine tlast after the first (n = 13) and second (n = 16) doses was 0.5–

2.5 h. For codeine, tlast after the first dose was 0.5–2h (n = 3) and after the second dose 

0.5–2.5 h (n = 5). At the DRUID analytical OF opiate cutoff of 20 μg/L, 45 specimens 

were positive for morphine (9.8%) and 6 for codeine (1.3%). For morphine, tlast after the 

first dose was 0.5–2 h (n = 12 participants), and after the second dose 0.5–2.5 h (n= 16 

participants). For codeine, tlast after the first dose was 0.5h (n = 2) and after the second 

dose 0.5–2.5 h (n = 4). 

Among the 459 OF specimens screened by Draeger with a 20 μg/L morphine 

cutoff, 9 were invalid and 149 were positive (33%). Among the 9 invalid test, 3 were 

confirmed negative for morphine and codeine (one specimen from participant S and 2 

from participant U), and 6 from participant L were confirmed positive with 

concentrations ranging from 1 to 177 μg/L for morphine and from 1.1 to 22 μg/L for 

codeine. Among the positive tests, 71 were after the first and 78 after the second dose. 

All specimens were positive in the first OF specimen 0.5 h after both doses. The median 

and range times of last OF positive results were 3 (1–5) and 3 (0.5–13) h after the first 

and second doses, respectively. The Draeger DrugTest 5000 had excellent sensitivity 

(95–98%) at morphine confirmation cutoffs >5 μg/L, but only moderate specificity (74–

79%) and accuracy (76–82%) (Table 7).
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Table 6. Morphine and codeine in oral fluid after controlled poppy seed administration. 

 Morphine  Codeine 

Dose 1 Dose 2  Dose 1 Dose 2 

Cmax (µg/L) 34 (11.9-99.9) n = 17 46.5 (7.8-177) n = 17  8.6 (3.8-31.8) n = 17 9.5 (1.1-32.6) n = 17 

tmax (h) 0.5 (0.5-1) n = 17 0.5 (0.5-1) n = 17  0.5 (0.5-2.5) n = 17 0.5 (0.5-7) n = 17 

Clast (µg/L) 1.3 (1-3.5) n = 11 1.5 (1-3.8) n = 16  1.2 (1.1-1.6) n = 9 1.4 (1.1-4.1) n = 17 

tlast (h) 5 (4-7) n = 11 13 (3-22) n = 16  6.5 (3-7) n = 9 13 (4-18)   n = 17 

tlast (h) DRUID OF cutoff (94-95 

µg/L equivalent to 10 µg/L in 

whole blood) 

0.5 (0.5) n = 1 0.5 (0.5) n = 6 

 

N/A N/A 

tlast (h) SAMHSA OF cutoff (40 

µg/L) 
0.5 (0.5) n = 5 0.5 (0.5-1) n = 10 

 
N/A N/A 

tlast (h) 30 µg/L cutoff 0.5 (0.5-1) n = 11 0.5 (0.5-1) n = 14  0.5 (0.5) n = 1 0.5 (0.5) n = 1 

tlast (h) DRUID analytical OF 

cutoff (20 µg/L)  
0.8 (0.5-2) n = 12 1 (0.5-2.5) n = 16 

 
0.5 (0.5) n = 2 0.5 (0.5-2.5) n = 4 

tlast (h) 15 µg/L cutoff 1 (0.5-2.5) n = 13 1 (0.5-2.5) n = 16  2 (0.5-2) n = 3 1 (0.5-2.5) n = 5 

17 participants ingested 2 doses 8 h apart of 45 g raw poppy seeds, each containing 15.7mg morphine and 3.1mg codeine. Results are expressed as median 

(range) and n participants. Limits of quantification (LOQ) were 1 μg/L for morphine and codeine. N was less than 17 for Clast and tlast because some 

participants were still positive at method LOQ at the time of last sample collection. N was less than 17 for the different cutoffs evaluated because some 

participants were never positive at those concentrations. 
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Table 7. Draeger DrugTest® 5000 opiates on-site screening results compared to all Oral-Eze® confirmation specimens (n = 450) and to full-volume Oral-Eze®
 

confirmation specimens (n = 301). 

N specimens Confirmation cutoff (µg/L) TP TN FP FN Sensitivity % Specificity % Accuracy % 

450 Morphine 1 146 164 3 137 51.6 98.2 68.9 

 Morphine 5 104 283 45 18 85.2 86.3 86.0 

 Morphine 10 60 299 89 2 96.8 77.1 79.8 

 Morphine 15 47 300 102 1 97.9 74.6 77.1 

 Morphine 20 42 300 107 1 97.7 73.7 76 

 Morphine & 80% Codeine at 20  50 300 99 1 98.0 75.2 77.8 

301 Morphine 1 94 108 2 97 49.2 98.2 67.1 

 Morphine 5 72 190 24 15 82.8 88.8 87.0 

 Morphine 10 43 203 53 2 95.6 79.3 81.7 

 Morphine 15 32 204 64 1 97.0 76.7 78.4 

 Morphine 20 29 204 67 1 96.7 75.3 77.4 

 Morphine & 80% Codeine at 20  35 204 61 1 97.2 77.0 79.4 

The Draeger test was evaluated at different confirmation cutoffs (1, 5, 10, 15, and 20 µg/L) for morphine, and also taking into account codeine cross-reactivity 

(morphine and 80% codeine at 0.07 µM equivalent to morphine 20 µg/L). TP, true positive; TN, true negative; FP, false positive; FN, false negative.  
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Discussion 

We evaluated the validity of the so-called poppy seed defense for a positive oral 

fluid opiate test by having healthy adults ingest two 45 g raw poppy seed doses 8 h apart, 

each containing 15.7 mg morphine and 3.1 mg codeine. We employed raw poppy seeds 

to avoid any morphine or codeine loss due to food processing (from 34 to 90% loss) (10). 

Niedbala et al. (155) reported opiate positive OF specimens for only 15 min after 

ingesting 40 g poppy seed. OF was collected with the Intercept collection device and 

analyzed by the immunoassay OraSure Technologies, Inc. (10 μg/L morphine cutoff; 

high level of cross-reactivity with 6-acetylmorphine, diacetylmorphine and codeine). 

Rohrig and Moore (18) administered 3 commercially prepared poppy-seed bagels to 4 

participants at one site. OF specimens were collected with the Epitope® OF device and 

analyzed by gas chromatography-mass spectrometry (GC-MS). Morphine and codeine 

were not detected in any of the specimens. At a second location, 3 participants consumed 

one bagel containing 820 mg seeds and 9.8–20.8 g seeds from a jar (not fully explained). 

OF specimens were collected by expectoration, and also analyzed by GC-MS. Morphine 

Cmax was 205 μg/L 15 min after dosing, with concentrations >50 μg/L 30 min post-dose, 

and <40 μg/L at 1 h. Codeine was not detected in any specimen. 

In the present study, morphine Cmax were 11.9–99.9 μg/L after the first and 7.8–

177 μg/L after the second dose. Codeine Cmax ranged from 3.8 to 31.8 μg/L after the first, 

and 1.1 to 32.6 μg/L after the second dose. Rohrig et al. (18) did not detect codeine in 

any specimen. Different codeine content in the administered poppy seeds and/or different 

method sensitivities (present method LOQ 1 μg/L vs. 3 μg/L) might explain these results. 
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We observed slightly more specimens positive for codeine than for morphine (306 

vs. 288). In these 18 codeine-positive and morphine-negative specimens, codeine 

concentrations were around the method LOQ (1 μg/L). Morphine and codeine have 

similar pKa (8.2), as well as pharmacokinetic parameters such as half-life (2–4 h) and 

volume of distribution (1–6 L/kg). However, codeine is more lipophilic than morphine 

(codeine LogP 1.19, morphine LogP 0.89) and less bound to proteins (codeine 7–25%, 

morphine 30–40%). It is possible additional plasma codeine crossed into the oral cavity 

and was trapped via ionization in OF. 

In the present study, morphine maximum OF concentration occurred 0.5–1 h post-

dose. Niedbala et al. (155) and Rohrig and Moore (18) reported a tmax at 15 min, most 

likely due to oral contamination. In the present study, the first collection time point was 

0.5 h post-dose. One participant after the first and two after the second dose had tmax of 1 

h. The initial oral contamination may have partially cleared in these individuals. 

As expected, the morphine window of detection (tlast) was inversely associated 

with the cutoff limit. At the method’s LOQ (1 μg/L), morphine was positive for more 

than 24 h post-dose and codeine up to 18 h. At 15 and 20 μg/L cutoffs, morphine and 

codeine were positive up to 2.5 h after dosing. At 30 μg/L, morphine was positive up to 1 

h and codeine up to 0.5 h. With the SAMHSA cutoff (40 μg/L), no specimen was positive 

for codeine, and for morphine up to 1 h, and with the DRUID cutoff (95 μg/L for 

morphine and 94 μg/L for codeine), morphine was positive for 0.5 h and all the 

specimens were negative for codeine. These results suggest that fewer poppy seed OF 

results are possible with the higher SAMHSA (40 μg/L) cutoffs than with the lower 

DRUID analytical 20μg/L cutoffs; however, true positive morphine tests due to heroin or 
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morphine consumption might be missed. The establishment of morphine OF cutoff from 

poppy seed ingestion is difficult because the morphine threshold value depends on the 

origin and quantity of poppy seeds ingested and on inter-individual variability. 

OF confirmation specimens were collected with the Oral-Eze device, and 33.8% 

of these were low volume specimens. This high percentage of low volume specimens 

might be due to Oral-Eze collection occurring second in the collection process, 

suggesting that when more than one OF specimen is collected, additional time may be 

needed for full collection of the second OF specimen. 

OF specimens were screened at each time point by the Draeger immunoassay. 

Similar results were obtained when Draeger performance was compared to all OF 

confirmation samples and also to only full volume samples’ results. At the Draeger 

morphine 20 μg/L cutoff, the test showed good sensitivity above 95%, but specificity and 

accuracy were below 90%. Taking into account codeine cross-reactivity, test specificity 

and accuracy were still below 90% (Table 7). The tlast for the Draeger DrugTest was 0.5–

13 h post-dose, longer than that observed for the 20 μg/L morphine confirmation cutoff 

(up to 2.5 h). The best results were obtained at 5 μg/L morphine cutoff (Table 7). All the 

Draeger unconfirmed positive specimens contained morphine and/or codeine above the 

confirmation method LOQ (1 μg/L), except for two cases. Cross-reactivity with other 

alkaloids in the specimen, and/or a true cutoff below 20 μg/L could explain this longer 

window of detection and the unconfirmed positive screening results. 

Urine also was collected during this investigation, and data describing urine 

opiate pharmacokinetics were recently published (163). Urine opiate data were evaluated 

according to the current US federal 2000 μg/L and the former 300 μg/L cut-offs. At 
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morphine 2000 μg/L the median (range) first positive urine specimen was detected 6.6 

(1.2–12.1) h after the first dose, and the tlast after the second dose was detected at 12.2 

(2.6–18.3) h. At morphine 300 μg/L, all participants were positive within 3 h of the first 

dose, and most were still positive at the last collection (24 h after the second dose). No 

participant was codeine positive at 2000 μg/L. At codeine 300 μg/L, participants’ first 

positive urine specimen was observed 6.6 (1.6–19.5) h after the first dose, and they 

remained positive for 8.8 (2.6–14.0) h after the second dose. In comparison, the longest 

morphine and codeine tlast were observed in OF according to any of the proposed cutoffs 

was 2.5 h at a 15μg/L cutoff. 

Urine collected from the present study was screened with different 

immunoassays, and their performances were characterized (163). The KIMS opiate II 

immunoassay (Roche Diagnostics) at both 300 and 2000 μg/L had sensitivities, 

specificities, and efficiencies >90%. The CEDIA 6-acetylmorphine (6-AM) immunoassay 

(Thermo Fisher Scientific, Fremont, CA, USA) and 6-AM enzyme immunoassay (Lin-

Zhi International, Sunnyvale, CA, USA) each had specificity and efficiency >90; no 6-

AM was confirmed in any sample so sensitivities could not be calculated. The Draeger 

DrugTest 5000 did not achieve sensitivities, specificities, and efficiencies (accuracy) 

simultaneously >90%, even when considering multiple cutoffs and codeine cross 

reactivity. 

Morphine and codeine were detected in OF after ingestion of 45 g raw poppy 

seeds containing 15.7 mg morphine and 3.1 mg codeine. The morphine ingested was 

equivalent to the amount found in commonly prescribed opiates analgesics, and the 

poppy seeds were raw, to guarantee that there was no morphine or codeine loss due to 
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food processing. These high morphine and codeine poppy seed doses were designed to 

evaluate a worst-case scenario for opiate exposure. The OF concentrations were never 

above 177 μg/L for morphine and 33 μg/L for codeine. The low method LOQ (1 μg/L) 

permits evaluation of many different cutoffs. The time of the last morphine positive 

specimen after poppy seed consumption is dependent upon the cutoff employed.  
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Chapter 4 – Rapid Quantitative Chiral Amphetamines Liquid 

Chromatography-Tandem Mass Spectrometry: Method in Plasma and 

Oral Fluid with a Cost-Effective Chiral Derivatizing Reagent3 

 

Abstract 

Methamphetamine is a widely-abused psychostimulant containing a chiral center. 

Consumption of over-the-counter and prescription medications may yield positive 

amphetamines results, but chiral separation of l- and d-methamphetamine and its 

metabolite amphetamine can help determine whether the source was licit or illicit. We 

present the first LC–MS/MS method with precolumn derivatization for 

methamphetamine and amphetamine chiral resolution in plasma and oral fluid collected 

with the Oral-Eze® and Quantisal™ devices. To 0.5 mL plasma, 0.75 mL Oral-Eze, or 1 

mL Quantisal specimen racemic d11-methamphetamine and amphetamine internal 

standards were added, followed by protein precipitation. Samples were centrifuged and 

supernatants loaded onto pre-conditioned Phenomenex® Strata™-XC Polymeric Strong 

Cation solid phase extraction columns. After washing, analytes were eluted with 5% 

ammonium hydroxide in methanol. The eluate was evaporated to dryness and 

reconstituted in water. Derivatization was performed with 1-fluoro-2,4-dinitrophenyl-5-l-

alanineamide (Marfey’s reagent) and heating at 45 °C for 1 h. Derivatized enantiomer 

separations were performed under isocratic conditions (methanol:water, 60:40) with a 

Phenomenex® Kinetex®2.6 µm C18 column. Analytes were identified and quantified by 

two MRM transitions and their ratio on a 3200 QTrap (AB Sciex) mass spectrometer in 

ESI negative mode. In all three matrices, the method was linear for all enantiomers from 

                                                 
3 Reprinted from Journal of Chromatography A, Vol 1358, Newmeyer MN, Concheiro M, Huestis MA, pgs 

68-74, Copyright 2014 (doi: 10.1016/j.chroma.2014.06.096), with permission from Elsevier.    
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1 to 500 µg/L, with imprecision and accuracy of ≤11.3% and 85.3–108%, respectively. 

Extraction efficiencies ranged from 67.4 to 117% and matrix effects from −17.0 to 468%, 

with variation always ≤19.1%. Authentic plasma and OF specimens were collected from 

an IRB-approved study that included controlled Vicks® VapoInhaler™ administration. 

The present method is sensitive, selective, economic and rapid (separations accomplished 

in <10 min), and improves methamphetamine result interpretation. 

 

Introduction 

Methamphetamine (MAMP) is a widely-abused psychostimulant containing a 

chiral center, resulting in d-MAMP and l-MAMP enantiomers, with the d-MAMP isomer 

the more potent central nervous system stimulant (29). d-MAMP is a Schedule II 

controlled substance and available for attention deficit hyperactivity disorder (ADHD) 

treatment via prescription, while the l-enantiomer is excluded from the controlled 

substance list and is the active ingredient in the over-the-counter nasal decongestant 

Vicks® VapoInhaler™. MAMP is metabolized to amphetamine (AMP) metabolite by the 

CYP2D6 enzyme (164). MAMP metabolism is enantioselective, with approximately 3 

times more d-AMP formed after a d-MAMP dose than l-AMP formed from a comparable 

l-MAMP dose (38). 

Many prescribed drugs metabolize to one or both MAMP and/or AMP 

enantiomers (41, 42). The drug’s composition is critical for results interpretation. For 

example, famprofazone is prescribed as a racemic mixture, which is metabolized to both 

d- and l-MAMP and AMP. d-Benzphetamine is metabolized to d-MAMP and d-AMP, 

whereas l-selegeline is metabolized to l-MAMP and l-AMP. While results from 
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famprofazone and benzphetamine administration cannot rule out illegal MAMP ingestion 

without supportive information, results from selegeline administration could prove legal 

ingestion because of the absence of d-MAMP and d-AMP. 

It is therefore essential to resolve MAMP and AMP enantiomers in order to more 

accurately interpret results. Techniques available are chiral stationary phases (47, 52, 53), 

chiral derivatization reagents (46, 47, 165) and chiral selector in the mobile phase (165). 

Selection of a particular technique is dependent on the laboratory’s capabilities, the 

analytes, and cost. Chiral stationary phases (CSP) can be employed with either liquid or 

gas chromatography. Typical stationary phases available include immobilized 

cyclodextrins (CD), polysaccharides, and proteins; however, these columns are expensive 

compared to reverse-phase chromatographic columns and may require extensive 

development time and cost. Diastereomer formation is possible with a chiral 

derivatization reagent (CDR); this technique is common in gas chromatography–mass 

spectrometry (GC–MS) but is implemented, to a lesser extent, with liquid 

chromatography–mass spectrometry (LC–MS) applications. CDR implementation may 

slightly lengthen sample preparation, but analytes are separated without implementing 

specialized mobile phases or columns. Additionally, many CDR’s are inexpensive and 

available with high optical purity. Finally, some applications include a chiral selector in 

the mobile phase, commonly CDs. CDs may be utilized as chiral additives in LC–MS 

methods but reduce column lifetime, increase expense due to high additive consumption, 

contaminate the instrument source, and produce ion suppression (165). CDs are 

commonly utilized as chiral selectors in capillary electrophoresis (CE) methods, and 
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success in separating amphetamine derivatives with this method is documented 

(166).However, CE is not a common methodology implemented in forensic laboratories. 

Enantioselective methods relevant to forensic and clinical toxicology involving 

multiple drug classes were recently reviewed (48). A MAMP and AMP oral fluid (OF) 

method described chiral resolution by gas chromatography–negative-ion chemical–

ionization mass spectrometry (GC–NICI-MS) (46). Only a few methods utilized LC–MS 

for AMPs chiral analysis, performed in urine (47, 167), hair (52) and human liver 

microsomes (53), but none in OF. OF is an increasingly popular alternative matrix for 

drugs of abuse testing in workplace, forensic, pain management, treatment, and clinical 

settings because its collection is easy compared to urine or blood, does not require a 

same-sex collector, and minimizes the opportunity for adulteration because of direct 

observation during collection (23).Therefore, it is important to have a sensitive and 

enantioselective method for AMPs analysis in this widely employed matrix. 

We present the first enantioselective LC–ESI-MS/MS method for MAMP and 

AMP detection in OF and plasma after pre-column derivatization with 1-fluoro-2,4-

dinitrophenyl-5-l-alanineamide (Marfey’s reagent). This method was applied to plasma 

and OF specimens collected following controlled Vicks VapoInhaler administration. 

 

Materials and methods 

Chemicals and materials 

 d-MAMP, l-MAMP, d-AMP, l-AMP (1 g/L) and internal standards (IStd) (±)-d11-

MAMP and (±)-d11-AMP (1 g/L) were obtained from Cerilliant (Round Rock, TX, USA). 

Methanol, glacial acetic acid, and ammonium hydroxide were purchased from Fisher 
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Scientific (Fair Lawn, NJ, USA). Acetone, formic acid, and N(α)-(2,4-dinitro-5-

fluorophenyl)-l-alaninamide (Marfey’s reagent) were acquired from Sigma (Milwaukee, 

WI, USA). Hydrochloric acid 36.5–38.0% was obtained from JT Baker (Phillipsburg, NJ, 

USA) and sodium bicarbonate from Mallincrodt Baker, Inc. (Phillipsburg, NJ, USA). 

Drug free plasma was provided by the National Institutes of Health blood bank. Blank 

OF was provided by healthy volunteers more than 10 min after any food or drink 

consumption. Preservation buffers for the Quantisal™ and Oral-Eze® OF collection 

devices were obtained from Immunalysis (Pomona, CA, USA) and Capitol Vial, Inc. 

(Auburn, AL, USA), respectively. Water was purified in-house by an ELGA Purelab 

Ultra Analytic purifier (Siemens Water Technologies, Lowell, MA, USA). All solvents 

employed in the chromatographic system were high-performance liquid chromatography 

(HPLC) grade or higher. Solid phase extraction (SPE) was performed with Strata™-XC 

Polymeric Strong Cation mixed mode phase columns (3 mL/60 mg, Phenomenex® Inc, 

Torrance, CA, USA) on a Cerex System 48 positive pressure manifold (SPE-ware Corp, 

Baldwin PA, CA, USA). Chromatographic separation was performed with a Kinetex® C18 

column (100 mm × 2.1 mm; 2.6 µm particle size) fitted with an identically packed 

SecurityGuard ULTRA cartridge purchased from Phenomenex®. 

 

Instrumentation 

The HPLC system consisted of a DGU-20A3 degasser, LC-20ADXR pumps, SIL-

20ACXR autosampler, and a CTO-10AC column oven (Shimadzu Corp, Columbia, MD, 

USA). Tandem mass spectrometry was performed on an ABSciex 3200 QTrap® mass 

spectrometer with a TurboIonSpray source (Foster City, CA, USA). Data were acquired 
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and analyzed with Analyst software version 1.5.1. Evaporation under nitrogen was 

completed using a TurboVap LV® evaporator from Zymark (Hopkinton, MA, USA). 

 

Calibrators, quality controls, internal standards, and Marfey’s reagent 

Calibrator working solutions were prepared at 0.01, 0.05, 0.1, 1, and 10 mg/L for 

d-MAMP, l-MAMP, d-AMP and l-AMP in methanol. Calibrators at 1, 2.5, 5, 10, 50, 100, 

and 500 µg/L were created by fortifying 500 µL blank plasma or 250 µL blank OF with 

the appropriate working solution. Quality control (QC) working solutions at 0.1, 1, and 

10 mg/L (plasma) or 0.05, 0.5, and 5 mg/L (OF) in methanol for d-MAMP, l-MAMP, d-

AMP, and l-AMP were prepared from reference materials with different lot numbers than 

the calibrators. Low, medium, and high QC samples were prepared at 3,30, and 300 µg/L, 

respectively, by fortifying 500 µL blank plasma or 250 µL blank OF with the appropriate 

working solution. An IStd solution in methanol was made from racemic d11-MAMP and 

d11-AMP reference materials at 1 mg/L for plasma and 0.5 mg/L for OF. For OF 

calibrator and QC samples either 500 or 750 µL preservation buffer was added to 250 µL 

OF to match the Oral-Eze (3-fold) and Quantisal (4-fold) collectors’ dilution factors, 

respectively. All reference materials and working solutions were stored at −20 °C in 

amber glass vials. Marfey’s reagent working solution was prepared at 0.1% (w/v) in 

acetone and stored in an amber glass vial at 4 °C for up to one month. 

 

Specimen procedure 

Twenty-five microliter IStd solution was added to 500 µL plasma, 750 µL Oral-

Eze, or 1 mL Quantisal specimens. After addition of 2 mL 1% formic acid in water, the 
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mixture was vortexed and centrifuged at 4000 xg and 4 °C for 5 min to precipitate 

proteins. Supernatants were decanted onto Strata-XC Strong Cation SPE columns 

conditioned with 2 mL each methanol and water. After allowing to flow via gravity, 

columns were washed with 2 mL each 0.1 M acetic acid and methanol. Columns were 

dried via positive pressure at maximum flow 28 psi for 10 min. Analytes were eluted with 

3 mL 5% ammonium hydroxide in methanol. One hundred microliter 1% HCl in 

methanol was added to eluates followed by evaporation to dryness under a stream of 

nitrogen at 40 °C in a Zymark TurboVap LV evaporator. Dried samples were subjected to 

the derivatization procedure. 

 

Derivatization procedure 

The derivatization procedure was adapted from Foster et al. (168). Samples were 

reconstituted with 100 µL water and 20 µL 1 M NaHCO3. After vortexing, 100 µL 0.1% 

(w/v) Marfey’s reagent was added. Samples were vortexed for 2 min and then heated at 

45 °C for 1 h. Samples were allowed to cool to room temperature for 20 min, followed by 

addition of 40 µL 1 M HCl in water and vortexing. After evaporation to dryness under 

nitrogen at 40 °C, samples were reconstituted in 200 µL mobile phase (40 water:60 

methanol, v/v), centrifuged at 2000 xg and 4 °C for 5 min, and supernatant transferred to 

a 96 well plate. Ten (OF) or twenty microliter (plasma) were injected into the LC–ESI-

MS/MS system. 

 



 

85 

 

LC-ESI-MS/MS 

Chromatographic separations were performed on a Kinetex C18 column (2.1 mm × 

100 mm 2.6 µm) fitted with an identically packed SecurityGuard ULTRA cartridge under 

isocratic conditions with 40% water (A) and 60% methanol (B) for 10 min. After 

separations were completed a gradient wash was performed with %B increasing to 95% 

over 2 min, holding for 3 min, decreasing to 60%over 2 min, and equilibrating for 3 min. 

Total run time was 20 min. HPLC flow was diverted to waste for the first 3 and last 8 min 

of analysis. The column oven temperature was 30 °C, with a 0.3 mL/min flow. 

Mass spectrometric data were obtained in ESI negative ionization mode. Spray 

voltage was set to −4.5 kV, capillary temperature 550 °C, curtain gas 30, and ion source 

gas 1 and 2 were 60. Nitrogen collision gas was set to medium for all experiments. 

Derivatized MAMP (dinitrophenylalaninamide-MAMP, DNPA-MAMP) and AMP 

(dinitrophenylalaninamide-AMP, DNPA-AMP) MRM transitions monitored are shown in 

Table 8. Dwell time was 100 ms. Identification criteria included presence of two 

characteristic transitions, quantifier/qualifier ion ratio within ±20% set by the calibrators, 

and retention time (RT) ±0.2 min of average calibrator RT. 

 

Validation 

Validation criteria included linearity, limits of detection (LOD) and quantitation 

(LOQ), accuracy, imprecision, extraction and process efficiencies, matrix effect, 

selectivity, carryover, dilution integrity, and stability under different conditions. 
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Table 8. Declustering potential (DP), entrance potential (EP), collision energy (CE), cell exit potential (CXP), and retention times (RT) for derivatized 

methamphetamine (dinitrophenylalaninamide-methamphetamine, DNPA-MAMP) and derivatized amphetamine (dinitrophenylalaninamide-amphetamine, 

DNPA-AMP) enantiomers and their internal standards. Underlined ions are quantifying ions. 

Analyte Precursor ion (m/z) Product ions (m/z) DP (V) EP (V) CE (V) CXP (V) RT (min) 

DNAP-MAMP 400.2 
339.0 

323.8 
-60 -5 

-26 

-18 
-4 

5.07 (l)  

5.53 (d) 

DNPA-d11-MAMP 411.2 
350.2 

335.3 
-60 -7 

-24 

-18 
-4 

4.88 (l)  

5.30 (d) 

DNPA-AMP 386.1 
325.0 

308.0 
-65 -9.5 

-26 

-20 
-4 

6.79 (l)  

7.40 (d) 

DNPA-d11-AMP 397.2 
336.0 

319.1 
-65 -8 

-30 

-22 
-4 

6.54 (l)  

7.10 (d) 
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Validation plan was based on published Scientific Working Group for Forensic 

Toxicology standard practices (169). Linearity was determined on 5 different days and 

determined acceptable if coefficient of determination (r2) was at least 0.99 and calibrators 

quantified within ±20% of target. LOD and LOQ were determined by fortifying matrices 

with decreasing analyte concentrations. LOD was defined as the lowest concentration 

with acceptable chromatography, two MRM transitions with appropriate ion ratio, and a 

signal-to-noise ≥3. LOD was evaluated in samples from three different sources. The LOQ 

was the lowest concentration with two MRM transitions with appropriate ion ratio, 

signal-to-noise ratio ≥10, and imprecision <20% and bias no more than ±20%. LOQ was 

evaluated by five replicates on three different days and three different matrix sources. 

Imprecision was determined at low, medium and high QC concentrations with 

five replicates per concentration on four different days (n = 20). Imprecision was 

expressed as coefficient of variation (%CV) and was expected to be <20%. Inter-day, 

intra-day, and total imprecision were calculated according to Chesher (162). Accuracy 

was calculated as percent target concentration (n = 20) with required criteria of 80–120%. 

Matrix effect and extraction and process efficiencies were evaluated by preparing 

specimens in blank matrix before (n = 5) and after (n = 10) the extraction for all QC 

concentrations. Neat samples were prepared in the elution solvent (n = 5), and were 

carried through the sample derivatization procedure. All replicates were prepared in blank 

matrix from different donors. Matrix effect was calculated as ([average peak area from 

after set/average peak area from neat set] − 1) × 100. Extraction efficiency was calculated 

as (average peak area from before set/average peak area from after set) × 100.Process 

efficiency, a measure of the combined effects of extraction efficiency and matrix effect, 
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was calculated as (average peak area from before set/average peak area from neat set) × 

100. 

Potential interferences from endogenous matrix were evaluated by analyzing 

blank specimens from 10 different donors. Potential exogenous interferences were 

evaluated by analyzing blank matrix fortified at a high concentration (100–1000 µg/L) of 

the potentially interfering compounds. Compounds evaluated were Δ9-

tetrahydrocannabinol (THC); cannabidiol; cannabinol; 11-hydryoxy-THC; 11-nor-9-

carboxy-THC; 3,4-methylenedioxymethamphetamine; 3,4-methylene-

dioxyamphetamine; 4-hydroxy-3-methoxymethamphetamine,4-hydroxy-3-

methoxyamphetamine; 3,4-dihydroxymetham-phetamine; cocaine; benzoylecgonine; 

cocaethylene; ecgonine methyl ester; acetylsalicylic acid; ibuprofen; caffeine; and 

acetaminophen. Selectivity was established if the endogenous or potentially interfering 

compounds, if present, quantified <LOD. Carryover was tested by injecting IStd-fortified 

negative sample after a sample fortified at 3x the upper limit of quantification; lack of 

carryover was established if analyte concentrations in the negative sample were <LOD. 

Dilution integrity was evaluated by diluting a 1500 and a 750 µg/L sample in 

either blank plasma or OF-buffer mixture in duplicate with blank plasma or OF-buffer 

mixture to achieve 10-fold and 2-fold dilutions, respectively. Samples were carried 

through the procedures as described. Dilution integrity was maintained if the average 

quantified concentration was within ±20% of target. OF stability was evaluated under the 

following conditions: samples stored for 24 h at room temperature, stored for 72 h 

refrigerated at 4 °C, and frozen and thawed 3 times (re-frozen after 1 h thaw at room 

temperature). Previous publications showed AMPs stability in plasma after freeze–thaw 
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cycles (43, 44, 170, 171) and exposure to room temperature (170). Processed OF and 

plasma stability was evaluated with samples stored on the autosampler for 48 h at 4 °C; 

samples were prepared at the low and high QC levels in triplicate and were stable if 

quantifications were within 80–120%. 

 

Optimization of derivatization procedure 

Experiments to optimize the derivatization procedure evaluated effects of 

incubation time and volume of 0.1% w/v Marfey’s reagent. Neat high QC (300 µg/L) 

samples were prepared in elution solvent (3 mL 5% ammonium hydroxide) and 100 µL 

1% HCl in methanol were added before evaporation to dryness. After reconstitution in 

100 µL water and 20 µL 1 M NaHCO3, 100 µL Marfey’s reagent was added to specimens 

and different incubation times (15, 30, 45, 60, or 90 min) evaluated; specimens were 

incubated at 45 °C. To evaluate optimal 0.1% (w/v) Marfey’s reagent concentration 

different reagent volumes (25, 50, 100, or 200 µL) were added to specimens and 

incubated at 45 °C for 60 min. All conditions were evaluated in quadruplicate. After 

heating, specimens were cooled to room temperature and sample preparation completed 

as described above (Derivatization procedure). Average peak areas were plotted against 

test condition to evaluate optimal conditions. 

 

Proof of method 

Proof of method included analysis of samples from one participant from a 

National Institute on Drug Abuse Institutional Review Board-approved study 

investigating intranasal l-MAMP pharmacokinetics after controlled Vicks VapoInhaler 
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administration; participants provided written informed consent. Plasma and OF were 

collected before and up to 32 h after multiple inhaler doses. Plasma was collected by an 

indwelling catheter, and OF was collected with the Quantisal and Oral-Eze devices. 

 

Results 

Reported OF concentrations take into consideration the OF dilution with the 

device’s preservative buffer and are neat OF concentrations. Linearity for all analytes in 

all matrices was established by linear regression of the analyte-to-IStd peak area ratio 

versus analyte-to-IStd theoretical concentration ratio with 1/x2 weighting. The dynamic 

range for all analytes in the three matrices was 1–500 µg/L. The LOD in all matrices was 

0.5 µg/L. Table 9 summarizes linearity data and Figure 6 shows an extracted ion 

chromatogram for analytes at the LOQ in Quantisal OF-buffer matrix. 

Imprecision and accuracy for the three QC concentrations tested met all the 

acceptance criteria. Imprecision for plasma, Quantisal, and Oral-Eze were ≤8.4, 11.3, and 

10.8%, respectively. Accuracy among the three matrices ranged from 85.3 to 108%. 

Imprecision and accuracy results are summarized in Table 10 

 In plasma, extraction and process efficiencies ranged from 101 to 117% and 92.0 

to 117%, respectively. Plasma matrix effects were between −17.0 and 11.0% and 

variation (%CV) between 10 different sources was ≤18.1%. In Quantisal specimens, 

extraction and process efficiencies were 67.4–94.7% and 265–392%, respectively; ion 

enhancements observed were 218–468% but variation was ≤14.4%. Extraction and 

process efficiencies in the Oral-Eze device ranged from 82.9 to 98.5% and 132 to 207%, 

respectively; ion enhancements ranged from 55.9 to 117%, with variation ≤19.1%.
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Table 9. Linearity results for derivatized methamphetamine (dinitrophenylalaninamide-methamphetamine, DNPA-MAMP) and derivatized amphetamine 

(dinitrophenylalaninamide-amphetamine, DNPA-AMP) enantiomers in plasma, Quantisal™, and Oral-Eze®. Dynamic range for all enantiomers in all matrices 

is 1-500 µg/L. 

Analyte r2 ± SD (n = 5) Slope ± SD (n = 5) Intercept ± SD (n = 5) 

Plasma    

DNPA-d-MAMP 0.9950 ± 0.0029 1.9100 ± 0.4992 0.0086 ± 0.0055 

DNPA-l-MAMP 0.9948 ± 0.0034 1.9120 ± 0.4939 0.0060 ± 0.0036 

DNPA-d-AMP 0.9945 ± 0.0025 1.5582 ± 0.4117 0.0135 ± 0.0039 

DNPA-l-AMP 0.9940 ± 0.0032  1.9190 ± 0.5996 0.0062 ± 0.0027 

Quantisal    

DNPA-d-MAMP 0.9917 ± 0.0053 1.5060 ± 0.5882 0.0001 ± 0.0049 

DNPA-l-MAMP 0.9928 ± 0.0048 1.3260 ± 0.6735 -0.0002 ± 0.0089 

DNPA-d-AMP 0.9940 ± 0.0017 1.1028 ± 0.4012 0.0061 ± 0.0074 

DNPA-l-AMP 0.9936 ± 0.0013 1.4604 ± 1.0285 0.0036 ± 0.0021 

Oral-Eze    

DNPA-d-MAMP 0.9947 ± 0.0014 1.5480 ± 0.5336 -0.0003 ± 0.0033 

DNPA-l-MAMP 0.9943 ± 0.0005 1.5520 ± 0.5435 0.0010 ± 0.0022 

DNPA-d-AMP 0.9948 ± 0.0021 1.3692 ± 0.4848 0.0054 ± 0.0050 

DNPA-l-AMP 0.9888 ± 0.0082 1.4620 ± 0.5559 0.0030 ± 0.0055 
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Figure 6. Derivatized methamphetamine (dinitrophenylalaninamide-methamphetamine, DNPA-MAMP) and derivatized amphetamine 

(dinitrophenylalaninamide-amphetamine, DNPA-AMP) extracted ion chromatograms at the limit of quantitation (1 µg/L) in Quantisal. 
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Table 10. Pooled intra- and inter-day imprecision, total imprecision, and accuracy in plasma, Quantisal™, and Oral-Eze® specimens for d- and l-amphetamine 

(AMP) and d- and l-methamphetamine (MAMP). 

Analyte 

Intra-day Imprecision 

(n=20, %CV) 

 Inter-day Imprecision 

(n=20, %CV) 

 Total Imprecision 

(n=20, %CV) 

 Accuracy  

(n=20, % target) 

Low Med High  Low Med High  Low Med High  Low Med High 

Plasma                

d-MAMP 5.0 4.0 3.2  2.3 4.7 5.3  5.5 6.2 6.2  99.1 97.9 88.8 

l-MAMP 4.5 4.2 2.9  0.7 5.3 5.4  4.6 6.7 6.1  99.5 96.7 86.8 

d-AMP 5.9 4.9 4.0  2.7 6.8 6.7  6.5 8.4 7.8  98.4 100 89.5 

l-AMP 4.3 5.9 3.9  4.7 2.5 4.5  6.4 6.4 6.0  97.5 97.1 89.0 

Quantisal                

d-MAMP 7.0 6.7 6.1  0.0 4.7 6.7  7.0 8.2 9.1  98.7 103 92.8 

l-MAMP 6.2 11.3 5.8  4.6 0.0 4.1  7.7 11.3 7.1  98.0 102 90.9 

d-AMP 7.6 4.1 5.0  0.0 0.0 6.8  7.6 4.1 8.5  103 108 95.7 

l-AMP 7.4 7.2 4.2  4.9 0.0 3.6  8.9 7.2 5.5  101 103 89.6 

Oral-Eze                

d-MAMP 5.3 5.1 3.6  9.5 7.0 3.9  10.8 8.6 5.3  102 103 91.0 

l-MAMP 8.5 7.0 2.7  0.0 2.5 10.3  8.5 7.4 10.6  98.4 102 93.5 

d-AMP 6.2 4.5 3.9  1.4 2.8 6.2  6.3 5.3 7.3  99.8 106 90.3 

l-AMP 5.7 5.7 3.4  3.0 0.0 3.9  6.5 5.7 5.2  95.4 96.7 85.3 
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Data from these three analyses are presented in Table 11. 

No endogenous interferences were present in the blank matrices (n = 10). 

Additionally, no interferences were observed after blank plasma or OF were fortified 

with high concentrations of potentially interfering drugs of abuse and metabolites or 

common over-the-counter drugs. Carryover was not observed in any sample. 

Fortified samples at high concentrations accurately quantified when diluted either 

2 or 10-fold in blank plasma, and blank Quantisal and Oral-Eze OF-buffer mixtures; 

accuracies were 80.8–87.0%, 87.0–103%, and 88.0–97.0%, respectively. OF samples 

stored at room temperature and refrigerated, and exposed to three freeze–thaw cycles 

quantified within 86.1–111%, 81.3–108%, and 83.1–103% of target concentrations, 

respectively; analytes were stable on the autosampler in all three matrices, with 

accuracies between 86.7 and 115%. 

Derivatization procedure optimization showed that maximum average peak areas 

were observed when specimens were incubated for 60 min with 100 µL 0.1% (w/v). Plots 

of average peak area against test conditions are presented in Figure 7. 

Data presented from the NIDA controlled Vicks VapoInhaler administration study 

are from one white male participant, age 41years old, to provide proof of the method. The 

Vicks Inhaler was administered in each dosing session according to manufacturer’s 

recommendation of 2 inhalations per nostril every 2 h. Specimens were collected before 

and up to 32 h after the first administration; there were a total of 7 doses. The participant 

was negative for any MAMP or AMP before the first dose in all matrices. No d-MAMP 

or d-AMP was observed in any matrix at any collection time. l-MAMP was detected in 
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Table 11. Extraction efficiency, process efficiency, and matrix effects for d- and l-amphetamine (AMP) and d- and l-methamphetamine (MAMP) in plasma, 

Quantisal™, and Oral-Eze®. 

Analyte 
Extraction Efficiency (n = 5)  Process Efficiency (n = 5)  Matrix Effect (%CV) (n = 10) 

Low Med High  Low Med High  Low Med High 

Plasma            

d-MAMP 103 105 103  110 96.8 94.1  6.6 (5.8) -7.6 (6.2) -8.7 (5.6) 

l-MAMP 101 106 103  112 99.7 92.8  11.0 (5.7) -6.1 (6.1) -9.5 (5.5) 

d-AMP 110 110 117  117 94.7 97.4  6.4 (6.7) -14.1 (6.3) -17.0 (18.1) 

l-AMP 107 110 107  106 92.0 95.4  -0.8 (8.4) -16.5 (6.2) -10.6 (5.5) 

Quantisal            

d-MAMP 69.2 86.0 89.9  357 282 316  416 (10.6) 227 (13.3) 252 (10.8) 

l-MAMP 67.4 83.3 87.9  327 265 288  385 (14.4) 218 (13.6) 228 (11.1) 

d-AMP 69.2 86.9 91.8  389 320 366  462 (13.2) 308 (12.4) 299 (10.5) 

l-AMP 68.9 86.0 94.7  392 334 345  468 (10.5) 284 (11.3) 264 (10.4) 

Oral-Eze            

d-MAMP 98.5 94.2 86.2  206 179 136  109 (8.0) 89.6 (8.8) 57.8 (18.9) 

l-MAMP 95.3 97.2 89.1  207 186 139  117 (7.8) 91.1 (8.1) 55.9 (19.1) 

d-AMP 91.2 92.4 84.7  197 179 137  116 (7.8) 93.8 (10.3) 61.8 (18.7) 

l-AMP 94.7 91.3 82.9  176 174 132  85.8 (14.0) 90.7 (10.7) 59.4 (18.7) 
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Figure 7. Average peak areas (n = 4) for derivatized methamphetamine (dinitrophenylalaninamide-methamphetamine, DNPA-MAMP) and 

derivatized amphetamine (dinitrophenylalaninamide-amphetamine, DNPA-AMP) enantiomers after optimizing incubation time and Marfey’s 

reagent concentration added for derivatization procedure. 
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the first specimen, 0.5 h after the first dose, in all matrices; in plasma, Quantisal, and 

Oral-Eze specimens l-MAMP was present at 1.4, 14.8, and 17.1 µg/L, respectively. After 

administration, l-MAMP could be detected in all specimens in each matrix at all 

collection times. Peak l-MAMP concentrations (number of inhalations) in plasma, 

Quantisal, and Oral-Eze specimens were 10.0 (20), 131 (20), and 182 (24) µg/L, 

respectively. l-AMP was not detected in any plasma specimens. In Quantisal and Oral-

Eze specimens, l-AMP was first detected after 4 doses (16 inhalations) at 1.2 and 2.0 

µg/L, respectively. After first detection l-AMP could be detected in OF specimens 

throughout the session. Maximum l-AMP concentrations in Quantisal and Oral-Eze 

specimens were 3.7 and 5.5 µg/L, respectively, occurring after 6 doses (24 inhalations). 

Figure 8 depicts plasma, Oral-Eze, and Quantisal l-MAMP extracted ion chromatograms 

after 5 doses (20 inhalations). 

 

Discussion 

An enantioselective method for MAMP and AMP determination was successfully 

validated in plasma and two OF collection devices. Commercially available devices can 

differ from each other with respect to OF collected, drug extraction from the collection 

pad, buffer composition and dilution, and storage conditions. These differences can affect 

performance qualities like sensitivity (LOQ), linearity, and matrix effect. In the present 

study the differences between the collection devices were the OF to buffer ratio and 

buffer composition; it was necessary, therefore, to validate the method independently for 

each device. 

To accomplish AMPs chiral resolution, precolumn derivatization with Marfey’s 
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Figure 8. Plasma (6.4 µg/L), Quantisal™ (131 µg/L), and Oral-Eze® (149 µg/L) derivatized l-

methamphetamine extracted ion chromatogram after 5 doses (20 inhalations). 
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reagent was performed. Marfey’s reagent was originally synthesized in 1984 by Peter 

Marfey for amino acid chiral resolution (172) and is applied to chiral amino acid and 

peptide analyses. Foster et al. implemented Marfey’s reagent for MAMP chiral resolution 

and AMP in urine by HPLC–UV/vis (168). Recently, Nakanishi et al. utilized a Marfey’s 

reagent analog, N-(α)-(5-fluoro-2,4-dinitrophenyl)-d-leucinamide (d-FDLA), replacing 

the alanine moiety with leucine, for the resolution of MDMA and its phase I and II 

metabolites in urine via LC–MS/MS (167); sample preparation was minimal and did not 

include a liquid–liquid or solid-phase extraction, and all enantiomers were resolved with 

an L-column2semimicro octadecylsilane column. Our derivatization procedure was 

similar to Marfey’s and Foster’s. The present method is the first report of an LC–MS/MS 

method for MAMP and AMP chiral resolution with Marfey’s reagent in plasma and OF. 

Although CDR (Marfey’s reagent) utilization in the present method increased the 

sample preparation time by approximately 2 h, conventional reverse-phase conditions on 

a C18 column were utilized and the chromatographic separation time was limited to 10 

min. Additionally, high sensitivity was achieved in all matrices (1 µg/L LOQ). Peters et 

al. (43) separated MAMP and AMP enantiomers in plasma with GC–NICI-MS in <12 

min after derivatization with S-(−)-heptafluorobutyrylprolyl chloride (S-HFBPCl) and 

injection on an HP-5MS column with a 5 µg/L LOQ. Leis et al. (44), also implementing 

S-HFBPCl derivatization and GC–NICI-MS, separated AMP enantiomers in plasma in 

5.5 min with a 0.006 µg/L LOQ; however, MAMP enantiomers were not included and 

the method required 1 mL plasma. Only one method was published for chiral AMPs 

resolution in expectorated OF, with MAMP and AMP separations achieved in <12 min 

and a 25 µg/L LOQ with GC–NICI-MS and S-HFBPCl derivatization (46). Additional 
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chiral resolution methods for AMPs in other matrices, utilizing GC and LC methods, 

were previously reviewed (48), but none separated and identified AMP and MAMP 

enantiomers in plasma and OF with LC–MS/MS. 

The method successfully met all validation criteria. A large ion enhancement was 

observed with Quantisal samples, and variation in the extraction efficiencies between 

matrices was present. The manufacturers will not disclose the specific contents of these 

proprietary solutions, but surfactants and other elution and stabilization chemicals are 

included. These additives, either alone or in combination with unreacted derivatization 

reagent, may produce the large ion enhancement, and different interferences from the 

elution buffers most likely caused the differences in extraction efficiencies. Quantisal 

specimen results were accurate and reproducible, calibration models were always linear, 

and variance in enhancement was always ≤14.4% among 10 different sources. 

Additionally, deuterated internal standards for each enantiomer experienced similar 

enhancements and, therefore, maintained accurate and reliable quantitative results. The 

method was implemented in a NIDA IRB-approved study investigating amphetamines 

pharmacokinetics after multiple Vicks inhaler administrations. 

 

Conclusions 

This is the first report of an enantioselective LC–MS/MS method for MAMP and 

AMP in plasma and OF collected with Oral-Eze and Quantisal devices after pre-column 

derivatization with Marfey’s reagent. The present method was successfully validated and 

is sensitive, specific, and cost-effective. This method could also be extended to analyze 

other AMP derivatives like MDMA and its metabolites or chiral drugs containing 
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primary or secondary amine groups. It also may be possible to extend this method to 

other forensically relevant matrices like whole blood, urine, and vitreous fluid.  
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Chapter 5 – Oral Fluid with Three Modes of Collection and Plasma 

Methamphetamine and Amphetamine Enantiomer Concentrations 

After Controlled Intranasal l-Methamphetamine Administration4 

 

Abstract 

Methamphetamine is included in drug testing programs due to its high abuse 

potential. d-Methamphetamine is a scheduled potent central nervous system stimulant, 

while l-methamphetamine is the unscheduled active ingredient in the over-the-counter 

nasal decongestant Vicks® VapoInhaler™. No data are available in oral fluid (OF) and 

few in plasma after controlled Vicks VapoInhaler administration. We quantified 

methamphetamine and amphetamine enantiomers in OF collected with two different 

devices and plasma via a fully validated liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) method. Additionally, OF were analyzed with an on-site 

screening device. Sixteen participants received 7 Vicks VapoInhaler doses according to 

manufacturer’s recommendations. Specimens were collected before and up to 32 h after 

the first dose. No d-methamphetamine or d-amphetamine was detected in any sample. All 

participants had measurable OF l-methamphetamine with median maximum 

concentrations 14.8 and 16.1 μg/L in Quantisal™ and Oral-Eze® devices, respectively, 

after a median of 5 doses. One participant had measurable OF l-amphetamine with 

maximum concentrations 3.7 and 5.5 μg/L after 6 doses with the Quantisal and Oral-Eze 

devices, respectively. There were no positive DrugTest® 5000 results. In the cutoff range 

20–50 μg/L methamphetamine with amphetamine ≥limit of detection, 3.1–10.1% of 

specimens were positive; first positive results were observed after 1–4 doses. Two 

                                                 
4 Newmeyer MN et al. Drug Test Anal. 2015;7(10):877-883 (doi: 10.1002/dta.1784). Reproduced with 

permission by John Wiley and Sons. 



 

103 

 

participants had detectable plasma l-methamphetamine, with maximum observed 

concentrations 6.3 and 10.0 μg/L after 2 and 5 doses, respectively. Positive OF and 

plasma methamphetamine results are possible after Vicks VapoInhaler administration. 

Chiral confirmatory analyses are necessary to rule out VapoInhaler intake. Implementing 

a selective d-methamphetamine screening assay can help eliminate false-positive OF 

results. 

 

Introduction 

Methamphetamine is an important component in federally mandated workplace 

drug testing and driving under the influence of drugs (DUID) programs because of its 

high abuse potential. A chiral center is present on the molecule, resulting in two 

enantiomers; the d-methamphetamine isomer is more potent (29) and is a Schedule II 

controlled substance available by prescription in the United States. The l-enantiomer is 

unscheduled and is the active ingredient in the over-the-counter nasal decongestant 

Vicks® VapoInhaler™. 

According to the manufacturer, each inhaler contains 50 mg l-methamphetamine 

(labelled as Levmetamfetamine), with 0.04–0.15 mg l-methamphetamine delivered per 

800 mL dose, with possible trace d-methamphetamine. Previously, Vicks VapoInhaler 

administration was associated with a positive methamphetamine blood test (31). It is 

therefore essential to resolve methamphetamine and amphetamine enantiomers in order to 

more effectively interpret a positive test result. 

No data are available for methamphetamine oral fluid (OF) concentrations after 

controlled Vicks VapoInhaler administration, and few data for plasma concentrations 
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(173). OF is an alternative testing matrix of increasing importance in workplace drug 

testing and DUID programs. OF sampling offers several advantages over blood and urine 

collection: it is less invasive, does not require a same-sex collector, and minimizes 

sample adulteration (23). Disadvantages include sampling time requirements, potential 

difficulty in collecting adequate sample volume, and addition of preservative buffers that 

dilute specimens and can pose analytical challenges. In its 2004 Mandatory Guidelines, 

the US Substance Abuse and Mental Health Services Administration (SAMHSA) 

proposed a 50 μg/L OF methamphetamine cut-off with amphetamine present ≥method 

limit of detection (LOD) (157). The European Union’s Driving Under the Influence of 

Drugs, Alcohol, and Medicines (DRUID) program proposed a 25 μg/L OF 

methamphetamine analytical cut-off for forensic cases and a 410 μg/L OF 

methamphetamine cutoff equivalent to 20 μg/L in whole blood for epidemiological 

prevalence studies (25), and a meeting of international experts in drugged-driving in 

Talloires sponsored by six international organizations recommended a 20 μg/L cut-off 

(174). 

In the present study, healthy adults were administered 7 doses of the Vicks 

VapoInhaler according to manufacturer’s recommendations – 2 inhalations per nostril, 

every 2 h – with up to 0.60 mg l-methamphetamine delivered per dose. Participants 

provided OF and plasma specimens before and up to 32 h after the first dose. OF was 

collected with two different devices and one on-site screening device. We quantified d,l-

methamphetamine and d,l-amphetamine via a fully validated liquid chromatography-

tandem mass spectrometry (LC-MS/MS) method with chiral derivatization, characterized 

methamphetamine concentrations in OF collected with both devices and plasma, assessed 
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the performance of the on-site OF screening test compared to confirmatory results, and 

evaluated different OF methamphetamine cutoffs. These data will aid in OF and plasma 

methamphetamine results interpretation in clinical and forensic settings.  

 

Materials and methods 

Chemicals, reagents, and instruments 

d,l-Methamphetamine and d,l-amphetamine were analyzed according to a 

previously published method (175). Amphetamines derivatization utilized 1-fluoro-2,4-

dinitrophenyl-5-l-alanineamide (Marfey’s reagent) (Sigma-Aldrich, Allentown, PA, 

USA). Solid phase extraction was accomplished with Strata™-XC Polymeric Strong 

Cation columns (3 mL/60 mg) (Phenomenex®, Torrance, CA, USA). The high 

performance liquid chromatography (HPLC) system consisted of a DGU-20A3 degasser, 

LC-20ADXR pumps, SIL-20ACXR autosampler, and a CTO-10AC column oven 

(Shimadzu Corp., Columbia, MD, USA). Tandem mass spectrometry was performed on a 

3200 QTrap® mass spectrometer with a TurboIonSpray source (ABSciex, Foster City, 

CA, USA). Separations were performed on a Kinetex® 2.6 μm C18 column with an 

identically packed SecurityGuard ULTRA cartridge (Phenomenex®, Torrance, CA, 

USA). 

 

Clinical study 

Participants were dosed with Vicks VapoInhaler (Proctor & Gamble, Baltimore, 

MD, USA) according to manufacturer’s recommendations. OF was collected with the 

Quantisal™ (Immunalysis, Pomona, CA, USA) and Oral-Eze® (Quest Diagnostics Inc., 
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Lenexa, KS, USA) devices. OF also was screened with the DrugTest® 5000 (Draeger 

Safety, Lübeck, Germany). Whole blood was collected from an indwelling venous 

catheter into grey top Vacutainer® tubes (Becton Dickson, Franklin Lakes, NJ, USA). 

After collection, whole blood and OF were stored in 3.6 mL Nunc™ CryoTubes™ 

(Thermo Scientific, Waltham, MA, USA). 

 

Participants 

Participants 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 participant referrals. Participants received a comprehensive 

medical and psychological evaluation to verify compliance with eligibility criteria. 

Participants were 18–65 years of age with adequate peripheral venous access and able to 

give valid informed consent. Exclusion criteria included any current medical condition 

precluding safe study participation, current dependence on any psychoactive substance 

other than nicotine or caffeine, or inability to tolerate intranasal administration. 

 

VapoInhaler administration 

Participants entered the secure research unit ≥2 h before dosing. A urine specimen 

was collected in a polypropylene container prior to dosing. An aliquot was analyzed for 

amphetamines with an iScreen and a urine pregnancy test was performed for women with 

reproductive potential. Subjects with positive results were excluded. In accordance with 

the manufacturer’s recommended dosage, each participant on the first day inhaled deeply 
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from a Vicks VapoInhaler twice in each nostril every two hours between 0900 and 1900 

h (total of 24 inhalations), and at 0600 h on the second day (4 inhalations). The inhaler 

contained 50 mg l-methamphetamine, with 0.04–0.15 mg administered per inhalation 

(total of up to 0.60 mg l-methamphetamine per dose). 

 

Specimen collection 

Biological specimens were collected approximately 15 min before, and 0.5, 1, 2, 

2.5, 3, 4, 4.5, 5, 6, 6.5, 7, 8, 8.5, 9, 10, 10.5, 11, 12, 13, 15, 21, 24, 26, 28, 30, and 32 h 

after the first VapoInhaler dose. OF was collected with the Quantisal and Oral-Eze 

devices by placing the absorptive pad under the tongue (Quantisal) or between the lower 

cheek and gum (Oral-Eze) until the volume-adequacy indicator turned blue, indicating 

approximately 1 mL OF was collected or 5 min elapsed, whichever occurred first. The 

pad was removed and placed in a plastic tube containing the elution/stabilization buffer, 

and stored for ≥12 h at 4 °C to allow analyte elution from the pad. For Quantisal, a serum 

separator was depressed into the tube, the buffer solution decanted into a 3.6 mL 

CryoTube, and stored refrigerated at 4 °C until analysis. For Oral-Eze, a weight was 

inserted in the tube followed by centrifugation at 2200 xg and 4 °C for 5 min, the buffer 

solution decanted into a CryoTube and stored refrigerated until analysis. Quantisal 

specimens were always collected before Oral-Eze specimens throughout the study. Low-

volume specimens were recorded at the time of collection and analyzed as collected, 

without applying weight corrections. 

OF also was screened with the DrugTest 5000 on-site device with a 35 μg/L d-

methamphetamine cutoff. According to the manufacturer l-methamphetamine 
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concentrations >100,000 μg/L would be required to produce a positive test, indicating 

low cross-reactivity. The collector was continuously moved around the participants’ 

mouth until the indicator turned blue. After inserting the collector and test cartridge into 

the analyzer and closing the door, positive or negative results were displayed in 

approximately 8 min. Invalid tests (specimen collected correctly but no reading) were 

recorded at the time of screening. 

Whole blood was collected from an indwelling peripheral venous catheter into a 

grey top Vacutainer tube containing NaF and potassium oxalate and placed on ice for no 

more than 2 h. Tubes were centrifuged at 3000 rpm for 10 min and plasma was decanted 

into a 3.6 mL CryoTube and stored frozen at -20 °C until analysis. 

 

Amphetamines chiral analysis 

Individual methamphetamine and amphetamine enantiomers were quantified in 

OF collected with the Quantisal and Oral-Eze devices and plasma via a fully validated 

LC-MS/MS method employing a chiral derivatization reagent (175). Briefly, racemic d11-

methamphetamine and d11-amphetamine internal standards were added to 0.75 mL Oral-

Eze, 1 mL Quantisal specimens, or 0.5 mL plasma, followed by protein precipitation with 

1% formic acid in water. Supernatants were applied to pre-conditioned Strata-XC 

Polymeric Strong Cation solid-phase extraction columns. After washing, analytes were 

eluted with 5% ammonium hydroxide in methanol. The eluate was evaporated to dryness 

and reconstituted in water. Derivatization was performed with Marfey’s reagent and 

heating at 45 °C for 1 h. Samples were allowed to cool to room temperature followed by 

addition of 1 M HCl in water and vortexing. After evaporation to dryness under nitrogen 
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at 40 °C, samples were reconstituted in 200 μL water (mobile phase A):methanol (mobile 

phase B) (40:60 v/v), centrifuged at 2000 xg at 4 °C for 5 min, and supernatant 

transferred to a 96 well plate. Ten (OF) or 20 μL (plasma) were injected into the LC-

MS/MS system. Derivatized enantiomer separations were performed under isocratic 

conditions (water:methanol, 40:60) and analytes were identified and quantified by two 

MRM transitions and their ratio in ESI negative mode. In all matrices, the method was 

linear for all enantiomers from 1–500 μg/L, with imprecision and accuracy of ≤11.3% 

and 86.8–108%, respectively. Extraction efficiencies ranged from 67.4 to 117% and 

matrix effects from -17.0 to 468%, with variation always ≤19.1%. 

 

Data analysis 

Data from the enantiomeric separations were acquired and analyzed with Analyst 

software version 1.5.1 (ABSciex). Calculations for maximum observed concentrations 

(Cmax), time of Cmax (tmax), and times of first (tfirst) and last detection (tlast) were performed 

with Microsoft Excel 2007. Statistical analyses were performed with IBM SPSS Statistics 

20. OF results were evaluated based on various currently recommended cutoffs. 

Differences between Cmax, tmax, tfirst, and tlast observed in the two OF collection devices 

were evaluated by Wilcoxon signed-rank test; when evaluating differences for tfirst and 

tlast based on proposed cutoffs, only cutoffs where at least three participants produced 

positive OF specimens were evaluated. Differences between the percent positive OF 

specimens collected with the two devices was evaluated by Pearson’s Chi-squared test. 

Significant differences were present if the 2-tailed p <0.05. 
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Results 

Sixteen healthy adults aged 19–54 years old (12 men, 4 women; 11 black, 3 

white, 2 more than one race) were admitted to the secure clinical research unit. All 

admission urine amphetamine iScreen and pregnancy tests were negative. Participants 

provided 430 plasma and 432 OF specimens for each device. Two plasma specimens 

could not be collected from one participant due to complications with his intravenous 

catheter. There were 88 and 130 low-volume Quantisal and Oral-Eze OF collections (5 

min elapsed before volume-adequacy indicator turned blue), respectively, after dosing. 

Table 12 summarizes percent positive specimens at different time periods for full and 

low-volume specimens. Low-volume specimens were observed at every time, but there 

were always more full-volume specimens. Overall, 62.8 and 67.6% of low-volume 

specimens collected with the Quantisal and Oral-Eze devices, respectively, were l-

methamphetamine positive. 

Figure 9 depicts OF l-methamphetamine positivity rates, with similar rates for OF 

collected with the Quantisal and Oral-Eze devices throughout the study. All participants 

produced positive l-methamphetamine OF specimens based on the method’s limit of 

quantification (LOQ, 1 μg/L); 316 (76.0%) and 318 (76.4%) specimens were l-
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Table 12. Detection of l-methamphetamine in oral fluid (OF) after intranasal Vicks® VapoInhaler™ administration. 

Time (h) 

Quantisal  Oral-Eze 

# full volume,  

# low volume 

OF specimens 

% Positive –  

Full 

% Positive – 

Low 

 # full volume,  

# low volume 

OF specimens 

% Positive – 

Full 

% Positive – 

Low 

0.5-1 24, 8 54.2 50.0  22, 10 77.3 50.0 

2-3 37, 11 83.8 36.4  34, 14 73.5 57.1 

4-5 37, 11 83.8 45.5  29, 19 79.3 57.9 

6-8 50, 14 88.0 100  45, 19 93.3 73.7 

8.5-9 29, 3 96.6 100  22, 10 100 100 

10-12 51, 13 88.2 69.2  42, 22 90.5 90.9 

13-15 20, 12 90.0 75.0  19, 13 94.7 69.2 

21-26 36, 12 72.2 66.7  32, 16 65.6 68.8 

28-32 44, 4 47.7 75.0  41, 7 48.8 57.1 
Positivity rates are at the method’s limit of quantification (1µg/L) for full and low-volume Quantisal™ and Oral-Eze® OF specimens collected from 16 healthy 

adult participants who received 6 Vicks® VapoInhaler™ doses (4 inhalations per dose) 2 h apart on Day 1 and 1 more on the morning of Day 2 (n = 432 

specimens per device). 
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methamphetamine positive in Quantisal and Oral-Eze devices, respectively (p = 0.878). l-

Methamphetamine was detected in Quantisal and Oral-Eze OF after the first dose in 9 

and 11 participants, and all participants were positive after 4 and 5 doses, respectively. 

 

 

Figure 10 depicts OF l-methamphetamine concentration-time courses for 

Quantisal and Oral-Eze. The median (range) tfirst in Quantisal and Oral-Eze were 0.5 

(0.5–4.5) and 0.5 (0.5–8) h, respectively (p = 0.570). Maximum concentrations observed 

were 14.8 (5.2–380) and 16.1 (4–182) μg/L in Quantisal and Oral-Eze devices, 

Figure 9. Summary of % oral fluid specimens positive at the method limit of quantification (1 

μg/L) at each timepoint collected with the Quantisal™ and Oral-Eze® devices for 16 

participants who received 6 Vicks® VapoInhaler™ doses (4 inhalations per dose) 2 h apart on 

Day 1 and 1 more on the morning of Day 2 (n = 432 specimens per device). 
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Figure 10. Median (interquartile range) l-methamphetamine concentrations in oral fluid at the method limit of quantification (1 μg/L) collected with the 

Quantisal™ and Oral-Eze® devices for 16 participants who received 6 Vicks® VapoInhaler™ doses (4 inhalations per dose) 2 h apart on Day 1 and 1 

more on the morning of Day 2 (vertical dashed lines, n = 432 specimens per device). No d-methamphetamine or d-amphetamine was detected in any 

specimen. 
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respectively, after a median of 5 doses in both devices (p = 0.535). The median time of 

the last positive specimen after the 7th dose was 8 h for both OF collection devices (p = 

0.944). At the final collection (11 h after the 7th dose) median concentrations were 2.2 

(1.0–18.1) and 2.3 (1.3–55.8) μg/L in Quantisal and Oral-Eze, respectively, among those 

still positive (n = 7). OF l-amphetamine was detected in only one participant with both 

devices. First detection was after 4 doses in both devices. Maximum concentrations were 

3.7 and 5.5 μg/L in Quantisal and Oral-Eze, respectively, observed after 6 doses. This 

participant’s OF was l-amphetamine positive at 1.1 and 4.5 μg/L at the last collection 

time with Quantisal and Oral-Eze, respectively. No d-methamphetamine or d-

amphetamine was detected in any participants’ OF. 

All DrugTest 5000 results were negative, despite the presence of l-

methamphetamine up to 380 μg/L in 432 authentic OF specimens collected with two 

different devices, indicating that the DrugTest 5000 has no cross reactivity to l-

methamphetamine within this concentration range. 

OF results were evaluated according to four cutoffs and results are summarized in 

Table 13. At SAMHSA’s currently proposed 50 μg/L OF methamphetamine and 

amphetamine ≥method LOD (0.5 μg/L) cutoff, only one participant produced positive 

specimens. He had 13 (3.1% of all post-dose collections) and 16 (3.8%) positive OF 

specimens with the Quantisal and Oral-Eze devices, respectively; the first positive was 

after 4 doses with both devices and his last positive was 3 and >11 h after his 7th (last) 

dose, respectively. Without the amphetamine criterion three and two participants 

produced 19 (4.6%) and 24 (5.8%) positive OF specimens with first detection after 2–4
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Table 13. Percent positive specimens (number of participants with any positive specimen) and median (range) times of first (tfirst) and last (tlast) detection (h), 

relative to the first dose, for four oral fluid l-methamphetamine cutoffs after Vicks® VapoInhaler™ administration. 

Device 
 SAMHSA 50 µg/L + 

amphetamine ≥LOD 
SAMHSA 50 µg/L only DRUID 25 µg/L Talloires 20 µg/L 

Quantisal Number of participants 1 3 5 6 

 % Specimens Positive 3.1 4.6 7.0 8.2 

 Median tfirst (h, range) 6.5 6.5 (2.5-6.5) 2.0 (2.0-10.0) 2.3 (0.5-10.0) 

 Median tlast (h, range) 24.0 6.5 (6.5-24.0) 6.5 (4.0-30.0) 7.5 (2.0-30.0) 

Oral-Eze Number of participants 1 2 3 5 

 % Specimens Positive 3.8 5.8 7.5 10.1 

 Median tfirst (h, range) 7.0 1.5 (1.0-2.0) 1.0 (0.5-2.5) 2.5 (0.5-8.5) 

 Median tlast (h, range) >32.0 17.0 (2.0 - >32.0) 12.0 (2.0 - >32.0) 11.0 (2.0 - >32.0) 
Oral fluid was collected with the Quantisal™ and Oral-Eze® devices for 16 participants who received 6 Vicks® VapoInhaler™ doses (4 inhalations per dose) 2 

h apart on Day 1 and 1 more on the morning of Day 2 (n = 432 specimens per device). The method’s limit of detection (LOD) was 0.5µg/L. 
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and 1–2 doses with Quantisal and Oral-Eze, respectively; last positives were detected up 

to 3 h after the 7th dose in Quantisal and >11 h after the 7th dose in Oral-Eze. At the 

DRUID 25 μg/L cutoff, five and three participants produced 7.0 and 7.5% positive OF 

specimens with first positives after 2–6 and 1–2 doses in Quantisal and Oral-Eze, 

respectively; last positives were observed up to 9 h or >11 h after the 7th dose in 

Quantisal and Oral-Eze, respectively. Finally, at the Talloires 20 μg/L cutoff six and five 

participants produced 8.2 and 10.1% positive OF specimens with first positives in 

Quantisal and Oral-Eze after 1–6 and 1–5 doses, respectively; last positive specimens 

were observed 9 h (Quantisal) or >11 h (Oral-Eze) after the 7th dose. No specimen was 

positive with the DRUID 410 μg/L OF cutoff equivalent to 20 μg/L whole blood. 

Overall, in the cut-off range 20–50 μg/L OF methamphetamine (without an amphetamine 

component) 4.6–10.1% of specimens were positive, with a median of 1–4 Vicks doses 

until the first OF positive specimen. No significant differences between Quantisal and 

Oral-Eze tfirst and tlast with the DRUID (tfirst p = 0.180, tlast p = 0.655) or Talloires (p = 

0.785 and p = 1.00) cutoffs were observed. 

Figure 11 depicts the concentration-time course for the only two participants with 

positive plasma l-methamphetamine throughout the study session. First positive 

specimens occurred after the first dose at 1.4 and 1.1 μg/L for these participants. 

Observed plasma Cmax’s were 10.0 and 6.3 μg/L occurring after 5 and 2 doses, 

respectively. Both participants were still positive at the last collection time (11 h after the 

7th dose) at 2.6 and 3.8 μg/L. No d- or l-amphetamine or d-methamphetamine was 

detected in plasma. 
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Figure 12 compares Quantisal and Oral-Eze OF and plasma concentrations for the 

two participants who were plasma l-methamphetamine positive. Calculated OF/plasma 

ratios ranged from 4.8 to 39.7 for participant A and 0 to 10.8 for participant H. 

Participant A OF concentrations were often an order of magnitude greater than plasma 

for both devices, while the OF/plasma ratio for participant H was >10 only once. These 

data demonstrate large inter and intra-subject variabilities in OF/plasma ratios.

Figure 11. Plasma l-methamphetamine concentrations after 6 Vicks® VapoInhaler™ doses (4 

inhalations per dose) 2 h apart on Day 1 and 1 more on the morning of Day 2 (vertical dashed 

lines). Only 2 participants had detectable l-methamphetamine based on the method limit of 

quantification (1 μg/L). No d,l-amphetamine or d-methamphetamine was detected in plasma.  
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Figure 12. Comparison of oral fluid (Oral-Eze® [OE] and Quantisal™ [QTS]) and plasma l-methamphetamine (L-MAMP) concentrations after 6 Vicks® 

VapoInhaler™ doses (4 inhalations per dose) 2 h apart on Day 1 and 1 more on the morning of Day 2 (vertical dashed lines). Only 2 participants had 

detectable plasma l-methamphetamine based on the method limit of quantification (1 μg/L). No d,l-amphetamine or d-methamphetamine was detected in 

plasma. Data are plotted on a logarithmic scale. 
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Discussion 

The present study is the first to report OF amphetamines determination after 

controlled Vicks VapoInhaler administration. Methamphetamine accumulation in OF was 

apparent after multiple doses – the percent positive specimens was 56.3–68.8% after the 

1st dose, increasing steadily to 100% after the 4th–6th doses, and slowly declined for the 

remainder of the study. At the last collection – 11 h after the last dose – 43.8% of 

participants were still OF l-methamphetamine positive with both devices. l-Amphetamine 

was present in only one participant’s OF, having the highest plasma and OF l-

methamphetamine concentrations (1.4–10.0 μg/L plasma, 14.1–131 μg/L Quantisal, 

17.1–182 μg/L Oral-Eze). His first l-methamphetamine-positive OF was detected after 

the first dose with both devices, and his first l-amphetamine-positive OF specimen was 

observed after 4 doses; therefore, multiple doses were required before detectable l-

amphetamine was present in OF. This could be due to the low administered doses (0.16–

0.60 mg l-methamphetamine per dose) and that methamphetamine metabolism is 

enantioselective, with approximately 3 times more d-amphetamine formed after a d-

methamphetamine dose than l-amphetamine formed from the same-sized l-

methamphetamine dose (38). 

Significant differences in the performance between the two OF collection devices 

were not observed. l-Methamphetamine concentrations in OF after collection with the 

Quantisal and Oral-Eze devices were nearly identical: 76.0 and 76.4% of specimens were 

positive (p = 0.878), respectively, with the method LOQ (1 μg/L); median observed tfirst 

were both 0.5 (p = 0.570), Cmax were 14.8 and 16.1 μg/L, respectively (p = 0.535), and 

tlast in both devices was 8 h after the last dose (p = 0.944). In the study timeline, Oral-
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Eze specimens were always collected after Quantisal, which can account for the greater 

number of low-volume Oral-Eze specimens (130) compared to Quantisal (88). However, 

the percentage of positive Quantisal and Oral-Eze low-volume specimens based on the 

LOQ was similar (62.8 and 67.6%, respectively). The large positivity rate of the low-

volume specimens demonstrate that they offer important information, and should be 

analyzed rather than discarded. 

According to the manufacturer, the Vicks VapoInhaler may contain trace amounts 

of d-methamphetamine, but it was never detected in plasma or OF. No test analyzed on 

the DrugTest 5000 (with a d-methamphetamine target) was ever positive. In the range 

1.0–380 μg/L OF l-methamphetamine, there was no cross-reactivity to d-

methamphetamine. Previously, the DrugTest 5000 was evaluated for methamphetamine 

in drivers suspected of DUID; two reports evaluated the device against confirmatory 

plasma analysis (140, 141), and the third against residual OF-buffer mixtures from two 

other on-site devices (133). In all these reports, specificity was ≥95% for 

methamphetamine. The authors did not provide methamphetamine concentration ranges 

in confirmatory results, and chiral analyses were not performed. However, the DrugTest 

5000 appears to have ample specificity to avoid triggering a positive d-methamphetamine 

result after manufacturer-recommended doses of Vicks VapoInhaler. 

Positive OF results based on multiple proposed OF methamphetamine cutoffs 

were observed. With cutoffs ≥20 μg/L, ≤10.1%of OF specimens would be expected to be 

positive after 1–4 doses (4 inhalations/dose). Eleven hours after the last dose, ≤6.3% 

specimens were positive at cutoffs ≥20 μg/L. There was variability among participants in 

the number of doses administered before positive OF l-methamphetamine results were 
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observed, possibly due to differences in amount of l-methamphetamine delivered 

intranasally. While all participants were instructed to inhale as deeply as possible during 

all doses, differences in breathing capacity could account for the observed variability. 

Additionally, the study monitored participants after 7 doses over 2 administration days; 

however, the manufacturer states the inhaler can be administered for up to 7 days. It is 

possible more participants would be positive based on these cutoffs with extended 

exposure since it appeared l-methamphetamine and l-amphetamine accumulated in the 

OF with multiple doses. 

l-Methamphetamine pharmacokinetics after controlled Vicks VapoInhaler 

administration were evaluated previously in plasma (173). Participants self-administered 

the inhaler according to the manufacturer’s recommendations for 4 doses (16 inhalations 

total) then at 2 and 4 times (32 and 64 inhalations total) the recommended dose; each 

dose was administered 2 h apart in all three conditions. The investigators reported plasma 

methamphetamine and amphetamine were often below their LOQ (5 μg/L), even at 4 

times the recommended dose. They did not report concentrations for specimens that did 

exceed the LOQ. In the present study, participants self-administered one dose (4 

inhalations) every 2 h for 6 doses followed by a 7th dose 11 h after the 6th; plasma l-

methamphetamine was detected in only 2 participants with maximum concentrations 6.3 

and 10.0 μg/L observed after 2 and 5 doses, respectively. Our results agreed with 

previous findings (173). In the present study, no d,l-amphetamine or d-methamphetamine 

was detected in plasma. OF/plasma ratios calculated with both OF devices showed large 

inter- and intra-subject variabilities. 
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Previously, we published urine amphetamines concentrations following controlled 

Vicks VapoInhaler administration from these participants (176). True positive results 

were those with a positive immunoassay result (d-methamphetamine target) and ≥250 

μg/L d-methamphetamine by gas chromatography-mass spectrometry (GC-MS) 

confirmation; all urine specimens were analyzed via GC-MS regardless of immunoassay 

result. Urine specimens were screened with 3 different immunoassays and sensitivities, 

specificities, and efficiencies were 100%, 97.8–100%, and 97.8–100%, respectively. No 

urine specimen contained d-methamphetamine after GC-MS analysis. Therefore, there 

were no true positive urine results. These are important data as the urine 

methamphetamine cutoff utilized in federally regulated drug testing is 250 μg/L 

methamphetamine plus the presence of 100 μg/L amphetamine. Two participants did 

produce urine specimens with ≥250 μg/L l-methamphetamine but they did not contain 

>100 μg/L amphetamine. They also were the only participants with positive plasma l-

methamphetamine; no plasma l-amphetamine was detected. Comparing matrices, 1 

participant was positive with the SAMHSA 50 μg/L OF methamphetamine + 

amphetamine ≥LOD cutoff, 3 and 2 participants were positive with the SAMHSA 50 

μg/L OF methamphetamine only cutoff, 5 and 3 were positive with 25 μg/L OF 

methamphetamine cutoffs, and 6 and 5 were positive with 20 μg/L OF methamphetamine 

cutoff in Quantisal and Oral-Eze samples, respectively. However, if d-methamphetamine 

was the target analyte none of the specimens would be true positives, similar to the urine 

results. 

Our findings showed that positive OF methamphetamine results are possible after 

administration of Vicks VapoInhaler manufacturer-recommended doses at the currently 
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proposed SAMHSA, DRUID, and Talloires methamphetamine OF cut-offs; positive 

results were first observed after a minimal (1–4) number of doses. Implementing a 

selective d-methamphetamine initial screen will eliminate false-positive OF specimens. 

Finally, performing chiral analysis for confirmatory tests will differentiate Vicks 

VapoInhaler use from illicit methamphetamine abuse. This is possible because illicit 

methamphetamine typically contains only d-methamphetamine or a combination of d- 

and l-methamphetamine. Our results document that no d-methamphetamine was detected 

after Vicks VapoInhaler administration.  
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Chapter 6 – Quantification of Cannabinoids and their Free and 

Glucuronide Metabolites in Whole Blood by Disposable Pipette 

Extraction and Liquid Chromatography Tandem Mass Spectrometry5 

 

Abstract 

Identifying recent cannabis intake is confounded by prolonged cannabinoid 

excretion in chronic frequent cannabis users. We previously observed detection times 

≤2.1 h for cannabidiol (CBD) and cannabinol (CBN) and THC-glucuronide in whole 

blood after smoking, suggesting their applicability for identifying recent intake. 

However, whole blood collection may not occur for up to 4 h during driving under the 

influence of drugs investigations, making a recent-use marker with a 6-8 h detection 

window helpful for improving whole blood cannabinoid interpretation. Other minor 

cannabinoids cannabigerol (CBG), Δ9-tetrahydrocannabivarin (THCV), and its metabolite 

11-nor-9-carboxy-THCV (THCVCOOH) might also be useful. We developed and 

validated a sensitive and specific liquid chromatography-tandem mass spectrometry 

method for quantification of THC, its phase I and glucuronide phase II metabolites, and 5 

five minor cannabinoids.  Cannabinoids were extracted from 200 µL whole blood via 

disposable pipette extraction, separated on a C18 column, and detected via electrospray 

ionization in negative mode with scheduled multiple reaction mass spectrometric 

monitoring. Linear ranges were 0.5-100 µg/L for THC and THCCOOH; 0.5-50 µg/L for 

11-OH-THC, CBD, CBN, and THC-glucuronide; 1-50 µg/L for CBG, THCV, and 

THCVCOOH; and 5-500 µg/L for THCCOOH-glucuronide. Inter-day accuracy and 

                                                 
5 Reprinted from Journal of Chromatography A, Vol 1453, Scheidweiler KB, Newmeyer MN, Barnes AJ, 

Huestis MA, pgs 34-42, Copyright 2016 (doi: 10.1016/j.chroma.2016.05.024), with permission from 

Elsevier. 
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precision at low, mid and high quality control (QC) concentrations were 95.1-113% and 

2.4-8.5%, respectively (n = 25). Extraction recoveries and matrix effects at low and high 

QC concentrations were 54.0-84.4% and -25.8-30.6%, respectively. By simultaneously 

monitoring multiple cannabinoids and metabolites, identification of recent cannabis 

administration or discrimination between licit medicinal and illicit recreational cannabis 

use can be improved. 

 

Introduction 

Cannabis is the most commonly abused drug worldwide (177, 178). Additionally, 

detection of Δ9-tetrahydrocannabinol (THC) in whole blood and/or oral fluid from 

weekend nighttime drivers increased from 8.6% in 2007 to 12.6% in 2013-2014 (56), 

furthering public health and safety concerns. 

 THC and its phase I metabolites 11-hydroxy-THC (11-OH-THC) and 11-nor-9-

carboxy-THC (THCCOOH) are commonly monitored cannabinoids in whole blood by 

gas chromatography-mass spectrometry (GC-MS) (179-184) or liquid chromatography-

tandem MS (LC-MS/MS) (185-192). However, whole blood THC and THCCOOH can 

be detected well beyond the window of acute impairment in frequent cannabis smokers 

(70, 89, 91), complicating results interpretation, e.g. identifying recent intake when 

assessing driving under the influence of drugs (DUID) impairment.  

We recently reported that cannabidiol (CBD), cannabinol (CBN) and THC-

glucuronide have short detection windows (89, 91) and may serve as recent intake 

markers. However, new cannabinoid plants and plant extracts may have greater CBD 

concentrations than cannabis included in our previous controlled administration studies, 

eliminating whole blood CBD as a marker of recent use until pharmacokinetic data are 
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available. Additionally, few analytical methods are available for detection of these 

analytes in whole blood (187, 191).  

Cannabigerol (CBG) is a biosynthetic CBD precursor detected in human cannabis 

users’ urine (124). Δ9-Tetrahydrocannbivarin (THCV), a minor cannabis constituent, and 

11-nor-9-carboxy-THCV (THCVCOOH) were identified in human urine after cannabis 

administration (125, 127). The pharmacokinetics of these cannabinoids is poorly 

characterized, but they may serve as additional markers of recent cannabis intake; to date, 

there are no methods for their quantification in whole blood.   

 We developed and validated a LC-MS/MS method for simultaneously quantifying 

THC, 11-OH-THC, THCCOOH, CBD, CBN, CBG, THCV, THCVCOOH, THC-

glucuronide, and THCCOOH-glucuronide in whole blood employing disposable pipette 

extraction (DPX) tips, which allow for utilization of an automated liquid handler system. 

Through simultaneous detection of THC, its phase I and glucuronide phase II 

metabolites, and 5 minor cannabinoids, identification of recent cannabis administration 

for DUID investigations, assessing impairment in work or home accidents, and 

discrimination of licit medicinal from illicit recreational cannabis use can be improved. 

This method will be employed during our clinical study investigating human performance 

effects and cannabinoid pharmacokinetics after smoked, vaporized, and oral cannabis 

administrations to frequent and occasional cannabis smokers; full whole blood 

pharmacokinetic data will be presented in a future publication. 
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Materials and methods 

Reagents and supplies 

THC, 11-OH-THC, THCCOOH, CBD, CBN, THC-d3, 11-OH-THC-d3, 

THCCOOH-d9, CBD-d3, CBN-d3, and THCCOOH-glucuronide-d3 were purchased from 

Cerilliant (Round Rock, TX, USA). CBG was from Restek (Bellefonte, PA, USA), 

THCV was from RTI International (Research Triangle Park, NC, USA), and 

THCVCOOH and THC-glucuronide were acquired from ElSohly Laboratories (Oxford, 

MS, USA).  Ammonium acetate and acetonitrile (LC-MS grade) were obtained from 

Sigma-Aldrich (St. Louis, MO, USA). Methanol and water (LC-MS grade) and formic 

acid (ACS-grade) were from Fisher Scientific (Fair Lawn, NY, USA). WAX-S tips (1 mL 

tip containing 20 mg resin and 40 mg salt) were purchased from DPX Labs (Columbia, 

SC, USA). Chromatography was performed on a Kinetex® C18 column (Phenomenex® 

Inc., Torrance CA, USA; 2.1 mm x 50 mm, 2.6 µm) combined with a SecurityGuard™ 

C18 guard column (4 x 2.0 mm). 

 

Instrumentation 

We utilized a Tecan Freedom EVO® 100 liquid handling system (Tecan US Inc., 

Morrisville, NC, USA), and an HPLC system consisting of a DGU-20A3 degasser, LC-

20AD XR pumps, SIL-20AC XR autosampler, and a CTO-20AC column oven 

(Shimadzu Corp, Columbia, MD, USA) interfaced with a Sciex 5500 QTrap® mass 

spectrometer with a Turbo V™ ion source (Framingham, MA, USA). Data were acquired 

and analyzed with Analyst (version 1.5.1) and MultiQuant (version 3.0.1), respectively. 
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Calibrators, quality controls, and internal standards 

Mixed analyte calibrator solutions were prepared in methanol yielding calibrators 

at 0.5, 1, 2.5, 5, 10, 25, 50 and 100 µg/L for THC and THCCOOH, at 0.5, 1, 2.5, 5, 10, 

25 and 50 µg/L for 11-OH-THC, CBD, CBN, and THC-glucuronide, at 1, 2, 5, 10, 20, 50 

and 100 µg/L for CBG, THCV, and THCVCOOH, and at 5, 10, 25, 50, 100, 250 and 500 

µg/L for THCCOOH-glucuronide after fortifying 20 µL standard solution in 200 µL 

whole blood. 

 Quality control (QC) samples were prepared with reference standards from 

separate ampules than those used to prepare calibrators. Mixed analyte QC solutions were 

prepared in methanol and produced QC samples at 1.5, 4.5 and 80 µg/L for THC and 

THCCOOH, at 1.5, 4.5 and 40 µg/L for 11-OH-THC, CBD, CBN and THC-glucuronide, 

at 3, 9 and 80 µg/L for CBG, THCV and THCVCOOH, and at 15, 45 and 400 µg/L for 

THCCOOH-glucuronide when fortifying 20 µL QC solution into 200 µL whole blood. 

 Mixed internal standard working solution was prepared in methanol containing 50 

µg/L THC-d3, 11-OH-THC-d3, THCCOOH-d9, CBD-d3, and CBN-d3 and 1000 µg/L for 

THCCOOH-glucuronide-d3); fortification volume was 20 µL. There were no 

commercially available deuterated internal standards for CBG, THCV, THCVCOOH, or 

THC-glucuronide. 

 

Disposable pipette extraction 

Whole blood specimens (200 µL) were fortified with 20 µL internal standard and 

proteins precipitated with 500 µL room-temperature acetonitrile. Following thorough 

vortexing and centrifugation at 15,000 xg and 4 °C for 5 min, 550 µL supernatant was 
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transferred to a 2 mL, 96-deep well plate. The plate was transferred to the liquid handling 

system and 200 µL 5% aqueous formic acid added to each well, followed by aspiration 4 

times through WAX-S tips. These tips contain loosely packed solid-phase sorbent, with 

which the solution is mixed during sample aspiration. A 1 mL aspiration volume was 

utilized (an extra 250 µL air was aspirated to facilitate mixing) at a slow speed. Samples 

were allowed to mix with the sorbent for 5 s before being dispensed back into the sample 

tube and aspirated again for a total of 4 aspiration/dispense cycles. Sixty µL upper, 

organic layer was transferred to 500 µL conical glass inserts containing 140 µL mobile 

phase A placed in a 96-deep well plate with 1.3 mL round bottom wells, and inserts 

capped. The plate was vortexed and centrifuged at 700 xg and 4 °C for 5 min before 

transferring to the autosampler. 

 

LC-ESI-MS/MS 

Chromatographic separation was performed on a Kinetex C18 column via gradient 

elution with 10 mM ammonium acetate in water (A) and 15% methanol in acetonitrile 

(B). Mobile phase B concentration was initially 30% for 0.5 min, increased to 50% over 

0.5 min, to 70.7% over 7.33 min, and to 100% over 0.67 min held for 4.5 min before 

conditions were returned to 30% B over 0.1 min and held for 2.4 min (total run time 16 

min). Flow rate was 0.5 mL/min until 9.00 min, increased to 0.75 mL/min over 0.10 min 

and held for 4.1 min, and 0.5 mL/min over 0.1 min and held for 2.7 min. Column eluate 

was diverted to waste for the first 1.2 and final 5 min of analysis. Autosampler and 

column oven temperatures were set to 4 °C and 40 °C, respectively.  

 Data were acquired via negative mode electrospray ionization. The MS was 

operated in scheduled multiple reaction monitoring (MRM) mode with a 45 s MRM 
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detection window and a 250 ms target scan time, acquiring two MRM transitions for all 

analytes and internal standards. Optimized MRM settings were determined via 20 µg/L 

infusion of each analyte at 10 µL/min (Table 14). 

 

Method validation 

The method was validated according to the Scientific Working Group for 

Forensic Toxicology published guidelines (169). Parameters evaluated include 

specificity, sensitivity and linearity, accuracy and precision, extraction recovery and 

matrix effects, carryover, dilution integrity, and stability. Details of these experiments are 

available in Supplementary Material: Method Validation Experiments Performed (see 

below). 

 

Authentic specimens 

Whole blood specimens were collected from frequent (≥5x/week) and occasional 

(≥2x/month but <3x/week) healthy cannabis users who provided written informed 

consent to participate in a National Institute on Drug Abuse Institutional Review Board-, 

FDA-, and DEA-approved study. The study was designed, in part, to characterize 

cannabinoid pharmacokinetics and novel markers of cannabis intake following smoking a 

single cannabis cigarette containing 6.9% (w/w) THC ad libitum within 10 min. Whole 

blood specimens were collected on admission to the closed clinical unit, within 1 h of 

dosing (baseline), at the start of smoking (t = 0.00 h), every 2 min for the first 12 min 

after smoking initiation, and up to 72 h after smoking.  All blood specimens were stored 

at -20 °C prior to analysis.
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Table 14. Unique tandem mass spectrometric parameters for 10 cannabinoids in whole blood. 

Analyte Q1 mass (m/z) Q3 mass (m/z)a DP (V) CE (V) CXP (V) RT (min) 

THC 313.1 
245.1 

-170 
-36 -21 

7.83 
191.1 -36 -15 

11-OH-THC 329.0 
268.1 

-150 
-34 -23 

4.08 
173.0 -40 -19 

THCCOOH 343.0 
245.0 

-110 
-38 -23 

2.48 
191.0 -44 -17 

CBD 313.0 
179.1 

-135 
-24 -9 

5.92 
245.0 -30 -23 

CBN 309.0 
279.0 

-135 
-42 -23 

7.14 
221.9 -64 -19 

CBG 315.2 
136.0 

-50 
-34 -17 

6.07 
190.9 -32 -17 

THCV 285.0 
216.9 

-155 
-40 -23 

5.55 
162.8 -30 -21 

THCVCOOH 315.0 
271.1 

-130 
-28 -21 

1.85 
217.0 -36 -19 

THC-glucuronide 489.1 
313.2 

-20 
-42 -31 

2.00 
175.0 -26 -19 

THCCOOH-glucuronide 519.2 
343.0 

-15 
-32 -31 

1.94 
299.1 -46 -27 

THC-d3 316.1 
248.1 

-170 
-38 -27 

7.82 
194.0 -42 -19 

11-OH-THC-d3 332.0 
271.1 

-125 
-38 -23 

4.07 
173.0 -46 -11 

THCCOOH-d9 352.2 
254.1 

-150 
-38 -23 

2.47 
195.0 -40 -17 

CBD-d3 316.0 
182.1 

-120 
-26 -5 

5.91 
248.1 -32 -19 
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Table 14. (Continued from previous page) Unique tandem mass spectrometric parameters for 10 cannabinoids in whole blood. 

Analyte Q1 mass (m/z) Q3 mass (m/z)a DP (V) CE (V) CXP (V) RT (min) 

CBN-d3 312.0 
282.1 

-165 
-42 -27 

7.13 
222.0 -56 -19 

THCCOOH-glucuronide-d3 522.0 
346.2 

-135 
-30 -27 

1.93 
302.2 -50 -33 

Optimized Source Settings 

Spray Voltage -4.5 kV 

Gas-1 345 kPa 

Gas-2 379 kPa 

Curtain Gas 310 kPa 

Source Temperature 550 ˚C 

Mass Resolution Unit (Q1 & Q3) 

Nitrogen Collision Gas Medium 

Entrance Potential -10 V 

Q1 quadrupole 1, Q3 quadrupole 3, DP declustering potential; CE collision energy, CXP collision cell exit potential, RT retention time, THC Δ9-

tetrahydrocannabinol, 11-OH-THC 11-hydroxy-THC, THCCOOH 11-nor-9-carboxy-THC, CBD cannabidiol, CBN cannabinol, CBG cannabigerol, THCV Δ9-

tetrahydrocannabivarin, THCVCOOH 11-nor-9-carboxy-THCV. 
aBolded ions utilized for quantification. 
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Results 

No endogenous interferences were observed in whole blood from 10 individuals.  

None of 87 potentially interfering compounds produced low QC concentrations outside 

of ±20% target or yielded detectable peaks when fortified into negative samples (Table 

15). Only samples fortified with THCV alone and THCCOOH-glucuronide alone 

produced peaks for other cannabinoids that fulfilled limit of detection (LOD) criteria. In 

the THCV-only sample (fortified at 100 µg/L), 1.7 (1.5% of the fortified concentration) 

and 1.4 µg/L (1.3% of the fortified concentration) CBD and CBG were observed, 

respectively. The THCCOOH-glucuronide-only sample fortified at 500 µg/L contained 

2.3 µg/L THCCOOH, or 0.5% of the THCCOOH-glucuronide concentration. 

Table 16 summarizes linearity results. LODs were 0.25 µg/L for 11-OH-THC, 

THCCOOH, CBD, CBN, and THC-glucuronide, 0.5 µg/L for THC, CBG, THCV, and 

THCVCOOH, and 1.25 µg/L for THCCOOH-glucuronide. Linear ranges were 0.5-100 

µg/L for THC and THCCOOH, 0.5-50 µg/L for 11-OH-THC, CBD, CBN, and THC-

glucuronide, 1-100 µg/L CBG, THCV, and THCVCOOH, and 5-500 µg/L for 

THCCOOH-glucuronide; all r2 were ≥0.996 employing 1/x2 weighting. Scheduled 

multiple reaction monitoring chromatograms of blank whole blood fortified with analytes 

at the limit of quantification (LOQ) are presented in Figure 13 and Figure 14. 

Intra- and inter-day accuracy ranged from 88.9-115% and 95.1-113%, 

respectively and intra- and inter-day precision were 2.4-6.6% and 2.4-8.5%, respectively 

(Table 17). One-way ANOVA revealed statistically significant differences in calculated 



 

 

1
3
4
 

Table 15. Eighty-seven exogenous interferences were evaluated at 500 µg/L whole blood equivalent concentrations and did not produce cannabinoid 

concentrations outside ±20% target when fortified into low QC samples or yield detectable peaks when fortified into negative (internal standard only) samples. 

Cocaine Opioids Benzodiazepines 
Amphetamines and other 

amines 
Antidepressants Others 

cocaine 

benzoylecgonine 

norcocaine 

norbenzoylecgonine 

ecgonine ethyl ester 

ecgonine methyl ester 

anhydroecgonine methyl 

ester 

ecgonine 

cocaethylene 

norcocaethylene 

m-hydroxycocaine 

p-hydroxycocaine 

m-hydroxybenzoylecgonine 

p-hydroxybenzoylecgonine 

morphine 

normorphine 

morphine-3-beta-D-

glucuronide 

morphine-6-beta-D-

glucuronide 

codeine 

norcodeine 

6-acetylmorphine 

6-acetylcodeine 

buprenorphine 

norbuprenorphine 

hydrocodone 

hydromorphone 

oxycodone 

noroxycodone 

oxymorphone 

noroxymorphone 

methadone 

2-ethyl-5-methyl-3,3-

diphenyl-1-pyrroline 

2-ethylidene-1,5-

dimethyl-3,3-

diphenylpyrrolidine 

propoxyphene 

pentazocine 

diazepam 

lorazepam 

oxazepam 

alprazolam 

7-aminoclonazepam 
7-aminoflunitrazepam 

7-aminonitrazepam 

nitrazepam 

flunitrazepam 

temazepam 

nordiazepam 

bromazepam 

clonazepam 

flurazepam 

p-methoxyamphetamine 

p-methoxymethylamphetamine 

methamphetamine 

amphetamine 

hydroxylamphetamine 

hydroxylmethamphetamine 

4-hydroxy-3-

methoxymethamphetamine 

4-hydroxy-3-methoxyamphetamine 

3,4-methylenedioxyamphetamine 
3,4-methylenedioxymethamphetamine 

3,4-methylenedioxyethylamphetamine 

3,4-methylenedioxyphenyl-2-

butanamine 

methyl-1-(3,4-

methylenedioxyphenyl)-2-

butanamine 

R-cathinone 

ethylamphetamine 

4-bromo-2,5-

dimethoxyphenethylamine 

ephedrine 

pseudoephedrine 

phentermine 

imipramine 

clomipramine 

fluoxetine 

norfluoxetine 

paroxetine 

clonidine 

ibuprofen 

caffeine 

diphenhydramine 

chlorpheniramine 

brompheniramine 

Aspirin 

Tylenol 

ketamine 

dextromethorphan 

nicotine 

cotinine 

norcotinine 

hydroxycotinine 
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Table 16. Sensitive limits of detection (LOD) and quantification (LOQ) and clinically-relevant linear calibration ranges were achieved for cannabinoids in 

whole blood (n = 5). 

Analyte 
Internal 

Standard 

LOD 

(µg/L) 

LOQ 

(µg/L) 

Linear Range 

(µg/L) 
Mean y-intercept ± SD Mean slope ± SD r2 (range) 

THC THC-d3 0.5 0.5 0.5-100 0.002 ± 0.014 0.226 ± 0.005 0.996-1.000 

11-OH-THC 11-OH-THC-d3 0.25 0.5 0.5-50 0.001 ± 0.007 0.191 ± 0.004 0.999-0.999 

THCCOOH THCCOOH-d9 0.25 0.5 0.5-100 0.004 ± 0.009 0.167 ± 0.064 0.998-0.999 

CBD CBD-d3 0.25 0.5 0.5-50 0.007 ± 0.006 0.243 ± 0.005 0.997-1.000 

CBN CBN-d3 0.25 0.5 0.5-50 -1.02 ± 2.30 0.191 ± 0.003 0.998-1.000 

CBG CBD-d3 0.5 1.0 1-50 0.006 ± 0.008 0.090 ± 0.005 0.997-0.999 

THCV CBD-d3 0.5 1.0 1-50 -0.001 ± 0.004 0.057 ± 0.002 0.999-1.000 

THCVCOOH THCCOOH-d9 0.5 1.0 1-50 -0.050 ± 0.027 0.774 ± 0.294 0.997-0.999 

THC-

glucuronide 

THCCOOH-

glucuronide-d3 
0.25 0.5 0.5-50 0.003 ± 0.002 0.055 ± 0.012 0.997-0.999 

THCCOOH-

glucuronide 

THCCOOH-

glucuronide-d3 
1.25 5.0 5-500 0.016 ± 0.008 0.022 ± 0.001 0.998-0.999 

THC Δ9-tetrahydrocannabinol, 11-OH-THC 11-hydroxy-THC, THCCOOH 11-nor-9-carboxy-THC, CBD cannabidiol, CBN cannabinol, CBG cannabigerol, 

THCV Δ9-tetrahydrocannabivarin, THCVCOOH 11-nor-9-carboxy-THCV. 
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Figure 13. Scheduled multiple reaction monitoring ion chromatograms for quantifier transitions illustrate analyte peaks distinguishable from noise at the 

limits of quantification. THC Δ9-tetrahydrocannabinol, 11-OH-THC 11-hydroxy-THC, THCCOOH 11-nor-9-carboxy-THC, CBD cannabidiol, CBN 

cannabinol, CBG cannabigerol, THCV Δ9-tetrahydrocannabivarin, THCVCOOH 11-nor-9-carboxy-THCV. 
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Figure 14. Scheduled multiple reaction monitoring ion chromatograms for quantifier transitions in blank whole blood at limits of quantification 

demonstrate chromatographic resolution between target analytes. THC Δ9-tetrahydrocannabinol, 11-OH-THC 11-hydroxy-THC, THCCOOH 11-nor-9-

carboxy-THC, CBD cannabidiol, CBN cannabinol, CBG cannabigerol, THCV Δ9-tetrahydrocannabivarin, THCVCOOH 11-nor-9-carboxy-THCV. 
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Table 17. Extraction via disposable pipettes with liquid chromatography tandem mass spectrometry detection yielded reproducible and accurate cannabinoid 

quantification in whole blood. 

Analyte 

Intra-day precision  

(%RSD, n=5/day) 

 Inter-day precision 

 (%RSD, n=25) 

 Accuracy 

(% of target, n=25) 

Low Mid High  Low Mid High  Low Mid High 

THCa 5.9 4.2 4.3  6.8 5.0 5.2  108 107 105 

11-OH-THCa 5.8 3.4 3.0  5.8 6.5 3.9  104 103 104 

THCCOOHa 6.3 3.6 3.6  6.5 6.2 3.5  105 105 104 

CBDa 3.9 3.7 3.3  4.0 5.5 3.6  109 108 111 

CBNa 4.7 2.9 2.4  4.7 3.9 2.4  111 109 113 

CBGb 4.2 5.4 4.1  5.5 6.9 5.0  102 105 108 

THCVb 4.1 3.4 3.5  5.7 6.7 4.9  106 106 108 

THCVCOOHb 4.8 5.4 3.1  7.4 8.5 4.3  96.0 95.1 106 

THC-glucuronidea 6.6 5.9 3.9  8.3 6.1 4.0  101 105 96.7 

THCCOOH-glucuronidec 3.9 4.2 2.5  4.1 4.7 3.1  103 104 96.9 

THC Δ9-tetrahydrocannabinol, 11-OH-THC 11-hydroxy-THC, THCCOOH 11-nor-9-carboxy-THC, CBD cannabidiol, CBN cannabinol, CBG cannabigerol, 

THCV Δ9-tetrahydrocannabivarin, THCVCOOH 11-nor-9-carboxy-THCV. 
aLow-, and mid-quality control concentrations for THC, 11-OH-THC, THCCOOH, CBD, CBN, and THC-glucuronide were 1.5 and 4.5 µg/L, respectively. 

High-quality control concentration for THC and THCOOH was 80µg/L and for 11-OH-THC, CBD, CBN, and THC-glucuronide it was 40 µg/L. 
bLow-, mid-, and high-quality control concentrations for CBG, THCV, and THCVCOOH were 3, 9, and 80 µg/L, respectively. 
cLow-, mid-, and high-quality control concentrations for THCCOOH-glucuronide were 15, 45, and 400 µg/L, respectively. 
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concentrations between batches for several analytes; however, inter-day precisions were 

≤8.5% and considered clinically insignificant. 

Recovery and matrix effects for analytes at low and high QC concentrations and 

internal standards are summarized in Table 18. Recoveries were 54.0-84.4% and matrix 

effects were -25.8-30.6%. 

 

Table 18. Extraction via disposable pipettes yielded efficient recoveries with minimal matrix effects 

enabling sensitive limits of quantification (0.5-5.0 µg/L). 

Analyte 
Recovery (%, n=10)  Matrix Effect (%, n=10) 

Low High  Low High 

THCa 59.9 58.7  -23.0 -21.5 

11-OH-THCa 78.6 79.5  -6.1 -4.8 

THCCOOHa 71.3 72.1  -17.5 -20.6 

CBDa 73.0 73.6  -6.5 -6.1 

CBNa 54.0 55.4  -11.0 -14.1 

CBGb 63.5 65.5  -10.8 -13.0 

THCVb 66.4 69.0  30.6 23.9 

THCVCOOHb 70.1 75.3  7.7 3.5 

THC-glucuronidea 71.3 72.2  4.5 1.1 

THCCOOH-glucuronidec 55.4 56.4  2.2 -1.4 

THC-d3 65.2 64.9  -25.8 -25.7 

11-OH-THC-d3 84.4 83.2  -14.3 -10.4 

THCCOOH-d9 75.2 75.5  -18.4 -18.6 

CBD-d3 81.4 80.6  -13.7 -8.4 

CBN-d3 59.2 59.7  -16.2 -15.9 

THCCOOH-glucuronide-d3 58.8 59.3  -3.3 -5.5 
THC Δ9-tetrahydrocannabinol, 11-OH-THC 11-hydroxy-THC, THCCOOH 11-nor-9-carboxy-THC, 

CBD cannabidiol, CBN cannabinol, CBG cannabigerol, THCV Δ9-tetrahydrocannabivarin, THCVCOOH 

11-nor-9-carboxy-THCV. 
aLow-quality control concentration for THC, 11-OH-THC, THCOOH, CBD, CBN, and THC-

glucuronide was 1.5µg/L. High-quality control concentration for THC and THCOOH was 80 µg/L and 

for 11-OH-THC, CBD, CBN, and THC-glucuronide it was 40 µg/L. 
bLow- and high-quality control concentrations for CBG, THCV, and THCVCOOH were 3 and 80 µg/L, 

respectively. 
cLow- and high-quality control concentrations for THCCOOH-glucuronide were 15 and 400 µg/L, 

respectively. 

 
 

No carryover was observed in negative samples following samples fortified at 

twice each analytes’ upper limit of quantification (ULOQ). All analytes quantified within 

90.7-99.7% of target concentrations when diluted 10-fold. After storage at room 
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temperature for 16 h, all analytes quantified within ±20%, except for THCVCOOH and 

THCCOOH-glucuronide. After 72 h at 4 ˚C only THCCOOH-glucuronide failed to 

quantify within ±20%. All analytes quantified within ±20% of target after three freeze-

thaw cycles and after 72 h on the 4 ˚C autosampler. 

Figure 15 and Figure 16 depict negative and positive authentic samples, 

respectively, collected following controlled smoked 6.9% THC cannabis. 

 

Discussion 

We did not observe any interference from potential exogenous compounds 

fortified at high concentrations (500 µg/L whole blood equivalent). CBD and CBG were 

detected in a sample fortified with THCV alone at 1.7 and 1.4% of the fortified THCV 

concentration, respectively. The certificate of analysis for THCV indicates its purity is 

94.8±0.12%, indicating that CBD and CBG may be present within the standard. These 

data agree with results obtained during method development conducted by our laboratory 

for cannabinoids quantification in oral fluid, in which the same THCV standard was 

utilized; CBD and CBG were detected in samples fortified with THCV alone at 1.5 and 

1.3% of THCV concentration, respectively (193). Additionally, THCCOOH was detected 

in a sample fortified with THCCOOH-glucuronide at 0.5% of fortified THCCOOH-

glucuronide concentration. This agrees with findings from development of our previous 

method quantifying cannabinoids in whole blood (187), in which it was determined the 

THCCOOH-glucuronide standard contained 0.5 ± 0.1% THCCOOH; the same 

THCCOOH-glucuronide standard was utilized in the present method. Overall, the method
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Figure 15. Scheduled multiple reaction monitoring ion chromatograms for quantifier transitions from an authentic negative specimen collected from an 

occasional cannabis smoker 54 h after smoking a 6.9% THC cigarette demonstrates chromatographic selectivity. THC Δ9-tetrahydrocannabinol, 11-OH-

THC 11-hydroxy-THC, THCCOOH 11-nor-9-carboxy-THC, CBD cannabidiol, CBN cannabinol, CBG cannabigerol, THCV Δ9-tetrahydrocannabivarin, 

THCVCOOH 11-nor-9-carboxy-THCV. 
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Figure 16.  Scheduled multiple reaction monitoring ion chromatograms for quantifier transitions from authentic positive specimens collected from a 

frequent cannabis smoker 0.13 h (0.5 h for THC-glucuronide) after smoking a 6.9% THC cigarette demonstrate chromatographic selectivity. THC Δ9-

tetrahydrocannabinol, 11-OH-THC 11-hydroxy-THC, THCCOOH 11-nor-9-carboxy-THC, CBD cannabidiol, CBN cannabinol, CBG cannabigerol, 

THCV Δ9-tetrahydrocannabivarin, THCVCOOH 11-nor-9-carboxy-THCV.  



 

143 

 

demonstrated good selectivity for all analytes (Figure 13, Figure 14, Figure 15, and 

Figure 16). 

During method development, we attempted to include Δ9-tetrahydrocannabinolic 

acid A (THCAA), THC’s biosynthetic precursor because it was previously detected in 

serum (194, 195), plasma and whole blood (196) from cannabis users, and may serve as a 

marker of illicit or recent cannabis administration. During validation, however, intra- and 

inter-day precision were 13.6-28.6%, intra-day accuracies ranged from 76.1-138%, and 

large ion suppression (56.2-63.2%) was observed. Deuterated THCAA is not 

commercially available; previous methods quantified THCAA utilizing mismatched 

deuterated internal standards (194, 197), or a custom-synthesized THCAA-d3 internal 

standard (195, 196). We attempted to utilize THCCOOH-d9 as an internal standard 

because it eluted closest to THCAA in the chromatographic gradient. The ion suppression 

observed for THCCOOH-d9 (18.4-18.6%) was not comparable to that of THCAA (56.2-

63.2), and the suppression observed for THCAA was not reproducible between 10 

different whole blood lots (%RSD ≥30%), yielding unacceptable accuracy and precision; 

preventing its inclusion in our method. THCAA may serve as a useful marker of illicit or 

recent cannabis use, but monitoring this analyte will not be feasible for most forensic 

laboratories until a matched, deuterated internal standard becomes commercially 

available. 

Utilization of DPX tips permitted simultaneous extraction and quantification of five 

parent cannabinoids and five metabolites, including glucuronides, via LC-MS/MS. 

Extraction efficiency via DPX differs from solid phase extraction (SPE) methods because 

it is based on the equilibration time after mixing of the sample with the sorbent – which 
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maximizes interactions with the sorbent – rather than flow rate. Additionally, extraction 

with DPX WAX-S tips requires no sorbent conditioning or washing with analytes 

extracted into the organic phase remaining in the sample tube, a process that is easily 

automated. Overall, sensitive LOQs were achieved and matrix effects were minimized 

after implementing DPX WAX-S tips, which are particularly important considerations 

when extracting cannabinoids from whole blood. 

Previous methods quantifying cannabinoids in whole blood with LC-MS/MS 

monitored THC, 11-OH-THC, and THCCOOH (185, 187, 189, 190, 192). In comparison, 

we had comparable or better recoveries and matrix effects for at least one of these 

analytes. Our laboratory’s previous whole blood cannabinoid method (187) is the only 

published method with quantitative data for the recovery and matrix effects of CBN, 

CBD, THC-glucuronide, and THCCOOH-glucuronide after solid-phase extraction. By 

implementing DPX tips for extraction, we achieved similar recoveries but improved 

matrix effects for these four analytes. As a result, all analytes could be quantified 

accurately and reproducibly with high sensitivity (LOQs 0.5-5 µg/L) and linear ranges 

that are clinically relevant, minimizing repeat analyses to dilute samples into the linear 

range. This method is applicable for a variety of testing environments and improves 

overall analysis productivity through decreased sample preparation time. 

DPX tips were previously utilized to quantify THC in whole blood (183) and 

THCCOOH in urine (183, 198). The tips implemented required sample mixing with the 

sorbent, followed by washing and elution steps, similar to solid-phase extraction 

performed with sorbent packed into a cartridge. Extraction with the WAX-S tips 

implemented in this method did not require separate wash and elution steps, as matrix 
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interferents, rather than analytes, interact with and are retained on the sorbent or are 

retained in the aqueous phase while analytes are extracted into the organic phase. After 

sample aspiration, a phase separation occurs in which analytes are extracted into the 

upper organic layer, a portion of which is removed for analysis. Therefore, utilization of 

the WAX-S tips compared to those with ion-exchange mechanisms decreased sample 

analysis time and reduced solvent use, while still achieving low LOQs with small matrix 

effects. 

This is the first method to our knowledge that quantifies THCV, THCVCOOH, and 

CBG in whole blood. THCV was previously quantified in rat and mouse plasma 

following intraperitoneal and oral administrations (199). To date, the only available data 

regarding the detection of these analytes in humans after cannabis use are in urine. It was 

previously demonstrated that THCV was not present in synthetic dronabinol preparations 

(126). Additionally, THCVCOOH was present in human urine only after participants 

smoked cannabis cigarettes containing THCV but not after oral dronabinol (125). More 

recently, the prevalence of THCVCOOH in human urine was determined as part of a 

study investigating the efficacy of dronabinol for the treatment of cannabis dependence 

and was detected in 50% of admission urine specimens (127). CBG also was detected in 

human urine after cannabis use (124). Inclusion of these analytes in whole blood analyses 

can aid in cannabinoid results interpretation because they can help rule out medical 

dronabinol use and may be markers of recent cannabis use. 

 

Conclusion 

We present a novel LC-MS/MS method for the quantification of 10 cannabinoids 

and free and glucuronide metabolites in whole blood, utilizing DPX tips for simultaneous 
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extraction of all analytes with high sensitivity (LOQs 0.5-5 µg/L). This method was 

validated with clinically relevant linear ranges limiting repeat analyses for concentrated 

samples, making it applicable for forensic and clinical testing. By implementing DPX tips 

for extraction, analysis time was decreased and sample throughput increased. This 

method can aid whole blood cannabinoid results interpretation by monitoring the most 

comprehensive panel of major and minor cannabinoids and metabolites to date that may 

improve identification of recent cannabis intake or distinguish licit medicinal and illicit 

cannabis administration. 

 

Supplementary Material: Method Validation Experiments Performed 

Specificity 

 Endogenous interferences were assessed by analyzing 10 blank blood pools from 

different individuals. Eighty-seven potential exogenous interferences from commonly 

encountered drugs and medications were evaluated by fortifying analytes at 500 µg/L 

into low QC and negative (only internal standard) samples (Table 15). No interference 

was noted if all analytes in the low QC quantified within ±20% of target with acceptable 

qualifier/quantifier MRM ratios and no peak in the negative sample satisfied LOD 

criteria. We analyzed analyte degradation during sample processing by fortifying 100 

µg/L THC, THCCOOH, CBG, THCV or THCVCOOH; 50 µg/L 11-OH-THC, CBD, 

CBN or THC-glucuronide; or 500 µg/L THCCOOH-glucuronide individually into blank 

blood.  
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Sensitivity and linearity 

Analyte identification criteria included a symmetric peak eluting within ±0.2 min 

of average calibrator retention times with signal:noise of at least 3:1 and 

qualifier/quantifier MRM transition peak area ratio within ±20% average calibrator 

ratios. Limits of detection (LOD) and quantification (LOQ) were evaluated over three 

days with duplicate samples from three different blank blood pools fortified with 

decreasing analyte concentration. LOQ was the lowest concentration fulfilling LOD 

criteria, quantifying within 20% of target concentration and with a signal-to-noise ratio 

≥10; this was verified with each batch. 

 Linearity was assessed over 5 days and calibration curves fit by linear least 

squares regression (1/x2 weighting) with 7 concentrations over the dynamic range for 

each analyte (8 for THC and THCCOOH). Calibrators were required to quantify within 

±15% of target, except ±20% at LOQ.  

 

Accuracy and precision 

Accuracy and intra- and inter-day precision were evaluated with 5 replicates at 

each QC concentration over 5 days (ninter = 25). Accuracy was defined as percent target 

concentration and required to be within ±20% of target; precision was assessed with 

%RSD and was required to be ≤20%. One-way analysis of variance (ANOVA) was 

performed on each QC concentration to assess potentially significant inter-day 

variability; p <0.05.   
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Extraction recovery and matrix effects 

Recovery and matrix effects were determined by fortifying three sets of samples 

at low and high QC concentrations. In set A, blank blood from 10 different pools was 

fortified with analyte and internal standard prior to extraction. In set B, blank blood from 

10 different pools was carried through the extraction procedure, 60 µL upper, organic 

layer removed and fortified with analyte and internal standard, followed by addition of 

mobile phase A. In set C, a 70:30 mobile phase A:B mixture was fortified with analyte 

and internal standard and transferred directly to autosampler vials. Recovery was 

calculated as ratio of average analyte peak areas from set A to set B and expressed as a 

percentage. Matrix effect was calculated as the ratio of average peak areas from set B to 

set C, subtracted by 1, and expressed as a percentage; a negative percentage represents 

signal suppression and a positive percentage represents signal enhancement. 

 

Carryover 

Blank blood was fortified at 2x the upper LOQ (ULOQ) for all analytes (n = 3) 

with a negative sample injected immediately after each replicate. Carryover was absent if 

no analyte peak met LOD criteria in any blank injection. 

 

Dilution integrity 

Blank blood was fortified at 2x the ULOQ for each analyte and mixed with 

additional blank blood to achieve a 10-fold dilution (n = 3); internal standard was added 

and samples were processed. Dilution integrity was acceptable if samples quantified 

within ±20% of target concentration after applying the appropriate dilution factor. 
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Stability 

Short-term analyte stability was evaluated by fortifying blank blood with analytes 

at low and high QC concentrations and analyzed after storage in polypropylene cryotubes 

under three conditions: 16 h at room temperature, 72 h at 4 ˚C, and after 3 freeze-thaw 

cycles (n = 3 for each condition). Additionally, processed samples were stored on the 4 

˚C autosampler for 72 h before being reinjected (n = 5). Instability was observed if 

concentrations were <80% of target concentrations. 
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Chapter 7 – Free and Glucuronide Whole Blood Cannabinoids’ 

Pharmacokinetics after Controlled Smoked, Vaporized and Oral 

Cannabis Administration in Frequent and Occasional Cannabis Users: 

Identification of Recent Cannabis Intake6 

 

Abstract 

Background: There is increasing interest in markers of recent cannabis use because 

following frequent cannabis intake, Δ9-tetrahydrocannabinol (THC) may be detected in 

blood for up to 30 d. The minor cannabinoids cannabidiol, cannabinol (CBN), and THC-

glucuronide were previously detected for ≤2.1 h in frequent and occasional smokers’ 

blood after cannabis smoking. Cannabigerol (CBG), Δ9-tetrahydrocannabivarin (THCV), 

and 11-nor-9-carboxy-THCV, might also be recent use markers, but their blood 

pharmacokinetics have not been investigated. Additionally, while smoking is the most 

common administration route, vaporization and edibles are frequently used.  

Methods: We characterized blood pharmacokinetics of THC, its phase I and phase II 

glucuronide metabolites, and minor cannabinoids in occasional and frequent cannabis 

smokers for 54 (occasional) and 72 (frequent) hours after controlled smoked, vaporized, 

and oral cannabis administration.  

Results: Few differences were observed between smoked and vaporized blood 

cannabinoid pharmacokinetics, while significantly greater 11-nor-9-carboxy-THC 

(THCCOOH) and THCCOOH-glucuronide concentrations occurred following oral 

cannabis. CBG and CBN were frequently identified after inhalation routes with short 

detection windows, but not detected following oral dosing. Implementation of a 

                                                 
6 Republished with permission of American Association for Clinical Chemistry Inc., from Newmeyer MN, 

Swortwood, MJ, Barnes, AJ, Abulseoud, OA, Scheidweiler, KB, Huestis MA, Vol. 62, Issue 12, 2016; 

permission conveyed through Copyright Clearance Center, Inc.  
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combined THC ≥5 µg/L plus THCCOOH/11-hydroxy-THC ratio <20 cutoff produced 

detection windows <8 h after all routes for frequent smokers; no occasional smoker was 

positive 1.5 h or 12 h following inhaled or oral cannabis, respectively. 

Conclusions: Vaporization and smoking provide comparable cannabinoid delivery. CBG 

and CBN are recent-use cannabis markers after cannabis inhalation, but their absence 

does not exclude recent use. Multiple, complimentary criteria should be implemented in 

conjunction with impairment observations to improve interpretation of cannabinoid tests. 

 

Introduction 

Cannabis continues to be the most commonly abused drug worldwide (177) and 

the most frequently identified drug in cases submitted to state and local laboratories in the 

United States (178). Δ9-Tetrahydrocannabinol (THC) – the primary psychoactive 

constituent – showed the largest increase in U.S. weekend nighttime driving prevalence 

from 8.6% in 2007 to 12.6% in 2013-2014 (56), furthering public health and safety 

concerns. 

 THC metabolism produces the active metabolite 11-hydroxy-THC (11-OH-THC) 

(72, 73) followed by oxidation to 11-nor-9-carboxy-THC (THCCOOH). Peak THC 

concentrations occur during smoking, with peak 11-OH-THC concentrations occurring 

close to smoking, while THCCOOH concentrations peak <1-4 h later (88). THC, 11-OH-

THC, and THCCOOH were detected in some chronic frequent cannabis smokers’ blood 

up to 30, 3 and >33 d during sustained, monitored abstinence (70). THC’s possible 

prolonged detection in frequent smokers’ blood creates difficulties in result 

interpretation, including driving under the influence of drugs cases, since it may be 



 

152 

 

detected beyond the window of acute impairment (76). Minor cannabinoids were 

evaluated as recent use markers (89, 91); THC-glucuronide, cannabidiol (CBD), and 

cannabinol (CBN) were detected in frequent smokers’ blood up to 0.6, 0.5, and 2.1 h, 

respectively, after smoking a 6.8% THC, 0.25% CBD, and 0.21% CBN cigarette (91).  

 Other minor cannabinoids like cannabigerol (CBG), Δ9-tetrahydrocannabivarin 

(THCV), and its metabolite 11-nor-9-carboxy-THCV (THCVCOOH) may also serve as 

recent use markers; however, their blood pharmacokinetics have not been characterized, 

with previous identification only in cannabis smokers’ urine (124, 127, 200). 

 While smoking is the most common cannabis administration route, vaporization 

and consumption of cannabis edibles are common. A survey showed that 29.8% of U.S. 

adults aged ≥18 y ever consumed cannabis via “edibles or drinks” and 9.9% used a 

“vaporizer or other electronic device”, respectively (102), indicating the importance of 

characterizing multiple cannabis administration routes. 

 An evaluation of the Volcano® Medic vaporization device for cannabis 

administration demonstrated comparable THC delivery to smoking (120). Following use 

of the device by occasional-to-moderate cannabis smokers, blood pharmacokinetics of 

multiple cannabinoids (201) were similar to previously published data after smoking (89, 

91). Cannabinoid pharmacokinetic data following various oral administrations are 

available (86, 104, 108-110, 202, 203); administered daily doses range from 0.39 (108) 

up to 90 (106) and 120 mg (109) THC. Direct comparisons of cannabinoid whole blood 

pharmacokinetics, including minor cannabinoids, following vaporized or oral doses to 

those after smoked cannabis were never conducted. 
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 The present study evaluated blood pharmacokinetics of THC, its phase I and 

phase II glucuronide metabolites, and minor cannabinoids in frequent and occasional 

smokers after smoked, vaporized, and oral cannabis administration. Participants received 

every cannabis dose to permit direct comparisons between administration routes. Minor 

cannabinoids and recommended and novel cutoffs were evaluated as indicators of recent 

cannabis intake.  

 

Materials and methods 

Participants 

Healthy adults between ages 18-50 y were recruited for this National Institute on 

Drug Abuse Intramural Research Program Institutional Review Board-, Federal Drug 

Administration-, and Drug Enforcement Administration-approved study. Individuals 

received a comprehensive medical and psychological evaluation. Inclusion criteria 

included a mean self-reported cannabis intake frequency ≥2x/month but <3x/week 

(occasional smokers) or ≥5x/week (frequent smokers) over the previous three months and 

a positive urine cannabinoid screen (frequent smokers). Exclusion criteria included 

systolic blood pressure >140 mmHg, diastolic blood pressure >90 mmHg or heart rate 

>100 bpm; clinically significant electrocardiogram abnormality; inability to discontinue 

use of contraindicated medication; physical dependence on any drug other than cannabis, 

caffeine or nicotine; medicinal cannabis use; medical condition or history of neurological 

illness; history of clinically significant cannabis adverse event; donation of >450 mL 

blood within 8 weeks of study dosing; pregnant or nursing women; interest or 

participation in a drug abuse treatment program within 90 d of study dosing; and any 
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history of food allergy or sensitivity to gluten, dairy, egg, soy and/or chocolate. 

Individuals provided written, informed consent before being admitted to the study. 

 

Study design 

The study was randomized, double-blind, and placebo-controlled with a crossover 

and double-dummy design. Participants entered the secure research unit ~19 h before 

dosing to preclude acute intoxication. Cannabis cigarettes were obtained through the 

National Institute on Drug Abuse. Active cigarettes (0.734 ± 0.05 g) contained 6.9 ± 

0.95% (~50.6 mg) THC, 0.20 ± 0.01% (~1.5 mg) CBD and 0.44 ± 0.08% (~3.3 mg) 

CBN. Placebo cigarettes (0.713 ± 0.05 g) contained 0.001 ± 0.000% THC, no detectable 

CBD and 0.004 ± 0.000% CBN. Throughout four dosing sessions, participants were 

administered one active or placebo cannabis-containing brownie followed by one active 

or placebo cigarette or one active or placebo vaporized ground cannabis dose (210 ˚C, 

Volcano® Medic, Storz & Bickel). No more than one active dose was administered per 

session and the oral dose was followed by either smoking or vaporization in two sessions 

each. Participants consumed the oral dose ad libitum for 10 min followed by 10 min to 

consume the smoked or vaporized dose ad libitum. Frequent smokers remained on the 

unit up to 72 h post-dose and were required to leave the unit for ≥72 h before next session 

admission to minimize acute withdrawal symptoms. Occasional smokers remained on the 

unit up to 54 h post-dose but were allowed to remain on the unit for multiple sessions; 

they were not dosed more frequently than their self-reported intake frequency. 

Oral cannabis doses were prepared with Duncan Hines® Double Fudge brownie 

mix according to the manufacturer’s instructions for cake-like brownies. Individual, equal 
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portions of the wet batter were poured into a muffin container. The contents of either an 

active or placebo cigarette were ground, baked for 30 min at 121 ˚C in aluminum foil, 

and mixed into one individual portion. Following baking and cooling, individual doses 

were stored frozen, but allowed to thaw refrigerated overnight before dosing. 

Venous blood was collected through an indwelling peripheral catheter into grey-

top potassium oxalate (8 mg)/sodium fluoride (10 mg) Vacutainer® tubes (BD, part 

#367922) on admission; before initiation of smoking/vaporization (-1.5 h); at 

smoking/vaporization initiation (t = 0.00 h) then every 2 min for 12 min (t = 0.20 h); at 

0.25, 0.50, 1.5, 2.5, 3.5, 5.0, 8.0, 10, 12, 14, 20, 26, 32, 38, 44 and 50 h after 

smoking/vaporization initiation for all participants; at 54 h for occasional smokers only; 

and at 56, 62, 68, and 72 h for frequent smokers only. Blood was aliquoted into 3.6 mL 

Nunc® cryotubes (Thomas Scientific) and stored at -20 ˚C until analysis. 

 

Whole blood analysis 

Whole blood cannabinoids were quantified via a previously published LC-

MS/MS method (204). Briefly, 0.2 mL whole blood was precipitated via acetonitrile and 

cannabinoids were extracted with disposable pipette extraction (DPX) WAX-S tips (DPX 

Labs); a diluted aliquot of the organic phase was injected onto a 5500 QTRAP (SCIEX). 

Linear ranges were 0.5-100 µg/L for THC and THCCOOH, 0.5-50 µg/L for 11-OH-THC, 

CBD, CBN, and THC-glucuronide, 1-100 µg/L for CBG, THCV, and THCVCOOH, and 

5-500 µg/L for THCCOOH-glucuronide. Inter-day imprecisions were ≤8.5% CV and 

recovered concentrations were 88.9-115% of target concentration. 
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Data analysis 

Differences in demographic data between groups were evaluated with t-tests. 

Noncompartmental pharmacokinetic analyses were performed with Phoenix® 

WinNonlin® 6.4 for Windows (Pharsight Software). Analysis of maximum concentration 

(Cmax), baseline-adjusted Cmax (baseline concentrations subtracted from post-dose Cmax), 

time to Cmax (tmax), last detection time (tlast), and area under the curve (AUC0→54h, 

occasional smokers; AUC0→72h, frequent smokers) differences between administrations 

was performed with SPSS® Statistics 20 for Windows (IBM). For analytes that were 

detected after all administrations, differences were evaluated by repeated-measures 

analysis of variance (ANOVA) with data from frequent and occasional smokers analyzed 

separately. The Greenhous-Geisser correction was used for sphericity violations. If a 

significant overall dose effect was observed, planned Helmert contrasts were performed; 

contrast 1 compares oral dosing to the combined inhaled doses, contrast 2 compares 

smoking and vaporization. For analytes only detected after smoking and vaporization, 

paired-sample t-tests were conducted. Group differences were evaluated with separate 

repeated-measures ANOVA, with group included as a between-subject factor; if a 

significant dose*group interaction was observed group differences after each 

administration were evaluated with t-tests. Detection times and rates were determined at 

recommended and novel cutoffs.  Missing data were excluded from statistical 

evaluations. Significance was attributed to a two-tailed p <0.05. 
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Results 

Participants 

Table 19 summarizes 11 frequent and 9 occasional cannabis smokers’ 

demographic information (ages 19-46 y, 75% male, 75% African American). Participant 

K was originally recruited as an occasional cannabis smoker, but reclassified as a 

frequent smoker because baseline and post-dose THC and metabolite concentrations were 

consistent with published frequent smoker data (89, 91). Participant H reported last use 

~10 d prior to session 1 admission, despite self-reporting smoking 5x/week during 

screening; the participant reported smoking within 0.6-18.7 h of admission to subsequent 

sessions. Occasional smokers began smoking at a significantly older age (p = 0.011), 

smoked on a significantly fewer number of days out of the previous 14 (p <0.001), and 

smoked significantly less per smoking occasion (p = 0.021). 

 

Pharmacokinetic Evaluation 

Overall 1,632 blood specimens (940 frequent, 692 occasional) were collected. 

Because participant K was originally recruited as an occasional smoker, no specimens 

were collected from 56-72 h. Figure 17 depicts concentration-time curves and Table 20 

summarizes THC, 11-OH-THC, THCCOOH, THCVCOOH, and THCCOOH-

glucuronide pharmacokinetic results. Time to Cmax for these analytes occurred 

significantly later after oral dosing than after inhaled doses in both groups (Table 20, 

Helmert contrast 1). THC Cmax was significantly lower after oral compared to inhaled 

doses within each group (frequent, p = 0.001; occasional, p = 0.010). Conversely, both 

groups’ observed (frequent, p = 0.005; occasional, p <0.001) and frequent smokers’ 

baseline-adjusted THCCOOH Cmax (p = 0.025) and frequent smokers’ baseline-adjusted
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Table 19. Demographic data and cannabis smoking histories for 11 frequent and 9 occasional smokers. 

Participant Sex 
Age 

(years) 

Race and 

Ethnicity 

BMI 

(kg/m2) 

Age at 

first usea 

Lifetime 

Years 

Smokeda 

Cannabis 

Intake 

Frequencya 

Time 

between 

last use 

and 

admissionb 

Number 

of days 

used in 

last 14b 

Average joint 

equivalents per 

smoking 

occasionb 

Frequent Smokers 

A M 21 AAc 26.5 16 5 Daily 17.2 h 14 5 

B M 22 AA 31.0 15 7 Daily 19.3 h 10 4 

C M 19 AA 19.8 13 6 Daily 18.7 h 14 4 

D F 23 AA 31.9 13 10 Daily 7.9 h 14 10 

E M 38 AA 32.2 12 26 Daily 2.4 h 14 15 

F F 29 AA 31.0 11 18 Daily 1.9 h 14 20 

G M 38 AA 22.0 16 22 Daily 2.1 h 14 7 

H M 34 AA 23.0 14 20 5x/week 239.7 hd 2d 2d 

I M 21 AA 25.0 11 10 Daily 0.7 h 14 5 

J M 25 AA 19.0 13 12 5x/week 5.8 h 14 2 

K M 31 AA 16.8 15 16 2-3x/weeke 5.1 he 4e 2.5e 

Mean  27.4  25.3 13.5f 13.9  8.4 h 13.6f 8.0f 

SD  6.9  5.6 1.8 6.9  7.8 h 1.3 6.0 

Median  25.3  25.0 13.0 12.3  5.8 h 14.0 5.0 

Occasional Smokers 

L M 24 AA 36.3 17 7 2x/month 1.4 days 3 2 

M M 21 AA 23.0 13 8 2x/week 0.7 days 4 2 

N M 25 W 24.2 21 4 2x/week 13.0 days 1 3 

O M 40 W 28.3 18 22 2x/week 30.7 days 0 2 

P F 46 AA 31.0 26 20 2x/week 0.4 days 4 4 

Q M 33 AA 30.7 16 17 2x/month 22.8 days 0 3 

R F 22 W 22.0 16 6 2x/week 1.7 days 4 1 

S F 22 W 23.0 14 8 2x/week 1.1 days 10 2 

T M 31 W 21.7 22 9 1-2x/week 1.8 days 2 2 
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Table 19. (Continued from previous page) Demographic data and cannabis smoking histories for 11 frequent and 9 occasional smokers. 

Participant Sex 
Age 

(years) 

Race and 

Ethnicity 

BMI 

(kg/m2) 

Age at 

first usea 

Lifetime 

Years 

Smokeda 

Cannabis 

Intake 

Frequencya 

Time 

between 

last use 

and 

admissionb 

Number 

of days 

used in 

last 14b 

Average joint 

equivalents per 

smoking 

occasionb 

Occasional Smokers (continued) 

Mean  29.4  26.7 18.1f 11.3  8.2 days 3.1f 2.3f 

SD  8.6  5.1 4.2 6.3  11.4 days 3.1 0.9 

Median  24.9  24.2 17.0 8.5  1.7 days 3.0 2.0 

p-value  -  - 0.011 -  - <0.001 0.021 
aData collected during screening. 
bData collected on admission to Session 1. 
cAA, African American; W, white. 
dSelf-reported data on admission inconsistent with data received at screening. Data excluded from statistics. 
eSelf-reported data inconsistent with biological sample concentrations. Data excluded from statistics. 
fSignificant difference between groups. 
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(p = 0.02) and occasional smokers’ observed (p = 0.004) THCCOOH-glucuronide Cmax 

after oral dosing were significantly greater than after inhaled doses. 11-OH-THC Cmax (p 

= 0.016) and tlast (p <0.001) after oral dosing was significantly greater and later in 

occasional smokers only. Significant differences between smoking and vaporization 

(Table 20, Helmert contrast 2) were only observed in frequent smokers; observed (p =

Figure 17. Mean +SD blood cannabinoid concentrations from 11 frequent and 9 occasional 

cannabis smokers following administration of cannabis containing 6.9% THC via smoked, 

vaporized, and oral routes. Shaded area designates 10 min smoking time. Dotted line is limit of 

quantification. Data presented on a log scale.  
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Table 20. Summary of observed and baseline-adjusted maximum Cmax, tmax, tlast and AUC0→72h (frequent smokers) or AUC0→54h (occasional smokers) after 

smoked, vaporized, and oral cannabis doses in 11 frequent and 9 occasional smokers.a 

Analyte and 

Parameter 
N Smoking Vaporization Oral 

Overall 

F 
p 

Oral vs Inhaled 

(contrast 1) 
 

Smoking vs 

Vaporization 

(contrast 2) 

F p  F p 

THC frequent smokers 

   Cmax, µg/L 11 
153, 117 

(52.8-471) 

87.1, 88.0 

(24.7-170) 

17.7, 15.6 

(4.7-34.8) 
12.48 0.004 20.35 0.001  5.52 0.041 

   Baseline-adjusted  

Cmax, µg/L 
11 

151, 114 

(51.6-467) 

84.7, 83.1 

(23.5-169) 

15.3, 14.3 

(1.4-32.4) 
12.56 0.004 20.40 0.001  5.61 0.039 

   tmax, h 11 
0.12, 0.13 

(0.00-0.17) 

0.09, 0.10 

(0.03-0.17) 

2.5, 2.5 

(1.5-3.5) 
309.25 <0.001 313.12 <0.001  2.10 0.174 

   tlast, h
b 9 >72, >72 

65, >72 

(5.0->72) 
>72, >72 -c - - -  - - 

   AUC0→72h, 

µg∙h/Lb 9 
200, 163 

(94.3-377) 

174, 136 

(32.9-324) 

167, 166 

(104-244) 
0.96 0.404 - -  - - 

THC occasional smokers 

   Cmax, µg/L 9 
51.6, 44.4 

(1.3-174) 

47.8, 34.8 

(5.2-137) 

10.3, 10.1 

(3.6-22.5) 
4.02 0.039 11.37 0.010  0.04 0.840 

   tmax, h 9 
0.11, 0.10 

(0.07-0.17) 

0.11, 0.10 

(0.03-0.17) 

2.3, 2.5 

(1.5-3.5) 
92.50 <0.001 93.44 <0.001  0.18 0.681 

   tlast, h 9 
10.1, 3.5 

(0.20-44) 

3.6, 2.5 

(0.25-12) 

14.9, 12.0 

(5.0->54) 
2.45 0.118 - -  - - 

   AUC0→54h, µg∙h/L 9 
20.4, 18.0 

(0.1-43.9) 

11.7, 9.9 

(0.9-22.3) 

43.4, 37.5 

(11.9-114) 
7.26 0.006 7.71 0.024  4.08 0.078 
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Table 20. (Continued from previous page) Summary of observed and baseline-adjusted maximum Cmax, tmax, tlast and AUC0→72h (frequent smokers) or 

AUC0→54h (occasional smokers) after smoked, vaporized, and oral cannabis doses in 11 frequent and 9 occasional smokers.a 

Analyte and 

Parameter 
N Smoking Vaporization Oral 

Overall 

F 
p 

Oral vs Inhaled 

(contrast 1) 
 

Smoking vs 

Vaporization 

(contrast 2) 

F p  F p 

11-OH-THC frequent smokers 

   Cmax, µg/L 11 
9.8, 7.2 

(1.9-30.9) 

5.7, 6.2 

(1.6-10.7) 

8.1, 7.5 

(2.2-14.3) 
1.83 0.186 - -  - - 

   tmax, h 11 
0.21, 0.20 

(0.10-0.50) 

0.19, 0.17 

(0.10-0.50) 

2.3, 2.5 

(1.5-3.5) 
84.98 <0.001 87.06 <0.001  0.28 0.606 

   tlast, h
d 10 

30.1, 20.0 

(5.0->72) 

25.6, 11.0 

(2.5->72) 

31.5, 29.0 

(5.0->72) 
0.69 0.513 - -  - - 

   AUC0→72h, 

µg∙h/Ld 10 
31.0, 20.6 

(6.7-75.3) 

27.3, 13.5 

(4.1-80.1) 

51.9, 54.3 

(11.7-81.5) 
4.75 0.022 5.71 0.041  0.48 0.505 

11-OH-THC occasional smokers 

   Cmax, µg/L 8 
2.8, 1.9 

(0.5-8.7) 

2.0, 1.6 

(0.7-3.5) 

5.5, 5.1 

(2.4-11.0) 
6.28 0.011 9.93 0.016  0.712 0.427 

   tmax, h 8 
0.22, 0.19 

(0.10-0.50) 

0.15, 0.15 

(0.10-0.20) 

2.4, 2.5 

(1.5-3.5) 
97.68 <0.001 99.78 <0.001  3.79 0.093 

   tlast, h 8 
1.7, 1.5 

(0.25-3.5) 

1.5, 1.0 

(0.25-3.5) 

14, 11 

(5.0-32) 
17.35 0.004 17.71 0.004  0.26 0.628 

   AUC0→54h, µg∙h/L 8 
2.6, 2.3 

(0.1-7.9) 

1.8, 1.2 

(0.2-4.3) 

32.7, 24.1 

(11.4-81.6) 
15.27 0.006 15.40 0.006  0.89 0.378 
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Table 20. (Continued from previous page) Summary of observed and baseline-adjusted maximum Cmax, tmax, tlast and AUC0→72h (frequent smokers) or 

AUC0→54h (occasional smokers) after smoked, vaporized, and oral cannabis doses in 11 frequent and 9 occasional smokers.a 

Analyte and 

Parameter 
N Smoking Vaporization Oral 

Overall 

F 
p 

Oral vs Inhaled 

(contrast 1) 
 

Smoking vs 

Vaporization 

(contrast 2) 

F p  F p 

THCCOOH frequent smokers 

   Cmax, µg/L 11 
58.3, 50.7 

(15.6-137) 

42.0, 41.4 

(13.5-98.0) 

71.5, 71.8 

(33.5-119) 
6.57 0.006 12.76 0.005  3.12 0.108 

   Baseline-adjusted 

Cmax, µg/L 
11 

23.5, 20.0 

(5.7-64.9) 

13.0, 12.5 

(4.1-31.3) 

36.4, 35.3 

(4.3-99.4) 
7.24 0.004 6.92 0.025  8.92 0.014 

   tmax, h 11 
0.28, 0.25 

(0.00-0.50) 

0.25, 0.25 

(0.13-0.50) 

2.7, 2.5 

(2.5-3.5) 
404.71 <0.001 482.80 <0.001  0.40 0.539 

   tlast, h
b 9 >72, >72 >72, >72 >72, >72 -c - - -  - - 

   AUC0→72h, 

µg∙h/Lb 

9 1302, 1135 

(426-3702) 

1289, 857 

(162-4138) 

1604, 1048 

(747-3990) 

1.44 0.266 - -  - - 

THCCOOH occasional smokers 

   Cmax, µg/L 9 
8.4, 7.4 

(0.7-17.5) 

7.2, 5.3 

(1.4-15.9) 

39.8, 37.8 

(12.5-70.4) 
33.26 <0.001 34.50 <0.001  0.91 0.368 

   tmax, h 9 
0.31, 0.25 

(0.10-0.50) 

0.33, 0.25 

(0.20-0.50) 

2.9, 3.5 

(1.5-3.5) 
97.14 <0.001 99.25 <0.001  0.14 0.720 

   tlast, h 9 
46, >54 

(12->54) 

40, >54 

(8.0->54) 
>54, >54 -c - - -  - - 

   AUC0→54h, µg∙h/L 9 
93.4, 77.0 

(9.0-215) 

87.9, 46.9 

(12.4-277) 

554, 570 

(141-918) 
42.85 <0.001 44.83 <0.001  0.10 0.755 
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Table 20. (Continued from previous page) Summary of observed and baseline-adjusted maximum Cmax, tmax, tlast and AUC0→72h (frequent smokers) or 

AUC0→54h (occasional smokers) after smoked, vaporized, and oral cannabis doses in 11 frequent and 9 occasional smokers.a 

Analyte and 

Parameter 
N Smoking Vaporization Oral 

Overall 

F 
p 

Oral vs Inhaled 

(contrast 1) 
 

Smoking vs 

Vaporization 

(contrast 2) 

F p  F p 

THCVCOOH frequent smokers 

   Cmax, µg/L 4 
2.4, 2.4 

(1.8-3.1) 

1.7, 1.8 

(1.2-2.1) 

2.1, 2.0 

(1.1-3.4) 
0.94 0.442 - -  - - 

   tmax, h 4 
0.22, 0.23 

(0.17-0.25) 

0.52, 0.21 

(0.17-1.5) 

3.0, 3.0 

(2.5-3.5) 
29.08 0.001 41.91 0.007  - - 

   tlast, h 4 
16, 9.0 

(0.5-44) 

7.2, 7.3 

(0.25-14) 

13, 12 

(2.5-26) 
0.37 0.707 - -  - - 

   AUC0→72h, µg∙h/L 4 
20.9, 12.2 

(1.3-57.8) 

9.8, 7.8 

(0.26-23.1) 

20.4, 19.5 

(2.1-40.6) 
0.38 0.696 - -  - - 

THCVCOOH occasional smokers 

   Cmax, µg/L 8 - - 
1.9, 1.9 

(1.1-2.7) 
- - - -  - - 

   tmax, h 
8 - - 2.6, 2.5 

(1.5-3.5) 

- - - -  - - 

   tlast, h 
8 - - 6.2, 5.0 

(2.5-14) 

- - - -  - - 

   AUC0→54h, µg∙h/L 8 
- - 9.1, 8.0 

(1.1-21.1) 

- - - -  - - 

THCCOOH-glucuronide frequent smokers 

   Cmax, µg/L 11 
113, 106 

(49.9-248) 

89.0, 66.8 

(18.1-225) 

139, 113 

(84.9-304) 
3.12 0.066 - -  - - 

   Baseline-adjusted 

Cmax, µg/Le 9 
25.8, 14.1 

(5.0-70.7) 

10.9, 10.6 

(0.8-23.8) 

53.0, 57.1 

(10.3-75.7) 
12.59 0.001 19.19 0.002  3.62 0.094 

   tmax, h 11 
1.1, 0.5 

(0.0-3.5) 

1.8, 1.5 

(0.03-3.5) 

3.4, 3.5 

(1.5-5.0) 
10.49 0.004 46.03 <0.001  1.03 0.335 
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Table 20. (Continued from previous page) Summary of observed and baseline-adjusted maximum Cmax, tmax, tlast and AUC0→72h (frequent smokers) or 

AUC0→54h (occasional smokers) after smoked, vaporized, and oral cannabis doses in 11 frequent and 9 occasional smokers.a 

Analyte and 

Parameter 
N Smoking Vaporization Oral 

Overall 

F 
p 

Oral vs Inhaled 

(contrast 1) 
 

Smoking vs 

Vaporization 

(contrast 2) 

F p  F p 

THCCOOH-glucuronide frequent smokers (continued) 

   tlast, h
b 9 >72, >72 

67, >72 

(26->72) 
>72, >72 -c - - -  - - 

   AUC0→72h, 

µg∙h/Lb 9 
3733, 2283 

(1473-9740) 

3693, 2090 

 (276-12,038) 

4554, 3079 

(2165-11,345) 
0.95 0.407 - -  - - 

THCCOOH-glucuronide occasional smokers 

   Cmax, µg/L 5 
19.4, 21.4 

(11.8-25.0) 

15.1, 16.1 

(5.3-23.7) 

124, 124 

(70.9-178) 
36.40 0.004 36.82 0.004  3.53 0.134 

   tmax, h 5 
2.1, 1.5 

(1.5-3.5) 

1.9, 2.5 

(0.5-2.5) 

4.7, 5.0 

(3.5-5.0) 
29.88 <0.001 52.07 0.002  0.29 0.621 

   tlast, h 5 
36, 32 

(14->54) 

25, 32 

(2.5->54) 
>54, >54 -c - - -  - - 

   AUC0→54h, µg∙h/L 5 
365, 350 

(139-631) 

259, 279 

(10.5-605) 

2266, 2024 

(1748-3578) 
40.14 0.003 41.78 0.003  2.14 0.217 

aData are presented as mean, median (range). Repeated-measures analysis of variance F-statistic and p-value for overall dose effect and planned Helmert 

contrasts are reported (contrast 1 evaluated the difference between the variance from oral dosing and the combined variance from smoked and vaporized 

dosings, contrast 2 evaluated the difference in variances from smoked and vaporized dosing). Only participants whose blood was positive for analytes after all 

cannabis administrations were included in analyses. Bolded p-values designate significance. 
bN = 9 because the 72 h collection for participant D was missed due to catheter blockage and participant K (originally recruited as an occasional smoker, 

therefore blood was only collected up to 54 h post-dose) was still positive at the final collection. 
cStatistical evaluation could not be performed because all participants were still positive after at least one cannabis administration. 
dN = 10 because the 72 h collection for participant D was missed due to catheter blockage (data from participant K is included because the participant was 

negative at the final collection). 
eN = 9 because 2 participants’ post-dose concentrations did not exceed baseline concentrations after all cannabis administrations. 
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0.041) and baseline-adjusted (p = 0.039) THC Cmax and baseline-adjusted THCCOOH 

Cmax (p = 0.014) were significantly greater after smoking. Baseline THCCOOH 

concentrations were 10.0-78.1 µg/L before smoking sessions and 1.1-85.5 µg/L before 

vaporization sessions; baseline THC concentrations were 0.7-5.3 µg/L and 0.6-4.9 µg/L, 

respectively. 

At frequent smokers’ final collection time (72 h post-dose), 100%, 90.9%, and 

100% of specimens were THC positive after smoked, vaporized, and oral cannabis; 

concentrations were 0.5-4.3, 0.7-3.7, and 0.8-2.5 µg/L, respectively. In contrast, 100%, 

100%, and 88.9% of occasional smokers’ specimens were negative at the final collection 

(54 h post-dose) after smoked, vaporized, and oral cannabis, respectively; one 

participant’s blood THC concentration 54 h after oral dosing was 0.6 µg/L. Frequent 

smokers’ observed and adjusted THC Cmax were significantly greater than occasional 

smokers’ after smoking (observed, p = 0.027; adjusted, p = 0.030) and vaporization 

(observed, p = 0.035; adjusted, p = 0.048) only. 

All frequent smokers’ specimens were ≥THCCOOH limit of quantification (LOQ, 

0.5 µg/L) and 100%, 90.9%, and 100% were ≥THCCOOH-glucuronide LOQ (5.0 µg/L) 

72 h after smoked, vaporized, and oral cannabis, respectively. For occasional smokers, 

66.7%, 55.6%, and 100% of specimens were THCCOOH positive at 54 h. THCCOOH-

glucuronide was >LOQ in 77.8%, 66.7%, and 100% of occasional smokers after smoked, 

vaporized, and oral doses, respectively; among those, THCCOOH-glucuronide was 

detected at 54 h in 28.6%, 16.7% and 77.8% of participants. THCCOOH Cmax was 

significantly higher in frequent as compared to occasional smokers regardless of 

administration route (p <0.001). In contrast, frequent smokers’ THCCOOH-glucuronide 
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Cmax was significantly greater following smoking (p = 0.001) and vaporization (p = 

0.003) only, but occasional smokers’ baseline-adjusted Cmax following oral dosing was 

significantly greater (p = 0.019) than that of frequent smokers. 

For 11-OH-THC, 90.9%, 81.8%, and 90.9% of frequent smokers were negative 

72 h after smoked, vaporized and oral doses, respectively; tlast varied among those 

participants (5.0-56, 2.5-38, and 5.0-50 h, respectively). Occasional smokers’ 11-OH-

THC tlast after smoking (mean [range] 1.7 [0.25-3.5] h) and vaporization (1.5 [0.25-3.5] 

h) were significantly shorter than after oral dosing (14 [5.0-32] h, p = 0.004). Frequent 

smokers’ observed (p = 0.003) and baseline-adjusted 11-OH-THC Cmax (p = 0.015) were 

significantly greater and tlast significantly later (p = 0.008) than occasional smokers’, 

regardless of dose. 

Frequent smokers’ THCVCOOH detection rates were 45.5%, 63.6%, and 100% 

after smoked, vaporized and oral cannabis, respectively, while THCVCOOH was 

detected in occasional smokers only after oral dosing (88.9%). Observed concentrations 

were relatively low (≤3.4 µg/L) but remained >1.0 µg/L for prolonged times (maximum 

tlast’s were 14-44 h). THCVCOOH was detected on admission to ≥1 session in 63.6% of 

frequent smokers (1.1- 4.6 µg/L); 27.3% were THCVCOOH positive at baseline (1.2-1.9 

µg/L). 

Figure 18 shows concentration-time curves and Table 21 summarizes CBD, CBN, 

CBG, and THCV pharmacokinetic results, present only after smoked and vaporized 

cannabis. Frequent smokers’ CBD, CBN, CBG, and THCV detection rates were 100%, 

100%, 100%, and 54.5%, respectively, after smoking and 90.9%, 100%, 90.9%, and 

72.7%, respectively, after vaporization. Occasional smokers’ CBD, CBN, CBG, and  
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Figure 18. Mean +SD blood concentrations of minor cannabinoids from 11 frequent and 9 

occasional cannabis smokers following administration of cannabis containing 6.9% THC via 

smoked and vaporized routes. Shaded area designates 10 min smoking time. Dotted line is limit of 

quantification (LOQ). Data presented on a log scale. These analytes’ concentrations did not 

exceed the LOQ after oral THC administration. 
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Table 21. Summary of observed Cmax, tmax, tlast, and AUC0→72h (frequent smokers) or AUC0→54h 

(occasional smokers) after smoked and vaporized administration in 11 frequent and 9 occasional 

smokers for minor cannabinoidsa 

Analyte and 

Parameter 
N Smoking Vaporization t p 

CBD frequent 

smokers 
10     

   Cmax, µg/L  3.6, 2.9 (0.6-10.9) 3.0, 2.8 (1.1-6.0) 0.78 0.454 

   tmax, h  0.11, 0.12 (0.03-0.17) 0.08, 0.07 (0.03-0.13) 2.07 0.068 

   tlast, h  0.28, 0.25 (0.13-0.50) 0.23, 0.23 (0.13-0.50) 0.74 0.480 

   AUC0→72h, µg∙h/L  0.6, 0.5 (0.0-1.7) 0.5, 0.4 (0.2-1.0) 0.85 0.418 

CBD occasional 

smokers 
5     

   Cmax, µg/L  1.8, 0.9 (0.6-5.4) 1.5, 1.5 (0.7-2.2) 0.39 0.719 

   tmax, h  0.09, 0.07 (0.07-0.13) 0.09, 0.10 (0.07-0.13) -0.34 0.749 

   tlast, h  0.15, 0.17 (0.10-0.20) 0.16, 0.17 (0.10-0.20) -0.24 0.821 

   AUC0→54h, µg∙h/L  0.1, 0.1 (0.0-0.4) 0.2, 0.1 (0.1-0.3) -0.25 0.813 

CBN frequent 

smokers 
11     

   Cmax, µg/L  11.6, 9.1 (3.1-37.9) 7.1, 6.4 (0.8-16.1) 2.16 0.056 

   tmax, h  0.12, 0.13 (0.03-0.17) 0.09, 0.07 (0.07-0.13) 2.47 0.033 

   tlast, h  0.8, 0.5 (0.25-1.5) 0.5, 0.25 (0.25-1.5) 1.22 0.250 

   AUC0→54h, µg∙h/L  2.7, 2.0 (0.5-7.1) 1.5, 1.0 (0.2-4.0) 2.50 0.031 

CBN occasional 

smokers 
8     

   Cmax, µg/L  4.0, 3.1 (0.7-13.5) 4.6, 4.1 (0.7-14.1) -0.28 0.786 

   tmax, h  0.11, 0.10 (0.07-0.17) 0.09, 0.09 (0.03-0.17) 0.76 0.472 

   tlast, h  0.36, 0.38 (0.13-0.50) 0.27, 0.25 (0.17-0.50) 1.09 0.311 

   AUC0→54h, µg∙h/L  0.8, 0.7 (0.1-1.8) 0.6, 0.6 (0.0-1.4) 0.49 0.639 

CBG frequent 

smokers 
10     

   Cmax, µg/L  6.9, 5.1 (1.8-22.7) 3.0, 2.9 (1.5-5.0) 2.32 0.046 

   tmax, h  0.12, 0.13 (0.03-0.17) 0.08, 0.09 (0.03-0.13) 2.15 0.060 

   tlast, h  0.27, 0.25 (0.13-0.50) 0.16, 0.17 (0.10-0.25) 2.65 0.026 

   AUC0→54h, µg∙h/L  1.2, 0.8 (0.2-3.7) 0.4, 0.3 (0.2-0.7) 2.51 0.033 

CBG Occasional 

Smokers 
5     

   Cmax, µg/L  3.0, 2.0 (1.4-8.1) 2.2, 1.7 (1.0-5.1) 0.54 0.621 

   tmax, h  0.10, 0.07 (0.07-0.17) 0.08, 0.07 (0.03-0.13) 0.73 0.508 

   tlast, h  0.15, 0.17 (0.10-0.20) 0.11, 0.10 (0.07-0.13) 1.80 0.147 

   AUC0→54h, µg∙h/L  0.3, 0.2 (0.1-0.7) 0.1, 0.1 (0.0-0.3) 1.18 0.304 

THCV frequent 

smokers 
5     

   Cmax, µg/L  2.5, 2.1 (1.5-4.9) 1.7, 1.7 (1.4-1.9) 1.41 0.232 

   tmax, h  0.11, 0.10 (0.10-0.13) 0.06, 0.07 (0.03-0.10) 3.94 0.017 

   tlast, h  0.16, 0.17 (0.13-0.17) 0.11, 0.10 (0.07-0.11) 2.23 0.090 

   AUC0→54h, µg∙h/L  0.3, 0.2 (0.1-0.4) 0.2, 0.2 (0.1-0.2) 1.66 0.172 
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Table 21. (Continued from previous page) Summary of observed Cmax, tmax, tlast, and AUC0→72h (frequent 

smokers) or AUC0→54h (occasional smokers) after smoked and vaporized administration in 11 frequent 

and 9 occasional smokers for minor cannabinoidsa 

Analyte and 

Parameter 
N Smoking Vaporization t p 

THCV occasional 

smokers 
1     

   Cmax, µg/L  2.8 1.2 - - 

   tmax, h  0.07 0.07 - - 

   tlast, h  0.07 0.07 - - 

   AUC0→54h, µg∙h/L  0.1 0.0 - - 
aData are presented as mean, median (range). Paired-samples t-statistics and p-values are reported. Only 

participants whose blood was positive for analytes after both cannabis administrations were included in 

analyses. Bolded p-values designate significance; these analytes’ concentrations did not exceed limit of 

quantification after oral cannabis administration. 

 

THCV detection rates were 66.7%, 88.9%, 77.8%, and 11.1%, respectively, after 

smoking and 77.8%, 100%, 66.7%, 33.3%, respectively, after vaporization. Frequent 

smokers’ CBD (p = 0.016), CBN (p = 0.032), and CBG (p = 0.015) tlast were significantly 

later than occasional smokers’ regardless of inhalation method. 

THC-glucuronide detection rates after smoked, vaporized, and oral cannabis were 

44.4%, 0.0%, and 55.5%, respectively, for frequent smokers, and 0.0%, 0.0%, and 11.1%, 

respectively, for occasional smokers (THC-glucuronide data not shown). Among frequent 

users positive after smoking, THC-glucuronide was detected at 0.50 h (0.5-1.1 µg/L, N = 

4/9), and once each at 0.25 h (0.5 µg/L) and on admission (0.8 µg/L). After oral cannabis, 

frequent smokers’ THC-glucuronide Cmax (0.6-1.2 µg/L, N = 5/9) occurred 1.5-3.5 h post-

dose. First positive specimens were observed 1.5-2.5 h after oral dosing and tlast occurred 

2.5-5 h post-dose. One occasional smoker’s blood was THC-glucuronide positive 3.5 h 

after oral dosing (0.7 µg/L). 

Recommended and novel cutoffs were evaluated for identifying recent cannabis 

use (Figure 19). At 72 h following all doses, frequent smokers’ detection rates with THC 

≥1 and 2 µg/L cutoffs were 70-80% and 11-30%, respectively; with a THC ≥5 µg/L  
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Figure 19. Detection rates for 11 frequent and 9 occasional cannabis smokers utilizing five 

different cutoffs following administration of cannabis containing 6.9% THC via smoked, 

vaporized, and oral routes. 
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cutoff, there were no positive results 26, 20 and 12 h after smoking, vaporization, and 

oral dosing, respectively. Occasional smokers’ detection times were shorter with THC 

≥1-5 µg/L cutoffs following smoking and vaporization since no blood sample was 

positive at 1.5-5 and 1.5-3.5 h, respectively; none were positive 20, 14, and 12 h after oral 

dosing with THC ≥1, 2, or 5 µg/L, respectively. With a novel cutoff THC/11-OH-THC 

ratio >1 plus THCCOOH/11-OH-THC ratio <15, no frequent smoker was positive 20, 5, 

and 14 h after smoking, vaporization, and oral dosing, respectively, while no occasional 

smoker was positive 5, 3.5, and 14 h. Finally, with a combined THC ≥5 µg/L plus 

THCCOOH/11-OH-THC <20, no frequent smoker was positive 8 h after any 

administration; no occasional smoker was positive 1.5 h after smoking or vaporization or 

12 h after oral cannabis.  

 

Discussion 

The main strengths of the study were that blood cannabinoid pharmacokinetics 

following three cannabis administrations were evaluated within the same participants; the 

cannabinoid panel was expanded to include CBG, THCV, and THCVCOOH, improving 

result interpretation; and inclusion of frequent and occasional smokers provided the 

opportunity to characterize group pharmacokinetic differences. Limitations include the 

small study population, due to multiple drug administration sessions and residence on a 

closed research unit to prevent cannabis self-administration. Additionally, the study 

population was made up entirely of African American and Caucasian participants, which 

may limit the amount of metabolic variability observed and generalizability of the results. 

As medical and recreational cannabis access expands, products with cannabinoid potencies 

greater than the single potency investigated here may be available. Finally, e-cigarettes are an 



 

173 

 

increasingly popular administration route; although the pharmacokinetic profile following 

e-cigarette use is expected to be similar to that following inhalation, solvent effects, rapid 

and direct heating from the battery, and direct delivery without a balloon may affect 

cannabinoid delivery, requiring investigation. 

Blood THC concentrations observed 0.25-0.50 h after smoking initiation here 

were similar to those previously observed (89, 91). The occasional smokers’ THC Cmax 

after vaporizing 800 mg cannabis (6.9% THC) was more similar to those after controlled 

vaporized 500 mg low (2.9% THC) than to high (6.7% THC) dose cannabis (without 

alcohol) in occasional-to-moderate cannabis smokers (201). Differences in blood THC 

concentrations between studies may be from differences in extent of cannabis vaporized 

or self-titration. Most observed group differences are consistent with previously observed 

differences following smoked cannabis (91). Occasional smokers’ baseline-adjusted 

THCCOOH-glucuronide Cmax was significantly greater than frequent smokers’ (p = 

0.019) after oral dosing only, due to frequent smokers’ high baseline concentrations with 

small concentration increases following dosing. 

Differences between frequent smokers’ inhaled cannabis THC Cmax (observed and 

baseline adjusted) and baseline-adjusted THCCOOH Cmax were unexpected based on 

previously published data showing comparable THC delivery following smoked and 

vaporized cannabis (118, 120). The conclusion by Hazekamp et al. (118) was based on 

vaporizing an ethanolic THC solution, with 53% of the loaded dose delivered compared 

to 29% from 200 mg crude flower tops. Abrams et al. (120) administered 450 mg 

cannabis via smoking or vaporization and compared plasma THC AUC0→6h; participants 

used a standardized smoking procedure and 2-3 balloon inflations were required to 
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vaporize the dose. In the present study ~800 mg ground bulk cannabis was vaporized 

once, possibly affecting vaporization efficiency and the total available cannabinoid dose. 

Participants inhaled doses ad libitum, resulting in variable cannabinoid doses; however, 

ad libitum dosing may better reflect naturalistic conditions. No differences in inhaled 

cannabis doses were observed in occasional smokers, likely due to similar dose titration. 

Hypothesized differences between oral and inhaled cannabis (lower THC Cmax 

and later tmax and tlast) were observed but some exceptions were noted; no significant 

difference in occasional smokers’ THC tlast was observed. Participant P had extended 

THC detection after smoked (26 h) and oral (>54 h) administrations, and participant S 

had extended THC detection after smoking (44 h). Frequent smokers’ 11-OH-THC Cmax 

was not greatest after oral cannabis, in contrast to occasional smokers, likely due to their 

increased smoking efficiency. Finally, observed frequent smoker THCCOOH-

glucuronide Cmax was not significantly different between routes because of high baseline 

concentrations (16.5-281 µg/L across all sessions); significance was observed after 

accounting for baseline concentrations (Table 20, Helmert contrast 1; p = 0.002). 

We also monitored the minor cannabinoids CBD, CBN, CBG, THCV, and 

THCVCOOH in blood after smoked, vaporized, and oral cannabis administrations. 

Currently, THCV, THCVCOOH, and CBG human data after cannabis use are available 

in urine only (124, 126, 127, 200). Significant differences for CBN (p = 0.033) and 

THCV (p = 0.017) tmax between inhaled doses in frequent smokers were observed; 

however, all tmax occurred prior to the end of inhalation. Frequent smokers’ significantly 

greater CBG Cmax (p = 0.046) and later tlast (p = 0.026) after smoking compared to 

vaporization was possibly due to inefficient CBG volatilization during vaporization. CBD 
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and CBN tlast after smoking and vaporization here are similar to those observed in 

previous smoked (89, 91) and vaporized (201) administration studies; percent positive 

participants were greater in the present study due to the lower LOQ (0.5 vs 1.0 µg/L). 

THCV is not present in synthetic dronabinol preparations (126). THCVCOOH 

was detected in urine after participants smoked cannabis containing THCV but not after 

dronabinol (125). In the present study, 63.6% of frequent smokers were THCVCOOH 

positive on admission, slightly greater than 50% previously observed (127) THCV had 

the lowest detection rate among frequent and occasional smokers with only 5 and 1 

participants, respectively, positive after both smoking and vaporization. THCV was 

detected in slightly more participants after vaporization, possibly indicating stability at 

lower vaporization temperatures. This hypothesis is supported by the THCVCOOH 

results: it was detected in 69.6% of frequent smokers after vaporization and 45.5% after 

smoking. 

Based on our data, three groups of recent use markers were identified. 

THCVCOOH is not a useful marker due to its prolonged detection time after all 

administrations. THCV and THC-glucuronide are useful if found; detection rates were 

<72.7% and <45.5% overall, respectively. Thus, failure to detect these analytes does not 

preclude recent cannabis intake. Finally, CBG and CBN had the highest detectability and 

short detection windows, but were not observed after oral dosing. The value of CBD as a 

recent use marker cannot be determined currently without investigations of high-potency 

CBD cannabis, a newly available medicinal cannabis product. These groupings are based 

on free cannabinoid concentrations since blood was not hydrolyzed prior to analysis. 
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11-OH-THC, CBD, CBN, and THC-glucuronide were suggested as potential 

recent use markers in blood (70, 89, 91), identifying intake within ~2 h after smoking if 

detected. Here, frequent smokers’ detection times were >72 h with THC cutoffs ≥1-2 

µg/L, complicating interpretation. If the THC cutoff was increased to ≥5 µg/L, frequent 

smokers’ detection times were reduced to 12-26 h, although no occasional smoker was 

positive 1.5 h after smoking or vaporization, demonstrating a highly limited detection 

window at this cutoff. With a THC/11-OH-THC >1 plus THCCOOH/11-OH-THC <15 

cutoff all participants were negative within 24 h. This cutoff has value in drug monitoring 

or treatment compliance programs because it can discriminate intake during the previous 

day from intake several days earlier, and is applicable to both smoking groups. A 

combined THC ≥5 µg/L plus THCCOOH/11-OH-THC <20 cutoff produced detection 

windows <8 h for frequent smokers regardless of route, which has applications in driving 

under the influence of drugs settings. This cutoff was less effective for occasional 

smokers because all samples were negative by 1.5 h following smoking and vaporization. 

A THC ≥1 µg/L cutoff could be useful for occasional smokers (participants were 

negative by 3.5-5 h after smoking and vaporization but 14 h after oral dosing); however, 

dose and smoking history are not typically known. Differences between frequent and 

occasional smokers’ cannabinoid pharmacokinetics suggest that no one criterion studied 

to date is capable of identifying cannabis use within a single timeframe for smokers of all 

frequencies and after all administration routes. Therefore, blood cannabinoid results 

should be interpreted with multiple, complimentary criteria – presence of minor 

cannabinoids, THC concentrations, analyte ratios – in conjunction with any impairment 

observations. 
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In summary, we quantified THC, its phase I and glucuronidated phase II 

metabolites, and minor cannabinoids in blood after smoked, vaporized, and oral cannabis 

to frequent and occasional smokers. Minimal differences between smoked and vaporized 

cannabis administrations were observed, supporting previous conclusions that 

vaporization provides comparable cannabinoid delivery. CBG and CBN are recent-use 

cannabis markers after inhalation; however, they were not detected following oral 

cannabis administration. Analyte concentration ratios are a complementary method for 

identifying recent cannabis use. Additional studies administering high-potency THC and 

CBD cannabis via inhaled or other edible preparations are needed.  
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Chapter 8 – Cannabinoid disposition in oral fluid after controlled 

smoked, vaporized, and oral cannabis administration7 

 

Abstract 

Oral fluid (OF) is an important matrix for monitoring drugs. Smoking cannabis is 

common, but vaporization and edible consumption also are popular. OF 

pharmacokinetics are available for controlled smoked cannabis, but few data exist for 

vaporized and oral routes. Frequent and occasional cannabis smokers were recruited as 

participants for 4 dosing sessions including one active (6.9% ∆9-tetrahydrocannabinol, 

THC) or placebo cannabis-containing brownie followed by one active or placebo 

cigarette or one active or placebo vaporized cannabis dose. Only one active dose was 

administered per session. OF was collected before and up to 54 (occasional) or 72 

(frequent) h after dosing from cannabis smokers. THC, 11-hydroxy-THC (11-OH-THC), 

11-nor-9-carboxy-THC (THCCOOH), tetrahydrocannabivarin (THCV), cannabidiol 

(CBD), and cannabigerol (CBG) were quantified by liquid chromatography-tandem mass 

spectrometry. OF cannabinoid Cmax occurred during or immediately after cannabis 

consumption due to oral mucosa contamination. Significantly greater THC Cmax and 

significantly later THCV, CBD, and CBG tlast were observed after smoked and vaporized 

cannabis compared to oral cannabis in frequent smokers only. No significant differences 

in THC, 11-OH-THC, THCV, CBD, or CBG tmax between routes were observed for 

either group. For occasional smokers, more 11-OH-THC and THCCOOH-positive 

specimens were observed after oral dosing than after inhaled routes, increasing % 

                                                 
7 Swortwood MJ et al. Drug Test Anal. 2016 [Epub ahead of print] (doi: 10.1002/dta.1784). Reproduced 

with permission by John Wiley and Sons. 
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positive cannabinoid results and widening metabolite detection windows after oral 

cannabis consumption. Utilizing 0.3 µg/L THCV and CBG cutoffs resulted in detection 

windows indicative of recent cannabis intake. OF pharmacokinetics after high potency 

CBD cannabis are not yet available precluding its use currently as a marker of recent use. 

 

Introduction 

Cannabis remains the most commonly used illicit drug worldwide (177). The 

main psychoactive compound in cannabis, ∆9-tetrahydrocannabinol (THC), was detected 

in 12.6% of U.S. weekend nighttime drivers’ blood or oral fluid (OF) samples (56); 

increased crash risk is associated with cannabis intake (61, 62, 65, 205). OF is an 

important matrix for detecting drugs of abuse, particularly in driving under the influence 

of drugs (DUID) testing programs (130, 133, 137, 206-209). OF collection is 

advantageous over urine and blood, as it is collected under direct observation, deterring 

adulteration, without requiring specialized collection by medical personnel. Inhalation via 

smoking is the most common cannabis administration route, although inhalation via 

vaporization and oral consumption via edibles frequently occurs (102). To date, data are 

available from a few OF cannabinoid disposition studies following controlled smoked 

cannabis (92, 93, 96, 210, 211); however, fewer data exist after vaporized (137) and 

edible THC (92, 112). As inhalation via vaporization and oral cannabis are becoming 

increasingly popular routes of intake (102), controlled administration studies examining 

these routes are crucial to understanding cannabinoid OF pharmacokinetics. Further, 

ideally these routes are studied in a within-subject, placebo-controlled design to best 

compare cannabinoid pharmacokinetics. 
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THC is metabolized to the active metabolite 11-hydroxy-THC (11-OH-THC), and 

to the inactive metabolite 11-nor-9-carboxy-THC (THCCOOH). Concentrations for THC 

alone (92) and with THCCOOH (102) were recently described in OF following an edible 

cannabis brownie administration. High THC OF concentrations primarily result from oral 

mucosa contamination during smoking or vaporization, with minor contribution from 

THC that partitions from blood into OF, especially during and shortly after intake. OF 

THCCOOH concentrations vary considerably between occasional and frequent cannabis 

smokers (96, 137, 210). Minor cannabinoids present in the cannabis plant include 

cannabinol (CBN), cannabidiol (CBD), cannabigerol (CBG), and ∆9-

tetrahydrocannabivarin (THCV). These minor cannabinoids are possible markers of 

recent cannabis intake; however, limited CBN and CBD OF concentration profiles are 

available after controlled smoked (96) and vaporized (137) cannabis administration. 

There are no CBN or CBD OF data after oral cannabis administration. Additionally, to 

our knowledge, OF CBG and THCV disposition were not yet investigated. 

With the increase in OF drug testing and increasing knowledge of OF drug 

disposition, cutoffs and testing criteria need to be established for clinical and forensic 

drug testing programs. For DUID, the European Driving under the Influence of Drugs, 

Alcohol, and Medicines (DRUID) project implemented a THC ≥1 µg/L analytical cutoff 

in OF (212). For workplace testing, the Substance Abuse and Mental Health Services 

Administration (SAMHSA) proposed a THC ≥2 µg/L confirmatory cutoff in OF (24). 

However, these cutoffs need to be fully evaluated following controlled cannabis 

administration via routes other than inhalation via smoking, (i.e. inhalation via 

vaporization or oral). 
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In order to fully characterize cannabinoid disposition in OF, we investigated 

THC, metabolites, and minor cannabinoids in OF (quantifying THC, 11-OH-THC, 

THCCOOH, THCV, CBD, and CBG) following controlled smoked, vaporized, and oral 

brownie cannabis administration in frequent and occasional cannabis smokers. 

Quantification of a wide spectrum of OF cannabinoids also permits assessment of 

detection windows for parent cannabinoids and metabolites improving interpretation of 

cannabinoid OF results. 

 

Materials and methods 

Participants 

Healthy cannabis users (18-50 years) were recruited for this National Institute on 

Drug Abuse (NIDA) Intramural Research Program Institutional Review Board-, FDA-, 

and DEA-approved study. Individuals were recruited by radio and printed advertisements 

and participant referrals. All participants underwent a comprehensive medical and 

psychological evaluation. Inclusion criteria were self-reported cannabis intake ≥2x per 

month but <3x per week (occasional smokers) or ≥5x per week (frequent smokers) over 

the past three months, and frequent smokers had to produce a positive urine cannabinoid 

screen. Exclusion criteria included blood pressure >140/90 mmHg or heart rate >100 bpm 

at rest; clinically significant electrocardiogram abnormality; inability to discontinue 

contraindicated medication before study dosing; physical dependence on any drug other 

than cannabis, caffeine or nicotine; medicinal cannabis use; history of clinically 

significant medical or neurological illness or adverse event associated with cannabis 

intoxication; recent blood donation >450 mL; pregnant or nursing women; recent interest 

or participation in a drug abuse treatment program; and any history of food allergy or 
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sensitivity to gluten, dairy, egg, soy and/or chocolate. Pregnancy tests were administered 

at screening and on each session admission to women with reproductive potential. 

Individuals provided written, informed consent before admittance to the study. 

 

Study design 

The study was randomized, double blind, and placebo-controlled with a crossover 

and double-dummy design. Participants entered the secure research unit ~19 h before 

dosing to preclude acute intoxication. Cannabis cigarettes were obtained through the 

NIDA Drug Supply Program. Active cigarettes (0.734 ± 0.05g) contained 6.9 ± 0.95% 

(~50.6 mg) THC and 0.20 ± 0.01% (~1.5 mg) CBD. Placebo cigarettes (0.713 ± 0.05g) 

contained 0.001 ± 0.000% THC and no detectable CBD. Throughout 4 dosing sessions, 

participants were administered one active or placebo brownie followed by one active or 

placebo cigarette or one active or placebo vaporized ground cannabis dose (210 ˚C, 

Volcano® Medic, Storz & Bickel, Tuttlingen, Germany). No more than one active dose 

was administered per session and the oral dose was followed by either smoking or 

vaporization in two sessions each. Participants had 10 min to consume the oral dose ad 

libitum followed by 10 min to consume the inhaled dose ad libitum. Frequent smokers 

remained on the unit 72 h post-dose and were required to leave the unit for ≥72 h before 

being admitted to their next session. Occasional smokers remained on the unit 54 h post-

dose but had the option of remaining on the unit for multiple sessions; they were not 

dosed more frequently than their self-reported intake frequency. 

Brownies were prepared with Duncan Hines® Double Fudge brownie mix 

according to the manufacturer’s instructions and wet batter was portioned into a muffin 

tray. The contents of either an active or placebo cigarette were ground, placed into a 
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greased foil packet, and baked at 121 °C for 30 min to ensure decarboxylation of the acid 

precursor to THC, then mixed into an individual portion of brownie batter. After cooling, 

brownies were stored at -20 °C until the night before dosing, and thawed at 4 °C. 

OF specimens were collected with the QuantisalTM
 device (Immunalysis, Pomona, CA), 

which has a volume adequacy indicator for 1.0 ± 0.1 mL OF. OF was collected until the 

indicator turned blue or 5 min elapsed, whichever occurred first due to the tight timeline. 

Oral intake was prohibited 10 min prior to OF collection. OF was collected on admission 

(-19 h), 1.5 h before the initiation of smoking/vaporization (baseline, -1.5 h) and at 0.17, 

1.5, 3.5, 5, 8, 10, 12, 14, 20, 26, 32, 38, 44 and 50 h after smoking/vaporization initiation, 

and at 54 h for occasional smokers only, and at 56, 62, 68, and 72 h for frequent smokers 

only. 

 

Oral fluid analysis 

Specimens were placed in 3 mL elution/stabilizing buffer at 4 °C for >12 h prior 

to pad removal, followed by transfer of OF/buffer to polypropylene cryotubes and storage 

at 4 °C until analysis. Specimens were analyzed within 1 month of collection based on 

our previous OF cannabinoid stability study (213, 214) and quantified for THC, 

THCCOOH, 11-OH-THC, THCV, CBD, and CBG by a previously published method 

(193). Briefly, samples (1 mL elution buffer OF mixture containing 0.25 mL OF) were 

mixed with 0.3 mL 1 M ammonium acetate buffer (pH 4) and hydrolyzed with 625 Units 

of β-glucuronidase (BG100®, Kura Biotec, Puerto-Varas, Chile), acidified and extracted 

with cation exchange solid-phase columns. Cannabinoids were quantified by liquid 

chromatography tandem mass spectrometry (LC-MS/MS) using atmospheric pressure 
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chemical ionization with 0.2 µg/L limits of quantification (except 15 ng/L THCCOOH). 

Inter-assay accuracy and imprecision were 88.1-106% and 5.8-8.2%CV, respectively (n = 

92). Samples quantifying greater than the upper limits of quantification were re-analyzed 

after dilution with OF/buffer. 

 

Data analysis 

Differences in demographic data between groups were evaluated with t-tests. 

Maximum concentration (Cmax), time to Cmax (tmax), and time of last detection (tlast) were 

calculated with concentrations observed post-dose and differences between 

administration routes were assessed with SPSS® Statistics 23 for Windows (IMB, 

Armonk, NY). For analytes detected after all three routes, differences were evaluated by 

repeated-measures ANOVA with separation of frequent and occasional smokers. If 

sphericity was violated, the Greenhous-Geisser correction was utilized. If a significant 

route effect was observed, planned Helmert contrasts were performed first by comparing 

mean oral dose to the combined mean of inhaled doses then comparing smoking to 

vaporization. Smoking group differences (frequent vs. occasional) were evaluated with 

separate repeated-measures ANOVA, with group included as a between-subject factor; if 

a significant route*group interaction was observed, then group differences after each 

administration route were evaluated with t-tests. Significance was attributed to a two-

tailed p <0.05. 
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Results 

Participants 

Demographics for 11 frequent and 9 occasional cannabis smokers are summarized 

in Table 22. Participants were 19-46 years old, 75% male and 75% African American. 

Participant K was originally admitted as an occasional smoker, but later reclassified as a 

frequent smoker based on baseline and post-dose blood cannabinoid pharmacokinetics. 

Participant H smoking frequency at admission to session 1 was inconsistent with self-

reported frequency at screening so his demographic data were not included in summary 

statistics; smoking frequencies reported on admission to subsequent sessions were 

consistent with self-reported frequency at screening.  Frequent smokers were all African 

American, began smoking at a significantly younger age, smoked significantly more 

frequently over the previous 14 days, and smoked significantly more per smoking 

occasion.  

In total, 1102 OF specimens (598 frequent, 504 occasional) were analyzed. OF 

specimens were not collected from 56-72 h for participant K because he was originally 

recruited as an occasional smoker.  

 

Pharmacokinetic Evaluation 

Pharmacokinetic parameters and statistical evaluations for cannabinoids and 

metabolites are summarized in Table 23 for analytes detected after all three routes. Time 

course profiles for all six analytes in frequent and occasional smokers following three 
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Table 22. Demographic data and cannabis smoking histories for 11 frequent and 9 occasional smokers. 

Participant Sex 
Age 

(years) 
Racea BMI 

(kg/m2) 

Age at 

first use 

(years)b 

Lifetime 

Years 

Smokedb 

Cannabis 

Intake 

Frequencyb 

Time 

between 

last use 

and 

admissionc 

Number 

of days 

used in 

last 14c 

Average joint 

equivalents per 

smoking 

occasionc 

Frequent Smokers 

A M 21 AA 26.5 16 5 Daily 17.2 h 14 5 

B M 22 AA 31.0 15 7 Daily 19.3 h 10 4 

C M 19 AA 19.8 13 6 Daily 18.7 h 14 4 

D F 23 AA 31.9 13 10 Daily 7.9 h 14 10 

E M 38 AA 32.2 12 26 Daily 2.4 h 14 15 

F F 29 AA 31.0 11 18 Daily 1.9 h 14 20 

G M 38 AA 22.0 16 22 Daily 2.1 h 14 7 

H M 34 AA 23.0 14 20 5x/week 239.7 hd 2d 2d 

I M 21 AA 25.0 11 10 Daily 0.7 h 14 5 

J M 25 AA 19.0 13 12 5x/week 5.8 h 14 2 

K M 31 AA 16.8 15 16 2-3x/weeke 5.1 he 4e 2.5e 

Mean  27.4 f 25.3 13.5f 13.9  8.4 h 13.6f 8.0f 

SD  6.9  5.6 1.8 6.9  7.8 h 1.3 6.0 

Median  25.3  25.0 13.0 12.3  5.8 h 14.0 5.0 

Occasional Smokers 

L M 24 AA 36.3 17 7 2x/month 1.4 days 3 2 

M M 21 AA 23.0 13 8 2x/week 0.7 days 4 2 

N M 25 W 24.2 21 4 2x/week 13.0 days 1 3 

O M 40 W 28.3 18 22 2x/week 30.7 days 0 2 

P F 46 AA 31.0 26 20 2x/week 0.4 days 4 4 

Q M 33 AA 30.7 16 17 2x/month 22.8 days 0 3 

R F 22 W 22.0 16 6 2x/week 1.7 days 4 1 

S F 22 W 23.0 14 8 2x/week 1.1 days 10 2 

T M 31 W 21.7 22 9 1-2x/week 1.8 days 2 2 
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Table 22. (Continued from previous page) Demographic data and cannabis smoking histories for 11 frequent and 9 occasional smokers. 

Participant Sex 
Age 

(years) 
Racea BMI 

(kg/m2) 

Age at 

first use 

(years)b 

Lifetime 

Years 

Smokedb 

Cannabis 

Intake 

Frequencyb 

Time 

between 

last use 

and 

admissionc 

Number 

of days 

used in 

last 14c 

Average joint 

equivalents per 

smoking 

occasionc 

Occasional Smokers (continued) 

Mean  29.4 f 26.7 18.1f 11.3  8.2 days 3.1f 2.3f 

SD  8.6  5.1 4.2 6.3  11.4 days 3.1 0.9 

Median  24.9  24.2 17.0 8.5  1.7 days 3.0 2.0 

p-value  -  - 0.011 -  - <0.001 0.021 

aAA, African American; W, white. 
bData collected during screening. 
cData collected on admission to Session 1. 
dSelf-reported data on admission inconsistent with data received at screening. Data excluded from statistics. 
eSelf-reported data inconsistent with biological sample concentrations. Data excluded from statistics. 
fSignificant difference between groups. 
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Table 23. Summary of mean (range), maximum cannabinoid analyte concentrations (Cmax), time to Cmax (tmax), and time of last positive (tlast) after smoked, 

vaporized and oral cannabis doses (6.9% Δ9-tetrahydrocannabinol, THC; ~50.6mg THC) in 11 frequent and 9 occasional smokers. Repeated-measures analysis 

of variance F-statistic and p-value for overall route effect and planned Helmert contrasts are reported (contrast 1 evaluated the difference between the variance 

from oral dosing and the combined variance from smoked and vaporized dosings, contrast 2 evaluated the difference in variances from smoked and vaporized 

dosing). Route-specific significant difference between smoking groups were calculated and annotated in table. Only participants whose oral fluid was positive 

for analytes after all cannabis administrations were included in analyses. 

Analyte and Parameter N Oral Smoking Vaporization F p 
Contrast 1  Contrast 2 

F p  F p 

THC            

  Frequent Smokers            

   Cmax, µg/L 11 297 (16.5-938) 2789 (141-8503) 1874 (68.6-7373) 3.60 0.046 11.63 0.007  0.648 0.440 

   tmax, h 11 0.41 (0.17-1.5) 0.17 0.17 2.22 0.167 - -  - - 

   tlast, h
a 10 55.0 (20- >72) 61.0 (32- >72) 55.4 (26- >72) 0.80 0.463 - -  - - 

  Occasional Smokers            

   Cmax, µg/L 9 202 (65-380) 837 (81.4-5914) 545 (7.6-3279) 1.00 0.388 - -  - - 

   tmax, h 9 0.32 (0.17-1.5) 0.17 0.32 (0.17-1.5) 0.47 0.633 - -  - - 

   tlast, h 9 24.7 (10- >54) 24.7 (8-50) 18.6 (5- >54) 2.37 0.126 - -  - - 

11-OH-THC            

  Frequent Smokers            

   Cmax, µg/L 1 0.23 2.2 0.27 - - - -  - - 

   tmax, h 1 0.17 0.17 0.17 - - - -  - - 

   tlast, h
 1 0.17 0.17 0.17 - - - -  - - 

  Occasional Smokers            

   Cmax, µg/L 0 - - - - - - -  - - 

   tmax, h 0 - - - - - - -  - - 

   tlast, h 0 - - - - - - -  - - 

THCCOOH§            

  Frequent Smokers            

   Cmax, µg/L 11 0.40 (0.13-1.2) 0.41 (0.13-1.2) 0.37 (0.05-0.97) 0.09 0.911 - -  - - 

   tmax, h 11 25.7 (0.17-68) 14.2 (0.17-68) 8.4 (0.17-20) 4.29 0.028 7.41 0.021  0.96 0.351 

   tlast, h
a 10 71.6 (68- >72) 66.6 (44- >72) 66.6 (44- >72) 1.74 0.204 - -  - - 
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Table 23. (Continued from previous page) Summary of mean (range), maximum cannabinoid analyte concentrations (Cmax), time to Cmax (tmax), and time of 

last positive (tlast) after smoked, vaporized and oral cannabis doses (6.9% Δ9-tetrahydrocannabinol, THC; ~50.6mg THC) in 11 frequent and 9 occasional 

smokers. Repeated-measures analysis of variance F-statistic and p-value for overall route effect and planned Helmert contrasts are reported (contrast 1 

evaluated the difference between the variance from oral dosing and the combined variance from smoked and vaporized dosings, contrast 2 evaluated the 

difference in variances from smoked and vaporized dosing). Route-specific significant difference between smoking groups were calculated and annotated in 

table. Only participants whose oral fluid was positive for analytes after all cannabis administrations were included in analyses. 

Analyte and Parameter N Oral Smoking Vaporization F p 
Contrast 1  Contrast 2 

F p  F p 

THCCOOH§            

  Occasional Smokers            

   Cmax, µg/L 3 0.35 (0.02-0.80) 0.18 (0.12-0.31) 0.09 (0.02-0.17) 0.96 0.457 - -  - - 

   tmax, h 3 8.5 (3.5-14) 0.17 6.8 (0.17-20) 0.84 0.498 - -  - - 

   tlast, h 3 38.7 (8- >54) 15.7 (1.5-44) 18.6 (0.17- >54) 1.89 0.265 - -  - - 

THCV            

  Frequent Smokers            

   Cmax, µg/L 11 4.5 (0.26-14.5) 28.3 (1.6-82.4) 40.2 (1.8-159) 2.74 0.117 - -  - - 

   tmax, h 11 0.53 (0.17-1.5) 0.29 (0.17-1.5) 0.17 1.89 0.193 - -  - - 

   tlast, h 11 1.7 (0.17-3.5) 4.7 (1.5-12)* 3.9 (1.5-8) 5.25 0.015 17.78 0.002  0.47 0.510 

  Occasional Smokers            

   Cmax, µg/L 7 3.5 (1.2-5.6) 34.3 (1.0-146) 17.5 (0.30-82.4) 1.63 0.237 - -  - - 

   tmax, h 7 0.36 (0.17-1.5) 0.17 0.17 1.00 0.356 - -  - - 

   tlast, h 7 2.7 (0.17-5) 1.7 (0.17-8)* 2.8 (0.17-8) 0.647 0.541 - -  - - 

CBD            

  Frequent Smokers            

   Cmax, µg/L 11 8.0 (0.48-26.3) 93.3 (0.65-350) 76.3 (2.3-339) 2.92 0.077 - -  - - 

   tmax, h 11 0.53 (0.17-1.5) 0.29 (0.17-1.5) 0.29 (0.17-1.5) 1.00 0.386 - -  - - 

   tlast, h
 11 2.2 (1.5-3.5) 8.1 (1.5-20) 7.4 (3.5-20) 5.40 0.013 21.55 0.001  0.09 0.769 

  Occasional Smokers            

   Cmax, µg/L 9 5.9 (2.1-11.4) 55.9 (2.5-291) 28.2 (0.23-167) 1.731 0.209 - -  - - 

   tmax, h 9 0.47 (0.17-1.5) 0.17 0.17 2.29 0.169 - -  - - 

   tlast, h 9 2.9 (1.5-5) 4.0 (0.17-20) 3.6 (0.17-20) 0.19 0.728 - -  - - 
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Table 23. (Continued from previous page) Summary of mean (range), maximum cannabinoid analyte concentrations (Cmax), time to Cmax (tmax), and time of 

last positive (tlast) after smoked, vaporized and oral cannabis doses (6.9% Δ9-tetrahydrocannabinol, THC; ~50.6mg THC) in 11 frequent and 9 occasional 

smokers. Repeated-measures analysis of variance F-statistic and p-value for overall route effect and planned Helmert contrasts are reported (contrast 1 

evaluated the difference between the variance from oral dosing and the combined variance from smoked and vaporized dosings, contrast 2 evaluated the 

difference in variances from smoked and vaporized dosing). Route-specific significant difference between smoking groups were calculated and annotated in 

table. Only participants whose oral fluid was positive for analytes after all cannabis administrations were included in analyses. 

Analyte and Parameter N Oral Smoking Vaporization F p 
Contrast 1  Contrast 2 

F p  F p 

CBG            

  Frequent Smokers            

   Cmax, µg/L 11 17.0 (0.77-60.6) 165 (5.7-441) 87.4 (2.7-394) 4.63 0.022 10.56 0.009  1.87 0.201 

   tmax, h 11 0.41 (0.17-1.5) 0.17 0.17 2.22 0.167 - -  - - 

   tlast, h
 11 3.0 (1.5-8) 10.6 (5-20) 5.4 (1.5-8) 8.64 0.002 15.52 0.003  5.64 0.039 

  Occasional Smokers            

   Cmax, µg/L 9 11.9 (3.2-26.3) 118 (5.4-602) 24.4 (0.30-142) 2.19 0.176 - -  - - 

   tmax, h 9 0.47 (0.17-1.5) 0.17 0.17 2.29 0.169 - -  - - 

   tlast, h 9 3.7 (1.5-10) 4.9 (0.17-26) 3.2 (0.17-20) 0.63 0.465 - -  - - 

THC, Δ9-tetrahydrocannabinol; 11-OH-THC, 11-hydroxy-THC; THCCOOH, 11-nor-9-carboxy-THC; THCV, Δ9-tetrahydrocannabivarin; CBD, cannabidiol; 

CBG, cannabigerol; bolded p-values designate significance. 

*denotes route-specific significant difference between smoking groups (two-tailed t-test p <0.05) 
aN = 10 because participant K (originally recruited as an occasional smoker, therefore oral fluid was only collected up to 54 h post-dose) was still positive at 

the final collection. 
§total THCCOOH (free + hydrolyzed glucuronide). 
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administration routes are shown in Figure 20 and Figure 21. THCCOOH concentrations 

represent free and hydrolyzed glucuronide concentrations. THC-glucuronide present in 

OF would also be hydrolyzed by this method (67% efficiency) (193) but biological 

concentrations are considered negligible based on previous research (215). 

Observed mean THC, 11-OH-THC, THCV, CBD and CBG tmax occurred at or 

before the first OF collection (0.17 h) immediately at the completion of cannabis intake, 

followed by rapid concentration decreases for frequent and occasional smokers after all 

routes of administration. There were no significant differences in THC, 11-OH-THC, 

THCV, CBD, and CBG tmax between routes. Frequent smokers’ THCCOOH mean 

(range) tmax was significantly later after oral dosing (25.7 [0.17-68] h) compared to 

smoking (14.2 [0.17-68] h) and vaporization (8.4 [0.17-20] h), as described in Table 23, 

Contrast 1. Only 3 occasional smokers were THCCOOH positive after all routes of 

administration; however, all occasional smokers were positive after the oral dose. 11-OH-

THC was only detected in 1 frequent smoker after all doses; however, 11-OH-THC was 

present in 10/11, 2/11 and 4/11 frequent smokers after the smoked, vaporized, and oral 

doses, respectively. 11-OH-THC was detected in 3/9, 0/9, and 6/9 occasional smokers 

after smoked, vaporized, and oral cannabis administration. CBD and CBG were detected 

in all participants after all administrations, while THCV was detected in all frequent 

smokers and 9/9, 7/9, and 9/9 occasional smokers after smoked, vaporized, and oral 

cannabis. 

Frequent smokers’ mean THC and CBG Cmax were significantly greater after 

inhaled routes than after oral cannabis; no difference was observed between smoked and 

vaporized cannabis. Mean (range) THC Cmax in frequent smokers after smoked (2789  
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Figure 20. Mean + standard deviation (SD) concentrations on a log-scale for ∆9-

tetrahydrocannabinol (THC), 11-hydroxy-THC (11-OH-THC), and 11-nor-9-carboxy-THC 

(THCCOOH) in n = 11 frequent (left) and n = 9 occasional (right) smokers up to 72 and 54 h, 

respectively, after smoked, vaporized, and oral cannabis (6.9% Δ9-tetrahydrocannabinol, THC; 

~50.6 mg THC) administration (0 h). Horizontal lines present at the limits of quantification (LOQ; 

0.2 µg/L for all, except 15 ng/L for THCCOOH) and OF THC cutoffs for DRUID (1 µg/L) and 

SAMHSA (2 µg/L). 
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Figure 21. Mean + standard deviation (SD) concentrations (up to 20 h) for ∆9-

tetrahydrocannabivarin (THCV), cannabidiol (CBD), and cannabigerol (CBG) in n = 11 frequent 

(left) and n = 9 occasional (right) smokers after smoked, vaporized, and oral cannabis (6.9% Δ9-

tetrahydrocannabinol, THC; ~50.6 mg THC) administration (0 h). Horizontal lines present at the 

limits of quantification (0.2 µg/L for all). 
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[141-8503] µg/L) and vaporized (1874 [68.6-7373] µg/L) cannabis were significantly 

higher than in occasional smokers after smoked (837 [81.4-5914] µg/L) and vaporized 

(545 [7.6-3279] µg/L) cannabis. Mean (range) THC Cmax after oral administration for 

frequent and occasional smokers were 297 (16.5-938) and 202 (65.0-380) µg/L, 

respectively. Overall, frequent smokers’ observed THC Cmax were significantly greater 

than those in occasional smokers’, regardless of route; no statistically significant 

route*group interactions were observed. 

Frequent smokers’ mean (range) THCV, CBD, and CBG tlast were significantly 

later after smoked (4.7 [1.5-12], 8.1 [1.5-20], and 10.6 [5-20] h, respectively) and 

vaporized (3.9 [1.5-8], 7.4 [3.5-20], and 5.4 [1.5-8] h respectively) cannabis compared to 

oral (1.7 [0.17-3.5], 2.2 [1.5-3.5], and 3 [1.5-8] h, respectively) administration. Minor 

cannabinoids THCV, CBD, and CBG were never detected beyond 26 h in any participant 

after any administration route; CBD (up to 20 h) and CBG (up to 26 h) were detected 

longer than THCV (up to 12 h). For frequent smokers, the only significant difference 

between inhaled routes was a later CBG tlast after smoked cannabis compared to the 

vaporized dose. Cannabinoid tlast in occasional smokers were not significantly different 

between smoked and vaporized administration. When comparing groups, a significantly 

later THCV tlast was observed for frequent smokers after smoking compared to occasional 

smokers. 

At their final collection time (72 h), 6/11, 3/11, and 2/11 frequent smokers were 

still THC positive at 0.2-2.2, 0.2-0.6, 0.3-0.5 µg/L after smoked, vaporized, and oral 

cannabis, respectively. Only one occasional smoker was THC positive at the final 

collection time (54 h) after the vaporized and oral sessions, with 0.2 and 0.4 µg/L, 
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respectively; this participant had the largest Cmax in these sessions among occasional 

smokers. Overall, frequent smokers’ THC tlast was significantly later than occasional 

smokers’, regardless of route; no statistically significant route*group interactions were 

observed. THCCOOH was present at discharge in 8/11, 7/11, and 10/11 frequent smokers 

and 0/9, 1/9, and 2/9 occasional smokers after smoked, vaporized, and oral cannabis, 

respectively. Occasional participants P and S with THCCOOH concentrations >LOQ at 

discharge were also THCCOOH positive at admission (-19 h) and baseline (-1.5 h) to the 

same session, with THCCOOH concentrations at admission comparable to those at 

discharge. THCCOOH tlast was significantly later in frequent smokers compared to 

occasional smokers, regardless of administration route. 11-OH-THC was detected 

infrequently and never beyond 1.5 h in any participant after any administration route. 

 

Cannabinoid detection rates 

THC detection rates at three cutoffs (LOQ 0.2 µg/L, DRUID 1 µg/L, and 

SAMHSA 2 µg/L) for frequent and occasional smokers are found in Figure 22. At the 

LOQ, DRUID, and SAMHSA cutoffs, THC was still observed in frequent smokers’ OF 

samples at discharge (72 h), with detection rates never reaching 0%. At the LOQ, one 

occasional smoker’s OF samples were still THC positive at discharge (54 h), while all 

samples were below DRUID and SAMHSA THC cutoffs by 50 and 32 h, respectively. 

Detection rates dropped more quickly following oral administration. One frequent 

smoker was THC positive (2.2 µg/L) above DRUID and SAMHSA cutoffs when 

discharged 72 h after smoking. At baseline (-1.5 h), following an overnight stay on the 

controlled research unit, 11/11, 9/11, and 10/11 frequent smokers remained positive for  
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THC above DRUID cutoff (1 µg/L) prior to smoked, vaporized, and oral cannabis 

sessions, respectively. Of the frequent smokers THC positive at baseline, all except 4 

samples’ THC concentrations were also above the SAMHSA THC cutoff (2 µg/L) prior 

Figure 22. ∆9-tetrahydrocannabinol (THC) detection rates (%) at three cutoffs: limit of 

quantification (0.2 µg/L, LOQ), DRUID (1 µg/L), and SAMHSA (2 µg/L) for n = 11 frequent 

(left) and n = 9 occasional (right) smokers up to 72 and 54 h, respectively, after smoked, 

vaporized, and oral cannabis (6.9% Δ9-tetrahydrocannabinol, THC; ~50.6 mg THC) 

administration (0 h). 
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to a dosing session. At baseline, only 1 occasional smoker was THC positive above the 

SAMHSA cutoff prior to smoking (14.3 µg/L) and oral (10.6 µg/L) sessions. 

THCV, CBD and CBG detection rates at the LOQ (0.2 µg/L) for frequent and 

occasional smokers are found in Figure 23. More frequent than occasional smokers were 

positive for the minor cannabinoids after all routes, since THCV was not detected after 

vaporization in some occasional smokers. At the LOQ, frequent smokers were no longer 

positive for THCV, CBD, and CBG at 14, 26, and 26 h, respectively, and 10, 26, and 32 h 

for occasional smokers. Frequent smokers’ detection rates were highest for the longest 

amount of time after smoked cannabis administration, as smoking produced slightly 

higher cannabinoid concentrations compared to vaporized and oral doses. Detection rates 

between frequent and occasional smokers were similar for minor cannabinoids following 

vaporized and oral administration. 

In order to establish detection windows reflecting use within the last 24 h, 

different cutoffs were investigated for the minor cannabinoids. THCV, CBD, and CBG 

detection rates at proposed 0.3, 0.5, and 0.3 µg/L cutoffs, respectively, for frequent and 

occasional smokers are found in Figure 24. At these cutoffs, THCV, CBD, and CBG 

were no longer detected in frequent smokers OF samples at 10, 26 and 26 h, respectively, 

and 10, 14 and 26 h for occasional smokers. Detection rates between frequent and 

occasional smokers were similar for minor cannabinoids at 0.3-0.5 µg/L cutoffs. 

 

Discussion 

For the first time, we present parent cannabinoid (THC, THCV, CBD, and CBG) 

and metabolite (11-OH-THC and THCCOOH) disposition in OF following controlled  
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smoked, vaporized, and oral (brownie) cannabis administration utilizing a within-subject 

study design for 11 frequent and 9 occasional cannabis smokers. Cannabinoid 

pharmacokinetics are well studied in OF following smoked (96, 133, 210) administration  

 

Figure 23. ∆9-tetrahydrocannabivarin (THCV), cannabidiol (CBD), and cannabigerol (CBG) 

detection rates (%) up to 32 h at the limits of quantification (0.2 µg/L) for n = 11 frequent (left) 

and n = 9 occasional (right) smokers after smoked, vaporized, and oral cannabis (6.9% Δ9-

tetrahydrocannabinol, THC; ~50.6 mg THC) administration (0 h) 
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of cannabis, while clinical data following vaporized (137) and edible (92, 112) cannabis 

are limited. 

THC, THCV, CBD and CBG tmax indicate oral mucosa contamination from 

cannabis intake that is observed at the first OF collection time point. 11-OH-THC also 

Figure 24. ∆9-tetrahydrocannabivarin (THCV), cannabidiol (CBD), and cannabigerol (CBG) 

detection rates (%) up to 26 h at the proposed cutoffs (0.3, 0.5, and 0.3 µg/L, respectively) for n = 

11 frequent (left) and n = 9 occasional (right) smokers after smoked, vaporized, and oral cannabis 

(6.9% Δ9-tetrahydrocannabinol, THC; ~50.6 mg THC) administration (0 h). 
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appeared immediately (0.17 h) in a few cases suggesting possible THC metabolism in the 

oral mucosa. Cytochrome P450 enzymes were identified in human oral tissue cells (216-

219) and could contribute to the presence of metabolites in OF. 11-OH-THC was rarely 

detected after all administration routes and never beyond 1.5 h post-dose. 11-OH-THC 

was detected more frequently after smoking in this study compared to previous studies 

due to our lower LOQ (0.2 vs. 0.5 µg/L). Most observed 11-OH-THC concentrations 

would have been missed with previous analytical methods. THCCOOH appeared 

immediately (0.17 h) in a few occasional smokers’ OF after inhaled routes but more 

frequently and for longer periods of time after oral intake. Among occasional smokers 

THCCOOH positive at 0.17 h (4/9, 3/9, and 7/9 after smoked, vaporized, and oral doses, 

respectively), concentrations were greater than those at baseline in all but one case, 

suggesting THC metabolism in the oral mucosa and/or partitioning from blood. 

THCCOOH concentrations remained elevated in frequent smokers’ OF throughout the 

sessions, although the tmax also was delayed after oral administration, similar to the 

pattern observed in occasional smokers. A significantly later THCCOOH tmax also 

occurred in blood specimens from the same cohort following oral cannabis 

administration, supporting blood-OF partitioning. Similarly, Vandrey et al. observed 

delayed mean (range) OF THCCOOH tmax of 9.8 (3-30) and 17.4 (0-54) h following 

consumption of 25 and 50 mg oral THC (brownie), respectively (112). 

Frequent smokers’ THC Cmax after smoking a 6.9% THC cannabis cigarette in the 

present study were higher than those reported previously for similar potency cannabis 

(96, 210), but our initial OF collection time post-dose (0.17 vs. 0.5 h) was earlier. 

However, Toennes et al. collected OF 0.08 h after smoking a 500 μg THC/kg cannabis 
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cigarette and observed higher median (range) THC Cmax of 6202 (387-71,147) and 1242 

(397-6438) ng/g in frequent and occasional smokers, respectively (93). Occasional 

smokers’ median THC Cmax in the present study were lower than those previously 

reported (96, 210) but exhibited a wider range, which could be influenced by smoking 

history, topography, and possible titration. We observed lower median (range) THC 

concentrations for both groups of smokers compared to moderate smokers’ THC Cmax 

following vaporization of 500 mg 6.7% THC ground cannabis (137). Differences in THC 

Cmax after vaporization in this study could be due to differences in smoking history, 

inhalation topography, and titration. Additionally, less efficient cannabinoid vaporization 

can occur with increased plant material (118), as we vaporized ~750 mg ground cannabis 

compared to 500 mg in Hartman et al. Although no statistically significant differences in 

Cmax between smoking and vaporization were observed, differences in heating 

temperature could potentially release fewer cannabinoids during vaporization compared 

to smoking, although less pyrolysis of THC would be expected and there is no loss of 

THC in sidestream smoke as occurs during smoking. In addition, vaporization stores 

THC vapor in a plastic bag during heating, possibly losing small amounts of THC 

through absorption to the bag. 

Frequent and occasional smokers’ THC Cmax following oral consumption were 

not significantly different, as this route is not amenable to self-titration. Our mean THC 

Cmax were lower than those reported by Vandrey et al. following 25 or 50 mg oral 

(brownie) THC in drug-free users (n = 6) but were more similar to those reported for 10 

mg oral THC in the same study (112). Observed differences in oral THC concentrations 

could be due to our later collection time (0.17 h post-inhalation dose, equating to 0.33 h 
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post-oral dose compared to their 0.2 h time point). In a separate study, Niedbala et al. 

reported 2.2-7.1 µg/L THC 1-2 h after oral brownie consumption (20-25 mg THC) in 

casual users (n = 3) (92). By 1.5h post-dose in our study, THC concentrations after oral 

cannabis were much greater (10.8-938 and 23.0-256 µg/L in frequent and occasional 

smokers, respectively) than Niedbala’s reported THC concentrations at the same time 

post-dose; this may be due to a combination of different brownie preparations (i.e. how 

well the precursor Δ9-tetrahydrocannabinolic acid is converted to THC during baking) 

and our higher-potency THC variety. Compared to oral synthetic THC (dronabinol, 

Marinol®) administration, we observed increases in THC OF concentrations post-dose 

due to oral cavity contamination that did not occur with encapsulated synthetic oral THC 

(dronabinol) (113, 114).  

THC and CBG exhibited significantly higher concentrations in frequent smokers’ 

OF after inhaled routes than after oral cannabis dosing. Smoked and vaporized cannabis 

administration were previously reported to produce similar cannabinoid OF 

concentrations (137); this was observed, except for a later CBG tlast after smoked 

cannabis compared to the vaporized dose. However, due to the greater CBG 

concentrations after smoked compared to vaporized cannabis, this could be expected. The 

same trend was observed with CBG disposition in whole blood and could be explained by 

inefficient CBG volatilization during vaporization. Significantly later tlast for minor 

cannabinoids in frequent smokers after inhaled cannabis could be due to the much greater 

concentrations achieved compared to brownie consumption. Differences in Cmax between 

the routes were not anticipated amongst occasional smokers as they often exhibit 

inefficient smoking/vaporization topography, leading to lower cannabinoid 
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concentrations after inhalation similar to those following oral administration. Lower OF 

THC concentrations achieved after oral cannabis compared to inhaled cannabis could be 

due to oral intake mechanism (chewing and swallowing may not release as much THC as 

inhaling), ad libitum study design, conversion to CBN, degradation during baking, or 

possibly less efficient decarboxylation of acid to THC. 

Cannabinoid metabolite detection and interpretation in OF can be complicated. 

11-OH-THC is detected infrequently and only for a short period of time. While detection 

of 11-OH-THC in oral fluid is an indication of recent cannabis use, its absence does not 

preclude recent consumption. OF THCCOOH concentration variability observed in this 

study was also previously observed (96, 137, 210). 

For the first time, THCV and CBG disposition were characterized in OF for 

frequent and occasional smokers following controlled smoked, vaporized, and oral 

(brownie) cannabis consumption with similar detection rates between groups and routes. 

Previously, THCV and CBG disposition were only described in urine (124, 127, 200). 

Mean THCV Cmax (tmax) were 17.5-40.2 µg/L (0.17-0.29h) after inhalation routes and 3.2-

4.5 µg/L (0.47-0.53) after oral dosing among all participants, while mean CBG Cmax 

(tmax) were 87.4-244 µg/L (0.17 h) after inhaled routes and 11.9-17.0 µg/L (0.41-0.47 h) 

after oral dosing for all participants. In our cohort, both THCV and CBG were detected in 

11/11 frequent and 7/9 occasional (THCV) and 11/11 frequent and 9/9 occasional (CBG) 

smokers after all administration routes for up to 26 h at the LOQ of 0.2 µg/L, making 

them applicable for identifying cannabis intake within about one day, as previously 

suggested by Desrosiers et al. (193). THCV was not detected in 2 occasional smokers 

after vaporization with low THC concentrations (7.5 and 8.5 µg/L at 0.17 h). CBD was 
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previously investigated in OF following smoked (96) and vaporized (137) cannabis 

administration in different cohorts. While CBD Cmax after smoking in this study (0.17-

0.29 h) were slightly higher than those observed in frequent and occasional smokers 0.5 h 

after smoking (96) our median occasional smokers’ CBD Cmax after vaporization were 

comparable to those reported for moderate smokers after the high THC dose without 

alcohol in Hartman et al. vaporization study (137). To our knowledge, CBD was not 

previously investigated in OF following oral cannabis administration. CBD, while a 

useful marker of recent use in this study, cannot be thoroughly characterized until 

investigated at the higher-potency CBD cannabis material now available in the market. 

DRUID and SAMHSA established THC OF confirmation cutoff guidelines of 1 

and 2 µg/L, respectively. However, frequent smokers’ THC concentrations remain well 

above these cutoffs for longer periods of time, making data interpretation difficult for 

estimating recent use. Occasional smokers’ OF THC concentrations are generally lower 

and may fall below the DRUID or SAMHSA cutoffs within a much shorter timeframe, 

making it difficult to capture recent use beyond several hours. OF THC concentrations 

after oral cannabis consumption are not as high as concentrations observed following 

inhaled routes and concentrations fall below DRUID and SAMHSA cutoffs much more 

quickly. Additionally, THC peak concentrations in OF following edible cannabis 

consumption occur prior to peak impairment, with no secondary peak after oral 

consumption, suggesting oral mucosa contamination rather than partitioning from blood.  

In order to establish detection windows for capturing recent cannabis use, we 

previously investigated several combinations of cutoffs, including THC in combination 

with CBD, CBN, and/or THCCOOH (96, 137, 210). Our new expanded OF cannabinoid 
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method incorporates THCV and CBG as additional analytes, although CBN could no 

longer be included as we could not chromatographically separate it from a matrix 

interference. Our low LOQs for minor cannabinoids, including THCV and CBG, allowed 

us to detect these analytes up to 26 h following controlled cannabis administration. By 

applying a 0.3 µg/L cutoff for THCV or CBG, detection windows were 8 and 20 h, 

respectively, for both frequent and occasional smokers. Monitoring minor cannabinoids 

in OF offers the ability to detect recent cannabis use that is not achievable for THC 

and/or THCCOOH. However, minor cannabinoids (THCV, CBN, CBD, and CBG) were 

not detected in whole blood specimens collected from the same cohort following oral 

brownie administration (manuscript under review). While these data offer promising 

results for capturing recent cannabis use by increasing the cannabinoids analyzed in OF 

specimens, more research is necessary following other administration routes, including 

vape pens, dabs, waxes, THC oils, and other cannabis and/or THC products. Comparison 

to pharmacodynamic outcomes as well as on-site OF screening devices and other 

matrices would assist in further interpretation of OF cannabinoid data. 

 

Conclusions 

THC, metabolites, and minor cannabinoids were fully characterized in OF 

following controlled cannabis brownie consumption with direct comparison to smoked 

and vaporized administration in the same frequent and occasional smokers. The within-

subject study design allowed for direct pharmacokinetic comparisons between the 

different administration routes. Few differences were observed between smoked and 

vaporized cannabis administrations. For the first time, THCV and CBG were 
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characterized in OF after multiple routes and CBD was characterized for the first time 

after oral cannabis administration. Cannabinoid concentrations peaked immediately after 

cannabis consumption, regardless of route, as a result of oral mucosa contamination. As 

expected, greater THC concentrations were observed after smoked and vaporized 

cannabis compared to oral administration. Minor cannabinoids, including THCV, CBD, 

and CBG, were detected in 18/20, 20/20, and 20/20 study participants, respectively, after 

all three administration routes and up to 26 h post-dose, indicating potential utilization as 

markers of cannabis use within 1 day that could be helpful in interpretation of clinical 

and forensic drug testing programs.  
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Chapter 9 – On-site oral fluid Δ9-tetrahydrocannabinol (THC) 

screening after controlled smoked, vaporized, and oral cannabis 

administration8 

 

Abstract 

Increasing driving under the influence of cannabis cases is an important short-

term consequence of cannabis legalization. On-site oral fluid (OF) testing devices provide 

advantages for roadside drug screening, because OF Δ9-tetrahydrocannabinol (THC) 

indicates more recent cannabis intake than urine, and it can be collected non-invasively 

by law enforcement personnel. THC presence in OF primarily results from oromucosal 

contamination during cannabis inhalation. To date, on-site OF devices were not 

investigated following edible cannabis. We evaluated sensitivity, specificity, and 

efficiency of the Dräger DrugTest® 5000 [DT5000] and Alere™ DDS®2 [DDS2] at 

various OF THC confirmatory cutoffs following controlled smoked, vaporized and edible 

cannabis in frequent and occasional smokers. Times of last positive (tlast) were evaluated 

for each device, cutoff and smoking group. At a 5 µg/L OF THC confirmation cutoff, 

overall performance criteria exceeded the recommended 80% for both devices. At lower 

THC confirmation cutoffs (1-2 µg/L), true positive results were maximized but 

sensitivity was <80 %. When confirmation cutoffs were below manufacturers’ screening 

cutoffs (5 µg/L DT5000, 25 µg/L DDS2), false negative results increased. No differences 

in tlast were observed for DT5000 between the three administration routes, but later tlast 

were observed after smoking compared to vaporization with DDS2. Frequent smokers 

had significantly later median tlast (5 h) compared to occasional smokers (1.5-3.5 h) for all 

                                                 
8 Swortwood MJ et al. Forensic Toxicol. 2016 [Epub ahead of print] (doi: 10.1007/s11419-016-0348-3). 
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conditions. There were no true positive results at 44 and 50 h with the DT5000 and 

DDS2, respectively. OF screening followed by confirmatory OF analysis is an important 

strategy for investigations of driving under the influence of drugs, with these data 

improving interpretation of cannabinoid OF results. 

 

Introduction 

With increasing medicinal and legalized cannabis legislation in the United States, 

driving under the influence of cannabis is a prominent public health and safety concern, 

as cannabis is associated with increased crash risk (61, 62, 205, 220). A recent 2013-2014 

US survey revealed 12.6 % of nighttime drivers’ blood and/or oral fluid (OF) specimens 

were positive for Δ9-tetrahydrocannabinol (THC) compared to 8.6 % in 2007 (56), a 48% 

increase in prevalence in six years. 

OF, once considered an alternative matrix, is increasingly popular for workplace, 

drug treatment, clinical, and forensic drug testing. In addition to advantages in specimen 

collection over urine and blood, OF drug detection may indicate recent intake and, 

therefore, is a desirable biological matrix for driving under the influence of drugs (DUID) 

testing. Cannabinoid OF pharmacokinetics were thoroughly studied after controlled 

smoked (92-98, 210, 221) and vaporized administration (137). Observed high (≤8503 

µg/L) OF THC concentrations are primarily due to oromucosal contamination, with peak 

concentrations occurring during or immediately after inhalation (222). The Substance 

Abuse and Mental Health Services Administration (SAMHSA) implemented a THC ≥2 

μg/L confirmatory cutoff for detecting cannabis intake in workplace drug testing 

programs (24), while the European Union Driving under the Influences of Drugs, 
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Alcohol, and Medicines (DRUID) project utilized a THC ≥1 μg/L OF confirmatory cutoff 

for DUID testing (25). 

One of the strongest advantages of OF testing for DUID is the ability to rapidly 

and sensitively screen specimens at the roadside with on-site devices. DRUID suggested 

minimum performance of 80% for sensitivity, specificity and efficiency for on-site 

devices (129). The Dräger DrugTest® 5000 (DT5000, 5 µg/L THC cutoff; Lübeck, 

Germany) demonstrated 53.0-80.8% and 95.5-99.0% sensitivity, specificity and accuracy 

with chromatographic OF THC 1 or 10 µg/L cutoffs, respectively, in OF collected from 

patients at drug addiction centers (130, 131). Performance criteria of this device were 

84.0-92.0% with a confirmatory OF THC 2 µg/L cutoff for drivers arrested for DUID 

(132). A cohort of drivers stopped during roadside patrols showed improved parameters 

of 92.3-96.7% with a confirmatory OF THC 1 µg/L cutoff and confirmatory analysis 

performed with residual OF from the screening device swab (133). Performance of the 

DT5000 also was evaluated in controlled research settings following smoked (134-136) 

and vaporized (137) cannabis; at least one performance criterion was <80% in these 

studies. Another available on-site screening device is the Alere™ DDS®2 (DDS2; 

Abingdon, UK), but fewer published performance data are available. A study of 38 OF 

samples from randomly stopped drivers demonstrated 100% agreement between its 25 

µg/L THC cutoff screening results and a 2 µg/L THC confirmatory cutoff, but THC 

prevalence was low (only 5 drivers) (143). 

Alternate cannabis administration routes, including inhalation via vaporization 

and consumption of edibles, are increasingly popular (102). THC OF pharmacokinetic 

data following vaporized (137) or edible cannabis consumption (92, 112) are limited. 
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Neither the DT5000 nor DDS2 were evaluated following oral cannabis administration. 

Previously, we described OF pharmacokinetics of THC, its metabolites, and minor 

cannabinoids following smoked, vaporized, and oral administration in frequent and 

occasional smokers (222). Here, we characterize DT5000 and DDS2 performance in the 

same participant cohort. 

 

Materials and methods 

Participants 

Healthy cannabis users (18-50 years) provided written, informed consent to 

participate in this previously described National Institute on Drug Abuse (NIDA) 

Intramural Research Program Institutional Review Board-, FDA-, and DEA-approved 

study (222, 223). All participants underwent extensive medical and psychological 

evaluations. Inclusion criteria were based on self-reported cannabis intake (≥2x/month 

but <3x/week for occasional smokers or ≥5x/week for frequent smokers). Pregnant and 

nursing women were excluded and pregnancy tests were administered at screening and 

admission for each session to women with reproductive potential. 

 

Study design 

The study was randomized, double blind, and placebo-controlled with a crossover 

and double-dummy design. Participants entered the secure research unit ~19 h before 

dosing to preclude acute intoxication. Cannabis cigarettes were obtained through the 

NIDA Drug Supply Program. Active cigarettes (0.734 ± 0.05 g) contained 6.9 ± 0.95% 

(~50.6 mg) THC. Placebo cigarettes (0.713 ± 0.05 g) contained 0.001 ± 0.000% THC. 
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Throughout 4 dosing sessions, participants were administered one active or placebo 

brownie followed by one active or placebo cigarette or one active or placebo vaporized 

ground cannabis dose (210 °C, Volcano® Medic, Storz & Bickel, Tuttlingen, Germany). 

No more than one active dose was administered per session. Brownies were prepared 

with Duncan Hines® Double Fudge brownie mix according to the manufacturer’s 

instructions with addition of ground cannabis to wet batter (222, 223). Oral and inhaled 

doses were each consumed ad libitum within 10 min. Frequent smokers remained on the 

unit 72 h post-dose and were discharged for ≥72 h between dosing sessions to reduce the 

incidence of cannabis withdrawal. Occasional smokers remained on the unit 54 h post-

dose but had the option of remaining on the unit for multiple sessions depending on self-

reported smoking frequency. 

OF was collected with QuantisalTM collection device (Immunalysis, Pomona, CA, 

USA) followed by the DT5000 or DDS2 on-site OF screening devices (randomly 

assigned per participant). Paired OF samples were collected on admission (-19 h), before 

initiation of smoking/vaporization (baseline, -1.5 h), and at 0.17, 1.5, 3.5, 5, 8, 10, 12, 14, 

20, 26, 32, 38, 44, and 50 h after smoking or vaporization initiation for all participants; at 

54 h for occasional smokers only; and 56, 62, 68, and 72 h for frequent smokers only.  

The Quantisal device has a volume adequacy indicator for collection of 1.0 ± 0.1 

mL OF. The pad was stored upright in the elution/stabilizing buffer at 4 °C for >12 h 

prior to pad removal; the buffer/OF mixture was transferred to polypropylene cryotubes 

and stored at 4 °C until analysis. The DT5000 cassette was swiped throughout the mouth 

to collect 270 ± 40 µL OF; the DDS2 device collected ~600 µL OF. Both devices have 

volume adequacy indicators, with OF collected until the indicators turned blue or 5 min 
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elapsed, whichever occurred first. Nothing was placed in the mouth for 10 min prior to 

any OF collection. 

 

Oral fluid analysis 

DT5000 and DDS2 OF specimens were analyzed immediately after collection on 

their respective analyzers with qualitative positive or negative results based on the 

manufacturer’s assigned 5 or 25 µg/L THC screening cutoff, respectively. Quantisal OF 

specimens were quantified within 1 month (based on previous OF cannabinoid stability 

studies (213, 214)) for THC by a previously published liquid chromatography-tandem 

mass spectrometry (LC-MS/MS) method with 0.2 µg/L limit of quantification (LOQ) 

(193). Inter-assay accuracy and imprecision were 88.1-106% and 5.8-8.2% coefficient of 

variation (CV), respectively (n = 92). 

 

Data analysis 

Qualitative DT5000 and DDS2 results were compared to concurrently collected 

quantitative Quantisal OF results. A true positive (TP) sample screened positive and 

confirmed positive for THC; a true negative (TN) sample screened and confirmed 

negative for THC. A false positive (FP) sample screened positive but THC was not 

detected above the designated cutoff in the confirmation test, and a false negative (FN) 

screened negative but THC was confirmed above the specified cutoff in the confirmation 

test. Performance parameters (%) were calculated by the following formulae: sensitivity 

= [TP/(TP+FN)]x100; specificity = [TN/(TN+FP)]x100; and efficiency = 

[(TP+TN)/total]x100. These parameters were determined at THC LOQ (0.2 µg/L), 1, 2 

and 5 µg/L (both devices), and 25 µg/L (DDS2 only).  Suggested optimal device 
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performance criteria are ≥80% sensitivity, specificity, and efficiency (129). Results were 

analyzed overall (all participants, all routes), and stratified by smoking group (all routes 

together) and by route (all participants together). Times of last detection (tlast) were 

compared between devices and between smoking groups at various cutoffs; results were 

stratified by route and analyzed via Mann-Whitney U tests. Finally, tlast between 

administration routes (within a single device) were evaluated via Friedman 1-way 

ANOVA with Dunn’s multiple comparison adjustment; p <0.05 was considered 

significant. 

 

Results 

Participants 

Demographics for 11 frequent and 9 occasional cannabis smokers are summarized 

in Table 27 (Supplemental). Participants were 19-46 years old, 75% male and 75% 

African Americans. Participant K was originally admitted as an occasional smoker, but 

later reclassified as a frequent smoker based on baseline and post-dose blood cannabinoid 

pharmacokinetics (222, 223). Participant H smoking frequency at admission to session 1 

was inconsistent with self-reported frequency at screening, but frequencies reported on 

admission to subsequent sessions were consistent with self-reported frequency at 

screening; his demographic data were not included in summary statistics.  Frequent 

smokers were all African Americans, began smoking at a significantly younger age, 

smoked significantly more frequently over the previous 14 days, and smoked 

significantly more per smoking occasion.  
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Five frequent and 5 occasional smokers produced 551 paired DT5000-Quantisal 

results, and 6 frequent and 4 occasional smokers produced 545 paired DDS2-Quantisal 

results. 

 

On-site device performance 

A summary of device performance (sensitivity, specificity, efficiency) evaluated 

at different confirmatory cutoffs for DT5000 and DDS2 are described in Table 24. 

 

Overall device performance 

At the THC method’s LOQ (0.2 µg/L), DT5000 and DDS2 demonstrated high 

specificity (each 99.3%) but low sensitivities (36.9 and 36.5%) and efficiencies (53.9 and 

53.6%), respectively. Sensitivity and efficiency were <80% at a THC ≥1 µg/L cutoff; 

however, with a THC ≥2 µg/L cutoff, 37 and 50 previous FN results from the DT5000 

and DDS2, respectively, became TN, improving efficiencies to >80% but sensitivities 

remained low due to confirmation cutoffs below the screening cutoffs. When evaluated at 

a THC ≥5 µg/L cutoff, all performance criteria were ≥80%. Additionally, performance 

criteria for the DDS2 were >80% when evaluated with a THC ≥25 µg/L cutoff. Although 

optimal performances were observed with a THC ≥5 µg/L cutoff, more TP results were 

observed with THC ≥1 or 2 µg/L cutoffs. 

 

Device performance by smoking group 

Due to differences in the time courses for frequent (72 h post-dose) and 

occasional (54 h) smokers, data for the groups are described separately. For frequent 
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smokers, specificity for both devices was >80% with all cutoffs while efficiencies were 

>80% only for THC ≥2-25 µg/L cutoffs. DT5000 sensitivity in frequent smokers 

approached but never exceeded 80% (79.1% with THC ≥5 µg/L cutoff); sensitivities for 

DDS2 at THC ≥5 and ≥25 µg/L cutoffs were 85.6 and 98.0%, respectively.  

Specificities and efficiencies for both devices with occasional smokers were 

>80% at all cutoffs, except efficiencies at the analytical LOQ. Sensitivities exceeded 80% 

for DT5000 only with a THC ≥5 µg/L cutoff, and for DDS2 with THC ≥5 µg/L and ≥25 

µg/L cutoffs. As above, greater TP results were observed with confirmation cutoffs 

below the screening cutoffs. 

 

Device performance by administration route 

Following smoking, DT5000 efficiency was ≥80% with only a THC ≥5 µg/L 

cutoff; for DDS2, efficiencies were acceptable only at THC ≥2 or 5 µg/L cutoffs, while 

acceptable sensitivities were observed with THC ≥5 or 25 µg/L cutoffs. DT5000 

performance following vaporization was similar to that following smoking: efficiency 

was ≥80% at THC ≥2 and 5 µg/L cutoffs, and sensitivity approached but never exceeded 

80%. DDS2 specificity and efficiency were ≥80% with more cutoffs than after smoking; 

however, sensitivities were generally <80%. Finally, following oral administration, all 

DT5000 performance criteria were acceptable with the THC ≥2 and ≥5 µg/L cutoffs. For 

DDS2, all performance criteria were >80% only with the THC ≥5 and ≥25 µg/L cutoffs. 

 

Detection rates and times 

A comparison of DT5000 and DDS2 screening tlast and tlast with different OF THC 

confirmation cutoffs is presented in Table 25. One occasional smoker never screened
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Table 24.  Performance characteristics for Dräger DrugTest 5000 (DT5000, 5 µg/L cutoff) and Alere DDS2 (DDS2, 25 µg/L cutoff) screening devices with 

different ∆9-tetrahydrocannabinol (THC) oral fluid confirmation cutoffs overall (all participants and all routes), by smoking group (all routes), and by route 

(following controlled smoked, vaporized, or oral administration of 6.9%THC cannabis) up to 72 and 54 h post-dose for 11 frequent and 9 occasional smokers, 

respectively. 

Quantitative THC confirmation cutoff (µg/L) TP TN FP FN Sensitivity (%) Specificity (%) Efficiency (%) 

Overall (All participants, all routes)        

  DT5000 (n=551)        

   THC ≥ 5 116 373 33 29 80.0 91.9 88.7 

   THC ≥ 2 (SAMHSA) 138 332 11 70 66.3 96.8 85.3 

   THC ≥ 1 (DRUID) 145 295 4 107 57.5 98.7 79.9 

   THC ≥ 0.2 (LOQ) 148 149 1 253 36.9 99.3 53.9 

  DDS2 (n=545)        

   THC ≥ 25 70 398 76 1 98.5 84.0 85.9 

   THC ≥ 5 124 376 22 23 84.4 94.5 91.7 

   THC ≥ 2 (SAMHSA) 138 325 8 74 65.1 97.6 85.0 

   THC ≥ 1 (DRUID) 141 275 5 124 53.2 98.2 76.3 

   THC ≥ 0.2 (LOQ) 145 147 1 252 36.5 99.3 53.6 

Frequent smokers (all routes)        

  DT5000 (n=300)        

   THC ≥ 5 87 170 20 23 79.1 89.5 85.7 

   THC ≥ 2 (SAMHSA) 104 137 3 56 65.0 97.9 80.3 

   THC ≥ 1 (DRUID) 107 111 0 82 56.6 100 72.7 

   THC ≥ 0.2 (LOQ) 107 29 0 164 39.5 100 45.3 

  DDS2 (n=345)        

   THC ≥ 25 49 244 51 1 98.0 82.7 84.9 

   THC ≥ 5 83 231 17 14 85.6 93.1 91.0 

   THC ≥ 2 (SAMHSA) 96 191 4 54 64.0 97.9 83.2 

   THC ≥ 1 (DRUID) 98 153 2 92 51.6 98.7 72.8 

   THC ≥ 0.2 (LOQ) 100 75 0 170 37.0 100 50.7 
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Table 24. (Continued from previous page) Performance characteristics for Dräger DrugTest 5000 (DT5000, 5 µg/L cutoff) and Alere DDS2 (DDS2, 25 µg/L 

cutoff) screening devices with different ∆9-tetrahydrocannabinol (THC) oral fluid confirmation cutoffs overall (all participants and all routes), by smoking group 

(all routes), and by route (following controlled smoked, vaporized, or oral administration of 6.9%THC cannabis) up to 72 and 54 h post-dose for 11 frequent and 

9 occasional smokers, respectively. 

Quantitative THC confirmation cutoff (µg/L) TP TN FP FN Sensitivity (%) Specificity (%) Efficiency (%) 

Occasional smokers (all routes)        

  DT5000 (n=251)        

   THC ≥ 5 29 203 13 6 82.9 94.0 92.4 

   THC ≥ 2 (SAMHSA) 34 195 8 14 70.8 96.1 91.2 

   THC ≥ 1 (DRUID) 38 184 4 25 60.3 97.9 88.4 

   THC ≥ 0.2 (LOQ) 41 120 1 89 31.5 99.2 64.1 

  DDS2 (n=200)        

   THC ≥ 25 21 154 25 0 100 86.0 87.5 

   THC ≥ 5 41 145 5 9 82.0 96.7 93.0 

   THC ≥ 2 (SAMHSA) 42 134 4 20 67.7 97.1 88.0 

   THC ≥ 1 (DRUID) 43 122 3 32 57.3 97.6 82.5 

   THC ≥ 0.2 (LOQ) 45 72 1 82 35.4 98.6 58.5 

Smoked (all participants)        

  DT5000 (n=184)        

   THC ≥ 5 45 114 11 14 76.3 91.2 86.4 

   THC ≥ 2 (SAMHSA) 51 95 5 33 60.7 95.0 79.3 

   THC ≥ 1 (DRUID) 55 87 1 41 57.3 98.9 77.2 

   THC ≥ 0.2 (LOQ) 56 41 0 87 39.2 100 52.7 

  DDS2 (n=183)        

   THC ≥ 25 27 118 37 1 96.4 76.1 79.2 

   THC ≥ 5 56 112 8 7 88.9 93.3 91.8 

   THC ≥ 2 (SAMHSA) 62 96 2 23 72.9 98.0 86.3 

   THC ≥ 1 (DRUID) 63 81 1 38 62.4 98.8 78.7 

   THC ≥ 0.2 (LOQ) 63 42 1 77 45.0 97.7 57.4 
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Table 24. (Continued from previous page) Performance characteristics for Dräger DrugTest 5000 (DT5000, 5 µg/L cutoff) and Alere DDS2 (DDS2, 25 µg/L 

cutoff) screening devices with different ∆9-tetrahydrocannabinol (THC) oral fluid confirmation cutoffs overall (all participants and all routes), by smoking group 

(all routes), and by route (following controlled smoked, vaporized, or oral administration of 6.9%THC cannabis) up to 72 and 54 h post-dose for 11 frequent and 

9 occasional smokers, respectively. 

Quantitative THC confirmation cutoff (µg/L) TP TN FP FN Sensitivity (%) Specificity (%) Efficiency (%) 

Vaporized (all participants)        

  DT5000 (n=182)        

   THC ≥ 5 31 131 8 12 72.1 94.2 89.0 

   THC ≥ 2 (SAMHSA) 35 117 4 26 57.4 96.7 83.5 

   THC ≥ 1 (DRUID) 36 103 3 40 47.4 97.2 76.4 

   THC ≥ 0.2 (LOQ) 38 60 1 83 31.4 98.4 53.8 

  DDS2 (n=182)        

   THC ≥ 25 20 147 15 0 100 90.7 91.8 

   THC ≥ 5 34 138 1 9 79.1 99.3 94.5 

   THC ≥ 2 (SAMHSA) 35 118 0 29 54.7 100 84.1 

   THC ≥ 1 (DRUID) 35 101 0 46 43.2 100 74.7 

   THC ≥ 0.2 (LOQ) 35 55 0 92 27.6 100 49.5 

Oral (all participants)        

  DT5000 (n=185)        

   THC ≥ 5 40 128 14 3 93.0 90.1 90.8 

   THC ≥ 2 (SAMHSA) 52 120 2 11 82.5 98.4 93.0 

   THC ≥ 1 (DRUID) 54 105 0 26 67.5 100 85.9 

   THC ≥ 0.2 (LOQ) 54 48 0 83 39.4 100 55.1 

  DDS2 (n=180)        

   THC ≥ 25 23 133 24 0 100 84.7 86.7 

   THC ≥ 5 34 126 13 7 82.9 90.6 88.9 

   THC ≥ 2 (SAMHSA) 41 111 6 22 65.1 94.9 84.4 

   THC ≥ 1 (DRUID) 43 93 4 40 51.8 95.9 75.6 

   THC ≥ 0.2 (LOQ) 47 50 0 83 36.2 100 53.9 
TP true positive, TN true negative, FP false positive, FN false negative, THC ∆9-tetrahydrocannabinol, SAMHSA Substance Abuse and Mental Health Services 

Administration, DRUID Driving Under the Influence of Drugs, Alcohol and Medicines, LOQ limit of quantification. 
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Table 25. Median (range) time of last detection for Dräger DrugTest 5000 (DT5000, 5 µg/L THC cutoff) and Alere DDS2 (DDS2, 25 µg/L THC cutoff) oral 

fluid screening devices alone and with different THC oral fluid confirmation cutoffs overall (all participants and all routes) and by route (following controlled 

smoked, vaporized, or oral administration of 6.9% THC cannabis) for 11 frequent and 9 occasional smokers. 

Quantitative confirmation cutoff (µg/L) 
Median [range] tlast (h) 

p-value (DT5000 vs. DDS2)a 
DT5000 DDS2 

Overall (all participants, all routes)    

  n 29b 30  

   Screen positive only 5.0 [0.25-26] 4.3 [0.25-20] 0.9787 

   THC ≥ 5 3.5 [0.25-20] 3.5 [0.25-20] 0.6893 

   THC ≥ 2 (SAMHSA) 3.5 [0.25-26] 3.5 [0.25-20] 0.9729 

   THC ≥ 1 (DRUID) 5.0 [0.25-26] 4.3 [0.25-20] 0.9666 

   THC ≥ 0.2 (LOQ) 5.0 [0.25-26] 4.3 [0.25-20] 0.9787 

Smoked (all participants)    

  n 10 10  

   Screen positive only 6.5 [0.25-20] 9.0 [1.5-20] 0.3783 

   THC ≥ 5 5.0 [0.25-20] 7.5 [1.5-20] 0.2580 

   THC ≥ 2 (SAMHSA) 5.0 [0.25-20] 7.5 [1.5-20] 0.3390 

   THC ≥ 1 (DRUID) 6.5 [0.25-20] 9.0 [1.5-20] 0.3573 

   THC ≥ 0.2 (LOQ) 6.5 [0.25-20] 9.0 [1.5-20] 0.3783 

Vaporized (all participants)    

  n 9b 10  

   Screen positive only 1.5 [1.5-26] 1.5 [0.25-10] 0.9200 

   THC ≥ 5 1.5 [0.25-12] 1.5 [0.25-10] 0.6999 

   THC ≥ 2 (SAMHSA) 1.5 [1.5-26] 1.5 [0.25-10] 0.9200 

   THC ≥ 1 (DRUID) 1.5 [1.5-26] 1.5 [0.25-10] 0.9200 

   THC ≥ 0.2 (LOQ) 1.5 [1.5-26] 1.5 [0.25-10] 0.9200 
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Table 25. (Continued from previous page) Median (range) time of last detection for Dräger DrugTest 5000 (DT5000, 5 µg/L THC cutoff) and Alere DDS2 

(DDS2, 25 µg/L THC cutoff) oral fluid screening devices alone and with different THC oral fluid confirmation cutoffs overall (all participants and all routes) 

and by route (following controlled smoked, vaporized, or oral administration of 6.9% THC cannabis) for 11 frequent and 9 occasional smokers. 

Quantitative confirmation cutoff (µg/L) 
Median [range] tlast (h) 

p-value (DT5000 vs. DDS2)a 
DT5000 DDS2 

Oral (all participants)    

  n 10 10  

   Screen positive only 5.0 [1.5-20] 4.3 [1.5-5] 0.3188 

   THC ≥ 5 4.3 [1.5-14] 1.5 [1.5-5] 0.1721 

   THC ≥ 2 (SAMHSA) 5.0 [1.5-20] 3.5 [1.5-5] 0.1732 

   THC ≥ 1 (DRUID) 5.0 [1.5-20] 4.3 [1.5-5] 0.3188 

   THC ≥ 0.2 (LOQ) 5.0 [1.5-20] 4.3 [1.5-5] 0.3188 
tlast time of last detection. 
aMann-Whitney U test was used to compare DT5000 vs. DDS2 results for each condition. 
bOne occasional smoker never had a positive DT5000 screening result after the vaporized dose. 
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positive by DT5000 after the vaporized dose. DT5000 and DDS2 tlast were not 

significantly different with any cutoff when analyzed overall or by route. 

When comparing routes for each device separately (data table not shown), no 

statistical differences in median DT5000 tlast were observed between any routes at any 

cutoff, whereas significant differences were observed with cutoffs for DDS2. When 

screening with the DDS2 alone and in combination with a THC ≥0.2 or ≥1 µg/L 

confirmation cutoff, multiple comparisons revealed significant differences between 

smoked and vaporized (p = 0.022) cannabis only. Multiple comparisons for THC ≥2 µg/L 

were similar, with a significant difference in tlast between smoked and vaporized (p = 

0.022) observed. Finally, smoked and vaporized tlast at THC ≥5 µg/L were significantly 

different, and a significant difference between smoked and oral (p = 0.008) also was 

observed. 

When examining differences between occasional and frequent cannabis smokers, 

tlast data were analyzed by group regardless of screening device, as no significant 

differences were observed between devices (Table 25), and because sample sizes for 

frequent and occasional smokers were too small if stratified by devices. Comparisons of 

frequent and occasional smokers’ overall OF THC tlast and tlast by route are summarized 

in Table 26. Overall, frequent smokers had significantly later median tlast (5 h for all 

cutoffs) compared to occasional smokers (1.5-3.5 h) for all confirmatory cutoffs. After 

smoking, frequent smokers’ median tlast
 (10 h) were significantly later than occasional 

smokers (3.5 h) only when confirming at THC ≥2 and 5 µg/L. No significant differences 

in THC OF tlast were observed between groups after vaporized or oral cannabis 

administration.
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Table 26. Median (range) time of last detection for frequent and occasional smokers for screening results alone and with different THC oral fluid confirmation 

cutoffs overall (both screening devices and all routes) and by route (following controlled smoked, vaporized, or oral administration of 6.9% THC cannabis) for 

11 frequent and 9 occasional smokers. 

Quantitative confirmation cutoff (µg/L) 
Median [range] tlast (h) 

p-value (frequent vs. occasional)a 
Frequent Occasional 

Overall (both devices, all routes)    

  n 33 26  

   Screen positive only 5.0 [0.25-26] 3.5 [0.25-20] 0.0311b 

   THC ≥ 5 5.0 [0.25-20] 1.5 [0.25-20] 0.0154 
   THC ≥ 2 (SAMHSA) 5.0 [0.25-26] 3.5 [0.25-20] 0.0116 
   THC ≥ 1 (DRUID) 5.0 [0.25-26] 3.5 [0.25-20] 0.0281 
   THC ≥ 0.2 (LOQ) 5.0 [0.25-26] 3.5 [0.25-20] 0.0311 
Smoked (both devices)    

  n 11 9  

   Screen positive only 10 [0.25-20] 5.0 [0.25-20] 0.1170 

   THC ≥ 5 10 [0.25-20] 3.5 [0.25-20] 0.0295b 
   THC ≥ 2 (SAMHSA) 10 [0.25-20] 3.5 [0.25-20] 0.0318 

   THC ≥ 1 (DRUID) 10 [0.25-20] 5.0 [0.25-20] 0.0928 

   THC ≥ 0.2 (LOQ) 10 [0.25-20] 5.0 [0.25-20] 0.1170 

Vaporized (both devices)    

  n 11 8c  

   Screen positive only 1.5 [1.5-26] 1.5 [0.25-8] 0.1207 

   THC ≥ 5 1.5 [1.5-12] 1.5 [0.25-8] 0.0694 

   THC ≥ 2 (SAMHSA) 1.5 [1.5-26] 1.5 [0.25-8] 0.1207 

   THC ≥ 1 (DRUID) 1.5 [1.5-26] 1.5 [0.25-8] 0.1207 

   THC ≥ 0.2 (LOQ) 1.5 [1.5-26] 1.5 [0.25-8] 0.1207 
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Table 26. (Continued from previous page) Median (range) time of last detection for frequent and occasional smokers for screening results alone and with 

different THC oral fluid confirmation cutoffs overall (both screening devices and all routes) and by route (following controlled smoked, vaporized, or oral 

administration of 6.9% THC cannabis) for 11 frequent and 9 occasional smokers. 

Quantitative confirmation cutoff (µg/L) 
Median [range] tlast (h) 

p-value (frequent vs. occasional)a 
Frequent Occasional 

Oral (both devices)    

  n 11 9  

   Screen positive only 5.0 [1.5-20] 3.5 [3.5-5] 0.2439 

   THC ≥ 5 3.5 [1.5-14] 3.5 [1.5-5] 0.9100 

   THC ≥ 2 (SAMHSA) 5.0 [1.5-20] 3.5 [1.5-5] 0.3158 

   THC ≥ 1 (DRUID) 5.0 [1.5-20] 3.5 [3.5-5] 0.2439 

   THC ≥ 0.2 (LOQ) 5.0 [1.5-20] 3.5 [3.5-5] 0.2439 
aMann-Whitney U test was used to compare frequent vs. occasional smokers’ results for each condition. 
bThe p values less than 0.05 are shown in boldface letters. 
cOne occasional smoker never had a positive DT5000 screening result after the vaporized dose. 
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Detection rates of positive screening tests alone (DT5000, 5 µg/L THC cutoff and 

DDS2, 25 µg/L THC cutoff) and in combination with different confirmatory cutoffs (TP) 

are presented overall, by device, and by smoking group in Figure 25, Figure 26, and 

Figure 27. Overall, positive results by screening only tests lasted until 44 and 50 h for 

DT5000 and DDS2, respectively. There were no TP results with THC ≥0.2, 1 and 2 µg/L 

cutoffs at 44, 44, and 32 h, respectively, for DT5000 and at 50, 26, and 26 h, respectively, 

for DDS2 (Figure 25); all tests from both devices were negative by 26 h with a THC ≥5 

µg/L cutoff. When comparing the two screening devices by administration route, no TP 

occurred for DT5000 after any route at 44 or 32 h with THC ≥1 or 2 µg/L cutoffs, 

respectively (Figure 26). For DDS2, no TP were observed after smoking or oral dosing at 

26 h, and after vaporization at 12 h with THC ≥1 or 2 µg/L cutoffs, respectively. 

Sporadic positive tests (0.5-4.1 µg/L THC) occurred with the DDS2 device for two 

participants 12-20 h following the oral dose. A THC ≥5 µg/L cutoff did not shorten 

detection windows after smoking or oral dosing for DT5000, but no TP was observed at 

14 h after vaporization; detection windows after smoking and vaporization with the 

DDS2 were similar with a THC ≥5 µg/L cutoff, but no TP after oral dosing was observed 

at 8 h. When examining detection windows by smoking group, no TP were observed for 

frequent smokers at 44 or 32 h after any administration with THC ≥1 or 2 µg/L cutoffs, 

respectively (Figure 27); detection windows were shortened to 26 h when frequent 

smokers’ OF were confirmed with THC ≥5 µg/L. For occasional smokers, no TP were 

observed 26 h after smoked cannabis administration when confirming with THC ≥1, 2, or 

5 µg/L; detection windows were 10 and 8 h for vaporized and oral administration, 

respectively, regardless of confirmatory cutoffs. 
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Discussion 

Few data are available for examining DT5000 on-site OF screening device 

performance following controlled vaporized or oral cannabis administration, while no 

data are available for the DDS2 screening device following any controlled cannabis 

administration. We previously published cannabinoid OF pharmacokinetics for this 

cohort (222). Here, we describe paired on-site screening results with confirmatory 

 

Figure 25. Overall oral fluid (OF) detection rates after controlled smoked, vaporized, and oral 

cannabis (50.6 mg ∆9-tetrahydrocannabinol [THC]) in 11 frequent and 9 occasional smokers in 

samples collected with Dräger DrugTest 5000 (DT5000) or Alere DDS2 (DDS2) on-site screening 

test and Quantisal confirmation devices up to 72 h post-dose. Detection rates are shown for 

positive screening tests and true positive results at European Union Driving under the Influences 

of Drugs, Alcohol and Medicines (DRUID, 1 ug/L), Substance Abuse and Mental Health Services 

Association (SAMHSA, 2 ug/L), and 5 ug/L confirmatory OF THC cutoffs. 
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Figure 26. OF detection rates by collection device after controlled smoked, vaporized, and oral 

cannabis (50.6 mg THC) in 11 frequent and 9 occasional smokers in samples collected with 

Dräger DrugTest 5000 (DT5000, left) or Alere DDS2 (DDS2, right) on-site screening test and 

Quantisal confirmation devices up to 72 h post-dose. 
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Figure 27. OF detection rates by smoking group after controlled smoked, vaporized, and oral 

cannabis (50.6 mg THC) in 11 frequent (left) and 9 occasional (right) smokers in samples 

collected with Dräger DrugTest 5000 or Alere DDS2 on-site screening test and Quantisal 

confirmation devices up to 72 h post-dose. 
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Quantisal OF results in frequent and occasional smokers following controlled smoked, 

vaporized, and oral cannabis administration. 

Overall, the OF on-site screening devices performed similarly in terms of 

sensitivity, specificity, and efficiency. Suggested performance criteria (≥80%) were 

generally met, regardless of smoking group, device or administration route, when 

confirming at OF THC ≥5 µg/L. However, sensitivity always decreased when confirming 

THC at the lower THC ≥1 or 2 µg/L cutoffs (Table 24). DT5000 sensitivity with a THC 

≥5 µg/L cutoff was <80% in several other roadside and controlled administration studies 

(130, 132, 136, 137). Reports of high sensitivity were often only examining a few hours 

after drug intake (138, 142), while we report up to 54 and 72 h for occasional and 

frequent smokers, respectively. The longer performance studies are conducted post-dose, 

the greater the opportunity for obtaining FN results when confirming below the 

manufacturers’ screening cutoffs; however, TP results are maximized at these lower 

cutoffs (Table 24). It is important to understand device performance over short and long 

time frames, as times after cannabis intake and dose are generally not known in DUID 

cases. 

Despite differences in screening cutoffs (5 vs. 25 µg/L THC for DT5000 vs. 

DDS2), the two devices exhibited similar performance criteria. Additionally, no 

significant differences for tlast were observed between devices (Table 25). There were no 

significant differences in tlast between routes for the DT5000. However, shortened tlast 

were observed after vaporization compared to smoking with the DDS2 for all evaluated 

cutoffs; a significant difference was observed between smoked and oral doses when 

confirming at THC ≥5 µg/L. It was noted previously that mean OF THC concentrations 
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following vaporization trended lower (although not significantly) than those produced 

after smoking, but THC concentrations were significantly higher after inhaled (smoked 

and vaporized doses) compared to the oral dose (222). These differences in tlast were 

observed with DDS2 but not with DT5000 (Figure 26), likely due to the higher DDS2 

screening cutoff. 

Interpreting cannabinoid concentrations is difficult as different smoking histories 

produce different pharmacokinetic profiles. In this study, we examined differences 

between frequent and occasional cannabis users. Because no differences between devices 

were observed (Table 25), we analyzed each group’s samples from both on-site devices 

together. There was insufficient sample size to execute proper statistical evaluations 

between groups for each device separately. Overall tlast were significantly later for 

frequent smokers for all evaluated conditions. After smoking, frequent smokers’ tlast were 

later compared to occasional smokers’ when confirming at higher THC cutoffs (2 and 5 

µg/L) (Table 26). Mean [range] OF THC Cmax following smoking (2789 [141-8503] 

µg/L) and vaporization (1874 [68.6-7373] µg/L) were generally higher in frequent 

smokers (not significantly) compared to occasional smokers (837 [81.4-5914] and 845 

[7.6-3279] µg/L, respectively) (222). Higher observed THC concentrations in frequent 

smokers correspond to the observed higher detection rates and longer detection times 

(Figure 27). According to our analytical assay with low LOQ, 6/11, 3/11, and 2/11 

frequent and 0/9, 1/9, and 1/9 occasional smokers’ Quantisal samples were still THC 

positive 72 and 54 h after smoked, vaporized, and oral cannabis, respectively, making it 

difficult to statistically assess differences in tlast between groups at lower THC cutoffs 

(222).  



 

230 

 

It is critically important to compare OF THC detection windows to windows of 

performance impairment. If these windows are nearly the same, then OF THC could be a 

good marker for DUID. If the OF THC detection windows are shorter than windows of 

performance impairment, OF THC will miss impairment cases; if they are longer than 

impairment windows, they may reliably identify past cannabis intake, but necessitate 

another method to identify cannabis impairment (e.g. standardized field sobriety tests 

performed by trained police officers).  

The primary purpose of an on-site screening test is to identify as many TP cases 

as possible, and secondarily to avoid identification of FP tests (those that do not confirm). 

The performance of an OF THC on-site screening test to accomplish this goal is 

dependent on the quality of the on-site testing system, confirmation cutoff, time since 

cannabis intake, cannabis administration route, and use history. While TP were observed 

for the DT5000 device up to 44 h post-dose, detection rates fell below 20% within 20 h 

(Figure 25), regardless of route or confirmation cutoff. The detection window for the 

DDS2 after smoking was similar to the DT5000 but shorter following vaporized and oral 

cannabis (Figure 26). Positive results following previous consecutive negatives observed 

at 44 h post-dose coincided with the first collection of the day (6 a.m.) and could be the 

result of previous THC deposits releasing into oral fluid as stimulated by the collection 

device. This phenomenon requires additional research to determine if this is a consistent 

result and elucidate why this might occur. A combination of higher DDS2 screening 

cutoff and lower THC concentrations produced by vaporized and oral cannabis can 

account for the shortened detection windows. When considering smoking group and route 

regardless of screening device, detection windows could be shortened to 14-20 h for 
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frequent smokers when confirming with a THC ≥5 µg/L cutoff. Occasional smokers 

exhibited overall shorter detection windows as expected due to lower OF THC 

concentrations compared to frequent smokers (Figure 27). However, when investigating 

DUID, smoking frequency, time since last use, and dosage will not be available, and 

investigators will be tasked with interpreting a single OF specimen. In order to utilize OF 

THC concentrations for DUID, higher confirmatory cutoffs (5 µg/L) appear preferable, 

but also must be considered alongside standardized field sobriety tests results and 

observed poor driving behavior. For purposes of workplace testing, emergency room, 

drug treatment and drug court testing, longer detection windows are desired and require 

lower OF THC confirmatory cutoffs (1-2 µg/L). As OF cannabinoid concentrations 

generally reflect recent (within 1 day) use, confirmatory cutoffs should be selected to best 

serve the purpose of the OF drug testing. 

 

Conclusions 

We present performance of two on-site devices for screening OF THC in frequent 

and occasional cannabis smokers following controlled smoked, vaporized and oral 

cannabis administrations. These data fill a necessary knowledge gap in on-site (or 

roadside) OF screening performance and aid interpretation of OF THC data. Overall, 

devices did not differ in their performance; at a THC ≥5 µg/L confirmation cutoff, overall 

performance criteria were ≥80% for both devices. At lower THC ≥1-2 µg/L cutoffs, TP 

results were maximized but sensitivity was <80% from increased FN results due to a 

confirmation cutoff lower than the screening cutoff. Therefore, the confirmatory cutoff 

relative to the screening cutoff must be considered when interpreting OF THC results. 

Additionally, differences in screening cutoffs between devices must be considered; for 
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example, significantly later tlast were observed after smoking compared to vaporization at 

all cutoffs for DDS2 due to its higher screening cutoff (25 µg/L) compared to DT5000 (5 

µg/L). As OF cannabinoid concentrations result from oromucosal contamination, care 

must be taken in interpreting results as concentrations may not be directly correlated with 

blood concentrations or impairment. The confirmatory OF THC cutoff should be selected 

to best support the needs of the OF drug testing program, as our data demonstrated in this 

study.
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Table 27. (Supplemental) Demographic data and cannabis smoking histories for 11 frequent and 9 occasional smokers.  

Participant 

Oral 

Fluid 

Screening 

Devicea 

Sex 
Age 

(years) 
Raceb BMI 

(kg/m2) 

Age at 

first usec 

Lifetime 

Years 

Smokedc 

Cannabis 

Intake 

Frequencyc 

Time 

between last 

use and 

admissiond 

Number 

of days 

used in 

last 14d 

Average joint or 

joint equivalent 

per smoking 

occasiond 

Frequent Smokers 

A A M 21 AA 26.5 16 5 Daily 17.2 h 14 5 

B A M 22 AA, U 31.0 15 7 Daily 19.3 h 10 4 

C A M 19 AA 19.8 13 6 Daily 18.7 h 14 4 

D A F 23 AA 31.9 13 10 Daily 7.9 h 14 10 

E D M 38 AA 32.2 12 26 Daily 2.4 h 14 15 

F D F 29 AA 31.0 11 18 Daily 1.9 h 14 20 

G A M 38 AA 22.0 16 22 Daily 2.1 h 14 7 

H D M 34 AA 23.0 14 20 5x/week 239.7 he 2e 2e 

I D M 21 AA 25.0 11 10 Daily 0.7 h 14 5 

J D M 25 AA 19.0 13 12 5x/week 5.8 h 14 2 

K A M 31 AA 16.8 15 16 2-3x/weekf 5.1 hf 4f 2.5f 

Mean   27.4 g 25.3 13.5 g 13.9  8.4 h 13.6 g 8.0 g 

SD   6.9  5.6 1.8 6.9  7.8 h 1.3 6.0 

Median   25.3  25.0 13.0 12.3  5.8 h 14.0 5.0 
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Table 27. (Continued from previous page) (Supplemental) Demographic data and cannabis smoking histories for 11 frequent and 9 occasional smokers. 

Participant 

Oral 

Fluid 

Screening 

Devicea 

Sex 
Age 

(years) 
Raceb BMI 

(kg/m2) 

Age at 

first usec 

Lifetime 

Years 

Smokedc 

Cannabis 

Intake 

Frequencyc 

Time 

between last 

use and 

admissiond 

Number 

of days 

used in 

last 14d 

Average joint or 

joint equivalent 

per smoking 

occasiond 

Occasional Smokers 

L D M 24 AA 36.3 17 7 2x/month 1.4 days 3 2 

M D M 21 AA 23.0 13 8 2x/week 0.7 days 4 2 

N A M 25 W 24.2 21 4 2x/week 13.0 days 1 3 

O A M 40 W 28.3 18 22 2x/week 30.7 days 0 2 

P D F 46 AA 31.0 26 20 2x/week 0.4 days 4 4 

Q D M 33 AA 30.7 16 17 2x/month 22.8 days 0 3 

R A F 22 W 22.0 16 6 2x/week 1.7 days 4 1 

S A F 22 W 23.0 14 8 2x/week 1.1 days 10 2 

T D M 31 W 21.7 22 9 1-2x/week 1.8 days 2 2 

Mean   29.4 g 26.7 18.1g 11.3  8.2 days 3.1g 2.3g 

SD   8.6  5.1 4.2 6.3  11.4 days 3.1 0.9 

Median   24.9  24.2 17.0 8.5  1.7 days 3.0 2.0 
aA, Alere DDS2; D, Draeger DrugTest 5000. 
bAA, African American; W, white; U, unknown. 
cData collected during screening. 
dData collected on admission to Session 1. 
eSelf-reported data on admission inconsistent with data received at screening. Data excluded from statistics. 
fSelf-reported data inconsistent with biological sample concentrations. Data excluded from statistics. 
gSignificant difference between groups (p <0.05). 
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Chapter 10 - Cannabis Edibles: Blood and Oral Fluid Cannabinoid 

Pharmacokinetics and Evaluation of Oral Fluid Screening Devices for 

Predicting Δ9-Tetrahydrocannabinol in Blood and Oral Fluid Following 

Cannabis Brownie Administration 

 

Abstract 

Background: Roadside oral fluid (OF) Δ9-tetrahydrocannabinol (THC) detection indicates 

recent cannabis intake. OF and blood THC pharmacokinetic data are limited and there are 

no on-site OF screening performance evaluations after controlled edible cannabis.  

Content: We reviewed OF and blood cannabinoid pharmacokinetics and performance 

evaluations of the Draeger DrugTest® 5000 (DT5000) and Alere™ DDS®2 (DDS2) on-

site OF screening devices. We also present data from a controlled oral cannabis 

administration session.  

Summary: OF THC maximum concentrations (Cmax) were similar in frequent as 

compared to occasional smokers, while blood THC Cmax were higher in frequent (mean 

[range] 17.7 [8.0-36.1] µg/L) smokers compared to occasional (8.2 [3.2-14.3] µg/L) 

smokers. Minor cannabinoids Δ9-tetrahydrocannabivarin and cannabigerol were never 

detected in blood, and not in OF by 5 or 8 h, respectively, with 0.3 µg/L cutoffs. 

Recommended performance (analytical sensitivity, specificity and efficiency) criteria for 

screening devices of ≥80% are difficult to meet when maximizing true positive (TP) 

results with confirmation cutoffs below the screening cutoff. TP were greatest with OF 

confirmation cutoffs of THC ≥1 and ≥2 µg/L, but analytical sensitivities were <80% due 

to false negative tests arising from confirmation cutoffs below the DT5000 and DDS2 

screening cutoffs; all criteria were >80% with an OF THC ≥5 µg/L cutoff. Performance 

criteria also were >80% with a blood THC ≥5 µg/L confirmation cutoff; however, 
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positive OF screening results might not confirm due to the time required to collect blood 

after a crash or police stop. OF confirmation is recommended for roadside OF screening. 

 

Introduction 

Blood and/or oral fluid (OF) Δ9-tetrahydrocannabinol (THC) showed the largest increase 

in prevalence among U.S. weekend nighttime drivers from 8.6% in 2007 to 12.6% in 

2013-2014 (56). Increasing cannabis use among drivers poses a public health and safety 

risk due to increased crash risk associated with cannabis intake (61, 62, 65, 205). In U.S. 

adults aged ≥18 y who had ever consumed cannabis, 29.8% had consumed cannabis via 

“edibles or drinks” within the previous 30 days (102). Few data are available for blood 

(82, 103, 105, 112) and OF (92, 112) cannabinoid pharmacokinetics and there are no data 

for on-site OF screening devices following edible cannabis administration. Here, we 

review blood and OF cannabinoid pharmacokinetics and their relationship following 

cannabis edible ingestion, and Draeger DrugTest® 5000 (DT5000) and AlereTM DDS®2 

(DDS2) on-site OF screening performance. We also present results from an original 

edible cannabis administration study addressing identified knowledge gaps.  

 

Blood cannabinoid pharmacokinetics after oral dosing 

Following ingestion of a 20 mg THC cookie, maximum plasma THC 

concentrations (Cmax) were 4.4-11 µg/L at 60-300 min, demonstrating slow and erratic 

absorption after oral dosing; the mean ± SD (range) THC bioavailability was 6 ± 3% (4-

12%) (103). After eating brownies containing 8.4 mg or 16.9 mg cannabis extract or 

placebo cannabis laced with equivalent THC, mean plasma THC Cmax were ~4-5 µg/L 

and ~7-9 µg/L, respectively (equal doses combined) (82). Following ingestion of milk 
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decoctions containing 16.5 or 45.7 mg THC, blood Cmax were 3.8 (1.5-8.3) and 8.4 (3.9-

13.1) µg/L for THC,  4.7 (2.7-7.0) and 12.8 (3.4-24.7) µg/L for 11-hydroxy-THC (11-

OH-THC), and 27.8 (14.1-42.4) and 66.2 (31.1-99.9) µg/L for 11-nor-9-carboxy-THC 

(THCCOOH), respectively (105). Finally, after eating brownies containing ~10, 25 or 50 

mg THC, blood Cmax were 1.0 (0.0-3.0), 3.5 (3.0-4.0), and 3.3 (1.0-5.0) µg/L for THC, 

1.0 (0.0-2.0), 3.3 (2.0-5.0), and 3.2 (2.0-4.0) µg/L for 11-OH-THC, and 7.2 (5.0-14.0), 

21.3 (12.0-39.0), and 29.3 (16.0-44.0) µg/L for THCCOOH, respectively; cannabinoid 

detection times were 0-22, 0-12, and 3-94 h, respectively (112). 

 Minor cannabinoids (THC-glucuronide, cannabidiol [CBD], and cannabinol 

[CBN]) in blood were evaluated as recent cannabis use markers (89, 91) after smoking a 

6.8% THC cigarette. Detection in frequent smokers’ blood was up to 0.6, 0.5, and 2.1 h, 

respectively (91). Other minor cannabinoids (cannabigerol [CBG], Δ9-

tetrahydrocannabivarin [THCV], and 11-nor-9-carboxy-THCV [THCVCOOH]) may also 

serve as recent use markers; however, their blood pharmacokinetics have not been 

characterized, with previous identification only in cannabis smokers’ urine (124, 127, 

200). 

 

OF cannabinoid pharmacokinetics after oral dosing 

OF is an attractive matrix for workplace, clinical, drug treatment, and driving under 

the influence of drugs (DUID) settings due to advantages over blood or urine, including 

non-invasive direct observation during sample collection, thus deterring adulteration. OF 

drug detection indicates recent intake but administration route, extent of plasma protein 

binding, drug pKa, and drug use frequency influence results and complicate interpretation 

(23, 224). Disadvantages include small sample volume and analyte dilution in buffer, 
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necessitating sensitive analytical techniques, and reduced salivation after stimulant 

intake. 

Cannabinoid OF pharmacokinetics were investigated following smoked (92-98, 210, 

221) and vaporized (137) cannabis. Oromucosal deposition during cannabis inhalation is 

primarily responsible for observed OF THC, with little contribution initially from blood. 

OF THC peaks during or shortly after inhalation (222), followed by rapid concentration 

decreases. OF THCCOOH is primarily detected after chronic frequent intake (96, 210, 

221), with peak concentrations ≤763 ng/L following smoking of a 6.8% THC cigarette 

(94). CBD and CBN also were detected in OF following cannabis smoking, with 

observed peak concentrations ≤588 and ≤1558 µg/L, respectively, and last detection 

times of 2-6 h (94), potentially indicating recent cannabis intake. Recently, we 

investigated the utility of THCV and CBG as recent-use OF markers (222). THCV Cmax 

and tlast were ≤146, ≤159, and ≤14.5 µg/L and ≤12, ≤8, and ≤5 h, respectively following 

smoked, vaporized, and oral cannabis, and for CBG were ≤602, ≤394, and ≤60.6 µg/L 

and ≤26, ≤20, and ≤10 h, respectively. 11-OH-THC is rarely detected in OF; previous 

Cmax were 1.3 µg/L in expectorated OF from a chronic frequent smoker (95) and 4.4 and 

5.5 µg/L in frequent and occasional smokers’ OF after smoked cannabis (222).  

Previous OF oral investigations administered Marinol® (synthetic encapsulated THC 

that does not contaminate the oral mucosa) (113-115) or Sativex, an oromucosal spray 

with equivalent THC and CBD doses (115). Following 20-25 mg THC brownie 

administration, observed OF THC Cmax were 1.2-7.1 µg/L 1-2 h post-dose (1 h first 

collection), with 2 of 3 participants’ OF THC-negative by 16 h (0.2 µg/L limit of 

quantification [LOQ]) and the third participant still positive at 72 h (92). In a separate 
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study with brownies containing ~10, 25 or 50 mg THC, observed mean (range) OF Cmax 

were 192 (47.0-412), 478 (70.0-1128), and 598 (350-1010) µg/L for THC and 50.8 (0.0-

231), 140 (23.0-251), and 314 (0.0-822) ng/L for THCCOOH, respectively (112).  

 

Relationship between blood and OF cannabinoid pharmacokinetics 

High inter-subject variability in OF/serum or plasma THC ratios is typically 

observed, precluding blood cannabinoid concentration estimations from OF data. 

Following smoking a 3.55% (33.8 mg) THC cigarette, the mean (SD, range) OF/plasma 

THC ratio from 0.33-4.0 h post-dose in a single participant was 1.2 (0.6, 0.5-2.2) (97). 

Larger OF/serum THC ratios were observed after smoked 13.8-22.3 mg THC (mean±SD 

46.2±27.0, range 11.6-105) and 27.5-44.5 mg THC (35.8±20.3, 11.3-63.9) doses from 

0.25-6 h (98). The median (range) OF/serum THC ratio over 8 h in frequent and 

occasional smokers was 16.5 (0.3-425) after smoking 22.5-47.5 mg THC (93). 

OF/plasma THC ratios in a separate group from 1.0-17.1 h after smoking a 5.9% (53.1 

mg) THC cigarette were 0.04-47.7 (225). Median (range) OF/blood (9.4 [0.3-887]) and 

OF/plasma (7.3 [0.2-585]) THC ratios were similarly variable following vaporized low 

(14.5 mg THC) and high (33.5 mg THC) cannabis, with and without ethanol (226). Wide 

median (range) OF/blood THC ratios also were observed for drivers in epidemiological 

investigations stopped at random (14 [1.0-190]) (227) or for suspected DUID (15 [(0.01-

569]) (228). 

In chronic frequent cannabis users at baseline, median (range) OF/plasma THC 

ratio was 0.5 (0.03-12.0) prior to around-the-clock oral 40-120 mg dronabinol daily 

doses; over 8 days, OF THC concentrations decreased but significant increases in plasma 

THC concentrations occurred (229). Similarly, during 5-day dronabinol maintenance (0-
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120 mg THC/day), OF/plasma THC ratios in daily cannabis smokers decreased from 2.6-

7.8 to 0.9-2.0 over 5 h, and after 5 dosing days the ratios were 0.02-0.2; only 6.0% of OF 

specimens were THC-positive versus 98.9% of plasma specimens on day 5 (225). There 

was no oromucosal contamination by dronabinol due to encapsulation. 

 

On-site OF screening devices 

Rapid and sensitive on-site OF devices offer advantages for roadside drug screening, 

allowing trained officers to presumptively identify drug use, without lengthy delays 

associated with blood collection. The European Union Driving under the Influence of 

Drugs, Alcohol and Medicines (DRUID) program suggested an 80% target for analytical 

sensitivity, specificity, and efficiency when evaluating devices (129). The Substance 

Abuse and Mental Health Services Administration (SAMHSA) requires a 2 µg/L OF 

THC confirmatory cutoff for workplace drug testing settings (24), while DRUID 

implemented a 1 µg/L OF THC confirmatory cutoff (25). Analytical sensitivities, 

specificities, and efficiencies of the DT5000 (5 µg/L THC cutoff) were 53.0-80.8%, 95.5-

99.0%, and 84.0-92.0%, respectively, in drug addiction centers (130, 131) or DUID (132) 

OF samples with OF THC 1-10 µg/L confirmatory cutoffs. Others reported an improved 

92.3% analytical sensitivity for drivers stopped during roadside patrols (133). 

Performance of the DT5000 also was evaluated in controlled research settings following 

smoked (134-136) and vaporized (137) cannabis; at least one performance criterion was 

<80% in these studies.  

OF THC concentrations cannot be accurately converted to blood concentrations; 

however, it would be useful if OF could predict THC presence in blood. Utilizing 
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residual OF from the swab of a first-generation DrugTest device (≥10 µg/L 

chromatographic cutoff), roadside sensitivity, specificity, and efficiency of predicting 

THC in serum (≥0.5 µg/L cutoff) was 91.8%, 91.3%, and 91.5%, respectively, among 

suspected DUID drivers; median (range) serum collection was 1 (0.1-3.3) h later (138). 

DrugTest roadside sensitivity, specificity, and efficiency (20 µg/L cutoff) for predicting 

plasma THC (≥0.5 µg/L) in police controls were 50.9%, 92.9%, and 55.7%, respectively. 

When raising the THC plasma cutoff to ≥2.0 µg/L (Belgian limit), performance was 

57.8%, 87.5%, and 65.6%, respectively (139). Other suspected impaired driver 

evaluations confirmed results for the newer DT5000 with plasma (140) or serum (135, 

141), finding 84.8-93.0% roadside sensitivity, 47.0-71.4% specificity, and 79.6-90.0% 

efficiency.  Among research participants administered 19.6-32.8 mg smoked THC, 

DT5000 roadside sensitivity at any time point 0.25-4 h after smoking was 82-100% with 

a serum THC ≥5 µg/L cutoff (142). Differences in device performance may be due to 

different populations, confirmatory matrices, OF collection devices, and cutoffs.  

In the only published data available, the DDS2 OF screening device (25 µg/L cutoff) 

had 100% analytical sensitivity from 5 THC-positive drivers with a 2 µg/L confirmatory 

OF cutoff (143). 

Neither the DT5000 nor DDS2 on-site devices were evaluated following edible 

cannabis. Additional characterization of the relationship between blood and OF 

cannabinoid pharmacokinetics following ingestion of cannabis-containing edibles is 

required. 
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Edible cannabis administration study 

Materials and methods 

Participants 

Adults 18-50 years old were recruited for this Institutional Review Board-, 

Federal Drug Administration-, and Drug Enforcement Administration-approved study. 

Inclusion criteria were self-reported cannabis intake frequency ≥2 x/month but <3 x/week 

(occasional smokers), or ≥5 x/week (frequent smokers) for the previous three months, 

and a positive urine cannabinoid screen (frequent smokers). Exclusion criteria were 

systolic blood pressure (BP) >140 mmHg, diastolic BP >90 mmHg or heart rate >100 

bpm; clinically significant electrocardiogram abnormality; inability to discontinue 

contraindicated medication; physical dependence on any drug other than cannabis, 

caffeine or nicotine; medicinal cannabis use; medical condition or history of neurological 

illness; history of clinically significant adverse cannabis event; donating >450 mL blood 

within 8 weeks; pregnant or nursing women; interest or participation in a drug abuse 

treatment program within 90 days; and food allergy or sensitivity to gluten, dairy, egg, 

soy and/or chocolate. Individuals provided written, informed consent. 

 

Study design 

We describe results of an optional dosing session of a larger clinical protocol 

investigating cannabis pharmacodynamics and pharmacokinetics following multiple 

administration routes over 4 sessions (222, 223). Frequent smokers remained on the 

clinical unit from the 4th visit and were dosed the following weekday, ≥96 h after the 

previous cannabis dose, to ensure low blood and OF baseline cannabinoid concentrations. 
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Occasional smokers could not remain on the unit if a dosing frequency greater than their 

self-reported intake frequency would occur.  

Participants consumed an entire oral cannabis dose (~50.6 mg THC, 1.5 mg CBD 

and 3.3 mg CBN baked in a brownie) within 10 min, and resided on the research unit for 

48 h. Details of brownie preparation are presented elsewhere (222, 223). 

Venous blood was collected into potassium oxalate (8 mg)/sodium fluoride (10 

mg) Vacutainer® tubes (BD, part #367922), aliquoted into 3.6-mL Nunc® cryotubes 

(Thomas Scientific), and stored at -20˚C until analysis. OF specimens collected with the 

QuantisalTM
 device (Immunalysis) were followed by the DT5000 or DDS2 on-site 

screening device (randomly assigned per participant). OF was collected until volume-

adequacy indicators turned blue or 5 min elapsed. Oral intake was prohibited 10 min 

prior to OF collection. Specimens were collected on admission, at baseline (-1 h), and 

0.33 (OF only), 0.5 (blood only), 1, 1.5, 3.5, 5, 6 (blood only), 8, 10, 14, 20, 26, 32, 38, 

44, and 48 h after dosing. 

 

Blood analysis 

Blood cannabinoids were quantified via a previously published LC-MS/MS 

method (204). Briefly, 0.2 mL blood was deproteinized with acetonitrile and the 

cannabinoids extracted from supernatants with disposable pipette extraction (DPX) 

WAX-S tips (DPX Labs). A diluted aliquot of the resulting organic phase was injected 

onto a 5500 QTRAP® (Sciex) mass spectrometer. Linear ranges were 0.5-100 µg/L for 

THC and THCCOOH, 0.5-50 µg/L for 11-OH-THC, CBD, CBN, and THC-glucuronide, 

1-100 µg/L for CBG, THCV, and 11-nor-9-carboxy-THCV (THCVCOOH), and 5-500 
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µg/L for THCCOOH-glucuronide. Inter-assay accuracy was 88.9-115% and imprecision 

was ≤8.5% CV. 

 

Oral fluid analysis 

DT5000 and DDS2 specimens were analyzed immediately after collection, with 

qualitative “positive” or “negative” results at 5 or 25 µg/L THC cutoffs, respectively. 

Quantisal OF cannabinoids were quantified for THC, THCCOOH, 11-OH-THC, THCV, 

CBD, and CBG by a previously published LC-MS/MS method (193). Briefly, samples (1 

mL elution buffer OF mixture containing 0.25 mL OF) were mixed with 0.3 mL of 1 

mol/L ammonium acetate buffer (pH 4) and hydrolyzed with β-glucuronidase, acidified 

and extracted with cation exchange solid-phase columns. Cannabinoids were analyzed on 

a 6500 QTRAP® (Sciex) mass spectrometer employing atmospheric pressure chemical 

ionization with 0.2 µg/L LOQ (except 15 ng/L THCCOOH). Inter-assay accuracy was 

88.1-106% and imprecision was ≤8.2% CV. 

 

Data analysis 

Demographic data differences between groups were evaluated with independent 

samples t-tests with SPSS® Statistics 20 for Windows (IBM). Noncompartmental 

pharmacokinetic analyses were performed with Phoenix® WinNonlin® 6.4 for Windows 

(Pharsight Software). Analysis of Cmax, baseline-adjusted Cmax (baseline concentrations 

subtracted from post-dose Cmax), time to Cmax (tmax), and last detection time (tlast) 

differences between smoking groups were evaluated by independent samples t-tests. 

OF/blood THC ratios were calculated when analytes were ≥LOQ in both paired samples. 

Time and smoking group effects on OF/blood THC ratios were evaluated by repeated-



 

245 

 

measures analysis of variance (ANOVA); post-hoc tests were conducted with a 

Bonferroni correction. Only ratios from 0.5-5 h post-dose were evaluated to maximize 

specimens included in the analysis. OF collected at 0.33 h and blood collected at 0.5 h 

were paired as 0.5 h post-dose.  Qualitative DT5000 and DDS2 results were compared to 

quantitative OF and blood results. Statistical significance was attributed to a p <0.05. A 

true positive (TP) sample screened positive and confirmed positive for THC; a true 

negative (TN) screened and confirmed negative. A false positive (FP) sample screened 

positive but THC was ≤ the evaluated cutoff; a false negative (FN) screened negative but 

THC was ≥ the evaluated cutoff. Sensitivity (%) = TP/(TP+FN)*100; specificity (%) = 

TN/(TN+FP)*100; and efficiency (%) = (TP+TN)/total*100. Analytical performance 

compared OF THC screening results to OF THC confirmation results, and roadside 

performance compared OF THC screening results to blood THC confirmation results. 

These parameters were evaluated with OF THC cutoffs 0.2 µg/L (LOQ), 1 µg/L 

(DRUID), 2 µg/L (SAMHSA), 5 µg/L, and 10 and 25 µg/L (DDS2 only), and blood 

cutoffs 1, 2, 5, and 10 µg/L. 

 

Results 

Participants 

Table 28 summarizes 9 frequent and 7 occasional cannabis smokers’ demographic 

information (ages 19-46 years, 87.5% male, 75% African American). Participant K 

originally self-reported occasional cannabis intake, but was reclassified as a frequent 

smoker because baseline and post-dose THC and metabolite concentrations were 

consistent with published frequent smoker data  (89, 91); all other participants’ 

cannabinoid pharmacokinetics were consistent with self-report. Occasional smokers
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Table 28. Demographic data and cannabis smoking histories for 9 frequent and 7 occasional smokers 

Participant Sex 
Age 

(years) 

Race and 

Ethnicitya 

BMI 

(kg/m2) 

Age at 

first useb 

Lifetime 

Years 

Smokedb 

Cannabis 

Intake 

Frequencyb 

Time between 

last use and 

admissionc 

Number of 

days used in 

last 14c 

Average joint 

equivalents per 

smoking 

occasionc 

Frequent Smokers 

A M 21 AA 26.5 16 5 Daily 17.2 h 14 5 

B M 22 AA 31.0 15 7 Daily 19.3 h 10 4 

C M 19 AA 19.8 13 6 Daily 18.7 h 14 4 

E M 38 AA 32.2 12 26 Daily 2.4 h 14 15 

G M 38 AA 22.0 16 22 Daily 2.1 h 14 7 

H M 34 AA 23.0 14 20 5x/week 239.7 hd 2d 2d 

I M 21 AA 25.0 11 10 Daily 0.7 h 14 5 

J M 25 AA 19.0 13 12 5x/week 5.8 h 14 2 

K M 31 AA 16.8 15 16 2-3x/weeke 5.1 he 4e 2.5e 

Mean  27.7  23.9 13.9* 13.8  9.5 13.4* 6.0* 

SD  7.6  5.3 1.8 7.5  8.5 1.5 4.2 

Median  25.3  23.0 14.0 12.3  5.8 14.0 5.0 

Occasional Smokers 

L M 24 AA 36.3 17 7 2x/month 1.4 days 3 2 

M M 21 AA 23.0 13 8 2x/week 0.7 days 4 2 

N M 25 W 24.2 21 4 2x/week 13.0 days 1 3 

O M 40 W 28.3 18 22 2x/week 30.7 days 0 2 

P F 46 AA 31.0 26 20 2x/week 0.4 days 4 4 

S F 22 W 23.0 14 8 2x/week 1.1 days 10 2 

T M 31 W 21.7 22 9 1-2x/week 1.8 days 2 2 

Mean  30.0  26.8 18.7* 11.2  7.0 3.4* 2.4* 

SD  9.4  5.4 4.6 6.7  11.4 3.3 0.8 

Median  24.9  24.2 18.0 8.5  1.4 3.0 2.0 

p-value     0.033    <0.001 0.049 

aAA, African American; W, white. 
bData collected during screening. 
cData collected on admission to Session 1. 
dSelf-reported data on admission inconsistent with data received at screening. Data excluded from statistics. 
eSelf-reported data inconsistent with biological sample concentrations. Data excluded from statistics. 

*Significant difference between groups. 
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began smoking at a significantly older age (p = 0.033), smoked on a significantly fewer 

number of days out of the previous 14 (p <0.001), and smoked significantly less per 

smoking occasion (p = 0.049). 

 

Blood pharmacokinetics 

Blood concentration-time plots are presented in Figure 28, and cannabinoid 

pharmacokinetic parameters – including statistical comparisons – are summarized in 

Table 29. Overall, 255 blood (143 frequent, 112 occasional) samples were collected. 

CBD, CBN, THCV, and CBG were not detected.  

 All frequent smokers’ blood specimens were positive for THC (0.7-2.7 µg/L), 

THCCOOH (3.9-104 µg/L), and THCCOOH-glucuronide (9.2-113 µg/L) at baseline. 

Among occasional smokers at baseline, only THCCOOH was detected (57.1%, 0.6-1.5 

µg/L). Mean (range) observed THC Cmax was significantly greater in frequent (17.7 [8.0-

36.1] µg/L) than in occasional (8.2 [3.2-14.3] µg/L; p = 0.040) smokers. After subtracting 

baseline concentrations, frequent smokers’ THC Cmax were minimally reduced (16.2 [5.3-

34.6] µg/L), but no longer significantly different from occasional smokers (p = 0.079). At 

the final collection time (48 h), THC was detected in all frequent smokers’ specimens 

(0.6-2.0 µg/L), while no occasional smokers’ specimen was positive; occasional smokers’ 

mean blood THC tlast was 17 (8.0-38) h, significantly shorter than frequent smokers’ (>48 

h; p <0.001). 11-OH-THC was not observed at baseline in any participant; time courses 

were similar between groups, but frequent smokers’ mean blood Cmax (8.2 [4.7-11.4] 

µg/L) was significantly higher than occasional smokers’ (5.6 [4.1-8.6] µg/L; p = 0.043).  

 With a blood THC ≥1 µg/L cutoff, 33% of frequent smokers were positive at 48 

h; with THC ≥2 or 5 µg/L cutoffs, no frequent smoker was positive by 48 or 14 h,  
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Figure 28. Mean +SD blood cannabinoid concentrations from 9 frequent and 7 occasional 

cannabis smokers following administration of an oral cannabis dose containing ~50.6 mg THC. 

Dotted line is limit of quantification. Data presented on a log scale. THC Δ9-tetrahydrocannabinol, 

11-OH-THC 11-hydroxy-THC, THCCOOH 11-nor-9-carboxy-THC, THCVCOOH 11-nor-9-

carboxy-Δ9-tetrahydrocannabivarin. 
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Table 29. Summary of observed and baseline-adjusted maximum concentrations (Cmax), time to Cmax (tmax) and time of last positive (tlast) in frequent and 

occasional cannabis smokers after an oral cannabis dose containing ~50.6 mg Δ9-tetrahydrocannabinol (THC).  

Analyte & Parameter 

Frequent Smokers  Occasional Smokers 

t p Mean, Median 

(range) 

 Mean, Median 

(range) 

Blood      

THC      

Cmax, µg/L 17.7, 14.7 (8.0-36.1)  8.2, 8.6 (3.2-14.3) 2.263 0.040 
Adjusted Cmax, µg/L 16.2, 12.8 (5.3-34.6)  8.2, 8.6 (3.2-14.3) 1.895 0.079 

tmax, h 2.5, 3.5 (1.0-3.5)  2.2, 1.5 (1.0-5.0) 0.429 0.674 

tlast, h >48  17, 14 (8.0-38.0) 8.193 <0.001 

11-OH-THC      

Cmax, µg/L 8.2, 9.2 (4.7-11.4)  5.6, 5.2 (4.1-8.6) 2.221 0.043 

tmax, h 2.8, 3.5 (1.0-3.5)  2.6, 3.5 (1.5-3.5) 0.247 0.808 

tlast, h 28, 26 (8.0 - >48)  21, 20 (14-32) 1.392 0.192 

THCCOOH      

Cmax, µg/L 58.4, 50.0 (27.8-152)  39.7, 38.2 (26.5-61.2) 1.260 0.228 

Adjusted Cmax, µg/L 39.9, 39.1 (23.6-55.9)  39.0, 37.2 (26.5-59.7) 0.142 0.889 

tmax, h 3.3, 3.5 (1.5-3.5)  3.2, 3.5 (1.5-3.5) 0.178 0.861 

tlast, h >48  >48 - - 

THCVCOOH      

Cmax, µg/L 1.9, 1.6 (1.1-3.9)  1.6, 1.6 (1.1-2.1) 0.926 0.370 

tmax, h 3.1, 3.5 (1.5-3.5)  2.3, 1.5 (1.0-3.5) 1.519 0.151 

tlast, h 9.2, 5.0 (1.5-26)  8.7, 7.8 (1.8-15) 0.719 0.484 

THCCOOH-glucuronide      

Cmax, µg/L 98.4, 82.1 (63.9-171)  86.2, 73.5 (43.1-183) 0.584 0.568 

Adjusted Cmax, µg/L 68.5, 61.2 (50.6-110)  86.2, 73.5 (43.1-183) -1.030 0.321 

tmax, h 4.8, 5.0 (3.5-8.0)  4.6, 5.0 (3.5-6.0) 0.293 0.774 

tlast, h >48  47, >48 (44 - >48) 1.000 0.356 
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Table 29. (Continued from previous page). Summary of observed and baseline-adjusted maximum concentrations (Cmax), time to Cmax (tmax) and time of last 

positive (tlast) in frequent and occasional cannabis smokers after an oral cannabis dose containing ~50.6 mg Δ9-tetrahydrocannabinol (THC).  

Analyte & Parameter 

Frequent Smokers  Occasional Smokers 

t p Mean, Median 

(range) 

 Mean, Median 

(range) 

Oral Fluid      

THC      

Cmax, µg/L 573, 464 (39.3-2111)  362, 392 (115-696) 0.867 0.401 

tmax, h 0.33  0.33 - - 

tlast, h 39, 44 (20 - >48)  23, 26 (20-26) 3.876 0.003 

11-OH-THC*      

Cmax, µg/L 0.6, 0.7 (0.2-1.2)  0.4, 0.4 (0.3-0.6) 1.521 0.156 

tmax, h 0.40, 0.33 (0.33-1.0)  0.60, 0.33 (0.33-1.5) -0.983 0.347 

tlast, h 1.1, 1.0 (0.33-3.5)  1.4, 1.3 (0.33-3.5) -0.333 0.745 

THCCOOH      

Cmax, ng/L 329, 262 (123-1009)  318, 191 (27.9-1281) 0.062 0.951 

Adjusted Cmax, ng/L 285, 186 (123-849)  315, 191 (27.9-1263) -0.179 0.861 

tmax, h 12, 5 (3.5-48)  10, 10 (0.33-20) 0.357 0.726 

tlast, h >48  41, 44 (26 - >48) 1.943 0.100 

THCV      

Cmax, µg/L 7.4, 6.8 (1.3-19.4)  5.4, 4.7 (1.6-10.6) 0.802 0.436 

tmax, h 0.33  0.33 - - 

tlast, h 2.4, 1.5 (1.5-3.5)  1.9, 1.5 (1.0-3.5) 0.852 0.409 

CBD      

Cmax, µg/L 14.0, 12.4 (2.0-29.7)  10.8, 9.0 (4.0-18.4) 0.807 0.433 

tmax, h 0.33  0.33 - - 

tlast, h 3.0, 3.5 (1.5-5.0)  2.6, 3.5 (1.0-3.5) 0.708 0.491 

CBG      

Cmax, µg/L 31.2, 27.2 (3.5-90.1)  21.2, 22.6 (7.5-33.9) 0.936 0.365 

tmax, h 0.33  0.33 - - 

tlast, h 3.6, 3.5 (1.5-5.0)  4.6, 3.5 (1.0-14) -0.643 0.531 
Independent samples t-statistics and p-values comparing data between smoking groups are reported. Bolded p-values designate significance. 

*N = 7 for frequent smokers, N = 6 for occasional smokers. 
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respectively. No occasional smoker was positive with a THC ≥1, 2, or 5 µg/L cutoff by 

26, 14, or 6 h, respectively. 

 No significant differences in any blood pharmacokinetic parameter for 

THCCOOH or THCCOOH-glucuronide between groups were observed (Table 29), 

although frequent smokers’ mean concentrations for both analytes trended higher. At 48 

h, THCCOOH was present in all frequent (7.2-75.8 µg/L) and occasional (1.7-9.9 µg/L) 

smokers’ specimens, while THCCOOH-glucuronide (with a higher LOQ) was present in 

all frequent (16.3-87.0 µg/L) and 85.7% of occasional (11.0-27.0 µg/L) smokers’ 

specimens.  

THCVCOOH was detected at least once in all participants, with low Cmax (≤3.9 

µg/L), and mean tlast of 9.2 (1.5-26) and 8.7 (1.8-15) h in frequent and occasional 

smokers, respectively. Finally, THC-glucuronide was detected at least once in 44.4% and 

14.3% of frequent and occasional smokers, respectively, with Cmax (0.6-0.8 µg/L) 0-3.5 h 

post-dose. 

 

Oral fluid pharmacokinetics 

Participants’ OF concentration-time plots are presented in Figure 29 and, 

cannabinoid pharmacokinetic parameters – including statistical comparisons – in Table 

29. Overall, 240 OF (135 frequent, 105 occasional) specimens were collected. THC was 

detected in five (55.6%) frequent smokers’ (0.2-9.6 µg/L, ≤1.7% THC Cmax) and no 

occasional smokers’ OF at baseline. Peak OF THC concentrations were observed at the 

first collection (0.33 h) with no significant difference (p = 0.401) in mean Cmax between 

frequent (573 [39.3-2,111] µg/L) and occasional (362 [115-696] µg/L) smokers. THC 

was detected in frequent smokers’ OF significantly longer (39 [20 - >48] h) than in  
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Figure 29. Mean +SD oral fluid cannabinoid concentrations from 9 frequent and 7 occasional 

cannabis smokers following administration of an oral cannabis dose containing ~50.6 mg THC. 

Dotted line is limit of quantification. Data presented on a log scale. THC Δ9-tetrahydrocannabinol, 

11-OH-THC 11-hydroxy-THC, THCCOOH 11-nor-9-carboxy-THC, THCV Δ9-

tetrahydrocannabivarin, CBD cannabidiol, CBG cannabigerol. 
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occasional smokers’ (23 [20-26] h; p = 0.003). At discharge (48 h), 44.4% of 

frequent smokers were THC-positive (0.3-2.6 µg/L), while no occasional smoker was 

THC-positive beyond 26 h.  

With 1 and 2 µg/L cutoffs, 100% of frequent smokers were THC-positive at 0.33 

h post-dose, decreasing to 66.7 and 22.2% at 20 h, and 11.1% (both cutoffs) at 48 h, 

respectively; no occasional smoker was positive by 26 h. With a 5 µg/L cutoff, no 

frequent or occasional smoker was positive by 20 or 5 h, respectively. 

 Differences between groups in THCCOOH pharmacokinetics were not observed. 

Five frequent (55.6%, 24.9-159 ng/L) and one occasional (16.7%, 18.5 ng/L) smoker 

were OF THCCOOH-positive at baseline. Concentrations remained ≥15 ng/L throughout 

48 h, with all frequent (23.5-643 ng/L) and 42.9% of occasional (16.4-77.9 ng/L) 

smokers positive at 48 h. THCCOOH tmax was highly variable across groups (frequent, 12 

[3.5-48] h; occasional, 10 [0.33-20] h). 

 No participants’ OF was positive for 11-OH-THC, THCV, CBD, or CBG at 

baseline and, in most participants, tlast were early, indicating recent use. 11-OH-THC was 

detected at least once (≤1.2 µg/L) in 77.8% and 85.7% of frequent and occasional 

smokers’ OF, respectively, with tlast ≤5 h. All participants’ OF were positive at least once 

for THCV, CBD, and CBG, all with a 0.33 h tmax. CBG Cmax in frequent and occasional 

smokers were 31.2 (3.5-90.1) and 21.2 (7.5-33.9) µg/L, respectively. At 0.2 µg/L, THCV 

and CBD tlast were ≤3.5 and ≤5 h, respectively, while CBG tlast was ≤14 h, with no 

differences between groups. 
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Oral fluid/blood THC ratios 

Table 31 (Supplemental) summarizes OF/blood THC ratios at all times with 

measurable THC in both matrices. All frequent and occasional smokers had measurable 

ratios from 1-20 and 1-5 h, respectively. At 48 h, 44.4% of frequent smokers had 

measurable ratios while no occasional smokers had measurable ratios by 32 h. Mean 

ratios were 0.2-1.0 in frequent smokers from 3.5-48 h and 1.0-3.1 in occasional smokers 

from 3.5-20 h. 

All participants had measurable OF/blood THC ratios through 5 h, except one 

frequent and one occasional smoker without measurable ratios at 0.5 h; only data within 5 

h were statistically compared. There was a significant time effect (p = 0.002), with 

significantly larger ratios at 0.5 h than at 1 (p = 0.033), 1.5 (p = 0.024), 3.5 (p = 0.022), or 

5 (p = 0.022) h post-dose. OF and blood THC concentrations were not significantly 

correlated when all participants’ data were analyzed together (p = 0.6380), split by group 

(frequent, p = 0.713; occasional, p = 0.067), or when data from only 1-5 h were included 

(p = 0.422). 

 

On-site oral fluid device performance 

Overall, 103 DT5000 (60 samples from 4 frequent and 43 samples from 3 

occasional smokers) and 134 DDS2 (72 samples from 5 frequent and 62 samples from 4 

occasional smokers) results were obtained. Performance characteristics at various OF and 

blood confirmation cutoffs are summarized in Table 30. The only OF cutoff that achieved 

analytical sensitivity, specificity, and efficiency ≥80% was THC ≥5 µg/L overall and for 

each smoking group. Additionally, the only blood confirmation cutoff that demonstrated 

acceptable performance was THC ≥5 µg/L in only occasional smokers; analytical
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Table 30. Performance characteristics for the Draeger DrugTest 5000 (5 µg/L Δ9-tetrahydrocannabinol [THC] cutoff) and Alere DDS2 (25 µg/L THC cutoff) 

on-site oral fluid screening devices with various oral fluid and blood confirmation cutoffs over 48 h following administration of an oral cannabis dose 

containing ~50.6 mg THC. 

Confirmation Cutoff (µg/L) TP TN FP FN 
Sensitivity 

 (%) 

Specificity 

 (%) 

Efficiency 

(%) 

DrugTest 5000        

  All participants (N=103)        

   Oral Fluid        

     THC ≥5 25 71 4 3 89.3 94.7 93.2 

     THC ≥2 (SAMHSA) 28 46 1 28 50.0 97.9 71.8 

     THC ≥1 (DRUID) 28 46 1 28 50.0 97.9 71.8 

     THC ≥0.2 (LOQ) 29 20 0 54 34.9 100 47.6 

   Blood        

     THC ≥10 7 71 22 3 70.0 76.3 75.7 

     THC ≥5  14 69 15 5 73.7 82.1 80.6 

     THC ≥2  23 44 6 30 43.4 88.0 65.0 

     THC ≥1  25 27 4 47 34.7 87.1 50.5 

  All participants, ≤5 h (N=42)        

   Oral Fluid        

     THC ≥5 25 12 2 3 89.3 85.7 88.1 

     THC ≥2 (SAMHSA) 27 7 0 8 77.1 100 81.0 

     THC ≥1 (DRUID) 27 7 0 8 77.1 100 81.0 

     THC ≥0.2 (LOQ) 27 3 0 12 69.2 100 71.4 

  All participants, ≤8 h (N=49)        

   Oral Fluid        

     THC ≥5 25 18 3 3 89.3 85.7 87.8 

     THC ≥2 (SAMHSA) 28 8 0 13 68.3 100 73.5 

     THC ≥1 (DRUID) 28 8 0 13 68.3 100 73.5 

     THC ≥0.2 (LOQ) 28 3 0 18 60.9 100 63.3 
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Table 30. (Continued from previous page) Performance characteristics for the Draeger DrugTest 5000 (5 µg/L Δ9-tetrahydrocannabinol [THC] cutoff) and 

Alere DDS2 (25 µg/L THC cutoff) on-site oral fluid screening devices with various oral fluid and blood confirmation cutoffs over 48 h following 

administration of an oral cannabis dose containing ~50.6 mg THC. 

Confirmation Cutoff (µg/L) TP TN FP FN 
Sensitivity 

 (%) 

Specificity 

 (%) 

Efficiency 

(%) 

DrugTest 5000 (continued)        

  All participants, ≤10 h (N=56)        

   Oral Fluid        

     THC ≥5 25 25 3 3 89.3 89.3 89.3 

     THC ≥2 (SAMHSA) 28 9 0 19 59.6 100 66.1 

     THC ≥1 (DRUID) 28 9 0 19 59.6 100 66.1 

     THC ≥0.2 (LOQ) 28 3 0 25 52.8 100 55.4 

  All participants, ≤20 h (N=68)        

   Oral Fluid        

     THC ≥5 25 37 3 3 89.3 92.5 91.2 

     THC ≥2 (SAMHSA) 28 13 0 27 50.9 100 60.0 

     THC ≥1 (DRUID) 28 13 0 27 50.9 100 60.0 

     THC ≥0.2 (LOQ) 28 3 0 37 43.1 100 45.6 

  Frequent Smokers (N=60)        

   Oral Fluid        

     THC ≥5 14 40 3 3 82.4 93.0 90.0 

     THC ≥2 (SAMHSA) 16 22 1 21 43.2 95.7 63.3 

     THC ≥1 (DRUID) 16 22 1 21 43.2 95.7 63.3 

     THC ≥0.2 (LOQ) 17 4 0 39 30.4 100 35.0 

  Blood        

     THC ≥10 6 40 11 3 66.7 78.4 76.7 

     THC ≥5  9 38 8 5 64.3 82.6 78.3 

     THC ≥2  15 17 2 26 36.6 89.5 53.3 

     THC ≥1  15 2 2 41 26.8 50.0 28.3 
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Table 30. (Continued from previous page) Performance characteristics for the Draeger DrugTest 5000 (5 µg/L Δ9-tetrahydrocannabinol [THC] cutoff) and 

Alere DDS2 (25 µg/L THC cutoff) on-site oral fluid screening devices with various oral fluid and blood confirmation cutoffs over 48 h following 

administration of an oral cannabis dose containing ~50.6 mg THC. 

Confirmation Cutoff (µg/L) TP TN FP FN 
Sensitivity 

 (%) 

Specificity 

 (%) 

Efficiency 

(%) 

DrugTest 5000 (continued)        

  Occasional Smokers (N=43)        

   Oral Fluid        

     THC ≥5 11 31 1 0 100 96.9 97.7 

     THC ≥2 (SAMHSA) 12 24 0 7 63.2 100 83.7 

     THC ≥1 (DRUID) 12 24 0 7 63.2 100 83.7 

     THC ≥0.2 (LOQ) 12 16 0 15 44.4 100 65.1 

  Blood        

     THC ≥10 1 31 11 0 100 73.8 74.4 

     THC ≥5  5 31 7 0 100 81.6 83.7 

     THC ≥2  8 27 4 4 66.7 87.1 81.4 

     THC ≥1  10 25 2 6 62.5 92.6 81.4 

Alere DDS2        

  All participants (N=134)        

   Oral Fluid        

     THC ≥25 21 89 23 1 95.5 79.5 82.1 

     THC ≥10 24 89 20 1 96.0 81.7 84.3 

     THC ≥5 30 89 14 1 96.8 86.4 88.8 

     THC ≥2 (SAMHSA) 37 67 7 23 61.7 90.5 77.6 

     THC ≥1 (DRUID) 37 67 7 23 61.7 90.5 77.6 

     THC ≥0.2 (LOQ) 41 38 3 52 44.1 92.7 59.0 

   Blood        

     THC ≥10 9 88 35 2 81.8 71.5 72.4 

     THC ≥5  18 87 26 3 85.7 77.0 78.4 

     THC ≥2  27 76 17 14 65.9 81.7 76.9 

     THC ≥1  34 46 10 44 43.6 82.1 59.7 
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Table 30. (Continued from previous page) Performance characteristics for the Draeger DrugTest 5000 (5 µg/L Δ9-tetrahydrocannabinol [THC] cutoff) and 

Alere DDS2 (25 µg/L THC cutoff) on-site oral fluid screening devices with various oral fluid and blood confirmation cutoffs over 48 h following 

administration of an oral cannabis dose containing ~50.6 mg THC. 

Confirmation Cutoff (µg/L) TP TN FP FN 
Sensitivity 

 (%) 

Specificity 

 (%) 

Efficiency 

(%) 

Alere DDS2 (continued)        

  All participants, ≤5 h (N=52)        

   Oral Fluid        

     THC ≥25 20 18 14 1 95.2 56.3 71.7 

     THC ≥10 23 18 11 1 95.8 62.1 77.4 

     THC ≥5 29 18 5 1 96.7 78.3 88.7 

     THC ≥2 (SAMHSA) 34 13 0 6 85.0 100 88.7 

     THC ≥1 (DRUID) 34 13 0 6 85.0 100 88.7 

     THC ≥0.2 (LOQ) 34 8 0 10 77.3 100 80.8 

  All participants, ≤8 h (N=61)        

   Oral Fluid        

     THC ≥25 20 24 16 1 95.2 60.0 72.1 

     THC ≥10 23 24 13 1 95.8 64.9 77.0 

     THC ≥5 29 24 7 1 96.7 77.4 86.9 

     THC ≥2 (SAMHSA) 35 15 1 10 77.8 93.8 82.0 

     THC ≥1 (DRUID) 35 15 1 10 77.8 93.8 82.0 

     THC ≥0.2 (LOQ) 36 8 0 17 67.9 100 72.1 

  All participants, ≤10 h (N=69)        

   Oral Fluid        

     THC ≥25 20 31 17 1 95.2 64.6 73.9 

     THC ≥10 23 31 14 1 95.8 68.9 78.3 

     THC ≥5 29 31 8 1 96.7 79.5 87.0 

     THC ≥2 (SAMHSA) 35 18 2 14 71.4 90.0 76.8 

     THC ≥1 (DRUID) 35 18 2 14 71.4 90.0 76.8 

     THC ≥0.2 (LOQ) 37 8 0 24 60.7 100 65.2 
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Table 30. (Continued from previous page) Performance characteristics for the Draeger DrugTest 5000 (5 µg/L Δ9-tetrahydrocannabinol [THC] cutoff) and 

Alere DDS2 (25 µg/L THC cutoff) on-site oral fluid screening devices with various oral fluid and blood confirmation cutoffs over 48 h following 

administration of an oral cannabis dose containing ~50.6 mg THC. 

Confirmation Cutoff (µg/L) TP TN FP FN 
Sensitivity 

 (%) 

Specificity 

 (%) 

Efficiency 

(%) 

Alere DDS2 (continued)        

  All participants, ≤20 h (N=86)        

   Oral Fluid        

     THC ≥25 20 45 20 1 95.2 69.2 75.6 

     THC ≥10 23 45 17 1 95.8 72.6 79.1 

     THC ≥5 29 45 11 1 96.7 80.4 86.0 

     THC ≥2 (SAMHSA) 36 26 4 20 64.3 86.7 72.1 

     THC ≥1 (DRUID) 36 26 4 20 64.3 86.7 72.1 

     THC ≥0.2 (LOQ) 40 8 0 38 51.3 100 55.8 

  Frequent Smokers (N=72)        

   Oral Fluid        

     THC ≥25 12 52 8 0 100 86.7 88.9 

     THC ≥10 15 52 5 0 100 91.2 93.1 

     THC ≥5 17 52 3 0 100 94.5 95.8 

     THC ≥2 (SAMHSA) 20 38 0 14 58.8 100 80.6 

     THC ≥1 (DRUID) 20 38 0 14 58.8 100 80.6 

     THC ≥0.2 (LOQ) 20 18 0 34 37.0 100 52.8 

  Blood        

     THC ≥10 6 50 14 2 75.0 78.1 77.8 

     THC ≥5  12 49 8 3 80.0 86.0 84.7 

     THC ≥2  16 39 4 13 55.2 90.7 76.4 

     THC ≥1  20 12 0 40 33.3 100 44.4 

  Occasional Smokers (N=62)        

   Oral Fluid        

     THC ≥25 9 37 15 1 90.0 71.2 74.2 

     THC ≥10 9 37 15 1 90.0 71.2 74.2 
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Table 30. (Continued from previous page) Performance characteristics for the Draeger DrugTest 5000 (5 µg/L Δ9-tetrahydrocannabinol [THC] cutoff) and 

Alere DDS2 (25 µg/L THC cutoff) on-site oral fluid screening devices with various oral fluid and blood confirmation cutoffs over 48 h following 

administration of an oral cannabis dose containing ~50.6 mg THC. 

Confirmation Cutoff (µg/L) TP TN FP FN 
Sensitivity 

 (%) 

Specificity 

 (%) 

Efficiency 

(%) 

Alere DDS2 (continued)        

  Occasional Smokers (N=62) (continued)        

     THC ≥5 13 37 11 1 92.9 77.1 80.6 

     THC ≥2 (SAMHSA) 17 29 7 9 65.4 80.6 74.2 

     THC ≥1 (DRUID) 17 29 7 9 65.4 80.6 74.2 

     THC ≥0.2 (LOQ) 21 20 3 18 53.8 87.0 66.1 

  Blood        

     THC ≥10 3 38 21 0 100 64.4 66.1 

     THC ≥5  6 38 18 0 100 67.9 71.0 

     THC ≥2  11 37 13 1 91.7 74.0 77.4 

     THC ≥1  14 34 10 4 77.8 77.3 77.4 

Data are presented for all participants, and for frequent (N = 4 for DrugTest 5000, 5 for DDS2) and occasional (N = 3 for DrugTest 5000, 4 for DDS2) 

smokers separately. Additionally, device performance characteristics among all participants within 5, 8, 10 and 20 h post-dose with oral fluid cutoffs are 

presented for comparison to the entire time course. Bolded confirmation cutoffs designate those with sensitivity, specificity, and efficiency ≥80%. TP true 

positive; TN true negative; FP false positive; FN false negative; SAMHSA Substance Abuse and Mental Health Services Administration; DRUID Driving 

Under the Influence of Drugs, Alcohol and Medicines; LOQ limit of quantification. 
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sensitivity and efficiency were 64.3% and 78.3% for frequent smokers. This difference is 

due to 5 FN results observed only in frequent smokers;   

 DDS2 performance criteria were ≥80% at OF THC ≥10 and 5 µg/L overall. For 

frequent smokers, criteria were ≥80% at OF THC ≥25, 10 and 5 µg/L, but not for 

occasional smokers. In the OF THC cutoff range 5-25 µg/L, analytical sensitivity, 

specificity, and efficiency were 90.0-92.9%, 71.2-77.1%, and 74.2-80.6%, respectively 

for occasional smokers. Between 3-8 FP results were observed in frequent smokers with 

OF THC ≥5-25 µg/L cutoffs (4.2-11.1% of frequent smokers’ total DDS2 tests), while 

11-15 FP results were observed in occasional smokers in the same OF THC cutoff range 

(17.7-24.2% of occasional smokers’ total DDS2 tests). One occasional smoker had 9 FP 

results with a 5 µg/L OF THC cutoff, representing 81.8% of all occasional smokers’ FP 

results; OF THC concentrations were <LOQ-1.2 µg/L for these FP results. The only other 

analyte present in the participants’ OF when FP were observed was THCCOOH at 

<LOQ-28 ng/L. Similarly, a blood THC ≥5 µg/L cutoff produced performance criteria 

≥80% only in frequent smokers due to high FP results in one occasional smoker.  

Device performances within shorter time courses also are summarized in Table 

30; for ease of comparison, only performance among all participants with OF cutoffs was 

considered. In general, performance at a cutoff is improved when monitoring over a 

shorter time course compared to the entire 48 h session. This is particularly true when 

confirming with a cutoff below the screening cutoff. For example, when considering 

performance of a THC ≥2 µg/L cutoff for the DT5000, the proportion of tests that were 

FN decreased from 27.2% to 19.0% when analyzing across a 48 h to a 5 h time course, 

respectively. As a result, performance characteristics across 5 h were improved compared 
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to across 48 h. For the DDS2, this improvement was such that all performance criteria for 

the THC ≥1 and ≥2 µg/L cutoffs were ≥80%. One benefit of confirming at a cutoff below 

the screening cutoff is TP results are maximized; as shown in Table 3, the greatest 

number of TP results are observed with the lower confirmation cutoffs, regardless of the 

time course. However, as the time post-dose increases, the chance of observing a FN 

result increases when confirming below the screening cutoff.  

 Overall participant TP and TN detection rates with various OF and blood THC 

confirmatory cutoffs are presented in Figure 30. TP detection rates at 1 and 2 µg/L 

cutoffs were identical, with no TP observed by 10 and 26 h with the DT5000 and DDS2, 

respectively. With a confirmatory OF THC ≥5 µg/L cutoff, detection rates with both 

devices were similar at each time point, with no TP observed in either device by 8 h.  A 

blood THC ≥2 µg/L cutoff produced no TP by 10 and 14 h with DT5000 and DDS2 

respectively, while raising the cutoff to ≥5 µg/L reduced TP detection to <8 and <10 h, 

respectively. For DT5000, no TN were observed ≤5 and ≤3.5 h post-dose with OF cutoffs 

≥2 and ≥5 µg/L, respectively; at the same cutoffs for DDS2, no TN were observed ≤3.5 

and ≤1.5 h post-dose. TN increased more rapidly with OF THC ≥5 µg/L compared to ≥2 

µg/L. Similar trends were observed with blood THC cutoffs. 

 

Discussion 

Differences in blood cannabinoid pharmacokinetics between smoking groups 

were minimal and some differences observed in previous sessions (223) were not 

observed here, such as differences in blood THCCOOH and THCCOOH-glucuronide 

Cmax or 11-OH-THC tlast. Those differences were not observed likely because of frequent
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Figure 30. Percent true positive and true negative results from the Draeger DrugTest 5000 (4 frequent, 3 occasional cannabis smokers) and Alere DDS2 

(5 frequent, 4 occasional cannabis smokers) on-site oral fluid screening devices with oral fluid and blood THC ≥5 and ≥2 µg/L confirmatory cutoffs. 

THC Δ9-tetrahydrocannabinol, SAMHSA Substance Abuse and Mental Health Services Administration (2 µg/L THC OF cutoff; data were identical to 

the Driving Under the Influence of Drugs, Alcohol, and Medicines 1 µg/L THC cutoff). 
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smokers’ lower baseline concentrations compared to other sessions due to remaining on 

the closed research unit (≥96 h between cannabis doses). Other blood cannabinoid 

pharmacokinetic data were comparable to the previous oral administration session. The 

only significant group difference in OF pharmacokinetics was frequent smokers’ later 

THC tlast compared to occasional smokers’, consistent with the previous oral dosing 

session (222).  Unlike for blood, OF THC Cmax were not significantly different between 

groups because an oral dose is not amenable to titration that can occur during smoking or 

vaporization, and which contribute to group differences between frequent and occasional 

users (222). OF THC concentrations are primarily due to extensive oral mucosa 

contamination. 

These data represent total (free + hydrolyzed) OF THCCOOH results. 

THCCOOH-glucuronide was previously detected in a frequent smoker’s OF before and 

up to 48 h after cannabis smoking, with THCCOOH concentrations increasing following 

hydrolysis; in the same participant THC concentrations did not increase following base or 

enzymatic hydrolysis (215). There may not be THC-glucuronide in OF or it may be 

present in negligible concentrations, or the hydrolysis methods may not have been 

efficient at cleaving THC-glucuronide; no data on the hydrolysis efficiencies are 

presented, making interpreting the data difficult. No OF 11-OH-THC-glucuronide data 

exist, so it is unclear if the increase in prevalence of positive 11-OH-THC results 

observed compared to other investigations is due to glucuronide hydrolysis, or the 

administration route, and/or a more sensitive LOQ (0.2 versus 0.5μg/L). 

Limitations of the study include small participant populations for each device, 

limiting statistical comparisons when stratifying by device, smoking group, or both; and 



 

265 

 

inclusion of a single cannabis potency. Strengths of the study included frequent and 

occasional cannabis smoker groups, continuous residence on a closed research unit 

throughout the study sessions, characterization of minor cannabinoid pharmacokinetics 

following oral cannabis dosing, and evaluation of the relationship between OF and blood 

THC concentrations. For the first time, we compared performance of on-site OF devices 

following controlled edible cannabis administration. Since each participant was assigned 

to only one device, direct within-subject comparisons were not possible. 

One of the strongest advantages of OF collection is the ability to screen roadside 

for the presence of impairing drugs. OF and blood THC concentrations were significantly 

correlated from 0.8-8.3 h after cannabis vaporization (226), with THC concentrations in 

both matrices peaking during or shortly after vaporization followed by rapid decreases. In 

contrast, observed OF THC Cmax after oral brownie intake occurred at or before the first 

OF collection (0.33 h), while blood THC Cmax occurred 1.0-5.0 h later. However, 

following dronabinol or synthetic THC capsule intake, there is no oral mucosa 

contamination  (113, 115). These different pharmacokinetic time courses explain the lack 

of correlation between OF and blood concentrations during the first 5 h after edible 

cannabis. Route of administration and THC formulation greatly effect OF/blood THC 

ratios.  

In some countries, such as Germany, blood rather than OF is used to confirm 

positive OF THC screening results. DT5000 performance in drivers suspected of DUID 

(135, 140, 141) and in research volunteers following controlled smoked cannabis with 

and without ethanol (142) demonstrated good roadside sensitivity (80.8-93.0%) and 

efficiency (79.6-90%), but poor-to-moderate roadside specificity (47.0-71.4%) with 
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plasma/serum confirmatory cutoffs ≥1-5 µg/L THC.  The DT5000 and DDS2 had 

reduced roadside sensitivity (≤66.7%) with a blood THC cutoff ≤2 µg/L in our study, 

except for DDS2 testing of occasional smokers. Performance was acceptable with a 

confirmatory blood THC ≥5 µg/L cutoff for occasional smokers only with the DT5000 

and frequent smokers only with the DDS2. Blood THC concentrations decreased >73% 

within 30 min and >90% in 1.4 h after a vaporized cannabis dose (230), making 

confirmation of positive roadside OF screening results for cannabinoids problematic 

when blood collection times are highly variable and generally >1.4 h after a police stop or 

crash (153, 154). For these reasons, we recommend that onsite OF THC tests be 

confirmed with OF THC confirmation tests.   

Increasing the OF confirmation cutoff to match the manufacturer’s screening 

cutoff improved analytical performance above the minimum recommended limits, but TP 

results were not maximized. Lowering the OF confirmation cutoff to 1 or 2 µg/L 

maximized TP results but reduced analytical sensitivity for the on-site devices. If the 

acute THC impairment window is considered to be 6-8 h after intake, an OF confirmation 

cutoff could be selected to match this time frame. There were no TP OF results ≥8 h with 

either device when the OF THC confirmation cutoff was ≥5 µg/L, a useful testing 

protocol for roadside testing.  For other drug testing programs, such as drug treatment, a 

lower OF THC confirmation cutoff of ≥1 or 2 µg/L, produced TP results for 10 and 26 h 

with the DT5000 and DDS2, respectively, increasing the window of drug detection and 

potentially meeting the goals of drug testing in treatment settings (Figure 30).  

  A reliable conversion between blood and OF THC concentrations does not exist 

as concentrations between matrices were not correlated. Therefore, we recommend OF 
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screening utilizing either the DT5000 or DDS2 followed by OF confirmation. 

Recommended performance criteria for on-site OF screening devices of ≥80% are 

difficult to meet when maximizing TP results with confirmation cutoffs below screening 

cutoffs. Confirming with OF THC ≥5 µg/L is recommended for DUID settings to restrict 

the detection window to a similar impairment window, while confirming with ≥1 or 2 

µg/L was suitable for drug treatment programs. These recommendations are optimized 

for cannabis edibles; different recommendations may result following smoked or 

vaporized cannabis administrations. Since the administration route is generally unknown 

at the roadside, screening and confirmation data should be interpreted in tandem with 

observable impairment signs, such as driving behavior or performance on standardized 

field sobriety tests.  
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Table 31. (Supplemental) Summary of Δ9-tetrahydrocannabinol (THC) oral fluid/ blood ratios in 9 

frequent and 7 occasional smokers after an oral cannabis dose containing ~50.6 mg THC. 

Time Post-dose 

(h) 

Frequent Smokers (N = 9)  Occasional Smokers (N = 7) 

% Participants 
Mean, Median 

(range) 

 
% Participants 

Mean, Median 

(range) 

0.5 88.9 
249, 149 

(13.5-1111) 
 85.7 

427, 418 

(81.7-903) 

1 100 
23.7, 13.2 

(2.3-82.6) 
 100 

57.6, 30.8 

(3.3-233) 

1.5 100 
5.8, 3.7 

(0.7-21.5) 
 100 

29.0, 9.2 

(0.8-134) 

3.5 100 
1.0, 0.5 

(0.1-4.6) 
 100 

1.6, 0.9 

(0.6-4.3) 

5 100 
0.6, 0.3 

(0.1-1.5) 
 100 

1.0, 0.7 

(0.4-2.7) 

8 100 
0.6, 0.6 

(0.1-1.1) 
 85.7 

1.2, 1.2 

(0.1-2.3) 

10 100 
0.5, 0.6 

(0.1-0.9) 
 85.7 

1.6, 1.5 

(0.1-3.2) 

14 100 
0.9, 0.5 

(0.3-4.0) 
 57.1 

3.1, 2.7 

(0.3-6.6) 

20 100 
0.9, 0.8 

(0.3-2.5) 
 28.6 

1.5, 1.5 

(1.4-1.5) 

26 77.8 
0.4, 0.3 

(0.2-1.0) 
 14.3 0.5 

32 66.7 
0.2, 0.2 

(0.1-0.3) 
 0.0 - 

38 55.6 
0.2, 0.2 

(0.1-0.4) 
 0.0 - 

44 55.6 
0.7, 0.6 

(0.2-1.2) 
 0.0 - 

48 44.4 
0.9, 0.3 

(0.2-3.0) 
 0.0 - 

Only paired specimens in which THC was detected above the method limit of quantification (0.5 µg/L 

for blood, 0.2 µg/L for oral fluid) were included; percent of participants with THC detected in both 

specimens presented. 
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Chapter 11 – Evaluation of divided attention psychophysical task 

performance and effects on pupil sizes following smoked, vaporized, 

and oral cannabis administration 

 

Abstract 

Establishing science-based driving per se blood Δ9-tetrahydrocannabinol (THC) 

limits is challenging, in part because of prolonged THC detection in chronic, frequent 

users. Therefore, documenting observable signs of impairment is important for driving 

under the influence of drugs (DUID). We evaluated frequent and occasional cannabis 

smokers’ performance on the modified Romberg Balance (MRB), One Leg Stand (OLS), 

and Walk and Turn (WAT) tasks, and pupil size effects following controlled placebo 

(0.001% THC), smoked, vaporized, and oral (6.9% [~56 mg] THC) cannabis 

administration. Significant effects following inhaled doses were not observed due to 

delayed tasks administration 1.5 and 3.5 h post-dose, but significant impairment was 

observed after oral dosing (blood THC concentrations peaked 1.5-3.5 h post-dose). 

Occasional smokers’ odds of exhibiting ≥2 clues on the OLS or WAT following oral 

dosing were 6.4 (95% CI 2.3-18.4) times higher than after placebo, with THC and 11-

hydroxy-THC (11-OH-THC) blood concentrations individually producing odds ratios of 

1.3 (1.1-1.5) and 1.5 (1.3-1.8) for impairment in these tasks, respectively. Pupil sizes 

after oral dosing during the direct lighting condition were significantly larger than after 

placebo by mean (S.E., 95% CI) 0.4 (0.1, 0.2-0.6) mm at 1.5h and 0.5 (0.2, 0.2-0.8) mm 

at 3.5 h among all participants. Oral cannabis administration impaired occasional 

cannabis user performance on the OLS and WAT tasks compared to placebo, supporting 

other reports showing these tasks are sensitive to cannabis-related impairment. 

Occasional smokers’ impairment was related to blood THC and 11-OH-THC 
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concentrations. These are important public health policy findings as consumption of 

edible cannabis products increases. 

 

Introduction 

Cannabis prevalence among U.S. weekend nighttime drivers increased 48% from 

2007 to 2013-2014 (56). Increasing cannabis use among drivers poses a public health and 

safety risk due to an increased crash risk (61, 62, 65, 205). Establishing science-based per 

se limits for blood Δ9-tetrahydrocannabinol (THC) is difficult, in part, due to prolonged 

THC detection following chronic, frequent intake; THC was detected at 0.3 µg/L in some 

chronic frequent cannabis smokers’ blood 30 days after initiation of abstinence (70). In 

other frequent cannabis users, blood THC was >1 µg/L up to 6.5 days after last reported 

use, and in some, THC was ≥5 µg/L (one currently implemented per se cutoff) up to 5.4 

days after last reported use (231). Another contributing factor is that THC rapidly 

distributes from blood. After vaporized cannabis administration to occasional-to-

moderate smokers, maximum blood THC concentrations decreased a median 73.5% 

within 0.5 h post-dose and 90.3% by 1.4h, with median concentrations <5 µg/L by 3.3 h 

post-dose (230). Rapid decreases were similarly observed in frequent smokers (223), 

quickly returning to baseline concentrations. These factors contribute to the difficulty in 

relating blood THC concentrations to impairment. 

When an officer stops an individual suspected of driving under the influence 

(DUI), standardized field sobriety tests (SFSTs, e.g. horizontal gaze nystagmus [HGN], 

walk and turn [WAT], and one leg stand [OLS]) are performed, leading to arrest if 

impairment is observed. If impairment based on SFST observations is not consistent with 



 

271 

 

the suspect’s BAC or the officer is unsure of naming an impairing agent, a Drug 

Recognition Expert (DRE) evaluation may be requested. The DRE utilizes a standardized 

12-step procedure combining physiological, psychophysical, and observational evidence 

to form an opinion on which drug class(es) (CNS depressants, CNS stimulants, 

hallucinogens, dissociative anesthetics, narcotic analgesics, inhalants, and cannabis) 

contribute(s) to the impairment. 

 Smoked cannabis can produce impairment on tasks associated with driving 

performance (76), with an approximate 2-fold increase in risk of involvement in a motor 

vehicle crash (65); however, partial tolerance to some impairing effects was demonstrated 

in frequent cannabis smokers (75, 78-80). Following cannabis vaporization, an alternative 

inhalation route, occasional-to-moderate cannabis smokers demonstrated increased 

standard deviation of lateral position (SDLP, lane weave), similar to impairing alcohol 

concentrations, with during-drive blood THC ≥8.2 µg/L (122), while also demonstrating 

slower driving and greater headway (distance relative to a lead vehicle) (123). Following 

various oral cannabis doses, percent time spent in a pre-defined lane on a computerized 

tracking task was decreased (105). In another investigation, oral dronabinol increased 

SDLP and time to speed adaptation in occasional smokers (148). Oral THC produces 

delayed subjective and impairment effects, and are dependent on administered dose(s). 

Additionally, lower THC concentrations occur following oral dosing compared to inhaled 

cannabis. There is great uncertainty in THC content of commercial edible cannabis 

products, with 23% and 60% of tested products under-labeling and over-labeling THC 

content, respectively (232). This is concerning as cannabis-containing edibles also are 
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taken as medical cannabis and doses may be subtherapeutic, and because consumers may 

experience adverse effects if doses are larger than reported. 

We sought to evaluate frequent and occasional cannabis users’ performance on 

tasks from the Drug Evaluation and Classification Program (DECP) following controlled 

administration of placebo, smoked, vaporized, and oral cannabis; chosen tasks previously 

demonstrated sensitivity to cannabis-related impairment (142, 151, 152). The complex 

full study timeline only permitted psychophysical examinations at 1.5 and 3.5h. 

Improving interpretation of observed DUID impairment signs is critical, given the 

difficulty in establishing appropriate science-based per se THC limits for both occasional 

and frequent cannabis users and establishing relevant public health policy and legislation. 

 

Materials and methods 

Participants 

Adults 18-50 years old provided written, informed consent to participate in this 

National Institute on Drug Abuse (NIDA) Institutional Review Board-, Federal Drug 

Administration-, and Drug Enforcement Administration-approved study (222, 223). 

Inclusion criteria were average self-reported cannabis intake frequency ≥2x/month but 

<3x/week (occasional smokers), or ≥5x/week (frequent smokers) for the previous three 

months, and a positive urine cannabinoid screen (frequent smokers). All participants 

underwent extensive medical and psychological evaluations prior to study inclusion; 

anyone physically dependent on any drug other than cannabis, caffeine, or nicotine or 

who could not discontinue use of contraindicated medications during the study were 

excluded. 
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Study design 

This was a randomized, double-blind, placebo-controlled, crossover, double-

dummy study. Participants entered the secure research unit ~19 h before dosing to 

preclude acute intoxication. Cannabis cigarettes were supplied from NIDA Research 

Technology Branch. Active (0.734 ± 0.05 g) and placebo (0.713 ± 0.05 g) cigarettes 

contained 6.9 ± 0.95% (~50.6 mg) and 0.001 ± 0.000% THC, respectively. Oral cannabis 

doses were prepared per Duncan Hines® Double Fudge cake-like brownie instructions. 

The contents of an active or placebo cigarette were ground, baked for 30 min at 121 °C in 

aluminum foil, and mixed into equal portions of batter in a muffin tin. Following baking, 

individual doses were stored frozen, but allowed to thaw refrigerated overnight before 

dosing. 

The study timeline is summarized in Figure 31. Throughout 4 dosing sessions, 

participants were administered one active or placebo cannabis-containing brownie 

followed by one active or placebo cigarette or one active or placebo vaporized ground 

cannabis dose (210 °C, Volcano® Medic, Storz & Bickel). Only one active dose was 

administered per session. Participants consumed the oral and smoked or vaporized dose 

ad libitum for 10 min. Frequent smokers remained on the unit 72 h post-dose and left the 

unit for ≥72 h between sessions to minimize withdrawal symptoms. Occasional smokers 

remained on the unit 54 h post-dose, but could stay or leave between sessions if dosing 

was no more frequent than self-reported intake. Previous controlled cannabis studies 

informed our choice of time between sessions for occasional cannabis users (89, 91). 
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Blood was collected on admission (if applicable) and at baseline of every session for 

proper result interpretation. 

 

 

 

 

 

 

 

 

 

 

Psychophysical evaluations 

Psychophysical tests challenge the ability to divide attention between 

remembering directions while performing a physical task. A certified DRE trained 

research staff on conducting modified Romberg balance (MRB), OLS, and WAT tests. 

Descriptions of the tasks and the impairment clues or observations are summarized in 

Table 32. Observation of ≥2 clues is the DRE “impairment” criteria, originally validated 

for 0.08% blood alcohol concentrations (149). Due to constraints on the busy study 

timeline and the required time for psychophysical task presentation, the tests were 

administered 1.5 and 3.5 h post-dose.

Figure 31. Summary of study procedures, including times of placebo (0.001% Δ9-

tetrahydrocannabinol [THC]) or active (6.9% THC, ~50.6 mg) smoked and vaporized (inhaled) 

and oral cannabis administration, psychophysical exams (modified Romberg Balance, One Leg 

Stand, and Walk and Turn), and eye exams. 
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Table 32. Descriptions of administered divided attention psychophysical exams. 

Test Description Clues/Observations 

Modified Romberg Balance 

Participants were instructed to stand with 

their feet together, arms at their sides, 

head tipped back, and eyes closed while 

estimating 30 sec. 

No validated clues. Observations included 

side-to-side and front-to-back body sway, 

eyelid tremors, and the actual elapsed time 

during participants’ time estimation. 

One Leg Stand 

Participants were instructed to raise one 

leg ~6” off the floor with their arms at 

their side and eyes watching their raised 

foot while counting aloud by thousands 

until told to stop (timed 30 sec test). 

Impairment clues were: swaying while 

balancing, using arms to balance, 

hopping, or putting their raised foot down. 

Walk and Turn 

Participants were instructed to place their 

right foot on the starting line, then place 

their left foot in front of their right foot, 

making heel-to-toe contact; participants 

were to remain in that position until told 

to begin the test. Participants were then 

instructed to take 9 heel-to-toe steps along 

a straight line, turn in a pre-defined 

manner (keeping the lead foot planted 

while taking small steps with the other 

foot to rotate), and return with 9 heel-to-

toe steps.  

Impairment clues were: losing balance 

during instructions, beginning the test 

before being instructed to do so, stopping 

while walking, missing heel-to-toe contact 

(>0.5”), stepping off the line, raising arms 

for balance (>6”), taking an incorrect 

number of steps, and turning incorrectly 
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Eye examinations 

Cannabis’ effects on pupil size and lack of convergence (LOC, inability to cross 

the eyes while focusing on a stimulus slowly approaching the bridge of the nose) were 

examined with the DAX™ Evidence Recorder (Ocular Data Systems LLC, Pasadena, 

CA, USA). The DAX recording device enables pupil size observation and video 

recording in room light (RL), near-total darkness (NTD), and direct light (DL). The 

goggle-like frame is placed against the participants’ face and a pupilometer is centered 

between the eyes for measurement. After recording RL pupil size, a light-blocking cover 

was placed on the device to produce NTD, and an infrared camera enabled NTD pupil 

size measurement. A built-in light was shown separately into each eye for pupil 

measurement under DL. The cover and pupilometer were removed to evaluate LOC. Eye 

examinations were performed at baseline (-1.5 h) and 0.25, 1.5, 3.5, and 5 h post-dose. 

 

Data analysis 

Differences in demographic data between groups were evaluated with 

independent samples t-tests with SPSS® Statistics 20 for Windows (IBM). Differences in 

participants’ estimation of 30sec during the MRB were analyzed via repeated-measures 

ANOVA; the Greenhouse-Geisser correction was utilized for sphericity violations. 

Between session differences in body sway in either direction during the MRB (defined 

here as any sway ≥1”) were evaluated by Generalized Estimating Equations (GEE) with a 

Binomial probability distribution, logit link function and a first-order autoregressive 

(AR(1)) correlation matrix. Differences in number of observed clues during the OLS and 
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WAT were analyzed by GEE but with a Poisson distribution and log link function. 

Participants were categorized as “impaired” if the number of clues exhibited during the 

OLS or the WAT was ≥2 (originally validated “impairment” criterion for 0.08% blood 

alcohol concentrations (149)). Differences in participants’ categorization were analyzed 

via GEE as for body sway. In each analysis, effects of dosing session, time, and smoking 

group were analyzed to find the best fit model. If possible, blood cannabinoid 

concentrations and relevant interactions were fit to the model instead of categorical 

dosing session. Finally, differences in pupil sizes between sessions were evaluated via 

repeated-measures ANOVA as for MRB time estimation; if significant dose*time 

interactions were observed, post-hoc tests comparing dosing sessions at each time point 

were conducted with a Bonferroni correction. Pupil sizes also were modeled with linear 

mixed models with dosing session and time set as repeated measures (AR(1) covariance 

structure); blood cannabinoid concentrations were included as fixed or random effects to 

best fit the model. Due to differences in cannabinoid pharmacokinetics between routes 

(223), inhaled and oral data were compared against placebo separately. In all analyses, 

statistical significance was attributed to a p <0.05. 

 

Results 

Participants 

Table 33 summarizes demographics for 11 frequent and 9 occasional cannabis 

smokers (ages 19-46 y, 75% male, 75% African American). Participants were in good 

physical health without any clinically significant electrocardiogram abnormalities, or 

histories of mental illness or clinically significant cannabis adverse events. Additionally,
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Table 33. Demographic data and cannabis smoking histories for 11 frequent and 9 occasional smokers. 

Participant Sex 
Age 

(years) 

Race and 

Ethnicitya 

BMI 

(kg/m2) 

Age at 

first useb  

Lifetime 

Years 

Smokedb 

Cannabis 

Intake 

Frequencyb 

Time 

between 

last use 

and 

admissionc 

Number 

of days 

used in 

last 14c 

Average joint 

equivalents per 

smoking 

occasionc 

Frequent Smokers 

A M 21 AA 26.5 16 5 Daily 17.2 h 14 5 

B M 22 AA 31.0 15 7 Daily 19.3 h 10 4 

C M 19 AA 19.8 13 6 Daily 18.7 h 14 4 

D F 23 AA 31.9 13 10 Daily 7.9 h 14 10 

E M 38 AA 32.2 12 26 Daily 2.4 h 14 15 

F F 29 AA 31.0 11 18 Daily 1.9 h 14 20 

G M 38 AA 22.0 16 22 Daily 2.1 h 14 7 

H M 34 AA 23.0 14 20 5x/week 239.7 hd 2d 2d 

I M 21 AA 25.0 11 10 Daily 0.7 h 14 5 

J M 25 AA 19.0 13 12 5x/week 5.8 h 14 2 

K M 31 AA 16.8 15 16 2-3x/weeke 5.1 he 4e 2.5e 

Mean  27.4  25.3 13.5* 13.9  8.4 h 13.6* 8.0* 

SD  6.9  5.6 1.8 6.9  7.8 h 1.3 6.0 

Median  25.3  25.0 13.0 12.3  5.8 h 14.0 5.0 

Occasional Smokers 

L M 24 AA 36.3 17 7 2x/month 1.4 days 3 2 

M M 21 AA 23.0 13 8 2x/week 0.7 days 4 2 

N M 25 W 24.2 21 4 2x/week 13.0 days 1 3 

O M 40 W 28.3 18 22 2x/week 30.7 days 0 2 

P F 46 AA 31.0 26 20 2x/week 0.4 days 4 4 

Q M 33 AA 30.7 16 17 2x/month 22.8 days 0 3 

R F 22 W 22.0 16 6 2x/week 1.7 days 4 1 

S F 22 W 23.0 14 8 2x/week 1.1 days 10 2 

T M 31 W 21.7 22 9 1-2x/week 1.8 days 2 2 
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Table 33. (Continued from previous page) Demographic data and cannabis smoking histories for 11 frequent and 9 occasional smokers. 

Participant Sex 
Age 

(years) 

Race and 

Ethnicitya 

BMI 

(kg/m2) 

Age at 

first useb  

Lifetime 

Years 

Smokedb 

Cannabis 

Intake 

Frequencyb 

Time 

between 

last use 

and 

admissionc 

Number 

of days 

used in 

last 14c 

Average joint 

equivalents per 

smoking 

occasionc 

Occasional smokers (continued) 

Mean  29.4  26.7 18.1* 11.3  8.2 days 3.1* 2.3* 

SD  8.6  5.1 4.2 6.3  11.4 days 3.1 0.9 

Median  24.9  24.2 17.0 8.5  1.7 days 3.0 2.0 
aAA, African American; W, white. 
bData collected during screening. 
cData collected on admission to Session 1. 
dSelf-reported data on admission inconsistent with data received at screening. Data excluded from statistics. 
eSelf-reported data inconsistent with biological sample concentrations. Data excluded from statistics. 

*Significant difference between groups (p <0.05). 
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oral fluid screening tests conducted on admission and at baseline were all negative for 

other drug classes (amphetamine, benzodiazepines, cocaine, methadone, 

methamphetamine, and opioids). Participant K was recruited as an occasional cannabis 

smoker, but reclassified as a frequent smoker when baseline THC and metabolite 

concentrations were consistent with published frequent smoker data (89, 91). Participant 

H reported last use ~10 days prior to session 1, despite self-reporting smoking 5x/week 

during screening; the participant reported smoking within 0.6-18.7 h of subsequent 

session admission. Occasional smokers began smoking at a significantly older age, 

smoked on a significantly fewer number of days out of the previous 14, and smoked 

significantly less per smoking occasion. 

 

Blood cannabinoid concentrations 

Table 34 summarizes THC and 11-hydroxy-THC (11-OH-THC) blood 

cannabinoid data collected 1.5 and 3.5 h post-dose. Median percent decreases from 

maximum concentrations (Cmax) after smoking or vaporization were large (≥93.7%) in 

both groups.  Frequent smokers’ decreases were less than occasional smokers’, and 

frequent smokers had greater THC concentrations than occasional smokers 1.5 and 3.5 h 

post-dose. Both frequent and occasional smokers’ blood THC concentrations were 

greater at 1.5 and 3.5 h after oral dosing than after inhaled doses due to a longer 

absorption phase compared to inhaled routes (time of Cmax [tmax] 2.5 [1.5-3.5] h). 11-OH-

THC concentration percent decreases at 1.5 and 3.5 h after inhaled doses also were high 

(≥69.5%), and 11-OH-THC concentrations at both time points were greater after oral 

compared to inhaled cannabis.
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Table 34. Median (range) Δ9-tetrahydrocannabinol (THC) and 11-hydroxy-THC (11-OH-THC) maximum blood concentrations (Cmax), times of Cmax (tmax), 

concentrations at 1.5 and 3.5 h (C1.5h and C3.5h, respectively) following administration of smoked, vaporized, and oral cannabis (6.9% THC [~50.6 mg]), and % 

differences between concentrations at either 1.5 or 3.5 h and Cmax. 

  
Smoking  Vaporization  Oral 

THC 11-OH-THC  THC 11-OH-THC  THC 11-OH-THC 

Frequent Cmax, µg/L 
117 

(52.8-471) 

7.2 

(1.9-30.9) 

 88.0 

(24.7-170) 

6.2 

(1.6-10.7) 

 15.6 

(4.7-34.8) 

7.5 

(2.2-14.3) 

 tmax, h 
0.13 

(0.00-0.17) 

0.20 

(0.10-0.50) 

 0.10 

(0.03-0.17) 

0.17 

(0.10-0.50) 

 2.5 

(1.5-3.5) 

2.5 

(1.5-3.5) 

 C1.5h, µg/L 
7.7  

(4.1-14.8) 

2.2 

(1.2-6.7) 

 5.2 

(3.4-10.7) 

1.7 

(1.0-2.6) 

 8.6 

(4.5-20.1) 

4.8 

(2.2-9.3) 

 
% difference, 

1.5 hb 

93.9 

(91.5-97.7) 

72.7 

(37.4-78.3) 

 93.7 

(84.5-96.6) 

69.5 

(30.8-82.1) 

 41.1 

(0.0-74.6) 

32.1 

(0.0-60.9) 

 C3.5h, µg/L 
3.8 

(2.2-6.5) 

1.3 

(0.9-2.6) 

 3.2 

(1.2-6.3) 

1.1 

(0.0-2.0) 

 6.5 

(3.7-20.9) 

6.3 

(1.5-11.0) 

 
% difference, 

3.5 hb 

96.4 

(94.7-96.6) 

83.2 

(55.3-91.5) 

 94.9 

(92.9-98.8) 

79.3 

(48.4-100) 

 58.3 

(0.0-69.1) 

37.1 

(0.0-59.5) 

Occasionala Cmax, µg/L 
44.4 

(1.3-174) 

1.9 

(0.5-8.7) 

 34.8 

(5.2-137) 

1.6 

(0.7-3.5) 

 10.1 

(3.6-22.5) 

5.1 

(2.4-11.0) 

 tmax, h 
0.10 

(0.07-0.17) 

0.19 

(0.10-0.50) 

 0.10 

(0.03-0.17) 

0.15 

(0.10-0.20) 

 2.5 

(1.5-3.5) 

2.5 

(1.5-3.5) 

 C1.5h, µg/L 
2.2  

(0.0-4.1) 

0.8 

(0.0-2.1) 

 1.4 

(0.0-2.5) 

0.0 

(0.0-1.2) 

 7.1 

(2.5-10.1) 

4.0 

(2.2-5.8) 

 
% difference, 

1.5 hb 

96.0 

(92.0-100) 

75.0 

(47.3-100) 

 97.5 

(73.5-100) 

100 

(32.8-100) 

 29.2 

(0.0-73.3) 

10.9 

(0.0-52.7) 

 C3.5h, µg/L 
0.5 

(0.0-1.2) 

0.0 

(0.0-0.6) 

 0.0 

(0.0-0.9) 

0.0 

(0.0-0.6) 

 6.4 

(1.9-22.5) 

3.7 

(2.2-11.0) 

 
% difference, 

3.5 hb 

98.9 

(96.6-100) 

100 

(92.6-100) 

 100 

(93.3-100) 

100 

(84.0-100) 

 42.2 

(0.0-78.6) 

17.9 

(0.0-36.7) 
aN = 8 for occasional smokers’ 11-OH-THC concentrations because 1 participants was never positive after smoking or vaporization. 
bFor smoking and vaporization, this represents % decrease from Cmax. For oral dosing, data at 1.5 h are during the absorption phase for most participants, while 

data at 3.5 h are during or after observed Cmax were achieved; therefore, data at 1.5 h are % difference from what Cmax will be, whereas data at 3.5 h are % 

decrease from what Cmax was. 
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Psychophysical examinations 

Overall, 158 tests (87 from frequent, 71 from occasional smokers) were 

conducted. Summaries of participants’ performance are presented in Table 35. No 

significant effects on participants’ MRB 30 sec estimations were observed. A wide range 

of estimates were observed, with 20.0-31.6% <30 sec, 0.0-20% equal to 30 sec, and 55.0-

80% >30 sec. Sway ≥1” in any direction was observed in 65.0, 87.5, 65.0, and 53.8% of 

tests (all participants and 1.5 and 3.5 h combined) following placebo, smoking, 

vaporization, and oral dosing, respectively. The odds ratio (OR, [95% CI]) of sway at 

either time point following smoking compared to placebo was 3.8 (1.5-9.5). There were 

no significant differences in sway after vaporization or oral dosing compared to placebo. 

Cannabis produced minimal impairment on the MRB task, with only smoked cannabis 

associated with increased sway. 

The number of observed clues during the OLS and WAT in all participants at both 

time points are depicted in Figure 32. No time effect was observed in any analysis, so 

data from both time points were combined. Oral cannabis produced an incidence rate for 

number of observed clues during the OLS 1.99 (1.06-3.71) times that following placebo. 

For the WAT, the incidence rate for observed clues was 1.60 (1.13-2.26) times higher 

after oral compared to placebo. Only oral cannabis produced significant increases 

compared to placebo in the number of observed clues on the OLS and WAT tasks. 

Participants were grouped based on their performance on the OLS and WAT, with 

those who exhibited ≥2 clues on either test classified as “impaired”. Significant overall 

effects of oral cannabis and an interaction with use history were observed; therefore, data
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Table 35. Participants’ performance on the modified Romberg balance, One Leg Stand, and Walk and Turn tasks at 1.5 and 3.5 h after placebo, smoked, 

vaporized, and oral cannabis (6.9% Δ9-tetrahydrocannabinol [~50.6 mg]) administration. Data are presented as median (range) for all participants (overall) and 

for frequent and occasional smokers separately. 

Modified Romberg Balance Estimation 1.5 h post-dose (s)  Estimation 3.5 h post-dose (s) 

Overall   

   Placebo 34 (25-61) 34 (25-49) 

   Smoking 34 (26-51) 32 (24-42) 

   Vaporization 35 (18-52) 34 (19-51) 

   Oral 33 (24-49) 32 (18-39) 

Frequent Smokers   

   Placebo 34 (25-44) 34 (25-45) 

   Smoking 33 (26-51) 36 (26-42) 

   Vaporization 35 (29-52) 35 (25-42) 

   Oral 34 (25-49) 33 (28-39) 

Occasional Smokers   

   Placebo 34 (29-61) 34 (27-49) 

   Smoking 34 (26-41) 30 (24-40) 

   Vaporization 33 (18-46) 34 (19-51) 

   Oral 33 (24-38) 31 (18-39) 

One Leg Stand Clues observed 1.5 h post-dose  Clues observed 3.5 h post-dose 

Overall   

   Placebo 0 (0-1) 0 (0-2) 

   Smoking 0 (0-2) 0 (0-2) 

   Vaporization 0 (0-2) 0 (0-2) 

   Oral 0 (0-1) 1 (0-3) 

Frequent Smokers   

   Placebo 0 (0-1) 0 (0-2) 

   Smoking 0 (0-2) 0 (0-1) 

   Vaporization 0 (0-2) 0 (0-2) 

   Oral 0 (0-1) 1 (0-3) 
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Table 35. (Continued from previous page) Participants’ performance on the modified Romberg balance, One Leg Stand, and Walk and Turn tasks at 1.5 and 

3.5 h after placebo, smoked, vaporized, and oral cannabis (6.9% Δ9-tetrahydrocannabinol [~50.6 mg]) administration. Data are presented as median (range) for 

all participants (overall) and for frequent and occasional smokers separately. 

One Leg Stand (continued) Clues observed 1.5 h post-dose  Clues observed 3.5 h post-dose 

Occasional Smokers   

   Placebo 0 (0-1) 0 (0-0) 

   Smoking 0 (0-2) 0 (0-2) 

   Vaporization 0 (0-1) 0 (0-1) 

   Oral 0 (0-1) 1 (0-2) 

Walk and Turn Clues observed 1.5 h post-dose  Clues observed 3.5 h post-dose 

Overall   

   Placebo 1 (0-3) 1 (0-2) 

   Smoking 1 (0-4) 1 (0-3) 

   Vaporization 1 (0-3) 1 (0-5) 

   Oral 2 (0-4) 1 (0-3) 

Frequent Smokers   

   Placebo 1 (0-3) 1 (0-2) 

   Smoking 1 (0-3) 1 (0-3) 

   Vaporization 2 (0-3) 2 (0-5) 

   Oral 2 (0-3) 1 (0-2) 

Occasional Smokers   

   Placebo 1 (0-2) 1 (0-2) 

   Smoking 0 (0-4) 1 (0-2) 

   Vaporization 1 (0-1) 1 (0-2) 

   Oral 2 (0-4) 2 (0-3) 
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from frequent and occasional smokers were analyzed separately. Frequent and occasional 

smokers classified as “impaired” in each dosing session are presented in Figure 33. 

Occasional smokers’ odds of being “impaired” following oral dosing were 6.43 (2.25-

18.40) times higher after placebo. No significant differences between sessions were 

observed in frequent smokers. Oral cannabis significantly increased occasional smokers’ 

odds of being impaired on either the OLS or WAT tasks compared to placebo, while 

active cannabis did not significantly affect frequent smokers’ odds. 

When modeling blood THC and 11-OH-THC concentrations to participants’ 

classification of “impaired”, significant concentration*group interactions were observed; 

therefore, occasional and frequent smokers were analyzed separately. Model parameters 

are summarized in Table 36 for occasional smokers only, as blood cannabinoid 

concentrations did not significantly relate to frequent smokers’ classification as 

“impaired”. Separate models were built for THC and 11-OH-THC as no model with THC  

Figure 32. Distribution of the number of clues observed during the One Leg Stand and Walk and 

Turn tasks in 11 frequent and 9 occasional cannabis smokers 1.5 and 3.5 h after placebo, smoked, 

vaporized, and oral cannabis (6.9% Δ9-tetrahydrocannabinol, ~50.6 mg) administration. 

Observation of ≥2 clues is the “impairment” criteria utilized by DREs, originally validated for 

0.08% blood alcohol concentrations. 
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and 11-OH-THC concentrations together yielded significant relationships. Time was not 

a significant covariate or factor in any model. THC and 11-OH-THC were similarly 

associated with “impairment”, with OR of 1.30 (1.12-1.52) and 1.50 (1.25-1.79), 

respectively. THC and 11-OH-THC concentration increases were significantly associated 

with increased odds of occasional smokers being impaired on the OLS or WAT tasks. 

 

Eye examinations 

Overall, 393 eye examinations (218 from frequent, 174 from occasional smokers) 

were conducted. Pupil sizes in the RL and NTD conditions were not significantly 

different between dosing sessions, times, or smoking groups; overall (all participants and 

time points) mean (SD) pupil sizes after each dosing session are presented in Table 37. 

No significant effects were observed for pupil sizes in the DL condition following 

Figure 33. Percent of 11 frequent and 9 occasional smokers that displayed ≥2 clues on either the 

One Leg Stand or Walk and Turn tasks1.5 and 3.5 h after placebo, smoked, vaporized, and oral 

cannabis (6.9% Δ9-tetrahydrocannabinol, ~50.6 mg) administration. 
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smoking or vaporization compared to placebo, but significant dose, time, and dose*time 

effects were observed when comparing oral cannabis to placebo. Post-hoc tests revealed 

that mean (S.E., 95% CI) pupil sizes 1.5 and 3.5 h after oral dosing were 0.4 (0.1, 0.2-

0.6) and 0.5 (0.2, 0.2-0.8) mm larger, respectively. Significantly greater pupil sizes were 

observed after oral cannabis only compared to placebo at 1.5 and 3.5 h post-dose, within 

the range of tmax for participants’ THC and 11-OH-THC concentrations. 

 

Table 36. Effects of blood Δ9-tetrahydrocannabinol (THC) and 11-hydroxy-THC (11-OH-THC) 

concentrations on occasional smokers exhibiting ≥2 clues on the One Leg Stand or Walk and Turn tasks 

following administration of smoked, vaporized, and oral cannabis (6.9% THC [~50.6 mg]). 

 b (SE) Wald χ2 (1 df) p-value OR (95% CI) 

THC only     

   Intercept -1.342 (0.7130) 3.544 0.060 - 

   THC (µg/L) 0.265 (0.0778) 11.556 0.001 1.30 (1.12-1.52) 

11-OH-THC only     

   Intercept -1.221 (0.5654) 4.666 0.031 - 

   11-OH-THC (µg/L)  0.402 (0.0907) 19.650 <0.001 1.50 (1.25-1.79) 

Data from 9 occasional cannabis smokers who performed the One Leg Stand and Walk and Turn tasks at 

1.5 and 3.5 h post-dose who were classified as either “impaired” or not (binary outcome variable). 

Models were built with either THC or 11-OH-THCconcentrations as the predictor variable with 

Generalized Estimating Equations (GEE) with a Binary probability distribution and a logit link function. 

The resulting equation is (in the case of blood THC, for example): logit(Y) = Intercept + b[THC]*[THC], 

where logit(Y) = ln (Y/1-Y) or the log odds of being classified as “impaired”. An odds ratio is obtained 

by calculating eb, and is interpreted as the change in odds of being classified “impaired” for each unit 

change in blood concentration. Abbreviations: b, model parameter (coefficient); SE, standard error; df, 

degrees of freedom; OR, odds ratio; 95% CI, 95% confidence interval. Bolded p-values designate 

significance. 

 

Table 38 summarizes the results from modeling participants’ pupil sizes and 

blood cannabinoid concentrations. Time was not a significant covariate or factor in any 

model. The best fitting model included a random intercept to account for variance in 

participants’ baseline pupil sizes. Blood 11-OH-THC concentrations were significantly 

related to pupil sizes in all lighting conditions, with increases of 0.032, 0.052, and 0.052 

mm/unit increase in 11-OH-THC concentration for RL, NTD, and DL, respectively. 

Blood THC concentrations were a significant, but weak, covariate only for pupil sizes in 
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the NTD condition (b = -0.008). 11-OH-THC concentration increases were significantly 

associated with increases in pupil sizes in all lighting conditions. 

 

Table 37. Pupil sizes (mm) in room light, near-total darkness, and direct light conditions after placebo, 

smoked, vaporized, and oral cannabis (6.9% Δ9-tetrahydrocannabinol [~50.6 mg]) administration. Data 

are presented as mean (SD) across all time points for all participants (overall) and for frequent and 

occasional smokers separately. 

 Room Light Near-Total Darkness Direct Light 

Overall    

   Placebo 4.2 (0.9) 5.0 (0.9) 3.3 (0.7) 

   Smoking 4.3 (0.8) 5.2 (0.8) 3.6 (0.7) 

   Vaporization 4.2 (0.9) 4.9 (0.9) 3.4 (0.7) 

   Oral 4.5 (0.9) 5.1 (0.8) 3.6 (0.8) 

Frequent Smokers    

   Placebo 4.1 (0.7) 4.9 (0.7) 3.2 (0.7) 

   Smoking 4.2 (0.8) 5.0 (0.7) 3.5 (0.8) 

   Vaporization 4.1 (0.8) 4.9 (0.7) 3.4 (0.7) 

   Oral 4.4 (0.8) 5.1 (0.8) 3.5 (0.9) 

Occasional Smokers    

   Placebo 4.3 (1.0) 5.2 (1.1) 3.5 (0.8) 

   Smoking 4.4 (0.8) 5.4 (0.7) 3.7 (0.5) 

   Vaporization 4.4 (1.1) 4.9 (1.1) 3.4 (0.7) 

   Oral 4.5 (1.0) 5.1 (0.9) 3.7 (0.6) 

 

LOC was observed at baseline and all post-dose time points in all dosing sessions 

in 5 frequent and 5 occasional smokers (50% overall), while 4 frequent and 1 occasional 

smoker never exhibited LOC post-dose (25% overall); therefore, statistical evaluations 

could not be performed. 

 

Discussion 

We sought to evaluate performance impairment on three psychophysical tasks 

from the DECP – the MRB, OLS, and WAT tasks – and effects on participants’ pupil 

sizes and presence of LOC in frequent and occasional users following placebo, smoked, 

vaporized, and oral cannabis administration. 
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Table 38. Effects of blood Δ9-tetrahydrocannabinol (THC) and 11-hydroxy-THC (11-OH-THC) concentrations on pupil sizes under room light, near total 

darkness, and direct lighting conditions following administration of smoked, vaporized, and oral cannabis (6.9% THC [~50.6 mg]). 

 b SE df t p-value 
95% Confidence Interval for b 

Lower bound  Upper Bound 

Room Light         

   Intercept 4.308 0.182 21.186 23.667 <0.001 3.929  4.686 

   11-OH-THC 0.032 0.014 185.314 2.350 0.020 0.005  0.059 

   Subject variance in intercepts 0.593 0.203   0.004 0.302  1.161 

   AR1 rho 0.405 0.084   <0.001 0.228  0.555 

Near Total Darkness         

   Intercept 4.954 0.160 21.542 30.982 <0.001 4.622  5.286 

   THC -0.008 0.004 169.454 -2.218 0.028 -0.015  -0.001 

   11-OH-THC 0.052 0.018 107.815 2.862 0.005 0.016  0.087 

   Subject variance in intercepts 0.463 0.156   0.003 0.240  0.895 

   AR1 rho 0.079 0.084   0.345 -0.086  0.240 

Direct Light         

   Intercept 3.437 0.149 21.495 23.080 <0.001 3.128  3.746 

   11-OH-THC 0.052 0.010 180.965 4.959 <0.001 0.031  0.072 

   Subject variance in intercepts 0.410 0.135   0.002 0.215  0.783 

   AR1 rho 0.214 0.093   0.021 0.027  0.387 

Data from 11 frequent and 9 occasional cannabis smokers. Pupil sizes were measured at baseline (-1.5 h) and up to 5 h post-dose. Only time points where 

blood 11-OH-THC was measurable (n = 207) were included in linear mixed models; dosing session and time were set as within-subject repeated measures. 

The resulting equation (in the case of room light, for example) is: Pupil Size = Intercept + b[11-OH-THC]*[11-OH-THC]. Abbreviations: b, model parameter 

(coefficient); SE, standard error; df, degrees of freedom; t, t-statistic. Only significant terms were included in the final model. 
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Smoking is the most common cannabis administration route and is associated 

with increased crash risk (61, 65), and exposes users to toxic pyrolytic by-products such 

as carbon monoxide (CO) (118). Smoking was deemed an inappropriate route for medical 

cannabis administration (116). Vaporization is an attractive alternative route for 

recreational and medicinal administration because CO exposure is reduced (120), and 

similar THC concentrations are achieved as found after smoking (223, 226). Cannabis 

administration via vaporization is also associated with impaired driving behavior (122, 

123). Oral dosing is a popular route for recreational and medicinal cannabis, although 

bioavailability is lower than after inhaled doses and absorption is slow and erratic (103). 

Oral cannabis dosing is also associated with impaired driving (105, 148). An additional 

concern is mislabeled edible products (232), which may increase the risk of adverse 

events occurring if users do not have accurate dosing information. Additionally, the risk 

of psychosis after oral doses appears to be greater based on the Colorado experience, 

although the mechanism for this effect is currently unknown. 

Large decreases from Cmax in participants’ blood cannabinoid concentrations after 

smoking and vaporization were observed (73.5-100% for THC, 30.8-100% for 11-OH-

THC). In contrast, percent differences from THC and 11-OH-THC Cmax (0.0-78.6% and 

0.0-59.5%, respectively) after oral dosing were lower, given the median (range) tmax for 

both analytes was 2.5 (1.5-3.5) h. Blood THC and 11-OH-THC concentrations at 1.5-3.5 

h were greater after oral dosing than after either inhaled dose due to rapid absorption and 

distribution following inhaled doses – leading to large percent concentration decreases – 

compared to the slow absorption and first pass metabolism following oral dosing, 

suggesting reasons why significant effects generally occurred only when comparing oral 
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dosing to placebo. The timeline of administering tasks relative to the administration route 

is an important consideration when interpreting results. 

Participants’ MRB 30 sec estimations varied widely after all doses with no 

significant dosing session, time, or group effects. Although cannabis users report an 

altered sense of time, our data are inconclusive about how cannabis administration affects 

time perception; 70% of time estimation studies in one review reported over-estimations, 

data from time production and reproduction studies were inconclusive due to large 

methodological variability and few available studies (233). In controlled drug 

administration studies in which DREs administered nearly-complete evaluations, time 

estimation was not among the variables that best predicted the presence or absence of 

cannabis (151, 152, 234). A significant difference in time estimations was observed in a 

comparison of toxicologically-confirmed cannabis-only DRE opinions (median [range] 

29 [4-90] sec) and controls (30 [20-53] sec), but time estimation was not among the 

optimized combination of measures for detecting cannabis-related DECP performance 

impairment (153). 

Oral cannabis dosing significantly increased the number of clues observed during 

the OLS and WAT compared to placebo. Additionally, a significant effect of oral dosing 

was observed only for occasional smokers on the observation of ≥2 OLS or WAT clues 

compared to placebo. Following paced smoking of 1.74 or 2.93% THC cigarettes, 

participants were significantly impaired (≥2 clues observed) on the OLS and WAT from 

5-105 min after the completion of smoking (146). Performances on the OLS and WAT 

were not affected 4.5 or 5 h after 10 or 20 mg oral dronabinol dosing (148), but OLS 

performance was impaired 2h after paced smoking of a 400 µg THC/kg body weight 
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cigarette with placebo alcohol (142). Lack of impairment after the oral dronabinol dose 

may be due to a lower dose and the timing of the test relative to dosing. OLS (but not 

WAT) performance was impaired 2 h after paced cannabis smoking (142), where we did 

not observe impairment on OLS after smoking, despite comparable blood THC 

concentrations between studies. Differences in observations may be due to comparing 

post-dose performance to baseline (142) whereas we compared performance at the same 

time between active and placebo cannabis. 

Hartman et al. (153) determined an optimized combination of measures for 

detecting cannabis-related impairment on the DECP – observing two of four of: ≥3 

misses on the finger-to-nose (FTN) task, eyelid tremors during the MRB, ≥2 clues on the 

OLS, and ≥2 clues on the WAT.  The FTN task was not performed in this study, and 

eyelid tremors were not observed. However, oral dosing was shown to significantly 

increase the odds compared to placebo of observing ≥2 OLS or WAT clues, which 

supports Hartman et al. (153) that these tasks are sensitive to cannabis-related 

impairment.  

Logan et al. found no significant correlations between blood THC concentrations 

and the number of either OLS or WAT clues, noting that blood was collected a mean 

(median, maximum) 74 (61, 225) min after arrest (154). We observed significant effects 

of blood THC and 11-OH-THC concentrations on the OR of exhibiting ≥2 OLS or WAT 

clues. This is likely because in our controlled setting we could obtain blood specimens 

simultaneously with testing. This is an important observation, particularly the 

contribution of 11-OH-THC concentrations given it is an active metabolite (72, 73) and 

greater concentrations may be observed following oral compared to inhaled doses (223), 
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which is a concern as consumption of cannabis-containing edibles is becoming 

increasingly popular (102). 

Participants’ pupil sizes were significantly different from placebo only in the DL 

condition 1.5 and 3.5 h after oral dosing; following placebo, pupil sizes were 3.3 (0.6) 

and 3.4 (0.7) mm, respectively, and after oral cannabis 3.6 (0.8) and 3.8 (0.8) mm, 

respectively. These values are above the average normal (unimpaired) value 3.0 mm but 

still within the normal range 2.0-4.5 mm for the DL condition utilized by DREs (235). 

The magnitude of these increases is small compared to other evaluations; cannabis-

positive drivers had a mean pupil size 5.4 mm in RL compared to 4.3 mm for controls 

(154), and pupil sizes in cases were significantly greater and outside normal ranges in all 

conditions compared to controls (153). Given the small effect size observed here it may 

be possible the administered dose was less than what was self-administered by those 

arrested for DUID. However, we did demonstrate that increases in blood 11-OH-THC 

concentrations were significantly related to increases in pupil sizes in all lighting 

conditions. THC concentrations were variably related to pupil sizes. The much larger 

variability in THC concentrations compared to 11-OH-THC concentrations may have 

affected the ability to identify significant THC effects (Table 34). 

Finally, LOC was observed in 50% of participants at all time points. Previously, 

LOC was observed in significantly more cases compared to controls (153, 154). 

Significant increases in LOC prevalence were not observed due to limited statistical 

power. 

The timeline of task administration may have limited observation of significant 

effects following inhaled doses compared to placebo due to the rapid decreases in 
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cannabinoid concentrations, but these data clearly demonstrate that oral cannabis 

administration can impair OLS and WAT performance. Double procedures (separate 

sessions for each placebo and active dose, resulting in six total sessions) were not 

performed, but this was offset by administering two doses per session where only one 

was active, except in the double-placebo session which served as comparison for the 

active sessions. Baseline measures were not collected for the DECP tasks due to 

constraints in the study timeline, as this was one component of a larger clinical 

investigation; however, baseline data are not available when tests are administered by law 

enforcement personnel. Additionally, only a portion of the DECP was administered, 

limiting our conclusions on the utility of the overall exam in detecting cannabis-related 

impairment; however, the utility of the entire DECP was demonstrated elsewhere with 

actual cases, and optimized measures for detecting cannabis-related impairment were 

observed (153, 154). Small sample size also possibly limited statistical power. Strengths 

of the study include the within-subject, placebo-controlled design which allowed for the 

direct comparison of the effects of different cannabis administration routes on task 

performance, and the inclusion of both frequent and occasional cannabis users. The 

simultaneous collection of blood specimens was another strength; we demonstrated that 

performance on these physical tasks is affected by cannabinoid concentrations which 

could not be demonstrated previously. 

 

Conclusions 

We present results of participant performance on divided attention psychophysical 

tasks and eye examinations from the DECP following controlled administration of 

placebo, smoked, vaporized, and oral cannabis to frequent and occasional smokers. We 
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demonstrated that oral cannabis administration impaired performance on the OLS and 

WAT tasks compared to placebo, supporting other data showing these tasks are sensitive 

to cannabis-related impairment. Occasional smokers’ impairment was related to blood 

THC and 11-OH-THC concentrations. These are important findings as consumption of 

edible cannabis products increases. Our data suggest that at these administered doses, 

impairment following oral dosing was prolonged and occurred later compared to inhaled 

doses; earlier testing post-dose is needed to further determine these relationships. 

Because science-based per se THC limits in DUID cases are difficult to establish, 

increased importance may be placed on observable signs for documenting cannabis-

related impairment, especially for frequent users as blood cannabinoid concentrations 

were not significantly related to impairment. These data provide guidance for the 

development of public health and safety policy and legislation.  
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Chapter 12 – Subjective and physiological effects, and expired carbon 

monoxide concentrations following smoked, vaporized, and oral 

cannabis administration 

 

Abstract 

Background: Although smoking is the most common cannabis administration route, 

vaporization and consumption of cannabis edibles are common. Few studies directly 

compare cannabis’ subjective and physiological effects following multiple administration 

routes. 

Methods: Subjective and physiological effects, and expired carbon monoxide (CO) were 

evaluated in frequent and occasional cannabis users following placebo (0.001% Δ9-

tetrahydrocannabinol [THC]), smoked, vaporized, and oral cannabis (6.9% THC, ~54 

mg).  

Results: Participants’ subjective ratings were significantly elevated compared to placebo 

after smoking and vaporization, while only occasional smokers’ ratings were 

significantly elevated compared to placebo after oral dosing. Frequent smokers’ 

maximum ratings were significantly different between inhaled and oral doses, while no 

differences in occasional smokers’ maximum ratings between active doses were 

observed. Additionally, heart rate increases above baseline 0.5 h after smoking (mean 

12.2 bpm) and vaporization (10.7 bpm), and at 1.5 h (13.0 bpm) and 3 h (10.2 bpm) after 

oral dosing were significantly greater than changes after placebo, with no group 

differences. Finally, smoking produced significantly increased expired CO concentrations 

0.25-6 h post-dose compared to vaporization. 

Conclusions: All participants had significant elevations in subjective effects after 

smoking and vaporization, but only occasional smokers after oral cannabis, indicating 
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partial tolerance to subjective effects with frequent exposure. There were no differences 

in occasional smokers’ maximum subjective ratings across the three active administration 

routes. Vaporized cannabis is an attractive alternative for medicinal administrations over 

smoking or oral routes; effects occur quickly and doses can be titrated with minimal CO 

exposure.  These results have strong implications for safety and abuse liability 

assessments. 

 

Introduction 

While smoking is the most common cannabis administration route, vaporization 

and consumption of cannabis edibles are common. In a survey of U.S. adults aged ≥18 

years who had ever consumed cannabis, 29.8% reported consuming cannabis via “edibles 

or drinks”, and 9.9% by “vaporizer or other electronic device” (102). Additionally, 22.4% 

and 18.8% reported ever utilizing 2 and ≥3 ways to administer cannabis, respectively, 

indicating the importance of characterizing cannabis’ effects after multiple administration 

routes. 

Encapsulated oral cannabis administration is utilized for therapeutic delivery, but 

consumption in foodstuffs is also common. After five participants ingested brownies 

containing the equivalent of zero, one (~22.4 mg THC), and two (~44.8 mg THC) 2.8% 

THC cigarettes, significantly greater ratings on Feel Drug and Liking scales after the two-

cigarette dose were observed compared to the one-cigarette dose (104); onset of effects 

was slow and variable, with peak responses occurring 2.5-3.5 h post-dose. 

Comparisons of subjective and physiological effects following smoked and oral 

cannabis were previously conducted. Following THC administrations via intravenous (5 
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mg THC injected over 2 min), smoked (19 mg THC), and oral (20 mg THC) routes, 

similar ratings of “high” were observed following all doses, despite lower plasma THC 

concentrations after oral dosing (103). In another investigation, active smoked (18.4-32.4 

mg THC) cannabis or oral encapsulated (2.5-10 mg) THC produced significant increases 

in overall drug effect, peak high, and drug liking compared to placebo (236); ratings 

between smoked and oral dosing were similar, but were not directly compared. Smoked 

and oral cannabis each significantly increased heart rate compared to placebo, with mean 

increases 18 and 8-9 bpm, respectively, relative to placebo (236). Similarly, active oral 

and smoked cannabis  (8.4-16.9 mg THC for both) produced significant increases in 

ratings for drug “feel”, “high”, and “want” compared to placebos, but dose effects 

following smoking were larger (82); however, as with the previous study, ratings after 

oral and smoked doses were not directly compared. Another study administered either 

oral (20 mg THC 4x/daily) or smoked THC (3.1% THC, cigarette weights not provided) 

four times daily for 3 consecutive days and ratings for “high”, “mellow”, and “good drug 

effect” following smoking were significantly greater than after oral dosing (107); the 

authors concluded, though, that although subjective effects were slightly more 

pronounced after smoking for some measures, smoked and oral doses produced similar 

effects. 

Smoked cannabis exposes users to harmful combustion by-products including 

carbon monoxide (CO) (118). CO is not released during edible consumption. However, 

the low bioavailability and slow, erratic absorption produced by oral cannabis (103) 

suggests an alternative administration route could be useful. One such alternate route is 

vaporization. In a pilot study comparing smoked and vaporized cannabis, plasma THC 
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area under the curve (AUC) up to 6 h post-dose and ratings of “high” were not 

significantly different between smoking and vaporization at any dose, while exhaled CO 

concentrations were significantly greater following smoking at all cannabis potencies 

(120). The effectiveness of vaporized cannabis in producing increased subjective ratings 

and heart rate was also demonstrated (121, 226).  

 There are few studies directly comparing subjective and physiological effects, and 

expired CO concentrations following multiple cannabis administration routes, and none 

investigated differences between frequent and occasional cannabis smokers. We present a 

novel, placebo-controlled investigation in which subjective and objective effects were 

evaluated following controlled smoked, vaporized, and oral cannabis administrations to 

frequent and occasional cannabis smokers with a within-subject study design. 

 

Materials and methods 

Participants 

Adults 18-50 years old provided written, informed consent to participate in this 

National Institute on Drug Abuse (NIDA) Institutional Review Board-, Food and Drug 

Administration-, and Drug Enforcement Administration-approved study (222, 223). 

Inclusion criteria were average self-reported cannabis intake frequency ≥2x/month but 

<3x/week (occasional smokers), or ≥5x/week (frequent smokers) for the previous three 

months, and a positive urine cannabinoid screen (frequent smokers only). All participants 

underwent extensive medical and psychological evaluations prior to study inclusion. 
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Study design 

This was a randomized, double-blind, placebo-controlled, crossover, double-

dummy study. Participants entered the secure research unit ~19 h before dosing to 

preclude acute intoxication. Cannabis cigarettes were supplied from the NIDA Research 

Technology Branch. Active (0.734 ± 0.05 g) and placebo (0.713 ± 0.05 g) cigarettes 

contained 6.9 ± 0.95% (~50.6 mg) and 0.001 ± 0.000% THC, respectively. Throughout 4 

dosing sessions, participants were administered one active or placebo cannabis-

containing brownie followed by one active or placebo cigarette or one active or placebo 

vaporized ground cannabis dose (210 ˚C, Volcano® Medic, Storz & Bickel). Only one 

active dose was administered per session. Participants consumed the oral and smoked or 

vaporized dose ad libitum over 10min. Frequent smokers remained on the unit 72 h post-

dose and left the unit for ≥72 h between sessions to minimize withdrawal symptoms. 

Occasional smokers remained on the unit 54 h post-dose, but could stay or leave between 

sessions if dosing was no more frequent than self-reported intake. 

Oral cannabis doses were prepared per Duncan Hines® Double Fudge cake-like 

brownie instructions. The contents of an active or placebo cigarette were ground, baked 

for 30 min at 121 ˚C in aluminum foil, and mixed into equal portions of batter in a muffin 

tin. Following baking, individual doses were stored frozen, but allowed to thaw 

refrigerated overnight before dosing. 

 Participants were permitted to smoke tobacco cigarettes during breaks in study 

procedures. 
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Subjective measures 

Visual-analog scales (VAS, 100mm anchored by “Not at All” and “Most Ever”) 

were presented at baseline (-1.5 h) and 0.25, 0.50, 1.5, 2.5, 3.5, and 5 h after 

smoking/inhalation initiation; participants marked their rating for “Good Drug Effect”, 

“High”, “Stoned”, “Stimulated”, “Sedated”, “Anxious”, “Depressed”, “Irritable”, 

“Restless”, “Craving for Marijuana”, “Angry/Aggressive”, “Short of Breath”, “Hungry”, 

“Willing to Drive – Nonemergency”, and “Willing to Drive – Emergency”. VAS for 

“Anxious”, “Depressed”, “Irritable”, “Restless”, “Craving for Marijuana”, and 

“Angry/Aggressive” were also presented at 24 and 48 h for all participants and at 72 h for 

frequent smokers only to assess potential withdrawal. Blood specimens were collected at 

the same time points for modelling subjective ratings to cannabinoid concentrations. 

 

Physiological measures 

Heart rate, systolic/diastolic blood pressure, and respiration rate were measured at 

baseline (-0.67 h) and 0.50, 1.5, and 3 h after smoking/inhalation initiation with an 

automatic blood pressure meter while participants were seated. Blood specimens were 

collected at the same time points for modelling physiologic responses to cannabinoid 

concentrations. 

 

Expired CO 

Expired CO was measured with a BreathCO monitor (Vitalograph®, Lenexa, KS, 

USA) at baseline (-0.42 h) and 0.25, 1.5, 2, 3, 4, 5, 6, and 7 h after smoking/inhalation 
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initiation. Participants were instructed to take two deep breaths, then inhale deeply a third 

time and hold for 10sec before exhaling completely into the monitor. 

 

Data analysis 

Differences in demographic data between groups were evaluated with t-tests 

(SPSS® version 20 for Windows, IMB, Armonk, NY). When analyzing differences in 

VAS ratings and physiological measures after active dosing sessions compared to 

placebo across the entire time course, data from oral and inhaled doses were analyzed 

separately due to differences in cannabinoid blood pharmacokinetics (223). In these 

analyses, differences were evaluated with repeated-measures ANOVA. For analyses 

comparing placebo, smoking, and vaporization, planned Helmert contrasts were 

considered if only a significant overall dose effect was observed; contrast 1 compared 

placebo dosing to the combined inhaled doses, contrast 2 compared smoking and 

vaporization. If a significant dose*time interaction was observed, pairwise comparisons 

were conducted – comparing each dosing session pairwise at each time point – with a 

Bonferroni correction. Differences in participants’ maximum VAS ratings and baseline-

adjusted physiological measures after each dosing session were analyzed via repeated-

measures ANOVA with all dosing sessions included. For significant overall dose effects, 

planned Helmert contrasts were: 1, comparing placebo to active doses; 2, comparing oral 

to inhaled doses; 3, comparing smoking to vaporization. For all ANOVA analyses, the 

Greenhous-Geisser correction was utilized for sphericity violations, and analyses were re-

run with groups separated if a significant group effect was observed. Additionally, ratings 

for “Craving for Marijuana”, “Willing to Drive – Nonemergency”, and “Willing to Drive 
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– Emergency”, and all physiological measures were evaluated as baseline-adjusted values 

due to variable, non-zero baseline values across dosing sessions. VAS for “Anxious”, 

“Depressed”, “Irritable”, “Restless”, “Craving for Marijuana”, and “Angry/Aggressive” 

were evaluated with groups separated a priori due to differences in time courses. For 

VAS items and physiological measures that demonstrated significant differences between 

active dosing and placebo, blood cannabinoid concentrations were modeled to the data 

via linear mixed models (LMM); baseline data were excluded and data from inhaled and 

oral doses were analyzed separately. Blood cannabinoid concentrations, time, and 

smoking group were included as fixed or random effects to find the best fitting model. If 

a significant group effect was observed, separate models were built for each group. 

Additionally, participants’ subjective ratings were plotted against blood cannabinoid 

concentrations to identify if the concentration effect curve displayed a counterclockwise 

hysteresis (a delay between peak effects and peak blood concentrations). Finally, 

differences in participants’ expired CO concentrations between active smoked and active 

vaporized sessions were evaluated with repeated-measures ANOVA as described above; 

data were analyzed as change from baseline. Participants that smoked nicotine cigarettes 

while on the unit were excluded from this analysis to remove confounding CO 

concentrations, resulting in 5 frequent and 6 occasional smokers for the analysis. In all 

analyses, statistical significance was attributed to a p <0.05. 
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Results 

Participants 

Table 39 summarizes 11 frequent and 9 occasional cannabis smokers’ 

demographic information (ages 19-46 y, 75% male, 75% African American). Participant 

K was originally recruited as an occasional cannabis smoker, but reclassified as a 

frequent smoker because baseline and post-dose THC and metabolite concentrations were 

consistent with published frequent smoker data (89, 91); all other participants’ 

cannabinoid pharmacokinetics were consistent with self-report. Participant H reported 

last use ~10 days prior to session 1 admission, despite self-reporting smoking 5x/week 

during screening; reported histories on subsequent sessions were consistent with 

screening. Occasional smokers began smoking at a significantly older age, smoked on a 

significantly fewer number of days out of the previous 14, and smoked significantly less 

per smoking occasion. 

 

Subjective measures 

Ratings for “Sedated”, “Anxious”, “Depressed”, “Irritable”, “Restless”, 

“Angry/Aggressive”, “Short of Breath”, and “Hungry” showed no significant effects 

(data not shown). 

Ratings for “Good Drug Effect”, “High”, “Stoned”, and “Stimulated” after 

smoking, vaporization, and placebo doses are shown in Figure 34. Ratings on all four 

measures were significantly greater after smoking and vaporization than after placebo at 

the first post-dose time point (0.25 h); ratings remained significantly elevated after 

smoking up to 1.5-3.5 h post-dose while ratings remained significantly elevated after
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Table 39. Demographic data and cannabis smoking histories for 11 frequent and 9 occasional smokers. 

Participant Sex 
Age 

(years) 

Race and 

Ethnicitya 

BMI 

(kg/m2) 

Age at 

first useb  

Lifetime 

Years 

Smokedb 

Cannabis 

Intake 

Frequencyb 

Time 

between 

last use 

and 

admissionc 

Number 

of days 

used in 

last 14c 

Average joint 

equivalents per 

smoking 

occasionc 

Frequent Smokers 

A M 21 AA 26.5 16 5 Daily 17.2 h 14 5 

B M 22 AA 31.0 15 7 Daily 19.3 h 10 4 

C M 19 AA 19.8 13 6 Daily 18.7 h 14 4 

D F 23 AA 31.9 13 10 Daily 7.9 h 14 10 

E M 38 AA 32.2 12 26 Daily 2.4 h 14 15 

F F 29 AA 31.0 11 18 Daily 1.9 h 14 20 

G M 38 AA 22.0 16 22 Daily 2.1 h 14 7 

H M 34 AA 23.0 14 20 5x/week 239.7 hd 2d 2d 

I M 21 AA 25.0 11 10 Daily 0.7 h 14 5 

J M 25 AA 19.0 13 12 5x/week 5.8 h 14 2 

K M 31 AA 16.8 15 16 2-3x/weeke 5.1 he 4e 2.5e 

Mean  27.4  25.3 13.5* 13.9  8.4 h 13.6* 8.0* 

SD  6.9  5.6 1.8 6.9  7.8 h 1.3 6.0 

Median  25.3  25.0 13.0 12.3  5.8 h 14.0 5.0 

Occasional Smokers 

L M 24 AA 36.3 17 7 2x/month 1.4 days 3 2 

M M 21 AA 23.0 13 8 2x/week 0.7 days 4 2 

N M 25 W 24.2 21 4 2x/week 13.0 days 1 3 

O M 40 W 28.3 18 22 2x/week 30.7 days 0 2 

P F 46 AA 31.0 26 20 2x/week 0.4 days 4 4 

Q M 33 AA 30.7 16 17 2x/month 22.8 days 0 3 

R F 22 W 22.0 16 6 2x/week 1.7 days 4 1 

S F 22 W 23.0 14 8 2x/week 1.1 days 10 2 

T M 31 W 21.7 22 9 1-2x/week 1.8 days 2 2 
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Table 39. (Continued from previous page) Demographic data and cannabis smoking histories for 11 frequent and 9 occasional smokers. 

Participant Sex 
Age 

(years) 

Race and 

Ethnicitya 

BMI 

(kg/m2) 

Age at 

first useb  

Lifetime 

Years 

Smokedb 

Cannabis 

Intake 

Frequencyb 

Time 

between 

last use 

and 

admissionc 

Number 

of days 

used in 

last 14c 

Average joint 

equivalents per 

smoking 

occasionc 

Occasional smokers (continued) 

Mean  29.4  26.7 18.1* 11.3  8.2 days 3.1* 2.3* 

SD  8.6  5.1 4.2 6.3  11.4 days 3.1 0.9 

Median  24.9  24.2 17.0 8.5  1.7 days 3.0 2.0 
aAA, African American; W, white. 
bData collected during screening. 
cData collected on admission to Session 1. 
dSelf-reported data on admission inconsistent with data received at screening. Data excluded from statistics. 
eSelf-reported data inconsistent with biological sample concentrations. Data excluded from statistics. 

*Significant difference between groups (p <0.05). 
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vaporization up to 0.25-1.5 h post-dose, depending on the VAS item. No significant 

differences in ratings between smoking and vaporizations were observed at any time 

point. 

 A significant group effect was observed for ratings of “Good Drug Effect”, 

“High”, and “Stoned” when comparing between oral and placebo doses; Figure 35 shows 

each groups’ ratings for these items. No significant effects were observed for frequent 

smokers’ ratings on these items after oral dosing compared to placebo. Occasional 

smokers’ ratings for “Good Drug Effect” and “High” were significantly greater following 

oral dosing compared to placebo 1.5-3.5 and 0.5-3.5 h post-dose, respectively; only an

Figure 34. Mean (± SD) subjective ratings for 11 frequent and 9 occasional smokers following placebo 

(0.001± 0.000% Δ9-tetrahydrocannabinol [THC]) and smoked and vaporized (6.9 ± 0.95% [~50.6mg] 

THC) cannabis. Data from all participants presented together because no significant group effect was 

observed. * = significant difference between smoked and placebo doses, # = significant difference 

between vaporized and placebo doses. 



 

 

3
0
8
 

Figure 35. Mean (± SD) subjective ratings for 11 frequent and 9 occasional smokers following placebo (0.001 ± 0.000% Δ9-tetrahydrocannabinol 

[THC]) and oral (6.9 ± 0.95% [~50.6mg] THC) cannabis. * = significant difference between oral and placebo doses. 
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overall dose effect was observed for occasional smokers’ ratings of “Stoned”. Ratings for 

“Stimulated” (not shown) showed an overall dose effect with no significant group effect. 

Mean baseline-adjusted ratings for “Willingness to Drive” in either 

nonemergency or emergency situations showed no significant effects when comparing 

among inhaled and placebo doses. When comparing oral and placebo doses, a significant 

group effect was observed. Frequent smokers’ “Willingness to Drive – Nonemergency” 

ratings were not significantly different between doses; occasional smokers, though, were 

less willing to drive from 1.5-3.5 h after oral dosing compared to placebo. Similarly, for 

“Willingness to Drive – Emergency”, occasional smokers were less willing to drive at 1.5 

and 3.5 h after oral dosing compared to placebo; however, an overall dose effect was 

observed for frequent smokers.  

Mean baseline-adjusted ratings for “Craving for Marijuana” showed no 

significant effects when comparing oral dosing to placebo.  Occasional smokers’ ratings 

were not significantly different after inhaled and placebo cannabis. However, frequent 

smokers craved cannabis significantly less after smoking compared to placebo from 0.25-

5 h after smoking initiation, whereas they craved cannabis significantly less only at 0.5 h 

after vaporization; additionally, ratings after smoking were significantly less than those 

after vaporization from 0.5-1.5 h after inhalation initiation. 

 Differences in maximum ratings among dosing sessions were only observed for 

ratings of “Good Drug Effect”, “High”, “Stoned”, and “Stimulated” (Table 40). 

Significant group effects were observed for maximum “Good Drug Effect” and “Stoned” 

ratings. For both items, frequent smokers’ maximum ratings were significantly greater 
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Table 40. Mean (SD) maximum ratings following administration of placebo, oral, smoked, and vaporized cannabis (6.9% THC [~50.6 mg]) to 11 frequent and 

9 occasional cannabis smokers.  

 Placebo Oral Smoking Vaporization 
Overall 

F 

Overall 

p 

Placebo vs 

Active 
 

Oral vs 

Inhaled 
 

Smoking vs 

Vaporization 

F p  F p  F p 

Good Drug 

Effect – 

Frequent 

5.9 

(4.9) 

13.8 

(18.3) 

40.8 

(32.3) 

30.9 

 (29.9) 
7.165 0.001 11.769 0.006  8.575 0.015  1.394 0.265 

Good Drug 

Effect – 

Occasional 

11.9 

(17.5) 

49.0 

(35.1) 

53.3 

(34.0) 

54.0  

(30.9) 
7.037 0.001 17.018 0.003  0.225 0.648  0.006 0.941 

Stoned – 

Frequent 

2.8 

(5.1) 

3.6 

(7.6) 

24.8 

(26.1) 

15.4  

(28.8) 
4.077 0.034 5.895 0.036  5.458 0.042  1.487 0.251 

Stoned – 

Occasional 

3.0 

(5.0) 

38.8 

(32.5) 

38.9 

(35.6) 

35.1 

(36.8) 
6.021 0.003 13.056 0.007  0.036 0.854  0.300 0.599 

High 
5.9 

(8.0) 

28.2 

(32.2) 

43.2 

(30.2) 

36.9 

(32.5) 
12.757 <0.001 37.816 <0.001  2.918 0.105  0.883 0.360 

Stimulated 
3.6 

(4.5) 

19.4 

(28.7) 

34.0 

(31.8) 

30.6  

(33.8) 
9.322 <0.001 19.279 <0.001  4.717 0.043  0.313 0.583 

Repeated-measures ANOVA F-statistic and p-value for overall dose effect, and planned Helmert contrasts are presented (contrast 1 evaluated the difference 

between the variance from placebo and the combined variance from active doses, contrast 2 evaluated the difference between the variance from oral dosing 

and the combined variance from smoking and vaporization, and contrast 3 evaluated the difference between variances from smoking and vaporization). 

Separate data are presented for frequent and occasional smokers’ ratings of “Good Drug Effect” and “Stoned” due to significant group effects. Bolded p-

values denote significance. 
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following active cannabis compared to placebo, and maximum ratings after inhaled doses 

were significantly greater than after oral dosing with no difference between smoking and 

vaporization. In contrast, occasional smokers’ maximum ratings were significantly 

greater following active cannabis compared to placebo, but maximum ratings were not 

different between the three active routes. No significant group effect was observed for 

maximum ratings of “High” or “Stimulated”; active cannabis produced significantly 

greater maximum ratings compared to placebo for both items. 

 Figure 36 depicts mean blood concentration-effect curves for “Good Drug 

Effect”, “High”, “Stoned”, and “Stimulated”. Following smoking and vaporization, 

counter-clockwise hysteresis was observed for both frequent and occasional smokers, 

with occasional smokers’ curves shifted to the left, indicating lower blood cannabinoid 

concentrations. However, ratings for frequent and occasional smokers were comparable 

despite differences in blood cannabinoid concentrations. Ratings following oral dosing 

were plotted against either THC or 11-OH-THC concentrations. Hysteresis was not 

observed in either case after oral dosing. Despite blood concentrations being lower in 

occasional as compared to frequent cannabis users, their subjective ratings after oral 

dosing were larger than those for frequent smokers’.  

Table 41 summarizes linear mixed modeling results relating blood cannabinoid 

concentrations and time to participants’ subjective ratings. Following inhaled doses, 

blood THC concentrations were positively related to ratings of “Good Drug Effect”, 

“High”, “Stoned”, and “Stimulated”, and inversely related to “Craving for Marijuana”; 

time was inversely associated with ratings of “Good Drug Effect”, “High”, “Stoned”, and 

“Stimulated”. Following oral dosing in occasional smokers, THC and 11-OH-THC were
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Figure 36. Mean VAS score as a function of Δ9-tetrahydrocannabinal (THC) or 11-hydroxy-THC (11-OH-THC, oral dosing only) in 11 frequent and 9 

occasional following smoked, vaporized, and oral (6.9 ± 0.95% [~50.6mg] THC) cannabis. 
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Table 41. Effects of blood Δ9-tetrahydrocannabinol (THC),11-hydroxy-THC (11-OH-THC) concentrations, and time on subjective ratings from 11 frequent 

and 9 occasional smokers following administration of smoked and vaporized (inhaled doses) and oral cannabis (6.9% THC [~50.6 mg]). 

 b SE df t p-value 
95% Confidence Interval for b 

Lower bound  Upper Bound 

Good Drug Effect         

  Inhaled Doses         

    Intercept 30.353 4.667 33.936 6.504 <0.001 20.869  39.838 

    THC 0.735 0.296 13.872 2.482 0.027 0.099  1.370 

    Time -3.767 0.675 213.482 -5.579 <0.001 -5.098  -2.436 

    Subject variance in intercepts 193.570 118.466   0.102 58.331  642.362 

    Subject variance in THC concentrations 1.092 0.567   0.054 0.394  3.023 

    AR1 rho 0.705 0.074   <0.001 0.529  0.823 

  Oral Dose (Occasional only)         

    Intercept 9.161 3.881 12.701 2.361 0.035 0.756  17.566 

    THC 0.914 0.279 10.849 3.272 0.008 0.298  1.529 

    11-OH-THC 4.480 0.510 9.219 8.782 <0.001 3.330  5.629 

    THC*11-OH-THC -0.210 0.023 9.550 -9.074 <0.001 -0.262  -0.158 

High         

  Inhaled Doses         

    Intercept 18.853 4.482 26.870 4.206 <0.001 9.655  28.052 

    THC 1.075 0.457 17.222 2.350 0.031 0.111  2.039 

    Time -4.461 0.566 127.223 -7.877 <0.001 -5.582  -3.341 

    Time*THC 0.835 0.233 194.254 3.583 <0.001 0.375  1.295 

    Subject variance in intercepts 322.414 108.589   0.003 166.621  623.875 

    Subject variance in THC concentrations 3.468 1.344   0.010 1.623  7.411 

    AR1 rho -0.435 0.067   <0.001 -0.558  -0.294 

  Oral Dose (Occasional only)         

    Intercept 5.623 2.045 9.201 2.750 0.022 1.013  10.233 

    THC 0.429 0.189 11.159 2.263 0.045 0.013  0.845 
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Table 41. (Continued from previous page) Effects of blood Δ9-tetrahydrocannabinol (THC),11-hydroxy-THC (11-OH-THC) concentrations, and time on 

subjective ratings from 11 frequent and 9 occasional smokers following administration of smoked and vaporized (inhaled doses) and oral cannabis (6.9% THC 

[~50.6 mg]). 

 b SE df t p-value 
95% Confidence Interval for b 

Lower bound  Upper Bound 

Stoned         

  Inhaled Doses         

    Intercept 9.535 3.787 25.041 2.518 0.019 1.736  17.334 

    THC 0.980 0.450 18.380 2.176 0.043 0.035  1.925 

    Time -2.401 0.398 144.721 -6.031 <0.001 -3.188  -1.614 

    Time*THC 0.713 0.172 188.959 4.134 <0.001 0.373  1.053 

    Subject variance in intercepts 246.130 80.585   0.002 129.561  467.579 

    Subject variance in THC concentrations 3.594 1.280   0.005 1.788  7.225 

    AR1 rho -0.589 0.056   <0.001 -0.688  -0.470 

Stimulated         

  Inhaled Doses         

    Intercept 17.271 3.833 38.268 4.506 <0.001 9.514  25.028 

    THC 0.903 0.363 16.117 2.486 0.024 0.133  1.673 

    Time -2.474 0.609 211.683 -4.062 <0.001 -3.675  -1.274 

    Subject variance in intercepts 110.194 77.059   0.153 27.984  433.914 

    Subject variance in THC concentrations 1.980 0.854   0.020 0.850  4.612 

    AR1 rho 0.684 0.076   <0.001 0.509  0.806 

Craving for Marijuana         

  Inhaled Doses (Frequent only)         

    Intercept 32.967 6.787 11.260 4.857 <0.001 18.070  47.864 

    THC -0.283 0.082 126.534 -3.433 0.001 -0.445  -0.120 

    Subject variance in intercepts 450.353 213.732   0.035 177.658  1141.623 

    AR1 rho 0.489 0.091   <0.001 0.291  0.646 
Dosing session and time were set as within-subject repeated measures. Models for inhaled doses were built with an autoregressive (AR(1)) covariance 

structure, and models for oral doses were built with an unstructured covariance structure. Abbreviations: b, model parameter (coefficient); SE, standard error; 

df, degrees of freedom; t, t-statistic. Only significant terms were included in the final model. 
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related to feelings of “Good Drug Effect”, and only THC was related to feelings of 

“High”. Time was never a significant covariate following oral dosing. 

 

Physiological measures 

No significant effects of route of administration, time, or smoking history on 

systolic/diastolic blood pressure or respiration rate were observed. For heart rate, a 

significant dose*time interaction was observed for inhaled and oral doses compared to 

placebo, with no significant smoking group effect. Post-hoc pairwise comparisons 

revealed mean (S.E.) increases in heart rate above baseline at 0.5 h after initiation of 

smoking and vaporization were 12.2 (3.3) and 10.7 (3.0) bpm greater, respectively, than 

changes observed after placebo; heart rate increases above baseline at 1.5 and 3 h after 

oral dosing were 13.0 (2.3) and 10.2 (2.6) bpm greater, respectively, than changes 

observed after placebo. Mean (SD) maximum heart rate increases compared to baseline 

were 2.7 (8.9), 11.9 (10.2), 11.7 (7.3), and 12.0 (6.9) bpm after placebo, smoking, 

vaporization, and oral dosing respectively; post-hoc contrasts revealed active cannabis 

produced significant heart rate increases compared to placebo, but increases were not 

significantly different among active routes. 

 Table 42 summarizes linear mixed modeling results relating blood THC 

concentrations and heart rate following inhaled and oral doses. Significant group effects 

were observed for inhaled and oral doses, so separate models were built. Following 

inhaled cannabis, increasing blood THC concentrations were associated with heart rate 

increases in both frequent (b = 0.655, 95% CI 0.442-0.867) and occasional (b = 2.627,
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Table 42. Effects of blood Δ9-tetrahydrocannabinol (THC) concentrations on heart rate in 11 frequent and 9 occasional smokers following administration of 

smoked and vaporized (inhaled doses) and oral cannabis (6.9% THC [~50.6 mg]). 

 b SE df t p-value 
95% Confidence Interval for b 

Lower bound  Upper Bound 

Inhaled Doses         

   Frequent smokers         

    Intercept 66.494 2.052 18.933 32.405 <0.001 62.198  70.791 

    THC 0.655 0.106 45.025 6.195 <0.001 0.442  0.867 

   AR1 rho 0.611 0.010   <0.001 0.379  0.771 

   Occasional smokers         

    Intercept 71.727 2.795 13.075 25.659 <0.001 65.691  77.762 

    THC 2.627 0.379 37.464 6.924 <0.001 1.859  3.369 

   AR1 rho 0.648 0.102   <0.001 0.404  0.805 

Oral Dose         

 Frequent smokers         

    Intercept 66.657 3.035 20.306 21.965 <0.001 60.333  72.982 

    THC 0.379 0.299 28.614 1.268 0.215 -0.233  0.991 

   AR1 rho 0.671 0.127   <0.001 0.344  0.853 

   Occasional smokers         

    Intercept 69.691 1.980 19.372 35.205 <0.001 65.553  73.829 

    THC 1.884 0.422 26.952 4.469 <0.001 1.019  2.749 

   AR1 rho 0.119 0.206   0.564 -0.282  0.485 

Dosing session and time were set as within-subject repeated measures. Abbreviations: b, model parameter (coefficient); SE, standard error; df, degrees of 

freedom; t, t-statistic. Only significant terms were included in the final model. 



 

317 

 

1.859-3.369) smokers, but after oral dosing, THC was only associated with occasional 

smokers’ heart rate (b = 1.884, 1.019-2.749). 

 

Expired CO 

Figure 38 shows baseline-adjusted expired CO concentrations after smoking and 

vaporization. Smoking produced significantly greater increases in expired CO 

concentrations compared to vaporization from 0.25-6 h post-dose. 

 Differences in expired CO concentrations between placebo and active smoking 

also were evaluated. A significant group effect was observed, so data from smoking 

groups were analyzed separately; Figure 37 shows each group’s expired CO 

concentrations following placebo and active smoking. For occasional smokers, a 

significant overall time effect was observed, with expired CO concentrations decreasing 

as the session progressed. However, significant overall dose and time effects were 

observed for frequent smokers; although expired CO concentrations decreased 

throughout the study session after both doses, concentrations were greater following 

placebo than after active smoking. 

 

Discussion 

Comparisons of subjective effects following controlled smoked and oral (82, 103, 

107, 236) or smoked and vaporized (120) cannabis were previously performed.  The only 

difference between smoking and vaporization observed here was in frequent smokers’ 

ratings of “Craving for Marijuana” with lower ratings 0.5-1.5 h post-dose after smoking, 

consistent with frequent smokers achieving significantly higher blood THC  
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Figure 38.  Mean (± SD) baseline-adjusted expired carbon monoxide concentrations for 5 frequent 

and 6 occasional smokers following smoked and vaporized (6.9±0.95% [~50.6mg] Δ9-

tetrahydrocannabinol [THC]) cannabis. Data from all participants presented together because no 

significant group effect was observed. * = significant difference between smoking and 

vaporization. 

Figure 37. Mean (± SD) baseline-adjusted expired carbon monoxide concentrations for 5 frequent 

and 6 occasional smokers following placebo (0.001 ± 0.000% Δ9-tetrahydrocannabinol [THC]) 

and smoked (6.9 ± 0.95% [~50.6mg] THC) cannabis. * = significant difference between smoked 

and placebo doses. 



 

319 

 

concentrations after smoking compared to vaporization (223). Group differences 

were observed in maximum “Good Drug Effect” and “Stoned” ratings, with significantly 

higher ratings after inhaled compared to oral dosing in frequent smokers. This is likely 

due to significantly greater blood THC concentrations following inhaled cannabis 

compared to oral dosing (223) since frequent users cannot titrate (changing their smoking 

topography to achieve higher THC concentrations) their oral dose as they can when 

smoking cannabis. The subjective effects reported by occasional smokers at low THC 

concentrations after oral doses were not reported by frequent users at similar 

concentrations, most likely attributed to development of partial tolerance (Figure 35 and 

Figure 36). 

Occasional smokers’ maximum VAS ratings were not significantly different 

among the three active routes. This was evident in concentration-effect curves in which 

occasional smokers’ peak ratings after inhaled doses were approximately equal to those 

achieved after oral dosing (Figure 36). This observation is similar to another investigation 

in which similar ratings of “high” were observed following intravenous, smoked, and oral 

doses, despite lower plasma THC concentrations after oral dosing (103). Significantly 

greater blood 11-OH-THC concentrations were observed after oral compared to inhaled 

cannabis for occasional smokers in the present study (223). 11-OH-THC is an equipotent 

psychoactive metabolite (73, 237) and may contribute to occasional smokers’ subjective 

ratings. This is an important consideration as recreational cannabis legalization and 

ingestion of cannabis-containing edibles increases (102). 

Counter-clockwise hysteresis following smoking and vaporization was observed, 

in agreement with previous investigations (77, 80, 226, 238-241). Peak subjective effects 
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lag behind rapid increases in blood THC concentrations following inhalation due to 

longer THC equilibration time in the brain (240). After oral dosing, hysteresis was not 

observed in frequent or occasional smokers when ratings were plotted against either 

blood THC or 11-OH-THC concentrations. This is likely because of the slow absorption 

and first-pass metabolism that occurs with oral dosing, narrowing the lag time between 

peak subjective effects and peak blood concentrations. Concentration-effect curves also 

demonstrate that for inhaled routes, frequent and occasional smokers’ ratings were 

similar despite significantly greater blood THC concentrations in frequent smokers (223), 

also demonstrating partial tolerance to subjective effects in frequent smokers.  

Increased THC concentrations were significantly related to increased subjective 

ratings following inhaled doses. Although ratings for “Stoned” and “Stimulated” showed 

significant overall dosing session effects between oral and placebo cannabis, blood 

cannabinoid concentrations were not significantly related to ratings for these items after 

oral dosing in any model, possibly because ratings were the lowest (mean 0.3-25.3 for 

“Stoned” and 0.2-20.0 for “Stimulated”) among the subjective effects that showed 

significant effects after oral dosing (0.3-41.0 for “Good Drug Effect” and 0.2-40.3 for 

“High”). Both THC and 11-OH-THC were significantly related to occasional smokers’ 

“Good Drug Effect” ratings. In contrast, only THC concentrations were significantly 

related to occasional smokers’ “High” ratings after oral dosing. Intravenous 11-OH-THC 

administration was frequently referred to as a “rush” among some participants (237). It is 

possible 11-OH-THC produces specific subjective effects, such that concentrations are 

related to certain effects and not others. Additional investigations in which THC and 11-
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OH-THC are administered separately while monitoring multiple subjective effects are 

needed to properly evaluate this hypothesis. 

In other comparisons of smoked and oral cannabis, increases in heart rate were 0-

80 (measured as early as 3 min post-dose) and 4-68 bpm (significant increases compared 

to placebo) (103), and 18 and 8-9 bpm (236), respectively. Additionally, following 

vaporized THC, average increase was 19 bpm (95% CI 13.2-25.5, measured immediately 

after dosing completion), with no changes in systolic/diastolic blood pressure (121). 

Heart rate increases observed here after smoking and vaporization are smaller than those 

observed previously (103, 121), most likely due to a later first-measurement time (0.5 h 

post-dose) compared to <5 min post-dose. Magnitudes of heart rate increases were not 

different between the three active routes, possibly due to the extra step taken during 

brownie preparation to maximize conversion of the precursor THC-carboxylic acid A to 

THC before baking. 

Group differences in heart rate were not observed after any active dose in this 

cohort. After smoking a 6.8% THC cigarette, heart was elevated only at 0.5 h post-dose 

in frequent smokers (77). In contrast, though, occasional smokers demonstrated 

significant increases in heart rate from 1-3 h after smoking a 6.8% THC cigarette 

compared to baseline (significant time*group effect), whereas only a time effect was 

observed at 0.5 h post-dose (80). Following six days of increasing oral THC doses (up to 

120 mg) tolerance to the tachycardic effect of THC was not observed in nine frequent and 

four abstaining cannabis smokers (242); however, the authors note that a previous study 

showed cardiovascular tolerance that developed after 12 days of 180 mg daily oral THC 

(243), indicating that dose and exposure time may be factors in the development of 
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cardiovascular tolerance. None of these investigations included a placebo dose for 

comparison. THC concentration increases were associated with larger increases in 

occasional smokers’ heart rate than in frequent smokers’ after inhaled and oral doses 

(Table 42), potentially demonstrating partial tolerance to this effect.  Frequent smokers’ 

significantly greater THC concentrations compared to occasional smokers after inhaled 

cannabis due to increased dose titration (223) may have produced heart rate increases like 

those in occasional smokers, eliminating statistical differences between groups when only 

comparing measured heart rates. 

The Institute of Medicine suggested that smoking is an inappropriate route for 

medical cannabis administration (116). Our results agree with another study 

demonstrating significantly decreased expired CO concentrations after vaporization 

compared to smoking (120). Vaporization offers an attractive alternative to inhaled 

cannabis administration, particularly for medicinal administration, producing similar 

effects to smoked cannabis while reducing exposure to toxic by-products. 

Additionally, we observed significantly greater expired CO concentrations in 

frequent smokers after placebo smoking compared to active smoking. This inverse 

relationship between cannabis strength and expired CO was observed by other 

investigators (120, 236, 244, 245), and is a result of altered smoking behavior (120) to 

titrate the inhaled dose and increase maximum THC concentrations. Thus, frequent 

smokers are exposed to high CO concentrations due to both titration of inhaled cannabis 

doses and frequency of exposure. 

We demonstrated smoking and vaporization are effective at producing significant 

changes in participants’ subjective ratings compared to placebo, while oral dosing 
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produced significant increases in subjective ratings in occasional smokers only. These 

data are indicative of the development of partial tolerance to subjective effects in frequent 

smokers. The inability to titrate an oral dose produced no significant increases in frequent 

smokers’ subjective ratings. We also demonstrated that all active cannabis 

administrations produced significant increases in heart rate. While group differences were 

not observed in measured heart rates, blood THC concentrations were associated with 

greater increases in heart rate in occasional than in frequent smokers, potentially 

indicating development of partial tolerance in frequent smokers; however, the ability to 

titrate the inhaled dose, leading to significantly greater blood THC concentrations in 

frequent smokers, may have eliminated statistical differences between groups when only 

comparing measured heart rates. Finally, expired CO was significantly increased 

following smoking compared to vaporization. These data highlight the importance of 

considering dose titration when conducting controlled administration studies or 

interpreting cannabinoid concentrations. Observation of partial tolerance to subjective or 

cardiovascular effects in frequent smokers after inhaled cannabis may be confounded by 

allowing participants to consume doses ad libitum. In contrast, administration of an oral 

dose eliminates the ability to titrate doses, and tolerance can be more easily observed. 

Users should be warned against self-administering too high a dose too quickly to 

overcome this tolerance, which may lead to unintended adverse events. This is 

particularly concerning as cannabis-containing edibles become more prevalent; there is 

great uncertainty in the THC content of commercial edible products; 23% of tested 

products under-labeled THC content (232). Additionally, these data offer compelling 

evidence for the strength of vaporized cannabis over smoking or oral routes for medicinal 
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administrations; effects occur quickly and doses can be titrated without exposure to CO.  

These results have strong implications for safety and abuse liability assessments.   
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Chapter 13 – Conclusions 

 

 The aims of this research were to 1) develop and validate a LC-MS/MS method 

for the enantioselective quantification of d,l-methamphetamine and  d,l-amphetamine in 

plasma and OF; 2) characterize the pharmacokinetics of morphine and codeine in plasma 

and OF after ingestion of raw, uncooked poppy seeds to determine prevalence of positive 

drug testing results with approved and recommended cutoffs; 3) characterize the 

pharmacokinetics of d,l-methamphetamine and d,l-amphetamine in plasma and OF after 

intranasal Vicks VapoInhaler administration to determine prevalence of positive drug 

testing results at recommended cutoffs; 4) develop and validate a LC-MS/MS method for 

the quantification of THC, its phase I and glucuronidated phase II metabolites, and minor 

cannabinoids and metabolites in whole blood; 5) characterize cannabinoid blood and OF 

pharmacokinetics following cannabis administration via multiple routes to identify 

markers of recent use; 6) evaluate performance of two on-site OF screening devices 

following cannabis administration via multiple routes; 7) assess effects of different 

cannabis administration routes on frequent and occasional cannabis smokers’ 

performance on physical tasks from the DECP and eye examinations; and 8) assess 

effects of different cannabis administration routes on frequent and occasional cannabis 

smokers’ subjective ratings, physiologic measures, and expired CO concentrations. 
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Characterize the pharmacokinetics of morphine and codeine in plasma and OF 

after ingestion of raw, uncooked poppy seeds to determine prevalence of positive 

drug testing results with approved and recommended cutoffs 

We administered two doses of raw, uncooked poppy seeds containing 15.7 mg 

morphine and 3.1 mg codeine 8 h apart to healthy adults; seed processing was avoided to 

prevent opiate loss. These high doses represented a worst-case scenario to evaluate 

prevalence of positive drug tests. Since publication of these data, SAMHSA revised their 

Mandatory Guidelines for Workplace Drug Testing Programs on OF testing, with 30 

µg/L screening and a 15 µg/L confirmation cutoffs for codeine/morphine (24).  

With the 30 µg/L screening cutoff, OF morphine tlast was ≤1.0 h after either dose; 

tlast with the 15 µg/L confirmation cutoff were ≤2.5 h. Codeine detection in OF was less 

prevalent at these cutoffs, with only 1 participant positive above the 30 µg/L screening 

cutoff (tlast 0.5 h) with Oral-Eze and none positive with Quantisal; few specimens would 

be expected to confirm based on OF codeine after poppy seed ingestion. Positive OF 

morphine tests with a 15 µg/L confirmation cutoff >2.5 h or positive OF codeine tests 

after consumption suggest opiate exposure other than from poppy seeds.  

 Positive DT5000 (20 µg/L morphine cutoff) OF screening results were observed 

≤5 h after dose 1 and ≤13 h after dose 2. However, true positive results with an OF 

morphine ≥15 µg/L cutoff were only observed up to 2.5 h after either dose (data not 

published); this highlights the importance of confirming positive screening results, as 

specimens screened positive for 2.5-10.5 h longer than specimens confirmed positive. 
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Develop and validate a LC-MS/MS method for the enantioselective quantification of 

d,l-methamphetamine and d,l-amphetamine in plasma and OF 

 We developed and validated a LC-MS/MS method for the enantioselective 

quantification of methamphetamine and amphetamine enantiomers in plasma and OF, 

utilizing 500 µL plasma, 750 µL Oral-Eze OF-buffer mixture (1:2 OF:buffer), or 1 mL 

Quantisal OF-buffer mixture (1:3 OF:buffer). No interferences from other prescribed, 

OTC, or illicit drugs were observed.  Our method was the first to resolve 

methamphetamine and amphetamine enantiomers with Marfey’s reagent in plasma and 

OF by LC-MS/MS.  

Although the derivatization step added approximately 2 h to the sample 

preparation time, a conventional reverse-phase C18 analytical column was utilized with 

chromatographic separations achieved in <10 min, eliminating the need for an expensive 

chiral column and offering a better solution for clinical and forensic laboratories. 

 This method was successfully implemented in our clinical study evaluating the 

prevalence of positive drug test results in plasma and OF following Vicks VapoInhaler 

administration (see below). More recently, the utility of our method for separating 

methamphetamine and amphetamine enantiomers in hair samples by LC-MS/MS was 

demonstrated by other investigators, with only minor modifications (246). 
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Characterize the pharmacokinetics of d,l-methamphetamine and d,l-amphetamine 

in plasma and OF after intranasal Vicks VapoInhaler administration to determine 

prevalence of positive drug testing results at recommended cutoffs 

 We administered 7 inhaler doses per manufacturer recommendations and 

evaluated the prevalence of positive drug tests in plasma and OF. Since publication of 

these data, SAMHSA designated a 25 µg/L screening and a 15 µg/L confirmation cutoff 

for OF amphetamine/methamphetamine in federal workplace drug testing programs (24).  

 At the OF methamphetamine 25 µg/L screening cutoff, 7.0% and 7.5% of 

specimens were positive with the Quantisal and Oral-Eze devices, respectively, with tlast 

>32.0 h post-dose observed. With the newly proposed SAMHSA OF methamphetamine 

15 µg/L confirmation cutoff, 10.3% and 15.1% of specimens were positive with 

Quantisal and Oral-Eze, respectively, with tlast 10.8 (2.5 - >32) h and 7.8 (0.5 - >32) h, 

respectively. OF l-amphetamine was observed in only one participant, with Cmax ≤5.5 

µg/L in either device.  

 OF samples were screened with the DT5000 (35 µg/L d-methamphetamine cutoff 

with negligible cross-reactivity to l-methamphetamine [>100,000 µg/L]); no specimen 

screened positive. Plasma l-methamphetamine was observed in only two participants, 

with Cmax 6.3 and 10.0 µg/L. Both participants were positive at the final collection time 

with 2.6 and 3.8 µg/L l-methamphetamine. Neither amphetamine enantiomer or d-

methamphetamine was observed in plasma (LOQ 1 µg/L). 

 The prevalence of positive OF methamphetamine tests with the 25 µg/L screening 

cutoff was low (≤7.5% of specimens) after manufacturer-recommended Vicks 

VapoInhaler administration. However, accumulation of OF l-methamphetamine was 
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observed, with tmax occurring after a median 5 doses with each device. It is possible 

chronic use beyond the 7 doses administered here may increase prevalence of positive 

tests. The need for chiral analysis can be eliminated by implementing a screening device 

selective for d-methamphetamine; no OF specimen screened positive with the DT5000.  

 

Develop and validate a LC-MS/MS method for the quantification of THC, its phase 

I and glucuronidated phase II metabolites, and minor cannabinoids and metabolites 

in whole blood 

 To aid cannabinoid blood result interpretation in a variety of settings, we 

developed and validated the most comprehensive LC-MS/MS method to date, including 

THC; its metabolites 11-OH-THC and THCCOOH; minor cannabinoids CBD, CBN, 

THCV, and CBG; the minor metabolite THCVCOOH; and phase II metabolites THC-

glucuronide and THCCOOH-glucuronide.  

We quantified all analytes in a single extract of only 200 µL blood, achieving 

sensitive LOQs (0.5-5.0 µg/L) with DPX tips, yielding similar recoveries as other blood 

cannabinoid methods but reducing matrix effects; minimizing matrix effects is important 

when extracting drugs from blood to achieve sensitive LOQs and reproducible 

performance, and to maintain instrument lifetime. Linear ranges were clinically relevant 

and wide enough to prevent excessive repeat analyses due to sample dilution. Utilization 

of DPX tips also allowed for automation, decreasing sample preparation time and 

increasing sample throughput. 

 This method was successfully implemented in our clinical study characterizing 

blood cannabinoid pharmacokinetics following smoked, vaporized, and oral cannabis 
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administration in frequent and occasional smokers. The method can simultaneously 

quantify a comprehensive list of cannabinoids, and can be applied in a variety of forensic, 

clinical, and other drug testing settings. 

 

Characterize cannabinoid blood and OF pharmacokinetics following cannabis 

administration via multiple routes to identify markers of recent use 

  We administered ~50.6 mg smoked, vaporized, and oral cannabis to frequent and 

occasional smokers to evaluate differences in cannabis pharmacokinetics and 

pharmacodynamic effects. Blood cannabinoid pharmacokinetics following smoking and 

vaporization were similar, with the only significant difference being frequent smokers’ 

greater THC Cmax after smoking, possibly due to reduced efficiency from single 

vaporization of a large 800 mg sample; THC tlast were earlier in some participants after 

vaporization compared to smoking, but overall tlast were not significantly different 

between inhaled routes.  

 Three groups of recent use blood markers were established based on our data. 

THCVCOOH was not a useful marker due to its prolonged detection; however, it may be 

useful for differentiating illicit recreational cannabis from medicinal synthetic THC. 

THCV and THC-glucuronide are recent use markers if observed, but their detectability 

was lower than other markers. THC-glucuronide was the only marker of recent use 

detected in blood following oral cannabis dosing. Finally, CBG and CBN had high 

detectability and short detection windows, but were not observed in blood after oral 

dosing. Identifying recent cannabis use is critical as an indicator of performance 

impairment as legalized recreational and medicinal cannabis expands.  
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 We also investigated whether unique combination blood cutoffs could identify 

recent use. A THC/11-OH-THC ratio >1 + THCCOOH/11-OH-THC ratio <15 cutoff 

may have value in drug monitoring or treatment compliance settings as all participants 

were negative within 24 h, discriminating between past-day use and intake from several 

days earlier. A THC ≥5 µg/L + THCCOOH/11-OH-THC ratio <20 cutoff produced 

detection windows <8 h for frequent smokers after all routes, useful for DUID 

investigations. However, occasional smokers were negative with this cutoff within 1.5 h 

after inhaled cannabis, limiting this cutoff’s utility for this group, as blood is typically 

collected >1.5 h after a police stop or crash.  This is a potentially useful cutoff, but should 

be interpreted in the context of other cannabinoid concentrations and observable 

impairment signs. 

Inhaled cannabis produced significantly greater OF THC and CBG Cmax and 

significantly later THCV, CBD, and CBG tlast compared to oral dosing in frequent 

smokers only; for minor cannabinoids, the only significant group difference observed was 

a significantly longer THCV tlast (LOQ 0.2 µg/L) after smoking for frequent smokers 

(mean [range] 4.7 [1.5-12] h) compared to occasional smokers (1.7 [0.17-8] h). THCV, 

CBD, and CBG had greater detectability in OF than in blood; CBD and CBG were 

detected in all participants after all administrations, while THCV was detected in all 

frequent smokers and 9/9, 7/9, and 9/9 occasional smokers after smoked, vaporized, and 

oral cannabis, respectively (LOQ 0.2 µg/L for all). At evaluated 0.3, 0.5, and 0.3 µg/L 

OF cutoffs for THCV, CBD, and CBG, respectively, all frequent smokers were negative 

by 10, 26, and 26 h, respectively, and all occasional smokers were negative by 10, 14, 

and 26 h, respectively. Due to increased detectability in OF compared to blood and 
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shorter detection windows with a 0.3 µg/L cutoff, OF THCV may be a suitable recent 

cannabis use marker. 

In OF, THC was below the SAMHSA-approved 2 µg/L cutoff (24) >72, 72, and 

68 h post-dose in frequent smokers and 32, 32, and 26 h post-dose in occasional smokers 

after smoking, vaporization, and oral dosing, respectively; one frequent smoker was 

positive for OF THC at discharge (72 h post-dose) just above the cutoff at 2.2 µg/L. This 

cutoff is appropriate for workplace drug testing, detecting prior cannabis use for up to ~3 

days. 

OF 11-OH-THC was previously shown to be a poor marker of cannabis smoking. 

However, increased prevalence was observed in frequent and occasional smokers after 

oral dosing. It was also detected more frequently after smoking in this study compared to 

previous investigations due to increased analytical sensitivity. Although detected for a 

short time (tlast ≤ 3.5 h), a positive OF 11-OH-THC test indicates recent intake. This may 

be particularly useful as ingestion of cannabis-containing edibles increases. 

Identifying recent cannabis intake in both frequent and occasional smokers likely 

cannot be achieved with a single blood or oral fluid cutoff. Determinations of impairment 

should always be done in the context of observable impairment signs if possible, due to 

difficulties interpreting both blood and OF cannabinoid concentrations.  

 

Evaluate performance of two on-site OF screening devices following cannabis 

administration via multiple routes 

 One of the greatest advantages of OF drug testing is the ability to screen 

specimens roadside with rapid, sensitive, and specific on-site devices, allowing trained 
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officers to presumptively identify drug use without lengthy delays associated with blood 

collection. We characterized DT5000 and DDS2 performance after controlled smoked, 

vaporized, and oral cannabis administration in frequent and occasional smokers.  

The DT5000 (5 µg/L OF THC cutoff) and DDS2 (25 µg/L cutoff) had ≥80% 

sensitivity, specificity and efficiency with an OF THC ≥5 µg/L confirmation cutoff. At 

lower confirmatory cutoffs (OF THC ≥1 or ≥2 µg/L) the number of TP results were 

maximized, but sensitivities were <80%, due to increased FN results. Last detection times 

were not significantly different between these devices at any evaluated cutoff.  

With a confirmatory OF THC ≥5 µg/L cutoff, no TP results were observed by 26 

h post-dose with either device. For the SAMHSA OF THC ≥2 µg/L cutoff, TP results 

were observed until 32 and 26 h, respectively, for the DT5000 and DDS2. These may be 

appropriate windows for identifying previous-day intake for workplace drug testing 

programs, but may be considered too long for DUID. 

 The only blood confirmation cutoff that demonstrated acceptable performance for 

either device was THC ≥5 µg/L. It was previously shown that blood THC concentrations 

decreased >90% in 1.4 h after a vaporized cannabis dose (230), making confirmation of 

positive roadside OF screening results with blood problematic when blood collection 

times generally occur >1.4 h after a police stop or crash (153, 154). For these reasons, it 

is recommended that onsite OF THC tests be confirmed with OF THC tests. 

 



 

334 

 

Assess effects of different cannabis administration routes on frequent and occasional 

cannabis smokers’ performance on physical tasks from the DECP and eye 

examinations 

 Improving interpretation of observed DUID impairment signs is critical for 

establishing relevant public health policy and legislation, given the difficulty in 

establishing appropriate science-based per se THC limits for both occasional and 

frequent cannabis users.  

 Cannabis produced minimal impairment on the MRB task, with only smoked 

cannabis associated with increased sway. Only oral cannabis produced significant 

increases compared to placebo in the number of observed clues on the OLS and WAT 

tasks, most likely due to the later task administration times that coincided with THC Cmax 

after oral dosing. Additionally, oral cannabis significantly increased occasional smokers’, 

but not frequent smokers’, odds of being impaired on either the OLS or WAT tasks 

compared to placebo. THC and 11-OH-THC concentration increases were significantly 

associated with increased odds of occasional smokers being impaired on the OLS or 

WAT tasks. Significantly greater pupil sizes were observed after oral cannabis only 

compared to placebo at 1.5 and 3.5h post-dose, within the range of participants’ THC and 

11-OH-THC tmax after oral dosing. 11-OH-THC concentration increases were 

significantly associated with increases in pupil sizes in all lighting conditions.  

The timeline of task administration may have limited observation of significant 

effects following inhaled doses compared to placebo, but these data clearly demonstrate 

that oral cannabis administration can impair OLS and WAT performance Additionally, 

we demonstrated occasional smokers’ impairment is related to blood cannabinoid 
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concentrations. These are important findings as consumption of edible cannabis products 

increases. Our data suggest that at these administered doses, impairment following oral 

dosing was prolonged and occurred later compared to inhaled doses; earlier testing post-

dose is needed to further determine impairment following inhaled doses. These data 

provide guidance for the development of future research studies, and public health and 

safety policy and legislation. 

 

Assess effects of different cannabis administration routes on frequent and occasional 

cannabis smokers’ subjective ratings, physiologic measures, and expired CO 

concentrations 

 We characterized frequent and occasional cannabis smokers’ subjective and 

physiological effected and expired CO concentrations following placebo, smoked, 

vaporized, and oral cannabis administration. 

Partial tolerance to the subjective effects of cannabis were observed in frequent 

smokers after oral dosing, because oral dosing produces significantly lower maximum 

THC concentrations than inhaled routes, and an oral dose cannot be titrated to achieve 

desired effects. Counter-clockwise hysteresis following smoking and vaporization was 

observed, with occasional smokers’ curves shifted to the left (indicating lower blood 

THC concentrations); however, peak effects were similar for frequent and occasional 

smokers, again demonstrating partial tolerance in frequent smokers. Additionally, 

although blood cannabinoid concentrations were similar for frequent and occasional 

smokers after oral dosing, occasional smokers’ subjective ratings were significantly 

increased compared to placebo while no significant difference was observed in frequent 
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smokers. This also highlights the partial tolerance developed in frequent smokers, as an 

oral dose cannot be titrated to achieve desired effects.  

 All active cannabis routes produced significant increases in heart rate, with no 

difference between routes in maximum increases. Additionally, maximum increases were 

not significantly different between groups. However, a single unit increase in blood THC 

concentration was associated with a larger increase in heart rate in occasional smokers 

than in frequent smokers. This may indicate development or partial tolerance to the 

cardiovascular effects of cannabis in frequent smokers. This partial tolerance was not 

observed when only the measured heart rates were compared. 

We observed significantly greater expired CO concentrations in frequent smokers 

after placebo smoking compared to active smoking. This is the result of altered smoking 

behavior (120) to titrate the inhaled dose and increase maximum THC absorption. 

Together, these subjective, physiological, and expired CO data provide guidance 

for safety and abuse liability assessments, and guide public health policies. Since frequent 

smokers may exhibit partial tolerance to subjective effects, they may attempt to increase 

self-administered doses to achieve desired effects. Accurate medicinal cannabis product 

labeling is necessary for avoiding potential adverse effects, like excessive tachycardia, in 

all cannabis users. Vaporization reduced exposure to toxic by-products; it may be a 

suitable alternative route for medical cannabis administration. These data also highlight 

the importance of considering dose titration when conducting controlled administration 

studies or interpreting cannabinoid concentrations. Observation of partial tolerance to 

subjective or cardiovascular effects in frequent smokers after inhaled cannabis may be 

confounded by allowing participants to consume the dose ad libitum; dose titration may 
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prevent observation of differences caused by partial tolerance when comparing frequent 

and occasional smokers. In contrast, administration of an oral dose eliminates the ability 

to dose titrate, and tolerance can be more easily observed. 

 

Policy Implications 

1. Positive OF opiate tests after ingestion of raw, uncooked poppy seeds containing 15.7 

mg morphine and 3.1 mg codeine were limited to ≤1.0 h with a 30 µg/L morphine 

screening cutoff and ≤2.5 h with a 15 µg/L morphine confirmation cutoff; few OF 

specimens would be codeine positive. Positive OF morphine tests >2.5 h or positive OF 

codeine tests with the 15 µg/L morphine confirmation cutoff would suggest opiate intake 

other than from poppy seeds. 

 

2. Of 391 urine specimens, 26.6% and 83.4% were morphine positive at 2000 and 300 

µg/L cutoffs, respectively, following poppy seed ingestion of two high 15.7 mg morphine 

and 3.1 mg codeine doses 8 h apart; last positives were 2.6-18 h after the second dose 

with the 2000 mg/L cutoff. No specimen was codeine positive with the 2000 mg/L cutoff, 

but 20.2% of specimens exceeded 300 mg/L. The CEDIA 6-AM immunoassay had 91% 

specificity, while no false positives were observed with the Lin-Zhi 6-AM immunoassay.  

 

3. No OF d-methamphetamine was detected after 7 nasal doses of Vicks VapoInhaler 

according to manufacturer-recommended instructions at the analytical LOQ (1 µg/L). 

Additionally, no OF specimen screened amphetamines positive when a selective d-

methamphetamine immunoassay was employed; if amphetamines screening is with a 
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non-selective methamphetamine or amphetamine immunoassay and confirmed with a 

non-selective chromatographic assay, chiral confirmatory methamphetamine and 

amphetamine analysis may be required. 

 

4. No d-methamphetamine or d-amphetamine was detected in urine with a GC-MS LOQ 

of 10 mg/L following 7 nasal doses of Vicks VapoInhaler according to manufacturer-

recommended instructions. l-Methamphetamine was observed in urine with a Cmax ≤1140 

µg/L. Three commercial immunoassays for amphetamines EMIT® II Plus, KIMS® II and 

DRI® had sensitivities, specificities and efficiencies of 100, 97.8, 97.8; 100, 99.6, 99.6 

and 100, 100, 100%, respectively. The EMIT® II Plus assay produced 2.2% false-positive 

results, requiring an enantiomer-specific confirmation. 

 

5. Blood THCVCOOH is not a good recent cannabis intake marker due to prolonged 

detection (1 µg/L LOQ) after administration of 50.6 mg THC via smoked, inhaled and 

oral routes, but may be useful to differentiate intake of plant-derived cannabis products 

from synthetic THC. 

 

6. Blood THCV and THC-glucuronide are good recent cannabis intake markers if 

detected, but their absence does not rule out recent intake. THC-glucuronide was detected 

up to 0.5 h after smoking and 2.5-5 h after oral cannabis dosing of 50.6 mg THC at the 

method LOQ (0.5 µg/L); however, it was the only recent cannabis intake marker 

observed in blood after oral cannabis dosing. 
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7. Blood CBN (tlast ≤1.5 h) and CBG (tlast ≤0.5 h) had the highest detectability at the 

method LOQ (0.5 µg/L for CBN, 1.0 µg/L for CBG) after smoked or vaporized 50.6 mg 

THC among minor cannabinoids evaluated to identify recent cannabis intake.  

 

8. The recommended OF THC ≥2 µg/L confirmation cutoff is appropriate for workplace 

drug testing, identifying prior cannabis intake for up to ~1-3 days in frequent and 

occasional smokers after smoking, vaporization, or oral cannabis dosing of 50.6 mg THC. 

 

9. OF 11-OH-THC was detected ≤3.5 h after smoked, vaporized, or oral cannabis 

administration containing 50.6 mg THC in frequent and occasional smokers at the 

method LOQ (0.5 µg/L), indicating recent intake if identified.  

 

10. Detection of OF THCCOOH documents active cannabis administration, and 

therefore, can rule out passive cannabis exposure. 

 

11. At evaluated 0.3 µg/L OF cutoffs for THCV and CBG, all participants were negative 

by 10 and 26 h, respectively after smoking, vaporization and oral dosing of 50 mg THC. 

OF THCV could be useful for detecting recent cannabis intake, while both OF THCV 

and CBG may be good alternative analytes for identifying cannabis intake in treatment 

settings.  

 

12. Detection of OF THCV, CBG, or CBD may be useful to differentiate intake of plant-

derived cannabis products from synthetic THC. 
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13. On-site OF screening devices DT5000 and DDS2 demonstrated ≥80% sensitivity, 

specificity and efficiency for detecting cannabis intake of 50.6 mg THC with an OF THC 

≥5 µg/L confirmation cutoff when evaluated over the entire timecourse; >80% 

performance was observed at lower confirmation cutoffs when a shorter timeframe was 

considered.  

 

14. At lower confirmatory cutoffs (OF THC ≥1 or ≥2 µg/L) the number of true positive 

cannabinoid results were maximized, but sensitivities were <80% due to increased false 

negative results. Last THC detection times were not significantly different between 

devices at any evaluated cutoff. Confirming a positive DT5000 or DDS2 OF cannabinoid 

test with an OF THC ≥2 µg/L cutoff was suitable for drug treatment programs to detect 

cannabis intake within 26-32 h. 

 

15. OF cannabinoid screening with blood cannabinoid confirmation is not recommended 

due to rapid decreases in blood THC concentrations after inhalation, and delayed and 

varied blood collection times after a police stop or crash, potentially leading to 

unconfirmed positive OF cannabinoid screening results.  

 

16. Decrements in performance on the OLS and WAT were observed in occasional 

smokers after oral 50.6 mg THC dosing. Occasional smokers’ odds, but not frequent 

smokers’ odds, of being impaired on the OLS or WAT tasks was significantly related to 
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blood THC and 11-OH-THC concentrations. Observable impairment signs are important 

for documenting cannabis-related impairment. 

 

17. Subjective and physiological effects data following smoked, vaporized, and oral 

cannabis support the need for proper safety and abuse liability assessments for all 

commercially-available products. Cannabis vaporization exposes users to significantly 

less CO than smoking, making vaporization a more attractive route than smoking for 

medical cannabis administration. 

  

18. The effects of dose titration should be considered when interpreting cannabinoid 

results and when designing controlled administration studies. 

 

Future directions 

 This research focused on cannabis administration via three popular routes; 

brownies are a classic cannabis-containing edible, but other products like cookies, candy 

bars, lollipops, and drinks are available. Alternatively, high-potency oils, waxes, and 

“dabs,” which can contain up to 90% THC can be produced at home and administered via 

vaporization. Cannabis purchased for smoking can also contain larger THC 

concentrations (up to 32%) than those administered here.  

 Additional research needs to be conducted with higher potency cannabis; the 

cannabis potency administered here (6.9% THC), although the highest available THC 

potency available from NIDA at the time, is lower than some licit or illicit products; 

however, our research has consistently indicated titration of smoked and inhaled cannabis 

doses. Nothing is known about whether individuals can titrate wax extracts of cannabis 
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administered by dabbing or via a vape pen.  Administering higher-potency products when 

titration is not possible could affect detection windows. Longer cannabinoid detection 

windows could affect result interpretation. Additionally, since the minor cannabinoids 

THCV and CBG are naturally-occurring in the cannabis plant, their concentrations may 

vary depending upon the cannabis strain, soil and growing conditions, including light 

exposure and humidity; their detection windows need to be evaluated after determining 

the smoking topography after administering either high-potency whole-plant products or 

extracts (e.g. oils, waxes, etc.). Second, higher-potency products may produce greater 

performance decrements than those observed here. Frequent smokers’ performance on 

tasks from the DECP were not significantly impaired after active cannabis than after 

placebo; however, performance decrements may be observed after administering higher-

potency cannabis.  

In addition to studying high-potency products, administration via electronic 

cigarettes (e-cigarettes, “e-cigs”) should be studied. While the cannabinoid 

pharmacokinetics would be expected to be similar to those following other inhaled 

administrations, factors unique to e-cigarettes may affect cannabinoid delivery, including 

the vaporization temperature, solvent, and other additives (like propylene glycol or 

vegetable glycerin) that assist drug delivery or incorporated for flavor, and dose titration 

may be different than after typical smoking or inhalation methods. 

 

Finis 

 Multiple factors must be considered when interpreting positive drug tests. We 

demonstrated that certain licit products may produce positive drug tests that may 
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otherwise be interpreted as illicit drug use. After consuming poppy seed doses containing 

15.7 mg morphine and 3.1 mg codeine, positive OF morphine tests did not occur >2.5 h 

post-dose with a confirmatory 15 µg/L cutoff; no positive OF codeine tests were 

observed at this cutoff. Screening OF specimens with a selective d-methamphetamine 

immunoassay will prevent positive results from intranasal l-methamphetamine (e.g. 

Vicks VapoInhaler) administration; otherwise, confirmatory chiral analysis may be 

required. Blood and OF cannabinoid markers were identified to assist result 

interpretations in various settings. Blood CBN (tlast ≤1.5 h) and CBG (tlast ≤0.5 h) had the 

highest detectability at the method LOQ (0.5 µg/L for CBN, 1.0 µg/L for CBG) among 

minor cannabinoids evaluated to identify recent cannabis intake after smoking or inhaling 

50.6 mg THC; they were never identified after oral use. Blood THCVCOOH or OF 

THCV or CBG can discriminate whole-plant cannabis from synthetic THC (e.g. 

dronabinol) administration. OF THCV may also serve as a recent-use marker for DUID 

(detected up to 10 h post-dose with a 0.3 µg/L cutoff after ~50.6 THC administered via 

smoking, vaporization, and oral routes), while OF CBG can serve as a marker of cannabis 

intake for treatment or abstinence compliance (detected up to 26 h post-dose with a 0.3 

µg/L cutoff after the same dose and routes). Also, OF 11-OH-THC was observed ≤3.5 h 

post-dose with a 0.2 µg/L cutoff after the same doses, and also indicates recent intake if 

observed. OF THC was detected for ~2-3 days post-dose with the currently-approved 2 

µg/L cutoff after ~50.6 THC by any of the three routes and is suitable for workplace drug 

testing. OF screening with an OF THC ≥5 µg/L confirmatory cutoff is acceptable for 

DUID settings, while confirming with an OF THC ≥2 µg/L cutoff was suitable for drug 

treatment programs to detect intake within 26-32 h after ~50.6 THC. Cannabis impairs 
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psychophysical task performance; observable impairment signs should be considered in 

tandem with biological fluid concentrations, if available, whenever documenting 

impairment. 

 

Additional work  

 Two additional manuscripts from NIDA protocol “Evidence-based drug policy 

and legislation: amphetamines and opiates in blood, oral fluid and urine following 

intranasal l-methamphetamine and oral poppy seeds” (Appendix A) were published, 

detailing urinary pharmacokinetics of opiates after poppy seed doses (163) and 

amphetamines after Vicks VapoInhaler administration (176); results from these 

manuscripts are summarized below.  

 

 Morphine and codeine concentrations in human urine following controlled poppy seeds 

administration of known opiate content9 

Opiates are an important component for drug testing due to their high abuse 

potential. Proper urine opiate interpretation includes ruling out poppy seed ingestion; 

however, detailed elimination studies after controlled poppy seed administration with 

known morphine and codeine doses are not available. Therefore, we investigated urine 

opiate pharmacokinetics after controlled oral administration of uncooked poppy seeds 

with known morphine and codeine content. Participants were administered two 45 g oral 

poppy seed doses 8 h apart, each containing 15.7 mg morphine and 3 mg codeine. Urine 

                                                 
9 Abstract reprinted from Forensic Sci Int., Vol. 241, Smith ML, Nichols DC, Underwood P, Fuller Z, 

Moser MA, LoDico C, Gorelick DA, Newmeyer MN, Concheiro M, Huestis MA, pgs 87-90, 2014 (doi: 

10.1016/j.forsciint.2014.04.042) with permission from Elsevier.  
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was collected ad libitum up to 32 h after the first dose. Specimens were analyzed with the 

Roche Opiates II immunoassay at 2000 and 300 µg/L cutoffs, and the ThermoFisher 

CEDIA1 heroin metabolite (6-acetylmorphine, 6-AM) and Lin-Zhi 6-AM immunoassays 

with 10 µg/L cutoffs to determine if poppy seed ingestion could produce positive results 

in these heroin marker assays. In addition, all specimens were quantified for morphine 

and codeine by GC/MS. Participants (N = 22) provided 391 urine specimens over 32 h 

following dosing; 26.6% and 83.4% were positive for morphine at 2000 and 300 µg/L 

GC/MS cutoffs, respectively. For the 19 subjects who completed the study, morphine 

concentrations ranged from <300 to 7522 µg/L with a median peak concentration of 5239 

µg/L. The median first morphine-positive urine sample at 2000 µg/L cutoff concentration 

occurred at 6.6 h (1.2–12.1), with the last positive from 2.6 to 18 h after the second dose. 

No specimens were positive for codeine at a cutoff concentration of 2000 µg/L, but 

20.2% exceeded 300 µg/L, with peak concentrations of 658 µg/L (284–1540). The Roche 

Opiates II immunoassay had efficiencies greater than 96% for the 2000 and 300 µg/L 

cutoffs. The CEDIA 6-AM immunoassay had a specificity of 91%, while the Lin-Zhi 

assay had no false positive results. These data provide valuable information for 

interpreting urine opiate results. 
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 Methamphetamine and Amphetamine Isomer Concentrations in Human Urine Following 

Controlled Vicks VapoInhaler Administration10  

Legitimate use of legal intranasal decongestants containing l-methamphetamine 

may complicate interpretation of urine drug tests positive for amphetamines. Our study 

hypotheses were that commonly used immunoassays would produce no false-positive 

results and a recently developed enantiomer-specific gas chromatography–mass 

spectrometry (GC–MS) procedure would find no d-amphetamine or d-methamphetamine 

in urine following controlled Vicks VapoInhaler administration at manufacturer’s 

recommended doses. To evaluate these hypotheses, 22 healthy adults were each 

administered one dose (two inhalations in each nostril) of a Vicks VapoInhaler every 2 h 

for 10 h on Day 1 (six doses), followed by a single dose on Day 2. Every urine specimen 

was collected as an individual void for 32 h after the first dose and assayed for d- and l-

amphetamines specific isomers with a GC–MS method with >99% purity of R-(-)-α-

methoxy-α-(trifluoromethyl)phenylacetyl derivatives and 10 µg/L lower limits of 

quantification. No d-methamphetamine or d-amphetamine was detected in any urine 

specimen by GC–MS. The median l-methamphetamine maximum concentration was 62.8 

µg/L (range: 11.0–1,440). Only two subjects had detectable l-amphetamine, with 

maximum concentrations coinciding with l-methamphetamine peak levels, and always 

≤4% of the parent’s maximum. Three commercial immunoassays for amphetamines 

EMIT® II Plus, KIMS® II and DRI® had sensitivities, specificities and efficiencies of 

100, 97.8, 97.8; 100, 99.6, 99.6 and 100, 100, 100%, respectively. The immunoassays 

                                                 
10 Abstract reprinted from Smith ML, Nichols DC, Underwood P, Fuller Z, Moser MA, Flegel R, Gorelick 

DA, Newmeyer MN, Concheiro M, Huestis MA, J Anal Toxicol, 2014, Vol 38, Issue 8, pgs 524-527 by 

permission of Oxford University Press. 
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had high efficiencies, but our first hypothesis was not affirmed. The EMIT® II Plus assay 

produced 2.2% false-positive results, requiring an enantiomer-specific confirmation. 

 

In addition to the currently published/submitted manuscripts from NIDA protocol 

“Effects of Cannabis Administration Routes on Human Performance and 

Pharmacokinetics” (Appendix B) described above, we will be submitting manuscripts 

detailing participants’ performance on four computerized neurocognitive exams (the CTT 

and DAT, ToL task, and SST) and on urinary cannabinoid pharmacokinetics in 

hydrolyzed and non-hydrolyzed specimens. 

 Finally, one additional manuscript was published detailing cannabinoid OF 

pharmacokinetics from a previous NIDA protocol (210); the results of that manuscript are 

summarized below. 

 

Cannabinoid disposition in oral fluid after controlled cannabis smoking in frequent and 

occasional smokers11 

Oral fluid (OF) is an increasingly popular alternative matrix for drug testing, with 

cannabinoids being the most commonly identified illicit drug. Quantification of multiple 

OF cannabinoids and understanding differences in OF cannabinoid pharmacokinetics 

between frequent and occasional smokers improve test interpretation. The new Oral-Eze® 

OF collection device has an elution buffer that stabilizes analytes and improves drug 

recovery from the collection pad; however, its performance has not been independently 

                                                 
11 Abstract from Newmeyer MN, Desrosiers NA, Lee D, Mendu DR, Barnes AJ, Gorelick DA, Huestis MA. 

Drug Test Anal. 2014. 6(10):1002-1010 (doi:  10.1002/dta.1632). Reproduced with permission by John 

Wiley and Sons. 
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evaluated. After controlled smoking of a 6.8% Δ9-tetrahydrocannabinol (THC) cannabis 

cigarette by frequent and occasional smokers, OF was collected with the Oral-Eze device 

for up to 30 h. Samples were analyzed for multiple cannabinoids by a validated 2D-GC-

MS method. Frequent smokers had significantly greater OF THCCOOH concentrations 

than occasional smokers at all times, and showed positive results for a significantly 

longer time. We evaluated multiple cannabinoid cut-offs; the shortest last detection times 

were observed when THC ≥1 μg/L was combined with CBD or CBN ≥1 μg/L. With these 

cutoffs, last detection times (1-13.5 h) were not significantly different between groups, 

demonstrating suitability for short-term cannabinoid detection independent of smoking 

history. Cutoffs utilizing THC alone or combined with THCCOOH showed significantly 

different last detection times between groups. The widest detection windows were 

observed with THC ≥1 or 2 μg/L or THCCOOH ≥20 ng/L. Our data illustrate the 

effectiveness of the Oral-Eze® device for OF collection, the impact of self-administered 

smoked cannabis history on OF cannabinoid results, and the ability to improve 

interpretation and tailor OF cannabinoid cut-offs to fulfill the detection window needs of 

a given program.  
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Appendix A: NIDA Protocol 12-DA-N481, “Evidence-based drug policy 

and legislation: amphetamines and opiates in blood, oral fluid and urine 

following intranasal l-methamphetamine and oral poppy seeds” 

 

Study Objectives 

The goal of this study is to describe the pharmacokinetics of intranasally 

administered l-methamphetamine (Vicks VapoInhaler) and oral opiates in poppy seeds in 

blood, oral fluid, and urine. 

  

Primary objectives 

1. Determine prevalence of positive test results and windows of detection of l-

methamphetamine and its metabolite l-amphetamine in blood, oral fluid, and urine 

after intranasal administration of multiple l-methamphetamine doses over 23 h. 

2. Determine prevalence of positive test results and windows of detection of 

morphine and codeine in blood, oral fluid, and urine following two oral poppy 

seed ingestions over 8 h. 

 

Secondary objectives 

1. Evaluate performance characteristics of screening drug tests for l-

methamphetamine in oral fluid after intranasal Vicks VapoInhaler, as compared to 

LC-MS/MS. 

2. Evaluate the performance characteristics of screening drug tests for opiates in oral 

fluid following oral poppy seed ingestion, as compared to LC-MS/MS. 
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3. Evaluate performance of the Quantisal and Oral-Eze oral fluid collection devices 

following intranasal l-methamphetamine and oral poppy seeds, as compared to 

LC-MS/MS.  

4. Evaluate performance characteristics of urine screening drug tests for l-

methamphetamine and opiates as compared to GC-MS. 

5. Determine time course of l-methamphetamine, l-amphetamine, morphine, and 

codeine in blood for comparison to other matrices and to calculate oral fluid/blood 

ratios. 

6. Determine whether d-methamphetamine is detected in blood, oral fluid, or urine 

after use of Vicks VapoInhaler. 

 

Description of Study Population 

1. Up to 30 healthy research volunteers will be enrolled, with the goal of 16 

completers. 

2. Non-completers (whether by withdrawal or dropout) will be replaced. 

 

Inclusion Criteria 

1. Age 18 to 65 years. 

2. Able to give valid informed consent. 

3. Able to cooperate with all study procedures. 

4. Peripheral venous access adequate to allow repeated blood sampling. 
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Exclusion Criteria 

1. Current medical condition that precludes safe study participation, such as 2nd or 

3rd degree A-V block, acute coronary syndrome, premature atrial contractions 

occurring more than 3/min, or premature ventricular contractions occurring more 

than 1/min. 

2. Current physical dependence on any psychoactive substance other than caffeine or 

nicotine. 

3. Inability to tolerate intranasal medication administration. 

4. Inability to safely swallow liquids containing poppy seeds. 

5. History of clinically significant adverse reaction to intranasal or oral 

decongestants.  

6. History of clinically significant adverse reaction to opiates. 

7. History of clinically significant adverse reaction from exposure (oral, inhalational, 

tactile) to poppy seeds, buckwheat, hazelnuts, or sesame. 

8. Women who are pregnant or nursing. 

9. Internal nasal lesions that increase risk of inhalation of Vicks VapoInhaler 

10. Current hypertension, cardiomyopathy, or other current medical conditions 

associated with increased risk from adrenergic or opioid drug administration. 

11. Resting blood pressure consistently >140/90 mm Hg or heart rate consistently > 

90 bpm 

12. Resting systolic blood pressure consistently < 90 

13. Urine drug test positive for amphetamines or opiates 
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14. Inability to tolerate abstinence from nasal decongestants, amphetamines, opiates, 

CNS depressants, systemically acting anticholinergics, or poppy seeds within the 

prior week, or a monoamine oxidase inhibitor within the prior 2 weeks, before 

administration of study substances 

15. History of psychosis 

16. Any current major psychiatric disorder (e.g., schizophrenia, major depression, 

bipolar disorder) 

 

Study Design and Methods 

Study Overview 

This is a single site (NIH BRC), open-label, non-treatment study involving a 

single visit after enrollment. Each participant spends two days at NIDA IRP and spends 

the intervening night on the CRU on the Johns Hopkins Bayview Medical Campus. There 

are no subsequent follow-up visits. Vicks VapoInhaler is administered according to 

manufacturer’s recommendations every 2 h for seven doses from 9 am to 7 pm 

throughout the first day and at 6 am the second day.  Poppy seeds are administered in a 

liquid drink at 9 am and 5 pm on the first day only. Potential participants in this study are 

recruited and screened under a separate NIDA screening protocol (06-DA-N415) with 

separate investigators and study staff. 

 

Recruitment and Screening 

Healthy adults will be recruited from the community using print, radio, television, 

and web-based advertisements previously approved by the NIDA IRB. Participants will 
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be enrolled in Protocol 10-DA-N415 (Evaluation of potential research subjects – 

screening protocol for clinical studies) and screened for study entry. 

 

Study Procedures 

Participants arrive at NIDA the morning of the first day and provide a urine 

sample to screen for stimulants and opiates and for an on-site pregnancy test (in women 

with reproductive potential).  A positive sample precludes study participation that day; 

the participant will be rescheduled once for a later time.  A positive pregnancy test will 

result in the participant being discharged from the study.  A peripheral indwelling venous 

catheter will be inserted.  Baseline blood, oral fluid (OF) and urine samples are collected. 

Participants begin self-administration of intranasal l-methamphetamine (2 inhalations in 

each nostril) every 2 h from about 9 am through 7 pm, with oral ingestion of poppy seeds 

immediately after the 9 am and 5 pm l-methamphetamine administrations.  A total of 240 

mL blood will be collected over two days, with no more than 10 mL at any one time. OF 

will be collected with the Draeger, Oral-Eze, and Quantisal collectors at each time point 

for a total of 27 specimens over two days. Participants are transferred to CRU to spend 

the night. After baseline collection of blood and OF specimens, participants receive one 

dose of l-methamphetamine about 6 am.  Participants return to NIDA from CRU the 

morning of the second day before 9 am.  All urine voids will be individually collected 

throughout the two-day session.  Participants are discharged from NIDA after collection 

of the last specimen. 
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Study Medications 

Vicks VapoInhaler 

The Vicks VapoInhaler (Procter & Gamble, Cincinnati OH) is an over-the-

counter medication FDA-approved for treatment of nasal congestion due to viral upper 

respiratory infection, hay fever or other upper respiratory allergies, or sinusitis.  The 

active ingredient in each inhaler is 50 mg l-methamphetamine (termed levmetamfetamine 

in the manufacturer’s material), with trace amounts of d-methamphetamine. Each 

application administers 0.04 to 0.15 mg l-methamphetamine in about 800 mL air.  The 

recommended dose for individuals 12 years or older is 2 inhalations per nostril (total of 

up to 0.60 mg l-methamphetamine), no more often than every 2 h and for no longer than 

7 days. Inactive ingredients include bornyl acetate, camphor, lavender oil, menthol, and 

methyl salicylate. In this study, participants will be given the inhaler (purchased from 

commercial sources) and self-administer 2 inhalations per nostril at each dosing time, 

under direct staff observation. Dosing will occur every 2 h from about 9 am until 7 pm on 

Day 1 (six times) and once at about 6 am on Day 2. 

 

Poppy seeds 

Food grade poppy seeds were purchased from Brugger’s Bagels, Raleigh, NC, 

and the morphine and codeine content assayed by RTI, Research Triangle, NC.  Three 

seed analyses from this vendor gave morphine content of 326, 344, and 377 µg/g and 

codeine 66, 68, and 75 µg/g.  Forty-five g of uncooked, unground seeds will be 

suspended in 500 mL of liquid.  This amount of seeds contains about 15 mg morphine, 

equivalent to the amount found in commonly prescribed opiate analgesics (e.g., MS 
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Contin), and 3 mg codeine, about one-fifth the amount in the lowest typically prescribed 

oral dose (15 mg). Participants will drink the suspension over no more than 15 min under 

direct staff observation. 

 

Specimen Collection and Analysis 

Blood Specimens 

Peripheral venous blood is collected beginning approximately 0.25 h prior to and 

26 times (every 0.5-3 h for 32 h, except from 0000 to 0600 on Day 2) after the first dose, 

for a total of 27 collections. Specimens are collected in gray-top (sodium fluoride, 

potassium oxalate) Vacutainer tubes and stored frozen (-20 ˚C) until analysis. Up to 240 

mL of blood is collected during the study; no more than 10 mL of blood is collected at 

any single time point during the study. 

 

Oral Fluid Specimens 

OF specimens are collected with Quantisal and Oral-Eze oral fluid collection 

devices and Draeger DrugTest 5000 test cassettes approximately 0.25 h prior to and 26 

times (every 0.5-3 h for 32 h, except from 0000 to 0600 on Day 2) after the first dose, for 

a total of 27 collections. Specimens are stored refrigerated until analysis. 

 

Urine Specimens 

Participants collect all voided urine ad libitum in polypropylene bottles during 

their entire stay on the research unit.  Participants are responsible for labeling all bottles 

and recording each urine specimen on an inventory sheet. Specimens are kept in a 
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refrigerator until retrieved and checked by research staff.  Aliquots of urine specimens are 

stored frozen at –20 °C until analysis. The US Army Forensic Toxicology Drug Testing 

Laboratory, Fort Meade, MD will analyze all urine specimens for amphetamines and 

opiates. No personally identified information will be supplied to the Fort Meade 

Laboratory. Specimens will be coded and analyzed blind. 

 

Risks and discomforts 

Study medications 

Vicks VapoInhaler 

The major expected adverse effects of the Vicks® VapoInhaler are due to the 

adrenergic stimulation and vasoconstrictive effects of its active ingredient l-

methamphetamine.  These include temporary burning or stinging in the nose, sneezing, or 

increased nasal discharge.  Other stimulant-type effects may include transient increases in 

heart rate, blood pressure, or respiratory rate.  The dosing regimen in this study is within 

manufacturer’s recommendations, so no additional types of medication-related adverse 

events are expected.  No clinically significant cardiovascular effects were noted in a 

recent controlled drug administration study administering up to 16 inhalations (vs. 4 

inhalations in this study) every 2 h for 4 doses (173). An earlier study in which 4 adult 

participants (27-47 years old) used the Vicks® VapoInhaler at recommended dosage for 

5 consecutive days and 2 participants at twice the recommended dosage for 3 consecutive 

days reported no clinically significant adverse effects (35). The Vicks® VapoInhaler is a 

legally marketed over-the-counter product in the US, so use in this study does not expose 

participants to any legal, financial, or occupational harm. 
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Poppy seeds 

Oral poppy seeds are a widely available food that should pose no risk of harm to 

participants unless they have a history of allergy, idiosyncratic reaction, or sensitivity to 

poppy seeds or plants with related antigens, such as buckwheat, hazelnuts, and sesame.  

Allergic reactions to poppy seeds include skin erythema, angioedema, urticaria, pruritis, 

paraesthesias, conjunctivitis, dyspnea, sneezing, rhinorrhea, cough, wheezing, abdominal 

pain, and low blood pressure (247-249). The dose of poppy seeds administered (45 g) is 

comparable to the doses (75 g or more) associated with acute opiate intoxication, doses 

(up to 150 g) well tolerated in prior controlled drug administration studies (2, 11, 250), 

and the dose (250 g) utilized in urology to diagnose vesico-enteric fistula (251, 252). 

Acute opiate intoxication associated with 15 mg oral morphine typically lasts 1.5-2.5 h.  

The commonest adverse effects are sedation, drowsiness, dizziness, lightheadedness, 

headache, nausea, itching, anxiety, restlessness, and fatigue.  Other adverse effects 

include vomiting, constipation, slowed breathing, dry mouth, abdominal cramps, 

difficulty urinating, fast or irregular heartbeat, blurred vision, sweating, and skin rash.  

Adverse events may be exacerbated by drug interaction with other CNS depressant 

medications, anticholinergics, or monoamine oxidase inhibitors. 

 

Adverse events associated with study measures 

Blood collection 

Venous blood sampling may cause pain, tenderness, bruising, or bleeding at the 

needle puncture site.  Some subjects may feel transient lightheadedness or dizziness, or 
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lose consciousness (syncope), because of anxiety and vasovagal reaction.  This risk is 

minimized by performing venipuncture while subjects are seated, and having them 

remain under staff observation until it is clear that there are no acute adverse effects from 

the procedure.  The risk of infection is negligible because standard sterile technique is 

used.  Placement of indwelling venous catheters poses a risk of infection or 

thrombophlebitis, which increases, with duration of placement.  This risk is minimized by 

use of careful sterile technique with prompt removal if there are clinically significant 

signs or symptoms such as tenderness, swelling, or redness.  The risk of anemia is 

negligible because the total amount of blood to be collected (approximately 240 mL) is 

about half the amount collected during a routine blood donation. 

 

Oral fluid collection 

The only risk associated with oral fluid collection is dryness of the mouth. 

 

Urine collection 

There are no adverse events associated with collection of urine. 

 

Prevention/minimization of adverse events 

Participants are carefully screened medically and psychologically to exclude 

individuals who may be at increased risk for adverse events. Participants with a history of 

clinically significant adverse reaction to adrenergic agents or inhaled or oral 

decongestants, oral opiates, or to ingestion of poppy seeds or plants with related antigens 

(buckwheat, hazelnuts, or sesame) are excluded from the study. To avoid adverse drug 
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interactions, study dosing will not occur within 7 days of ingestion of a CNS depressant 

or anti-cholinergic, or within 14 days of ingestion of a monoamine oxidase inhibitor. 

Participants are carefully monitored by trained staff as described below.  Ample 

opportunity to take breaks will minimize the risk of restlessness.  Any abnormality, 

adverse event, or matter of concern is promptly evaluated as appropriate. 

 

Participant monitoring 

Participants’ responses to study medications will be closely monitored by clinical 

staff and study personnel.  A NIDA-IRP nurse will be present while participants take the 

first dose of l-methamphetamine and the poppy seed suspension and will remain present 

for the following 15 min.  Thereafter, a nurse will check participant’s mental status and 

respiratory rate every 30 min for 2 h, then be available on-call.  The l-methamphetamine 

dose and preparation used in this study is legally available to the general public without a 

prescription or medical recommendation, and poppy seeds are readily available as a food, 

so that no additional safety monitoring or criteria for dosing, stopping dosing, or 

discharge from the study are needed in these screened, healthy participants, with three 

exceptions. Dosing will not begin if a participant used a nasal decongestant or ingested an 

amphetamine, opiate, CNS depressant, anti-cholinergic, or poppy seeds within the prior 

week, monoamine oxidase inhibitor within the prior 2 weeks, has a blood pressure greater 

than 140/90 mm Hg or heart rate greater than 90 bpm, a urine drug test positive for 

stimulants or opiates, or a positive on-site urine pregnancy test. Should any of these 

events occur, the dosing session will be cancelled and the participant rescheduled for a 

future session, except that in the case of a positive pregnancy test, the participant will be 
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discharged from the study.  Heart rate, blood pressure, and respiratory rate will be 

assessed prior to each dose of study medication.  If heart rate is greater than 90 bpm, 

blood pressure greater than 140/90, or respiratory rate less than 5 breaths/min, that dose 

will be held until the parameter has returned to within the normal limit. Participants will 

be withdrawn from the study in the event of an adverse event which, in the opinion of the 

MAI or designee, increases the risk of a further clinically significant adverse event, the 

participant requests withdrawal, or the participant is unable or unwilling to comply with 

protocol requirements. 

 

Outcome Measures 

Primary outcome measures 

The primary outcome measures are the prevalence of positive test results and 

windows of detection (based on concentrations in the biological matrix) of l-

methamphetamine, l-amphetamine, morphine, and codeine in blood, OF, and urine. 

 

Secondary outcome measures 

1. Performance of 2 OF collection devices/on-site tests (Quantisal and Oral-Eze) and 

one OF screening test (Draeger Drug Test 5000) in comparison to LC-MS/MS, 

and performance of urine screening test in comparison to GC-MS. Performance 

parameters are prevalence of positive test at each time point, windows of drug 

detection, sensitivity, and specificity for l-methamphetamine, l-amphetamine, 

morphine, and codeine in OF and urine. Cut-off concentrations for each matrix 
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are those specified in the “Mandatory Guidelines for Federal Workplace Drug 

Testing Programs”.  

2. Detection of d-methamphetamine in any blood, OF, and urine specimen. 

3. Time course of these analytes in blood for comparison to other matrices, 

especially oral fluid/blood ratios.  

 

Statistical analysis 

Analysis of data/study outcomes 

Pharmacokinetic parameters calculated for methamphetamine stereoisomers and 

opiates will include, maximum concentrations, time to maximum concentrations, 

windows of detection, metabolite/parent ratios over time and oral fluid/blood ratios. 

Statistical software will be used to calculate pharmacokinetic parameters and conduct 

ANOVA and post-hoc testing.  No interim analyses are planned for this open-label, 

single-group study. 

 

Power analysis 

A formal power analysis is not provided for the primary outcome measure 

(window of detection) because it does not involve a group comparison.  Previous research 

with other analytes (253), including other CDM studies (e.g., 10-DA-N458), shows that a 

sample size of 10 participants is sufficient to generate valid and reliable pharmacokinetic 

parameters (we will include 16 individuals in this study). 

For the secondary outcome measure (performance comparison among the 3 OF 

collection devices), a sample size of 10 participants should yield an estimated power of 
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0.94 to detect an effect size of 0.85, with a two-tailed alpha of 0.05, for comparisons at a 

single time point (based on data for cannabinoids using the G-Power® (Version 3.0.10) 

power calculator (Universitat Kiel, Germany).  

The power of 0.94 cited for the secondary analysis with 10 subjects requires an 

assumption that the within-subject correlation is on the order of 0.7.   

All dropouts/noncompleters will be replaced to achieve the target number of 

completers. 

 

Human subjects protection 

Subject selection 

Participants will be recruited without regard to ethnic origin, sex, race, or religion.  

The recruitment target is based on the Baltimore City population aged 18 years or older 

from the 2010 US Census. Target enrollment will be:  47% male, 64% African American, 

30% Caucasian, 2% Asian, 4% 2 or more races or unknown, and 4% Hispanic. Based on 

census data, we do not expect any enrollment of American Indian and Alaska Native or 

Native Hawaiian and Other Pacific Islander. 

 

Exclusion justification 

Pregnant or nursing women are excluded because of possible risks of l-

methamphetamine to the fetus or nursing child. Subjects must be at least 18 years old, 

i.e., adults able to give valid informed consent.  Educationally disadvantaged individuals 

are eligible as long as they have at least an estimated IQ ≥ 80 or an estimated 6th grade 
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reading level as assessed by the Wide Range Achievement Test (WRAT), ensuring 

adequate comprehension of the consent form and study procedures. 

 

Anticipated benefit 

This study does not offer any direct benefit to participants, but is likely to yield 

generalizable knowledge regarding the pharmacokinetics of inhaled l-methamphetamine 

and oral opiates contained in poppy seeds, and performance of oral fluid collection 

devices and on-site tests. 

 

Classification of risk 

Participation in this study represents more than minimal risk. The risks are 

reasonable in relation to the overall benefits. 

 

Consent documents and process 

Consent will be obtained from participants by co-investigators.  The study 

involves administration of substances legally available to the public without medical 

approval or supervision, so that specialized medical knowledge is not needed to obtain 

valid informed consent. The consent form will be read to and discussed with the 

participant and any questions resolved.  Before signing the consent form, participants will 

complete a 10-question true/false test to determine their understanding of the procedures 

and risks.  A score of at least 80% correct is required for enrollment in the study.  If 

participants score less than 80%, the test may be repeated once after the material is 
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reviewed.  If participants do not score at least 80% on the second test, they will not 

participate in the study. There is one written consent form for this study, which contains 

all the elements required by regulations. 

 

Data and Safety monitoring 

Data and Safety monitor 

The Principal Investigator and the Medical Advisory Investigator, assisted by 

associate investigators, will monitor data and safety.  No additional monitoring is needed 

because this is a single site, small-scale, open-label study that is not high risk. 

 

Data and safety monitoring plan 

Nature and frequency of adverse events will be reviewed after every 5 participants 

have been exposed to study medications. 

 

Criteria for stopping the study or suspending enrollment or procedures 

Enrollment will be suspended if there is a serious adverse event possibly related 

to the study medications or if the periodic review of adverse events shows a pattern of 

events that, in the judgment of the PI or MAI, warrants more detailed evaluation in order 

to protect participant safety. 
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Quality Assurance 

Quality assurance monitor 

Study staff, under the direction of the PI, monitor quality assurance. 

 

Quality assurance plan 

Quality assurance monitoring will be in accordance with the NIDA quality 

assurance plan. 

 

Adverse event and unanticipated problem reporting 

Serious adverse events will be reported orally as soon as possible and in writing 

within 7 days if life-threatening and within 15 days otherwise.  Expected or non-serious 

adverse events and unanticipated problems will be reported at the time of continuing 

review. 

 

Alternatives to participation or Alternative therapies 

Participants do not receive any treatment in this study.  The alternative is not to 

participate. 

 

Confidentiality 

Confidentiality of participants will be maintained at all times.  Study records, 

data, and specimens will identify subjects by ID number, not by name or other personally 

identifiable information.  The code linking ID number with subjects’ identity will be kept 

confidential by investigators, and kept under lock and key when not in use.  No 
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identifiable subject information will be released outside the research team without written 

permission, with the following exceptions:  1) information needed by other clinical 

personnel or facilities to provide medical care to subjects; 2) audits or reviews of the 

research study by NIH, FDA, or other authorized federal agencies. De-identified results 

from the study may be posted on the www.clinicaltrials.gov web site in accordance with 

US law. 

 

Conflict of Interest 

NIH guidelines on conflict of interest have been distributed to all investigators.  

The Quantisal Oral Fluid Collection Device from Immunalysis, the DrugTest 5000 from 

Draeger Safety Diagnostics, and the Oral-Eze from Quest Diagnostics are employed for 

OF specimen collections. There are no conflicts to report. 

 

Technology Transfer 
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and Oral-Eze, respectively, for inclusion in this study. 
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Appendix B: NIDA Protocol 14-DA-N135, “Effects of Cannabis 

Administration Routes on Human Performance and Pharmacokinetics” 

 

Study objectives 

Primary objectives and hypotheses 

Objectives 

1. Characterize cannabis’ pharmacodynamic effects over time after smoked, vaporized, 

and oral administration in occasional and frequent smokers;  

2. Determine cannabinoid (THC, 11-OH-THC, THCCOOH, THC-glucuronide, 

THCCOOH-glucuronide, CBG, THCV and THCAA) pharmacokinetic profiles in 

whole blood, OF, and urine after smoked, vaporized, and oral administration in both 

groups, but for a longer time after dosing for frequent smokers; 

3. Correlate cannabinoid concentrations in whole blood, urine, and OF after smoked, 

vaporized, and oral administration with pharmacodynamic effects and with each other 

to improve interpretation of cannabinoid test results (pharmacodynamic-

pharmacokinetic modeling); 

 

Hypotheses 

1. Vaporized and smoked cannabis will have similar pharmacodynamic effects but will 

significantly differ from those following oral cannabis administration. Effects of oral 

cannabis will be delayed and less intense;  

2. Vaporized and smoked cannabis will have similar pharmacokinetic profiles but will 

significantly differ from that observed after oral cannabis administration. Time to 
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maximum concentration (tmax) will be significantly delayed and maximum 

concentration (Cmax) will be significantly less after oral administration;  

3.  Windows of detection for THC in frequent smokers’ blood will be significantly longer 

than in occasional smokers’ blood and will not differ between occasional and frequent 

smokers’ OF. 11-OH-THC in frequent smokers’ blood will be significantly longer 

than in occasional smokers’ blood. THCCOOH will be detected significantly longer in 

frequent smokers’ urine, OF, and blood;  

4. Alternative cannabinoids (CBD, CBN, CBG, and THCV) will identify intake within 24 

h in occasional and frequent smokers after smoked and vaporized cannabis 

administration; 

 

Secondary objectives and hypotheses 

Objectives 

1. Characterize performance of the Alere DDS2 on-site OF screening device compared to 

confirmatory LC-MS/MS OF results. 

 

Hypotheses 

1. The Alere DDS2 device will have good sensitivity and specificity for identifying 

recent cannabis intake. 
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Study design and methods 

Overview 

This study will investigate differences in cannabis pharmacodynamics and 

pharmacokinetics after smoked, vaporized, and oral administration routes in occasional 

and frequent smokers. Over five sessions (if the optional dosing session is selected), 

occasional and frequent smokers will be administered active and placebo cannabis 

followed by pharmacodynamic monitoring and pharmacokinetic whole blood, OF, and 

urine specimens. Participants will complete a series of neurocognitive, psychophysical 

and subjective tasks, and objective measures (e.g. vitals, expired CO, etc.) will be 

collected. 

 

Study design 

Dosing sessions 1-4 

Occasional (intake ≥2x/month but <3x/week) and frequent (≥5x/week) cannabis 

smokers are recruited to participate in the study. These sessions follow a double blind, 

double dummy, randomized, crossover, placebo-controlled design. Over four dosing 

sessions participants will consume a placebo or active oral (baked in a brownie) cannabis 

dose (6.9% THC, currently available cannabis potency) followed by either placebo or 

active smoked or inhaled cannabis after vaporization. The four sessions are (in 

randomized order) 1) placebo oral cannabis and active smoked cannabis 2) placebo oral 

cannabis and active vaporized cannabis 3) active oral cannabis and either placebo smoked 

or vaporized cannabis and 4) placebo oral cannabis and either placebo smoked or 

vaporized cannabis, whichever was not administered in the active oral cannabis session. 

Brownie consumption will begin 10 min prior to the initiation of smoking or inhaling. 



 

370 

 

Smoking, inhaling, and eating will each be performed ad libitum within 10 min. Whole 

blood, OF, and urine will be collected before and up to 54 h post-dose for occasional 

smokers and up to 72 h post-dose for frequent smokers. Dosing for occasional smokers 

will not exceed self-reported intake frequency, and participants may stay on the unit or be 

discharged between all sessions. Occasional smokers may only stay on the unit between 

sessions if their self-reported smoking frequency is ≥2x per week. Doses for frequent 

smokers will not be administered more frequently than every 72 h, and frequent smokers 

must be discharged for at least 72 h between sessions. Participants will complete a battery 

of subjective, objective, and neurocognitive tests before and after dosing. Subjective 

effects are assessed with visual analog scales (VAS). Objective measurements include 

physiologic parameters (heart rate, blood pressure, respiration rate, and body 

temperature), expired carbon monoxide (CO), and reddening of the conjunctivae. 

Neurocognitive effects are assessed by computer tasks evaluating executive function, 

motor impulsivity, psychomotor performance and divided attention, and a series of eye 

and psychophysical examinations. Proposed markers will vary by matrix but may include 

THC, metabolites 11-OH-THC, THCCOOH, their phase II conjugates, and other minor 

cannabinoids. 

 

Dosing session 5 

This is an optional session for participants. Potential contamination from low 

cannabinoid concentrations in placebo cannabis plant material may confound 

determination of OF and whole blood cannabinoid concentrations after oral active 

cannabis administration followed by placebo smoked or vaporized cannabis. Due to 
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requirements for collecting OF (no eating, drinking or smoking for 10 minutes prior to 

collection), it is not possible to collect OF and/or blood between oral dosing and the 

smoking or vaporized placebo. This session, therefore, is only for the determination of 

cannabinoid pharmacokinetics after oral active cannabinoid administration. Occasional 

and frequent cannabis smokers may or may not participate in this session. After the 4th 

dosing session, as detailed above, occasional participants may stay on the unit for the oral 

dose or may be discharged to home. If discharged, occasional participants must spend the 

night prior to the 5th dosing session for active oral dosing on the clinical unit, as for all 

sessions. Occasional smokers may stay only if active oral administration does not 

produce a dosing frequency above their self-reported frequency of cannabis 

administration. Frequent smokers who choose to participate must remain on the unit 

between dosing sessions 4 and 5. The difference between requirements for occasional and 

frequent smokers to participate in the optional 5th dose is due to the potential confound of 

low THC concentrations in frequent smokers that might not permit the detection of low 

THC concentrations after consumption of a low oral dose. After the final collection for 

frequent smokers in dosing session 4 (approximately 72 h post-dose), participants will 

remain on the unit and spend the night with dosing for the 5th session occurring the 

following morning. Participants will consume the entire brownie at their own pace within 

10 min. Whole blood, OF, and urine specimens will be collected at admission (if 

discharged), before, and up to 48 h post-dose for occasional and frequent cannabis 

smokers. Proposed markers will vary by matrix but may include THC, metabolites 11-

OH-THC, THCCOOH, their Phase II conjugates, and other minor cannabinoids. 
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Experimental methods 

Prior to dosing, participants are trained to a stable level of performance for 

neurocognitive tasks to eliminate practice effects. On admission the night before dosing 

participants provide whole blood and OF. Prior to dosing on the first morning of dosing 

sessions 1-4, baseline performance on neurocognitive tasks and subjective parameters are 

assessed. Vital signs are recorded prior to dosing in all sessions. A urine pregnancy test is 

administered to females with reproductive potential upon admission for each dosing 

session. If positive, the participant will be discharged from the unit and the study. 

Participants may have an intravenous catheter placed to facilitate repeated blood 

collection. In sessions 1-4, baseline whole blood, OF, and CO are collected within 1.5 h 

prior to dosing. For session 5 OF, whole blood, and vitals are collected 1 h before dosing. 

Participants are given no more than 10 min for ad libitum smoking of a placebo or 

an approximate 6.9% THC cigarette, ad libitum inhalation of placebo or a 6.9% 

vaporized cannabis, or ad libitum consumption of a brownie containing the equivalent of 

one placebo or 6.9% THC cigarette. 

For dosing sessions 1-4, whole blood is collected no more than 5 times during ad 

libitum smoking/inhalation and up to 22 times after cessation of smoking/inhalation. 

After cessation of smoking/inhalation, OF is collected up to 18 times with the Quantisal 

device and also with the Draeger DrugTest 5000 or Alere DDS2. Neurocognitive tasks 

are performed up to 2 times, DEC tasks are performed prior to and up to 2 times after, 

and subjective effects are measured up to 8 times after cessation of smoking/inhalation. 

Expired CO is measured up to 8 times after cessation of smoking/inhalation. Eyes are 
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examined up to 4 times after cessation of smoking/inhalation. Urine is collected ad 

libitum as individual voids throughout each session. 

For dosing session 5, whole blood is collected up to 18 times after initiation of 

dosing. OF is collected up to 14 times with the Quantisal and also with the Draeger 

DrugTest 5000 or Alere DDS2 devices after oral dosing. Urine is collected ad libitum as 

individual voids throughout the session. 

For dosing sessions 1-4, occasional and frequent smokers will be discharged 

approximately 54 and 72 h post-dose for each session, respectively, unless they elect to 

participate in dosing session 5. Occasional smokers have the option to stay on the unit or 

be discharged between sessions. Occasional smokers can only stay on the unit between 

sessions if their self-reported smoking frequency is ≥2x per week. Frequent smokers 

choosing to participate in dosing session 5 will not be discharged between sessions 4 and 

5 and will remain on the research unit for approximately 162 h total. Regardless of being 

discharged between dosing sessions 4 and 5 or not, all participants will be discharged 

approximately 48 h after receiving their session 5 dose. Dosing frequency for occasional 

smokers will not exceed their self-reported smoking frequency. Dosing will not be more 

frequent than every 72 h. 

Randomization will be accomplished with the aid of a random number generator. 

For dosing sessions 1-4, the order for all four sessions will be randomly assigned; the 

optional session 5 oral active cannabis only dose will always occur last. For dosing 

sessions 1-4, the placebo accompanying the active oral dose and accompanying the 

placebo oral dose in the “double dummy” session will not be the same (i.e. if placebo 

smoked cannabis is paired with active oral cannabis then placebo vaporized cannabis will 
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be paired with placebo oral cannabis in the double placebo session). Additionally, 

whether the smoked or vaporized placebo is paired with the active oral dose will 

randomly rotate between participants (i.e. whether the placebo smoked or placebo 

vaporized cannabis is paired with the active oral cannabis will randomly rotate). Each 

participant will provide OF specimens for on-site screening purposes via one device only, 

either the Draeger DrugTest 5000 or the Alere DDS2. The screening device for OF 

collection will be randomly assigned to each participant. OF also will be collected at each 

time point with the Quantisal device for confirmatory OF cannabinoid concentrations. 

 

Inclusion and exclusion criteria 

Up to 80 healthy cannabis smokers aged 18-50 will be recruited for the study. 10 

occasional cannabis smokers with an average self-reported frequency of at least twice per 

month and less than three times per week in the past three months and 10 frequent 

cannabis smokers with an average self-reported frequency at least five times per week in 

the past three months are required. 

 

Inclusion criteria 

1. 18 to 50 years of age; 

2. Cannabis consumption with a minimum frequency of at least twice per month during 

the three months prior to the study and average frequency of cannabis smoking of less 

than three times per week (occasional cannabis smoker) in the past 3 months or at least 

an average of five times per week (frequent cannabis smoker) in the past 3 months; 

3. A positive urine cannabinoid screen if in the frequent cannabis smoker group; 
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4. Peripheral veins suitable for repeated venipuncture and/or placement of an intravenous 

catheter, as assessed by a physician’s assistant, nurse, or physician; 

5. Blood pressure (BP) and heart rate (HR) at or below the following values while sitting 

after five min rest: systolic BP (SBP) 140 mm Hg, diastolic BP (DBP) 90 mm Hg, 

heart rate (HR) 100 bpm; 

6. ECG and three-minute rhythm strip without clinically relevant abnormalities; 

7.  Women with reproductive potential must use a medically acceptable form of 

contraception for the duration of the study. Medically acceptable forms of 

contraception include: oral contraceptive, intrauterine device (IUD), depot hormonal 

preparation (ring, injection implant), or a barrier method of contraception such as a 

diaphragm, sponge with spermicide, or a condom. Abstinence is an alternative lifestyle 

and subjects practicing abstinence may be included in the study. 

8. Must be able to safely suspend use of CNS depressant, anticholinergic, and/or 

sympathomimetic medications before study dosing. Length of medication suspension 

will be equal to 3 half-lives of the medication in use. 

 

Exclusion criteria 

1. Current physical dependence on any drug other than cannabis, caffeine, or nicotine; 

2. Currently using cannabis for medical purposes under the explicit recommendation of a 

physician providing medical care; 

3. History or presence of any clinically significant illness, as detected by history, physical 

examination, and/or laboratory tests, that might put the subject at increased risk of 
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adverse events such as history of psychotic disorder, clinically significant mood and/or 

anxiety disorder, diabetes, liver, renal or cardiovascular disease;  

4. Liver enzymes ≥2x upper normal limit and/or clinical signs/symptoms consistent with 

liver disease including but not limited to nausea, vomiting, jaundice, itching, 

abdominal pain, and swelling;  

5. History of clinically significant adverse events associated with cannabis intoxication 

such as severe anxiety and panic, paranoia and psychosis, sustained tachycardia, or 

severe hypotension; or a history of seizures, head trauma, or other history of CNS 

insult that could predispose the subject to seizures. 

6. Donation of more than 450 mL blood within 8 weeks of study treatment phase; 

7. Hemoglobin less than 12.0 g/dL and/or clinical signs/symptoms consistent with anemia 

including but not limited to fatigue, tachycardia, shortness of breath, and dizziness; 

8. If female, pregnant or nursing; 

9. Currently interested in or participating in drug abuse treatment, or participated in drug 

abuse treatment within 90 days preceding study enrollment; 

10. History of food allergy or sensitivity to gluten, dairy, egg, soy, and/or chocolate.  

11. Any form of color blindness 

 

Clinical and laboratory methods 

Specimens will be collected and tests administered ±15 minutes from target time, 

except for measurements or biological fluids scheduled beyond 2 h after dosing, when 

collections are permitted ±30 min from target. 
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Cannabinoid intoxication assessment 

Subjective effects 

Subjective effects are monitored in dosing sessions 1-4. On dosing day, subjective 

effects will be assessed with fifteen 100-mm visual-analogue scales, taking about 3 min 

to complete. The first 11 scales measure psychological and physical symptoms associated 

with cannabinoid intoxication (items 1-6), craving (item 10), and withdrawal (6-9, 11) 

likely to appear or change over several min to several hours. Additional items assess 

potential effect of cannabis administration on breathing (item 12), appetite (item 13), and 

willingness to drive (items 14-15). After dosing day, subjective effects will be assessed 

with six 100-mm visual-analog scales, taking about 1.5 min to complete, as found in 

Appendix 5. These items assess psychological and physical symptoms associated with 

withdrawal (items 1-4, 6) and craving (item 5). Furthermore, after the participants’ final 

session they will be asked about their favorite session. 

 

Objective effects 

Participants’ responses to cannabis are closely monitored by clinical staff and 

study personnel. A certified Advanced Cardiac Life Services (ACLS) medical 

professional is present while participants are administered cannabis. In order for a 

participant to be dosed, blood pressure must be ≤140 mm Hg (SBP) and 90 mm Hg 

(DBP) and heart rate must be ≤100 bpm while sitting after a five min rest. Blood pressure 

(BP), heart rate (HR), respiratory rate (RR), and body temperature will be measured 

within 30 min before cannabis administration in sessions 1-4 and within 1 h for session 5. 

Participants remain under staff observation, with HR, BP, and RR assessed after 0.5, 1.5 
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and 3 h after dosing. Body temperature is measured 0.25, 0.5, 1.5, and 3 h after dosing for 

sessions 1-4, and 1, 2.5, 4, 5.5, and 7 h after dosing for session 5. 

Expired CO will be measured approximately 15 min before and 0.25, 1.5, 2, 3, 4, 

5, 6, and 7 h after dosing for dosing sessions 1-4. 

The eye exam consists of pupil size, reddening of the conjunctivae, and lack of 

convergence and will be evaluated with the DAX™ Evidence Recorder (DAX); this 

device records video of the participants’ eyes for objective examination. Pupil size under 

room lighting, near total darkness, and direct lighting conditions will be examined. 

During the direct lighting condition, the participant will be asked to pull down their lower 

eyelid and look up so that the administrator can observe the presence or absence of 

reddened conjunctivae. Lack of convergence is an inability to cross the eyes. To evaluate, 

a stimulus is held vertically in front of the participant approximately 12-15 inches from 

his/her nose. Keeping his/her head still, the participant follows the stimulus with their 

eyes only. To start, the investigator moves the stimulus in a circle in front of the 

participant’s eyes to ensure they are tracking it. Then, the stimulus is brought closer to 

the bridge of the participant’s nose without actually touching their nose. Convergence 

should occur as the stimulus is brought closer to the participant’s nose. The investigator 

will observe if lack of convergence is present or is not present. 

Videos created from the DAX eye exam are stored on an external memory card in 

the DAX device. After completion of each participant’s session 1-4 the memory card will 

be removed and the videos stored on our secure CDM server; the videos will then be 

deleted from the memory card before the next session. Videos will be stored on our 

server for later analysis, and at the time of data analysis, transferred to password-
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protected computers. Videos will be stored with only a coded number. The coded number 

and matching participant name and ARC number will be stored in the same double 

locked file cabinet as CDM copies of the consent form.  The video recorder will only be 

turned on once the device obscures the participant’s face except for the eyes, and turned 

off after the task is completed. If a participant’s face is inadvertently recorded, the video 

will be edited to remove any identifiable facial views at the time of analysis prior to long-

term storage. 

The eye exam will be performed approximately 1.5 h before dosing and 0.25, 1.5, 

3.5, and 5 h after dosing for sessions 1-4. 

 

Neurocognitive effects 

Neurocognitive effects are monitored in dosing sessions 1-4. 

 

Critical tracking task (CTT) 

The CTT measures the subject's ability to control a displayed error signal in a 1st-

order compensatory tracking task. Error appears as a horizontal deviation of a cursor 

from the midpoint on a horizontal, linear scale. Subjects have to null the error by 

returning the cursor to the midpoint by compensatory joy-stick movements. The 

frequency of cursor deviations, and therefore velocity, increases as a stochastic, linear 

function of time. The subject is required to make compensatory movements with a 

progressively higher frequency. Eventually his/her response frequency lags the error 

signal by 180˚ and control is lost. The frequency at which control loss occurs is 

commonly called the critical frequency or lambda-c (λc). The test is repeated five times 
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and the median lambda-c over the five trials is employed as the dependent variable. Total 

test duration is 5 min. 

Participants must be trained before beginning the first test session (baseline 

measurement). The training objective is to obtain the participant’s consistent optimal 

performance (λc). 

1. There are 20 sets of 5 trials (100 total trials providing 20 mean lambda scores) in the 

training series. When 5 trials are completed, a mean lambda score will appear on the 

screen for the set of 5 trials. This mean is derived from the 5 trials after removing the 

lowest and highest scores (i.e. the mean of the middle 3 scores is presented). This 

score for the set is recorded.  

2. When training series is complete, the participant’s performance should be consistent. 

At this point, determine the coefficient of variation (%CV) for the 3 preceding sets. 

The objective is for the %CV to be <10%. 

3. The mean lambda score for the third set is then divided by two and this value will be 

used during the divided attention task (DAT, see below). If there are multiple instances 

where 3 consecutive sets have a %CV <10%, the lambda which is in the set of 3 

associated with the greatest consistency (i.e. the lowest %CV) and greatest 

performance (i.e. the highest lambda value) is selected. 

4. In the event that no three consecutive sets have a %CV <10% after the initial 20 sets, 

additional sets will be given one at a time until three consecutive sets have a %CV 

<10%. 
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Divided attention task (DAT) 

The DAT assesses the ability to divide attention between two tasks performed 

simultaneously. The primary task is the same as the critical tracking task described above 

with the exception that the velocity of the error signal is kept constant at 50% of the 

subject’s optimal performance (λc/2). Tracking error is measured by the absolute distance 

(mm) between the cursor's position and the center of the screen. The secondary task 

involves monitoring 24 single-digit numbers (0-9) that are displayed in the four corners 

of the screen. The numbers change asynchronously every 5 seconds. The subject is 

required to remove his/her foot from a pedal-switch as quickly as possible any time the 

target numeral "2" appears. Main dependent variables are tracking error (primary task), 

reaction time, and number of correct target detections (secondary task). Test duration is 

12 min. 

Training on the DAT portion is completed after the CTT. After lambda/2 is 

obtained during the CTT training, the participant can practice the DAT for approximately 

12 minutes (one testing series) regardless of final performance, utilizing the lambda/2 

value obtained during the CTT training series. The practice time for this task is recorded. 

 

Tower of London (ToL) task 

The Tower of London (TOL) task is a decision-making task that measures 

executive function and planning. Three colored balls are arranged on a set of three sticks 

in an initial position. The participant is shown an end arrangement and must decide if the 

balls can be moved from the initial to the end arrangement in two to five steps. 
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Participants will practice once, since there are no practice effects reported with this task. 

The number of correct decisions is the main outcome measure. 

 

Stop signal task (SST) 

The stop signal task measures motor impulsivity, or the inability to inhibit an 

activated or pre-cued response. The participant responds to a visual stimulus (e.g. button 

presses when a series of arrows appear) but must inhibit the response if a subsequent 

auditory stimulus is presented. The stop signal can be presented in predefined intervals. 

Practice will continue until the tasks can be performed with <15% variability relative to 

the mean over 3 trials. The main outcome measures are stop reaction time and response 

accuracy. 

 

Drug evaluation and classification tests 

The DEC process is a standardized, systematic method for examining suspected 

impaired drivers intoxicated by drugs other than alcohol. The DEC’s goals are to 

determine if the individual is impaired, if the impairment is drug or medically related, and 

the drug class(es) present if drug related. The program is not designed as a field test 

procedure, a means to determine exactly what drug(s) was/were consumed, or a substitute 

for toxicological analyses. Various tests are performed during the DEC process; we will 

evaluate smoked, vaporized, and oral cannabis effects on the lack of convergence, 

Romberg balance, one leg stand, and walk and turn tests. The tests will be administered 

by DRE-trained staff. 
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Romberg balance 

The Romberg Balance test is a divided attention task in which the participant 

must remain still with their head tilted back and eyes closed while simultaneously 

estimating 30 seconds. To evaluate, the participant stands feet together with arms at their 

sides and tilts their head back with eyes closed. When the investigator says “Start”, the 

participant begins estimating 30 seconds while the investigator keeps time. When the 

participants think 30 seconds have passed, they bring their head forward, open their eyes, 

and say, “Stop”. The investigator records how much time actually elapsed since the start. 

During the test, the investigator also monitors if the participant is swaying front-to-back 

or side-to-side or if there are noticeable body or eyelid tremors. 

 

One Leg Stand 

To evaluate, the participant stands on one leg of their choice and the other is 

raised approximately six inches off the ground in a stiff manner. The participant will 

count aloud while the investigator times the test. The participant is given 30 seconds for 

the test. The investigator documents if the participant lowers their raised foot to the 

ground and counts how many times it occurs, what count the participant is on when the 

30 seconds have ended (e.g. if the participant only counted to 20 at the end of the 30 

seconds), and if the participant sways. 

 

Walk and Turn 

The test requires the subject to stand in a heel-to-toe fashion with his/her arms at 

his/her sides while a series of instructions are given. Then, the subject must take nine 
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heel-to-toe steps along a straight line, turn in a prescribed manner, and take another nine 

heel-to-toe steps along the line. All of this must be done while counting the steps aloud 

and keeping their arms at their sides. The subject must not stop walking until the test is 

completed. 

 

Specimen collection and analysis 

Whole blood specimens 

For dosing sessions 1-4, peripheral venous blood will be collected upon 

admission; approximately 1.5 h before dosing; at the initiation of dosing we will try to 

collect (taking into account technical difficulties) at 2, 4, 6, 8, 10, and 12 min after 

initiation of smoking/inhalation; and then 0.25, 0.5, 1.5, 2.5, 3.5, 5, 8, 10, 12, 14, 20, 26, 

32, 38, 44, 50, 54 (occasional smokers only), 56 (frequent smokers only), 62 (frequent 

smokers only), 68 (frequent smokers only), and 72 (frequent smokers only) h after 

initiation of smoking/inhalation for pharmacokinetic analysis. For dosing session 5, 

whole blood will be collected upon admission (if discharged); approximately 1 h before; 

and 0.5, 1, 1.5, 3.5, 5, 6, 8, 10, 14, 20, 26, 32, 38, 44, and 48 h after the start of dosing for 

pharmacokinetic analysis. 

 At each collection for pharmacokinetic analysis, no more than 3 mL whole blood 

will be collected; blood is collected in a 4 mL grey top tube (sodium fluoride/potassium 

oxalate). The tube may be kept on ice for no more than 2 h before transferring to a 3.6 

mL Nunc™ CryoTube™ and storing frozen at -20°C until analysis. 
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Oral fluid specimens 

OF specimens are collected with the Quantisal™ device and  with either the 

Draeger DrugTest 5000 or AlereTM DDS®2 test cassettes at each timepoint. The 

Quantisal device is composed of a cellulose pad on the end of a plastic stick. OF is 

collected by placing the absorbent pad under the tongue until the volume-adequacy 

indicator turns blue, indicating 1 mL OF was collected. The pad is stored in 3 mL 

elution/stabilization buffer, yielding a 4-fold dilution. The pad sits in the buffer for at 

least 12 h to allow analyte elution from the pad. The pad is removed and the solution is 

stored in a 3.6 mL Nunc CryoTube at 4°C until confirmatory analysis. The Draeger 

DrugTest 5000 and Alere DDS2 are roadside screening tests for on-the-spot testing and 

provide a “positive” or “negative” result for the specified cut-off. For dosing sessions 1-

4, collections occur at admission; approximately 1.5 h before dosing; and 0.17 

(Quantisal), 0.25 (Draeger or Alere), 1.5, 3.5, 5, 8, 10, 12, 14, 20, 26, 32, 38, 44, 50, 54 

(occasional smokers only), 56 (frequent smokers only), 62 (frequent smokers only), 68 

(frequent smokers only), and 72 (frequent smokers only) h post-dose. For dosing session 

5, collections occur at admission (if discharged); approximately 1 h before dosing; and 

0.33, 1, 1.5, 3.5, 5, 8, 10, 14, 20, 26, 32, 38, 44, and 48 h post-dose. 

 

Urine specimens 

Participants collect all voided urine ad libitum as individual specimens in 

polypropylene bottles throughout their stay on the unit. Specimens are refrigerated until 

checked for total volume, pH, specific gravity, and creatinine. After this testing, aliquots 

are stored frozen at -20°C until analysis. 
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Statistical analysis 

Data analysis 

Pharmacodynamic data analysis 

Evaluated pharmacodynamic effects include subjective (VAS) and neurocognitive 

(critical tracking, divided attention, Tower of London, and stop signal) measures. The 

analysis will consist of General Linear Model repeated-measures analyses with IBM 

SPSS 20 to assess responses as a function of time, session, group, and interactions. If 

significant effects are observed (α = 0.05), post-hoc analyses will be performed to 

determine which data points differ. Probability will be expressed as two-tailed, and 

effects will be considered significant if p <0.05. 

 

Pharmacokinetic data analysis 

Pharmacokinetic parameters include areas under the curve (AUC), maximum 

concentration, time to maximum concentration, and time to last detection. General Linear 

Model repeated-measure analyses with IBM SPSS 20 to assess pharmacokinetic 

parameters as a function of session, group, and interaction will be implemented. 

Additionally, General Linear Mixed Model analysis will examine session, group, and 

interaction effects on overall analyte concentrations as a function of time. 

 

Power analysis 

Dr. Jennifer Schroeder, NIDA IRP Office of the Clinical Director aided CDM in 

determining required effect sizes for the protocol. Estimated effect sizes for this study 
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were based on unpublished data generated by our laboratory (see Table 1) that studied 

standard-dose (6.8%) smoked THC effects on frequent and occasional smokers with 

similar pharmacodynamics parameters measured in the current study. Outcome measures 

for sample size estimation included subjective (VAS-stoned), physiological (HR), and 

neurocognitive (divided attention hits, divided attention reaction time, and critical 

tracking) outcomes. 

  Group means observed in this dataset were used for standard-dose smoked THC; 

the group means for placebo were estimated from the baseline (pre-dose) time points for 

each group. Group means for standard-dose vaporized THC were assumed to be 

equivalent to those for standard-dose smoked THC, and group means for standard-dose 

oral THC were assumed to be half those for standard-dose smoked THC for the VAS 

measure and the average of the smoked and placebo effects for the physiological and 

neurocognitive measures. 

Sample size was estimated for a repeated-measures analysis of variance 

(ANOVA) having a two-level between-subjects factor (frequent smokers, occasional 

smokers), a four-level within-subjects factor (standard-dose smoked THC, standard-dose 

vaporized THC, standard-dose oral THC, and placebo), and a between-within interaction 

term. The within-subject correlation was set to 0.5. Ten completers per group are 

necessary to ensure adequate (>80%) power to detect a statistically significant effect for 

each main effect and interaction term for all six selected outcome measures in this power 

analysis, except for an administration route effect on systolic blood pressure. However, 

we feel 10 participants will be adequate to achieve all desired primary pharmacodynamic 

outcome measures. We assume that this sample size will ensure adequate power for 
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pharmacokinetic measures as well, as statistically significant pharmacokinetic effects 

were frequently found in our studies with smaller sample sizes of as few as 6 participants. 

Power calculations were done utilizing G*Power 3 power analysis software. 

 

Human subjects protection plan 

Consent process 

Consent will be obtained from participants by doctoral level co-investigators (Dr. 

Huestis, Dr. Concheiro-Guisan, and Drs. Madeleine Swortwood, Xingxing Diao, Maria 

Andersson and Osama Abulseoud upon completion of the required training). The consent 

form will be read to and discussed with the participant and any questions resolved. 

Before signing the consent form, participants will complete a 10-question true/false test 

to determine their understanding of the procedures and risks. A score of at least 80% and 

correct answers to questions #4 and #9 are required for enrollment in the study. If 

participants score less than 80% or do not correctly answer the compulsory questions, the 

test may be repeated once after the material is reviewed. If participants do not score at 

least 80% and correctly answer questions #4 and #9 on the second test, they will not 

participate in the study. 

 

Subject selection 

Participants will be recruited without regard to ethnic origin, sex, race, or religion. 

The recruitment target is based on the Baltimore City population aged 18 years or older 

from the 2010 US Census, actual past 12 months recruiting experience at NIDA IRP, and 

prior CDM studies. Target enrollment will be: 65% male, 68% African American, 30% 
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Caucasian, 1% Asian, 1% 2 or more races or unknown, and 4% Hispanic. Based on 

census data, we do not expect to enroll any American Indians/Alaska Natives, or Native 

Hawaiians/Other Pacific Islanders. 

 

Recruitment plan 

Recruitment 

Cannabis smokers will be recruited from the community using print, radio, 

television, web-based advertisements previously approved by the NIDA IRB and word of 

mouth. 

 

Screening 

Participants will be enrolled in Protocol 06-DA-N415 (Evaluation of potential 

research subjects – screening protocol for clinical studies) and screened for study entry. 

Master’s-level mental health professionals will conduct the psychiatric evaluation and 

assess the drug use patterns. Qualified physician assistants (PAs) will review the medical 

history (including psychiatric and current drug use histories and any adverse reactions to 

drugs), conduct a complete physical examination (including assessing suitability of 

peripheral veins for intravenous access), and review clinical laboratory tests and ECG. In 

case venous access is questionable, the PA will request a second opinion from the study 

nurses who would be drawing blood during the study sessions. Any laboratory value 

outside of the normal range will be reviewed and clinical significance will be assessed. 

Ambiguous or clinically significant abnormal ECGs will be sent to our cardiology 

consultant for review. A study inclusion and exclusion criteria checklist will be filled by 
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the recruitment team and the MAI will be asked to review any potential study candidate. 

The MAI will review all data collected, the inclusion and exclusion criteria checklist, and 

determine whether a candidate is eligible for the study or not. Additional tests may be 

ordered if deemed necessary. 

 

Involvement of vulnerable subjects and subjects with substance use disorders 

Rationale for involvement of vulnerable populations 

Vulnerable populations will not be included in this study. 

 

Justification for exclusion of vulnerable populations 

Pregnant or nursing women are excluded because of possible risks of cannabis to 

the fetus or nursing child and because the NIDA-IRP research unit cannot provide 

appropriate care to such subjects and their children. Subjects must be at least 18 years 

old, i.e., adults able to give valid informed consent, due to the involvement of illicit drugs 

and the potential for adverse effects on brain development. Individuals older than 50 

years old are excluded because of the increased likelihood of occult medical problems 

that could be exacerbated by the effects of THC. Educationally disadvantaged individuals 

are eligible as long as they score at least 80% correct on the post-consent quiz, including 

correct responses to questions 4 and 9, ensuring adequate comprehension of the consent 

form and study procedures, as per NIDA IRP Clinical Policies. 
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Involvement of subjects with substance use disorder 

The effects of cannabis are being studied among cannabis users. It is anticipated 

that some will meet criteria for a substance use disorder. These subjects may be included 

in the study as long as they meet study inclusion and exclusion criteria. Subjects with 

current physical dependence on any drug other than cannabis, caffeine, or nicotine will be 

excluded because of the potential risk for withdrawal while on the unit. Cannabis 

withdrawal is assessed throughout the study; subjects may opt to leave the study if 

withdrawal is too uncomfortable. 

 

Evaluation of risks/discomforts and benefits ratio 

Potential benefits 

This study does not offer direct benefit to participants, but is likely to yield 

generalizable knowledge regarding cannabinoid pharmacodynamics and 

pharmacokinetics, and interpretation of cannabinoid test results. 

 

Potential risks 

Participation in this study represents more than minimal risk. 

 

Risk associated with blood collection 

Venous blood sampling may cause pain, tenderness, bruising, or bleeding at the 

needle puncture site. Some subjects may feel nausea, transient lightheadedness or 

dizziness, or lose consciousness (syncope), because of anxiety and vasovagal reaction. 

This risk is minimized by performing venipuncture while subjects are seated and having 
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them remain under staff observation until it is clear that there are no acute adverse effects 

from the procedure. The risk of infection is negligible because standard sterile technique 

is implemented. Placement of indwelling venous catheters poses a risk of infection or 

thrombophlebitis, which increases, with duration of placement. This risk is minimized by 

careful sterile technique with prompt removal if there are clinically significant signs or 

symptoms such as tenderness, swelling, or redness. The risk of anemia is negligible 

because subjects must have a normal hemoglobin level to participate and the total amount 

of blood to be collected (for frequent smokers no more than 438.5 mL total for sessions 

1-4 or 494.5 mL for sessions 1-5; for occasional smokers no more than 402.5 mL total for 

sessions 1-4 or 461.5 mL for sessions 1-5) is slightly above the amount collected during a 

routine blood donation. 

 

Risk associated with oral fluid collection 

The only risk associated with OF collection is dry mouth. 

 

Risk associated with urine collection 

There are no adverse events associated with urine collection. 

 

Risk associated with subjective effects measures 

There are no adverse effects associated with assessment of subjective effects. 

 



 

393 

 

Risk associated with objective effects measures 

There are no adverse effects associated with assessment of physiological effects, 

expired CO, or reddening of the conjunctivae. There is no risk for cross-contamination 

when measuring expired CO because a new mouthpiece will be utilized with each 

collection. There is no medical risk from performing the eye exam with the DAX™ 

recorder. 

 

Risk associated with cognitive testing 

Risks of cognitive testing include boredom and anxiety while taking the tests. 

 

Risk associated with DEC testing 

Subjects might lose balance and fall when administered the DEC Divided 

Attention Psychophysical Tests after dosing. This risk will be mitigated by having staff 

closely monitoring subjects and anticipating such risk. 

 

Alternative treatments and procedures 

Participants do not receive any treatment in this study. The alternative, therefore, 

is not to participate. If a participant wishes to receive treatment for substance use prior to, 

during, or after completing the study, he or she will be referred to one of the Recruiting 

Counselors to discuss individualized referrals for treatment based on criteria such as 

severity, insurance, location, and participant’s preference. 
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Risk minimization 

Participants are carefully screened medically and psychologically to exclude 

individuals who may be at increased risk for adverse events. Subjects are carefully 

monitored by trained staff as described above. Additionally, participants will be seated 

with their feet elevated during smoked and vaporized cannabis administration to reduce 

the risk of dizziness, light-headedness, etc.  Ample opportunity to take breaks during the 

questionnaire session will minimize the risk of restlessness. If a participant chooses to 

leave the study on a day they are dosed with cannabis, they cannot drive home. 

Transportation will be provided or they may arrange to be picked up. Any abnormality, 

adverse event, or matter of concern is promptly evaluated as appropriate. Confidentiality 

of participants will be maintained at all times. We completed numerous clinical studies 

where this was proven effective. 

 

Subject safety monitoring 

Participants’ responses to smoked, vaporized, or oral cannabis will be closely 

monitored by clinical staff and study personnel. A certified ACLS medical professional 

will be present while participants receive active or placebo cannabis. A NIDA-IRP 

physician will be available in the building. In order for a participant to be dosed, blood 

pressure must be ≤140 mm Hg (SBP) and 90 mm Hg (DBP) and heart rate must be ≤100 

bpm while sitting after a five min rest. Blood pressure (BP), heart rate (HR), and 

respiratory rate (RR) will be measured 30 minutes before dosing for sessions 1-4 and 1 h 

before dosing for session 5.  In the event vital signs are not within dosing limits, study 

staff may repeat measures every 5 min up to 3 times, and again 15 min after the last 5 
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min check. If at any repeated measure the vital signs are within limits, the dose may be 

given. If BP and/or HR are still outside of the dosing limit after all repeated measures, the 

dose will not be given and the participant will be discharged from the study. Participants 

remain under staff observation, with HR, BP, and RR assessed at 0.5, 1.5, and 3 h after 

dosing. Participants will be withdrawn from the study at their request or if the participant 

is unable or unwilling to comply with protocol requirements or if continuing the study 

will put the participant at increased risk. 

 

Privacy and confidentiality 

In implementing the requirements of The Privacy Act, the NIH follows the 

Department of Health and Human Services Privacy Act Regulations. The Privacy Act 

prohibits disclosure of personally identifiable records without the written consent of the 

individual to whom the records pertain. The NIH adopted standard language for inclusion 

in all NIH IRB approved consent documents which addresses subjects' rights under The 

Privacy Act (see consent for specific language). Privacy of participants will be 

maintained at all times. To ensure privacy of the participant, research staff members 

direct participants to private areas for obtaining consent. Participants are screened and 

examinations are conducted in secure, private areas. When research staff members 

contact participants, no identifiable information is given out to anyone beside the 

participant (no identification of participant in research or contact from NIDA). 
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Study agents/interventions 

Cannabis cigarettes 

Standardized cannabis cigarettes will be supplied by the NIDA Research 

Technology Branch. Based on gas chromatographic analysis, cigarettes contain 

approximately 6.9%, or 54 mg, THC. This potency is what is currently available from 

NIDA. 

 

Vaporized cannabis 

Cannabis material, supplied by the NIDA Research Technology Branch, 

equivalent to one cigarette containing approximately 6.9%, or 54 mg, THC will be heated 

with the Volcano® Vaporizer with vapor collected in a plastic bag attached to the heating 

system. 

 

Oral cannabis 

Standardized cannabis brownie will be prepared with cannabis material supplied 

by the NIDA Research Technology Branch. Each brownie will contain the equivalent 

plant material to one cigarette containing approximately 6.9%, or 54 mg, THC. 

 

Placebo cannabis 

Cannabis material containing approximately 0.001% THC, supplied by the NIDA 

Research Technology Branch, will be utilized for placebo preparations. 
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Data safety and monitoring plan 

The Addictions DSMB will review the study before the start of recruitment and 

again after 10 participants are exposed to at least two doses of a study medication. The 

timing of subsequent reviews will be determined at the time of the first ongoing protocol 

review. Data reviewed by the DSMB will include patient recruitment and reasons for 

discontinuation, the nature and frequency of adverse events, and vital signs (BP, HR, RR) 

collected during study sessions.  
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