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National Institutes of Health 

 

 A positive drug test may result in suspension of oneôs 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® VapoInhalerÊ) per manufacturerôs 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 Ò7.5% 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% ȹ9-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 ȹ9-

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 Ó2 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 cannabisô 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 

analytesô 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 æ9-

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% ȹ9-

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 æ9-

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% ȹ9-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. æ9-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% ȹ9-tetrahydrocannabinol, THC; ~50.6 mg 
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cannabis (6.9% ȹ9-tetrahydrocannabinol, THC; ~50.6 mg THC) administration (0 h) . 198 

Figure 24. æ9-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% ȹ9-tetrahydrocannabinol, THC; ~50.6 mg THC) 
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Figure 25. Overall oral fluid (OF) detection rates after controlled smoked, vaporized, and 

oral cannabis (50.6 mg æ9-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. 
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Chapter 1 ï 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 ñpoppy seed defenseò.  

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 ñmorphine 

cakeò 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 participantôs 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 VicksÈ VapoInhalerÊ, 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 

individualôs 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 Ò250 Õg/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 

methamphetamineôs 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 reagentôs 

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 laboratoryôs 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/ȹ9-

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 driversô 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 ñhighò with decreased feelings of anxiety, alertness, 

depression and tension following cannabis administration are reported, although 

dysphoric feelings ï including anxiety, panic, paranoia, and psychosis ï 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 ï in either laboratory or actual 

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

after an alcohol dose producing a blood alcohol concentration (BAC) Ó0.05 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 cannabisô 

effects in frequent smokers. In one comparison of occasional (Òweekly 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 Ó10 µg/L serum THC, and on the stop reaction time on the SST 

in occasional and frequent smokers with Ó10 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 ñhighò, ñgood drug effectò, ñmellowò, 

ñdrowsinessò, ñstonedò, ñstimulatedò, and ñsedatedò and increased heart rate (75, 77, 81). 

One study found dose-dependent increases in VAS ratings of ñsedatedò, ñhungryò, 

ñdrowsyò, and ñtiredò 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 smokersô 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). Participantsô 11-OH-THC Cmax were lower (Ò16.0 µg/L following 

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

Participantsô 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). Participantsô 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 

participantsô 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 participantsô blood, respectively, and 90% and 

100% of participantsô 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 

(Ò1x/week) cannabis smokersô 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 (Ó4x/week) 

and 11 occasional (<2x/week) smokersô 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 smokersô 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 metabolitesô time to Cmax (tmax) were observed, supporting 

previous conclusions that frequent cannabis use doesnôt induce pharmacokinetic (i.e. 

enzymatic) changes but that differences observed are due to frequent smokersô 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 smokersô (>4x/week) OF (387-71,747 

ng/g) than in 12 occasional smokersô OF (Òweekly use, 397-6438 ng/g) at 5 min post-

dose only (93). Following smoking of a 6.8% THC cigarette, 10 participantsô 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 participantsô 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 (Ó4x/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 smokersô OF was THCCOOH positive at 30 h 

(up to 197 ng/L) while only 15% of occasional smokersô 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 participantôs 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 (Òweekly 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 (Ò3.1 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 participantsô OF specimen after various passive exposure conditions 

(100); itôs 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 Ó18 years who had ever 

consumed cannabis, 88.7% ever consumed cannabis via ñjointsò, 47.5% via ñbowl or 

pipeò, 29.8% via ñedible or drinkò, and 9.9% via ñvaporizer or other electronic deviceò 

(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 Ó3 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 ñfeel 

drugò and ñlikingò 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 ñhighò 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 ñlaneò 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 ñany drug effectò and ñthirstyò rose in a dose-

dependent fashion across all administrations, ratings for ñpay for drugò peaked following 

30 mg THC then declined; and ratings for ñbad drug effectò were significantly greater 

than placebo after 90 mg THC only. Ratings for ñgood drug effectsò, ñhighò, 

ñtired/sedatedò, ñstonedò, ñforgetfulò, and ñconfused/difficulty concentratingò were 

significantly greater than placebo at doses Ó30 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 ñfeelò, ñhighò, and ñwantò compared to placebo 

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

ñsedatedò, ñhungryò, and ñdrowsyò 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 ñhighò and 

ñmellowò compared to their respective baseline ratings, ratings for ñhighò on active-

dosing days 1 and 2, ñmellowò on active-dosing days 1 and 3, and ñgood drug effectò on 

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

(107). Interestingly, ratings for ñirritableò and ñmiserableò 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 



 

23 

 

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 

CBDôs modulation of THCôs 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 THCôs 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 ï e.g. ground cannabis plant material, resin, or a liquid 

solution ï 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 ęC, 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 ęC (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 ęC and after smoking were 0.3:1.0 and 1.6:1.0, respectively. Over the temperature 

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

the amount of by-products were approximately Ò20 mg/g. Finally, the effect of sample 

sizes was investigated. With 50-1000 mg samples vaporized at 230 ęC, 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 ęC, 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 ñhighò 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 ęC to 12 

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

ratings of ñfeeling highò, and decreased ratings of ñalertnessò (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 Ó8.2 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 

usersô urine (124). ȹ9-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 



 

29 

 

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 (Ó10 µg/L chromatographic cutoff), 

sensitivity, specificity, and efficiency of predicting THC in serum (Ó0.5 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 (Ó0.5 µg/L) in 

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

cutoff to Ó2.0 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 Ó5 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) 

Ó0.08 (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 Transportationôs 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 1970ôs 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 

1980ôs 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 suspectôs 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 ñlack of smooth pursuitò 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 
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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 alcoholôs impairing effect on HGN (149), but the 

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

ï only frequent smokers that may develop partial tolerance to impairing effects ï 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 DREôs 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 

DREôs 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 DREôs opinion in 32 of the remaining 72 cases (44.4%). Cannabis was the only drug 

for which the proportion of ñnot impairedò 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 DREsô 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 Ó1 Õg/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 Ó3 misses best predicted cannabis impairment with sensitivity, specificity, 

positive/negative predictive value, and efficiency all Ó87.1%, while diagnostic criteria 

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

were all Ó86.1%. When tests results were combined, requiring two or more of the 

following: Ó3 FTN misses, MRB eyelid tremors, Ó2 OLS clues, and/or Ó2 WAT clues 

yielded Ó96.7% 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 Ó5 µg/L (considered impairing) to impaired or non-impaired 

performance, no indicator produced Ó80% 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 Ó80% 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.  
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Chapter 2 ï 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 chromatographyïtandem 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 (3.6ï110 and 2.1ï22.4 µg/L, respectively) were 

significantly greater than simultaneously collected maximum plasma concentrations (2.8ï

9.3 and 1.1ï2.0 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 0.9ï

6.7% positive specimens. Codeine was detected only at low 15ï20 µg/L OF cutoffs; 

median tfirst and tlast were 0.5ï1.3 h and 0.5ï2.3 h, respectively, with only 0.4ï1.8 % 

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 40ï75%, 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 chromatographyïtandem mass spectrometry (LCïMS/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 18ï65 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 Brueggerôs 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 Ó12 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 

LCïMS/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 286Ÿ152 and 286Ÿ128 for morphine, and 

300Ÿ152 and 300Ÿ128 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 1ï500 µg/L with limits of detection (LODs) of 0.5 µg/L. For 

plasma, interday and intraday imprecision were Ò8.8% (coefficient of variation, CV), 

accuracy was 92.4ï97.7%, extraction efficiency was 82.1ï103%, and matrix effects were 

-24.8ï4.3%. For oral fluid, the interday and intraday imprecision were Ò9.0% CV, 

accuracy was 95.6ï104%, extraction efficiency was 94.6ï103%, 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-0.25Ÿ8h 

(dose 1) and AUC8Ÿ32h (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), SAMHSAôs 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 19ï54 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 OFïplasma 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 QuantisalÊ 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 concentrationï

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, 
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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 AUC8Ÿ32 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 (0.3ï34.3). 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 (0.3ï10.2) and 1.0 (0.3ï4.7), 
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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-0.25Ÿ8h (ÕgĀh/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 

 AUC8Ÿ32h (ÕgĀh/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. 



 

50 

 

 

 

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 (1.1ï18.9). 

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 15ï95 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 0ï9.2% (2ï15). Two participants were OF codeine-positive 

only at cutoffs 15ï20 µg/L with median tfirst and tlast 0.5ï1.3 h and 0.5ï2.3 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 ɓ-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 80ï131 and 4ï11 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 QuantisalÊ 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 SAMHSAôs 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 

(7ï25%) 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 (8ï32 h), while the AUC for dose 

1 was calculated for 8.25 h (-0.25ï8 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 ȹ9-

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 (0.3ï10.2). 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 



 

56 

 

codeine OF/P ratios (1.1ï18.9), although the median ratios appeared to remain within a 

narrow range (1.8ï5.2 after dose 1, 2.0ï5.5 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 2ï15 participants producing at least one morphine-positive OF 

specimen after either dose. The current recommended OF cutoffs are 20ï40 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 Ò6.7 %, 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 OFïplasma correlations. We demonstrated 

that in the OF cutoff range of 20ï40 µg/L, the median OF morphine tfirst and tlast did 

not change (both 0.5 h) and prevalence remained low (0.9ï6.7%) 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 ï 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 ɛg/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 0.5ï13 h at Draeger 20 ɛg/L morphine cut-off. 

Maximum OF morphine and codeine concentrations (Cmax) were 177 and 32.6 ɛg/L, with 

times to Cmax (tmax) of 0.5ï1h and 0.5ï2.5h 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 ɛg/L 2004 proposed US 

Substance Abuse and Mental Health Services Administration cutoff, and 0.5 h with 95 

ɛg/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 0.5ï1h 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 (0ï450 ɛg/g seeds) and codeine (0ï57.1 ɛg/g), but also 

lower concentrations of thebaine (0.3ï41 ɛg/g), noscapine (0.84ï230 ɛg/g) and 

papaverine (0ï67 ɛg/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 ɛg/L after poppy seed cake ingestion 
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(11). In serum, total morphine maximum concentration was 100 ɛg/L 2 h after ingestion 

of 7.4 mg morphine in poppy seeds (2), and in blood, up to 24 ɛg/L after ingestion 

products containing 50 ɛg 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 ɛg/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 ɛg/L each. Additionally, the DRUID project recommended OF cut-offs of 95 ɛg/L 

confirmation for morphine and 94 ɛg/L for codeine as equivalent concentrations to 10 

ɛg/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 18ï65 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 Ó2 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 Bruggerôs 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 ɛg/g. The internal standard, hydromorphone, was added to each tube at 100 ɛg/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 (ɛg/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) ɛg/g and 70 (4) ɛg/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 NuncÊ CryoTubeÊ (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 ɛg/L morphine cut-off. The assayôs 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 participantôs 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 ɛL 

methanolic d6-morphine and d6-codeine internal standard solution at 1 ɛg/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 

286Ÿ152 and m/z 286Ÿ128, and for codeine m/z 300Ÿ152 and m/z 300Ÿ128. 
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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 Ó0.99 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 Ó3. 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 Ó10, and imprecision 

<20% and bias Ò Ñ20%. 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 80ï120%. 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 

ɛg/L, with limits of detection of 0.5 ɛg/L and of quantification of 1 ɛg/L. Intra- and inter-



 

66 

 

day imprecision and accuracy/bias were Ò16.5% CV and 95.3ï101.3%, respectively; 

extraction efficiencies and matrix effects were 84.4ï105.6% 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 ɛg/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 ɛM 

equivalent to morphine 20 ɛg/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 19ï54 years (12 male, 5 female; 11 African-

American, 3 Caucasian, and 3 multi-racial), body weight 52.2ï88.9 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 0.5ï24 h post-dosing). 

At the method LOQ (1 ɛg/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 

ɛg/L (median 34.0 ɛg/L), and after the second dose from 7.8 to 177 ɛg/L (median 46.5). 

Time to reach Cmax (tmax) after both doses was 0.5ï1 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 ɛg/L) and DRUID (95 ɛg/L and 20 ɛg/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 (1.1ï2.7 ɛg/L); 

therefore, Clast and tlast could not be determined for the first dose at the method LOQ. For 

the other 11 participants, Clast was 1ï3.5 ɛg/L (median 1.3 ɛg/L) and tlast 4ï7 h (median 5 

h). All participants except participant O (1.1 ɛg/L) were negative after the second dose 

prior to the last specimen (24 h after the second dose). For these 16 participants, Clast was 

1ï3.8 ɛg/L (median 1.5 ɛg/L) and tlast was 3ï22 h (median 13 h). 

Codeine Cmax after the first dose was 3.8ï31.8 ɛg/L (median 8.6) and after the 

second dose from 1.1 to 32.6 ɛg/L (median 9.5). Median tmax after the first and second 

doses was 0.5 h (0.5ï7 h). Eight participants were positive for codeine at the time of the 

second dose (1.3ï3.7 ɛg/L) and nine were negative. Clast in these 9 participants was 1.1-

1.6 ɛg/L (median 1.2) and tlast 3ï7 h (median 6.5). After the second dose and before the 

end of the study, all participants were negative for codeine. Clast was 1.1ï4.1 ɛg/L 

(median 1.4 ɛg/L), and tlast was 4ï18 h (median 13). Pharmacokinetic data are 

summarized in Table 6. 

At the DRUID OF opiate cutoff of 95 ɛg/L for morphine and 94 ɛg/L for codeine 

equivalent prevalence to 10 ɛg/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 ɛg/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 0.5ï1 h after the second dose (n = 10). Another suggested cutoff is 30 ɛg/L 

for the opiate screen and 15 ɛg/L for the morphine and codeine confirmation cutoffs. At a 

30 ɛg/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 0.5ï1 
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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 

ɛg/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 0.5ï

2.5 h. For codeine, tlast after the first dose was 0.5ï2h (n = 3) and after the second dose 

0.5ï2.5 h (n = 5). At the DRUID analytical OF opiate cutoff of 20 ɛg/L, 45 specimens 

were positive for morphine (9.8%) and 6 for codeine (1.3%). For morphine, tlast after the 

first dose was 0.5ï2 h (n = 12 participants), and after the second dose 0.5ï2.5 h (n= 16 

participants). For codeine, tlast after the first dose was 0.5h (n = 2) and after the second 

dose 0.5ï2.5 h (n = 4). 

Among the 459 OF specimens screened by Draeger with a 20 ɛg/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 ɛg/L for morphine and from 1.1 to 22 ɛg/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 (1ï5) and 3 (0.5ï13) h after the first 

and second doses, respectively. The Draeger DrugTest 5000 had excellent sensitivity 

(95ï98%) at morphine confirmation cutoffs >5 ɛg/L, but only moderate specificity (74ï

79%) and accuracy (76ï82%) (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 ɛg/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 ɛg/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 9.8ï20.8 g seeds from a jar (not fully explained). 

OF specimens were collected by expectoration, and also analyzed by GC-MS. Morphine 

Cmax was 205 ɛg/L 15 min after dosing, with concentrations >50 ɛg/L 30 min post-dose, 

and <40 ɛg/L at 1 h. Codeine was not detected in any specimen. 

In the present study, morphine Cmax were 11.9ï99.9 ɛg/L after the first and 7.8ï

177 ɛg/L after the second dose. Codeine Cmax ranged from 3.8 to 31.8 ɛg/L after the first, 

and 1.1 to 32.6 ɛg/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 ɛg/L vs. 3 ɛg/L) might explain these results. 



 

74 

 

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 ɛg/L). Morphine and codeine have 

similar pKa (8.2), as well as pharmacokinetic parameters such as half-life (2ï4 h) and 

volume of distribution (1ï6 L/kg). However, codeine is more lipophilic than morphine 

(codeine LogP 1.19, morphine LogP 0.89) and less bound to proteins (codeine 7ï25%, 

morphine 30ï40%). 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 0.5ï1 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 methodôs LOQ (1 ɛg/L), morphine was positive for more 

than 24 h post-dose and codeine up to 18 h. At 15 and 20 ɛg/L cutoffs, morphine and 

codeine were positive up to 2.5 h after dosing. At 30 ɛg/L, morphine was positive up to 1 

h and codeine up to 0.5 h. With the SAMHSA cutoff (40 ɛg/L), no specimen was positive 

for codeine, and for morphine up to 1 h, and with the DRUID cutoff (95 ɛg/L for 

morphine and 94 ɛg/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 ɛg/L) cutoffs than with the lower 

DRUID analytical 20ɛg/L cutoffs; however, true positive morphine tests due to heroin or 



 

75 

 

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 samplesô results. At the Draeger 

morphine 20 ɛg/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 0.5ï

13 h post-dose, longer than that observed for the 20 ɛg/L morphine confirmation cutoff 

(up to 2.5 h). The best results were obtained at 5 ɛg/L morphine cutoff (Table 7). All the 

Draeger unconfirmed positive specimens contained morphine and/or codeine above the 

confirmation method LOQ (1 ɛg/L), except for two cases. Cross-reactivity with other 

alkaloids in the specimen, and/or a true cutoff below 20 ɛg/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 ɛg/L and the former 300 ɛg/L cut-offs. At 
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morphine 2000 ɛg/L the median (range) first positive urine specimen was detected 6.6 

(1.2ï12.1) h after the first dose, and the tlast after the second dose was detected at 12.2 

(2.6ï18.3) h. At morphine 300 ɛg/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 ɛg/L. At codeine 300 ɛg/L, participantsô first 

positive urine specimen was observed 6.6 (1.6ï19.5) h after the first dose, and they 

remained positive for 8.8 (2.6ï14.0) 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 15ɛg/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 ɛg/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 ɛg/L for morphine and 33 ɛg/L for codeine. The low method LOQ (1 ɛg/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 ï 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 LCïMS/MS method with precolumn derivatization for 

methamphetamine and amphetamine chiral resolution in plasma and oral fluid collected 

with the Oral-Eze® and QuantisalÊ 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® StrataÊ-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 (Marfeyôs 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 Ò11.3% and 85.3ï108%, respectively. 

Extraction efficiencies ranged from 67.4 to 117% and matrix effects from ī17.0 to 468%, 

with variation always Ò19.1%. Authentic plasma and OF specimens were collected from 

an IRB-approved study that included controlled Vicks® VapoInhalerÊ 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® VapoInhalerÊ. 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 drugôs 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 laboratoryôs 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 chromatographyïmass 

spectrometry (GCïMS) but is implemented, to a lesser extent, with liquid 

chromatographyïmass spectrometry (LCïMS) applications. CDR implementation may 

slightly lengthen sample preparation, but analytes are separated without implementing 

specialized mobile phases or columns. Additionally, many CDRôs 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 LCïMS 

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 chromatographyïnegative-ion chemicalï

ionization mass spectrometry (GCïNICI-MS) (46). Only a few methods utilized LCïMS 

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 LCïESI-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 (Marfeyôs 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(Ŭ)-(2,4-dinitro-5-

fluorophenyl)-l-alaninamide (Marfeyôs reagent) were acquired from Sigma (Milwaukee, 

WI, USA). Hydrochloric acid 36.5ï38.0% 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 QuantisalÊ 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 StrataÊ-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 Marfeyôs 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) collectorsô dilution factors, 

respectively. All reference materials and working solutions were stored at ī20 °C in 

amber glass vials. Marfeyôs 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) Marfeyôs 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 LCïESI-

MS/MS system. 
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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 ī4.5 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 Ó3. 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 Ó10, 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 80ï120%. 

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] ī 1) Ĭ 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 (100ï1000 µg/L) of 

the potentially interfering compounds. Compounds evaluated were ȹ9-

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 freezeïthaw 
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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 80ï120%. 

 

Optimization of derivatization procedure 

Experiments to optimize the derivatization procedure evaluated effects of 

incubation time and volume of 0.1% w/v Marfeyôs 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 Marfeyôs 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) Marfeyôs 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 

deviceôs 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 1ï500 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 Ò8.4, 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 ī17.0 and 11.0% and 

variation (%CV) between 10 different sources was Ò18.1%. In Quantisal specimens, 

extraction and process efficiencies were 67.4ï94.7% and 265ï392%, respectively; ion 

enhancements observed were 218ï468% but variation was Ò14.4%. 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 Ò19.1%.
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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, QuantisalÊ, 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. 






































































































































































































































































































































































































































































































































































































































