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Cannabis use is common, with 24 states with legalized recreational cannabis laws in the
United States. In addition, following the passing of the 2018 Farm Bill, hemp-based cannabidiol
(CBD) products are legal in all 50 states. This rise in CBD production contributes to the rise in
CBD-derived intoxicating cannabinoids with similar chemical structure to the primary
intoxicating cannabinoid constituent, delta-9-tetrahydrocannbinol (THC), such as A8-THC
(LoParco et al., 2023). Recent proliferation of cannabis products beyond typically smoked
flower, such as vaping concentrate or use of tincture and oils, is further complicated by varying
and increasing rates of potency of THC (EISohly et al., 2021). Concerningly, adolescents and
young adults may be particularly vulnerable to the impact of cannabis use due to ongoing
neurodevelopment, yet 36% of 12" graders and 42.4% of young adults (ages 19-30) report past
year use (Miech et al., 2024; Patrick et al., 2024). The variability in cannabis products
contributes to difficulty in accurately assessing the impact of cannabis use in vulnerable
populations such as adolescents and young adults.

Method of cannabis use (e.g., flower, vaping) and frequency of use influence the
bioavailability and pharmacokinetic profile of THC (Sharma et al., 2012; Spindle et al., 2018,
2019), with greater fluctuations of measured cannabinoid concentration connected to occasional
rather than regular use (Huestis & Smith, 2018). Cannabinoid concentration in biosamples are
influenced by a number of factors, including frequency of cannabis use (Newmeyer et al., 2017),
THC potency (Fabritius et al., 2013; Greene et al., 2018), and the genetic makeup of the
individual (Hryhorowicz et al., 2018; Stout & Cimino, 2014). Yet toxicological measures offer
one quantitative value despite each of these sources of variation. It may be, then, that

toxicological biosamples are an effective means of accounting for individual differences.



Toxicological biomarkers previously showed fair correlation with self-report and
sensitivity in predicting neurocognitive and psychiatric outcomes. Our group found evidence of
self-report of cannabis use was linked with poorer initial learning and delayed recall while urine
THCCOOH significantly predicted poorer total learning and long-delayed recall (Wade et al.,
2021). For hair, one study used cannabinoid concentrations in hair in adults, finding samples
with THC related to cognitive and psychiatric functioning, with the presence of CBD having a
positive, moderating effect (Morgan et al., 2012). In a sample of pre-teens (10-12 years-old,
n=246), we found hair cannabinoid content related to inhibitory control and verbal performance
(Wade et al., 2024). For blood, meta-analytic analyses reveal THC and THCCOOH concentration
in blood generally relate to greater impairment in cognitive tasks, particularly in occasional
(<weekly) users (McCartney et al., 2022). Combining biosamples has added strengths, such as in
pairing the longer windows of detection from hair samples (e.g., 3 months) with more acutely
sensitive methods for quantification of a larger range of cannabinoids from blood. Others have
compared blood serum to hair cannabinoids (Zinka et al., 2019), but without consideration of
self-report or product type in individuals who frequently use cannabis. Together, then,
toxicological results across biological matrices reveal important cannabis-behavior relationships
which may or may not be detectable when relying on self-report alone, though this needs further
investigated in a well-characterized sample of participants who use cannabis.

Here we aim to combine and describe self-reported cannabis use days with a range of
toxicological matrices (oral fluid, urine, plasma, and hair) to assess concurrence and strengths
across measures. We also consider whether cannabinoid concentration across toxicological
matrices varies by popular product formulations (i.e., flower and vaped concentrate). Finally, as

an initial investigation into the utility of a range of toxicological biomarkers, we assess which



cannabis metrics relate to depression symptoms, as depression is established as being linked to

cannabis use (Feingold & Weinstein, 2021).

Methods

Data were drawn from a larger parent longitudinal study on cannabis and nicotine and
tobacco product use in young adults in the San Diego region (Wallace et al., Under Review).
Participants included 94 individuals (64%; ages 18-21) who did and did not use cannabis. Hair
and blood sample collection began in July 2023, and all participants with scheduled
appointments since then were asked to contribute these biosamples for toxicological testing. No
participants had repeat data collection within this timeframe (July 2023-June 2024), and all
analyses are cross-sectional. A total of 94 participants had urinalysis; in addition, hair and plasma
(n=71), hair only (n=17), or plasma only (n=4).

Inclusion criteria included use of cannabis or nicotine products in the past six months, or
controls who reported no cannabis or nicotine use in the past 6 months. Exclusion criteria
included acute substance intoxication, current pregnancy, MRI contraindications, non-fluent in
English, visual or hearing difficulties without corrective aids, developmental disorder, >10
lifetime episodes of illicit substances, current or past psychiatric disorder (other than cannabis or
tobacco use disorder), major neurological disorder, history of severe head trauma, prenatal
alcohol exposure or tobacco exposure or illicit drug exposure, premature birth (<24 week
gestation or birth weight <5lbs, or greater than 100 episodes of alcohol use in their lifetime.

Product Preference Grouping. Product groups were created based on participants self-
reported past 90-day cannabis use and preferred method of cannabis use: smoked flower (n=32),

vaped concentrate (n=30), or edibles (n=8). A control group (n=24) of individuals who denied



using cannabis within the past 90 days was included. Stated preferred method was also consistent
with their TLFB most reported method of use in the past 90 days.

Procedures. After seeing an electronic or physical flyer for the study, participants were
screened for eligibility to the longitudinal study. Trained staff confirmed eligibility on a brief
phone screener. Participants were then scheduled for on-site sessions to complete mental health
and substance use inventories, neurocognitive assessments, biosample collection, EEG, MEG,
and MRI. Participants were asked not to use cannabis on the day of their appointment. All
participants provided written informed consent in accordance with the University of California,
San Diego Human Research Protections Program.

Measures

Self-reported sociodemographics and substance use. Participants reported
sociodemographic characteristic, including age, race, ethnicity, sex assigned at birth, and highest
level of education achieved. For self-reported substance use, the Timeline Followback (TLFB)
was used to measure past-30- and past-90-day substance use days (Robinson et al., 2014; Sobell
& Sobell, 1992). Staff queried participants regarding method of cannabis use (smoked flower,
concentrate, edible, tincture, or other) on each day of reported use. Participants also were asked
the typical THC potency (either from the label on dispensary products or participant-estimated
potency) of the product they used and reported their preferred method of consumption (smoked
flower, concentrate, edible, tincture, or other). Participants also completed the Cannabis Use
Disorder Identification Test — Revised (CUDIT-R) as a screener for cannabis use disorder
(Adamson et al., 2010).

BDI. The Beck Depression Inventory-I1 (BDI) is a 21-item measure regarding depression

symptoms experienced over the past two weeks (Beck et al., 1996).



Oral fluid. Oral fluid samples were collected and examined on the examined Draeger
DrugTest® 5000. The cutoff for THC was 5 ng/mL THC. The Draeger is highly sensitive and
effective measure of past 12 hour substance use (including cannabis use) (Desrosiers et al., 2014;
Wille SM et al., 2010)

Urinalysis. Quantified urinary THCCOOH concentrations and normalized THCCOOH to
creatinine ratios were provided by Redwood Toxicology Laboratory (Santa Rosa, CA).
THCCOOH was confirmed at Sng/mL (Laboratory, 2020). Creatinine-normalized THCCOOH
accounted for the individual’s state of hydration and reduced variability (Huestis et al., 2019;
Huestis & Cone, 1998), and was used in all analyses.

Plasma. Plasma samples anticoagulated with ethylenediaminetetraacetic acid (EDTA)
were shipped to iC42 Clinical Research and Development (University of Colorado, Aurora, CO,
USA) on dry ice, where 17 cannabinoids including THC and CBD and their major metabolites
were quantified using an established and validated high-performance liquid chromatography-
tandem mass spectrometry (LC-MS/MS) assay (Sempio et al., 2022; Sempio et al., 2024). Most
importantly, among others, the lower limits of quantification of THC and CBD were 0.39 ng/mL,
of 11-OH THC 1.56 ng/mL and of THC-COOH 0.78 ng/mL. Intra- and inter-batch trueness and
imprecision were +15% and <15%, respectively; there were no significant carry-over and matrix
interferences (Sempio et al., 2022; Sempio et al., 2024).

Hair. Around 50-60 mg of 3.9 cm hair closest to the root was collected for analysis by
trained research associates. Samples were then stored securely in sealed envelopes in locked
filing cabinets until shipment to US Drug Testing Laboratory (USDTL; Des Plaines, IL). Once
received, samples which were longer than 3.9 cm were trimmed to 3.9. Though it is often

recommended to wash hair samples to remove potential external contamination (Cooper et al.,



2012), as participants were recruited to a cannabis study, there was no reason to suspect false
positives. Further, pilot data within this sample (unpublished) revealed similar patterns in washed
and unwashed samples. Samples then underwent enzymatic digestion prior to being quantified

by LC-MS/MS. LOD and LOQ are displayed by cannabinoid in Table 1.

Table 1. Hair Cannabinoid Cut-offs.

Drug Analyte Routine Cutoff LOQ LOD
(pg/mg) (pg/mg) (pg/mg)
THCA (THCCOOH) 0.05 0.02 0.01
Delta 8 THC 40 16 8
Delta 9 THC 40 16 8
Delta 10 THC 40 16 8
CBD 40 16 8

Notes: LOQ = Level of quantitation; LOD = Level of detection

Statistical Analysis

Descriptive Rates of Toxicological Results. Sociodemographic differences by group
status were assessed using chi-square analyses. Rates of positives and negatives by matrix are
presented. Sensitivity, specificity, positive predictive value (PPV; a positive result accurately
predicting use), and negative predictive value (NPV; a negative result accurately indicating no
use) were calculated for this small study of emerging adults who use and do not use cannabis
using comparisons of self-report with toxicological results. Pearson correlations were run across
self-report and toxicological THCCOOH concentration across matrices.

Group Differences and Predictive Utility in Toxicological Measures. In order to assess
whether preferred cannabis product type (flower or vaped cannabis), ANOVAs were run to assess

whether product groups differed in cannabis use patterns, withdrawal symptoms, or toxicological



concentration. In order to assess the potential predictive utility of biomarkers from toxicological
testing, linear regression models were run assessing self-report and cannabinoid concentration by
matrix in predicting a construct which is linked to cannabis use (here, depression symptoms),
while controlling for biological sex.
Results

Sociodemographics. Participants were a majority female (64%) and 19 years on average
(range = 18-21). Fifty-six participants met criteria for cannabis use disorder (CUD, 15 mild, 15
moderate, 25 severe). In individuals who use cannabis, there was no difference in prevalence of

CUD by preferred product type (x*=3.55, p=.17). See Table 2 for full descriptive details.

Table 2. Sociodemographics and Substance Use Characteristics by Preferred Cannabis Product

Vaped Other Cannabis

Characteristic Smoked Flower Concentrate Product Controls
n=232 n=24
n=30 n=2_8
Age 18.7 (£0.6) 18.8 (£0.7) 19.0 (£1.3) 19.7 (£0.8)
[18 - 20] [18 - 20] [18-21] [18-21]

Highest Grade

Completed
11th Grade 0 (0%) 0 (0%) 0 (0%) 1 (4.2%)
12th Grade 15 (47%) 18 (60%) 4 (50%) 1 (4.2%)
13th Grade 13 (41%) 6 (20%) 3 (38%) 8 (33%)
14th Grade 4 (13%) 5(17%) 1 (13%) 9 (38%)
15th Grade 0 (0%) 1(3.3%) 0 (0%) 4 (17%)
16th Grade 0 (0%) 0 (0%) 0 (0%) 1 (4.2%)

% Female 21 (66%) 19 (63%) 6 (75%) 14 (58%)

% Hispanic 10 (31%) 16 (53%) 3 (38%) 9 (38%)

% White 17 (53%) 13 (43%) 6 (75%) 5(21%)

Days since last 4.5 (£8.7) 9.0 (£16.6) 8.1 (£11.8) 482.3 (£524.3)

cannabis use [1-47] [0 - 80] [1-36] [100 - 1,635]



th i

.. Smoked Flower Vaped Other Cannabis Controls

Characteristic Concentrate Product
n=32 n=24
n=30 n=28

Past 30 days 15.8 (£10.7) 14.6 (£11.3) 7.0 (£6.1) --
cannabis use [0-30] [0-30] [0-15]
Past 90 days 47.9 (£32.0) 41.1 (£32.8) 19.5 (£15.3) --
cannabis use [1-90] [1-90] [1-42]
Past Year CUD 26 (81%) 25 (83%) 4 (50%) 1 (4.2%)
Diagnosis

Mean (£SD); [Range]; n (%)

Cannabis Product Characteristics. There were no unexpected cannabis positives (false
positives) on toxicological assessment, as all participants with positive results reported using
cannabis within the past 90 days. Twenty-four participants reported no cannabis use in the past
90 days (Controls), and 29 individuals in the cannabis groups denied cannabis use in the past 30
days. Thirty-four participants reported they primarily used smoked flower, 30 reported vaping
concentrate, eight used edibles, and one used other concentrate as their primary method of use.
The majority of participants (66%) reported smoking flower or vaping concentrate as their first
and second preferred methods of use. Three reported using CBD-only products while two
reported using delta-8-THC products in addition to other cannabis use. Participant’s flower
potency ranged from 0.3-91.0% THC, and concentrate ranged from 40.0-98.5% THC.
Descriptives of Positive Toxicological Results.

Overall positive and negative results, by matrix, are presented in Table 3. In Table 4,
sample-specific sensitivity, specificity, PPV, and NPV are calculated, based on past 30-day
cannabis use report (or past-90-day for hair). In Table 5, we provide the minimum self-reported
cannabis use days for a positive toxicological result and the maximum number use days yet still

resulting in a negative toxicological result.



Table 3. Rates of toxicological results by matrix.

Matrix Control | Flower | Vape | Other
Oral Fluid Pos 0% 6% 11% 0%
Neg 100% 94% 89% 100%
Urine Pos 0% 59% 56% 44%
Neg 100% 41% 44% 56%
Plasma Pos 0% 69% 64% 22%
Neg 100% 31% 36% 78%
Hair Pos 0% 74% 70% 63%
Neg 100% 26% 30% 37%

Table 4. Sensitivity, Specificity, PPV, and NPV in a young adult cohort of individuals who use

and do not use cannabis.

Matrix | Sensitivity | Specificity | PPV NPV

Urine 60% 100% 100% 53%
Plasma 74% 100% 100% 68%
Hair 73% 100% 100% 60%

Table 5. Descriptives of days of cannabis use reported with positive and negative results.

Matrix | Mimimm ] Maximam
with Positive with Negative
Urine 1 day 30 days
Plasma 2 days 11 days
Hair 6 days 41 days

Notes: Data within the table detail the minimum number of self-reported cannabis use
days for a participant a positive result on a matrix and, conversely, the number of days of use but
still have a negative result by matrix. Self-report windows were 30 days for urine and plasma and
90 days for hair.

Oral Fluid & THC. Five participants (5%) tested positive for THC on oral fluid testing,
having reported last using 1-2 days before their session. However, one participant who used

cannabis the same day as their session and another 35 participants who last used 1-2 days before

their session tested negative for THC on oral fluid.
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Plasma & Cannabinoids. Forty-five percent (n=25/53) of participants reporting cannabis
use were positive for THCCOOH on plasma testing, while 32% (n=17/53) were positive for
THC. Two participants were positive for CBD-COOH, with no participants positive for CBD. All
participants positive on plasma THCCOOH reported using cannabis within the past 12 days, and
the vast majority (68% of plasma positives) reported using within the past 24 hours preceding
their visit. Reported use days for those testing positive on plasma testing ranged from (2-30) in
the past 30 days. Participants negative on plasma THCCOOH ranged in reported use days from
0-11 in the past 30 days.

Urine & THCCOOAH. Forty-two percent (n=39/93) of participants were positive on urine
testing. Self-reported use days ranged from 2 to 30 in the past 30 days. All participants positive
on urine THCOOH reported using cannabis within the past 21 days, and the vast majority (79%
of urine positives) reported using within the past 24 hours preceding their visit.

Hair & THCCOOH. Fifty-two percent (n=44/84) of participants were positive on hair
testing. Seven participants (10% of those reporting past 90-day cannabis use) had hair positive
for Delta-8, with no participants who reported using Delta-8 positive for Delta-8 in hair. No
samples were positive for Delta-10. Three participants were positive for CBD; no participants
who reported CBD-only products were positive for CBD.

Correlations by Cannabinoid Metric. As seen in Figure 1, nearly all measures of
cannabis exposure were significantly correlated, with the exception of self-reported days since

last use and all three toxicological measures of THCCOOH.

Figure 1. Matrix of Correlations between Cannabis Metrics.

Past 30 Days Urine Plasma Hair
Days CU | Since CU [THCCOOH|THCCOOH| THCCOOH
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Group differences by flower or vaped cannabis. Two preferred product groups were

assessed: flower and vaping cannabis.

Groups did not differ by past 30- or 90-day cannabis use days (p=.66; p=.41,
respectively), nor by reported using to avoid withdrawal symptoms (p=.16). Similarly, they did
not differ quantitatively on any toxicological measure (hair: p=.3; blood: p=.78; urine: p=.57).

Predictive Utility of Biomarkers on Depression Symptoms. Plasma THCCOOH
concentration predicted increased total depression symptoms as measured on the BDI
(beta=2.73, t=2.21, p=.03). Self-reported past-month cannabis use days were not associated with
BDI symptoms (beta=0.15, t=1.66, p=.10). Similarly, hair THCCOOH concentration (beta=0.35,
t=0.35, p=.73) and urinary THCCOOH-creatinine ratios (beta=0.90, t=.85, p=.40) were not
associated with BDI symptoms. Finally, sex was not associated with BDI in any models.

Discussion

The present study suggests general concurrence between biomatrices of cannabinoid

concentration and self-reported cannabis use days in a sample of adolescents and young adults

(ages 18-21), the majority of whom regularly use cannabis. Quantitated THCCOOH
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concentration across matrices did not differ significantly regardless of typical and preferred
product formulation (smoked flower or vaped concentrate). Finally, when assessing which
cannabis metrics relate to self-reported depression symptoms, only plasma THCCOOH
significantly predicted increased depression.

Data here include novel comparisons on cannabinoid concentration across biological
matrices in young adults who regularly use cannabis. Prior work compared two matrices (hair
and blood serum), but did not incorporate self-report or urinalysis (Zinka et al., 2019). Given
expanding research into cannabinoid concentration predicting clinical outcomes (McCartney et
al., 2022; Morgan et al., 2012; Wade et al., 2024), direct side-by-side comparisons across
matrices are helpful. Here, THCCOOH concentration was significantly and strongly correlated
between the three assessed matrices (hair, urine, plasma), and each moderately correlated with
self-report cannabis use days. Specificity was excellent and sensitivity adequate across matrices.
Unlike other studies which recruit large populations for general health assessment and use
biosamples to identify underreporting of substance use (Steinhoff et al., 2023; Wade et al., 2023),
our study with targeted recruited of individuals who use substances had no instances of
underreporting (i.e., no unexpected positives). Studies aiming to incorporate toxicological
measures are likely able to use any matrix that matches their needed window of detection and
collection and storage capabilities.

The variety of cannabis products typically consumed introduce uncertainty in how to
accurately measure cannabis use in retrospective studies. Acute toxicological profiles of vaped
and smoked THC are documented in adults with occasional use (Spindle et al., 2019), finding
vaporized cannabis resulted in greater concentration of THCCOOH in whole blood up to 8 hours

after use in participants who had not used cannabis within a month of study enrollment.
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Subjective high also varies by mode of use (Cloutier et al., 2022; Spindle et al., 2021). Here,
however, we found no difference in THCCOOH concentration across matrices between
participants who reported preferring to use smoked relative to vaped cannabis products. While
plasma and blood cannabinoid concentration typically offer a short window of detection for
cannabis use of 1-3 days, cannabinoids can be detected in blood samples even a month after
cessation of use in participants who frequently use cannabis (Karschner et al., 2016). Studies
using cannabinoid quantitation of those who use occasionally are likely wholly qualitatively
different than those who use frequently (e.g., (Huestis et al., 2020; Sholler et al., 2022; Spindle et
al., 2019)). The information garnered from toxicological samples across matrices likely varies by
how frequently and how much an individual uses cannabis, though method of use is less likely to
be impactful on measured cannabinoid concentration with regular cannabis use.

When considering potential downstream behavioral correlates of cannabinoid
concentration, plasma THCCOOH concentration alone predicted increased depression
symptoms. Smoked cannabis products quickly convert from THC to 11-OH-THC, an active
metabolite, and then into THCCOOH, an inactive metabolite. THCCOOH is excreted over time
as THC in deep tissue is released and converted into its metabolites, resulting in THCCOOH
persisting much longer than THC or 11-OH-THC in plasma (Karschner et al., 2009). Plasma
THCCOOH concentration after up to 33 days of monitored abstinence was previously associated
with cognitive decrements (Karschner et al., 2016). In contrast to plasma, hair cannabinoid
concentration is a cumulative measure over a relatively long period of time (3 months). Urinary
cannabinoid excretion profiles are more variable than plasma, as repeat testing of urine samples

demonstrates multiple THCCOOH peaks after cannabis use (Huestis et al., 2020). Thus, plasma
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may offer a unique sensitivity window into brain-behavior relationships in individuals who
regularly use cannabis.

Ten percent of individuals were positive for A8-THC in their hair, despite only two
participants reporting A8-THC use. A8-THC is derived from hemp-based products through
chemical processes to create A8-THC as an isomer of A9-THC. In the manufacturing process,
there are known concerns for adulterants such as heavy metals and solvents being present in the
product (Geci et al., 2023), potentially resulting in more negative outcomes due to the adulterants
present. Though over 11% of 12 graders report A8-THC use in the past year (Harlow AF et al.,
2024), individuals may not realize they are being exposed to delta-8-THC (Geci et al., 2023) and
analyzed A8-THC product content is only weakly correlated with the advertised content in
commercial products (Kaczor et al., 2024). Testing of drug samples or toxicological samples to
identify use of delta-8 will be important for identifying use and assessing impact.

Limitations are noted. Participants retrospectively reported their cannabis use, and
therefore were not limited to only one product type or method of consumption. Accordingly,
while findings are more generalizable to real-world young adult cannabis use patterns, they may
not fully reflect differences in cannabinoid concentration by mode of use in young adults use
regularly use cannabis. For self-report we used a broadly defined cannabis use days count, while
other groups suggest more nuanced integration of use information (e.g., iCannToolkit;
CannaCount) (Lambros et al., 2023; Lorenzetti et al., 2022). Not all participants were able to
equally contribute each biosample, which may impact results, particularly regarding depression
symptoms. Though hair and plasma samples measure other minor cannabinoids, here we focused
on THCCOOH. Comparisons between matrices and minor cannabinoids may be important to

consider in the future.
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In summary, data presented herein indicate largely concurrent cannabinoid concentration
findings across toxicological matrices (urine, plasma, and hair, and to a more limited extent, oral
fluid) and with self-reported cannabis use days in young adults who regularly use cannabis.
THCCOOH concentration did not vary by preferred and most commonly used method of
cannabis consumption (flower or vaped), and plasma THCCOOH concentration uniquely
predicted self-reported depression symptoms. Findings support the use of toxicological samples
across matrices in measuring cannabinoid concentration with high specificity and adequate
sensitivity. Given the complexity of measuring cannabis use due to the plethora of available
products and rise of new popular cannabinoids, use of toxicological results may offer new

insights into brain-behavior relationships in those who frequently use cannabis.
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