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Abstract
Products containing cannabidiol (CBD) have proliferated after the 2018 Farm Bill legalized hemp (cannabis with ≤0.3% delta-9-
tetrahydrocannabinol (Δ9-THC)). CBD-containing topical products have surged in popularity, but controlled clinical studies on them 
are limited. This study characterized the effects of five commercially available hemp-derived high CBD/low Δ9-THC topical products. 
Healthy adults (N = 46) received one of six study drugs: a CBD-containing cream (N = 8), lotion (N = 8), patch (N = 7), balm (N = 8), gel 
(N = 6) or placebo (N = 9; matched to an active formulation). The protocol included three phases conducted over 17 days: (i) an acute drug 
application laboratory session, (ii) a 9-day outpatient phase with twice daily product application (visits occurred on Days 2, 3, 7 and 10) 
(iii) a 1-week washout phase. In each phase, whole blood, oral fluid and urine specimens were collected and analyzed via liquid chro-
matography with tandem mass spectrometry (LC–MS-MS) for CBD, Δ9-THC and primary metabolites of each and pharmacodynamic 
outcomes (subjective, cognitive/psychomotor and physiological effects) were assessed. Transdermal absorption of CBD was observed 
for three active products. On average, CBD/metabolite concentrations peaked after 7–10 days of product use and were highest for the 
lotion, which contained the most CBD and a permeation enhancer (vitamin E). Δ9-THC/metabolites were below the limit of detection 
in blood for all products, and no urine samples tested “positive” for cannabis using current US federal workplace drug testing criteria 
(immunoassay cut-off of 50 ng/mL and confirmatory LC–MS-MS cut-off of 15 ng/mL). Unexpectedly, nine participants (seven lotions, 
one patch and one gel) exhibited Δ9-THC oral fluid concentrations ≥2 ng/mL (current US federal workplace threshold for a “positive” 
test). Products did not produce discernable pharmacodynamic effects and were well-tolerated. This study provides important initial 
data on the acute/chronic effects of hemp-derived topical CBD products, but more research is needed given the diversity of products 
in this market.

Introduction
In 2018, the US Federal Agricultural Improvement Act (or 
the “Farm Bill”) removed hemp (defined as cannabis with no 
greater than 0.3% delta-9-tetrahydrocannabinol, Δ9-THC, 
the primary psychoactive constituent of cannabis) from the 
list of controlled substances. This legislation created a path-
way for hemp-derived cannabinoid products to be legally sold 
across the USA. As a result, hemp-derived products containing 
cannabidiol (CBD) as the primary phytochemical constituent 
have become widely available in both retail stores and on 
the internet throughout the USA, largely due to the grow-
ing interest in the use of CBD for its purported medicinal
benefits (1).

As the hemp market has expanded and cultural views 
on cannabinoids have become more favorable (2), novel 

product classes and routes of administration have emerged. 
The cannabinoid product classes that have seen arguably 
the largest growth since the passing of the Farm Bill are 
those meant for topical or transdermal administration (e.g., 
lotions, creams, patches, etc.). In fact, among hemp-derived 
CBD products, topicals are currently the second most pop-
ular product class in the USA (following tinctures), with a 
2021 market value of over 826 million (3). Furthermore, a 
recent national survey estimated that 64 million Americans 
had tried CBD products, and 21% of those surveyed reported 
having used a topical CBD product (4). As with other hemp-
derived products, consumers of topical CBD products report 
primarily using them for therapeutic purposes, most often 
with the intent to manage pain (e.g., joint stiffness, tendonitis 
or muscle soreness) or dermatological conditions (e.g., acne, 
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dermatitis or eczema), but these products are also sometimes 
used for cosmetic purposes (e.g., anti-aging) (2, 5, 6).

Relative to other routes of administration (e.g., oral inges-
tion and inhalation), topical application of cannabinoids 
has historically shown poor bioavailability. In one preclini-
cal study with canines, for example, systemic bioavailability 
of topically applied CBD was approximately 90% lower 
compared to two oral CBD formulations of the same dose 
(7). That being said, the bioavailability of topically applied 
cannabinoids can be improved via certain skin permeation 
enhancers (8–11). In vitro studies utilizing models of human 
skin have shown that the permeability of several cannabinoids 
(e.g., CBD, cannabinol (CBN) and Δ9-THC) is enhanced in 
the presence of chemicals such as ethanol, oleic acid and 
dimethyl sulfoxide (DMSO). In addition, preclinical studies 
have also found that transdermal delivery of cannabinoids can 
be increased by permeation enhancers. For example, in a study 
with guinea pigs, Transcutol HP increased CBD concentra-
tions in plasma by 3.7-fold when added to a topical CBD gel 
(12). Similarly, one clinical study demonstrated that acute top-
ical application of a product that contained a 1:1 ratio of Δ9-
THC and CBD in combination with various chemical agents 
to enhance skin permeation (i.e., penetrating agents, mem-
brane disruptors and vasodilators) resulted in transdermal 
delivery of both Δ9-THC and CBD, although blood concen-
trations were about 1.5 times higher for CBD than Δ9-THC. 
In addition to chemical permeation enhancers, physical per-
meation enhancers (e.g., microneedles and ultrasound) have 
also been proposed as possible mechanisms to increase trans-
dermal cannabinoid absorption, although research in this area 
is limited (8–11).

Notably, many hemp-derived topical CBD products con-
tain low levels of Δ9-THC, including those that do not men-
tion Δ9-THC on their label or which are purported to be 
“Δ9-THC-free” (13); this raises important questions regard-
ing whether these products can produce psychoactive effects 
and/or positive results on drug tests designed to detect illicit 
cannabis use. Drug testing is still prevalent across many sec-
tors, including safety-sensitive occupations, military and law 
enforcement positions and treatment or criminal justice set-
tings. Cannabis drug tests typically probe for Δ9-THC or 
metabolites of Δ9-THC (e.g., 11-OH-Δ9-THC and Δ9-THC-
COOH) in various biological matrixes like blood, oral fluid 
or urine. While CBD is not intoxicating (14, 15) and has not 
been demonstrated to result in a positive drug test on its own 
(16), several studies have shown that oral and inhaled CBD 
products containing low concentrations of Δ9-THC can cause 
positive drug test outcomes for some individuals (16–18). 
Only one study (N = 3) has assessed whether topical high 
CBD/low Δ9-THC product use could impact drug testing out-
comes for cannabis (19). In that study, participants applied 
two topical CBD salves “extensively” to different areas of the 
body, including the neck, arms/legs and torso, every 2–4 h 
for 3 days; these salves contained 1.7 and 102 ng/mg of Δ9-
THC (the authors estimated that approximately 0.1 mg of 
THC was topically applied per application). Δ9-THC and 
Δ9-THC metabolites were not detected in blood or urine for 
any of the three study participants. However, this study was 
limited by the very small sample size, examination of only 
Δ9-THC (and not CBD or CBD metabolites), short product 
application window of 3 days without monitoring to ensure 
compliance with dosing procedures and lack of oral fluid 

testing (an increasingly popular drug testing matrix) (19). 
Moreover, it is unclear if the products used in the study by 
Hess et al. (19) contained skin permeation enhancers, which 
are common in commercially available topical CBD prod-
ucts. Thus, many unanswered questions remain regarding the 
influence of topical CBD products on cannabis drug testing, 
especially considering the vast array of product formulations 
available in today’s market that vary widely with respect 
to Δ9-THC concentrations and the presence of permeation
enhancers.

The aim of the present study was to evaluate the phar-
macokinetics of five different commercially available topical 
CBD products (cream, lotion, balm, gel and patch) and to 
compare the pharmacodynamic effects of these products to 
analogous placebo products containing no cannabinoids. The 
CBD products all contained ≤0.3% THC and were there-
fore federally legal in the US products that were chosen to 
capture a range of formulations (e.g., different permeation 
enhancers), methods of application (e.g., continuously worn 
patch vs repeatedly applied lotions/creams, etc.), Δ9-THC 
concentrations and source of retail availability (e.g., avail-
able online only vs in national retail stores). Pharmacokinetic 
(i.e., blood, urine and oral fluid) and pharmacodynamic (i.e., 
subjective, cognitive and physiological effects) outcomes were 
assessed throughout 10 days of product use and after a 7-day 
washout period; LC–MS-MS was used to quantify concentra-
tions of CBD and Δ9-THC, along with the primary metabo-
lites of each (7-OH-CBD, 7-COOH-CBD, 11-OH-Δ9-THC 
and Δ9-THC-COOH), in each biological matrix, and quali-
tative (screening) drug tests were also performed on all urine 
specimens.

Methods
All study procedures were completed in the Cannabis Science 
Laboratory at the Johns Hopkins University Behavioral Phar-
macology Research Unit (BPRU) in Baltimore, MD. Experi-
mental procedures were approved by the Institutional Review 
Board of the Johns Hopkins University School of Medicine 
and were conducted in accordance with the Declaration 
of Helsinki. The study was registered on ClinicalTrials.gov 
(NCT04741477).

Participants
Participants were recruited for the study via media adver-
tising (e.g., flyers and internet) and word-of-mouth com-
munication. Advertisements were targeted toward healthy 
adults with a history of cannabis and/or CBD product use. 
Interested participants received an initial screening over the 
telephone or online to collect basic health and drug use 
information, and those who appeared eligible completed a 
detailed screening assessment in person that included a phys-
ical examination, assessment of mental health/substance use 
status, qualitative urine drug testing and determination of 
concomitant medications. Prior to the in-person assessment, 
written informed consent to participate in the study was
obtained.

Inclusion criteria included the following: (i) 18–55 years 
old; (ii) in good general health based on a physical exami-
nation, medical history, vital signs and routine blood testing; 
(iii) negative urine test for drugs of abuse (including cannabis) 
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and negative breath test for alcohol at screening; (iv) negative 
serum pregnancy test at screening and negative urine preg-
nancy test at each subsequent study visit, if female; (v) a 
body mass index (BMI) between 19 and 36 kg/m2; (vi) prior 
experience in using cannabis or CBD products (but no use in 
the past 30 days); (vii) have not donated blood in the prior 
30 days; (viii) have a smartphone, tablet, computer, etc. capa-
ble of recording videos and operating Research Electronic 
Data Capture (REDCap); (ix) willing to use an effective form 
of contraception during the study and for at least 30 days after 
the last product application; and (x) no known allergies to any 
ingredients in the selected study products.

Exclusion criteria included the following: (i) self-reported 
non-medical use of psychoactive drugs other than nicotine, 
alcohol or caffeine in the month prior to the screening visit; 
(ii) history of or current evidence of significant medical condi-
tion (e.g., cardiac arrhythmias or vasospastic disease, epilepsy 
or a history of seizures skin diseases that would be exacer-
bated by use of the study drugs) or psychiatric illness; (iii) 
use of an over-the-counter, systemic or topical drug(s), herbal 
supplement(s), vitamin(s) or prescription medications (with 
the exception of birth control prescriptions) within 14 days of 
study entry that, in the opinion of the investigator or medical 
monitor, would interfere with the study results or the safety of 
the participant; (iv) use of hemp seeds or hemp oil in any form 
in the past 3 months; (v) use of dronabinol (Marinol) within 
the past 6 months; (vi) history of xerostomia (dry mouth) or 
the presence of mucositis, gum infection or bleeding or other 
significant oral cavity disease or disorder that would poten-
tially affect the collection of oral fluid samples, (vii) enrolled 
in another clinical trial or having received any drug as part 
of a research study within 30 days prior to dosing; and (viii) 
individuals with anemia.

Study design and procedures
The study utilized a between-subjects, double-blind design. 
The study was conducted in five stages, which corresponded 
to the five topical product categories of interest: lotion, cream, 
patch, balm and gel. Within each stage, participants were 
assigned to receive an active or placebo topical product (see 
later) at an approximately 4:1 ratio; a greater emphasis was 
placed on enrolling participants in active study conditions 
because pharmacokinetic data were considered primary out-
comes, while pharmacodynamic measures were secondary 
outcomes. We aimed to complete approximately 10 total par-
ticipants (active and placebo combined) in each of the five 
product stages. In total, 46 participants completed the study 
[(37 were randomized to active products (6–8 participants per 
stage), and nine were randomized to placebo products (1–2 
per stage)].

All participants completed the protocol in three phases, 
lasting a total of 17 days. In Phase 1 (Day 1), participants 
completed an acute product application session in the lab-
oratory that lasted approximately 8 h. During this session, 
participants applied their assigned study product by rub-
bing one-fourth tsp of lotion, cream, balm or gel into a 
5-inch × 5-inch marked area on both upper arms (half tsp 
total); participants were instructed to rub in the product 
for exactly 1 min per arm. A half tsp measuring spoon was 
used to ensure dosing precision. Participants assigned to a 
patch condition simply applied the patch to one of their 
upper arms, where it remained for the entire day. Participants 

also provided biospecimens (i.e., blood, oral fluid and urine) 
and completed pharmacodynamic assessments (i.e., subjec-
tive questionnaires and cognitive/psychomotor performance 
tasks) at designated 30- to 60-min intervals. For sessions 
involving a lotion, cream, balm or gel, participants applied 
the study product again in the same manner at the end of the 
8-h experimental session; this was done to give participants 
additional practice applying the study drug and training on 
uploading their dosing compliance videos (see later) while still 
under staff supervision.

Phase 2 (Days 2–10) was an outpatient dosing period, dur-
ing which participants continued to use their assigned product 
in the same manner twice daily (morning and evening) in 
their home environment; patches were worn continuously for 
96 h as per the instructions of the active patch manufacturer 
(after 96 h, participants would remove the patch and place 
a new one on the same arm). During Phase 2, participants 
filmed themselves applying their study drug on their personal 
smartphones and uploaded these videos to a secure database 
(REDCap), so that the study team could confirm adherence 
with dosing procedures. There was 99.8% compliance across 
all participants for study product application adherence, as 
confirmed by video upload (872 doses and uploaded videos 
in total). One participant unexpectedly had to leave town and 
completed the final day of Phase 2 on Day 9 instead of Day 10, 
but all other participants completed the protocol as designed. 
During this outpatient phase, participants also completed a 
questionnaire each day that inquired about adverse events as 
well as activities that may impact transdermal drug absorption 
(e.g., showers and use of saunas). The daily activity data were 
collected primarily to assist with reconciling aberrant phar-
macokinetic findings. During Phase 2, participants returned 
to the laboratory for brief visits on study Days 2, 3, 7 and 10 
to complete the same pharmacodynamic assessments and to 
provide additional biospecimens.

Phase 3 consisted of a final follow-up visit after a 1-
week washout from study product use (i.e., Day 17). Par-
ticipants also completed a final round of pharmacodynamic 
assessments and provided a final set of biospecimens at this 
visit. Participants were also given the option to provide a 
hair sample on Day 1 and Day 17. A total of 18 partic-
ipants agreed to give hair specimens, although the results 
from these analyses are pending and are not included in this
manuscript.

Study drug and materials
To inform product selection for this study, 105 hemp-derived 
topical CBD products were purchased from national retail 
locations (N = 45) and online (N = 60) and tested for cannabi-
noids [(as described elsewhere (13)]. For the present study, we 
selected five products that we believed would have the high-
est likelihood of impacting cannabis drug testing in the real 
world and that would capture a range of formulations cur-
rently available on the retail market. The first consideration 
was the presence of Δ9-THC (i.e., each product selected was 
confirmed to contain Δ9-THC). The second consideration was 
whether the product was purported to contain skin perme-
ation enhancers. The third consideration was diversity with 
respect to the formulation of the product (e.g., lotion, cream, 
patch, etc.). The final consideration was the accessibility of the 
product (e.g., online only versus available in national retail-
ers). Ultimately, five products were selected including a lotion, 
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a cream, a patch, a balm and a gel. A full list of ingredients in 
the five products can be found in Supplementary Table 1.

The lotion was chosen because it had the highest CBD 
and Δ9-THC concentrations of all topical products tested 
(CBD concentration = 4.03%; THC concentration = 0.19%) 
and because it was purported to contain a permeation 
enhancer [(vitamin E (20);]. The cream (CBD concentration 
of 0.48% and Δ9-THC concentration of 0.03%) was cho-
sen because it included known skin permeation enhancers 
DMSO and various terpenes purported to facilitate absorp-
tion on the list of ingredients (21). The patch contained 73 mg 
of CBD and 0.4 mg of Δ9-THC (CBD concentration of 9.52% 
and Δ9-THC concentration of 0.05%) and was chosen due 
to the distinct nature of use from the other products (i.e., 
continuously worn as opposed to intermittently applied) and 
because it included known permeation enhancers (oleic acid 
and various terpenes, including limonene) in the list of ingre-
dients (21). The gel (CBD concentration of 1.3% and Δ9-THC 
concentration of 0.03%) was chosen because it listed skin 
permeation enhancers, menthol and ethanol, on the list of 
ingredients. Lastly, the balm (CBD concentration of 0.67% 
and Δ9-THC concentration of 0.04%) was chosen for its 
popularity in the hemp market; specifically, this product was 
available at several national retail stores at the time of the 
study and was made by one of the leading brands in the indus-
try. This product also contained the permeation enhancer 
vitamin E. The concentrations of CBD and Δ9-THC were ver-
ified in all products; however, the other listed ingredients were 
not verified.

Given the measured CBD/Δ9-THC concentrations in our 
independent testing of each product and an application of 
half tsp, or 2.35 g, per product application, participants were 
exposed to the following CBD and Δ9-THC doses per appli-
cation: lotion (CBD dose = 94.7 mg; Δ9-THC dose = 4.2 mg), 
cream (CBD dose = 11.3 mg; Δ9-THC dose = 0.7 mg), gel 
(CBD dose = 30.6 mg; Δ9-THC dose = 0.7 mg), balm (CBD 
dose = 15.7 mg; Δ9-THC dose = 0.9 mg) and patch (73 mg 
CBD and 0.4 mg Δ9-THC; given the 96-h application period, 
participants used three patches over the course of the 10 days).

Five non-hemp comparator “placebo” products that were 
similar in formulation/consistency to each respective hemp 
product but did not contain any cannabinoids (i.e., a com-
mercially available lotion, cream, balm and gel as well as 
an inert adhesive patch) were selected. All placebo products 
were available at major national retailers at the time of the 
study. To preserve the study blind, active and placebo lotions, 
creams, balms and gels were placed in nondescript contain-
ers and active/placebo patches were comparable in size, shape 
and appearance. The BPRU pharmacy prepared and dispensed 
all study products.

Outcome measures
During Phase 1 (laboratory session at the BPRU on study Day 
1), pharmacodynamic assessments and blood/oral fluid collec-
tion occurred at baseline (prior to product application) and 
again at 0.5, 1, 1.5, 2, 3, 4, 5 and 6 h after product applica-
tion; urine samples were collected at baseline and 1, 2 and 3 h 
after product application, and a pooled urine sample (multi-
ple samples collected and combined) was collected across the 
4- to 6-h post-application timeframe. During Phases 2 and 3 
(outpatient product application period and washout period, 
respectively), pharmacodynamic assessments were completed 

and biospecimens were collected at brief laboratory visits on 
study Days 2, 3, 7, 10 and 17. All urine specimens were spot 
collections during Phases 2 and 3.

Pharmacokinetics
Blood
Whole blood samples were collected via intravenous catheters 
into “gray-top” Vacutainer® tubes at each timepoint, mixed 
by inversion, and then transferred to two 5-mL cryotubes, 
which were stored at −80°C until they were sent on dry ice 
for testing at Clinical Reference Laboratory (CRL, Lenexa, 
KS). Bloods were analyzed using liquid chromatography with 
tandem mass spectrometry (LC–MS-MS; see later).

Oral fluid
Collection of native oral fluid specimens were performed by 
expectoration for a period of up to 5 min per sample into 
labeled, 8-mL glass screw culture tubes (Thermo Fisher Sci-
entific, Waltham, MA, 16 × 100 mm, #14-959-35AA), which 
contained a PTFE liner (Thermo Fisher Scientific, #4506615). 
Prior to collection, the inner surface of the collection tubes 
was silanized with Sylon-CTTM (Sigma-Aldrich, St. Louis, 
MO, USA, #33065U), rinsed with ethanol and dried. Partic-
ipants were not allowed to consume food or drinks for at 
least 10 min prior to each collection. After the collections were 
completed, the tubes were immediately capped, sealed with 
parafilm and stored in a refrigerator until shipped overnight 
to the CRL in insulated, refrigerated shipping containers on 
cold packs in order to prevent freezing. Samples were stored 
refrigerated for a maximum of 3 weeks before being shipped 
for analysis and were analyzed within 1 month of collection. 
Oral fluid samples were analyzed using LC–MS-MS (see later).

Urine
Upon collection, urine samples were split into two labeled 30-
mL polypropylene bottles, covered with parafilm and frozen 
at −20°C until they were sent overnight on dry ice to the 
CRL. Urine specimens were analyzed using the Diagnos-
tic Reagents Inc Cannabinoid Assay via the manufacturer’s 
procedure (Thermo Fisher Scientific, Fremont, CA) utilizing 
cut-off concentrations of 20, 50 and 100 ng/mL. Immunoas-
say methods and cross-reactivity data have been previously 
described elsewhere (22). Creatinine was determined with 
the Siemens-modified Jaffe reagent. Data below are presented 
and analyzed based on the non-creatinine normalized values. 
In addition to the qualitative immunoassay analyses, urine 
samples were also analyzed using LC–MS-MS (see later).

LC–MS-MS analyses
All biospecimens were analyzed using LC–MS-MS analy-
sis. Analytes included in analyses of all matrixes are as 
follows: Δ9-THC, 11-OH-Δ9-THC, Δ9-THC-COOH, CBD, 
7-OH-CBD, 7-COOH-CBD, cannabidiolic acid (CBDA), 
Δ8-THC-COOH, cannabigerol (CBG), CBN, cannabicy-
clol (CBL), cannabichromene (CBC) and Δ8-THC. Addi-
tional analytes in both urine and oral fluid analyses 
included Δ9-tetrahydrocannabivarin (Δ9-THCV) and Δ9-
COOH-tetrahydrocannabivarin (Δ9-COOH-THCV). Ana-
lytes specific to oral fluid analysis included cannabigerolic 
acid (CBGA), cannabinolic acid (CBNA), cannabicyclolic acid 
(CBLA), cannabichromenic acid (CBCA), 8-β-OH-Δ9-THC 
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and Δ8-tetrahydrocannabivarin (Δ8-THCV). A liquid–liquid 
phase extraction technique was used for these analyses fol-
lowed by mass spectral detection using electrospray ionization 
in both positive and negative multiple reaction monitoring 
(MRM) modes. A conversion control was extracted in each 
batch to monitor the potential conversion of CBD and its 
metabolites to Δ9-THC and Δ8-THC and corresponding 
metabolites; the conversion control contained CBD, 7-OH-
CBD, 7-COOH-CBD and CBDA at 5.0 ng/mL. No conversion 
from CBD/CBD metabolites to Δ9-THC or Δ8-THC was 
identified in the assays.

The limit of quantitation (LOQ) varied for individ-
ual analytes and between matrixes. See LOQ information 
below, all values listed in ng/mL: blood: Δ9-THC, CBG, 
CBL, CBC = 0.50; all other analytes = 0.20. Oral fluid: 8-β-
OH-Δ9-THC = 0.050; all other analytes = 0.025. Urine: Δ9-
THCV = 1.0; CBL, CBC = 2.0; all other analytes = 0.50. The 
following analytes were not detected or were detected incon-
sistently and at trace concentrations when present across 
all participants and are, therefore, not reported in this 
manuscript: CBDA, Δ8-THC, Δ8-THC-COOH, CBG, CBGA, 
CBN, CBNA, CBL, CBLA, CBC, CBCA and 8-β-OH-Δ9-
THC.

Hydrolysis and extraction procedures
For blood, samples were prepared by mixing a 0.400 mL 
aliquot of whole blood sample with internal standard solution 
and cold 0.1% formic acid in acetonitrile, adding 0.1% formic 
acid in deionized (DI) H2O and loading the solution onto 
an Agilent Captiva EMR-Lipid 3 mL cartridge in a silanized 
glass culture tube. Following sample elution, the cartridge 
was rinsed with 80:20 acetonitrile:DI H2O and eluted into 
the same tube. A liquid–liquid extraction was then performed 
using the combined eluent and 2:1 hexanes:ethyl acetate; the 
organic components were subsequently dried and reconsti-
tuted with 0.1% formic acid in 50:50 DI H2O:methanol. 
Separation was performed using a Shimadzu Nexera LC40D 
X3 HPLC system utilizing a Waters™ CORTECS C18+ col-
umn and aqueous mobile phase (A), 0.1% acetic acid in water 
and organic mobile phase (B), 0.1% acetic acid in acetonitrile 
at a flow rate of 0.5 mL/min over a 15-min gradient. MS-MS 
analysis was conducted with a Sciex API7500 tandem mass 
spectrometer using electrospray ionization in both positive 
and negative MRM modes.

For oral fluid, a liquid–liquid extraction was performed 
using a 0.500-mL sample aliquot mixed with 0.1 molar (M) 
ammonium bicarbonate (pH 10.5), tert-butyl methyl ether 
and isopropanol, followed by drying and reconstitution with 
50:50 0.1% acetic acid in DI H2O: acetonitrile. A Shimadzu 
Nexera LC30AD HPLC system equipped with a Phenomenex 
Kinetex C18 column was used for separation; aqueous mobile 
phase (A), 0.1% acetic acid in water, and organic mobile phase 
(B), 50:50 acetonitrile: methanol, combined in a gradient 
over the 16.00-min run at a 0.750 mL/min flow rate. MS-
MS analysis was performed by a Sciex API7500 tandem mass 
spectrometer using electrospray ionization in both positive 
and negative MRM modes.

For urine, sample preparation involved dual hydrolysis 
of a 0.500-mL aliquot of urine specimen using BG Turbo 
β-glucuronidase/0.1 M phosphate buffer (pH 6.8) solution, 
followed by the addition of 5N potassium hydroxide. Samples 
were neutralized with 5 N formic acid, and the mixture was 

eluted through an Agilent Captiva EMR-Lipid 3 mL cartridge 
in a silanized glass tube. The cartridge was then rinsed with 
80:20 acetonitrile: DI H2O and eluted into the same tube. A 
liquid–liquid extraction was performed using the eluent, pH 
4.8 0.4 M ammonium acetate buffer and 2:1 hexanes:ethyl 
acetate. The organic components were decanted, dried and 
then reconstituted with 0.1% formic acid in 50:50 DI H2O: 
methanol. Analysis was performed using a Shimadzu Nex-
era LC40D X3 UHPLC equipped with a Waters™ CORTECS 
C18+ column coupled to a Sciex API6500 tandem mass spec-
trometer. The aqueous mobile phase (A), 0.1% acetic acid 
in water, and organic mobile phase (B), 0.1% acetic acid in 
acetonitrile, flowed at a rate of 0.5 mL/min over the 15-min 
gradient. MS-MS analysis was conducted using electrospray 
ionization in both positive and negative MRM modes.

Pharmacodynamics
Subjective drug effects
A 21-item Drug Effect Questionnaire (DEQ) was used to 
evaluate subjective drug effects (23, 24). Individual items 
included drug effect, good effect, bad effect, and drug lik-
ing, among other behavioral/mood states often associated 
with cannabis intoxication (e.g., relaxed, paranoid and hun-
gry/have munchies). Participants rated each item individually 
using a 100-mm visual analog scale (VAS) anchored with “not 
at all” on one end and “extremely” on the other.

Cognitive performance tasks
A battery of four computerized performance tasks were 
conducted on aspects of cognitive/psychomotor functioning 
known to be sensitive to the acute effects of cannabis/Δ9-
THC (23, 25, 26). These tasks included the Divided Attention 
Task (DAT), the Digit Symbol Substitution Task (DSST), the 
Paced Auditory Serial Addition Task (PASAT) and driving 
under the influence of drugs (DRUID) iOS application. All 
tasks were administered via a computer except for the DRUID 
application, which was administered using an iPad.

On the DAT (27), participants tracked a central stimulus 
across the screen using their mouse cursor, while also simul-
taneously monitoring a number at the center of the screen 
and peripheral numbers in the corners of the screen, all of 
which were constantly changing. Participants were instructed 
to click the mouse once when they saw a match between the 
central number and any of the four peripheral numbers. The 
primary outcome of this task was the distance between the 
mouse cursor and central stimulus (in computer pixels).

The DSST (28) is a measure of psychomotor ability, in 
which participants are instructed to replicate patterns pre-
sented to them on a computer screen for 90 s by using the 
computer keyboard. Primary outcome for this task includes 
the number of correct responses.

The PASAT (29) measures working memory by present-
ing participants with a string of single-digit numbers on the 
computer screen at 2.4- to 2.8-s intervals. Participants were 
instructed to add the prior two integers presented and click 
the correct number response. The primary outcome was the 
number correct out of 90 trials.

The DRUID application requires users to perform four 30- 
to 45-s tasks, each of which measures different aspects of 
performance (e.g., reaction time, decision-making, hand–eye 
coordination, time estimation, balance and divided attention 
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(25). Scores on all four tasks were integrated using a statisti-
cal algorithm to yield a global impairment score (the primary 
outcome measure for the DRUID).

Physiological measures
Vital signs [(heart rate (HR), systolic blood pressure (SBP) and 
diastolic blood pressure (DBP)] were measured in the seated 
position using an automated monitor.

Data presentation and analysis
Descriptive statistics were used to summarize participant 
demographics and LC–MS-MS biospecimen results. All phar-
macokinetic data are presented as raw values. For pharma-
cokinetic analyses, the six analytes of interest were Δ9-THC, 
11-OH-Δ9-THC, Δ9-THC-COOH, CBD, 7-OH-CBD and 7-
COOH-CBD (as noted earlier, other analytes were rarely 
detected, if at all, and are thus not included). Placebo prod-
ucts did not produce increases for any analyte measured in 
blood, oral fluid or urine. As such, concentrations of each of 
the six analytes of interest were only compared between the 
active topical product conditions. Maximum concentrations 
(Cmax) of each analyte were determined by selecting the high-
est concentration following drug administration, and time 
to maximum concentrations (Tmax) was determined when 
Cmax occurred. Area under the curve (AUC) for each analyte 
was determined by using the trapezoidal rule (30). All out-
comes were determined using excel. Nonparametric tests were 
employed for all analyte comparisons due to non-normal data 
distributions. Specifically, Cmax, AUC values and Tmax were 
compared using the Kruskal–Wallis test, followed by Dunn’s 
multiple comparison test to compare each active condition 
(cream, lotion, patch, balm and gel).

For pharmacodynamic outcomes (subjective, cognitive/
psychomotor and physiological effects), peak effects for each 
outcome during the acute (i.e., Day 1 laboratory session) 
and chronic phase (outpatient Days 2–10) were analyzed sep-
arately using one-way analysis of variance (ANOVA) with 
the lone between-subjects factor of drug condition; this fac-
tor had six levels: active lotion, active cream, active patch, 
active balm, active gel and all placebo conditions collapsed 
together. When a significant main effect of drug condition 
was detected, Bonferroni’s multiple comparisons were used 
to compare the respective drug conditions. Within each drug 
condition, the peak change-from-baseline values for subjective 
drug effects (DEQ) and the peak raw scores for the cognitive 
(DAT, DSST, PASAT and DRUID) and physiological outcomes 
(HR) observed in Phase 1 were compared to the same values 
observed during Phase 2 using paired-samples t-tests. Statisti-
cal analyses for both pharmacokinetic and pharmacodynamic 
outcomes were conducted using Prism 9 for macOS (Version 
9.3.0, GraphPad Software, LLC); the 𝛼 level was set at 0.05 
for all analyses.

Results
Participants
Participant demographics are shown in Table I. Participants 
were predominantly White (N = 26; 57% of total sample) or 
African American (N = 11; 24% of total sample) and mostly 
female (N = 31; 67% of total sample). Across the various 
study conditions, participants did not differ on their mean 
age, BMI, alcohol consumption, average number of cigarettes 

per day or time since the last use of a cannabis product (all 
P values > 0.05). Of note, seven participants (two each in 
the active cream, lotion and balm conditions and one in the 
active gel condition) had healed tattoos on at least one of 
their upper arms (site of drug application); we were insuf-
ficiently powered to formally examine whether the presence 
of tattoos influenced drug absorption, but overall, pharma-
cokinetic data were similar among tattooed and non-tattooed 
participants. There were no unanticipated or serious adverse 
events during the study. However, a few minor adverse events 
occurred in the active cream, lotion and patch conditions. 
For the active cream, two participants experienced somno-
lence during their acute dosing session on Day 1; one of these 
participants reported that this effect persisted through the 10-
day application period but ceased once they stopped using 
the product. Another participant who used the active cream 
experienced skin irritation/itchiness throughout the 10 days 
of application, but these effects subsided after they stopped 
using the product. One participant reported dizziness follow-
ing application of the active lotion during their acute dosing 
session on Day 1, but this effect was not present during out-
patient dosing. Finally, one participant who used the active 
patch reported dizziness and soreness of the upper arm con-
taining the patch during most of the outpatient dosing period 
(Days 2–9). 

Pharmacokinetics
Whole blood
Figure 1 illustrates the mean concentrations of CBD, Δ9-
THC and their respective metabolites (7-OH-CBD; 7-COOH-
CBD; 11-OH-Δ9-THC; Δ9-THC-COOH) in whole blood 
over time. None of these six analytes were detected in baseline 
whole blood specimens of any participant. During the acute 
dosing session (Phase 1), two participants had detectable lev-
els of CBD in whole blood following active lotion application 
at a single timepoint (the 3-h timepoint for one participant 
and the 5-h timepoint for the other). Additionally, one of these 
participants had detectable levels of 7-COOH-CBD in whole 
blood from the 1-h timepoint until the end of the acute dosing 
phase. CBD, Δ9-THC and their respective metabolites were 
not detected in blood following use of any other active prod-
uct during Phase 1. No cannabinoids were detected in blood 
during Phase 1 for the cream, patch, balm or gel products.

During Phase 2 (10-day chronic dosing period), the lotion, 
cream and gel each produced an increase in CBD and 7-
COOH-CBD concentrations that peaked after 7–10 days. 
Overall, whole blood concentrations of CBD and 7-COOH-
CBD were highest for the lotion. Notably, whole blood con-
centrations of all detected analytes aside from 7-COOH-CBD 
dropped below the limit of detection by the end of the 7-
day washout phase; for five out of eight participants in the 
active lotion condition, 7-COOH-CBD was still detected at 
the Day 17 washout visit, albeit at much lower levels than 
those observed on Day 10. In all other active conditions, 
7-COOH-CBD was not detected after drug washout. There 
were no significant differences observed for pharmacokinetic 
outcomes (Cmax, Tmax and AUC values) between the active 
cream, lotion and gel conditions for CBD or 7-COOH-CBD 
(all P values > 0.05). During the chronic product application 
period, 7-OH-CBD, Δ9-THC, 11-OH-Δ9-THC and Δ9-THC-
COOH were not detected in blood for any of the active 
drug conditions (Table II). Additionally, the patch and balm 
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Table I. Participant Demographics

 Topical condition

Characteristics Placebo (N = 9) Cream (N = 8) Lotion (N = 8) Patch (N = 7) Balm (N = 8) Gel (N = 6)

Age (in years) Mean (SD) 30.0 (10.2) 30.9 (7.8) 27.5 (6.2) 30.4 (6.7) 26.5 (3.6) 32.0 (11.6)
Gender (n, %) Male 1 (1.1) 0 (0) 4 (50.0) 3 (42.9) 4 (50.0) 3 (50.0)
Race (n, %) Caucasian 7 (77.8) 5 (62.5) 2 (25.0) 3 (42.9) 4 (50.0) 5 (83.3)

African 
American

2 (22.2) 3 (37.5) 3 (37.5) 1 (14.3) 1 (12.5) 1 (16.7)

Asian 0 (0) 0 (0) 3 (37.5) 2 (28.6) 2 (25.0) 0 (0)
More than one 0 (0) 0 (0) 0 (0) 1 (14.3) 1 (12.5) 0 (0)
Hispanic 2 (22.2) 0 (0) 0 (0) 1 (14.3) 1 (12.5) 0 (0)

BMI Mean (SD) 24.8 (4.7) 25.2 (2.3) 23.6 (3.1) 24.9 (4.0) 25.0 (2.7) 27.5 (2.2)
Average num-
ber of drinks 
per week

Mean (SD) 1.7 (1.8) 2.3 (3.2) 1.6 (1.7) 1.3 (1.5) 3.8 (4.4) 3.4 (2.1)

Average 
number of 
cigarettes per 
day

Mean (SD) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

Time in days 
since the 
last cannabis 
product use

Mean (SD) 393.7 (480.0) 341.9 (391.7) 125.4 (149.5) 237.9 (251.9) 100.3 (118.2) 339.3 (728.2)

Figure 1. Mean whole blood concentrations (±SEM) for (a) CBD, (b) 7-OH-CBD, (c) 7-COOH-CBD, (d) Δ9-THC, (e) 11-OH-Δ9-THC and (f) Δ9-THC-COOH 
before and after placebo (circle), cream (upward triangle), lotion (downward triangle), patch (square), balm (diamond) and gel (hexagon) product use. 
Drug administration occurred during the first 10 days followed by a 7-day washout period.

D
ow

nloaded from
 https://academ

ic.oup.com
/jat/article/48/2/81/7523740 by guest on 04 D

ecem
ber 2025



88 Zamarripa et al.

Figure 2. Mean oral fluid concentrations (±SEM) for (a) CBD, (b) 7-OH-CBD, (c) 7-COOH-CBD, (d) Δ9-THC, (e) 11-OH-Δ9-THC and (f) Δ9-THC-COOH 
before and after placebo (circle), cream (upward triangle), lotion (downward triangle), patch (square), balm (diamond) and gel (hexagon) product use. 
Drug administration occurred during the first 10 days followed by a 7-day washout period. The dashed line represents the federal workplace drug testing 
criteria for oral fluid established by SAMSHA as a LC–MS-MS Δ9-THC concentration ≥2 ng/mL (29).

products did not produce detectable whole blood concen-
trations for any of the six analytes of interest at any study
timepoint. 

Oral fluid
Figure 2 illustrates the mean concentrations of CBD, Δ9-
THC and their respective metabolites in oral fluid over time. 
Only CBD and Δ9-THC were detected in oral fluid samples; 
7-OH-CBD, 7-COOH-CBD, 11-OH-Δ9-THC and Δ9-THC-
COOH were not detected in any participants. All active drug 
conditions produced detectable levels of CBD and Δ9-THC. 
On average, peak oral fluid concentrations for Δ9-THC and 
CBD were observed in phase 2 (between study Days 7–10) 
for all active products. Consistent with whole blood, oral 
fluid cannabinoid concentrations were generally highest for 
the lotion and lowest for the balm and patch. The lotion pro-
duced significantly greater Cmax and AUC values for CBD and 
Δ9-THC relative to the patch and balm (P values < 0.05); the 
lotion also produced higher Cmax and AUC Δ9-THC values 
compared to the cream (Table II). Additionally, the lotion 
produced significantly longer CBD and Δ9-THC Tmax val-
ues relative to the patch (P values < 0.05). For the gel, the 
CBD Cmax and AUC values were significantly greater and the 
Tmax value was significantly longer relative to the patch (P
values < 0.05).

At baseline, prior to drug administration, five participants 
(two in the lotion group, one in the patch group, one in 
the balm group and one in the gel group) had detectable 
concentrations of Δ9-THC in oral fluid, ranging from 0.04 
to 0.25 ng/mL; thus, none of these baseline oral fluid sam-
ples exceeded the cut-off for a positive quantitative test for 
cannabis based on current federal workplace drug testing cri-
teria established by the Substance Abuse and Mental Health 
Services Administration (SAMHSA) ([(LC–MS-MS concen-
tration ≥2 ng/mL (31)]. Following initiation of product use, 
seven of the eight participants in the active lotion condition, 
one of seven participants in the active patch condition and one 
of six participants in the active gel condition tested positive 
for Δ9-THC (LC–MS-MS concentration ≥2 ng/mL). There 
were no positive oral fluid Δ9-THC samples for any of the 
other active conditions at any timepoint. One participant was 
excluded from presentation of oral fluid data (Figure 2a) and 
from analyte analyses because of suspected self-contamination 
of several samples. This individual displayed very high concen-
trations of CBD and Δ9-THC at various timepoints through-
out Day 1 (after baseline and well before peak values would 
be expected for transdermal drug delivery) and also at Day 10; 
these values were extreme outliers (i.e., >10 SD from the mean 
observed at these respective timepoints) and may be attributed 
to accidental oral cavity contamination (e.g., placing fingers in 
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mouth following product application) prior to providing these 
samples. For the remaining participants, positive oral fluid 
Δ9-THC tests ranged from 2 to 12 ng/mL and mainly occurred 
during the outpatient dosing phase (typically on Day 7 and/or 
Day 10 study visits). Specifically, excluding the participant 
with suspected contaminated samples, five participants in the 
lotion group exhibited a positive oral fluid test (>2 ng/mL 
THC) only after 7–10 days of product use, while the remain-
ing participant tested positive on Days 2 and 3, but not on 
Days 7 or 10.

Two additional participants provided a positive oral fluid 
THC sample during the study: one individual in the active 
gel condition and one individual in the active patch condi-
tion. The gel participant provided a single positive sample 
(2.1 ng/mL) on Day 2. The patch participant provided posi-
tive samples on Day 7 and Day 17 (washout visit). Given that 
this patch participant had detectable levels of THC in oral 
fluid at baseline (0.3 ng/mL) and tested positive at the washout 
visit (3.7 ng/mL), it is possible that they were using a non-
assigned cannabinoid product during the study. Aside from 
this one individual, all remaining participants tested negative 
for Δ9-THC (LC–MS-MS concentration <2 ng/mL) at the Day 
17 washout visit.

Urine
Figure 3 illustrates the mean urinary concentrations of CBD 
and its metabolites as well as Δ9-THC-COOH (the primary 
target of urine drug tests for cannabis). All active products 
produced detectable levels of CBD, 7-OH-CBD and 7-COOH-
CBD in urine following product initiation. During the Phase 
1 laboratory session, all three analytes were detected in trace 
amounts (or not detected at all) following active drug admin-
istration. In general, CBD/metabolite concentrations peaked 
between Days 7 and 10 of the chronic dosing phase. The lotion 
produced significantly greater Cmax and AUC values and sig-
nificantly longer Tmax values relative to the patch and balm for 
all three CBD analytes (P values < 0.05; Table II). Following 
the 7-day washout period, urine analyte concentrations were 
detectable for the following number of participants: CBD in 
eight participants (two in the cream group, five in the lotion 
group and one in the balm group), 7-OH-CBD in 21 partici-
pants (six in the cream group, eight in the lotion group, two 
in the patch group, three in the balm group and two in the 
gel group) and 7-COOH-CBD in six participants (five in the 
lotion group and one in the balm group).

At baseline, prior to drug administration, no participant 
had a positive urine test result based on current federal work-
place drug testing criteria (Δ9-THC-COOH urine concentra-
tion ≥50 ng/mL immunoassay screen and ≥15 ng/mL LC–
MS-MS confirmation (31)). However, four participants (one 
in the placebo group, two in the lotion group and one in the 
gel group) had detectable concentrations of Δ9-THC-COOH 
at baseline, ranging from 0.5 to 0.7 ng/mL. For the participant 
in the placebo group, this baseline Δ9-THC-COOH value 
was the only analyte detected across all three biospecimens 
and timepoints. Δ9-THC-COOH was only detected following 
the use of the lotion, patch and gel. The range of detectable 
concentrations of Δ9-THC-COOH across all participants 
was 0.6–5.1 (0.6–2.3 among those with no Δ9-THC-COOH 
detected in urine at baseline). Thus, all Δ9-THC-COOH 
concentrations following product use were well below the cur-
rent federal workplace confirmatory cut-off of 15 ng/mL (31). 

Urine samples were also tested for Δ9-THC-COOH using 
qualitative immunoassays at three different cut-offs (20, 50 
and 100 ng/mL); the current federal workplace drug testing 
cut-off is 50 ng/mL. No participants tested positive for Δ9-
THC-COOH using these three immunoassay cut-offs. The 
lotion produced significantly greater Cmax and AUC values for 
Δ9-THC-COOH, and significantly longer Tmax, relative to the 
patch and gel. Finally, Δ9-THC was never detected in urine, 
and 11-OH-Δ9-THC was only detected in two participants 
(each only at one timepoint) in the active lotion condition.

Pharmacodynamic effects
Subjective drug effects
Figure 4 illustrates the mean change-from-baseline VAS scores 
for drug effect, pleasant drug effect and unpleasant drug 
effect following topical administration. There were no signif-
icant differences in subjective drug effect ratings across any 
of the items based on the ANOVAs, except for “hungry/ have 
munchies.” Specifically, a main effect of drug condition was 
observed for “hungry/have munchies” (P = 0.0059) and Bon-
ferroni post hoc comparisons revealed that ratings for this 
item were significantly higher for the cream relative to the 
patch, balm and gel.

Comparisons conducted between the acute and chronic 
product application phases revealed that the placebo group, 
but no other group, reported significantly higher subjective 
ratings of “feel drug effect,” “pleasant drug effect” and “drug 
liking” during the acute phase relative to the chronic phase 
(P values < 0.05; Table III). Additionally, for the cream, signif-
icantly lower subjective ratings of “hungry/ have munchies” 
were observed in the chronic dosing phase relative to the acute 
phase (P = 0.0178). 

Cognitive/psychomotor performance
Figure 5 illustrates the mean total correct on the DSST and 
PASAT, mean average distance from the target stimulus on 
the DAT and mean global impairment score on the DRUID. 
There was no indication that any of the study products 
impaired cognitive/psychomotor performance throughout the 
study. There was a significant main effect of drug condition 
on the DAT during the acute phase (P = 0.0249). Specifically, 
the balm group demonstrated significantly lower mean aver-
age distance from the target stimulus (i.e., better performance) 
relative to the placebo group (P = 0.041). However, this effect 
was no longer present during the chronic phase (Table III).

Physiological effects
Figure 5e illustrates the mean beats per minute (BPMs) for 
HR. None of the topical products influenced HR during either 
the acute or chronic dosing phases, and there were no signif-
icant differences across study conditions. Additionally, there 
were no significant differences in BPM between the acute and 
chronic phases for any specific product. Likewise, there were 
no changes in SBP or DBP following acute or chronic topical 
administration (Table III).

Discussion
Due to the passing of the 2018 Farm Bill in the USA, hemp-
derived CBD products of various formulations and routes 
of administration have increased in popularity considerably. 
One category of CBD products that has seen particularly 
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Figure 3. Mean urine concentrations (±SEM) for the analytes (a) CBD, (b) 7-OH-CBD, (c) 7-COOH-CBD and (d) Δ9-THC-COOH before and after placebo 
(circle), cream (upward triangle), lotion (downward triangle), patch (square), balm (diamond) and gel (hexagon) product use. Drug administration occurred 
during the first 10 days followed by a 7-day washout period. The dashed line represents the federal workplace drug testing criteria for urine established 
by SAMSHA as a LC–MS-MS Δ9-THC-COOH concentration ≥15 ng/mL (29).

Figure 4. Mean ratings (±SEM) for the VAS items for (a) drug effect, (b) pleasant drug effect and (c) unpleasant drug effect from the DEQ before and 
after placebo (circle), cream (upward triangle), lotion (downward triangle), patch (square), balm (diamond) and gel (hexagon) product use. Drug 
administration occurred during the first 10 days followed by a 7-day washout period. Scores ranged from 0 (not at all) to 100 (extremely).

large market growth since 2018 are those intended for topical 
application (e.g., lotions, creams and patches). Given the con-
siderable diversity of topical CBD products available for retail 
purchase, controlled research is needed to elucidate how prod-
uct features such as formulation, dose and method of admin-
istration (e.g., repeated applications versus continuous wear-
ing of a patch) influence cannabinoid absorption. Moreover, 
given that commercially available topical CBD products often 
contain low levels of the psychoactive cannabis constituent 
Δ9-THC (13), research is needed to understand whether these 
products may influence drug testing outcomes for cannabis or 
produce any pharmacodynamic effects. This study sought to 
begin to fill these knowledge gaps by characterizing the effects 
of five commercially available high CBD/low Δ9-THC topi-
cal products of different formulations among healthy adults 
who did not currently use cannabis/CBD products. Notably, 
each topical product examined contained Δ9-THC at con-
centrations ≤0.3% and, thus, was federally legal. Because 

these products are often used repeatedly, study outcomes were 
assessed under both acute (controlled laboratory session) and 
chronic use conditions (outpatient use, twice daily for 9 days 
after the laboratory session).

Interestingly, use of three out of the five study products 
(the lotion, cream and gel) resulted in transdermal delivery of 
CBD as evidenced by increased whole blood concentrations 
of CBD and 7-COOH-CBD, a primary CBD metabolite. That 
being said, peak blood CBD concentrations were far lower 
than those observed previously following acute administra-
tion of oral or vaporized CBD (32). For example, in one prior 
human laboratory study, acute administration of 100 mg oral 
CBD and 100 mg vaporized CBD produced mean peak whole 
blood CBD concentrations of 13.7 and 104.6 ng/mL, respec-
tively, while the highest blood CBD concentration observed 
across all participants in the present study was 2 ng/mL. 
Notably, each of the three products that exhibited transder-
mal CBD delivery contained a skin permeation enhancer and 
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Figure 5. Mean (±SEM) cognitive and psychomotor performance on the (a) DSST, (b) PASAT, (c) DAT and (d) DRUID application. A decrease in total 
correct on the DSST and PASAT and an increase in the distance from the target and global impairment score on the DAT and DRUID, respectively, 
indicate poorer performance. Mean (±SEM) BPMs are shown for (e) HR. Data are shown before and after placebo (circle), cream (upward triangle), 
lotion (downward triangle), patch (square), balm (diamond) and gel (hexagon) product use. Shaded regions represent the mean + SD of all participants at 
baseline, providing a representation of the general range of performance expected from an individual under normal conditions. Drug administration 
occurred during the first 10 days followed by a 7-day washout period.

the product that delivered the most CBD (the lotion) also 
contained the highest concentration of CBD (∼4% CBD or 
∼95 mg CBD per product application). Use of the balm and 
patch did not increase blood CBD concentrations, despite 
these formulations containing comparable amounts of CBD 
to some of the other study products. Taken together, these 
results highlight that twice daily use of topical CBD prod-
ucts can result in systemic absorption of small amounts of 
CBD, but that the extent of CBD delivery is influenced by 
dose, formulation (i.e., permeation enhancers) and method of 
administration (i.e., patch vs repeated topical application).

Another primary aim of the present study was to deter-
mine whether acute or chronic use of the study products could 
produce positive drug tests for cannabis. Urinary testing for 
Δ9-THC-COOH (a metabolite of Δ9-THC) remains the most 
common means of detection for cannabis use, although oral 
fluid testing for Δ9-THC is becoming more prevalent. In the 
present study, all urine specimens screened negative for Δ9-
THC-COOH at three different immunoassay cut-offs (20, 50 
and 100 ng/mL). Moreover, although Δ9-THC-COOH was 
detected at low concentrations for some participants (partic-
ularly in the active lotion condition), no urine specimens had 
quantitative Δ9-THC-COOH concentrations near the confir-
matory cut-off for a positive test (15 ng/mL). These results 

contrast with prior studies which found that acute vaporiza-
tion (17) or repeated oral ingestion (16) of high CBD/low 
Δ9-THC products may result in positive urine drug tests 
for cannabis. However, our results are consistent with the 
lone prior clinical study (19, 32) involving topical appli-
cation of high CBD/low Δ9-THC commercial products; in 
that study, neither Δ9-THC nor Δ9-THC metabolites were 
detected in urine or blood following 3 days of repeated prod-
uct application. While the use of high CBD/low Δ9-THC 
topical products did not impact urine drug testing results 
in the present study, it is unclear whether more extreme or 
prolonged drug application conditions may lead to greater 
levels of Δ9-THC exposure and higher chances of positive 
urine Δ9-THC-COOH tests. Additional research should con-
sider studying the pharmacokinetics of these products for 
longer periods of time, under more extensive application sce-
narios and with alternative skin permeation enhancement 
methods (e.g., microneedles and ultrasound) to determine 
unequivocally that they cannot impact urine drug tests for
cannabis.

Notably, although Δ9-THC was not detected in whole 
blood specimens of any participant and no positive urine 
tests were observed, seven out of eight individuals in the 
active lotion condition, one out of seven individuals in the 
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patch condition and one out of six individuals in the gel 
condition had oral fluid Δ9-THC concentrations ≥2 ng/mL 
(the confirmatory cut-off for a positive oral fluid test for 
cannabis/Δ9-THC). There are several possible explanations 
for these positive oral fluid tests. First, the positive samples 
could reflect systemic absorption of Δ9-THC following topi-
cal product application. However, numerous prior controlled 
studies have demonstrated that Δ9-THC transfer from sys-
temic circulation in blood to oral fluid is negligible following 
cannabis inhalation or oral ingestion (33–35). That said, there 
are prior reports of discordance between systemic drug con-
centrations in blood versus oral fluid concentrations following 
transdermal drug exposure (36–38); the mechanism behind 
this discordance is not fully understood, but proposed expla-
nations include the unique physiology of the salivary gland, 
which allows for more blood flow than most other tissues 
and the possibility that transdermally absorbed drugs may be 
uniquely transported to oral fluid via the lymphatic system 
(38). Second, another plausible explanation is that at least 
some positive Δ9-THC tests were the result of inadvertent 
oral cavity contamination. Indeed, as described in the Results 
section, we strongly suspect this was the case for at least one 
participant in the active lotion condition. Curiously, however, 
outside of this one participant, most of the remaining positive 
oral fluid tests occurred during the outpatient dosing phase, 
often in the final days of product application (study Days 7 or 
10); if contamination were the sole cause of the positive tests, 
we would have expected a similar rate of positive tests and 
similar concentrations of Δ9-THC across all product applica-
tion days. Third, the positive samples could be indicative of 
use of non-assigned cannabinoid products. However, this is 
unlikely given that, for all but one participant in the active 
patch condition, oral fluid samples were negative at baseline 
and at the 7-day washout visit and we did not observe unex-
pected values in blood or urine cannabinoid levels for these 
participants, suggesting that they were compliant with the 
protocol and did not use other cannabinoid products during 
the study. Finally, these unexpected Δ9-THC concentrations 
could have been enhanced by artifacts of the analytical test-
ing procedures, although this is unlikely as we mitigated 
this possibility by taking measures to ensure that CBD did 
not convert to Δ9-THC during the extraction process (see 
the Methods section), as has been observed in prior studies 
using acidic buffers for sample extraction (39). Overall, given 
the discordance between blood/urine and oral fluid results, 
additional pharmacokinetic studies on topical cannabinoid 
products that evaluate each of these biological matrixes under 
highly controlled conditions are warranted.

Interpreting toxicology results for Δ9-THC and Δ9-THC 
metabolites is becoming ever-more complicated given the 
changing landscape of cannabinoid products (e.g., presence 
of Δ9-THC in both federally legal hemp products and ille-
gal cannabis products), and the findings from the present 
study may further add to this complexity. This study is the 
first to demonstrate that topical application of high CBD/low 
Δ9-THC products that are federally legal (≤0.3% Δ9-THC) 
may influence some drug testing outcomes for cannabis (i.e., 
oral fluid Δ9-THC), but not others (i.e., urine Δ9-THC-
COOH). Importantly, however, positive oral fluid Δ9-THC 
tests were primarily observed for one product (the lotion) 
which contained the highest amount of Δ9-THC (∼0.19% 
Δ9-THC; ∼4.2 mg Δ9-THC per product application) of the 

105 products that were tested to inform product selection for 
this study (13). Thus, the extent to which this product is rep-
resentative of the extensive market of topical CBD products 
with respect to Δ9-THC content and chances of impacting 
drug testing is unclear. Nevertheless, individuals who use 
CBD products and other relevant stakeholders (e.g., employ-
ers who drug test for cannabis) should be aware that the 
use of federally legal CBD products with low levels of Δ9-
THC (potentially including topicals) may result in positive 
drug tests for cannabis and that oral cavity contamination 
appears to be an important factor to mitigate for oral fluid 
testing. Such awareness is particularly important given that 
many hemp-derived CBD products with appreciable levels of 
Δ9-THC claim to be “Δ9-THC-free” or do not disclose that 
they contain Δ9-THC (13, 40).

A final aim of the present study was to characterize the 
pharmacodynamic effects of the different high CBD/low Δ9-
THC topical products relative to placebo topical products. 
Overall, acute nor chronic use of any of the five active prod-
ucts produced any discernable subjective, cognitive or phys-
iological effects relative to the placebo condition. Moreover, 
within active dosing conditions, none of these pharmacody-
namic effects changed over the course of 10 days of product 
use. These results are perhaps not surprising given the rela-
tively low doses of Δ9-THC that participants were exposed 
to during each product application (0.4–4.2 mg Δ9-THC). 
Indeed, transdermal exposure to far higher doses of Δ9-THC 
has shown little to no psychoactive effects in prior stud-
ies. In one of the only prior studies to evaluate transdermal 
exposure of Δ9-THC in humans (41), participants topically 
applied 100 mg of Δ9-THC to their hand, wrist and forearm; 
Δ9-THC was systemically absorbed following product appli-
cation, but none of the participants reported feeling “high,” 
and the product was generally well-tolerated. Overall, these 
data suggest that high CBD/low Δ9-THC topical products 
appear to present little risk of inducing intoxication or impair-
ment of cognitive/psychomotor functioning among those who 
use them and have negligible abuse liability.

There were several noteworthy limitations to the present 
study. First, while the use of commercially available prod-
ucts increased the external validity of the study, internal 
validity was reduced by the wide variability in product fea-
tures. Future studies should systematically manipulate certain 
product features (e.g., permeation enhancers) while holding 
other relevant features constant (e.g., CBD/Δ9-THC dose) to 
better characterize the individual factors that influence drug 
absorption. Second, the majority of study drug use occurred 
outside of the laboratory, meaning that we were unable to 
ensure that participants did not use other cannabinoid prod-
ucts during the study. However, cannabinoid concentrations 
in all three biological matrixes dropped substantially (gener-
ally below the limits of detection) at the 7-day washout visit, 
which strongly suggests that participants were not using other 
cannabinoid-containing products during the outpatient phase. 
Third, given the incredible diversity of topical cannabinoid 
products, it is unclear how representative the five products 
we chose to examine are of the larger market. Future research 
should continue to examine the effects of a diverse range of 
topical cannabinoid products (including Δ9-THC-dominant 
topicals) under different use scenarios. In a similar vein, par-
ticipants in this study used one product in isolation, but 
individuals in the real world may use multiple cannabinoid 
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products simultaneously, which may warrant future investi-
gation; the extent to which the use of multiple hemp and/or 
cannabis products may impact drug testing outcomes has 
largely been unexplored. Finally, this study included a rela-
tively small sample size of healthy adults and did not evaluate 
any therapeutic effects. Future work should consider study-
ing the efficacy of commercial topical cannabinoid products 
for therapeutic conditions for which they are commonly used 
(e.g., pain/inflammation).

In conclusion, 10 days of repeated topical application of 
commercially available hemp-derived high CBD/low Δ9-THC 
topical products resulted in transdermal absorption of CBD, 
although CBD pharmacokinetics varied considerably across 
products and appeared to be influenced by dose and the pres-
ence of permeation enhancers. The product that delivered the 
most CBD to participants (the active lotion) contained the 
highest amount of CBD and supposedly contained vitamin 
E, a well-known permeation enhancer. None of the topical 
products examined produced positive qualitative or quantita-
tive urine drug tests for cannabis. However, the lotion (which 
also contained the most Δ9-THC) produced positive oral fluid 
Δ9-THC tests in seven out of the eight participants assigned 
to that condition, although the positive tests for at least one 
of these participants appeared to be attributed to contamina-
tion of the oral cavity. None of the study products had any 
discernable impact on pharmacodynamic outcomes (subjec-
tive, cognitive and physiological effects) relative to the use of 
comparable placebo products. This study provides important 
initial data on the acute and chronic effects of hemp-derived 
topical CBD products, a product class that has grown in pop-
ularity rapidly since the passing of the 2018 Farm Bill. Given 
the continual proliferation of cannabinoid products of various 
formulations and routes of administration, far more clinical 
research is needed to adequately inform regulatory actions 
and policy decisions related to these products, including those 
that pertain to drug testing for cannabis.
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