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[bookmark: _Toc117512219][bookmark: _Toc117778668]1.1 General supplemental methods

[bookmark: _Toc117511582][bookmark: _Toc117512220][bookmark: _Toc206374699][bookmark: _Toc117778669]Table S1: Inclusion and exclusion criteria for all participants, where criteria only relate to specific group (e.g. adolescent/adult/female/male) this is stated within the table.
	Inclusion criteria
	Exclusion criteria

	Adolescents: aged 16-17 years
Adults: aged 26-29 years
	Females: pregnant or breast-feeding

	Self-reported cannabis use frequency of 0.5, 1, 2 or 3 days/week (averaged over the past 3 months)
	Adults: before the age of 18 years, had a period of three months (or more) in which cannabis was consumed at a frequency of once per week (or more) 

	Adults: BMI between 18.5 and 29.9
Adolescents: BMI between 2nd percentile and 98th percentile
	Severe cannabis use disorder (DSM-5 number of symptoms ≥ 6)

	Willing to be cannulated and have four blood samples taken at every acute session
	Illicit drug use of any one specific drug at a frequency of more than twice per month (averaged over the past 3 months) 

	Self-reported ability to consume approximately half a typical joint of cannabis by themselves within 20 minutes
	Currently receiving pharmacological or psychological treatment for a mental health disorder (within the last month)

	Right-handed
	Lifetime psychosis

	
	Lifetime psychosis in any immediate family member

	
	Hypertension (systolic > 160; diastolic > 100)

	
	Nicotine dependent (Heaviness of Smoking Index > 1)

	
	Currently taking a psychotropic medication that will likely affect dependent variables or interact with cannabis

	
	Any physical or mental health condition, any medication, or any treatment, that the study doctor considers to be an exclusion

	
	MRI contraindications

	
	Significant asthma or respiratory problems, severity judged clinically

	
	Self-reported moderate/severe acute unpleasant effects from cannabis which occur often or always

	
	Positive saliva drug screen at any acute session (including cannabis) (rearrange session)

	
	Positive breathalyser reading at any acute session (rearrange session)

	
	Self-reported alcohol use within 24 hours at any acute session (rearrange session)

	
	Self-reported illicit drug use (including cannabis) within 72 hours at any acute session (rearrange session)


Body Mass Index (BMI), Magnetic resonance imaging (MRI)

Ethical Approval
The study was deemed not to be a clinical trial by the UK Medicines and Healthcare products Regulatory Agency (MHRA), as it was not attempting to research the diagnosis, prevention, or treatment of a disease. Therefore, we did not require approval from a UK National Health Service Research Ethics Committee.

Drug orders
There were six drug orders: (1) ‘PLA’, ‘THC’, ‘THC+CBD’; (2) ‘PLA’, ‘THC+CBD’, ‘THC’; (3) ‘THC’, ‘PLA’, ‘THC+CBD’; (4) ‘THC’, ‘THC+CBD’, ‘PLA’; (5) ‘THC+CBD’, ‘PLA’, ‘THC’; (6) ‘THC+CBD’, ‘THC’, ‘PLA’.

Cannabinoid content in each cannabis type
[bookmark: _Hlk117525239]Release certificates were provided by Bedrocan. The cannabis types we used had the following cannabinoid content: ‘Bedrocan’: 20.2% THC; 0.1% CBD; 0.1% CBN, ‘Bedrolite’: 0.4% THC; 8.5% CBD: <0.1% CBN, and ‘Bedrobinol Placebo: below detectable levels of any cannabinoid. 

Eligibility Drug & Alcohol tests
Breathalyzer Test: Participants blood alcohol levels were assessed using a Lion Alcometer 500 breathalyzer at baseline, to check alcohol abstinence. Only those with a blood alcohol of 0 were allowed to participate in each session.

Saliva drug tests: Instant saliva drugs tests (either Alere DDSV 703 or ALLTEST DSD-867MET/C) were administered at baseline, assessing THC, opiates, benzodiazepine, methamphetamine, amphetamine and opiates in saliva. Only those with negative saliva tests for all drugs completed the session.  

Inhalation Procedure
The prepared cannabis products were stored in identical, black opaque ‘filling chambers’ so the contents could not be seen by research staff or participants.
The prepared cannabis was vaporised at 210°C from the filling chamber into a ‘balloon’ using a Volcano Medic Vaporiser (Storz and Bickel, Tuttlingen, Germany). The balloon was covered in an opaque bag to ensure blinding. 
The balloons’ contents were inhaled using a standardised inhalation procedure. Participants watch a timed PowerPoint presentation which instructed them to: inhale for 3 seconds, hold the inhalation for 6 seconds, exhale for 4 seconds, and pause (breathe normally) for 10 seconds. This was repeated until the balloon was empty. On figures and throughout the document, Time-inh = the start of inhalation of the first balloon. The start of inhalation of the second balloon was at +10 minutes. Participants were given nine minutes to inhale the contents of each balloon. Experimenters timed how long participants took to inhale the contents of each balloon. During inhalation participants were standing up.

This method of administration has been shown to be safe (1,2), and produce similar pulmonary and plasma cannabinoid levels to smoked cannabis, but with lower expired carbon monoxide levels (3–5).

The modal washout period between drug sessions was 7 days (mean=9.9, SD=6.9) and the maximum was 51 days. The mean number of days between the baseline and first drug session was 16.0 days (SD=8.4, range: 5-49).

Participant reimbursement
Participants were reimbursed £180 for completing the study. This was split into four payments: £35 payment following baseline, drug administration sessions 1 and 2, and £75 payment following the final drug administration session. Participants also won approximately £10 extra per drug administration session through the successful completion of tasks.
[bookmark: _Toc934639091]
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[bookmark: _Toc117503102][bookmark: _Toc117503930][bookmark: _Toc117499449][bookmark: OLE_LINK287][bookmark: OLE_LINK288][bookmark: OLE_LINK155][bookmark: OLE_LINK156][bookmark: _Toc117778670]Figure S1: Drug administration session schedule indicating when outcome measures were assessed, where time-inh = start of drug inhalation. Administration 1 and 2 = inhalation of first and second balloon filled with cannabis vapour (‘THC’, ‘THC+CBD’ or ‘PLA’), respectively. Relative to time-inh: T1 = -5 min, T2 = +20 min, T3 = +30 min, T4 = +120 min, and T5 = +160 min. Adm=administration, imm=immediate, del=delayed, min= minutes, VAS=visual analogue scale, PSI=psychotomimetic states inventory, MRI=magnetic resonance imaging, PANSS=Positive and Negative Syndrome scale.

[bookmark: _Toc117778671]1.2 Blood sample collection & Plasma THC and CBD Quantification
Blood samples (2 x 6ml) were taken from participants via a cannula using BD Vacutainer® Heparin Tubes. Samples were inverted several times and centrifuged at 3000rpm for 10 minutes at 20°C, supernatant plasma was then decanted into four cryovials (1-2ml of plasma per cryovial) and stored at −80°C.
Cannabinoids were quantified by isotope-dilution gas chromatography-mass spectrometry (GC/MS) following solvent extraction from plasma, according to the following parameters:
· Standards and reagents: Acetonitrile, water, n-hexane and ethylacetate were of HPLC grade from Fisher Scientific, UK. N-tert-Butyldimethylsilyl-N-methyltrifluoroacetamide with 1% tert-Butyldimethylchlorosilane (MTBSTFA) was from Cerilliant via Merck-Sigma, UK
· [bookmark: _Hlk503174531][bookmark: _Hlk503174379][bookmark: _Hlk503790473]Δ9-Tetrahydrocannabinol (Δ9-THC), 11-nor-9-Carboxy-Δ9-Tetrahydrocannabinol (COOH-Δ9-THC), 11-nor-9-Carboxy-Δ9-Tetrahydrocannabinol-d9 (COOH-Δ9-THC-d9), 11-Hydroxy-Δ9-Tetrahydrocannabinol (OH-Δ9-THC), Cannabidiol (CBD), 7-Hydroxy-Cannabidiol (7-OH-CBD) and 7-Carboxy-Cannabidiol (7-COOH-CBD) were obtained as 0.1 mg/mL or 1 mg/mL methanolic solutions from Cerilliant via Merck-Sigma, UK.
· Extraction solvent: n-hexane-ethyl acetate (9:1).
· Calibration standards were prepared in the concentration range 0.5 ng – 100 ng/mL in blank plasma. QC samples were prepared at concentrations of 1.5, 6.0 and 20.0 ng/mL in blank plasma.
· Sample preparation: 200 uL of blank, calibration, QC and test samples were spiked with a mixture of deuterium labelled standards and subjected to solvent extractions at neutral and acidic pH and the extracts combined. After evaporation to dryness under nitrogen, samples were derivatized with MTBSTFA and transferred to injection vials for analysis by GC/MS: Agilent 6890 GC/5973 MSD. 
· Gas chromatography: carrier gas helium at 1 mL/min; capillary column: Agilent J&W DB-5MSUI 30m x 250µm x 0.25µm; splitless injection at 280°C; temperature program: 150°C to 320°C at 20°C/min and held for 5 min (run time 13.5 min). 
· [bookmark: _Hlk94267394][bookmark: _Hlk94267418]Mass spectrometry: EI 70eV, selected ion monitoring mode: Δ9-THC (m/z 371, 428), Δ9-THC-d3 (m/z 374, 431), OH-Δ9-THC (m/z 413, 501,543), COOH-Δ9-THC-d9 (m/z 524, 422),(COOH-Δ9-THC (m/z 515, 413), CBD (417, 474), CBD-d3 (m/z 417, 474), 7-OH-CBD (m/z 527, 615), 7-OH-CBD-d5 (m/z 532, 426), 7-COOH-CBD (m/z 527,629). Data acquisition control: Agilent Chemstation v. D.03.
· Data processing: Chemstation files were converted and processed using Agilent Masshunter Quantitative Analysis Version B.07.01. Concentrations were calculated by reference to the standard curves obtained.
· Concentrations below lower limit of quantification were replaced with zeros for statistical analyses.

[bookmark: _Toc117778672]1.3 Baseline Variables
Cannabis use frequency (Screening): Using an adapted timeline follow-back (TLFB) (6) method, we measured cannabis use frequency in days/week over the previous 4 weeks. We then asked if this pattern of cannabis use was representative of the previous 12 weeks as a whole. Participants were then asked how many days per week they used cannabis on average over the last 12 weeks. Using the TLFB estimate and participants’ answer, participants reported their average cannabis use to 0.5, 1, 2, or 3 days/week over the last 12 weeks. 
 
Cannabis and other substance use frequency (Baseline): Cannabis, alcohol, tobacco and illicit drug use frequency (days per week) were all assessed using the TLFB method (6). Participants were prompted to recall the days on which they used these drugs in the 12 weeks prior to baseline. An average use frequency for each drug was calculated in days/week. 

Beck Depression Inventory-II (BDI) (7). A 21-item self-report questionnaire. Each item is answered with ‘not at all’, ‘mildly’, ‘moderately’ or ‘severely’ and scored from 0 to 3, with total scores ranging from 0 to 63. Higher scores indicate greater levels of depression. 
 
Beck Anxiety Inventory (BAI) (8). A 21-item self-report questionnaire. Each item is scored from 0 to 3, with total scores ranging from 0 to 63. Higher scores indicate greater levels of anxiety. 

Short Urgency, Premeditation, Perseverance, Sensation Seeking, Positive Urgency (SUPPS-P). The SUPPS-P (9) is a 20-item scale assessing multiple facets of impulsivity. Each item is rated on a scale of 1 ‘strongly agree’ to 4 ‘strongly disagree’. The scale is comprised of 5 subscales, each with 4 items: Negative Urgency, Lack of Perseverance, Lack of Premeditation, Sensation Seeking, and Positive Urgency. The total score can range from 20 – 80, with higher scores indicating greater impulsivity.

Socio-economic status (SES): Assessed using participants’ mother’s educational level. Participants are categorized into those whose mothers have an educational level of undergraduate degree or above, and those whose mothers have an educational level below undergraduate degree. 

Premorbid verbal intelligence – Wechsler Test of Adult Reading (WTAR)
Premorbid verbal intelligence was assessed using the Wechsler test of adult reading (WTAR) (10). Participants read a list of 50 words out loud and were marked on correct pronunciation. Scores were age adjusted scores and standardized to a normal IQ scale, with mean 100. Scores below 85 were replaced with the value 85. 
Alcohol Use Disorder Identification Test (AUDIT): A 10-item questionnaire assessing hazardous drinking and dependence. Scores range from 0-40 (11).
 
Cannabis Use Disorder Identification Test- Revised (CUDIT-R): An 8-item questionnaire assessing hazardous cannabis use and dependence. Scores range from 0-32 (12).

Diagnostic and Statistical Manual of Mental Disorders Fifth Edition (DSM-5) Cannabis Use Disorder (CUD) (American Psychiatric Association, 2013) using the Mini International 

Neuropsychiatric Interview (MINI) (13)
Severity of CUD was assessed using the MINI, in which 11 DSM-5 symptoms are assessed over the last 12 months. The presence of 0-1 symptoms is considered ‘none’, 2-3 symptoms is considered ‘mild’, 4-5 symptoms is considered ‘moderate’, and 6 or more symptoms is considered ‘severe’. We categorised users into having ‘severe CUD’, or ‘not severe CUD’. 

Cannabis type
Participants were asked which type of cannabis they most frequently used out of the following categories: strong herbal cannabis (i.e. skunk, seedless, sinsemilla, indoor-grown, high-potency herbal), weak (i.e. seeded herbal cannabis, outdoor grown cannabis, sometimes called ‘Thai’ or ‘brickweed’), hash (i.e. resin, brown solid made from compressed resin glands), or other (e.g. THC oil). We used pictures of the former three categories to aid participants identify which cannabis type they most often used. 

[bookmark: _Toc117778673]1.4 Primary & Secondary Outcomes
Subjective effect visual analogue scales (VAS)
Participants completed seven subjective effects visual analogue scales (VAS), each of which was a single scale probing a unique subjective effect. These included: ‘feel drug effect’, ‘like drug effect’, ‘dislike drug effect’, ‘anxious’, ‘paranoid’, ‘want cannabis’, and ‘happy’.  Participants were asked to rate how strongly they felt each effect on a numeric scale of 0 ‘not at all’ to 10 ‘extremely’, as exemplified in Figure S2. The three drug effects (‘feel drug effect’, ‘like drug effect’, and ‘dislike drug effect’) were completed at T2 – T5, while the remaining four were completed at T1 – T5. Relative to the start of drug inhalation (T1) the time-points correspond as following: T1 = -5 min, T2 = +20 min, T3 = +30 min, T4 = +120 min, and T5 = +160 min. 

For each item, please circle the number that describes how you feel RIGHT NOW.
Feel drug effect
	Not at all
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	Extremely




[bookmark: _Toc117778674]Figure S2. Example of Subjective Effects visual analogue scale (VAS) for a single response variable.

Psychotomimetic States Inventory
The PSI (14), a 48-item self-report questionnaire assessing psychotic-like symptoms. Participants were given questions and asked to rate how their experiences ‘right now’. Each item is answered with ‘not at all’, ‘slightly’, ‘moderately’ or ‘strongly’ and scored from 0-3. Total scores range from 0 to 144. Higher scores indicate greater psychotic-like symptomatology. The PSI is comprised of 6 subscales; cognitive disorganisation (9 items, scores range from 0 to 27), perceptual distortion (10 items, scores range from 0 to 30), anhedonia (7 items, scores range from 0 to 21), paranoia (8 items, scores range from 0 to 24), mania (6 items, scores range from 0 to 18), delusory thinking (8 items, scores range from 0 to 24). 

Prose Recall Task 
Verbal episodic memory (VEM) was assessed using the prose recall task from the Rivermead Behavioural Memory Test battery (15). Participants were played a 30 second story via headphones 20 minutes after starting cannabis inhalation, after which they immediately wrote down what they could remember (i.e. immediate recall). After an approximately 100-minute delay filled with unrelated assessments, participants again wrote down what they could remember from the story (i.e. delayed recall). The story contained 21 ‘idea units’. For each idea unit, one point was given for a word-perfect recall or exact synonym, and half a point was given for a partial recall or close synonym. The maximum score was therefore 21. The primary outcome variable was delayed recall, and the secondary outcome variable was immediate recall. 

Positive and Negative Syndrome Scale (PANSS)
[bookmark: _Toc619251966]The PANSS was created to standardise the assessment of the symptoms of schizophrenia (16). We used a version that was adapted in order to assess cannabis-induced psychotic effects (17). We used two of the three PANSS subscales – the positive symptoms scale and the negative symptoms scale, each containing 7 items. Each item was scored from 1 (‘absent/does not apply’) to 7 (‘extreme’). Thus, each subscale score was within the range 7 – 49. At the end of each drug-administration session, experimenters administered a clinical interview exploring any psychosis-like effects the participant had experienced that session. Experimenters scored according to the participant’s responses and experimenters’ observations.  

Time since last cannabis use.
A TLFB was completed during each session, in which participants reported whether they had used cannabis. During the baseline session the TLFB extended back 28 days. During drug administration sessions, the TLFB extended back until the day of the previous session (either baseline or drug administration session). In cases where participants had used cannabis since their last session, and within the past 7 days, the time of last use was recorded, and ‘time since last cannabis use’ was calculated in hours. In cases where participants had used cannabis since their last session, but not within the last 7 days, the ‘time since last cannabis use’ was calculated to the nearest day as reported on the TLFB. In cases where the last instance of cannabis use was during a drug administration session (i.e. ‘THC’ or ‘THC+CBD’) then hours since last cannabis use was calculated to their last session.  

Time to inhale contents of balloon. 
Researchers used a stopwatch and timed from the first inhale of each cannabis vapour filled balloon until the balloon was empty. Total time to inhale = time to finish inhaling the first balloon (minutes) + time to finish inhaling the second balloon.

Acute Coughing Rating. Researchers rated participants’ coughing during drug administration on a VAS of 0 “not at all” – 10 “extremely”. This scale was introduced after several participants had completed all drug sessions.

[bookmark: _Toc117778675]1.5 Statistical Analyses
Secondary analyses of Primary Outcomes.
For primary outcome variables (‘feel drug effect’ at T2, PSI total, and prose recall delayed) a series of secondary mixed-ANOVAs with a between-subject factor of age-group (adolescent, adult), and within-subject factors of drug (‘PLA’, ‘THC’, ‘THC+CBD’) were conducted as listed below (1 – 2). Primary analyses (as detailed in main text) were conducted using imputed data, results from which are reported in full. Results of the secondary analyses (1-2 below) were only reported if there were any discrepancies with results from primary analyses. 

1. Secondary analysis: Mixed-ANOVA with imputed data, with drug order as a covariate.
2. Secondary analysis: Mixed ANOVA with imputed data, where participants with unexpected subjective effects (n=1) or plasma THC levels (n=1) were excluded.

Analyses of secondary outcomes
Two-way and three-way mixed ANOVAs were conducted to analyse the secondary outcomes detailed below. Where significant main effects or interactions were found, post-hoc pairwise Bonferroni-corrected t-tests were conducted to explore them. Two-way mixed ANOVAs with a between-subject factor of age-group (adolescent, adult), and within-subject factors of drug (‘PLA’, ‘THC’, ‘THC+CBD’) were conducted for:
1. Prose recall immediate scores
2. PSI subscale scores (delusory thinking, cognitive disorganisation, perceptual distortion, mania, paranoia and anhedonia)
3. PANSS Positive and Negative subscale scores
4. Heart rate at T2
5. Time since last cannabis use (note: non-parametric analyses Mann-Whitney U and Wilcoxon rank sum tests were conducted to test age-group and drug effects due to non-normality of data)
6. Cumulative time to inhale the contents of vapour filled balloons
7. Cough rating during drug administration

A series of three-way mixed ANOVAs, which had an additional within-subjects factor of time were run for VASs (‘feel drug effect’, ‘like drug effect’, ‘dislike drug effect’, ‘anxious’, ‘paranoid’, ‘want cannabis’ and ‘happy’) rated throughout the day (time:  or T2-T5 for the former 3 measures, and T1-T5 for the latter 4) and prose recall (time: immediate and delayed). Area-under-the-curve (AUC) and peak effects were also analysed across the T1/T2-T5 timepoints, with 2x3 mixed ANOVAs.

For one adult on the ‘THC+CBD’ condition, all VASs at T5 were missing. Therefore, analyses were conducted when both imputing these values and leaving them as missing and employing listwise deletion. Any discrepancies in these results are reported.  

PANSS – categorical analyses of clinically significant reactions
These data did not meet assumptions of mixed ANOVA; data were highly skewed and failed tests of normality. As such, generalised equation estimate (GEE) logistic analyses were conducted for PANSS positive subscale. Continuous scores were transformed into a binary outcome of clinically significant psychotic response (1) or not (0), where subscale scores ≥ 10 were considered clinically significant (17,18). Two GEE models were run: one included only main effects of age-group and drug, and the other also included the age-group by drug interaction. For PANSS negative subscale, we could not conduct GEEs because there were zero clinically significant reactions on ‘PLA’. Therefore, we conducted separate chi-square and McNemar’s tests between age-groups and between ‘THC’ and ‘THC+CBD’.

Plasma THC and CBD levels - mixed effects analyses
THC and CBD plasma concentrations that were below the lower limit of quantification (LLQ <0.5 ng.ml-1) were replaced with zeros for statistical analyses. There were multiple missing datapoints for THC and CBD plasma concentration at T2 (missing during ‘THC+CBD’ n=3, ‘PLA’ n=2). As such, these data were analysed via mixed effects mixed ANOVAs, which can handle missing data. These models included a random intercept, and fixed effects of age-group (time-invariant predictor) and drug (time-varying predictor). This model was also run when excluding the participant with unexpected THC plasma levels (as detailed below in section 2).

Participant drug guess 
[bookmark: _Toc123671282]Participant’s guess was transformed into a binary outcome of correct guess (1) and incorrect guess (0) for each drug condition and was analysed via a GEE logistic regression. Two models were run: one contained drug, age-group, and their interaction, the other contained only drug and age-group. 

Exploratory analysis: mixed effects model analysis of THC plasma levels (T2) – impact of inhalation time
As we identified that participants took significantly longer to complete the inhalation procedure during ‘THC+CBD’ compared to ‘THC’, we explored whether the significant differences in THC plasma levels at T2 during ‘THC+CBD’ vs ‘THC’ was impacted by inhalation time. In particular the impact of inhalation time of the second balloon on THC levels was explored.
Two multilevel linear models (MLM) were run with THC plasma concentration (T2) as the dependent variable to determine whether the time taken to inhale the second balloon accounted for any variation in ‘THC’ and ‘THC+CBD’ THC levels. Model 1 included a random intercept to model between-person variance and a fixed effect of drug (‘THC’ and ‘THC+CBD’). Model 2 also included a fixed effect, time-varying predictor of balloon 2 inhalation time. The models were compared by calculating χ2Change from the -2 log-likelihood values. Maximum-likelihood estimation was employed. 
[bookmark: _Toc117778676]
2. Data Pre-processing and Assumptions 
[bookmark: _Toc117778677]2.1 Missing data imputation
In questionnaires with multiple items, where the number of missing items is <30% total items, missing items were imputed using single-value substitution (19–21) using the overall participant’s mean response for that questionnaire or subscale, rounded to the nearest integer. In instances where data or questionnaires had >30% missing items, these missing datapoints were replaced with the average for that group and drug session, rounded to the nearest integer. Table S2 summarises the number of participants with missing data. In cases where data was fully missing or >30% items were missing, analyses were conducted using both imputed and non-imputed data, and any discrepancies in findings are reported. Where there was >30% missing data/items for a particular outcome for more than one participant (as with THC and CBD plasma concentrations), data were left as missing and assessed via mixed effects analyses.
Assumptions for each analysis were first tested, results from these tests for the primary outcome variables are summarised below.

[bookmark: _Toc117778678]Table S2. Number of participants with missing data for all variables (n).
	Drug
	Outcome type
	Variable
	Adolescent
	Adult

	'THC'
	Primary
	PSI total
	1 
	2 

	'THC'
	Secondary
	Heart rate (T2)
	-
	1

	'THC'
	Secondary
	PANSS Negative 
	-
	1

	'THC+CBD'
	Primary
	PSI total
	4 
	1 

	'THC+CBD'
	Secondary
	Feel drug effect (VAS T5)
	-
	1

	'THC+CBD'
	Secondary
	Like drug effect (VAS T5)
	-
	1

	'THC+CBD'
	Secondary
	Dislike drug effect (VAS T5)
	-
	1

	'THC+CBD'
	Secondary
	Happy (VAS T5)
	-
	1

	'THC+CBD'
	Secondary
	Anxious (VAS T5)
	-
	1

	'THC+CBD'
	Secondary
	Paranoid (VAS T5)
	-
	1

	'THC+CBD'
	Secondary
	Want cannabis (VAS T5)
	-
	1

	'THC+CBD'
	Secondary
	THC plasma concentration (T2)
	2
	1

	'THC+CBD'
	Secondary
	CBD plasma concentration (T2)
	2
	1

	'PLA'
	Secondary
	THC plasma concentration (T2)
	1
	-

	'PLA'
	Secondary
	CBD plasma concentration (T2)
	1
	-

	'PLA'
	Primary
	PSI total
	1 
	-

	Baseline
	n/a
	BAI
	1 
	-

	Baseline
	n/a
	CTQ-25
	-
	1 

	Baseline
	n/a
	CUD-MINI
	3 
	-


[bookmark: OLE_LINK153][bookmark: OLE_LINK154][bookmark: OLE_LINK146][bookmark: OLE_LINK147][bookmark: _Toc840821806]VAS=visual analogue scale, PSI=psychotomimetic states inventory, PANSS= Positive and negative syndrome scale. CTQ-25=Childhood trauma questionnaire-25, CUD-MINI=Cannabis Use Disorder Mini-International Neuropsychiatric Interview, BAI=Beck Anxiety Inventory, BDI=Beck depression inventory. T2 = 20 min after the start of cannabis inhalation; T5=2 hours 40 min after the start of cannabis inhalation. 



[bookmark: _Toc117778679]Table S3. Number of extreme outliers for all outcomes 
	Drug
	Outcome type
	Variable
	Adolescent
	Adult

	'PLA' 
	Primary
	PSI Total
	2
	-

	'PLA' 
	Secondary
	THC concentration (T2)
	1
	1

	'PLA' 
	Secondary
	Dislike drug effect (VAS T2)
	4
	-

	'PLA' 
	Secondary
	PANSS Negative 
	4
	1

	'PLA' 
	Secondary
	PANSS Positive 
	5
	4

	'PLA' 
	Secondary
	PSI Delusory thinking
	-
	1

	'PLA' 
	Secondary
	PSI Perceptual distortion
	-
	1

	'PLA' 
	Secondary
	PSI Cognitive disorganisation
	-
	1

	'PLA' 
	Secondary
	PSI Mania
	4
	-

	'PLA' 
	Secondary
	PSI Anhedonia
	1
	3

	'THC' 
	Secondary
	PANSS Negative 
	1
	5

	'THC'
	Secondary
	Paranoid (VAS T2)
	-
	2

	'THC+CBD
	Secondary
	PSI Anhedonia
	-
	2

	'THC+CBD
	Secondary
	PSI Paranoia
	-
	2

	'THC+CBD
	Secondary
	Like drug effect (VAS T2)
	-
	1


Questionnaire total/subscale scores or single item data values on each drug session for adolescents and adults. Extreme outlier defined as values outside range of: 3rd quartile + 3 x interquartile range and 1st quartile – 3 x interquartile range. VAS= visual analogue scale. PSI=psychotomimetic states inventory. PANSS= positive and negative syndrome scale. T2 = 20 min after the start of cannabis inhalation; T5= 2 hours 40 min after the start of cannabis inhalation. 

[bookmark: _Toc117778680]2.2 Unexpected subjective and plasma results
One male adolescent during ‘THC’ had no THC detected in their plasma at T2 (20 minutes after the start of cannabis inhalation. However, this participant rated ‘feel drug effect’ as 6 during T2 and T3 (30 minutes after the start of cannabis inhalation). 
One female adolescent during ‘THC’ rated ‘feel drug effect’ 1 for T2 and T3, however expected levels of THC were detected in plasma their samples.  










[bookmark: _Toc117778681][bookmark: _Toc225889004]2.3 Testing assumptions to conduct mixed-ANOVA on Primary Outcomes
‘Feel drug effect’. There was a full dataset across all drug conditions, with no extreme outliers. As expected, histograms and skewness/kurtosis values for ‘PLA’ in both adolescents and adults indicated non-normality (skewed towards 0), but these were acceptable for data from ‘THC’ and ‘THC+CBD’ conditions. ‘PLA’ residuals were also non-normally distributed. Box’s test of equality of covariance was not significant (assumption met). Mauchly’s test of sphericity was significant, so we applied Greenhouse-Geisser correction. Levene’s tests of equality of variances were non-significant (assumption met). Cook’s distances were acceptable. In line with psychopharmacology experiments with ‘feel drug effect’ outcome, we used parametric statistics, despite skew in the ‘PLA’ condition. This is accepted in psychopharmacology studies (1,22,23). Furthermore, ANOVA is thought to be mainly robust to violations in normality (24,25).

Prose Recall (delayed). There was a full dataset across all drug conditions, with no extreme outliers. Kurtosis and skewness values were around or below 1, and inspected histograms showed a normal distribution. Assumptions were met for Box’s test of equality of covariance and Mauchly’s test of sphericity (these were non-significant). Levene’s tests of equality of variances were non-significant for ‘THC’ and ‘PLA’, but significant for ‘THC+CBD’. Cook’s distances were acceptable. 

PSI Total. There was a full dataset across all drug conditions. There were 2 extreme outliers for adolescents during ‘PLA’. Histograms and skewness/kurtosis values for ‘PLA’ in both adolescents and adults indicated non-normality, but these were acceptable for data in the ‘THC’ and ‘THC+CBD’ conditions. Box’s test of equality of covariance was significant (assumption not met). Mauchly’s test of sphericity was non-significant (assumption met). Levene’s tests of equality of error variances was significant for ‘PLA’ and ‘THC’, but not ‘THC+CBD’. Cook’s distances were acceptable. In line with conventions in statistical analyses in psychopharmacology experiments, we used parametric statistics, despite the skew in the ‘PLA’ condition (1,22,23). Furthermore, ANOVA is thought to be mainly robust to violations in normality (24,25).





[bookmark: _Toc117778682][bookmark: _Toc63460094]3. Results
[bookmark: _Toc117778683]3.1 Participant Screening, recruitment and adverse events
In total, 933 potential participants completed the online pre-screening questionnaire, 340 were screened on the telephone, and 70 completed a baseline session (see CONSORT diagram, Figure S3). Twenty-two participants who started or completed the baseline session did not complete the study. Four were deemed ineligible at baseline, for the following reasons: MRI contraindications (n=1), judged unable to tolerate cannabis dose (n=2), and too frequent use of other illicit drugs (n=1). Seven dropped out between the baseline session and the first drug administration session: three due to COVID-19 lockdowns, four due to other reasons. Nine dropped out between the first and second session: two due to adverse reactions after drug administration, three due to COVID-19 related restrictions and four for other reasons. Two dropped out between the second and third sessions, for the following reasons: one following an adverse drug reaction and one for COVID-19 related restrictions. The participants who dropped-out not significantly different to our included participants. Table S7 summarises the baseline sociodemographic characteristics and drug use of the 11 participants who dropped out after at least one drug administration session, and compares it with those who were included. As planned, only participants who completed the whole study (all three drug administration sessions) were analysed (n=48; 24 adolescents and 24 adults). 



[image: ]
[bookmark: _Toc117778684]Figure S3: Consolidated Standards of Reporting Trials (CONSORT) flowchart for all participants.  Participants’ eligibility was first assessed online and subsequently on the telephone, when we recorded reasons for ineligibility. Participants’ eligibility was further checked at an in-person or video-call baseline session. Participants who passed screening and baseline sessions were randomly allocated a drug order. We continued the experiment until 48 participants had completed all three drug administration sessions, in a per-protocol fashion. Participants who dropped out after one or two drug administration sessions were excluded. Other reasons for dropping out include scheduling conflicts, personal reasons, and no reason given. COVID-related restrictions were primarily due to government restrictions in March 2020 (after which the study was paused for seven months) and January 2021.

All drug-related withdrawals occurred on the ‘THC’ condition: one adult experienced a sudden drop in blood pressure during drug inhalation (on occasion 2), one adolescent experienced dizziness following both cannula insertion and at the start of drug inhalation, and one adolescent felt faint during the session and nauseous afterwards (on occasion 1). Of the participants who completed all three sessions (n=48), four adolescents experienced an adverse event of light headedness or faintness during or following cannabis administration, all of which were during ‘THC+CBD’. 


[bookmark: _Toc117778685]3.2 Baseline characteristics, cannabis, and other drug use variables
For participant baseline characteristics with age-group comparisons see Table S4, with participants’ cannabis use information in Table S5. Within both the adolescent (n=24) and adult (n=24) group, 50% of participants were female. Participants’ cannabis use frequency (days/week) at baseline were closely matched between age-groups (adolescents: mean=1.41, SD=0.77; adults mean=1.45, SD=0.77, t46 = -0.187, p=0.852). As expected, adults first used cannabis at a later age than adolescents, had a greater time between first use and current age (i.e. cannabis use ‘duration’) and had a greater number of lifetime days of cannabis use, while adolescents had greater CUDIT-R scores (Table S5). Moreover, there were no significant differences between adolescent and adult use frequency of other illicit drugs or cigarettes (t46 = 0.509, p=0.613; t46 =1.89, p=0.065 respectively).  

Adults used alcohol more frequently (M=2.16 days per week, SD=1.7) than adolescents’ (M=0.56, SD=0.62; t46 =-4.306, p<0.001), however AUDIT scores did not differ significantly across age group (t46=-1.268, p=0.211). Adolescents scored higher than adults on measures of cannabis use disorder symptoms (CUDIT-R; t46=3.175, p=0.003, Cohen’s d (d)=1.05), impulsivity (S-UPPS-P; t46=2.284, p=0.027, d=0.68), depression (BDI; t46= 2.325, p=0.025, d=0.70), and anxiety (BAI; t46=2.273, p=0.028, d=0.69). 
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[bookmark: _Toc117778686]Table S4. Baseline and demographic data. Either n (%) or mean (SD) [min-max]. 
	 
	 
	Adolescents (n=24) 
	Adults (n=24) 
	Both (n=48)
	Differences 
	Test statistic 

	Gender 
	Female 
	12 (50.0%) 
	12 (50.0%) 
	24 (50%)
	 
	p=1 

	 
	Male 
	12 (50.0%) 
	12 (50.0%) 
	24 (50%)
	 ns
	 

	Age (years) 
	 
	17.17 (0.43) 
	27.77 (1.04) [26.33-29.58] 
	22.47 (5.41) [16.50-29.58]
	Adult> 
	t(46)=46.101, p<0.001 

	
	
	[16.50-17.92] 
	
	
	Adolescent*** 
	

	Weight (kg) 
	 
	63.19 (8.51) [51.40-80.10] 
	69.18 (12.99) [51.00-99.90] 
	66.18 (11.28) [51.00-99.90]
	 ns
	[bookmark: OLE_LINK157][bookmark: OLE_LINK158]t(46)=1.888, p=0.065 

	Height (m) 
	 
	1.70 (0.11) [1.50-1.86] 
	1.72 (0.11) [1.58-1.92] 
	1.71 (0.11) [1.50-1.92]
	 ns
	t(46)=0.632, p=0.531 

	BMI (kg/m2) 
	 
	21.89 (2.81) [17.36-26.67] 
	23.18 (2.73) [19.40-27.80] 
	22.53 (2.82) [17.36-27.80]
	 ns
	t(46)=1.613, p=0.114 

	BMI percentile (%) 
	 
	56.71 (29.21) [2.00-95.00] 
	NA 
	 
	 
	 

	Ethnicity 
	White  
	17 (70.8%) 
	18 (75.0%) 
	35 (72.9%)
	 ns
	χ2(1)=0.105, p=0.745 

	 
	Mixed  
	4 (16.7%) 
	1 (4.2%) 
	5 (10.4%)
	 
	 

	 
	Asian  
	1 (4.2%) 
	3 (12.5%) 
	4 (8.3%)
	 
	 

	 
	Black  
	0 (0.0%) 
	2 (8.3%) 
	2 (4.2%)
	 
	 

	 
	Other  
	1 (4.2%) 
	0 (0.0%) 
	1 (2.1%)
	 
	 

	 
	Prefer not to say  
	1 (4.2%) 
	0 (0.0%) 
	1 (2.1%)
	 
	 

	Adjusted WTAR Score 
	111.25 (11.71) [85.00-122.00]  
	117.83 (6.12) [106.00-127.00] 
	114.4 (10.31) [78.00-127.00]
	Adult> 
	t(46)=2.441,  

	
	
	
	
	Adolescent* 
	p=0.019 

	SES 
	Mother’s education below undergraduate degree  
	8 (33.3%) 
	8 (33.3%) 
	16 (33.3%)
	 ns
	p=1 

	 
	Mother’s education undergraduate degree or above  
	16 (66.7%) 
	16 (66.7%) 
	32 (66.7%)
	 
	 

	Table S4 cont.
	
	Adolescents (n=24) 
	Adults (n=24) 
	Both (n=48)
	Differences 
	Test statistic 

	BDI 
	 
	10.38 (8.55) [0.00-28.00] 
	5.29 (6.45) [0.00-22.00] 
	7.83 (7.92) [0.00-28.00]
	Adolescent> 
	t(46)=2.325, p=0.025 

	
	
	
	
	
	Adult* 
	

	BAI 
	 
	10.42 (8.15) [0.00-32.00] 
	6.00 (4.92) [0.00-17.00] 
	8.21 (7.02) [0.00-32.00]
	Adolescent> 
	t(46)=2.273, p=0.028 

	
	
	
	
	
	Adult* 
	

	S-UPPS-P 
	 
	48.17 (7.51) [34.00-61.00] 
	42.75 (8.87) [30.00-64.00] 
	45.46 (8.58) [30.00-64.00]
	Adolescent> 
	t(46)=2.284, p=0.027 

	
	
	
	
	
	Adult* 
	

	AUDIT 
	 
	5.88 (5.39) [0.00-21.00] 
	7.71 (4.59)  [1.00-18.00] 
	6.79 (5.04) [0.00-21.00]
	 ns
	 t(46)=1.268, p=0.211

	Alcohol use frequency (days/week) 
	0.56 (0.62) [0.00-2.50] 
	2.16 (1.71) [0.00-6.00] 
	1.36 (1.5) [0.00-6.00]
	Adults> 
	t(46)=4.306,  

	
	
	
	
	Adolescents*** 
	p<0.001  

	Weekly alcohol use 
	No 
	19 (79.2%) 
	6 (25.0%) 
	25 (52.1%) 
	Adults> 
	χ2(1)=14.108, p<0.001 

	
	
	
	
	
	Adolescents*** 
	

	 
	Yes 
	5 (20.8%) 
	18 (75.0%) 
	23 (47.9%)
	 
	 

	Cigarette/roll-up use frequency (days/week) 
	1.60 (2.25) [0.00-7.00] 
	0.60 (1.30) [0.00-6.00] 
	1.1 (1.88) [0.00-7.00]
	 ns
	t(46)=1.890,  

	
	
	
	
	
	p=0.065 

	Weekly cigarette/roll-up use  
	No 
	15 (62.5%) 
	19 (79.2%) 
	34 (70.8%)
	 
	χ2(1)=1.613, p=0.204 

	
	Yes 
	9 (37.5%) 
	5 (20.8%) 
	14 (29.2%)
	 ns
	 

	Other illicit drug use frequency (days/week) 
	0.46 (0.83) [0.00-3.00] 
	0.33 (0.87) [0.00-4.00] 
	0.4 (0.84) [0.00-4.00]
	 ns
	t(46)=0.509, p=0.613 

	Monthly use other illicit drug  
	No 
	22 (91.7%) 
	22 (91.7%) 
	44 (91.7%)
	 ns
	P=1 

	
	Yes 
	2 (8.3%) 
	2 (8.3%) 
	4 (8.3%)
	 
	 



BMI= body mass index, SES=socioeconomic status, AUDIT=Alcohol use disorders identification test, BDI=Beck depression inventory, BAI=Beck anxiety inventory, CUDIT-R=Cannabis use disorder identification test-revised, S-UPPS-P= Short Urgency-Premeditation-Perseverance-Sensation Seeking-Positive Urgency, WTAR= Wechsler Test of Adult Reading. Group differences were assessed via independent t-tests or Chi-squared tests. Ethnicity test: white vs non-white. Alcohol, cigarette/roll-up, other illicit drug use data taken from baseline timeline follow-back. *p<0.05, **p<0.01, ***p<0.001.

[bookmark: _Toc117778687]Table S5. Cannabis use information. Either n (%) or mean (SD) [min-max].
	
	
	Adolescents (n=24)
	Adults (n=24)
	Both (n=48)
	Group differences 
	Test statistic 

	Cannabis: use frequency (days/week) - Screening 
	
	1.67 (0.89) 
	1.88 (0.97)
	1.79 (0.92) [0.50-3.00]
	
	t(46)=0.774,  

	
	
	[0.50-3.00] 
	[0.50-3.00] 
	
	
	p=0.443 

	Cannabis use frequency (days/week) categorical - Screening 
	0.5 
	4 (16.7%) 
	4 (16.7%) 
	8 (16.7%) 
	
	χ2(3)=1.092,  

	
	
	
	
	
	
	p=0.779 

	
	1 
	7 (29.2%) 
	5 (20.8%) 
	12 (25.0%)
	
	

	
	2 
	8 (33.3%) 
	7 (29.2%) 
	15 (31.3%)
	
	

	
	3 
	5 (20.8%) 
	8 (33.3%) 
	13 (27.1%)
	
	

	Cannabis use frequency (days/week) – Baseline TLFB 
	
	1.41 (0.77) 
	1.45 (0.77) 
	1.43 (0.77) [0.25-3.50]
	
	t(46)=0.592,  

	
	
	[0.25-3.50] 
	[0.25-2.75] 
	
	
	p=0.852 

	Cannabis: amount used on a day of use (grams) 
	
	0.81 (0.56) 
	0.50 (0.52) [0.10-2.00] {n=23} 
	0.66 (0.55) [0.10-2.50]
	
	t(45)=1.986,  

	
	
	[0.25-2.50] 
	
	
	
	p=0.053 

	Cannabis: age of first use (years) 
	
	14.55 (1.03) [11.92-16.08] 
	18.17 (2.62) [14.00-24.42] 
	16.36 (2.69) [11.92-24.42]
	Adults> 
	t(46)=6.317,  

	
	
	
	
	
	Adolescents*** 
	p<0.001 

	Cannabis: time since first use (years) 
	
	2.63 (1.06) [0.75-5.42] 
	9.60 (2.37) [4.17-12.83] 
	6.11 (3.97) [0.75-12.83]
	Adults> Adolescents** 
	t(46)=13.130,  p=0.001

	Table S5 cont.
	
	Adolescents (n=24)
	Adults (n=24)
	Both (n=48)
	Group differences 
	Test statistic 

	Cannabis: lifetime days of use 
	
	153.67 (89.97) [11.00-418.00]  
	544.29 (630.94) [136.00-3127.00] 
	349.13 (487.63) [11.00-3127.00]
	
	t(46)=3.008,  

	
	
	
	
	
	Adults>Adolescents** 
	p=0.004 

	
	
	
	
	
	
	

	CUDIT-R 
	
	10.17 (3.14) [5.00-16.00] 
	7.21 (3.31) 
	8.69 (3.53) [3.00-16.00]
	Adolescent> 
	t(46)=3.175,  

	
	
	
	[3.00-15.00] 
	
	Adult** 
	p=0.003 

	Total number of DSM CUD symptoms 
	
	1.42 (1.69) 
	0.92 (1.35) 
	1.17 (1.53) [0.00-6.00]
	
	t(46)=1.132,  

	
	
	[0.00-6.00] 
	[0.00-4.00] 
	
	
	p=0.263 

	CUD category 
	
	None 
	14 (58.3%) 
	18 (75.0%) 
	32 (66.7%)
	
	χ2(3)=2.318,  

	
	
	
	
	
	
	
	p=0.509 

	
	
	Mild 
	7 (29.2%) 
	4 (16.7%) 
	11 (22.9%)
	
	
	

	
	
	Moderate 
	2 (8.3%) 
	2 (8.3%) 
	4 (8.3%)
	
	
	

	
	
	Severe 
	1 (4.2%) 
	0 (0.0%) 
	1 (2.1%)
	
	

	
	
	Strong
	18 (75.0%)
	19 (79.2%)
	37 (77.1%)
	
	χ2(2)=0.360, p=0.835  
	

	Cannabis type most frequently used
	
	Weak
	4 (16.7%)
	4 (16.7%)
	8 (16.7%)
	
	
	

	
	
	Hash
	2 (8.3%)
	1 (4.2%)
	3 (6.3%)
	
	
	



CUD= cannabis use disorder, DSM= diagnostic and Statistical Manual of Mental Disorders, 5th Edition, TLFB= timeline follow back. CUDIT-R=Revised Cannabis Use Disorder Identification Test. *p<0.05, **p<0.01, ***p<0.001.




[bookmark: _Toc117778688]Table S6. Lifetime drug use variables. N (%).
	  
	Adolescents (n=24) 
	Adults (n=24) 
	Both (n=48) 

	Alcohol: ever used 
	24 (100.0%) 
	24 (100.0%) 
	48 (100.0%) 

	Alcohol: used in past 12 weeks 
	20 (83.3%) 
	24 (100.0%) 
	44 (91.7%) 

	Cigarettes: ever used 
	21 (87.5%) 
	23 (95.8%) 
	44 (91.7%) 

	Cigarettes: used in past 12 weeks 
	19 (79.2%) 
	12 (50.0%) 
	31 (64.6%) 

	Cocaine: ever used 
	4 (16.7%) 
	23 (95.8%) 
	27 (56.3%) 

	Cocaine: used in past 12 weeks 
	0 (0.0%) 
	6 (25.0%) 
	6 (12.5%) 

	Ecstasy: ever used 
	15 (62.5%) 
	24 (100.0%) 
	39 (81.3%) 

	Ecstasy: used in past 12 weeks 
	8 (33.3%) 
	3 (12.5%) 
	11 (22.9%) 

	Synthetic cannabinoids: ever used 
	4 (16.7%) 
	3 (12.5%) 
	7 (14.6%) 

	Synthetic cannabinoids: used in past 12 weeks 
	0 (0.0%) 
	0 (0.0%) 
	0 (0.0%) 

	Ketamine: ever used 
	16 (66.7%) 
	11 (45.8%) 
	27 (56.3%) 

	Ketamine: used in past 12 weeks 
	8 (33.3%) 
	2 (8.3%) 
	10 (20.8%) 

	Magic mushrooms: ever used 
	4 (16.7%) 
	20 (83.3%) 
	24 (51.1%) 

	Magic mushrooms: used in past 12 weeks 
	1 (4.2%) 
	3 (12.5%) 
	4 (8.3%) 

	LSD: ever used 
	10 (41.7%) 
	14 (58.3%) 
	24 (50.0%) 

	LSD: used in past 12 weeks 
	6 (25.0%) 
	0 (0.0%) 
	6 (12.5%) 

	Laughing gas: ever used 
	18 (75.0%) 
	19 (79.2%) 
	37 (77.1%) 

	Laughing gas: used in past 12 weeks 
	5 (20.8%) 
	2 (8.3%) 
	7 (14.6%) 

	Amphetamine: ever used 
	2 (8.3%) 
	11 (45.8%) 
	13 (27.1%) 

	Amphetamine: used in past 12 weeks 
	1 (4.2%) 
	2 (8.3%) 
	3 (6.3%) 

	Methamphetamine: ever used 
	0 (0.0%) 
	1 (4.2%) 
	1 (2.1%) 

	Methamphetamine: used in past 12 weeks 
	0 (0.0%) 
	0 (0.0%) 
	0 (0.0%) 

	Crack cocaine: ever used 
	0 (0.0%) 
	1 (4.2%) 
	1 (2.1%) 

	Crack cocaine: used in past 12 weeks 
	0 (0.0%) 
	0 (0.0%) 
	0 (0.0%) 

	Heroin: ever used 
	0 (0.0%) 
	0 (0.0%) 
	0 (0.0%) 

	Heroin: used in past 12 weeks 
	0 (0.0%) 
	0 (0.0%) 
	0 (0.0%) 

	Alprazolam ‘Xanax’: ever used 
	8 (33.3%) 
	5 (20.8%) 
	13 (27.1%) 

	Alprazolam ‘Xanax’: used in past 12 weeks 
	2 (8.3%) 
	2 (8.3%) 
	4 (8.3%) 

	Diazepam ‘Valium’: ever used 
	0 (0.0%) 
	8 (33.3%) 
	8 (17.0%) 

	Diazepam ‘Valium’: used in past 12 weeks 
	0 (0.0%) 
	1 (4.2%) 
	1 (2.1%) 



[bookmark: _Toc405485347]

[bookmark: _Toc117778689]Table S7. Sociodemographic and cannabis use information of participants who dropped-out, compared with participants who were included. Either n (%) or mean (SD).
	
	
	Excluded
	
	Included
	
	

	
	 
	Adolescent (n=5)
	Adult (n=6)
	Adolescent (n=24)
	Adult (n=24)
	Comparison

	Gender
	Female
	2 (40%)
	2 (33%)
	12 (50%)
	12 (50%)
	ns 

	 
	Male
	3 (60%)
	4 (67%)
	12 (50%)
	12 (50%)
	 

	Age (years) 
	 
	17.66 (0.40)
	28.27 (1.48)
	17.17 (0.43)
	27.77 (1.04)
	ns 

	Cannabis use frequency (days/week) 
	 
	1.00 (0.40)
	1.04 (0.80)
	1.41 (0.77)
	1.45 (0.77)
	ns




[bookmark: _Toc117778690]3.3 Time since last cannabis use
Greenhouse-Geisser correction was applied. A mixed-ANOVA with within subjects factor of drug (‘THC’, ‘THC+CBD’, and ‘PLA’), and between subjects factor of age-group (adolescents and adults) revealed no main effect of age-group (F(2,96)=0.000, p=0.996, η2p =0.000) or drug (F(2,96)=2.592, p=0.101, η2p =0.053) and no interaction between the two (F(2,96)=1.178, p=0.299, η2p =0.025), for time since last cannabis use. The pattern of results found in mixed-ANOVA was somewhat supported via non-parametric analyses. Mann-Whitney U tests also showed there were no significant time differences in between adolescents and adults across all drug conditions: PLA (Z=-0.052, p=0.959), THC (Z=-0.722, p=0.470), and THC+CBD (Z=-0.897, p=0.370).  Wilcoxon rank sum test indicated a significant lower ‘time since last cannabis use’ during placebo condition vs ‘THC’ and ‘THC+CBD’ (‘THC’ vs ‘PLA’ Z=-3.016, p=0.003; THC+CBD v PLA: Z=-2.994, p=0.003) with no difference between ‘THC’ and ‘THC+CBD’ (Z=-1.355, p=0.175). Finally, there was no significant difference between the last time adolescents and adults used cannabis before the baseline session (t(46)=1.544, MD=58.875, p=0.134).
[bookmark: _Toc117778691]Table S8. Time since last cannabis use (hours) before each session. Mean (SD) [min – max]. 
	
	Adolescent (n=24)
	Adult (n=24)
	Both (n=48)

	Baseline
	187.29 (176.12) [28.00-720.00]
	128.42 (62.45) [40.00 -288.00] 
	157.85 (134.06) [28.00 – 720.00] 

	'PLA'
	144.99 (193.34) [69.50-1032.00]*
	124.00 (81.52) [72.00-456.00]
	134.49 (147.16) [69.501032.00]

	'THC'
	192.17 (233.16) [72.00-1224.00]
	174.69 (102.31) [80.00-432.00]
	183.43 (178.34) [72.00-1224.00]

	'THC+CBD'
	131.03 (59.55) [74.33-288.00]
	169.99 (126.88) [69.00-624.00] ǂ
	150.51 (100.00) [69.00-624.00]



*ǂ One participant during ‘PLA’ and one participant during ‘THC+CBD’ used cannabis <72 hours prior to a drug administration session, in breach of abstinence rules. However, as the participants were unable to reschedule their session, experimenters made the decision to continue with the session considering the abstinence requirement was violated to a minor degree (i.e. only by 3 hours). 


[bookmark: _Toc117778692]3.4 Primary Outcomes

[bookmark: _Toc117778693]Table S9. Descriptive statistics of primary outcomes
	 Outcome 
	Condition  
	ADOLESCENTS  
	ADULTS  
	BOTH  

	Feel Drug Effect (T2)  
	‘PLA’ 
	0.958 (1.546) [0-6]  
	1.625 (1.952) [0-6]  
	1.291 (1.774) [0-6]  

	
	‘THC’  
	6.958 (2.156) [1-10]  
	8.208 (1.444) [5-10]  
	7.583 (1.922) [1-10]  

	
	‘THC+CBD’  
	7.792 (1.560) [5-10] 
	8.417 (1.213) [6-10]  
	8.104 (1.418) [5-10]  

	PSI Total 
	‘PLA’  
	16.416 (15.068) [1-55]  
	10.875 (7.279) [2-35]  
	13.646 (12.036) [1-55]  

	
	‘THC’  
	23.458 (15.231) [4-61]  
	19.375 (9.011) [2-37]  
	21.417 (12.551) [2-61]  

	
	‘THC+CBD’  
	24.792 (12.601) [4-55]  
	24.083 (10.219) [5-45]  
	24.438 (11.355) [4-55]  

	Delayed prose recall  
	‘PLA’  
	8.375 (4.150) [3.5-18.5]  
	9.291 (3.193) [3-14]  
	8.833 (3.692) [3-18]  

	
	‘THC’  
	6.125 (3.129) [1.5-14.5]  
	6.063 (3.405) [1-11.5]  
	6.094 (3.235) [1-14]  

	
	‘THC+CBD’  
	6.042 (3.793) [1-12]  
	5.833 (2.721) [1-11]  
	5.938 (3.268) [1-12]  


‘Feel drug effect’ at T2, PSI total, and prose recall (delayed)) during each drug administration session for adolescents (n=24) and adults (n=24) and both combined (n=48). Mean (SD) [min-max]. PSI= psychotomimetic states inventory. Relative to the start of drug administration (time-inh) these were assessed as following: ‘feel drug effect’ at T2 = +20 min; prose recall (delayed) at +120 min (which was after a 100 min delay since hearing the story); PSI at +130 min. 

[bookmark: _Toc117778694]3.4.1 Results from secondary analyses of primary outcomes. 
For ‘feel drug effect’ at T2, prose recall delayed and PSI total results from primary analyses did not change significantly when conducting the following secondary analyses:
· Mixed-ANOVA with imputed data, with drug order as a covariate: no changes.
· Mixed ANOVA with imputed data, where participants with unexpected subjective* effects (n=1) or plasma THC levels (n=1) were excluded (either or both excluded): no changes.
*See section 2 for details. 




[bookmark: _Toc117778695]3.5 Secondary outcome results
[bookmark: _Toc117778696]3.5.1 Subjective Effects-VAS over time.

[bookmark: _Toc734494495]Feel drug effect (Figure S4a-c; Table S10a). There was a main effect of drug (F(2,92)=284.486, p<0.001, η2p =0.861) and time (F(3, 138)=323.986, p<0.001, η2p =0.876), and a significant drug by time interaction (F(6, 276)=61.846, p<0.001, η2p=0.573). ‘Feel drug effect’ ratings were greater during ‘THC’ and ‘THC+CBD’ relative to ‘PLA’ (t(47)=16.179, p<0.001, MD=4.552 and t(47)=21.586, p<0.001, MD=5.12, respectively). Additionally, in contrast with the results from 2x3 ANOVA for ‘feel drug’ at T2, ratings were greater during ‘THC+CBD’ relative to ‘THC’ (t(47)=3.240, p=0.007, MD=0.568).
The drug by time interaction was driven by greater reductions in ‘feel drug effect’ for ‘THC’ and ‘THC+CBD’ than in ‘PLA’. The fall in average rating from T2 to T5 was very large for ‘THC’ (t(47)=18.470, p<0.001, MD=5.563) and ‘THC+CBD’ (t(47)=18.614, p<0.001, MD=5.458), and considerably smaller for ‘PLA’ (t(47)=5.042, p<0.001, MD=1.125).
Secondary analysis: When analysing non-imputed data there was a main effect of age-group (F(1,25), p=0.035, η2p=0.095), this was driven by adults rating higher than adolescents (t(46)=2.179, p=0.035, MD=0.656).

[bookmark: _Toc1510953044]Like Drug effect (Figure S4d-f; Table S10b). There was a main effect of drug (F(2,92)=48.811, p<0.001, η2p=0.515); time (F(3,138)=34.495, p<0.001, η2p=0.429); and a significant interaction between drug and time (F(6,276)=6.432, p<0.001, η2p =0.123) for ‘like drug’. Ratings of ‘like drug’ were higher during ‘THC’ and ‘THC+CBD’ relative to ‘PLA’ (t(47)=7.860, p<0.001, MD=3.589 and t(47)=6.914, p<0.001, MD=3.536, respectively), while ratings were similar for ‘THC’ and ‘THC+CBD’ conditions. 
Across age-group and drug, ratings of ‘like drug’ decreased over time from T2 to T5 (t(47)=7.280, p<0.001, MD=1.722). The interaction between drug and time was driven by a greater reduction in ratings from T3 to T5 for ‘THC’ (t(47)=6.66, p<0.001, MD=2.458) and ‘THC+CBD’ (t(47)=4.953, p<0.001, MD=1.813), relative to a gradual reduction over time for ‘PLA’ (t(47)=1.926, p=0.362, MD=0.417).
Secondary analysis: This pattern of results was almost identical whether missing data were imputed or not.

[bookmark: _Toc1806372625]Dislike drug effect (Figure S4g-i; Table S10c). There was a main effect of time (F(3,138)=11.416, p<0.001, η2p =0.019) and significant interaction between age and time (F(3,138)=3.287, p=0.023, η2p=0.067). This interaction was driven by a greater decrease in ratings of ‘dislike drug’ for adults over time (T2 to T5: t(47)=5.07, MD=1.278, p<0.001) relative to adolescent’s ratings which did not significantly differ over time (T2 to T5: t(47)=2.039, MD=0.514, p=0.283). 
There was a significant interaction between drug and time (F(6,276)=4.35, p=0.001, η2p=0.086). This interaction between drug and time was driven by significant decreases in ‘dislike drug’ ratings from T2 to T5 during ‘THC’ and ‘THC+CBD’ (t(47)=4.274, p=0.001, MD=1.167, and t(47)=3.968, p=0.001, MD=1.417, respectively) relative to no significant changes in rating during ‘PLA’ (t(47)=0.506, p=1, MD=0.104).
Secondary analysis: This pattern of results was almost identical whether missing data were imputed or not.

[image: ]

[bookmark: _Toc117778697][bookmark: _Toc494798938]Figure S4. Mean values for subjective effect VASs (‘feel drug effect’, ‘like drug effect’, and ‘dislike drug effect’) with 95% confidence intervals over time for adolescents and adults (n=24 per group for full datasets) during ‘PLA’, ‘THC’ and ‘THC+CBD’ conditions. VASs ranged from 0=‘not at all’ to 10=‘extremely’. Data from the two age-groups has been combined to show overall drug effects in c, f and i (n=48).  Relative to the start of drug inhalation (time-inh) the time-points correspond as following: T2 = +20 min, T3 = +30 min, T4 = +120 min, and T5 = +160 min. Subjective effect VASs was not collected before cannabis inhalation (-5mins). VAS=visual analogue scale. Data is missing for 1 adult during T5 of ‘THC+CBD’.

Anxious (Figure S5a-c, Table S10d). Greenhouse-Geisser correction was applied to time and drug by time. There was a trend interaction between age-group and drug (F(2,92)=2.868, p=0.062, η2p=0.059). There were main effects of drug (F(2,92)=15.603, p<0.001, η2p=0.253), time (F(4,184)=42.463, p<0.001, η2p=0.48), and a significant interaction between the two (F(8,368)=6.514, p<0.001, η2p=0.124).   Ratings of ‘anxious’ were greater during ‘THC’ and ‘THC+CBD’ relative to ‘PLA’ (t(92)=4.247, p<0.001, MD=0.792 and t(92)=5.398, p<0.001, MD=0.979, respectively), but similar for ‘THC’ and ‘THC+CBD’ (t(47)=0.986, p=0.989, MD=0.188).  The drug by time interaction was driven by ratings during ‘PLA’ falling from T1 to T2 (t(47)=4.768, p<0.001, MD=0.792), while ratings during ‘THC’ remained similar (t(47)=0.150, p=1, MD=0.042) and ratings during ‘THC+CBD’ increased from T1 to T2 (t(47)=3.244, p=0.022, MD=0.792).   There was an interaction between age and time (F(4,184)=3.422, p=0.021, η2p=0.069), which was driven by no significant changes in ‘anxious’ ratings from T1 to T3 in adolescents (T1 to T2: t(47)=0.591, MD=0.097, p=1, T2 to T3: t(47)=1.046, MD=0.181, p=1), followed by significant reductions in ratings after T3 (T3 to T4: t(47)=3.352, MD=0.431, p=0.016., T3 to T5: t(47)=4.238, MD=0.875, p=0.001. While in adults, there was no significant difference from ratings at T1 and T2 (t(47)=0.422, MD=0.069, p=1), but ratings after T2 were significantly lower (T2 to T3: t(47)=4.001, MD=0.556, p=0.002, T2 to T4: t(47)=6.694, MD=1.167, p<0.001, T2 to T5: t(47)=7.735, MD=1.597, p<0.001). 
Secondary analysis: The age-group by time interaction became non-significant when analysing non-imputed data (F(4,180)=2.554, p=0.056, η2p =0.054).
[bookmark: _Toc52764730]Paranoid (Figure S5d-f, Table S10e).  Greenhouse-Geisser correction was applied to time and drug by time. There was a main effect of drug (F(2,92)=7.302, p=0.001, η2p =0.137) and time (F(4,184)=17.416, p<0.001, η2p =0.275), and an interaction between the two (F(8, 368)=5.041, p=0.001, η2p =0.099). Ratings of ‘paranoid’ were greater during ‘THC’ and THC+CBD’ relative to ‘PLA’ (t(92)=3.174, p=0.008, MD=0.471 and t(92)=3.648, p=0.002, MD=0.458, respectively), but similar during ‘THC’ and ‘THC+CBD’. The drug by time interaction was driven by ratings during ‘THC+CBD’ increasing from T1 to T2 (t(47)=4.029, p=0.002, MD=1) and decrease from T2 to T5 (t(47)=4.393, p<0.001, MD=1.104), while there was a non-significant increase in ratings during ‘THC’ from T1 to T2, followed by significant decrease from T2 to T5 (t(47)=4.089, p=0.002, MD=0.813). For ‘PLA’ ratings remained similar across all time points (T2 to T5: t(47)=2.024, p=0.488, MD=0.146). 
Secondary analysis: A trend main effect of age-group emerged when using non-imputed data (F(2,92)=3.529, p=0.067, η2p =0.073), this was driven by adolescents rating higher than adults  (t(57)=1.88, p=0.067, MD=0.308).

[bookmark: _Toc1578829046]Happy (Figure S5g-i, Table S10f). There was a significant interaction between age-group and drug for ‘happy’ (F(2,92)= 4.637, p=0.012, η2p=0.092), but no main effect of age-group or drug. This interaction appears to be driven by adults rating higher than adolescents for ‘happy’ during ‘PLA’ (t(47)=2.741, p=0.009, MD=1.042), but responded similarly to each other during ‘THC’ (t(47)=1.328, p=0.191, MD=0.533) and ‘THC+CBD’ (t(47)=0.659, p=0.5135, MD=0.258). There was no main effect of time, and all other interactions were non-significant, however there was a trend interaction between age and time (F(3,138)=2.564, p=0.07, η2p=0.053). Across time, adolescents’ ratings for ‘happy’ were higher during ‘THC’ (M=6.85 SE=0.284) and ‘THC+CBD’ (M=6.867, SE=0.277) and lower during ‘PLA’ (MD=6.433, SE=0.269). While adults showed the opposite pattern; across time their ratings were highest during ‘PLA’ (M=7.475, SE=0.269) and lower during ‘THC’ (M=7.383, SE=0.284) and ‘THC+CBD’ (M=7.125, SE=0.277)
Secondary analysis: This pattern of results was almost identical whether missing data were imputed or not.

Want cannabis (Figure S5j-l, Table S10g).  Greenhouse-Geisser correction was applied to time and drug by time. For ‘want cannabis’ there was a main effect of age (F(1,46)=5.606, p=0.022, η2p=0.109) and time (F(4, 184)=7.796, p=0.001, η2p=0.145). Adolescents rated higher than adults (t(46)=2.370, p=0.022, MD=1.194) across drug. While ratings of ‘want cannabis’ decreased over time. 
Secondary analysis: These results were almost identical whether missing data were imputed or not.

[image: ]

[bookmark: _Toc117778698][bookmark: _Toc741529666]Figure S5. Mean values for subjective effect VASs (‘anxious’, ‘paranoid’, ‘want cannabis’, and ‘happy’) with 95% confidence intervals over time for adolescents and adults (n=24 per group for full datasets) during ‘PLA’, ‘THC’ and ‘THC+CBD’ conditions. VASs ranged from 0=‘not at all’ to 10=‘extremely’. Data from the two age groups has been combined to show overall drug effects in c, f, i, and l (n=48).  Relative to the start of drug inhalation (time-inh) the time-points correspond as following: T1 = -5 min, T2 = +20 min, T3 = +30 min, T4 = +120 min, and T5 = +160 min. VAS=visual analogue scale. Data is missing for 1 adult during T5 of ‘THC+CBD’.
[bookmark: _Toc117778699]Table S10a-g. Results from 2x3x4 and 2x3x5 mixed ANOVA analyses of subjective effect VASs, showing main effects and interactions. Where each analysis had a within subject factors of drug (‘PLA’, ‘THC’, and ‘THC+CBD’) and time (T1-T5, or T2-T5*) and a between subject factor of age-group (adolescent, n=24; and adult n=24). ‘Feel drug effect’, ‘like drug effect’ and ‘dislike drug effect’ were completed T2-T5; ‘anxious’, ‘paranoid’, ‘want cannabis’ and ‘happy’ were completed T1-T5. 

	a. Feel Drug Effect

	 
	F
	Df
	P
	η2p

	Age
	3.830
	1,46
	0.056
	0.077

	Drug
	284.486
	2,92
	<0.001
	0.861

	Time
	323.986
	3, 138
	<0.001
	0.876

	Time*Drug
	61.846
	6, 276
	<0.001
	0.573

	Age*Drug
	1.012
	2,92
	0.353
	0.022

	Age*Time
	0.672
	3, 138
	0.527
	0.014

	Age*Drug*Time
	0.701
	6, 276
	0.568
	0.015



	b. Like Drug Effect

	 
	F
	Df
	P
	η2p

	Age
	0.638
	1, 46
	0.428
	0.014

	Drug
	48.811
	2, 92
	<0.001
	0.515

	Time
	34.495
	3, 138
	<0.001
	0.429

	Time*Drug
	6.432
	6, 276
	<0.001
	0.123

	Age*Drug
	0.357
	2,92
	0.609
	0.008

	Age*Time
	2.250
	3, 138
	0.112
	0.047

	Age*Drug*Time
	0.475
	6, 276
	0.778
	0.010



	c. Dislike Drug Effect

	 
	F
	Df
	P
	η2p

	Age
	0.374
	1,46
	0.544
	0.008

	Drug
	2.998
	2,92
	0.074
	0.061

	Time
	11.416
	3, 138
	<0.001
	0.199

	Time*Drug
	4.350
	6, 276
	0.001
	0.086

	Age*Drug
	0.886
	2,92
	0.384
	0.190

	Age*Time
	3.287
	3, 138
	0.023
	0.067

	Age*Drug*Time
	0.625
	6, 276
	0.699
	0.013





	d. Anxious

	 
	F
	Df
	p
	η2p

	Age
	1.102
	1, 46
	0.751
	0.002

	Drug
	15.603
	2, 92
	<0.001
	0.253

	Time
	42.463
	4, 184
	<0.001
	0.480

	Drug*Time
	6.514
	8, 368
	<0.001
	0.124

	Drug*Age
	2.868
	2, 92
	0.062
	0.059

	Age*Time
	3.422
	4, 184
	0.021
	0.069

	Age*Drug*Time
	1.652
	8, 368
	0.205
	0.035



	e. Paranoid

	 
	F
	Df
	P
	η2p

	Age
	2.597
	1, 46
	0.114
	0.053

	Drug
	7.302
	2, 92
	0.001
	0.137

	Time
	17.416
	4, 184
	<0.001
	0.275

	Time*Drug
	5.041
	8, 368
	0.001
	0.099

	Age*Drug
	0.012
	2, 92
	0.988
	<0.001

	Age*Time
	0.522
	4, 184
	0.629
	0.011

	Age*Drug*Time
	0.503
	8, 368
	0.734
	0.011



	f. Happy

	 
	F
	Df
	P
	η2p

	Age
	2.862
	1,46
	0.097
	0.059

	Drug
	0.837
	2,92
	0.436
	0.018

	Time
	1.263
	3, 138
	0.286
	0.027

	Time*Drug
	1.150
	6, 276
	0.334
	0.024

	Age*Drug
	4.637
	2,92
	0.012
	0.092

	Age*Time
	2.564
	3, 138
	0.070
	0.053

	Age*Drug*Time
	1.120
	6, 276
	0.351
	0.024



	g. Want Cannabis

	 
	F
	Df
	P
	η2p

	Age
	5.606
	1, 46
	0.022
	0.109

	Drug
	0.234
	2, 92
	0.719
	0.005

	Time
	7.796
	4, 184
	0.001
	0.145

	Time*Drug
	1.547
	8, 368
	0.169
	0.033

	Age*Drug
	0.738
	2, 92
	0.441
	0.016

	Age*Time
	0.675
	4, 184
	0.512
	0.014

	Age*Drug*Time
	0.356
	8, 368
	0.894
	0.008



Significant results in bold. *Relative to the start of drug inhalation (time-inh) the time-points correspond as following: T1 = -5 min, T2 = +20 min, T3 = +30 min, T4 = +120 min, and T5 = +160 min.

[bookmark: _Toc117778700]3.5.2 Area under curve (AUC) and peak analysis for Subjective Effects-VAS over time

Feel drug effect
AUC
There was no significant interaction between drug and age-group (F(2, 92)=1.151, p=0.321). There was a main effect of drug (F(1.641,75.46)=251.8, p<0.001) and no main effect of age-group (F(1,46)=2.342, p=0.133). Across age-group, significant differences were: ‘THC’ > ‘PLA’, ‘THC+CBD’ > ‘PLA’, and ‘THC+CBD’ > ‘THC’. 
Peak effect
There was no significant interaction between drug and age-group (F(2, 92)=0.398, p=0.673). There was a main effect of drug (F(1.563, 71.91)=284.4, p<0.001) and a main effect of age-group (F(1, 46)=8.738, p=0.0049). Across age-group, significant differences were: ‘THC’ > ‘PLA’, and ‘THC+CBD’ > ‘PLA’. Across drug, adolescents were significantly greater than adults.   
Like Drug effect
AUC
there was no significant interaction between drug and age-group (F(2, 92)=0.343, p=0.710). There was a main effect of drug (F(1.325, 60.95)=46.05, p<0.001) and no main effect of age-group (F(1, 46)=0.202, p=0.656. Across age-group, significant differences were: ‘THC’ > ‘PLA’, and ‘THC+CBD’ > ‘PLA’.
Peak effect
There was no significant interaction between drug and age-group (F(2, 92)=0.424, p=0.656). There was a main effect of drug (F(1.274, 58.61)=71.620, p<0.001) and no main effect of age-group (F(1, 46)=0.261, p=0.612). Across age-group, significant differences were: ‘THC’ > ‘PLA’, and ‘THC+CBD’ > ‘PLA’.
Dislike drug effect
AUC
There was no significant interaction between drug and age-group (F(2, 92)=0.545, p=0.582). There was no main effect of drug (F(1.401, 64.43)=1.834, p=0.178) and no main effect of age-group (F(1, 46)=0.008, P=0.931).
Peak effect
There was no significant interaction between drug and age-group (F(2, 92)=2.729, p=0.071). There was a main effect of drug (F(1.673, 76.96)=8.671, p=0.001) and no main effect of age-group (F(1, 46) = 1.565, p=0.217). Across age-group, significant differences were: ‘THC+CBD’ > ‘PLA’.
Anxious
AUC
There was no significant interaction between drug and age-group (F(2, 92)=3.053, p=0.052). There was a main effect of drug (F(1.992, 91.63)=15.97, p<0.001) and no main effect of age-group (F(1, 46)=0.496, p=0.485). Across age-group, significant differences were: ‘THC’ > ‘PLA’, and ‘THC+CBD’ > ‘PLA’. 
Peak effect
There was no significant interaction between drug and age-group (F(2, 92)=1.540, p=0.220). There was a main effect of drug (F(1.970, 90.63)=10.04, p<0.001) and no main effect of age-group (F(1, 46)=0.569, p=0.455). Across age-group, significant differences were: ‘THC’ > ‘PLA’, and ‘THC+CBD’ > ‘PLA’.   
Paranoid
AUC
There was no significant interaction between drug and age-group (F(2, 92)=0.118, p=0.889). There was a main effect of drug (F(1.812, 83.36)=6.474, p=0.003) and no main effect of age-group (F(1, 46)=2.408, p=0.128). Across age-group, significant differences were: ‘THC’ > ‘PLA’ and ‘THC+CBD’ > ‘PLA’. 
Peak effect
There was no significant interaction between drug and age-group (F(2, 92)=0.056, p=0.946). There was a main effect of drug (F(1.884, 86.65)=9.761, p<0.001) and no main effect of age-group (F(1, 46)=1.070, p=0.306). Across age-group, significant differences were: ‘THC’ > ‘PLA’, and ‘THC+CBD’ > ‘PLA’. 
Happy
AUC
There was a significant interaction between drug and age-group (F(2, 92)=4.126, p=0.019). There was no main effect of drug (F(1.829, 84.13)=0.731, p=0.473) and no main effect of age-group (F(1, 46)=2.318, p=0.135). This interaction was driven by adults rating higher than adolescents on ‘PLA’ (t(47)=2.451, p=0.016), but the two groups rating similarly on ‘THC’ (t(47)=1.365, p=0.175) and ‘THC+CBD’ (t(47)=0.306, p=0.760).
Peak effect
There was no significant interaction between drug and age-group (F(2, 92)=2.701, p=0.073). There was a main effect of drug (F(1.894, 87.13)=4.999, p=0.010) and a main effect of age-group (F(1, 46)=4.458, P=0.040). Across age-group, significant differences were: ‘THC’ > ‘PLA’. Across drug, adolescents were significantly greater than adults.   
Want cannabis
AUC
There was no significant interaction between drug and age-group (F(2, 92)=0.615, p=0.543). There was no main effect of drug (F(1.344, 61.81)=0.235, p=0.701) and a main effect of age-group (F(1, 46)=4.139, p=0.048). 
Peak effect
There was no significant interaction between drug and age-group (F(2, 92)=0.794, p=0.455). There was no main effect of drug (F(1.735, 79.79)=0.598, p=0.530) and a main effect of age-group (F(1, 46)=5.222, p=0.027). Across drug, adolescents were significantly greater than adults.   
[bookmark: _Toc117778701]3.5.3 Prose Recall

Prose Recall immediate
For immediate prose recall score, there was no interaction between drug and age-group (F(2,92)=0.236, p=0.790, η2p=0.005). There was a main effect of drug (F(2,92)=28.535, p<0.001, η2p= 0.383), but no main effect of age-group (F(1,46)=0.079, p=0.779, η2p=0.002). Across age-groups, scores during ‘THC’ and ‘THC+CBD’ were lower than ‘PLA’ (t(47)=5.932, p<0.001, MD=3.229 and t(47)=6.925, p<0.001, MD=3.573 respectively). However, there was no significant difference between ‘THC’ and ‘THC+CBD’ (t(47)=0.681, p=1, MD=-0.344). 

	[bookmark: _Toc117778702]Table S11. Prose Recall Immediate and Delayed 2x2x3 mixed ANOVA, with within subject factors of time (immediate and delayed*) and drug (‘PLA’, ‘THC’, and ‘THC+CBD’), and a between subject factor of age-group (adolescent, n=24; and adult n=24).

	 
	F
	df
	p
	η2p

	Age
	0.078
	1,46
	0.781
	0.002

	Drug
	26.203
	2,92
	<0.001
	0.363

	Time
	63.386
	1, 46
	<0.001
	0.579

	Time*Drug
	3.462
	2, 92
	0.036
	0.070

	Age*Drug
	0.432
	2,92
	0.711
	0.007

	Age*Time
	<0.001
	1,46
	1.000
	<0.001

	Age*Drug*Time
	2.327
	2,92
	0.103
	0.048


Significant results in bold. *Immediate was completed straight away after listening to the short story (20 minutes after the start of drug inhalation) and delayed was completed after a 100 minute delay (120 minutes after the start of drug inhalation) filled with unrelated tasks. 

Prose Recall immediate and delayed 2x2x3 ANOVA.
Immediate and delayed prose recall scores were analysed in a 2x2x3 mixed ANOVA. This analysis revealed there was no age-group by drug interaction, nor was there an age-drug-time interaction (Table S11). There was a main effect of drug (F(2,92)=26.203, p<0.001, η2p =0.363) and time (F(1,46)=63.386, p<0.001, η2p =0.579). The same pattern of drug effect was found i.e. scores were lower during ‘THC’ and ‘THC+CBD’ relative to ‘PLA’, but there was no significant difference between ‘THC’ and ‘THC+CBD’ conditions. Scores were lower during delayed prose recall relative to immediate recall (t(47)=7.969, p<0.001, MD=1.028). There was a significant interaction between the drug and time (F(2,92)=3.462, p=0.036, η2p =0.070). This interaction was driven by a greater reduction in score from immediate to delayed during ‘PLA’ (t(47)=6.560, p<0.001, MD=1.417) compared with smaller reductions during ‘THC’ (t(47)=5.458, p<0.001, MD=0.927) and ’THC+CBD’ (t(47)=3.486, p=0.001, MD=0.740). There was no main effect of age, and age interactions with drug and time were non-significant.
[bookmark: _Toc1175628078]

[bookmark: _Toc117778703]3.5.4 PSI subscales
[bookmark: _Toc957413513]PSI subscales scores (Table S12) were analysed individually, assumptions were first checked. Greenhouse-Geisser correction was applied to the Cognitive Disorganisation subscale. There were no interactions between drug and age-group across subscales (Table S13). There was a main effect of drug for the subscales Perceptual Distortion (F(2,92)=13.630, p<0.001, η2p=0.229); Cognitive Disorganisation (F(2,92)=34.677, p<0.001, 0.002, η2p=0.430); Mania (F(2,92)=6.475, p=0.002, η2p =0.123); and Paranoia (F(2,92)=3.151 , p=0.047, η2p =0.064). There was no main drug effect for Anhedonia (F(2,92)=2.441, p=0.093, η2p =0.050) or Delusory Thinking (F(2,92)=1.435, p=0.243, η2p =0.030). Across subscales there was no main effect of age. 
Pairwise comparisons for subscales with a main effect of drug are displayed in Table S14. Subscale scores were greater in ‘THC’ and ‘THC+CBD’ conditions relative to ‘PLA’ for Cognitive Disorganisation (t(47)=4.841, p<0.001, MD=3.938 and t(47)=7.721, p<0.001, MD=5.833, respectively) and Perceptual Distortion (t(47)=3.614, p=0.002, MD=1.667 and t(47)=4.689, p<0.001, MD=2.146, respectively). Additionally, scores for Cognitive Disorganisation were greater during ‘THC+CBD’ relative to ‘THC’ (t(47)=3.464, p=0.003, MD=1.896). For the Mania subscale, scores were greater during ‘THC+CBD’ relative to ‘PLA’ (t(47)=3.679, p=0.002, MD=1.250). All other between drug comparisons were non-significant (Table S14).
[bookmark: _Toc117778704]Table S12. PSI subscale scores for adolescents (n=24), adults (n=24), and both (n=48) across each drug session. Mean (SD), [median, min-max].
	 
	Adolescent (n=24)
	Adult (n=24)
	Both (n=48)

	Cognitive Disorganisation
	
	

	'PLA'
	4.71 (5.58), [3, 0-20]
	1.96 (2.71), [1, 0-12]
	3.33 (4.55), [2, 0-20]

	'THC'
	8.04 (5.97), [7, 0-20]
	6.50 (4.31), [7, 0-14]
	7.27 (5.21), [7, 0-20]

	'THC+CBD'
	9.42 (4.37), [9, 0-18]
	8.92 (4.90), [9.5, 0-17]
	9.17 (4.60), [9, 0-18]

	Perceptual Distortion
	
	

	'PLA'
	1.67 (2.43), [0.5, 0-8]
	1.08 (2.04), [0, 0-7]
	1.38 (2.24), [0, 0-8]

	'THC'
	3.58 (3.40), [3, 0-11]
	2.50 (2.02), [2.5, 0-7]
	3.04 (2.82), [2.5, 0-11]

	'THC+CBD'
	3.54 (3.22), [3, 0-11]
	3.50 (2.15), [3.5, 0-8]
	3.52 (2.71), [3, 0-11]

	Delusory Thinking
	
	

	'PLA'
	1.88 (2.89), [0, 0-9]
	1.17 (2.50), [0.5, 0-12]
	1.52 (2.70), [0, 0-12]

	'THC'
	2.29 (2.60), [1.5, 0-9]
	1.54 (2.02), [1, 0-7]
	1.92 (2.33), [1, 0-9]

	'THC+CBD'
	2.42 (2.32), [2, 0-7]
	1.96 (2.63), [1, 0-10]
	2.19 (2.46), [1, 0-10]

	Anhedonia
	
	
	

	'PLA'
	4.29 (2.73), [4, 0-12]
	3.71 (2.65), [3, 0-10]
	4.00 (2.67), [4, 0-12]

	'THC'
	4.50 (2.30), [4.5, 0-9]
	4.88 (2.89), [4.5, 0-10]
	4.69 (2.59), [4.5, 0-10]

	'THC+CBD'
	4.29 (2.35), [4, 1-8]
	4.25 (2.67), [5, 0-10]
	4.27 (2.49), [5, 0-10]

	Paranoia
	
	
	

	'PLA'
	0.67 (1.24), [0, 0-5]
	0.29 (0.81), [0, 0-3]
	0.48 (1.05), [0, 0-5]

	'THC'
	1.25 (2.05), [0, 0-7]
	0.38 (0.65), [0, 0-2]
	0.81 (1.57), [0, 0-7]

	'THC+CBD'
	1.21 (1.32), [1, 0-4]
	1.00 (2.02), [0, 0-8]
	1.10 (1.69), [0, 0-8]

	Mania
	
	
	

	'PLA'
	3.21 (2.59), [3, 0-9]
	2.67 (1.43), [3, 0-6]
	2.94 (2.09), [3, 0-9]

	'THC'
	3.79 (2.81), [3, 0-9]
	3.58 (2.04), [4, 0-7]
	3.69 (2.43), [3, 0-9]

	'THC+CBD'
	3.92 (2.72), [3, 0-12]
	4.46 (2.08), [5, 0-8]
	4.19 (2.41), [4.5, 0-12]


PSI= psychotomimetic states inventory. 


[bookmark: _Toc117778705]Table S13. Two-way mixed ANOVA results for PSI subscale scores with a within subjects factor of drug (‘PLA’, ‘THC’, and ‘THC+CBD’) and a between subjects factor of age-group (adolescent, n=24; and adult n=24). 
	[bookmark: OLE_LINK1][bookmark: OLE_LINK2]PSI Subscale
	
	F 
	df 
	p 
	ηp2 

	Delusory Thinking 
	Drug
	1.435 
	2,92 
	0.243 
	0.030 

	
	Age-group 
	1.296 
	1,46 
	0.261 
	0.027 

	
	Drug*Age
	0.079 
	2,92 
	0.924 
	0.002 

	Perceptual Distortion
	Drug
	13.630 
	2,92 
	<0.001
	0.229 

	
	Age-group 
	1.025 
	1,46 
	0.317 
	0.022 

	
	Drug*Age
	0.729 
	2,92 
	0.485 
	0.016 

	Cognitive disorganisation
	Drug
	34.677 
	2,92 
	<0.001
	0.430 

	
	Age-group 
	2.118 
	1,46 
	0.152 
	0.044 

	
	Drug*Age
	1.241 
	2,92 
	0.294
	0.026 

	Anhedonia
	Drug
	2.441 
	2,92 
	0.093 
	0.050 

	
	Age-group 
	0.016 
	1,46 
	0.900 
	<0.001

	
	Drug*Age
	1.175 
	2,92 
	0.313 
	0.025 

	Mania
	Drug
	6.475 
	2,92 
	0.002
	0.123 

	
	Age-group 
	0.017 
	1,46 
	0.898 
	<0.001

	
	Drug*Age
	1.259 
	2,92 
	0.289 
	0.027 

	Paranoia
	Drug
	3.151 
	2,92 
	0.047
	0.064 

	
	Age-group 
	2.836
	1,46 
	0.117 
	0.053 

	
	Drug*Age
	0.970 
	2,92 
	0.383 
	0.021


Significant results in bold. PSI = psychotomimetic states inventory scale; df=degrees of freedom. This scale was completed approximately 130 minutes after the start of drug inhalation. 


[bookmark: _Toc117778706]Table S14. Pairwise comparisons (following mixed-ANOVA) of each PSI subscale scores between drug conditions following a main effect of drug. 
	PSI Subscale
	'THC' > 'PLA'
	'THC+CBD' > 'PLA'
	'THC+CBD' > 'THC'

	Cognitive disorganisation 
	t(47)=4.841, p<0.001, MD=3.938 
	t(47)=7.722, p<0.001, MD=5.833
	t(47)=3.464, p=0.003, MD=1.896

	Perceptual distortion 
	t(47)=3.614, p=0.002, MD=1.667
	 t(47)=4.689, p<0.001, MD=2.146
	t(47)=-1.298, p=0.602, MD=0.479

	Mania
	t(47)=2.064, p=0.134, MD=0.750
	t(47)=3.679, p=0.002, MD=1.250
	t(47)=1.448, p=0.463, MD=0.500

	Paranoia
	t(47)=1.553, p=0.382, MD=0.333
	t(47)=2.273, p=0.083, MD=0.625
	t(47)=1.15, p=0.771, MD=0.292


[bookmark: _Toc1593427713]Significant results in bold. PSI=psychotomimetic states inventory; MD=mean difference




[bookmark: _Toc117778707]3.5.5 PANSS
[bookmark: _Toc1813332527]PANSS Positive Subscale
There was no significant interaction between age-group and drug for the Positive-PANSS score (F(2,92)=0.043, p=0.958, η2p=0.001). There was a main effect of drug (F(2,92)=33.846 p<0.001, η2p=0.424), but not of age-group (F(2,92)=0.340, p=0.854, η2p=0.001). Positive psychotic symptoms were greater on ‘THC’ (MD=2.667, 95% CI 1.503–3.831, t(47)=5.694, p<0.001) and ‘THC+CBD’ (MD=3.417, 95% CI 2.493–4.341, t(47)=9.189, p<0.001) compared with ‘PLA’. However, there was no significant difference between ‘THC’ and ‘THC+CBD’ (MD=-0.750, 95% CI -1.899–0.399, t(47)=1.622, p=0.335). This pattern of results was further supported by an analysis of the number of participants who had clinically significant positive psychotic reactions（score >3 greater than minimum score of 7, i.e. >10) (see supplementary materials). 

The pattern of results found in mixed-ANOVA (see main text) was further supported via binary logistic generalised estimating equation models (GEE). There was no age-group by drug interaction (Wald χ2 (2)=1.032, p=0.597); there was a main effect of drug (Wald χ2 (2)=25.733, p<0.001), but no main effect of age-group (Wald χ2 (1)=0.001, p=0.891). Across age-group, participants were more likely to have a psychotic response (i.e. PANSS Positive subscale score >10) during both ‘THC’ (OR=19.489, p<0.001) and ‘THC+CBD’ (OR=23.164, p<0.001) than during ‘PLA’. 

[bookmark: _Toc1026305505]PANSS Negative Subscale
There was no significant interaction between age-group and drug for the Negative-PANSS score (F(2,92)=1.132, p=0.327, η2p=0.024). There was a main effect of drug (F(2,92)=9.392, p<0.001, η2p=0.170), but not of age-group (F(2,92)=1.615, p=0.210, η2p=0.034). Negative psychotic symptoms were greater on ‘THC’ (MD=0.646, 95% CI 0.138–1.154, t(47)=3.160, p=0.008) and ‘THC+CBD’ (MD=0.958, 95% CI 0.384–1.532, t(47)=4.147, p<0.001) than  ‘PLA’. However, there was no significant difference between ‘THC’ and ‘THC+CBD’ (MD=-0.312, 95% CI -0.908–0.283, t(47)=1.304, p=0.596). This pattern of results was further supported by an analysis of the number of participants who had clinically significant increases in negative psychotic symptoms (see supplementary materials).

The pattern of results found in mixed-ANOVA (see main text) was further supported via chi-square and McNemar’s tests. We could not conduct GEEs, because there were zero cases of clinically significant negative psychotic reactions during ‘PLA’. For both ‘THC’ and ‘THC+CBD’, there were no significant differences in the number of adolescents and adults having clinically significant reactions (both tests: χ12=0.223, p=0.637). Across age-group, the same number of participants in ‘THC’ and ‘THC+CBD’ had clinically significant reactions, so there was no significant effect of drug (p=1).

[bookmark: _Toc117778708]Table S15. Descriptive Statistics for PANSS Positive and Negative subscale scores across each drug condition for adolescents (n=24) and adults (n=24), mean (SD) [median, min-max]. 
	Subscale
	Condition
	Adolescents (n=24)
	Adults (n=24)
	Both (n=48)

	PANSS Positive
	'PLA'
	7.46 (1.18) [7, 7-12]
	7.33 (0.82) [7, 7-10]
	
7.40 (1.01) [7, 7-12]

	
	'THC'
	10.17 (3.58) [10, 7-23]
	9.96 (3.03) [10, 7-19]
	10.06 (3.28) [10, 7-23]

	
	'THC+CBD'
	10.79 (3.12) [10, 7-18]
	10.83 (2.10) [10, 8-15]
	10.81 (2.63) [10, 7-18]

	PANSS Negative
	'PLA'
	7.17 (0.38) [7, 7-8]
	7.08 (0.41) [7, 7-9]
	7.13 (0.39) [7, 7-9]

	
	'THC'
	8.13 (1.87) [7, 7-15]
	7.42 (0.97) [7, 7-11]
	7.77 (1.54) [7, 7-15]

	
	'THC+CBD'
	8.17 (1.63) [7.5, 7-13]
	8.00 (1.41) [7.5, 7-13]
	8.08 (1.51) [7.5, 7-13]


PANSS= positive and negative syndrome scale.

[bookmark: _Toc117778709]Table S16. Clinically significant psychotic reaction on PANSS Positive and Negative (i.e. score >3 greater than minimum) for adolescents (n=24) and adults (n=24). n (%) is shown. 
	Subscale
	Condition
	Adolescents (n=24)
	Adults (n=24)
	Both (n=24)

	
	
	Yes
	No
	Yes
	No
	Yes
	No

	PANSS Positive
	'PLA'
	2 (8.3%)
	22 (91.7%)
	1 (4.2%)
	23 (95.8%)
	3 (6.25%)
	45 (93.75%)

	
	'THC'
	13 (54.2%)
	11 (45.8%)
	14 (58.3%)
	10 (41.7%)
	27 (56.25%)
	21 (43.75%)

	
	'THC+CBD'
	13 (54.2%)
	11 (45.8%)
	16 (66.7%)
	8 (36.4%)
	29 (60.42%)
	19 (39.58%)

	PANSS Negative
	'PLA'
	0 (0%)
	24 (100%)
	0 (0%)
	24 (100%)
	0 (0%)
	48 (100%)

	
	'THC'
	4 (16.7%)
	20 (83.3%)
	1 (4.2%)
	23 (95.8%)
	5 (10.42%)
	43 (89.58%)

	
	'THC+CBD'
	4 (16.7%)
	20 (83.3%)
	2 (8.3%)
	22 (91.7%)
	6 (12.5%)
	42 (87.5%)


PANSS= positive and negative syndrome scale.
[bookmark: _Toc9033095][image: ][image: C:\Users\simiao.wang\Desktop\wendy\Figures_14June2022\PANSS_teen and adult.emf]

[bookmark: _Toc117778710]Figure S6. PANSS Positive and Negative subscale score, presented as mean values with 95% confidence intervals for adolescents (n=24) and adults (n=24) during ‘THC’, ‘THC+CBD’ and ‘PLA’ conditions. Main effect of drug across age-groups displayed in ‘Both’ (b and d) graphs where participant data is combined (n=48). **p<0.01, ***p<0.001. PANSS= positive and negative syndrome scale.

[bookmark: _Toc117778711]3.5.6 Plasma THC and CBD levels
[bookmark: _Toc117513520][bookmark: _Toc117778712]3.5.6.1 Plasma levels at T1 (pre-drug administration)

[bookmark: _Toc117513521][bookmark: _Toc117778713]Table S17a. Plasma THC and CBD concentrations (ng.ml-1) in adolescents and adults at T1 (5 minutes before start of cannabis inhalation). Adolescent (n=24), adult (n=24) and both (n=48) for complete datasets. Mean (SD) [median, range].
	
	Adolescent (n=24)
	Adult (n=24)
	Both (n=48)

	 
	THC (ng.ml-1)
	n missing
	n <LLQ
	THC (ng.ml-1)
	n missing
	n <LLQ
	THC (ng.ml-1)
	n missing
	n <LLQ

	'PLA'
	*0.05 (0.25) [0, 0-1.18]
	1
	0
	*0.05 (0.25) [0, 0-1.23]
	0
	2
	ⱡ 0.05 (0.25) [0, 0-1.23]
	2
	2

	'THC'
	0 (0) [0, 0-0]
	0
	1
	*0.02 (0.12) [0, 0-0.58]
	0
	1
	*0.01 (0.08) [0, 0-0.58]
	2
	2

	'THC+CBD'
	*0.03 (0.15) [0, 0-0.71]
	1
	3
	0 (0) [0, 0-0]
	0
	1
	*0.02 (0.1) [0, 0-0.71]
	4
	4

	
	
	
	 
	 
	
	 
	
	
	

	 
	CBD  (ng.ml-1)
	 
	 
	CBD (ng.ml-1)
	 
	 
	CBD (ng.ml-1)
	 
	 

	'PLA'
	0 (0) [0, 0-0]
	1
	0
	0 (0) [0, 0-0]
	0
	3
	0 (0) [0, 0-0]
	1
	3

	'THC'
	0 (0) [0, 0-0]
	0
	3
	0 (0) [0, 0-0]
	0
	3
	0 (0) [0, 0-0]
	0
	6

	'THC+CBD'
	0 (0) [0, 0-0]
	1
	2
	0 (0) [0, 0-0]
	0
	4
	0 (0) [0, 0-0]
	1
	6


LLQ= lower limit of quantification (i.e. <0.5 ng.ml-1), these were replaced with 0s for descriptive statistics. *n=1 THC plasma concentration >0 ng.ml-1; ⱡ n=2 THC plasma concentration >0 ng.ml-1.


[bookmark: _Toc117778714]3.5.6.2 Plasma levels at T2 (20 minutes after the start of drug inhalation)
For plasma THC level, there was no significant age-group by drug interaction (F(2,90.311)=1.606, p=0.206). There was a main effect of drug (F(2,94.374)=136.279, p<0.001), but no effect of age-group (F(1,47.045=2.455 p=0.124). Pairwise comparisons revealed that THC levels were greater during ‘THC’ and ‘THC+CBD’ relative to ‘PLA’ (t(90.059)=8.964, p<0.001, MD=14.813 and t(90.367)=16.490, p<0.001, MD=27.717, respectively). Moreover, there were higher levels of THC during ‘THC+CBD’ relative to ‘THC’ (t(90.514)=7.760, p<0.001, MD=12.903). 

For plasma CBD levels there was an age-group by drug interaction (F(2,91.252)=7.006, p=0.001), and main effects of both drug (F(2,91.252)=191.898, p<0.001) and age-group (F(1,49.006)=7.262, p=0.010). The age-group by drug interaction was driven by greater CBD concentration during ‘THC+CBD’ in adults compared to adolescents (t(133)=4.569, p<0.001, MD=21.018), but no significant differences between adults and adolescents during ‘PLA’ or ‘THC’, when values were at or near zero. The main drug effect was driven by greater plasma CBD concentration during ‘THC+CBD’ relative to ‘THC’ and ‘PLA’ (t(91.434)=17.106, p<0.001, MD=54.753 and t(91.508)=16.945, p<0.001, MD=54.831, respectively). CBD concentrations during ‘THC’ and ‘PLA’ were similar (t(90.828)=0.024, p=1, MD=0.078).
These results did not significantly change when excluding the participant with unexpected plasma levels of THC.
[bookmark: _Toc117778715]Table S17b. Plasma THC and CBD concentrations (ng.ml-1) in adolescents and adults at T2 (20 minutes after start of cannabis inhalation). Adolescent (n=24), adult (n=24) and both (n=48) for complete datasets. Mean (SD) [range].
	
	Adolescent (n=24)
	Adult (n=24)
	Both (n=48)

	 
	THC (ng.ml-1)
	n missing
	n <LLQ
	THC (ng.ml-1)
	n missing
	n <LLQ
	THC (ng.ml-1)
	n missing
	n <LLQ

	'PLA'
	0.02 (0.12) [0.00-0.54]
	2
	1
	0.10 (0.47) [0.00-2.30]
	-
	2
	0.06 (0.35) [0.00-2.30]
	2
	3

	'THC'
	13.67 (6.74) [0.00-28.74]
	-
	-
	16.10 (7.48) [4.04-34.65]
	-
	-
	14.88 (7.15) [0.00-34.65]
	0
	0

	'THC+CBD'
	24.74 (9.00) [10.30-45.00]
	2
	-
	30.84 (17.51) [7.21-70.46]
	1
	-
	27.86 (14.20) [7.21-70.46]
	3
	0

	
	
	
	
	
	
	
	
	
	

	 
	CBD  (ng.ml-1)
	 
	 
	CBD (ng.ml-1)
	 
	 
	CBD (ng.ml-1)
	 
	 

	'PLA'
	0 (0) [0-0]
	2
	1
	0 (0) [0-0]
	-
	4
	0 (0) [0-0]
	2
	5

	'THC'
	0 (0) [0-0]
	-
	2
	0.16 (0.54) [0.00-2.28]
	-
	2
	0.08 (0.39) [0-2.28]
	0
	4

	'THC+CBD'
	44.32 (15.33) [21.39-69.46]
	2
	-
	65.34 (34.84) [16.13-144.14]
	1
	-
	55.06 (28.84) [16.13-144.14]
	3
	0


LLQ= lower limit of quantification (i.e. <0.5 ng.ml-1), these were replaced with 0s for descriptive statistics.  

 
[image: C:\Users\simiao.wang\Desktop\wendy\Figures_14June2022\THC CBD Plasma HR.emf][image: ]
[bookmark: _Toc117778716]Figure S7. Mean values with 95% confidence intervals displayed with all data points for a) THC plasma levels at T2, c) CBD plasma levels at T2 and e) heart rate at T2 for adolescents and adults during ‘THC’, ‘THC+CBD’ and ‘PLA’ conditions. Main effect of drug across age-groups displayed in b, d, and f where their data is combined. **p<0.01, ***p<0.001. Relative to the start of drug administration T2= +20 minutes. Bpm = beats per minute. 
[bookmark: _Toc117778717]3.5.7 Heart Rate (T2) 
Greenhouse-Geisser correction was applied. There was no interaction between drug and age-group for heart rate at T2 (F(2,92)=0.034, p=0.953, η2p =0.001). There was a large main effect of drug (F(2,92)=53.625), p<0.001, η2p =0.538), but no main effect of age-group (F(1,46)=0.773, p=0.384, η2p =0.017). Heart rate was higher during ‘THC’ and ‘THC+CBD’ than ‘PLA’ (t(47)=8.448, p<0.001, MD=18.604, and t(47)=8.746, p<0.001, MD=26.771, respectively). Additionally, heart rate during ‘THC+CBD’ was higher than ‘THC’ (t(47)=3.122, p=0.009, MD=8.167). This pattern of results was almost identical when using either imputed or non-imputed data. 

[bookmark: _Toc117778718]Table S18. Heart rate at T2 (20 minutes after beginning cannabis inhalation). Adolescent (n=24), adult (n=24) for complete datasets. Mean (SD) [min-max].
	Drug
	Adolescents (n=24)
	Adults (n=24)
	Both (n=48)

	'PLA'
	73.63 (10.47), [52.00-95.00]
	69.04 (15.57), [43.00-104.00]
	71.33 (13.33), [43.00-104.00]

	'THC'
	*91.96 (15.93), [63.00-127.00] 
	87.92 (22.04), [54.00-152.00]
	*89.89 (19.19), [54.00-152.00]

	'THC+CBD'
	99.71 (24.00), [54.00-159.00]
	96.50 (21.60), [59.00-132.00]
	98.10 (22.65), [54.00-159.00]


[bookmark: _Toc100586872][bookmark: _Toc100843410][bookmark: _Toc106032724]*n=1 missing.

[bookmark: _Toc117778719]3.5.8 Participant Drug Guess
Participants guessed which drug they had on each occasion (Table S19). Results from a GEE model with only main effects of drug and age-group, revealed a significant difference between drugs (Wald χ2(2)=25.678, p<0.001), but no difference between age-groups (Wald χ2(1)=0.178, p<0.673). Participants were worse at guessing correctly on ‘THC’ than ‘PLA’ (OR=0.049, p<0.001) and worse on ‘THC+CBD’ than ‘PLA’ (OR=0.132, p<0.001). The GEE model with main effects of age-group and drug, and an interaction effect of age-group by drug, revealed no significant interaction between drug and age-group (Wald χ2(2)=4.212, p=0.122).
On ‘PLA’, 43 (89.6%) participants (n=48) correctly guessed placebo, while 1 (2.1%) guessed ‘THC without CBD’ and 4 (8.3%) guessed ‘THC with CBD’. On ‘THC’, 14 (29.2%) of participants (n=47) guessed correctly, while 28 (58.3%) guessed ‘THC with CBD’, and 5 (10.4%) guessed placebo. On ‘THC+CBD’, 25 (52.1%) of participants (n=47) guessed correctly, while 22 (45.8%) guessed ‘THC without CBD’ and 0 (0%) participants guessed placebo.
[bookmark: _Toc117778720]Table S19. Participants’ guess regarding which drug they received at the end of each drug administration session. Adolescent (n=24), adult (n=24) for complete datasets. n(%). 
	 
	Adolescents' Guess (n=24)
	
	              Adults' Guess (n=24)
	

	Actual Drug
	'PLA'
	'THC'
	'THC+CBD’
	n
missing
	'PLA'
	'THC'
	'THC+CBD’
	n
missing

	'PLA'
	22 (91.7%)
	0 (0%)
	2 (8.3%)
	-
	21 (87.5%)
	1 (4.2%)
	2 (8.3%)
	-

	'THC' 
	2 (8.3%)
	9 (37.5%)
	12 (50.0%)
	1
	3 (12.5%)
	5 (20.8%)
	16 (66.7%)
	-

	'THC+CBD'
	0 (0%)
	13 (54.2%)
	10 (41.7%)
	1
	0 (0%)
	9 (37.5%)
	15 (62.5%)
	-



[bookmark: _Toc245252134]



[bookmark: _Toc117778721]3.6 Drug Administration 
[bookmark: _Toc117778722]3.6.1 Deviations from inhalation procedure
Time taken: During ‘THC+CBD’, n=4 participants took >18 minutes to complete inhalation (n=3 adults and n=1 adolescent). These participants took an average of 19.40 minutes (min=18.33, max=20.80). During the ‘PLA’ and ‘THC’, all participants completed inhalation within the allocated 18 minutes (9 minutes per balloon).
Incomplete inhalation: During ‘THC+CBD’, n=1 adolescent did not inhale the entire contents of the balloon the second time it was filled (estimated 1/10th of contents remained). 
Inhaled while sitting: During ‘THC+CBD’ n=5 participants sat down for a portion of the inhalation procedure due to light-headedness (n=3 adolescents, n=2 adults). During ‘PLA’ and ‘THC’, all participants stood for the entire duration of cannabis inhalation.
[bookmark: _Toc117778723]3.6.2 Time taken to inhale vapourised cannabis. 
The cumulative time taken for participants to inhale the contents of both cannabis vapour filled balloons is presented in Table S20. 
Greenhouse-Geisser correction was applied. For time taken to inhale the contents of the two balloons filled with cannabis vapour, there was a main effect of drug (F(2,86)=28.434, p<0.001, η2p=0.398), but no main effect of age-group (F(2,43)=0.212, p=0.648, η2p=0.005), or drug by age-group interaction (F(2,86)=0.154, p=0.802, η2p=0.004). Participants took longer to inhale the contents of the balloons during ‘THC’ and ‘THC+CBD’ compared to ‘PLA’ (t(42)=2.864, p=0.019, MD=0.998 and t(42)=5.990, p<0.001, MD=3.426, respectively). Additionally, participants took longer to complete inhalation during ‘THC+CBD’ compared to ‘THC’ (t(42)=5.340, p<0.001, MD=2.429).
[bookmark: _Toc117778724]Table S20. Cumulative time taken (minutes) to inhale both balloons filled with cannabis vapour during each session. Adolescents (n=24) and adults (n=24) unless otherwise stated. Mean (SD), [median, min-max].
	Condition
	Adolescents (n=24)
	Adults (n=24)
	Both (n=24)

	'PLA'
	8.26 (2.73), [7.84, 4.63-16.25]
	8.65 (2.49), [8.50, 4.22-12.87]
	8.45 (2.59) [8.47, 4.22-16.25]

	'THC'
	9.17 (3.07), [9.06, 5.08-18.00]
	9.92 (3.07), [9.63, 6.13-17.30]
	9.53 (3.06) [9.24, 5.08-18.00]

	'THC+CBD'
	*11.85 (3.43), [12.22, 5.27-20.80]
	*11.76 (4.37), [11.87, 5.57-19.30]
	ⱡ11.81 (3.87) [12.15, 5.27-20.80]


*n=1 missing; ⱡ n=2 missing.

[bookmark: _Toc117778725]3.6.3 Acute Coughing Rating
Greenhouse-Geisser correction was applied. There was no age-group by drug interaction (F(2,34)=0.490, p=0.539, η2p=0.014) there was a main effect of drug (F(2,34)=19.129, p<0.001, η2p,=0.360), but no main effect of age-group (F(1,34)=2.009, p=0.165, η2p=0.056). The main effect of drug was driven by higher ratings of coughing during ‘THC’ (t(34)=1.230, p=0.681, MD=0.158) and ‘THC+CBD’ (t(34)=4.748, p<0.001, MD=1.348) relative to ‘PLA’, and greater during ‘THC+CBD’ relative to ‘THC’ (t(34)=4.396, p<0.001, MD=1.19).




[bookmark: _Toc117778726]3.7 Exploring impact of inhalation time on THC plasma levels
Two MLMs were run to determine if inhalation time of second balloon explained any differences in THC plasma levels in ‘THC’ and ‘THC+CBD’. The addition of time to inhale second balloon as a fixed effect, time-varying predictor in Model 2 significantly improved model fit compared to Model 1: χ2Change=4.608, dfChange=1, p<0.05. Moreover, in Model 2, time to inhale second balloon was a significant predictor of THC plasma levels at T2 (B =1.1405, SE=0.638, p=0.03). However, Drug (dummy variable encoding ‘THC’ and ‘THC+CBD’) and between person variance (intercept) are still highly significant (Table S21). 
[bookmark: _Toc117778727]Table S21. Multilevel model results for THC plasma levels (T2)
	 
	
	Beta estimate
	S.E.
	P value
	-2LL

	Model 1
	Intercept
	27.834
	1.626
	<0.001
	699.934

	
	Drug
	-12.950
	1.719
	<0.001
	

	
	
	
	
	
	

	Model 2
	Intercept
	20.057
	3.877
	<0.001
	695.326

	
	Drug
	-11.946
	1.698
	<0.001
	

	 
	Time to inhale 2nd balloon
	1.405
	0.638
	  0.03
	


Intercept: between-person variance; Drug: ‘THC+CBD’ set to zero as reference. S.E.=standard error; -2LL= -2 log-likelihood



















[bookmark: _Toc117778728]4 Supplementary Discussion 

CBD’s effects
The presence of CBD appeared to increase ‘feel drug effect’, the PSI subscale cognitive disorganisation, and heart rate.  It should be noted that the scientific literature concerning the ability of CBD to moderate the acute effects of THC is mixed and inconclusive (26). Typically, CBD appears not to modulate or temper THC’s acute effects (26). However, one vaporisation study reported CBD-induced augmentation of THC’s effects in infrequent but not frequent users, using 8mg of THC and 4mg of CBD (27).
Pharmacokinetics of THC and CBD
THC and CBD plasma concentrations vary greatly, between individuals and between studies, even when similar doses are given via the same route of administration. Furthermore, the impact of CBD on THC plasma levels is unclear. In Arkell et al (2019)(28), two vaporised cannabis conditions containing 13.75mg THC produced peak THC plasma concentrations of ~34ng/ml and ~42ng/ml. In Arkell et al (2020) (29), doses of 13.75mg THC produced peak THC plasma concentrations of ~20ng/ml. While in Van de Donk et al (2019)(30), 22.4mg vaporised THC produced a mean peak plasma THC concentration of 82ng/ml. These studies co-administered CBD with the following doses: 13.75mg CBD(28), 13.75mg CBD (29), and 17.8mg CBD and 18.4mg CBD (30), producing peak CBD plasma concentrations of ~60ng/ml (28), ~15ng/ml (29) and 80ng/ml and 155ng/ml (30).
It is theoretically plausible that CBD could pharmacokinetically augment plasma THC levels but simultaneously pharmacodynamically reduce the effect of THC (26,30) via allosteric modulation of the CB1 receptor (31). This could reconcile the greater plasma THC levels with similar subjective and behavioural effects, seen here and elsewhere (28). Alternatively, the presence of placebo cannabis somehow inhibited the vaporisation of THC in the Bedrocan cannabis (in the ‘THC’ condition). Our differences in THC plasma level were not driven by a small number of outliers; 93% (n=42) of the participants with available data (n=45) had greater plasma THC levels in ‘THC+CBD’ than in ‘THC’ condition.
Participants took significantly longer to complete the inhalation procedure during ‘THC+CBD’ compared to ‘THC’. This could conceivably impact THC plasma levels at T2, as blood samples were always drawn at +20 minutes after the start of inhalation. Previous studies involving smoking cannabis found that THC plasma levels reached their peak before the end of smoking (around 3 minutes after the start of inhalation) (32,33). Results from exploratory analyses testing this hypothesis revealed that inhalation time of the second balloon was a significant predictor of THC plasma levels. This makes sense given that those who took longer to inhale the balloon would have finished inhaling closer in time to the blood sample being drawn (T2, +20 minutes). However, when accounting for inhalation time, there was still a large and significant effect of drug. These results suggest inhalation time might account in part, but not entirely, for differences in THC plasma levels. 
Trend effects
We also detected a trend interaction between age-group and drug for ‘anxious’, in which adults became more anxious following administration of active cannabis, but this was not seen in adolescents. Although this replicates the pattern of Mokrysz et al (2016) (1), it was not significant (p=0.062) and the effect size was half that of the previous study (our η2p=0.05, previous η2p=0.1). If we corrected for the number of VASs tested, this interaction would no longer be a trend. 

Key strengths
[bookmark: OLE_LINK101][bookmark: OLE_LINK102][bookmark: OLE_LINK107][bookmark: OLE_LINK108]Our study has numerous strengths. It is the first double-blind, placebo-controlled, randomised experiment to compare the acute effects of cannabis with and without cannabidiol in adolescents and adults. Our adolescent and adult cannabis users were carefully matched on cannabis use frequency, with similar means and distributions. Furthermore, most participants in both groups reported strong herbal cannabis to be their typical cannabis type, and they did not significantly differ on the estimated quantity of cannabis used on a day of use. Our adolescent and adult groups were generally well-matched, including on gender, socioeconomic status, ethnicity, problematic alcohol use, and frequency of illicit drug use. We biochemically verified drug abstinence using saliva tests and an alcohol breathalyser, which was corroborated by our pre-drug plasma results showing extremely low levels of THC and CBD at the start of each session. We measured plasma THC and CBD concentrations, again improving pharmacokinetic evidence on previous work (1,34). Our experiment was powered to detect an interaction between age-group and drug on PSI and we accounted for winner’s curse. We had 80% power to detect interactions on our outcome variables with an effect size of Cohen’s f≥0.24. Our experiment and primary outcome variables were registered on ClinicalTrials.gov and our analysis plan pre-registered on the Open Science Framework.
Further limitations
There were some group differences, namely adults had higher verbal intelligence, more frequent alcohol consumption, and less severe depression and anxiety symptoms, and lower impulsiveness than adolescents.
We recruited adults who began using cannabis at least weekly after age 18 to limit the impact of pre-18 cannabis use; however, adult cannabis users had a longer duration of use (since first trying cannabis) and had more lifetime days of cannabis use than adolescent cannabis users. It is theoretically possible that adolescent and adult cannabis users matched on lifetime cannabis exposure could show differential responses to cannabis, if long-term adult tolerance to cannabis counteracted natural adolescent tolerance. However, this hypothesis is not supported by existing work into tolerance to cannabis (35). In addition, it would be extremely difficult to recruit adolescent and adult cannabis users with matched lifetime cannabis histories.
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