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[bookmark: _Toc233784603] S1. Eligibility Criteria and Screening Procedure

[bookmark: _Toc233784604] S1.1 Screening Procedure

Prior to enrollment, a phone interview was conducted to assess general eligibility. Participants then completed two online questionnaires assessing sleep quality (Pittsburgh Sleep Quality Index, PSQI; Buysse et al., 1989), chronotype (Munich Chronotype Questionnaire, MCTQ; Roenneberg et al., 2003), daytime sleepiness (Epworth Sleepiness Scale, ESS; Johns, 1991), and physical and psychological well-being (respective subscales of the KIDSSCREEN; Ravens-Sieberer et al., 2014). Following successful questionnaire screening, participants spent an adaptation night in the sleep laboratory to rule out sleep disorders and confirm adequate sleep efficiency.

[bookmark: _Toc233784605]S1.2 In- and Exclusion Criteria
See Table M1 for In- and Exclusion Criteria. As this article is part of a bigger project, other requirements (like MRI compatibility) were also assessed.




	Aspect
	Exclusion Criterion
	Assessment modality

	Prior to study enrollment

	Age
	<14 years & >17 years
	Identity card

	Chronotype
	Extreme types (<3 MSFSC >6). If MSFSC not available (due to alarm clock on weekends) uncorrected midpoint of sleep (MSF) was used. 
	MCTQ (Roenneberg et al. 2003)

	Sleep Duration
	Extreme long or short sleep on school days (<7h or > 9h)
	MCTQ (Roenneberg et al. 2003)

	BMI
	P3<BMI-PC<P97
	Measured height and weight

	Caffeine
	Naivety, over sensitivity, or experienced/likely to have adverse effects due to  withdrawal
	Self-Report during telephone screening

	Alcohol
	Use likely to have contraindications and/or effects on outcome measures
	Self-Report during telephone screening

	Nicotine
	Any consumption
	Self-Report during telephone screening

	Drug use
	Use likely to have contraindications and/or effects on outcome measures
	Self-Report during telephone screening

	Medication use
	Use likely to have contraindications and/or effects on outcome measures
	Self-Report during telephone screening

	Physiological health 
	Any heart/cardiovascular/nephrological/endocrinological/
diabetic/metabolic/chronobiologic/psychiatric/neurological condition
	Self-Report during telephone screening

	Daytime Sleepiness
	Cut-off value: >10
	ESS (Johns, 1991)

	Sleep disorders
	Narcolepsy,
Sleep Apnoea: Index <10
Periodic limb movements: PLMI >5/h
	Polysomnography 

	Obj. sleep quality
Subj. sleep quality
	Sleep efficiency <70%
Cut-off value:  >5
	Polysomnography 
PSQI (Buysse et al., 1989)

	Physical wellbeing and mental health
	Cut-off value: T < 35 (Comparing with respective Swiss cohort)
	Respective subscales of KIDSCREEN-27 (Ravens-Sieberer et al., 2014)

	Shift work
	'Yes' response
	Self-Report during telephone screening

	Time zone travel
	'Yes' response
	Self-Report during telephone screening

	Participation in other clinical trials
	'Yes' response
	Self-Report during telephone screening

	Capacity to operate tasks, understand study language
	Inability to operate tasks or understand study language. 
	Interaction with experimenter and task understanding

	EEG compatibility
	Problems with EEG comfort
	Polysomnography 

	MRI Safety
	Any 'Yes' response
	MRI Safety Screening Questionnaire

	During study participation

	Caffeine abstinence
	≥1 times caffeine intake 
	Sleep diaries and saliva samples (post-experimental)

	Compliance to sleep-wake schedules
	≥1 deviation from sleep and wake-up time by >60 mins during stabilisation or >30 mins during experimental protocol 
	Actigraphy record and sleep diaries

	Drug use
	Any positive test for alcohol, amphetamine, benzodiazepines, cocaine, morphine/opioids, tetrahydrocannabinol and nicotine.
	Drug test by nal von Minden


Note. MCTQ = Munique Chronotype Questionnaire. ESS = Epworth Sleepiness Scale. PSQI = Pittsburgh Sleep Quality Index. EEG = Electroencephalography. MRI = Magnetic Resonance Imaging.



[bookmark: _Toc233784606]S2. Sample Size Determination

Sample size was initially determined using both Bayesian (ShinyApps BFDA; https://shinyapps.org/apps/BFDA/) and frequentist (G*Power 3.1.7.9; Faul et al., 2007) power analyses, informed by effect sizes for NREM slow-wave activity reported in prior work (Aepli et al., 2015; Reichert et al., 2021). The target was set at a maximum of 54 participants, constrained by available resources and a data-collection deadline of April 2025. 

[bookmark: _Toc233784607] S3. Participant Flow and Reimbursement

A total of 58 participants were enrolled. Sixteen withdrew after inclusion; three of these dropped out after completing their first experimental session. The final sample consisted of 45 participants, of whom 42 completed both experimental sessions. A CONSORT flow diagram is provided in Figure M1.


CONSORT 2025 Flow Diagram
Flow diagram of the progress through the phases of a randomised trial of two groups (that is, enrolment, intervention allocation, follow-up, and data analysis).


Figure M1. Consort Flow Diagram
[image: ]
Note. Taken from Hopewell S, Chan AW, Collins GS, Hróbjartsson A, Moher D, Schulz KF, et al. CONSORT 2025 Statement: updated guideline for reporting randomised trials. BMJ. 2025; 388:e081123. https://dx.doi.org/10.1136/bmj-2024-081123. 






Due to recruitment difficulties, participant compensation was increased from approximately 340 CHF to approximately 500 CHF during the study. Twenty participants who had already completed the study at the time of this change received the additional payment in December 2025. This deviation from the preregistration was timely reported in the preregistration. 

[bookmark: _Toc233784608]S4. Ambulatory Phase Details

[bookmark: _Toc233784609] S4.1 Sleep Schedule Determination

Sleep schedules during the stabilization phase (nights 1–3) were anchored to each participant's self-reported midpoint of sleep on school days. During the manipulation phase (nights 4–5), schedules were anchored to the midpoint of sleep on free days. This approach aimed at avoiding particularly early bedtimes during the SE condition, which may make it difficult to fall asleep (Taylor et al., 2005). The stabilization phase allowed a ±60-minute tolerance window around the prescribed 8-hour sleep opportunity. The manipulation phase allowed a ±30-minute tolerance window.

[bookmark: _Toc233784610] S4.2 Compliance Monitoring

Compliance with prescribed sleep schedules was monitored using wrist-worn accelerometers (ActiGraph LLC) to track sleep-wake behavior. Participants also completed daily online sleep-wake diaries administered via REDCap (Harris et al., 2009, 2019). Diary entries recorded subjective sleep quality, sleep and wake times, caffeine and alcohol consumption, and medication intake (see ). Compliance was evaluated by cross-referencing actigraphy data with diary entries. Deviations exceeding ±60 minutes during stabilization or ±30 minutes during the manipulation phase triggered protocol discontinuation and rescheduling.

[bookmark: _Toc233784611] S4.3 Participant Guidelines

Throughout each five-day ambulatory period, participants were instructed to maintain their prescribed sleep schedule, refrain from napping, avoid caffeine consumption, avoid drug use and smoking, avoid alcohol consumption, and avoid intensive physical exercise on the day of the laboratory recording (to minimize sweat-related EEG artifacts).


[bookmark: _Toc233784612] S5. Laboratory Evening Procedure

Participants arrived at the laboratory 5.5 hours before their individually scheduled bedtime. Upon arrival, adherence to the ambulatory sleep protocol was verified, and a urine drug test was conducted. From this point onward, participants remained under dim-light conditions (< 10 lux) at a constant room temperature of 21 °C.

The first dose of caffeine (2 mg/kg body weight) or placebo (mannitol) was administered in opaque capsules 3 hours before bedtime. This dose remains below the European Food Safety Authority (EFSA) recommended safe level of 2.5–3 mg/kg/day for adolescents (EFSA Panel on Dietetic Products, Nutrition and Allergies, 2015).

Before and after treatment administration, participants completed a test battery including cognitive and risk decision-making tasks, saliva sampling, and waking EEG recordings; these data will be reported elsewhere. The KSS was administered approximately every 50 minutes from arrival until bedtime (7 assessments total). The following morning, participants completed the LSEQ before being released. Standardized dinner and breakfast were provided.

[bookmark: _Toc233784613] S5.1 Compensation

Total compensation consisted of a fixed payment of 380 CHF plus up to approximately 120 CHF in performance-based bonuses from cognitive and risk taking tasks, resulting in approximately 500 CHF total.
[bookmark: _Toc233784614]S6. Manipulation Check: Salivary Caffeine Concentration

Salivary caffeine concentrations were assessed at seven timepoints on the experimental night, spanning from approximately 2.5 hours before to 30 minutes before caffeine or placebo administration (samples 1–3), and from 20 minutes to approximately 163 minutes after administration (samples 4–7), with sample 7 representing the last pre-bedtime measure. Concentrations were measured in ng/ml. To evaluate whether administered caffeine reached concentrations sufficient to affect sleep physiology, we applied the plasma caffeine threshold of 7.4 µmol/L identified by 1 as associated with reductions in EEG delta power during sleep. This plasma threshold was converted to a salivary equivalent using the established saliva-to-plasma concentration ratio of 0.74 ± 0.08 reported by 2. The conversion was performed as follows:

Salivary threshold (ng/mL) = plasma threshold (µmol/L) × molecular weight of caffeine (194.19 g/mol) × saliva:plasma ratio

7.4 µmol/L × 194.19 g/mol = 1,437 ng/mL in plasma, multiplied by the conservative saliva:plasma ratio of 0.74 yields a salivary equivalent of approximately 1063 ng/ml. At the final pre-bedtime sample (sample 7), mean salivary caffeine concentration was 1850 ± 870 ng/mL (n = 44), with 84.1% of participants exceeding this threshold. Salivary caffeine concentrations did not differ significantly between SE and SR conditions at sample 7 (SE: M = 1851 ng/mL, SR: M = 1883 ng/mL; t(37.9) = −0.12, p = .905) or when averaged across samples 4–7 (SE: M = 1,764 ng/mL, SR: M = 1,883 ng/mL; t(35.3) = −0.46, p = .65), confirming comparable caffeine absorption across sleep history groups.
[bookmark: _Toc233784615]S7. Polysomnography Recording Details

Polysomnography was recorded using a 32-channel LiveAmp system (Brain Products GmbH; Ag/AgCl electrodes; firmware version 4.76) with electrode caps (EasyCap GmbH) and BrainVision Recorder Professional (v1.26.0001). The montage comprised 23 EEG channels positioned according to the international 10–20 system, bipolar submental electromyography (EMG), electrooculography (EOG; horizontal left and right, vertical), and electrocardiography (ECG). Signals were recorded at a sampling rate of 500 Hz with an online reference to FCz and a 50 Hz notch filter. Impedances were maintained below 10 kΩ at recording onset. Recordings were conducted in a temperature-controlled (21 °C) and sound-attenuated bedroom.

[bookmark: _Toc233784616] S8. Sleep Staging Procedure

[bookmark: _Toc233784617] S8.1 Preprocessing for Staging

EEG channels were re-referenced to contralateral mastoids (C4–M1 by default; C3–M2 if C4–M1 was excessively noisy) in BrainVision Analyzer (v1.22.0001), consistent with AASM guidelines (v2.4). No night lacked both derivations. Recordings were then exported as EDF+ files and processed in Python using Jupyter Notebook.

[bookmark: _Toc233784618] S8.2 Automated and Manual Staging

Sleep was staged in 30-second epochs from lights-off to lights-on using YASA (v0.6.5; Vallat & Walker, 2021) based on one EEG channel (C4–M1 or C3–M2), one EMG channel, and one EOG channel. Automated staging was followed by manual review by three trained scorers who were blind to treatment condition (caffeine vs. placebo). Nights flagged for inconsistencies — such as discrepancies between time–frequency plots and the hypnogram, unusually high proportions of N1 sleep, or missing REM cycles — were re-evaluated by the first author and, when needed, adjudicated with the two other scorers to reach consensus.

[bookmark: _Toc233784619] S8.3 Derived Sleep Parameters

The following standard sleep architecture metrics were derived from the final hypnograms: total sleep time (TST), sleep onset latency (SOL; time from lights-off to first epoch of N2 sleep), wake after sleep onset (WASO; total wake time between sleep onset and final awakening), sleep efficiency (SE%; TST divided by time in bed × 100), and time (minutes) and proportion of total sleep time spent in N1, N2, N3, and REM sleep.

[bookmark: _Toc233784620] S9. Slow-Wave Activity and Slow-Wave Energy Processing

[bookmark: _Toc233784621] S9.1 EEG Preprocessing

Offline EEG data were notch-filtered at 50 Hz and 100 Hz and band-pass filtered between 0.5 and 30 Hz using a zero-phase FIR filter (firwin function; Hamming window; two-pass for the band-pass), then downsampled to 256 Hz. Signals were re-referenced to linked mastoids (average of M1 and M2) when both channels were available. In four cases, only a unilateral mastoid was available; the same unilateral reference was used for both nights of that participant to preserve within-subject comparability.

[bookmark: _Toc233784622] S9.2 Artifact Rejection

Automated artifact rejection was performed using YASA's multichannel Riemannian artifact detection function (art_detect; v0.6.5) on continuous EEG in 30-second windows matched to scoring epochs. Detection used a 2.5-SD threshold with covariance-based features (method = "covar"), requiring a minimum of 5 channels. Primary channels were F3, F4, C3, and C4; if any of these were excluded based on signal quality, backup channels (Fz, Cz, Pz) were substituted until at least five channels were available. The hypnogram was upsampled to the EEG sampling rate to enable stage-specific covariance estimation within N2 and N3 sleep. Artifact flags were mapped directly onto 30-second epochs. All slow-wave analyses were restricted to artifact-free epochs scored as NREM sleep (N2 + N3).
[bookmark: _Toc233784623]S9.3 Special Nights
During visual inspection of the raw recordings, two nights (out of 87) showed pronounced, rhythmic, large-amplitude oscillatory activity in both mastoid channels that would have contaminated the full montage when applying a linked-mastoid reference. For these two nights only, the consistently bad channel F3 (lost electrode) was excluded and data high-pass filtered at 0.5Hz (order 2). Artifact correction was then performed using FastICA in BrainVision Analyzer. Components were identified as mastoid-related artifacts based on (i) a time course dominated by the same high-amplitude rhythmic waveform observed in the mastoid channels (with weaker expression at frontal sites such as Fp1/Fp2), and (ii) a spatial pattern consistent with a mastoid-centered source rather than a neurogenic scalp distribution. These components were removed (3 for one night; 4 for the other), after which data were re-referenced to the average of the left and right mastoids (linked mastoids), consistent with the procedure used for the full dataset.


[bookmark: _Toc233784624] S9.4 Spectral Analysis

SWA was quantified as absolute spectral power in the delta range (0.75–4.5 Hz) during N2 + N3 sleep. Power spectral density was computed per artifact-free 30-second epoch and channel using Welch's method (Hann windows, 4-second segments, 50% overlap; density scaling in µV²/Hz; median averaging across segments). For the a priori frontal region of interest, nightly SWA estimates were derived by averaging across F3 and F4; if one electrode was unavailable, the remaining channel was used.

[bookmark: _Toc233784625] S9.5 Slow-Wave Energy Computation

Slow-wave energy (SWE; µV²·s) was computed as the cumulative sum of SWA across retained N2 + N3 epochs, weighted by epoch duration: SWE = Σ(SWA_epoch × 30 s). Compared with SWA, which indexes slow-wave intensity at a given moment, SWE provides a complementary measure that incorporates both intensity and time spent in N2 + N3 sleep, thereby capturing cumulative slow-wave production across the night or within selected analysis windows.

[bookmark: _Toc233784626] S9.6 Time Windows

To capture temporal dynamics across the night, SWA and SWE were summarized within predefined windows relative to lights-off: the first hour (0–1 h), the first six hours (0–6 h), and the full sleep opportunity (6 h for SR; 9.5 h for SE). Within each window, SWA was summarized as the mean across all retained N2 + N3 epochs. SWE was computed as the cumulative sum within each window.


[bookmark: _Toc233784627] S10. Subjective Measures

[bookmark: _Toc233784628] S10.1 Karolinska Sleepiness Scale (KSS)

Momentary sleepiness was assessed using the KSS (Åkerstedt & Gillberg, 1990), a single-item 9-point scale ranging from 1 ("extremely alert") to 9 ("very sleepy/fighting sleep"). Participants completed the KSS at seven timepoints during the laboratory evening, approximately every 50 minutes from arrival until bedtime.

For statistical analysis, post-treatment effects were isolated by restricting the analysis to KSS assessments 4–7 (post-administration). The pre-treatment assessment (KSS 3, administered immediately before capsule ingestion) was extracted within each participant × session combination and used as a session-specific baseline covariate. This baseline was mean-centered so that the model intercept reflects expected post-dose sleepiness at the sample-average baseline level. Time was modeled as an integer index relative to the first post-dose assessment (time_post = KSS number − 4, yielding values 0–3 for KSS 4–7).

[bookmark: _Toc233784629] S10.2 Leeds Sleep Evaluation Questionnaire (LSEQ)

Subjective sleep evaluation was assessed the morning after each experimental night using the LSEQ (Parrott & Hindmarch, 1980), a 10-item self-report instrument capturing perceived changes in sleep and early-morning behavior. Items are grouped into four domains: Getting to Sleep (GTS; ease and speed of falling asleep), Quality of Sleep (QOS; perceived depth and restfulness), Awakening from Sleep (AFS; ease of waking), and Behavior Following Wakefulness (BFW; alertness and coordination upon waking). Responses are recorded on 100-mm visual analogue scales anchored by opposing statements (e.g., "more difficult than usual" to "easier than usual"), with the midpoint (50 mm) indicating no perceived difference relative to a typical night.


[bookmark: _Toc233784630]S11. Statistical Analysis: Detailed Specifications

[bookmark: _Toc233784631] S11.1 General Model Structure

All outcomes were analyzed in a Bayesian mixed-effects framework. Each model included fixed effects for treatment (coded 0 = placebo, 1 = caffeine), sleep history (coded 0 = SE, 1 = SR), their two-way interaction, sex (0 = male, 1 = female), and age group (0 = 14–15.99 years, 1 = 16–17.99 years). All models included a participant-specific random intercept to capture between-person variability. The general model was specified as:

y_i = α + β₁·treatment_i + β₂·sleepHistory_i + β₃·(treatment × sleepHistory)_i + β₄·sex_i + β₅·age_i + u_participant + ε_i

with u_participant ~ Normal(0, σ_u²).

The reference condition was sleep extension (SE) under placebo, against which all regression coefficients were estimated. 

[bookmark: _Toc233784632] S11.2 Posterior Sampling

Posterior inference used the No-U-Turn Sampler (NUTS) with 4 chains, 10,000 warm-up iterations and 10,000 posterior draws per chain (40,000 total draws), and a target acceptance probability of 0.90 for sleep parameters, slow-wave analyses, KSS models, and 0.97 for LSEQ models. Convergence was assessed using R̂ (all < 1.01), bulk and tail effective sample sizes (ESS), number of divergent transitions, and energy Bayesian fraction of missing information (E-BFMI).
[bookmark: _Toc233784633] S11.3 Posterior Contrasts

To aid interpretation of the treatment × sleep-history interaction, posterior contrasts were derived directly from the fitted model's posterior draws without refitting. These included: (i) marginal main effects averaged across the other factor (50/50 weighting, reflecting the balanced 2 × 2 design), and (ii) contrast effects conditional on the other factor (e.g., caffeine effect under SR only, or sleep-history effect under placebo only).

[bookmark: _Toc233784634] S11.4 Bayes Factors

Bayes factors (BF10) for all contrasts were calculated using the Savage–Dickey density ratio. For each contrast, the implied prior distribution was derived analytically from the regression coefficient priors, and the BF₁₀ was computed as the ratio of prior to posterior density at zero.

[bookmark: _Toc233784635] S11.5 Regions of Practical Equivalence (ROPE)

Practical equivalence was assessed by computing the posterior probability that an effect fell within a pre-specified ROPE. ROPE boundaries were defined on the natural outcome scale based on prior literature or clinical/practical relevance:

| Outcome | ROPE | Rationale |
| Sleep-stage durations | ±15 min | Short et al., 2018; Skorucak et al., 2021 |
| Sleep-stage durations 1st hour | ±5 min | self-defined, aligned to Sleep latencies |
| Sleep latencies | ±5 min | Short et al., 2018; Skorucak et al., 2021 |
| Sleep efficiency | ±2.5 percentage points | Short et al., 2018; Skorucak et al., 2021 |
| SWA and SWE (log10 scale) | ±log10 (1.10) ≈ ±0.04, corresponds to ±10% change on raw scale | post-hoc cohens’ d calculation revealed that 10% are a bit lower than an effect size of 0.2.
| KSS | ±0.5 units | self-defined |
| LSEQ subscales | ±5 points | self-defined |


We report the posterior probability of effects falling within the ROPE (P(|β| < ROPE)) as well as tail probabilities beyond the ROPE. ROPE probabilities were computed post hoc from posterior draws.

[bookmark: _Toc233784636] S11.6 Sleep Parameters Model

Sleep architecture parameters were analyzed separately for each time window (0–1 h, 0–6 h, and full recording). The 6-h window served as the primary comparison (equating available sleep time across groups). The 1-h window was used to examine early-night processes relevant to sleep homeostasis. The full-recording window (6 h for SR vs. 9.5 h for SE) tested whether caffeine effects differ when SE participants have the opportunity to express late-night sleep architecture while SR participants are constrained by the imposed sleep opportunity.

Outcome distributions were selected based on scale properties and empirical skewness: Gamma or lognormal likelihoods for duration measures (in minutes), and Beta likelihoods for proportions. Weakly informative priors were specified as follows:

- Population-level regression coefficients: β ~ Normal(0, 1)
- Participant-level random-intercept SD: σ_u ~ HalfNormal(1)
- Likelihood-specific scale parameters: HalfNormal priors with scales appropriate to each distributional family.

The dataset comprised 87 nights from 45 participants.

[bookmark: _Toc233784637] S11.7 Slow-Wave Activity and Slow-Wave Energy Model

SWA and SWE were analyzed on the log₁₀ scale using a Student-t likelihood with fixed degrees of freedom (ν = 10) to reduce sensitivity to outliers and heavy tails. Each time window (0–1 h, 0–6 h, full recording) was modeled separately. Priors:

- Regression coefficients: β ~ Normal(0, 0.5), reflecting plausible effect sizes on the log₁₀ scale
- Random-intercept SD: σ_u ~ HalfNormal, with scale informed by observed between-participant variability
- Residual SD: σ ~ HalfNormal, with scale informed by observed within-participant variability in each outcome

The dataset comprised 87 nights from 45 participants.
[bookmark: _Toc233784638] S11.8 Subjective Sleepiness (KSS) Model

The KSS model extended the general structure with additional fixed effects for time_post (integer 0–3) and mean-centered baseline sleepiness (KSS 3). The full model was:

Tiredness_i = α + β₁·treatment_i + β₂·sleepHistory_i + β₃·(treatment × sleepHistory)_i + β₄·time_post_i + β₅·baseline_c_i + β₆·sex_i + β₇·age_i + u_participant + ε_i

A Gaussian likelihood was used. Priors:

- Intercept: α ~ Normal(0, 2)
- Regression coefficients: β ~ Normal(0, 1)
- Residual SD: σ ~ HalfNormal(2)
- Random-intercept SD: σ_u ~ HalfNormal(1)

The dataset comprised 345 observations from 45 participants across post-treatment assessments.

[bookmark: _Toc233784639] S11.9 Subjective Sleep Evaluation (LSEQ) Model

Each LSEQ subscale (GTS, QOS, AFS, BFW) was modeled separately using the general model structure with a Student-t likelihood (fixed ν = 10) to accommodate mild deviations from normality. Analyses were performed on the original 0–100 scale. The dataset consisted of 85 observations. Priors:

- Intercept: α ~ Normal(M_observed, 10), centered on the observed outcome mean for computational stability
- Regression coefficients: β ~ Normal(0, 10)
- Participant-level SD: σ_u ~ HalfNormal(10)
- Residual scale: σ ~ HalfNormal(15)

The dataset comprised 85 observations from 45 participants.
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All analyses were implemented in Python using PyMC (v5) for model specification and posterior sampling, and ArviZ for posterior diagnostics and summarization. EEG preprocessing and spectral analysis used BrainVision Analyzer (v1.22.0001), YASA (v0.6.5; Vallat & Walker, 2021), and MNE-Python. Study data were collected and managed using REDCap electronic data capture tools (Harris et al., 2009, 2019).
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