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Abstract
Introduction  Perimenopause (PERI) women experience cognitive dysfunction, sleep disturbances, and menopause-related 
symptoms, yet few accessible and time-efficient interventions have been evaluated. The purpose of the current study was to 
determine the impact of creatine monohydrate (CM) during six weeks of high-intensity resistance training (HIRT) on cogni-
tion, sleep, and menopause symptoms in PERI females. 
Methods  PERI females (n = 51; Age: 46 ± 5 yrs) were randomized to CM (n = 18), placebo (PLA) (n = 20), or a non-training 
control (CON) group (n = 13). CM and PLA groups completed a 5-day loading phase (20 g·day⁻¹) followed by six weeks of 
maintenance (~ 4.5 g·day⁻¹) combined with twice-weekly progressive HIRT. Cognitive performance (Stroop, Rey 15-item 
memory test) and prefrontal oxygenation via functional near-infrared spectroscopy were assessed at baseline (BASE), pre- 
(PRE), and post-training (POST). Sleep and self-reported menopause symptoms (temperature sensitivity, fatigue, soreness, 
brain fog, and bloating) were monitored daily using a WHOOP wearable wristband. 
Results   Stroop reaction time improved over time (congruent: p < 0.001; incongruent: p = 0.004) with no group differences. 
Prefrontal oxygenation during the Stroop test increased with CM at POST (+ 0.32 ± 2.01%) compared to a decrease with PLA 
(− 1.62 ± 2.01%; p = 0.003). Sleep consistency showed a time × treatment interaction (p < 0.001), with higher consistency in 
CM than PLA at week 6 (baseline-adjusted mean difference: +7.4% points, p = 0.015). 
Conclusions  In this exploratory analysis, CM combined with HIRT was associated with greater prefrontal oxygenation, 
higher sleep consistency, and fewer self-reported temperature sensitivity days relative to PLA in PERI females.
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6RM	� Six-repetition maximum
BMI	� Body mass index
FSH	� Follicle-stimulating hormone
MD	� Mean difference
OR	� Odds ratio
CI	� Confidence interval
SD	� Standard deviation

Introduction

Each year, over a million women in the United States go 
through the menopause transition and are often met with 
significant physiological changes (El Khoudary et al. 2019; 
Khoudary et al. 2020; Talaulikar 2022; O’Reilly et al. 2023). 
Specifically, the perimenopausal (PERI) period is marked 
by reduced cognition (Metcalf et al. 2023), sleep disruptions 
(Troìa et al. 2025), and a host of menopause symptoms such 
as hot flashes, brain fog, and elevated fatigue (Monteleone 
et al. 2018). In a recent community cohort of 14,234 women 
aged 45–55 years, including 4,044 PERI, those in PERI had 
higher odds of reporting poor memory, brain fog, and sleep 
difficulties than premenopausal females (Naysmith et al. 
2026).

Evidence regarding the effects of exercise on these out-
comes in PERI females remains limited and has focused 
primarily on aerobic exercise. A meta-analysis of 12 ran-
domized trials involving 1,493 PERI females found a small-
to-moderate improvement in self-reported sleep outcomes, 
although the included interventions primarily involved aer-
obic exercise, walking, and yoga (Zhao et al. 2023). Acute 
aerobic exercise has improved Stroop reaction time (Koto-
poulea-Nikolaidi et al. 2019; Wu et al. 2024). Evidence for 
sleep is similar with eight weeks of aerobic exercise reduced 
Pittsburgh Sleep Quality Index scores from 19.99 ± 3.69 
to 10.23 ± 4.94 in PERI females with sleep disturbances, 
although the study lacked a control group (Zhao et al. 2022).

Resistance training is an effective strategy for improving 
strength, muscle, and physical function (Currier et al. 2026), 
cognition (Dhahbi et al. 2025; Oporto-Colicoi et al. 2025), 
sleep (Kovacevic et al. 2018; Cunha et al. 2025), and even a 
reduction of hot flashes in post-menopausal females (Berin 
et al. 2019; Capel-Alcaraz et al. 2023; Nilsson et al. 2024). 
However, most middle aged women note a lack of time as a 
major barrier for regular engagement in exercise (Kimberly 
et al. 2018; Vasudevan and Ford 2022; Stimson et al. 2024). 
High intensity resistance training (HIRT) is an evidence-
based time-efficient exercise modality for improving lean 
body mass, strength, and cardiometabolic health (Wingfield 
et al. 2015; Pihoker et al. 2019; Moro et al. 2020; Cabre 
et al. 2022). Importantly, exercise paradigms incorporating 
moderate-to-high intensity resistance exercise have been 

associated with improvements in executive function, mood, 
sleep quality, and fatigue, potentially through enhanced 
cerebral blood flow, neurotrophic signaling, and metabolic 
regulation (Sudo et al. 2022; Buzdagli et al. 2024).

Creatine monohydrate (CM) supplementation has been 
associated with improvements in cognition and sleep, 
potentially through its role in phosphocreatine buffering and 
adenosine triphosphate maintenance, with prior research 
demonstrating increased cerebral high-energy phosphates 
following supplementation (Candow et al. 2023). In a ran-
domized crossover study of 15 young adults undergoing 
sleep deprivation, a single 0.35 g·kg⁻¹ dose of CM increased 
cerebral total creatine by 5.3% and improved processing 
speed by approximately 10.6–18.4% across language, logic, 
and numerical tasks (Gordji-Nejad et al. 2024). In 21 natu-
rally menstruating females completing twice-weekly resis-
tance training, six weeks of CM supplementation resulted 
in approximately 48 min more sleep on training days than 
placebo (PLA), although habitual sleep duration and self-
reported sleep quality did not improve (Aguiar Bonfim Cruz 
et al. 2024). Direct evidence during the menopause transi-
tion remains limited; however, a small trial of 36 PERI and 
postmenopausal females found that eight weeks of creatine 
hydrochloride improved reaction time by 6.6% compared 
with 1.2% with PLA and increased frontal brain creatine 
by 16.4% compared with 0.9% with PLA (Korovljev et 
al. 2026). In addition, CM supplementation may support 
thermoregulation by enhancing cellular hydration and fluid 
balance, a mechanism that could be relevant to menopause-
related temperature sensitivity, although this relationship 
has not been directly established (Deminice et al. 2015; 
Moore et al. 2023). The effects of CM may be particularly 
relevant during the menopause transition, where hormonal 
fluctuations contribute to impaired cognition, disrupted 
sleep, altered thermoregulation, and neurological symptoms 
such as brain fog and fatigue (Weber et al. 2014; Troìa et 
al. 2025).

Although HIRT and CM supplementation may offer 
meaningful benefits during this midlife transition, no stud-
ies to date have specifically examined the effects of CM 
supplementation alongside HIRT on cognition, sleep, and 
menopause symptoms in PERI females. Therefore, the pur-
pose of this study was to determine the effects of CM sup-
plementation (loading and maintenance) during a six-week 
HIRT program on cognitive performance (scores & prefron-
tal oxygenation), wearable-derived sleep characteristics, 
and self-reported menopause symptoms in PERI females.
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Materials and methods

Participants

Perimenopausal females (n = 51) were enrolled in the 
study (Fig.  1; Table  1). Eligibility was confirmed via an 
initial screening survey followed by a telephone screen-
ing and a health/medical history questionnaire. Inclusion 
criteria included females aged 38–60 yrs who were transi-
tioning through perimenopause (defined by the North Amer-
ican Menopause Society), alongside confirmation of either 
(1) ≥ 2 months of self-reported menstrual cycle irregularity 
or (2) the presence of ≥ 2 perimenopause-related symptoms 
as defined by the questionnaire (Table 1).

Participants were recreationally active with at least 30 min 
of moderate intensity activity per week, but less than 3 days 
of progressive resistance training per week. Exclusion crite-
ria included recent musculoskeletal injury limiting exercise 
participation, current use of CM or performance-enhancing 
supplements, pregnancy, and the presence of depression, 
anxiety, sleep-disorders or taking sleep-medication medi-
cal conditions or medications. All study procedures were 
approved by the University’s Institutional Review Board, 
and participants provided written informed consent prior to 
participation. This trial was registered at ClinicalTrials.gov 
(NCT07027800).

Experimental design

This study used a randomized, double-blind, PLA-con-
trolled, parallel-group design with an additional non-blinded 
control (CON) group. Following enrollment, participants 
completed an initial testing session (BASE) in which a 
WHOOP 5.0 wearable device (WHOOP, Inc., Boston, MA) 
was supplied, and cognitive assessments were performed 

while wearing an functional near infrared spectroscopy 
(fNIRS) device (PortaLite MKII, Artinis Medical Systems, 
Elst, The Netherlands) (Fig. 2). Participants were asked to 
wear the WHOOP band continuously throughout the study 
to track their sleep. Following the BASE visit, participants 
were randomized using a computer-generated block alloca-
tion scheme in a 2:2:1 ratio to CM, PLA, or CON. Partici-
pants assigned to CM or PLA completed a 5-day loading 
phase (20 g per day) and came back for a second visit (PRE). 
Because the WHOOP device was issued at BASE, wearable 
sleep and journal data began with supplementation and no 
pre-supplementation wearable data exist. The 7-day period 
preceding HIRT (hereafter Pre-HIRT), which encompassed 
the 5-day loading phase, therefore served as the reference 
period for the sleep and symptom analyses. This period was 
anchored to the initiation of HIRT so that training began 
after loading was complete, when muscle creatine stores in 
the CM group were expected to be saturated, and so that 
WHOOP sleep metrics that require several nights of data 
(see Sleep) were available before HIRT. Pre-HIRT is an on-
supplement reference period and not an untreated baseline; 
it is distinct from the laboratory BASE visit (see Limita-
tions). For the PRE visit, the same tests were completed 
as the BASE visit. Participants in the CM or PLA group 
continued with the assigned treatment a maintenance dose 
(~ 4.5 g CM per day in gummy form; Create Wellness Inc®) 
combined with a twice weekly 6-week progressive HIRT. 
Following the six weeks, all groups completed POST test-
ing. The CON group participated in all testing visits (BASE 
and POST) and were asked to maintain their current exer-
cise routine throughout the 6-weeks but did not come in for 
training sessions. For all laboratory testing visits, partici-
pants arrived after an overnight fast and were instructed to 
refrain from vigorous exercise (24 h) and caffeine/alcohol 
(12  h) prior to testing. Hydration status was assessed via 

Fig. 1  Consort Diagram 
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urine specific gravity using a refractometer and partici-
pants had to have a urine specific gravity of ≤ 1.025 A.U. 
These data were collected as part of a larger pilot random-
ized trial examining the effects of CM supplementation and 
six weeks of HIRT, for which muscle quality and strength 
were the registered primary outcomes (ClinicalTrials.gov: 
NCT07027800).

Exposures

Creatine supplementation

Participants assigned to the CM group completed a 5-day 
loading phase of 20  g·day⁻¹ divided into four 5  g doses 
(5  g Creapure® [AlzChem Trostberg GmbH, Trostberg, 
Germany] + 2  g sugar-free Crystal Light® [Kraft Heinz, 

Chicago, IL, USA] per serving) mixed with 4–6 oz of water, 
followed by a maintenance dose of CM in gummy form 
(3 gummies: ~4.5 g·day⁻¹; 33 kcal; 8 g carbohydrate; 5 g 
sugar; Create Wellness Inc®, New York, NY, USA) daily 
for six weeks. Participants assigned to the PLA group com-
pleted a matched 5-day loading phase (~ 14 g·day⁻¹ divided 
into four 3.5  g doses of sugar-free Crystal Light® [Kraft 
Heinz, Chicago, IL, USA]) mixed with 4–6 oz of water, fol-
lowed by PLA gummies (Welch’s® Fruit Snacks; Promo-
tion in Motion Companies, Inc., Allendale, NJ, USA; 3 fruit 
snacks; 30 kcal; 7 g carbohydrate; 4.3 g sugar) daily for six 
weeks. Supplements were packaged in opaque containers 
by a study team member not involved in data collection to 
maintain blinding, and both participants and investigators 
were blinded to CM versus PLA assignment. During the 
5-day loading phase, supplements were provided in pre-
measured opaque cups that participants were required to 
return, and during the daily supplementation phase, supple-
ments were distributed in individual opaque bags that were 
also returned to monitor compliance. The CON group was 
not blinded and completed BASE and POST testing only 
without supplementation or participation in HIRT.

High-intensity resistance training

The HIRT intervention consisted of two supervised ses-
sions per week for six weeks. Each session began with a 
self-selected warm-up (5 min of treadmill walking at a self-
selected pace), followed by leg press, bench press, lunges, 
shoulder press, biceps curl, and triceps extension (Wing-
field et al. 2015; Pihoker et al. 2019; Cabre et al. 2022). 
Participants were instructed to complete three sets of 6–10 
repetitions per exercise with 30 s of rest between sets and 
120 s between exercises. Training loads were individualized 
based on baseline strength testing, with initial loads set at 
75% of one-repetition maximum (1RM) for leg press and 
bench press and 75% of 6-repetition maximum (6RM) for 
accessory exercises (lunges, shoulder press, biceps curl, and 
triceps extension). Load progression occurred when partici-
pants completed at least two sets of 10 repetitions at the pre-
scribed weight; during the subsequent session, lower-body 
exercises (leg press and lunges) were increased by 10% and 
upper-body exercises (bench press, shoulder press, biceps 
curl, and triceps extension) were increased by 5%. For the 
accessory exercises (lunges, shoulder press, biceps curl, 
and triceps extension), initial loads were set at 75% of the 
estimated 6RM. Both training groups completed the same 
HIRT program using identical intensity and progression 
criteria. Although individual loads progressed according to 
performance, total training volume did not significantly dif-
fer between CM and PLA.

Table 1  Baseline Participant Characteristics
Total
(n = 51)

Demographics
 Age (years) 46 ± 5
 Height (cm) 164 ± 7
 Weight (kg) 69 ± 11
 Body Mass Index (kg/m2) 25.5 ± 4.0
 White race, n (%) 42 (82)
 Hispanic ethnicity, n (%) 4 (8)
Menopausal Transition Characteristics
 Self-identified as menopausal transition, n (%) 51 (100)
 Reported ≥ 5 menopause-related symptoms, n (%) 51 (100)
 Menstrual cycles irregular, n (%) 18 (35)
 Menstrual periods less than once/month, n (%) 8 (16)
 Menstrual periods more than once/month, n (%) 4 (8)
 Recent change in bleeding duration, n (%) 28 (55)
 Intermenstrual spotting/bleeding, n (%) 17 (33)
 Recently heavier menstrual bleeding, n (%) 8 (16)
 Days since last menstrual period, days 35 ± 52 days
 Amenorrhea ≥ 60 days, n (%) 7 (14)
Hormonal Status
 Menopausal hormone therapy use, n (%) 15 (29)
 Hormonal contraceptive use, n (%) 8 (16)
 Intrauterine device use (hormonal, non-hormonal) 13 (25%)
 Serum FSH, mIU/mL 23.6 ± 29.5
 Serum FSH > 25 mIU/mL, n (%) 15 (29)
Values are presented as mean ± standard deviation. Participants 
(n = 51) were randomized to creatine monohydrate, placebo, or con-
trol groups in a 2:2:1 allocation. Baseline (BASE) characteristics 
were assessed prior to the loading phase and HIRT intervention. 
There were no significant differences between groups at BASE. Peri-
menopausal status was determined from self-reported menstrual his-
tory and menopause-related symptom burden rather than physician 
diagnosis. All participants reported at least five menopause-related 
symptoms. Due to hormonal contraceptive use (39%) and meno-
pausal hormone therapy use (25%), definitive STRAW + 10 staging 
was not possible in all participants. Menstrual characteristics, symp-
tom burden, and hormonal measures are therefore presented to char-
acterize reproductive-aging status
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Outcomes

Cognition

Cognition was assessed using two standardized tasks: the 
2-min demo version of Stroop test (executive function/
inhibitory control) administered through the PsyToolkit 
(Scarpina and Tagini 2017) and the Rey 15-item memory 
test (short-term visual memory) (Goldberg and Miller 
1986). The 2-min PsyToolkit Stroop demonstration con-
sisted of 40 trials, with participants using the r, g, b, and 
y keyboard keys to identify the displayed font color. Con-
gruent, incongruent, and incongruent-congruent reaction 
times were recorded from the output. Cognitive testing was 
administered at BASE, following the 5-day loading phase 
and before training (PRE), and following the 6-week HIRT 

intervention (POST) using standardized instructions and 
testing conditions in the morning. The same standardized 
PsyToolkit Stroop task was administered at each testing 
visit, with the trial sequence randomized at each admin-
istration. The BASE assessment, conducted before sup-
plementation loading, served as familiarization with the 
cognitive tasks, whereas the post-loading PRE assessment 
served as the baseline for evaluating changes during HIRT. 
Investigators responsible for processing the cognitive data 
remained blinded to CM versus PLA assignment. Oxygen-
ation during cognitive testing was assessed using a contin-
uous-wave fNIRS device (PortaLite MKII, Artinis Medical 
Systems, Elst, The Netherlands) positioned over the left 
frontal region. The device uses near-infrared wavelengths 
of approximately 760 and 850 nm and three long source-
detector separations of approximately 29, 35, and 41 mm. 

Fig. 2  Experimental overview. Perimenopausal females completed 
baseline testing (BASE), including cognitive assessments and func-
tional near-infrared spectroscopy (fNIRS) measurements while wear-
ing a WHOOP 5.0 device. Participants were randomized to creatine 
monohydrate (CM), placebo (PLA), or control (CON). Following 
BASE testing, participants completed a 5-day loading phase consisting 
of CM powder (20 g·day⁻¹), placebo powder, or no supplementation, 
followed by a pre-training visit (PRE). Participants then completed 
a 6-week high-intensity resistance training (HIRT) intervention with 

CM gummies (~ 4.5  g·day⁻¹), placebo gummies, or no intervention. 
Wearable outcome windows were categorized as Pre-HIRT (the 7 days 
preceding the start of HIRT, encompassing the supplement loading 
period), Early (Week 2 of HIRT), Middle (Week 4 of HIRT), and Late 
(Week 6 of HIRT), with final testing conducted at POST. Outcome 
assessments included Stroop and Rey 15-item memory test, prefron-
tal oxygenation measured using functional near-infrared spectroscopy 
(fNIRS) via tissue saturation index, and continuous sleep and recovery 
monitoring using the WHOOP 5.0 wearable device
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Tissue saturation index (TSI) was calculated by the device 
using spatially resolved spectroscopy across these source-
detector distances. Data were acquired at a sampling fre-
quency of 100 Hz using OxySoft (Artinis Medical Systems, 
Elst, The Netherlands). Probe placement was standardized 
by measuring a fixed distance above the eyebrow (3 cm) and 
to the left (3 cm) of the midline of the forehead (Boushel 
and Piantadosi 2000; Jones et al. 2016). The device was 
secured with tape and an opaque headband to minimize 
ambient light. Participants rested for five minutes before 
the commencement of each cognitive test to have a stan-
dardized baseline for fNIRS recordings. Outcomes derived 
from fNIRS included tissue saturation index (TSI) peak and 
average during the Stroop and the Rey 15-item memory test 
tasks.

Sleep

Sleep was assessed using a wrist-worn WHOOP 5.0 device 
(WHOOP, Inc., Boston, MA) worn continuously through-
out the study period. Sleep staging was performed by 
WHOOP’s proprietary algorithm, and nightly summary data 
were exported from WHOOP’s research data platform on 26 
January 2026. Only the primary nocturnal sleep episode of 
each day was analyzed; naps were not included. A night was 
considered valid if a primary sleep episode was detected; 
nights without a detected sleep episode (device not worn 
or not charged) were treated as missing. Participants could 
view their sleep and recovery feedback in the WHOOP 
application and could edit the start and end bounds of a 
detected sleep period; sleep and wake classification within 
the sleep period was determined solely by the WHOOP 
algorithm and could not be edited. The WHOOP strap com-
bines accelerometry and photoplethysmography to detect 
major sleep periods of at least one hour in duration. Within 
each detected sleep period, WHOOP classified each 30-sec-
ond interval into one of four sleep stages: wake, light, slow 
wave sleep (SWS), and rapid eye movement (REM) sleep. 
Sleep duration was defined as total sleep time (light, SWS, 
REM). Sleep disturbances were defined by WHOOP as the 
number of discrete periods of wakefulness detected within 
the sleep period.

The device also reports sleep consistency, a measure 
adapted from the Sleep Regularity Index (Phillips et al. 
2017), which evaluates sleep onset and offset times over 
a rolling window, comparing the most recent 24  h to the 
preceding four days, with comparisons of days further 
apart being assigned progressively lower weights. This 
approach acknowledges that variations in sleep schedules 
have an impact on circadian rhythms beyond 24 h due to 
physiological lag. The WHOOP sleep consistency measure 
excludes brief wake events within sleep periods, focusing 

specifically on sleep onset and offset patterns relevant to 
circadian alignment. The final metric is provided on a 100-
point scale, with 0 representing complete misalignment 
between the most recent 24 h and the preceding four days 
and 100 representing perfect alignment. Because the score 
compared each night with the preceding four nights, it is 
not generated for the first few nights of wear. The 7-day 
Pre-HIRT period therefore allowed the metric to stabilize 
before HIRT began. Adjacent daily scores share input nights 
by construction, which was addressed analytically using 
participant-level window summaries (see Statistical Analy-
sis). Sleep consistency is a proprietary score adapted from, 
but not equivalent to, the Sleep Regularity Index (Phillips et 
al. 2017). WHOOP-derived sleep measures have been vali-
dated against polysomnography for two-stage (sleep/wake) 
and four-stage classification in earlier hardware generations 
(86–89% agreement for two-stage classification) (Miller et 
al. 2020, 2022). Independent validation of the specific hard-
ware and algorithm version used in the present study has 
not been published, and sleep-stage and consistency outputs 
should be interpreted with this in mind.

Menopause symptoms

Participants logged menopause symptoms daily through 
the WHOOP journal feature. Five PERI/menopause symp-
toms were selected as a priori for analysis: temperature 
sensitivity, fatigue, soreness, brain fog, and bloating. Each 
was treated as binary (present/absent) on any given day for 
analysis. Journal items are fixed yes/no prompts answered 
each morning in the WHOOP application (e.g., “Experi-
enced bloating?”; “Felt unusually sensitive to tempera-
ture changes?”); the items have not been psychometrically 
validated in perimenopausal women. Modeled percent-
ages therefore represent the probability that a given day 
was symptom-positive, not the percentage of women who 
experienced the symptom. Temperature sensitivity refers to 
increased perceived sensitivity to heat or difficulty tolerating 
temperature changes. Fatigue refers to persistent physical or 
mental exhaustion, reduced energy levels, and diminished 
capacity for daily activities or exercise. Cognitive difficul-
ties, commonly referred to as “brain fog,” include perceived 
impairments in concentration, memory, mental clarity, mul-
titasking ability, or processing speed. Bloating describes 
feelings of abdominal fullness, swelling, tightness, or gas-
trointestinal discomfort often associated with fluid retention 
or digestive changes during the menopause transition. To 
ensure adequate data density for symptom models, partici-
pants were required to have at least 3 days of symptom data 
(yes or no) in at least three of the four-time windows.
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Statistical analysis

BASE characteristics were compared using one-way analy-
sis of variance (ANOVA). For cognitive outcomes, a two-
way repeated measures mixed-effects model using restricted 
maximum likelihood was performed for time×treatment 
interaction, with fixed effects of group (CM, PLA, CON), 
and time, with participant included as a random effect 
with data missing at random. When significant interaction 
or main effects were observed, Tukey’s multiple compari-
sons tests were performed. Given the 2:2:1 randomization 
scheme, two-way repeated measures mixed-effects analyses 
were conducted including only the CM and PLA. The three-
group analysis included CM, PLA, and CON. In addition, 
a planned CM-versus-PLA analysis directly compared the 
equally allocated groups that completed the same HIRT 
intervention and differed in supplementation. This compari-
son was specified and was not conducted in response to the 
three-group result. Statistical significance was set a priori 
at p < 0.05. BASE cognitive, and NIRS outcomes analyses 
were conducted in GraphPad Prism (GraphPad Software, 
San Diego, CA, USA).

Sleep and menopause symptom outcomes were analyzed 
using daily-level WHOOP data across four predefined time 
windows anchored to each participant’s PRE visit, which 
immediately preceded the first HIRT session: Pre-HIRT (the 
7 days before PRE, encompassing the supplement loading 
phase), Early (days 7–13 after PRE; HIRT week 2), Middle 
(days 21–27; week 4), and Late (days 35–41; week 6). Each 
window was a fixed 7-day block, so no observation could 
fall in two windows and no interpolation at window bound-
aries was required. Sleep outcomes included sleep dura-
tion, sleep consistency, sleep disturbances, slow wave sleep 
percentage, and REM sleep percentage. Because WHOOP 
devices were issued at BASE, no wearable data preceded 
supplementation and the Pre-HIRT window is an on-sup-
plement reference period rather than an untreated baseline.

The primary analysis was a covariate-adjusted mixed-
effects model (analysis-of-covariance form) fit to the Early, 
Middle, and Late observations. For sleep outcome Y of 
participant i on night j: Yiⱼ = β₀ + β₁Windowiⱼ + β₂Groupi 
+ β₃(Window × Group)iⱼ + β₄Agei + β₅BMIi + β₆Ȳi,Pre + ui 
+ εiⱼ, where Ȳi,Pre is the participant’s mean of Y over the 
Pre-HIRT window, ui ~ N(0, σ²u) is a participant random 
intercept, and εiⱼ ~ N(0, σ²ₑ). Pre-HIRT nights entered the 
model only through Ȳi,Pre and were not part of the outcome 
vector, so the covariate and the modeled observations did 
not overlap. Menopause symptoms were modeled with the 
same linear predictor on the logit scale, logit[Pr(Yiⱼ = 1)] 
= β₀ + … + β₆p̄i,Pre + ui, where p̄i,Pre is the proportion of 
symptom-positive days during Pre-HIRT. Age and BMI 
were included a priori because they may influence sleep 

and menopause-related symptoms; the Pre-HIRT mean was 
included a priori to adjust for differences in starting values 
between groups irrespective of their statistical significance.

Sleep models were fit with lmerTest (R version 4.4.2), 
using restricted maximum likelihood for estimation and Sat-
terthwaite degrees of freedom for contrasts and symptom 
models were fit by maximum likelihood with glmmTMB. 
Interaction and main effects were tested with likelihood ratio 
tests between nested models refit by maximum likelihood.

Primary analyses compared CM versus PLA; second-
ary analyses included all three groups. When the Window 
× Group interaction was significant, estimated marginal 
means were compared between groups within each window 
(emmeans; Tukey adjustment for the three-group model); 
sleep contrasts are reported as adjusted mean differences 
and symptom contrasts as odds ratios, each with 95% confi-
dence intervals. Convergence was verified for every model, 
and participant random-intercept standard deviations are 
reported in the supplementary table footnotes.

Two supporting analyses were added. First, to describe 
change from the Pre-HIRT window, a time-level mixed 
model with the same fixed effects but without the Pre-HIRT 
covariate was fit to all four windows with Pre-HIRT as the 
reference level; when a main effect of time was present 
without an interaction, Early, Middle, and Late were com-
pared with Pre-HIRT using Dunnett adjustment. Second, 
because daily observations within a participant are seri-
ally correlated, and adjacent sleep consistency scores share 
input nights by construction, the primary model was refit to 
participant-level window summaries (the mean per partici-
pant per window for sleep outcomes and the proportion of 
symptom-positive days for symptoms). For outcomes with 
a significant interaction, leave-one-participant-out analyses 
were performed, and symptom models were inspected for 
complete or quasi-complete separation (group-by-window 
cells with no symptom-positive days).

Statistical significance was set a priori at p < 0.05. Given 
the number of exploratory outcomes, no adjustment for mul-
tiplicity across outcome families was applied, and isolated p 
values below 0.05 are not interpreted as confirmatory.

An a priori sample-size calculation was conducted using 
for the parent trial’s primary outcomes of muscle size, mus-
cle quality, and muscle strength. Assuming an effect size 
of 0.48, 80% power, α = 0.05, a repeated-measures correla-
tion of 0.50, and a nonsphericity correction of 1.0, 42 par-
ticipants were required. Target enrollment was increased to 
48 to account for approximately 15% attrition. Cognition, 
fNIRS, sleep, and symptom outcomes were planned second-
ary outcomes and were not separately used to determine the 
sample size. Only participants that had ≥ 80% compliance 
with both the supplementation and training protocol were 
analyzed.
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Results

Cognition

Stroop test & fNIRS

For congruent reaction time (ms) there was no time×treatment 
interaction with HIRT (p = 0.853), but a lower reaction time 
was observed over the six weeks (time p < 0.001); Table 2. 
For incongruent reaction time (ms), there was no difference 
between the CM, PLA, or CON groups (time×treatment 
p = 0.890), but a lower reaction time was observed over 
the six weeks (time p = 0.004). For the incongruent – con-
gruent difference, there were no interactions or main 
effects (time×treatment p = 0.834, time p = 0.340, treatment 
p = 0.568).

During the Stroop test, TSI peak difference did not 
differ between CM, PLA, or CON groups across visits 
(time×treatment p = 0.083), but there was a main effect of 
time (time p = 0.015); Fig. 3A. TSI Stroop peak difference at 
POST was greater in CM (mean ± SD: +0.32 ± 2.01%) com-
pared with PLA (− 1.62 ± 2.01%; time × treatment p = 0.013; 
CM vs. PLA at POST: p = 0.003; Fig.  3B). There was no 
interaction in TSI Stroop average difference between groups 
over time (time×treatment p = 0.659), but a main effect of 
time (p = 0.038) and treatment (p = 0.049) was found.

Rey 15-item memory test & fNIRS

For the Rey 15-item memory test, there was no difference in 
the number of items remembered between the CM, PLA, or 
CON groups during the loading phase or after the six weeks of 
supplementation with HIRT; Table 3. During the 10-second 
memorization phase of the Rey 15-item memory test, there 
were no differences in TSI peak difference (time×treatment 
p = 0.204) or average difference (time×treatment p = 0.131) 
between CM, PLA, and CON groups. Similarly, during the 
recall phase of the Rey 15-item memory test, there was no 
difference in TSI peak difference (time×treatment p = 0.150) 
or average difference (time×treatment p = 0.555) between 
CM, PLA, and CON.

Sleep outcomes

Sleep variables are presented in Fig. 4 and Supplementary 
Table 1 (CM vs. PLA) and 2 (all three groups). Of the 38 
participants randomized to CM or PLA, 37 had WHOOP 
data and 30 (CM: n = 15; PLA: n = 15) had data in the Pre-
HIRT window and were included in the primary analysis; 
the seven excluded participants (CM: 2; PLA: 5) began 
wearing the device after the PRE visit and therefore had no 
Pre-HIRT reference data. They did not differ from included 
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participants in age (p = 0.68) or BMI (p = 0.29). The three-
group analysis included 37 participants (CM: n = 15; PLA: 
n = 15; CON: n = 7). The primary model comprised 596–599 
nights across the Early, Middle, and Late windows (median 
7 nights per participant per window; range 3–7), with 178 
Pre-HIRT nights (median 6 per participant; range 3–7) used 
to derive the baseline covariate. Nights per participant and 
window are provided in Supplementary Table S5.

Sleep consistency was the only sleep outcome for which 
a significant time × treatment interaction was observed in 
the primary analysis (p < 0.001; Fig.  4B; Table S1). CM 
and PLA did not differ at Early (adjusted mean difference 
[MD]: -2.0% points; 95% CI -7.7, 3.7; p = 0.485) or Mid-
dle (MD: +1.5; 95% CI -4.3, 7.2; p = 0.612), but diverged 
at Late, with higher consistency in CM than PLA (MD: 
+7.4; 95% CI 1.5, 13.3; p = 0.015). Descriptively, PLA 
sleep consistency declined from Pre-HIRT (74.8 ± 10.4%) 
to Late (69.4 ± 17.1%), whereas CM was stable (Pre-HIRT: 
75.8 ± 12.4%; Late: 77.2 ± 14.9%); the groups did not differ 
at Pre-HIRT (time-level model: MD + 0.2; p = 0.958). The 
result was robust to the analytic approach: in the participant-
level sensitivity analysis the Late difference was + 7.8% 
points (95% CI 0.6, 14.9; p = 0.034; interaction p = 0.067), 

and in leave-one-participant-out analyses the interaction 
remained significant in all 30 refits (p ≤ 0.010) with Late 
differences of + 5.8 to + 9.6% points (all p < 0.05). The pat-
tern was consistent in the three-group model (interaction 
p = 0.002; Table S2), in which CM was higher than PLA 
at Late (MD: +7.4; 95% CI 0.6, 14.2; p = 0.029) and PLA 
was lower than CON at Late (MD: -9.7; 95% CI -18.2, -1.1; 
p = 0.023), whereas CM and CON did not differ (MD: -2.3; 
95% CI -11.2, 6.6; p = 0.815).

No time × treatment interactions or main effects of time 
were observed for sleep duration (interaction p = 0.662; 
time p = 0.734; Fig. 4A), SWS% (interaction p = 0.467; time 
p = 0.223), REM% (interaction p = 0.341; time p = 0.086; 
Fig. 4C-D), or sleep disturbances (interaction p = 0.197; time 
p = 0.856; Table S1). A main effect of treatment group was 
observed for sleep duration (p = 0.044), reflecting shorter 
sleep in CM than PLA that was already present during Pre-
HIRT (CM: 409 ± 69 min; PLA: 442 ± 78 min) and persisted 
after adjustment for the Pre-HIRT mean (MD: -17.5 min; 
95% CI -36.6, 1.6; participant-level analysis: -17.3  min; 
95% CI -36.3, 1.6). In the three-group model, a time × treat-
ment interaction was observed for REM% (p = 0.036; Table 

Fig. 3  Change in prefrontal tissue 
saturation index (TSI) during the 
Stroop task before and after six 
weeks of HIRT with creatine or 
placebo supplementation in peri-
menopausal females. TSI Stroop 
Peak Difference was calculated as 
peak Stroop TSI minus baseline 
TSI at BASE, PRE (before six 
weeks of HIRT), and POST (after 
six weeks of HIRT). (A) Cre-
atine, placebo, and a non-training 
control group. (B) Creatine and 
placebo groups only. Data are 
presented as individual values 
with means. Abbreviations: 
TSI, tissue saturation index. 
(*p < 0.05)
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S2), but no pairwise contrast reached significance after 
Tukey adjustment.

Menopause symptoms

Menopause symptom data are presented in Fig. 5 and Sup-
plementary Table 3 (CM vs. PLA) and S4 (all three groups). 
After applying inclusion thresholds, 18 to 24 participants 
were retained per outcome in the primary analysis (CM: 
n = 7–11; PLA: n = 10–13), contributing 330 to 429 daily 
observations across the Early, Middle, and Late windows 
(median 7 days per participant per window; range 1–7), with 
72 to 92 Pre-HIRT days used to derive the baseline covari-
ate. Numbers of symptom-positive and observed days by 
group and window are provided in Supplementary Table S6. 
Percentages in the text and tables represent the proportion 
of days on which a symptom was reported, not the propor-
tion of women reporting it. All models converged, and no 
group-by-window cell in the CM versus PLA models was 
completely separated (each contained at least one symptom-
positive day).

Temperature sensitivity showed a significant time × 
treatment interaction (p < 0.001; Fig.  5A; Table S3). CM 
and PLA did not differ at Early (OR = 0.55; 95% CI 0.06, 
5.33; p = 0.607), but CM had lower odds of a temperature-
sensitivity day at Middle (OR = 0.013; 95% CI 0.0004, 0.40; 
p = 0.013) and Late (OR = 0.010; 95% CI 0.0004, 0.22; 
p = 0.004). The observed prevalence of temperature-sensi-
tivity days in CM declined from 14.6% (6 of 41 days) at 
Pre-HIRT to 3.5% at Late, whereas PLA was 35.9% (14 of 
39 days) at Pre-HIRT and 34.9% at Late. Main effects of 
time (p = 0.049) and treatment group (p = 0.010) were also 
observed. This finding was less robust than the sleep con-
sistency result. In the participant-level sensitivity analysis, 
the difference in the proportion of symptom-positive days 
at Late was − 0.23 (95% CI -0.47, 0.01; p = 0.064) and the 
interaction was not significant (p = 0.28). In leave-one-par-
ticipant-out analyses the interaction remained significant in 
18 of 19 refits, but omitting the only CM participant who 
reported temperature sensitivity at Middle or Late left no 
symptom-positive days in CM at those windows, and the 
contrast could not be estimated. The interaction was also 
present in the three-group model (p < 0.001; Table S4), 
although CON cells at Middle and Late contained no 
symptom-positive days, so contrasts involving CON are not 
interpretable.

Bloating also demonstrated a significant time × treatment 
interaction (p < 0.001; Table S3). CM and PLA did not dif-
fer at Early (OR = 0.99; 95% CI 0.29, 3.38; p = 0.988), but 
CM had higher odds of a bloating day at Middle (OR = 16.6; 
95% CI 4.3, 63.8; p < 0.001) and Late (OR = 7.2; 95% CI 
1.6, 31.8; p = 0.009), with an overall group effect (OR = 4.3; 
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95% CI 1.6, 11.2; p = 0.005). The observed prevalence of 
bloating days was 64.3% (27 of 42 days) in CM versus 
17.1% (12 of 70 days) in PLA at Middle, and 32.6% (14 of 
43) versus 10.6% (7 of 66) at Late, compared with 37.9% 
and 39.5% at Pre-HIRT.

No time × treatment interactions were observed for 
fatigue (p = 0.555), soreness (p = 0.259), or brain fog 
(p = 0.533; Table S3). Main effects of time were detected for 
fatigue (p = 0.050; Fig.  5B), soreness (p < 0.001; Fig.  5C), 
and brain fog (p = 0.006; Fig. 5D). In the time-level model, 

fatigue was lower than Pre-HIRT at Middle (OR = 0.40; 
95% CI 0.18, 0.88; p = 0.017) and Late (OR = 0.28; 95% CI 
0.13, 0.62; p < 0.001) but not at Early (OR = 0.55; 95% CI 
0.25, 1.21; p = 0.180), with similar declines in both groups 
(observed prevalence of fatigue days, CM: 63.8% to 47.9%; 
PLA: 66.7% to 48.1%). Soreness was higher than Pre-
HIRT at Early (OR = 4.38; 95% CI 1.88, 10.24; p < 0.001), 
returned toward Pre-HIRT at Middle (OR = 1.30; 95% CI 
0.55, 3.04; p = 0.786), and remained modestly elevated at 
Late (OR = 2.54; 95% CI 1.10, 5.87; p = 0.025). For brain 

Fig. 4  Sleep outcomes during six weeks of high-intensity resistance 
training (HIRT) in perimenopausal females. Sleep outcomes including 
(A) sleep duration (min), (B) sleep consistency (%), (C) slow wave 
sleep (SWS; %), and (D) rapid eye movement (REM) sleep (%) were 
assessed using a WHOOP wearable device. Data are group means of 
participant-level window means with 95% confidence intervals for the 

creatine and placebo groups across four time windows: Pre-HIRT (the 
7 days before HIRT, encompassing the loading phase), Early (week 
2), Middle (week 4), and Late (week 6) of the intervention. *p < 0.05 
for the creatine versus placebo contrast from the covariate-adjusted 
mixed model
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fog, no individual window differed from Pre-HIRT (Early 
p = 0.789; Middle p = 0.144; Late p = 0.429). In the three-
group models, interactions were observed for fatigue 
(p = 0.018), soreness (p < 0.001), brain fog (p < 0.001), and 
bloating (p = 0.002; Table S4); however, the CON group 
contributed few participants and, for soreness, contained a 
window with no symptom-positive days, so these interac-
tions should be interpreted cautiously.

Discussion

The current study examined the effects of CM supplemen-
tation during six weeks of HIRT on cognition, sleep, and 
menopause symptoms in PERI females. The primary find-
ings were: (1) Cognitive performance improved over time 
regardless of group, while CM supplementation with HIRT 
enhanced prefrontal oxygenation during the Stroop task, as 
evidenced by greater increases in tissue saturation index at 

POST compared to PLA; (2) sleep consistency was higher 
with CM than PLA at Late (week 6), reflecting a decline 
in PLA that was not observed with CM; (3) CM was asso-
ciated with fewer self-reported temperature sensitivity 
days at Middle (week 4) and Late (week 6) but more self-
reported bloating days at the same windows compared to 
PLA, with no group differences in fatigue, soreness, or brain 
fog. Together, these exploratory findings suggest that CM 
supplementation with HIRT may support cerebral oxygen-
ation during cognitive tasks and help preserve sleep consis-
tency in PERI females, with mixed effects on self-reported 
symptoms.

Cognition

In the present study, cognitive performance during the 
Stroop but not the Rey 15-item memory test improved over 
time, independent of CM supplementation or HIRT train-
ing (congruent: time p < 0.001, incongruent: time p = 0.004). 

Fig. 5  Menopause symptom responses during six weeks of HIRT in 
PERI females. Menopause-related symptoms including (A) tempera-
ture sensitivity (%), (B) fatigue (%), (C) soreness (%), (D) brain fog 
(%), and (E) bloating (%) were assessed via daily self-report using the 
WHOOP journal feature. Data are the percentage of symptom-positive 
days (group means of participant-level proportions) with 95% confi-

dence intervals for the creatine and placebo groups across four time 
windows: Pre-HIRT (the 7 days before HIRT, encompassing the load-
ing phase), Early (week 2), Middle (week 4), and Late (week 6) of 
the intervention. Percentages represent the probability of a symptom-
positive day, not the proportion of participants reporting the symptom. 
(*p < 0.05, **p < 0.01, ***p < 0.001)
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The abbreviated two-minute Stroop test may not have pro-
vided sufficient cognitive demand or sensitivity to detect 
subtle treatment-related differences, particularly as CM 
supplementation appears to enhance cognition primar-
ily under conditions of mental fatigue or metabolic stress 
(Gordji-Nejad et al. 2024), which were likely not elicited 
during the short-duration (~ 2  min) task used in the cur-
rent study (Fabiano and Candow 2025). This is consistent 
with null findings on cognitive performance following CM 
supplementation and resistance training in postmenopausal 
females (Alves et al. 2013). Further, Stroop congruent and 
incongruent reaction times decreased over time. Due to the 
task being repeated at all three testing visits, the possible 
influence of repeated practice cannot be ruled out. In addi-
tion, Rey scores were near the maximum at all testing vis-
its, limiting the ability of this measure to detect changes in 
memory and thus a more difficult memory recall was likely 
needed to observe differences.

Most literature supporting CM yielding cognitive benefits 
is in older individuals (60 + years) (Marshall et al. 2026), it is 
likely that the younger age group and normal baseline cog-
nitive status were not sufficient to elicit measurable changes 
to cognitive performance (Pratt et al. 2026). Despite a lack 
of improvements in cognitive performance, six weeks of 
CM+HIRT supplementation enhanced prefrontal oxygen-
ation during the Stroop task as measured via fNIRS. CM is 
known to improve brain energetics through phosphocreatine 
buffering and ATP availability maintenance, suggesting 
altered cerebral hemodynamic responses during the Stroop 
task without changes in cognitive performance (Candow et 
al. 2023). The current findings may suggest a CM-related 
difference in cerebral oxygenation relative to PLA supple-
mentation, broadly aligning with prior work indicating that 
CM may influence cerebral bioenergetics, while cognitive 
performance benefits have been more consistently observed 
under fatiguing conditions (Gordji-Nejad et al. 2024). These 
changes may be particularly relevant in this cohort given 
the neurological basis of many PERI symptoms (tempera-
ture sensitivity, brain fog) (Lu et al. 2023). Overall, these 
findings suggest that CM supplementation may influence 
underlying brain energetics in PERI females, as reflected 
by increased prefrontal oxygenation, without translating to 
measurable improvements in cognitive performance under 
the conditions tested. Longer supplementation periods and/
or higher doses of creatine should be evaluated to further 
understand the effects on brain energetics and symptoms.

Sleep measures

In PERI females undergoing six weeks of HIRT, the CM 
group had higher sleep consistency at Late than PLA, with 
sleep consistency preserved in CM but declining in PLA 

over the six-week intervention, suggesting a potential mod-
erating effect of CM supplementation under conditions of 
elevated physiological stress. Notably, in the three-group 
model CM did not differ from the non-training CON group 
at Late, whereas PLA was lower than CON, consistent 
with CM attenuating a training-associated decline in sleep 
regularity rather than improving it above usual levels. The 
clinical relevance of a 7-percentage-point difference in this 
metric is unknown. For context, the between-participant 
standard deviation of sleep consistency in this sample was 
10–17 points, so the difference corresponds to roughly half 
a standard deviation, and sleep consistency is a proprietary 
score adapted from, but not equivalent to, the Sleep Regu-
larity Index.

High-intensity exercise is known to increase sympathetic 
activity and metabolic demand, which may disrupt sleep 
patterns; thus, the addition of CM may help attenuate these 
perturbations (Frisch et al. 2024; Zhang et al. 2026). Acute 
within-subject comparisons in premenopausal females sug-
gest that CM supplementation increases total sleep dura-
tion on training days (Aguiar Bonfim Cruz et al. 2024). The 
present study used between-group contrasts and observed 
no within-group change in sleep duration in either group. 
A main effect of group reflected shorter sleep duration with 
CM than PLA; however, this difference was already pres-
ent during the Pre-HIRT window. Taken together with sleep 
consistency results, these findings suggest that CM supple-
mentation with HIRT may help preserve sleep consistency 
under conditions of increased metabolic and physiological 
demand, rather than directly improving sleep duration. This 
distinction may be particularly relevant in PERI females, 
where hormonal fluctuations, altered thermoregulation, and 
increased sleep fragmentation already contribute to reduced 
sleep stability (Troìa et al. 2025).

Menopause symptoms

In the present study, CM was associated with fewer self-
reported temperature sensitivity days in PERI females 
at Middle (week 4) and Late (week 6) compared to PLA. 
This exploratory finding rests on a small analyzed sample 
(9 CM and 10 PLA participants) in which the CM group 
reported the symptom on only 3 of 109 days at Middle and 
Late, which produces extreme odds ratios with wide con-
fidence intervals, and it was attenuated in the participant-
level sensitivity analysis (p = 0.064). It should be regarded 
as hypothesis-generating. It nonetheless extends the lim-
ited literature on CM supplementation in PERI popula-
tions (Smith-Ryan et al. 2025; Korovljev et al. 2026), and 
warrants further investigation using validated measures of 
vasomotor symptoms and thermoregulation. Although these 
physiological mechanisms provide a potential rationale 
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for future investigation, their relevance to the present find-
ing remains uncertain because temperature sensitivity was 
assessed using a self-reported journal item and direct mea-
sures of vasomotor symptoms or thermoregulation were not 
obtained. The CM group also had greater odds of reporting 
bloating than PLA during the Middle and Late periods, a 
result that was consistent in participant-level and leave-
one-participant-out analyses. Bloating was assessed using 
a binary yes/no journal entry, which did not quantify sever-
ity or establish its cause. This exploratory finding warrants 
consideration as a potential tolerability signal, although it 
does not establish that a regular dose of CM itself caused 
bloating. Eight weeks of creatine hydrochloride supple-
mentation in peri- and postmenopausal women improved 
reaction time, increased frontal brain CM concentrations, 
and reduced the severity of mood swings compared to 
PLA, supporting the potential for CM based interventions 
to positively influence some menopause-related symptoms 
and neurophysiological outcomes (Korovljev et al. 2026). 
CM has been shown to enhance thermoregulatory effi-
ciency during exercise in the heat, including reductions in 
core temperature, heart rate, and sweat rate (Kilduff et al. 
2004; Twycross-Lewis et al. 2016). These effects are often 
attributed to CM-induced increases in total body water and 
improved fluid balance (Deminice et al. 2015; Antonio et al. 
2021). Supporting this mechanism, Moore and colleagues 
(Moore et al. 2023) reported that 5 days of CM loading 
increased total body water, extracellular fluid, and intracel-
lular fluid during the luteal phase of the menstrual cycle 
in recreationally active females, without changes in body 
mass. More recently, CM supplementation improved phase 
angle and maintained countermovement jump performance 
across menstrual cycle phases, suggesting improved cellu-
lar hydration and cellular integrity during periods character-
ized by greater hormonal fluctuation (Moore et al. 2025). 
However, findings are not entirely consistent, as some stud-
ies report enhanced plasma volume maintenance without 
corresponding changes in core temperature, hemodynamic 
responses, or perceptual outcomes (Mendel et al. 2005; 
Branch et al. 2007). Although these investigations were 
conducted in male athletes, the underlying physiological 
mechanisms may translate to improved temperature regu-
lation in PERI females experiencing vasomotor symptoms. 
Nevertheless, these findings should be interpreted with cau-
tion, as temperature sensitivity was assessed via self-report 
and direct measures of thermoregulation were not obtained.

Limitations & future directions

Important limitations to acknowledge for the current study 
are that cognitive outcomes were likely influenced by lim-
ited task familiarization, the narrow assessment battery 

(Stroop and Rey 15-item memory test) and lack of extreme 
deficits in cognitive health, which may not have captured 
broader cognitive changes. Future research should investi-
gate the effects of higher CM dosing strategies and include 
individuals with greater baseline cognitive stress or impair-
ment, as creatine-related cognitive benefits may be more 
apparent in populations with reduced cognitive reserve or 
heightened metabolic demand. The sleep and symptom 
analyses were based on available data and did not include 
all randomized participants. Because participants with miss-
ing WHOOP or journal data may have differed from those 
included, the smaller outcome-specific samples may have 
affected the group comparisons. Seven participants random-
ized to CM or PLA began wearing the WHOOP device after 
HIRT started and had no Pre-HIRT reference data; they did 
not differ from included participants in age or BMI, but 
adherence to device wear and journaling may be related to 
symptom burden or treatment tolerability, so the analyzed 
samples cannot be assumed to be missing at random. In 
addition, incorporating more comprehensive and sensitive 
cognitive batteries, alongside tasks designed to induce men-
tal fatigue, may better reveal the cognitive effects of CM in 
PERI populations. Lastly, although STRAW + 10 provides 
the gold-standard framework for reproductive-aging stag-
ing, classification was limited in some participants due to 
hormonal contraceptive use and menopausal hormone ther-
apy, both of which can modify bleeding patterns. Nonethe-
less, participants exhibited multiple converging indicators 
of the menopausal transition, including substantial symp-
tom burden (> 5 symptoms), menstrual irregularity, altered 
bleeding characteristics, prolonged intervals between men-
ses, and elevated or variable follicle stimulating hormone 
(FSH) concentrations. These characteristics are represen-
tative of women commonly seeking treatment during the 
PERI years and support the ecological validity of the study 
population.

Several limitations relate specifically to the wearable 
data. First, WHOOP devices were issued at BASE, so no 
pre-supplementation sleep or symptom data exist; the Pre-
HIRT reference period coincided with creatine loading, 
and any acute effect of loading on sleep or symptoms can-
not be evaluated and is absorbed into the reference values. 
Statements that CM preserved or maintained an outcome 
therefore refer to the six-week HIRT period relative to an 
on-supplement reference, not to change from an untreated 
state. Second, sleep staging and sleep consistency are pro-
prietary WHOOP outputs and validation against polysom-
nography is available for earlier hardware generations but 
not for the specific device and algorithm version used here, 
and sleep consistency is not equivalent to the Sleep Regu-
larity Index. Third, the daily journal items are unvalidated 
binary self-report. Temperature sensitivity is not a validated 
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measure of vasomotor symptoms, and the small number of 
participants contributing to the symptom models limits the 
precision of the group-by-time estimates. Finally, although 
the participant-level sensitivity analyses addressed serial 
correlation among daily observations, residual autocorre-
lation was not modeled explicitly in the primary analysis, 
and no adjustment for multiplicity was applied across the 
exploratory sleep and symptom outcomes.

Conclusions

In this exploratory analysis of a pilot randomized trial, 
CM supplementation combined with HIRT was associated 
with greater task-evoked prefrontal oxygenation, higher 
wearable-derived sleep consistency, and fewer self-reported 
temperature sensitivity days compared with PLA, whereas 
cognitive performance did not differ between groups. These 
preliminary findings support further evaluation of CM as 
an adjunct to HIRT during perimenopause in an adequately 
powered trial using validated measures of sleep and vaso-
motor symptoms.
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