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ARTICLE INFO ABSTRACT

Keywords: Objective/Background: Sleep problems challenge overall wellbeing. Magnesium has been implicated to benefit
Magnesium sleep, although the clinical evidences varied based on the magnesium source used. Magnesium L-threonate
Threonate (MgT) is a promising intervention due to its brain bioavailability and effects on cognition, memory and mood.
Magnesium L-threonate . . d 1 . 1 li d daily f .

Sleep We investigated MgT supplementation on sleep quality and daily function.

Mood Patients/methods: Eighty 35-55-year-olds with self-assessed sleep problems participated in a randomized, double-
Energy blind, placebo-controlled, parallel-arm study, taking 1 g/day of MgT or placebo for 21 days. Sleep and daily

behaviors were measured subjectively using standardized questionnaires including the Insomnia Severity Index,
Leeds Sleep Evaluation Questionnaire, and Restorative Sleep Questionnaire, and objectively using an Oura ring.
The Profile of Mood States questionnaire and a daily diary were used to evaluate mood, energy and productivity,
and record any safety concerns.

Results: The MgT group maintained good sleep quality and daytime functioning, while placebo declined. From
objective Oura ring measurements, MgT significantly (p < 0.05) improved vs placebo deep sleep score, REM sleep
score, light sleep time, and activity and readiness parameters activity score, activity daily movement score,
readiness score, readiness activity balance, and readiness sleep balance. From subjective questionnaires, MgT
significantly (p < 0.05) improved vs placebo behavior upon awakening, energy and daytime productivity,
grouchiness, mood and mental alertness. MgT was safe and well tolerated.

Conclusions: This showed MgT improved sleep quality, especially deep/REM sleep stages, improved mood, en-
ergy, alertness, and daily activity and productivity. These are consistent with how MgT works in neuron cells and
animal models, suggesting broader positive impacts on overall brain health.

Mental alertness

1. Introduction

Globally, 62 % of adults report poor sleep quality according to a
commercial poll [1]. Recent sleep quality literature suggests insomnia
within a Scandinavian population of over 21,000 respondents ranges as
much as 8.5 %-23.6 %, depending on the diagnostic criteria [2]. Other
populations report similar ranges, for example 3.9 %-22.1 % in the US
[3] and 4.7 %-22.1 % in Hong Kong [4], again depending on diagnostic
criteria. In older people, the prevalence of sleep disorders ranges from
9.1 % to 69 % [5]. Types of sleep disturbances include insomnia, sleep
disordered breathing, circadian rhythm sleep disorder, and others [6].

* Corresponding author.

Irrespective of the source and criteria, clearly these substantial preva-
lences of sleep disturbance are concerning since poor sleep quality is
associated with increased risk for physical, cognitive, and mental health
issues such as obesity, diabetes, high blood pressure, coronary heart
disease, depression, dementia, and stroke. Furthermore, poor sleep
quality commonly leads to negative activity states such as poor mood,
greater anxiety, and reduced energy and productivity.

Magnesium, a key cofactor in numerous enzymatic reactions, is
proposed to enhance neuroplasticity and synaptic function [7]. This
would be expected to enhance the brain’s capacity to adapt to emotional
challenges and mitigate stress responses. Furthermore, magnesium may
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regulate neurotransmitters such as glutamate and gamma-aminobutyric
acid (GABA) [8]. Regulating GABA, an inhibitory neurotransmitter that
promotes relaxation and reduces neural excitability [9], may have a
calming effect that benefits sleep. Additionally, magnesium is important
for the synthesis of N-acetyltransferase, which converts 5-hydroxytryp-
tamine (5-HT) into N-acetyl-5-hydroxytryptamine, which can then be
converted to melatonin. Increased melatonin secretion leads to
improved sleep onset [10]. It was reported that plasma magnesium
levels are lower in sleep deprived people (e.g., sleep less than 7 h per
night [11]). Magnesium has previously been associated with improved
sleep length and quality [12]. Observational studies found magnesium
helps in maintaining a normal circadian rhythm, reducing daytime
sleepiness, and improving sleep quality [13,14]. However, there is
limited randomized placebo-controlled clinical trial evidence to support
the benefits of magnesium in sleep [13,15,16], potentially due to the
poor brain bioavailability of the magnesium compounds used in those
studies.

Magnesium-L-threonate (MgT), is a novel magnesium salt with su-
perior brain bioavailability [7]. MgT has been shown in animal studies
to effectively deliver magnesium through the blood-brain barrier into
the neuron cells leading to increased neural plasticity, improved mem-
ory and cognition, and reduced anxiety and stress [7,17-24]. These
benefits have also been demonstrated in humans [25-29]. Magnesium in
the form of a salt with L-threonate, an endogenous compound found in
cerebrospinal fluid [24], appears to be an essential form for this brain
delivery of magnesium [7,24].

Given our growing understanding of brain bioavailable MgT, we
hypothesize that MgT would also have benefits for sleep. Our objectives
were to investigate the impact of MgT supplementation on sleep pa-
rameters, as well as on mood, daytime energy, and other related mea-
surements. With this randomized placebo-controlled double-blind trial,
we examined the effectiveness of magnesium supplementation on sleep
quality and daytime activity, using MgT in healthy adults with non-
clinical insomnia symptoms (i.e., self-assessed sleep problems). Partici-
pants underwent MgT supplementation for 21 days, with sleep and
daytime mood and activity outcomes assessed through standardized
psychometric questionnaire accompanied by objective Oura ring mea-
surements, with the aim of discerning the effects of MgT on sleep, daily
functioning, and emotional states.

Primary outcomes measures were sleep quality measured weekly
with the Insomnia Severity Index, Leeds Sleep Evaluation Questionnaire
and Restorative Sleep Questionnaire, and the Oura ring nightly. Sec-
ondary outcome measures were a weekly mood questionnaire, daily
activity measured by Oura ring, daily diary and study perceived effec-
tiveness using a post-study questionnaire at day 21.

2. Materials and methods
2.1. Study design, recruitment and intervention

A randomized double-blind placebo-controlled, parallel-arm (1:1
allocation ratio) trial design was employed, with 80 participants. We
structured and reported it according to CONSORT guidelines [30]. The
clinical trial was conducted by Wellness Discovery Labs, Jacksonville,
FL, USA from March 10, 2022, to October 18, 2022, under the super-
vision of a qualified investigator (QI). This study was reviewed by the
research ethics board of Sterling IRB (Protocol Number 9806, Approval
Date: March 10, 2022). Recruitment was for twelve weeks after that date
(until June 2022). The study was closed upon receipt of the final par-
ticipant’s data twelve weeks after that (September 2022). The study is
registered with the ISRCTN registry with study number
ISRCTN14728094: https://www.isrctn.com/ISRCTN14728094.

Participants were recruited via social media announcements and
from a participant recruitment list possessed by Wellness Discovery
Labs. Interested participants completed a prescreen survey to determine
eligibility (i.e., Insomnia Severity Index, inclusion/exclusion criteria
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and demographic information, e.g., age, health status, and health be-
haviors). Participants who met the selection criteria (based on responses
to the prescreen survey) were contacted to discuss the intervention and
provide institutional-review board-approved informed consent. The in-
clusion and exclusion criteria are described below.

Individuals included were those aged between 35 and 55 who self-
reported poor sleep quality, determined by a score of between 8 and
21 on the insomnia severity index [31]; weight between 50 and 100 kg
(i.e., 110-220 1bs); and not meeting any of the exclusion criteria.

Individuals excluded were those meeting any of the following
criteria: a history of sleep-affecting disorders; recent highly stressful
events within 2 weeks of baseline; use of sleep supplements or medi-
cations; usage of sleep-pattern-influencing medications within 1 month
of baseline; use of calcium channel blockers, anxiolytics or SSRIs, no
more than 5 times per month, and not within seven days of baseline;
current hormone therapy; unstable use of other medication; excessive
alcohol consumption; smoking; elevated caffeine intake; irregular sleep-
inducing work schedules; recent travel to different time zones within 1
month of study; pregnancy, attempts at conception, or breastfeeding;
refusal to abstain from other magnesium products for two weeks before
and during the trial; and individuals incompatible with the study
protocol.

Consenting participants were randomly assigned participant ID
numbers (using the random number function in Microsoft Excel) which
assigned them into two equal groups, a 1:1 allocation ratio). These
groups were either the MgT group or placebo group. Participants were
sent investigational product or placebo, with usage instructions. The
placebo was rice protein powder. MgT and placebo were identical in
taste and appearance, in identical capsules, in identical bottles separated
by lot numbers. Participants were blind to treatment. Investigators
remained blind to treatment: lot number contents were only revealed
after statistical analysis. As a decentralized trial, participants did not
visit a clinic, all recruitments, contact, screening, consenting, and as-
sessments were performed online. Participant flow is shown in Fig. 1.

The MgT supplement used, Magtein®, is a brain-bioavailable mag-
nesium L-threonate, produced and supplied by Threotech LLC (NV,
USA). Magtein contains about 75 mg/g of elemental magnesium. Par-
ticipants were directed to consume 1 g/d of the testing products: 2
capsules each containing either 500 mg MgT or identically appearing
placebo (rice protein powder, AIDP Inc., CA, USA) 2 h before bedtime.

2.2. Qutcome measures

Primary outcomes measures were sleep quality measured weekly
with the Insomnia Severity Index, Leeds Sleep Evaluation Questionnaire
and Restorative Sleep Questionnaire, and the Oura ring nightly. Sec-
ondary outcome measures were a weekly mood questionnaire, daily
activity measured by Oura ring, daily diary and study perceived effec-
tiveness using a post-study questionnaire at day 21.

Participants were to complete psychometric self-report question-
naires on day O (baseline), day 7, day 14, and day 21. In addition,
participants were to maintain a daily diary to document subjective sleep
aspects, adherence, and adverse events. Participants also wore an Oura
Ring to objectively determine sleep and daytime activity. Participants
maintained their current lifestyle behaviors and did not engage in any
new forms of structured exercise or begin a new diet or health inter-
vention during the trial. At the end of the study, participants completed
a post-study questionnaire.

Participants completed the Insomnia Severity Index, a self-report
measure assessing symptoms of recent insomnia [31]. This index as-
sesses sleep onset, sleep maintenance, early morning awakening prob-
lems; sleep dissatisfaction; interference of sleep difficulties with daytime
functioning; whether sleep problems are noticed by others; and distress
caused by sleep difficulties. A 5-point Likert scale is used to rate each
item (e.g., 0 = no problem; 4 = very severe problem), yielding a total
score ranging from O to 28. The total score is interpreted as follows:
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Assessed for eligibility (n=249)

Excluded (n=169)
.| Not meetinginclusioncriteria (n=118)

Declined to participate (n=36)
Otherreasons (n= 15)

| Randomised (n= 80) |

I

v

!

Allocated to MgT (n=40)
Received allocated MgT (n = 40)
Did not receiveallocated MgT (n=0)

Allocated to placebo (n= 40)
Received allocated placebo (n = 40)
Did not receiveallocated placebo (n=0)

I

Lost to follow up (n=1)
Discontinued MgT (n=1)

Lost to follow up (n=1)
Discontinued placebo (n=1)

Analysed (n=38)
Excluded from analysis (n = 0)

Analysed (n=38)
Excluded from analysis (n=0)

Fig. 1. Participant flow through recruitment, consenting, intervention and outcome measurement process.

absence of insomnia (0-7); sub-threshold insomnia (8-14); moderate
insomnia symptoms (15-21); and severe insomnia symptoms (22-28).
The Insomnia Severity Index has good internal consistency (Cronbach
alpha = 0.91; [31]). This was assessed at recruitment, and weekly
throughout the study.

Participants completed the Leeds Sleep Evaluation Questionnaire
(LSEQ), comprising self-rating questions concerned with aspects of sleep
and early morning behavior [32]. The questionnaire has been used to
monitor subjectively perceived changes in sleep in a variety of pop-
ulations. The questionnaire was reworded from “medication” to “sup-
plementation” in this study. This scale has good psychometric
properties. Scoring categories reported here are behavior following
awakening, awake following sleep, quality of sleep and getting to sleep.
Higher scores indicate an improvement in sleep quality. This was
assessed weekly.

Participants completed the Restorative Sleep Questionnaire (RSQ),
which measures refreshing quality of sleep [33]. Nonrestorative sleep is
one of the cardinal symptoms of insomnia and can occur independent of
other components of insomnia. This questionnaire used nine questions
with answers scaled from 1 to 5: grouchy, in a good mood, mentally
alert, sleepy, tired, rested, refreshed and restored, ready to start the day,
and energetic. The total score is an average score based on all nine items.
This questionnaire has good psychometric properties [33]. Higher scores
indicate an improvement in sleep quality, except where noted otherwise.
This was assessed weekly.

Participants completed the Profile of Mood States (POMS) short form
to assess mood states: it includes scores for tension, anger, vigor, fatigue,
depression, esteem, and confusion [37]. A composite total score was
computed by summing each of the individual scores for tension,
depression, anxiety, fatigue, and confusion, with vigor and esteem
scores subtracted to indicate participants’ total mood disturbance. Each
item of the POMS short form was scored on a 5-point Likert scale ranging
from O (not at all) to 4 (extremely). This scale has good-to-excellent
reliability and validity [37]. This was assessed weekly.

Participants completed daily diaries encompassing aspects of day-
time energy/productivity, events affecting sleep quality, recorded
adverse events and adherence.

To objectively measure sleep quality and daytime functioning we
employed the Oura ring, a waterproof wearable multisensory device that
quantifies daily physical activity, night-time sleep duration, and esti-
mates sleep stages (https://ouraring.com/). The ring also measures
motion and body temperature. According to the manufacturer, the ring
is worn on the index finger and uses physiological signals (a

combination of motion, heart rate, heart rate variability, and pulse wave
variability amplitude) in combination with machine learning-based
methods to calculate deep, light and REM sleep in addition to sleep/
wake states. The Oura ring has high validity in the assessment of
nocturnal heart rate, heart rate variability, movement, and sleep out-
comes in healthy adults in natural environment [34-36].

The Oura ring measurements come in three main categories: Sleep,
Activity and Readiness. In the Sleep category, there are 15 measure-
ments: (1) sleep duration, (2) time awake, (3) light sleep, (4) sleep la-
tency (how quickly one fell asleep), (5) REM sleep, (6) deep sleep, (7)
total sleep; (8) sleep efficiency (how much time in bed was actually
spent sleeping) (these scores 1-8 measured in minutes); (9) overall sleep
score, (10) deep sleep score, (11) sleep disturbance score, (12) sleep
efficiency score, (13) latency sleep score, (14) REM sleep score, (15)
total sleep score (these scores 9-15 calculated using manufacturer pro-
prietary algorithms by combining the resting heart rate, body temper-
ature, movement, and time spent in specific sleep stages); In the Activity
category, there are three measurements: (1) activity score, (2) activity
met daily movement goals, (3) activity daily movement score; In the
Readiness category, there are three measurements: (1) readiness score,
(2) readiness activity balance, and (3) readiness sleep balance. Activity
scores are measured through daily outputs (e.g., step counts, training
frequencies etc.) using a built-in accelerometer. Readiness scores com-
prises eight contributors (body temperature, sleep, heart rate variability,
sleep balance, previous day activity, activity balance, resting heart rate,
and recovery index) over 14-day weighted averages (with the most
recent 2-5 days weighted more highly) that provide an indication of
daily activity. Readiness activity balance compares recent with longer
term average activity to estimate acclimatization to the demands of
activity. These scores are calculated using manufacturer proprietary
algorithms. Data from weekly averages were used.

Participants completed post-study questionnaires at the end of the
study. These were yes/no queries regarding whether taking the product
had a positive effect on their perceived stress, anxiety, or mood, as
follows:

Please circle Yes or No to the below questions based on your expe-
rience over the past month. After taking the supplement:

e Has the quality of your sleep improved? Yes/No

o Is your sleep more refreshing/restoring? Yes/No

e Do you feel more rested upon awakening? Yes/No

e Do you feel that your physical health has improved? Yes/No
e Do you feel that your mental health has improved? Yes/No
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e Do you feel calmer? Yes/No

e Do you feel that your memory during the daytime improved? Yes/No

e Do you feel that your concentration during the daytime improved?
Yes/No

e Do you feel like you have more energy during the daytime? Yes/No

e Do you feel more alert during the daytime? Yes/No

In addition, the participants were also asked to complete the
following two questions using a Likert scale anchored with 1 (strongly
agree) to 5 (strongly disagree):

e The supplement had a positive effect on my perceived stress and
anxiety.
e The supplement had a positive effect on my mood.

2.3. Statistical analysis

Determination of Sample Size. A sample size of 80 subjects (40 per
arm) was considered sufficient to detect a significant difference between
groups with 80 % power and a 5 % level of significance, allowing for 20
% drop out rate.

The intent to treat (ITT) population were analyzed. Data were
analyzed for normality using Shapiro-Wilk test and Q-Q plot. Outliers
were characterized as data points that exceeded three interquartile
ranges beyond 25th and 75th percentiles. However, no extreme outliers
were observed. Continuous data are presented as Mean and standard
deviation (SD) and analyzed using linear mixed model with condition,
and time as fixed factors and subject as random factor. Multiple com-
parisons were corrected using Sidak Adjustment. Categorical variables
were analyzed using Chi-square test and expressed as counts/percentage
where appropriate. Statistical analyses were performed using Statistical
Product and Service Solutions (SPSS) version 27. Post hoc analyses (T-
tests) were performed using R (version 4.2.2).

3. Results

As detailed in Fig. 1, from 249 people assessed for eligibility, 169
were excluded from the study. Those not meeting inclusion criteria were
118 with 36 declined to further participate, and 15 withdrew for other
reasons. Of the remaining 80 who enrolled and consented, 40 were
randomized into each treatment group, MgT and placebo. Of the MgT
group, all 40 received allocation of MgT, one was lost to follow up, and
one discontinued for unknown reasons. All remaining 38 were analyzed.
Of the placebo group, all 40 received allocation of placebo, one was lost
to follow up, and one discontinued for unknown reasons. All remaining
38 were analyzed. All data was collected from completing participants,
including Oura ring data.

Participants (Table 1) had an average age of 45.49 years (SD = 6.00;
age range = 35-55 years). All participants exhibited nonclinical
insomnia symptoms, as indicated by their scores on the Insomnia
Severity Index (ISI), with a mean score of 12.46 (SD = 3.37), according
to the assessment by Bastien and coworkers [31].

3.1. Outcome measures

For the ISI, as demonstrated in Table 2, there was a significance
improvement for condition (p < 0.001) and time (p < 0.01). MgT group
significantly improved total ISI score from baseline to day 7, 14 and 21,
while placebo also significantly improved total ISI score from baseline to
day 7, 14 and 21, but there was no statistically significant interaction
(condition x time) (p = 0.39). Interestingly, despite the high effect in the
placebo group, only the MgT group appeared to continue to improve by
days 14 and 21, while placebo group plateaus after the first week. There
is a significant difference between the changes from week 1 to week 2 (p
=0.023) and week 1 to week 3 (p = 0.0001) of the ISI between MgT and
placebo groups.
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Table 1
Baseline sociodemographics and clinical characteristics. Data shows mean and
standard deviation.

Parameter MgT (n = 40) Placebo (n = 40) P value
(Paired
Sample T-test)
Age 46.99 + 6.08 43.63 + 5.68 0.012
BMI 24.51 + 3.84 25.19 £ 4.19 0.489
Sex n=7(17.5%) n = 10 (25 %) males
males n = 30 (75 %) females
n = 33 (82.5 %)
females
Ethnicity n = 37 (92.5 %) n = 34 (85 %) White/
White/Caucasian Caucasian
n=1(2.5%) n = 3 (7.5 %) White/
Hispanic Caucasian & Asian/Asian
n=1(2.5%) American
Hispanic n = 2 (5 %) Asian/Asian
n=1(2.5%) American
Black & Hispanic n =1 2.5 %) Hispanic
n=1(2.5%)
Asian/Asian
American
Insomnia 12.46 + 3.37 12,41 £ 3.71 0.977
Severity
Index

For the LSEQ, as demonstrated in Table 2 and Fig. 2A, the behavior
following awakening subscale showed a significant interaction (condi-
tion x time) (p = 0.004). However, the awake following sleep; sleep
quality (i.e., calmer sleep with less wakeful periods); and getting to sleep
(i.e., ease and time to fall asleep) subscales each showed significant ef-
fects for condition (p < 0.001) and time (p < 0.01) but no significant
interaction (awake following sleep, p = 0.65; sleep quality, p = 0.81;
and getting to sleep, p = 0.25), due to a strong response from the placebo
group. For the behavior following awakening subscale showing a sig-
nificant interaction, we conducted a post hoc analysis (T-test) comparing
MgT to placebo. The MgT group showed a significant improvement on
day 7 (p < 0.001), day 14 (p = 0.023), and day 21 (p = 0.003) over the
placebo.

These data showed that participants all felt sleep quality improve-
ments, but the MgT group demonstrated significantly better results over
the placebo in the behavior upon awakening subcategory, which in-
cludes alertness, coordination and balance following awakening.

For the RSQ, as demonstrated in Table 2 and Fig. 2B-D, the grouchy
(Fig. 2B), in a good mood (Fig. 2C) and mentally alert (Fig. 2D) subscales
showed a significant condition x time interaction (grouchy, p = 0.044;
good mood, p = 0.044; and mentally alert, p = 0.003). Significant main
effects for condition, (p < 0.001) and time, (p < 0.01) for all three
subscales were also demonstrated. For the values showing a significant
interaction, we conducted post hoc analyses (T-tests). For grouchy, the
MgT group showed significant reduction at day 14 (p = 0.084) and day
21 (p = 0.020) as compared to placebo. For in a good mood, MgT
improved significantly at day 14 (p = 0.083) and day 21 (p = 0.012)
versus placebo. For mentally alert, MgT again significantly improved at
day 7 (p = 0.051), day 14 (p < 0.001), and day 21 (p < 0.001). As
demonstrated in Table 1, there were also significant main effects for
condition (p < 0.001) and time (p < 0.010), but not interaction (p >
0.05) for the subscales tired, sleepy, rested, refreshed and restored,
ready to start the day and energetic, due to high responses from the
placebo group.

From the daily diary assessments, as shown in Table 2, the MgT
group showed significantly greater improvements to energy and day-
time productivity than the placebo group, both with significant condi-
tion (p < 0.001), time (p < 0.010) and condition x time interaction (p =
0.004).

For the POMS short form, as shown in Table 3, POMS subscales anger
and esteem showed significant condition x time interactions (both p =
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Table 2
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Insomnia Severity Index, Leeds Sleep Evaluation Questionnaire (LSEQ), Restorative Sleep Questionnaire (RSQ) and daily diary results (mean and standard deviation, n

= 38 per group).

MgT Placebo Condition  Time Interaction
(Condition x
Time)
Baseline Day 7 Day 14 Day 21 Baseline Day 7 Day 14 Day 21 P value P value P value®
Insomnia Severity 12.32 8.90 8.16 7.86 12.57 9.22 9.34 9.39 <0.001 <0.01 0.390
Index (4.25) (3.09) (4.49) (4.79) (3.63) (4.15) (4.43) (4.04)
LSEQ Behavior 142.37 194.33 185.85 200.82 130.71 133.49 159.67 163.25 <0.001 <0.010 0.004
following (58.43) (47.02) (54.07) (46.83) (46.76) (49.21) (54.1) (57.58)
awakening
LSEQ Awake 94.42 124.11 121.94 124.75 83.57 105.56 105.62 100.91 <0.001 <0.001 0.650
following sleep (38.91) (33.09) (31.79) (38.48) (36.68) (34.66) (24.64) (36.39)
LSEQ Quality of sleep 73.36 107.46 114.45 113.86 77.16 105.1 108.87 109.9 <0.001 <0.001 0.810
(40.65) (28.21) (27.75) (34.77) (33.21) (27.70) (39.89) (32.98)
LSEQ Getting to sleep 159.11 172.86 164.87 183.46 144.38 177.36 173.46 176.62 <0.001 <0.001 0.250
(43.00) (25.47) (39.95) (37.90) (51.49) (42.16) (51.63) (40.32)
RSQ Total Score 24.16 25.16 26.13 25.68 22.23 23.41 23.25 23.45 <0.001 <0.010 0.134
(3.18) (2.82) (3.18) (3.57) (2.67) (3.51) (3.34) (3.52)
RSQ Grouchy (R) 2.92 2.78 2.53 2.4 (0.85) 3.02 2.88 2.83 2.88 <0.001 <0.010 0.044
(0.59) (0.62) (0.72) (0.72) (0.65) (0.75) (0.76)
RSQ In a good mood 3.08 3.22 3.47 3.60 2.98 3.12 3.17 3.12 <0.001 <0.010 0.044
(0.59) (0.62) (0.72) (0.85) (0.72) (0.65) (0.75) (0.76)
RSQ Mentally alert 2.87 3.11 3.45 3.58 2.64 (0.7) 2.97 2.79 3(0.77) <0.001 <0.010 0.003
(0.65) (0.65) (0.71) (0.71) (0.75) (0.81)
RSQ Sleepy (R) 2.76 3.65 3.66 3.8(0.86) 3.10 3.57 3.55 3.68 <0.001 <0.010 0.085
(0.79) (0.94) (0.87) (0.95) (0.86) (0.89) (0.90)
RSQ Tired (R) 2.49 3.10 3.36 3.49 2.62 3.24 3.19 3.41 <0.001 <0.010 0.238
(0.47) (0.65) (0.84) (0.85) (0.94) (0.82) (0.76) (0.91)
RSQ Rested 211 2.71 2.95 3.02 1.99 2.46 2.47 2.5(0.86) <0.001 <0.010 0.144
(0.73) (0.93) (1.09) (1.03) (0.72) (0.92) (0.95)
RSQ Refreshed and 2.06 2.74 2.78 2.75 1.79 2.36 2.31 2.47 <0.001 <0.010 0.702
restored (0.77) (0.92) (0.96) (0.82) (0.78) (0.94) (0.84) (0.95)
RSQ Ready to start 2.61 3.05 3.39 3.3(0.95) 2.27 2.63 2.66 2.68 <0.001 <0.010 0.267
the day (0.89) (1.14) (0.78) (0.89) (1.05) (0.99) (0.99)
RSQ Energetic 2.58 3.04 3.14 3.18(0.8) 2.04 2.39 2.43 2.5(1.08) <0.001 <0.010 0.829
(0.83) (0.52) (0.62) (0.76) (1.05) (0.97)
Daily diary Energy 5.87 6.41 6.78 6.92 6.54 6.45 6.73 6.71 <0.001 <0.010 0.004
(1-10 low-high) (1.88) (1.86) (1.67) (1.63) (1.54) (1.64) (1.55) (1.79)
Daily diary 6.29 6.54 6.99 6.99 6.77 6.75 6.81 6.86 <0.001 <0.010 0.004
Productivity (1-10 (2.05) (1.88) (1.75) (1.79) (1.85) (1.81) (1.62) 1.77)
low-high)
(R): reverse scoring (lower number indicates improvement).
@ p < 0.05 indicates significance between groups.
250 - A 5 1 B 5 1 C 5 1 D
200 - 4 4 4 4 4 4
150 A 3 1 3 3
100 - 2 - 3 = 2
50 1 1 - 1 1 1 1
0 0 0 0
Baseline Day7 Day 14 Day 2l Baseline Day7 Dayl4 Day21 Baseline Day7 Day14 Day?2l Baseline Day7 Day14 Day21

Fig. 2. Magnesium L-threonate (MgT, black symbols) showed significant (p < 0.05) improvements over placebo (white symbols) for Leeds Sleep Questionnaire
(LSEQ) subcategory behavior following awakening (A); and Restorative Sleep Questionnaire (RSQ) subcategories grouchy (B), in a good mood (C), and mental

alertness (D). Data shown are mean and standard deviation (n = 38 per group).

0.020). Significant main effects for condition (both p < 0.001) and time
(both p < 0.001) were also recorded. Post hoc analyses (T-tests) showed
that MgT was significantly improved at day 21 (p = 0.026) for the
esteem subscale as compared to the placebo.

Using objective Oura ring measurements, as demonstrated in
Table 4, the sleep parameters that showed a significant interaction

(condition x time) included deep sleep score (p < 0.001), REM sleep
score (p = 0.020), light sleep time (p = 0.006). For the activity and
readiness parameters that showed a significant interaction (condition x
time) included activity score (p = 0.010), activity daily movement score
(p < 0.001), readiness score (p = 0.010), readiness activity balance (p =
0.003), and readiness sleep balance (p < 0.001). For the values showing
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Table 3
Profile of Mood States (POMS) questionnaire results (mean and standard deviation, n = 38 per group).
MgT Placebo Condition  Time Interaction
(Condition x Time)
Baseline Day 7 Day 14 Day 21 Baseline Day 7 Day 14 Day 21 P value Pvalue P value®
POMS: 164.03 157.87 154.63 153.32 159.46 150.26 148.91 148.84 <0.001 <0.001 0.480
Total (14.22) (12.57) (11.44) (12.99) (12.32) (10.83) (10.73) (10.12)
Anger 6.14 (3.64) 4.87 4.96 3.46 7.14 (4.33) 4.82 (3.7) 4.03 3.98 <0.001 <0.001 0.020
(3.04) (3.03) (2.24) (2.91) (3.12)
Esteem 14.69 15.94 16.96 17.84 14.76 15.59 15.75 16.18 <0.001 <0.001 0.020
(2.57) (3.25) (2.70) (2.67) (3.60) (3.40) (2.93) (3.60)
Tension 10.42 7.55 6.70 6.35 9.78 (4.42) 7.26 6.25 5.55 <0.001 <0.001 0.900
(4.32) (3.40) (3.33) (3.60) (3.56) (3.44) (2.66)
Fatigue 9.5 (3.35) 7.74 6.59 6.22 9.07 (3.89) 7.27 6.60 7.01 <0.001 <0.001 0.220
(4.07) (3.75) (4.16) (3.58) (3.45) (3.32)
Depression 6.17 (4.29) 5.53 3.77 2.90 5.76 (4.48) 3.91 2.80 2.73 <0.001 <0.001 0.250
(4.94) (3.17) (2.44) (3.29) (2.65) (2.85)
Vigor 9.01 (2.78) 10.08 11.20 11.22 7.10 (3.84) 7.74 8.74 8.66 <0.001 <0.001 0.790
(2.93) (2.91) (3.84) (4.14) (4.67) (4.52)
Confusion 6.55 (3.30) 5.06 4.26 3.87 6.43 (3.15) 4.29 3.61 3.71 <0.001 <0.001 0.550
(2.78) (2.68) (2.77) (2.71) (2.22) (2.22)
# p < 0.05 indicates significance between groups.
Table 4
Oura Ring sleep results (mean and standard deviation, n = 38 per group).
MgT Placebo Condition  Time Interaction
(Condition x
Time)
Sleep parameters Baseline Day 7 Day 14 Day 21 Baseline Day 7 Day 14 Day 21 P value Pvalue P value®
Time awake 55.33 54.71 56.83 57.39 51.75 53.29 54.34 55.82 <0.001 0.110 0.950
(Minutes) (27.28) (26.44) (27.39) (28.21) (21.28) (23.85) (24.43) (26.75)
Sleep Latency 9.07 9.64 10.39 9.96 10.07 11.06 9.86 9.99 <0.001 0.280 0.050
(Minutes) (6.00) (6.57) (6.20) (6.34) (6.28) (6.77) (6.44) (6.05)
Sleep duration 476.52 485.41 479.57 481.07 497.29 497.85 493.38 498.17 <0.001 0.420 0.580
(Minutes) (66.2) (73.89) (68.5) (66.58) (66.31) (65.39) (66.80) (74.04)
Light Sleep 218.89 228.00 223.70 218.18 227.53 222.53 229.79 236.21 <0.001 0.530 0.006
(Minutes) (46.68) (45.69) (44.69) (44.72) (57.2) (50.87) (53.77) (50.59)
REM Sleep 97.75 99.86 97.10 95.76 107.37 101.81 100.93 104.10 <0.001 0.570 0.190
(minutes) (33.51) (34.09) (33.7) (32.65) (37.55) (37.05) (37.91) (38.77)
Deep Sleep 96.3 92.73 94.75 97.75 100.52 99.55 99.53 93.65 <0.001 0.490 0.070
(minutes) (33.01) (35.04) (33.52) (36.2) (34.7) (35.85) (41.09) (37.12)
Total Sleep 417.88 425.13 420.57 418.91 439.54 438.94 437.5 440.43 <0.001 0.550 0.590
(Minutes) (52.31) (62.06) (56.68) (58.31) (60.9) (62.22) (61.03) (66.8)
Sleep Efficiency 88.24 88.73 88.17 87.58 89.44 89.19 89.03 88.59 <0.001 0.010 0.590
(5.2) (4.86) (4.94) (5.82) (4.12) (4.43) (4.83) (4.95)
Sleep Disturbance 75.44 75.78 75.24 74.62 76.77 76.41 75.50 74.97 <0.001 0.050 0.760
Score (8.64) (8.84) (8.40) (8.41) (8.67) (8.79) (10.40) (9.95)
Sleep Efficiency 89.41 90.04 89.07 86.2 92.14 91.07 90.54 89.4 <0.001 <0.001 0.210
Score (9.85) (9.61) (9.9) (15.15) (6.99) (8.63) (8.19) (9.69)
Latency Sleep Score 78.92 79.65 81.46 79.6 80.18 80.81 79.73 80.49 <0.001 0.540 0.100
(10.83) (10.86) (10.98) (10.31) (10.11) (10.62) (10.37) (10.36)
REM Sleep Score 84.65 87.43 86.42 84.82 88.31 85.96 84.55 85.61 <0.001 0.190 0.020
(17.37) (14.77) (15.26) (16.84) (13.88) (15.15) (17.87) (16.52)
Deep Sleep Score 93.84 92.65 93.58 94.2 93.58 94.05 88.03 90.7 <0.001 <0.001 < 0.001
(8.33) (10.31) (8.63) (8.54) (9.18) (8.51) (12.73) (12.99)
Total Sleep Score 80.74 81.9 80.72 81.16 84.26 83.5 82.58 83.64 <0.001 0.310 0.420
(12.43) (12.83) (12.58) (12.76) (12.87) (12.59) (13.12) (13.6)
Overall Sleep Score 82.33 83.4 (7.3) 82.62 82.44 84.6 84.19 82.96 83.13 <0.001 0.070 0.130
(7.25) (7.05) (7.68) (6.07) (6.94) (7.18) (7.64)
Activity and readiness parameters
Activity Score 88.53 85.19 85.84 87.82 86.17 78.61 80.83 80.87 <0.001 <0.001 0.010
(8.38) (11.34) (10.58) (9.02) (11.16) (16.18) (15.67) (16.77)
Activity Met Daily 81.33 81.90 81.89 81.97 84.69 84.74 84.44 84.93 <0.001 0.880 0.810
Movement Goals (13.94) (13.6) (13.34) (13.49) (12.94) (12.38) (13.1) (12.52)
Activity Daily 79.72 79.59 80.71 79.81 76.52 65.62 64.74 64.6 <0.001 0.010 < 0.001
Movement Score (20.26) (22.31) (24.55) (22.93) (25.47) (38.85) (38.45) (39.62)
Readiness Score 79.75 82.05 80.01 80.16 82.21 81.52 80.73 79.95 <0.001 <0.001 0.010
(7.56) (6.36) (6.41) (7.24) (6.69) (6.97) (6.27) (7.02)
Readiness Activity 82.69 81.84 82.85 84.75 83.69 85.39 85.54 84.9 <0.001 0.007 0.003
Balance (7.25) (9.91) (8.77) (7.17) (13.19) (7.73) (8.11) (8.97)
Readiness Sleep 78.53 81.97 80.17 78.25 83.24 80.85 81.09 82.74 <0.001 0.710 < 0.001
Balance (9.51) (9.85) (11.06) (12.2) (7.52) (11.06) (10.07) (11.46)

# p < 0.05 indicates significance between groups.
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a significant interaction, we conducted post hoc analyses (T-tests). MgT
was significantly better than the placebo for deep sleep score at day 14
(p = 0.040). Comparing the activity score, MgT was significantly
different than placebo at day 7 (p = 0.044) and day 21 (p = 0.028).
Comparing activity daily movement score, MgT approached significance
at day 7 (p = 0.059) and was significantly improved at day 14 (p =
0.035) and day 21 (p = 0.044) over placebo. Comparing readiness ac-
tivity balance, MgT approached significance for day 7 (p = 0.086), as
compared to placebo.

Overall, the Oura ring data shows MgT maintained good sleep
qualities and daytime functioning, significantly better than the placebo
group.

For the post-study questionnaires, as shown in Table 5, at the end of
the intervention period, significantly (p < 0.05) more of the MgT group
as compared to the placebo group answered YES to the following
questions: feeling their sleep was more refreshing/restoring, feeling
more rested upon awakening, feeling their physical health had
improved, and feeling their mental health had improved, feeling their
concentration during the daytime improved, feeling they had more en-
ergy during the daytime, and feeling more alert during the daytime.

3.2. Adverse event recording

Participant comments from daily diaries were assessed for possible
adverse events. Four AEs were recorded from the MgT group, and 13
from the placebo group. None were regarded as “probable” or higher by
MedDRA severity classifications. For the MgT group AEs recorded using
MedDRA terminology were nocturnal awakening (1), cramps legs (2)
and sunken eyes (1). From placebo group AEs recorded were nocturnal
awakening (2), sleepiness (6), feeling anxious (1), restlessness (3), pulse
increased (1). MgT appeared to be safe and well-tolerated.

4. Discussion

MgT has previously been clinically demonstrated to improve cogni-
tive scores reflecting individual’s executive function, working memory,
episodic memory, and attention by six weeks [26]. Similarly, it has
previously been demonstrated to significantly improve memory,

Table 5
Post-study self-report assessments (percentage answering “yes”, n = 38 per
group).

Question MgT Placebo Chi-
square
Has the quality of your sleep improved? 57 42 % x?=0.15
%
Is your sleep more refreshing/restoring? 57 29 % X =
% 0.017
Do you feel more rested upon awakening? 62 29 % =
% 0.004"
Do you feel that your physical health has 49 24 % =
improved? % 0.022"
Do you feel that your mental health has improved? 59 29 % ¥ =
% 0.007°
Do you feel calmer? 57 42 % x?=0.15
%
Do you feel that your memory during the daytime 41 24 % x> =0.09
improved? %
Do you feel that your concentration during the 46 24 % X2 =
daytime improved? % 0.04"
Do you feel like you have more energy during the 51 29 % =
daytime? % 0.04"
Do you feel more alert during the daytime? 59 26 % X’ =
% 0.004°
Taking the supplement had a positive effect on my 46 26 % x> = 0.06
perceived stress and anxiety. %
Taking the supplement had a positive effect onmy 33 23 % x> =0.24
mood. %

# p < 0.05 indicates significance between groups.
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associational learning, figure recognition, recall and character-face as-
sociation [25]. Additionally, it was shown to reduce self-reported stress
and anxiety after twelve weeks consumption [27] while also reducing
clinically administered fear scores after six- and twelve-weeks con-
sumption [27]. Furthermore, it was reported in an eight-week open--
label study with 15 dementia patients to improve overall cognitive
functioning [28] and in a twelve-week open-label study with ADHD
participants to improve self-reported ADHD symptoms, executive func-
tion, and visual scanning measures [29]. These are consistent with the
animal data. Magnesium has always been implicated to benefit sleep,
but the clinical evidence is not always conclusive [13,15,16,38,39],
most likely because most of the magnesium compounds used in the
studies are not brain bioavailable. MgT is able to cross the blood brain
barrier and increase magnesium levels in the brain and neuron cells.
Thus, it is of great interest to examine the effect of MgT on sleep. Here
we report the effects of 1.0 g daily MgT (about 75 mg of bioavailable
elemental magnesium) intake over three weeks. The results of this study
demonstrated that supplementation with MgT alone is safe,
well-tolerated and resulted in statistically significant improvements in
sleep quality, daytime activity, and mood outcomes, as compared to
placebo.

MgT improves sleep outcomes. For self-reported sleep quality, the
MgT-consuming group had significantly improved behavior following
awakening LSEQ subscale, mental alertness, good mood and were less
grouchy in the RSQ measurements compared to the placebo group.
Nonsignificant improvements (i.e., trending in the right direction) were
evidenced for the MgT compared to the placebo for most other LSEQ and
RSQ parameters; they did not reach statistical significance, apparently
due to the strong placebo effects that is often associated with subjective
measures. However, it is interesting that most of the improvements
observed in the placebo happened in the first week of product intake,
and the effects plateaued afterwards, while in the MgT group, the effects
continued to improve for the rest of the study. Other magnesium sleep
studies also showed strong placebo responses [37,38].

With this study, measures recorded from a wearable device (Oura
ring) were more objective and thus statistically more definitive than the
participant-assessed sleep outcomes. MgT significantly outperformed
the placebo for deep sleep score (p < 0.001), activity score (p = 0.010),
activity daily movement score (p < 0.001), readiness score (p = 0.010),
and readiness activity balance (p = 0.003), light sleep (p = 0.006), REM
sleep score (p = 0.020) and readiness sleep balance (p < 0.001). Deep
sleep is the most restorative and rejuvenating sleep stage. During deep
sleep, breathing is slow, heartbeat is regular, and muscles are relaxed;
and it is the period where the body heals itself (e.g., replaces cells, builds
muscle tissue, and heals wounds). Deep sleep encompasses between
0 and 35 % of total sleep, and the average adult spends 15-20 % of their
total sleep time in deep sleep. In terms of cognition, deep sleep con-
tributes to thinking, creativity, and memory consolidation and restora-
tion, specifically procedural and declarative memory. This deep sleep
stage allows the brain to rest and recover, which assists with improving
cognitive function, concentration, and alertness. Plus during deep sleep
the brain processes and integrates new information, which can improve
memory retention and learning. We found that MgT supplementation
improved deep sleep score, which provides an explanation for previous
findings that MgT improved cognitive abilities compared to placebo
[25-27]. 1t is plausible that some of the cognitive enhancing effects of
MgT may, in part, be due to its ability to improve deep sleep, although
the causal/effect connection still needs to be investigated. Relatedly,
magnesium improves synapse configuration associated with learning
and new memory formation [40], those functions perhaps occurring
during deep sleep.

Insufficient sleep is linked to reduced energy, productivity, and
physical activity as well as increased feeling of fatigue [45,46]. With
MgT supplementation, individuals demonstrated an improved sleep
quality, and an improved daytime mental clarity and physical activity.
The MgT results support previous research findings of a bidirectional
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relationship between improved sleep quality and increased daytime
activity [41-44]. It is also interesting to notice that MgT slightly
increased sleep latency as compared to the placebo (p < 0.05) in this
study, suggesting that MgT’s benefits on sleep is more on the improved
deep sleep quality and refreshed awakening, improved daily activity and
mental alertness, rather than helping people to fall sleep faster.

Finally, we find it interesting that in vitro work shows increasing
magnesium by one third from 0.8 mM to 1.2 mM, within biologically
plausible concentrations, improves neuronal cell energy in terms of
increased mitochondrial function by 68 % within 4 h, doubling neuronal
ATP production [47]. It occurs to us that improved neuronal energy in
response to MgT may be a source of the improved daytime functioning
observed by the participants in this study.

MgT improves mood. Here we report that 1 g daily MgT consumption
improved good mood (Table 2), reduced grouchiness (Table 2) and
reduced anger (Table 3). This highlights the role of MgT in improving
behavior (and mood) upon awakening. Magnesium consumption has
been linked to improved mood previously, albeit weakly, perhaps due to
the lower brain bioavailability of other types of magnesium. We find the
mood improvements reported here to be statistically significant as
compared to the placebo. This observation is consistent with the
improved quality of sleep, suggesting that the benefits of MgT is multi-
functional, which can be expected from the multi-functional benefits of
magnesium in overall brain health.

MgT starts working within 14 days. We also observed that, the effects
of MgT intake reached significance as compared to the placebo by 7-14
days into this study, namely LSEQ behavior following awakening and
Oura ring activity score (days 7-21); RSQ mentally alert, Oura ring deep
sleep and activity daily movement (days 14-21). This is the first human
study which has demonstrated the response time of MgT as within 7-14
days (Tables 1-3).

MgT outperforms considerable placebo effects. From the self-
assessed outcomes we reported here, it was evident that almost all
participants reported their sleep quality and their behavior improved
over the three weeks, irrespective of treatment. This highlighted a
particularly strong placebo effect with these self-assessed scoring ques-
tionnaires. Placebo effects are often observed in various clinical studies
using these subjective questionnaires. These effects often exhibit tem-
poral dynamics that can be influenced by factors such as the duration of
the intervention, the nature of the outcome measure, and individual
expectations.

In terms of duration, placebo effects on mood and anxiety often
manifests as short-term improvements in self-reported measures. How-
ever, the sustainability of these effects over longer periods is often
limited. The transient nature of placebo effects in non-diagnosed par-
ticipants underscores the importance of distinguishing between short-
term and lasting changes. A large part of this difference is, obviously,
actual treatment efficacy versus participant expectation.

Expectation plays a significant role in the temporal aspects of the
placebo effect. When participants believe they are receiving an active
intervention, their expectations often lead to rapid improvements. These
effects are often particularly pronounced in the early stages of an
intervention but diminish as participants become more aware, thus
lacking long-term effect. This placebo effect is also observed in this
study. In most of the measurements using questionnaires, both MgT
group and placebo group showed a statistical significance over the
baseline (as evidenced by the significant p values of condition and time
separately) but failed to reach significance when compared between
MgT and placebo (as evidenced by the p value of the interaction). In
these measurements, the MgT group appeared to continue to improve
after the first week, while placebo group showed most effect in the first
week and plateaued afterwards.

Neurobiological mechanisms do underlie placebo effects, even in
non-diagnosed participants. In terms of mood and anxiety, neuro-
imaging studies have shown that placebo interventions can lead to
changes in brain activity patterns associated with emotional processing
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and mood regulation, as well as motor control, endocrine and immune
effects [48-50]. These mechanisms can contribute to the temporal dy-
namics of placebo responses in mood and anxiety. These effects may be
driven by neurotransmitter activity or brain activation patterns:
Short-term placebo effects might involve the release of neurotransmit-
ters like endorphins, dopamine, and serotonin, which are associated
with sleep and mood regulation. These neurotransmitters can lead to
immediate improvements, but sustained changes may require more
comprehensive neural adaptations.

As mentioned previously, MgT has been shown in animals to result in
neural adaptations which improved memory outcomes [7,17-24,40,471,
and similar outcome benefits in terms of memory and cognition (as well
as mood) have been observed in humans [25-29]. It may be safe to
conclude that such adaptations have occurred here.

Collectively, these data showing improved sleep quality and daytime
functioning from daily consumption of magnesium L-threonate suggest
they may play a role in clinical practice as an adjunct therapy for healthy
individuals experiencing sleeplessness or the consequences thereof. Both
magnesium and threonic acid ligand are endogenously present in our
body [24]) and possess a good safety profile. Together with the
demonstrated benefits in sleep, cognition, mood and many other areas of
brain health, magnesium L threonate would be the choice of brain
magnesium in clinical practices. Research into the role magnesium
L-threonate plays in areas such as restoring or ameliorating memory
deficit, neuroinflammation and pain, ADHD, stress and anxiety have
occurred and are ongoing [7,17-29,40,47].

Study strengths, limitations and direction for further research. The
primary strength of this study includes the use of both objective and
subjective outcome measures to assess the sleep-enhancing effect of MgT
on healthy adults experiencing self-assessed, non-clinical sleep distur-
bance. Despite positive outcomes there were limitations to this study
and suggested directions for further research. Subjective measures had a
strong placebo effect, as discussed earlier. As this effect had a strong
temporal component, future research should involve a longer study
duration to further differentiate the longer-term positive benefits of
MgT.

5. Conclusions

Collectively, in this randomized placebo-controlled double-blind
trial, we examined the effectiveness of MgT supplementation on sleep
parameters and daytime activity in adults with nonclinical insomnia
symptoms. Using objective oura ring measurement, sleep and daytime
functioning were all significantly improved as compared to the placebo.
Additionally, using subjective questionairres, MgT significantly
improved over the placebo on behavior upon awakening, energy and
daytime productivity. MgT intake also significantly reduced grouchi-
ness, led to significantly improved mood and mental alertness, as
compared to the placebo. MgT was well tolerated with no report of
major side effects. The results are consistent with the action of magne-
sium on the brain reported elsewhere, and suggest a broader positive
impact of MgT beyond simply sleep, and highlighted MgT’s potential to
induce sustained, progressive benefits to overall brain functioning.
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