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Abstract.
Background: Cognitive impairment is a major problem in elderly, affecting quality of life. Pre-clinical studies show that
MMFS-01, a synapse density enhancer, is effective at reversing cognitive decline in aging rodents.
Objective: Since brain atrophy during aging is strongly associated with both cognitive decline and sleep disorder, we evaluated
the efficacy of MMFS-01 in its ability to reverse cognitive impairment and improve sleep.
Methods: We conducted a randomized, double-blind, placebo-controlled, parallel-designed trial in older adult subjects (age
50–70) with cognitive impairment. Subjects were treated with MMFS-01 (n = 23) or placebo (n = 21) for 12 weeks and cognitive
ability, sleep quality, and emotion were evaluated. Overall cognitive ability was determined by a composite score of tests in four
major cognitive domains.
Results: With MMFS-01 treatment, overall cognitive ability improved significantly relative to placebo (p = 0.003; Cohen’s
d = 0.91). Cognitive fluctuation was also reduced. The study population had more severe executive function deficits than agematched controls from normative data and MMFS-01 treatment nearly restored their impaired executive function, demonstrating
that MMFS-01 may be clinically significant. Due to the strong placebo effects on sleep and anxiety, the effects of MMFS-01 on
sleep and anxiety could not be determined.
Conclusions: The current study demonstrates the potential of MMFS-01 for treating cognitive impairment in older adults.
Keywords: Alzheimer’s disease, cognitive impairment, cognition, composite score, L-threonate, magnesium, mild cognitive
impairment, randomized clinical trial, sleep disorder, synaptic density

INTRODUCTION
Cognitive function declines with aging [1]. Cognitive impairment in elderly is a major problem that
can affect activities of daily living (ADL) and quality
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of life [2, 3]. Although the neuropathological process
underlying cognitive impairment remains elusive, the
best correlate to cognitive impairment is brain atrophy [1, 4]. Brain atrophy is associated with neuronal,
axonal, and synaptic loss. So far, the best structural predictor of cognitive decline is the degree of synaptic loss
[5]. Since synapses are the elemental units of neural
communication, synapse loss and reduction of synaptic plasticity should have a major impact on neural
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signaling, resulting in impaired cognition. Therapeutic strategies that prevent net synapse loss and increase
synapse density may have great potential for cognitive
impairment.
In our pre-clinical studies, we found that the level of
brain magnesium is a critical factor controlling synapse
density and plasticity. Elevating neuronal intracellular magnesium can increase functional synapse density
and plasticity in cultured hippocampal neurons [6, 7].
Mechanistically, we found that intracellular magnesium in neurons serves as a critical second messenger
controlling neuronal energy supply and functional
synapse density [7]. In an intact rodent, treatment with
conventional magnesium salts is ineffective at elevating brain magnesium and improving memory function
[8]. This is because active transport systems tightly
control the amount of magnesium that crosses first
from digestive tract into blood, and then from blood
to cerebrospinal fluid (CSF) [9]. In human, increasing blood magnesium by up to 300% only changes
CSF magnesium by less than 19% [10]. To overcome
this problem, we developed L-Threonic acid Magnesium salt (L-TAMS, formerly MgT), a compound that
can effectively enhance CSF magnesium concentration via oral intake [8]. L-TAMS treatment increases
synapse density in brain regions critical for executive
function and memory, such as the prefrontal cortex
and hippocampus [8, 11–13]. Furthermore, L-TAMS
treatment increases the number of NR2B containing NMDA receptors, resulting in an enhancement of
synaptic plasticity in aging rats and Alzheimer’s disease (AD) model mice [8, 14]. At a functional level,
L-TAMS treatment reverses cognitive impairment in
aging rats and AD model mice [8, 14]. The increase
of synapse density in aging rats is linearly correlated
with memory improvement [8]. L-TAMS treatment
also enhances fear memory extinction and prevents fear
memory over-generalization, leading to a reduction of
anxiety in rats [13, 15].
Here, we conducted a randomized, double-blind,
placebo-controlled trial to evaluate the efficacy and
safety of a treatment regimen consisting of 12 weeks
of oral intake of MMFS-01, a compound containing
L-TAMS, in older adults with cognitive impairment.
We used three inclusion criteria, including subjective
memory complaints (SMC), sleep disorder, and anxiety, to select subjects who had cognitive impairment.
Their cognitive impairment was later confirmed by
an object cognitive test (Trail Making Test - Part B).
Sleep and anxiety disorder were used as inclusion
criteria to increase the chance of recruiting subjects
who had cognitive impairment with an underlying

neurodegenerative condition. This was necessary
because previous studies show that SMC is not a good
sole indicator of mild cognitive impairment (MCI).
Many people who think they have memory issues actually have a normal cognitive profile when tested with
objective memory tests. There is only a 30% chance
that someone with SMC has MCI [16]. It is common
that patients with brain atrophy not only have MCI but
also have neuropsychiatric symptoms [17]. The common core non-cognitive symptoms in MCI patients are
anxiety [18, 19] and sleep disorder [20, 21]. 47% of
MCI patients have anxiety symptoms [22], and 83%
of those with MCI and anxiety develop AD compared
to only 41% of those with MCI without anxiety [23].
Recent studies show sleep disorder is strongly correlated with cognitive impairment [20], and even the
chance of getting AD [24].
Our efficacy evaluation included determination of
body magnesium status, tests of cognition in four
domains (executive function, working memory, attention, and episodic memory), and measurements of
sleep quality and emotional state [25].
MATERIALS AND METHODS
Study design
This was a 12-week parallel-designed, randomized,
single-site, double-blind, placebo-controlled clinical
trial that compared MMFS-01 and placebo. MMFS-01
is a compound containing L-TAMS, trademarked
under the name ClariMem® .
Participants
Subjects were men or women between 50 and 70
years of age with self-reported complaints of cognition (memory and concentration), and with anxiety
and sleep disorder. Subjects had a Mini-Mental State
Examination score (MMSE) equal to or greater than
24. Sleep difficulties defined by a score of greater than
5 on the Pittsburgh Sleep Quality Index (PSQI), and
the presence of mild-to-moderate anxiety, with scores
≥12 and ≤28 on the Hamilton Anxiety Questionnaire
sub-score A (HAM-A), were required for inclusion in
the study [26].
Exclusion criteria included active heart disease;
uncontrolled high blood pressure (≥140/90 mmHg);
renal or hepatic impairment/disease; Type I or II
diabetes; bipolar disorder; Parkinson’s disease; AD;
dementia; unstable thyroid disease; diagnosed major
affective disorder; psychiatric disorder (hospitalized in
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the past year); immune disorder (such as HIV/AIDS);
a history of cancer (except localized skin cancer without metastases or in situ cervical cancer) within 5
years prior to screening; current use of calcium channel
blockers, SSRIs or anxiolytics other than benzodiazepines as needed, with “as needed” defined as less
than 5 times per month; current use of any medications
that are known to interact with magnesium including
loop, thiazide, or potassium-sparing diuretics, muscle
relaxants, penicillamine, corticosteroids, magnesiumcontaining antacids or other magnesium containing
products; use less than 7 days before the randomization visit of calcium channel blockers, any anxiolytics
or SSRIs; current use of antibiotics (a washout period
of 2 weeks was allowed); presence of an unstable dose
of medication (defined as fewer than 90 days at the
same dose); presence of an allergy or sensitivity to any
ingredient in the test product; hepatic or renal dysfunction as evidenced by ALT, AST, AP being ≥2
times the upper limit of normal or serum creatinine
value ≥2.0 mg/; history of drug or alcohol abuse in
the past 12 months or had begun/stopped smoking ≤6
months ago or had plans to begin/quit smoking; possibility that the subject may become pregnant as shown
by lack of birth control use, pre-menopausal status
or absence of hysterectomy; status of pregnancy, lactation or plans to become pregnant during the study
period; participation in another research study either
presently or within 30 days prior to the screening visit;
any condition, abnormality, medication usage or clinically significant clinical laboratory findings that, in
the opinion of the investigator, would compromise the
safety of the subject or the quality of the study data.
Subjects were allowed to take medications if the medication was not part of the exclusion criteria and the
dose was unchanged at least 90 days before screening
and throughout the study.
Subjects stopped taking any dietary supplements at
least 7 days prior to randomization, and maintained
cessation during the study. They refrained from alcohol
consumption or exercise for at least 24 hours prior to
each test visit. No changes to the methods, including
eligibility requirements and dosing, were made after
commencement of the trial.
Recruitment and randomization
Subject randomization began in November 2012,
and recruitment was completed in June 2013. A
total of 51 subjects (age 50–70) were recruited by
Miami Research Associates (MRA) and enrolled in a
randomized double-blind, placebo-controlled trial
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conducted at MRA (Miami). Data for all subjects
at every time point were collected by MRA at their
Miami clinical laboratory.
Before the study began, the protocol, informedconsent form, and other information provided to
subjects and caregivers were reviewed and approved
by the Aspire IRB (September 20, 2012). Subjects
were randomly assigned to the MMFS-01 or placebo
group in a ratio of 1:1, using a block-2 randomization
schedule. Subjects received a sequential number corresponding to the order in which they entered the study.
Study sponsors, investigators, research coordinators,
attending care teams, and subjects were blinded to
treatment group. The consulting statistician locked the
database of data elements and unblinded it by accessing the table of randomized assignments and merging
them into the data tables.
Dosage
Dosage was set to correspond to approximately
25 mg/kg/day. To accomplish this, subjects between
50 and 70 kg took 1.5 g/day, and subjects between 70
and 100 kg took 2 g/day of MMFS-01. At conclusion
of the study, 8 subjects (35 percent) were taking 1.5 g of
MMFS-01 per day, and 15 subjects (65 percent) were
taking 2 g of MMFS-01 per day.
Power analysis
Enrollment for this study was targeted at 50 subjects (25 per group). Prior to this study, this compound
was given open-label to a small number of subjects
(L-TAMS has self-affirmed/FDA-affirmed GRAS
status). These subjects’ subjective feeling was a significant improvement in anxiety, sleep, and mental clarity.
They had significant improvement in anxiety based on
the HAM-A questionnaire. Therefore, we powered the
analysis in this trial by reduction of HAM-A score. We
predicted the treatment would lead to a 50% reduction in HAM-A score, with a SD of HAM-A scores
of approximately ± 10 score points [27]. Assuming a
serial coefficient correlation of about 0.5 for HAM-A
scores at baseline and 12 weeks, the within-group
SD of the 12-week changes would also be ± 10 score
points. With the use of an unpaired Student t-test with
a significance level of 0.05, a total enrollment of 50
subjects (40 completers if 20% attrition) was required
for the study to be able to detect differences of about
a 45% reduction in HAM-A score. We assumed an
attrition rate of 20% in line with previous experience by the contract research organization that ran
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the study, MRA. Even if the attrition rate had been
as high as 32%, there would have been enough analyzable subjects (34 subjects) to provide 87% power in
detecting a clinically meaningful 50% HAM-A score
reduction.
Efﬁcacy endpoints
Efficacy assessments were made at Baseline Visit,
Week 6 Visit, and Week 12 Visit. The change in the
body’s magnesium status was quantified by assessing
blood magnesium concentration (plasma Mg2+ ), urine
magnesium concentration normalized by the estimated
glomerular filtration rate (uMg2+ /GFR), and intracellular magnesium concentration (Red Blood Cell; RBC
Mg2+ ). The key functional efficacy outcome measures
included measurements of cognitive abilities, sleep
quality, and affect.
TMT-B test
The Trail Making Test – Part B (TMT-B) assesses
executive function as well as impulsivity, visual search,
visual attention, and motor speed [28]. In the test, subjects were required to connect a series of label circles
that constituted a trail. Scores were calculated as the
inverse of the time (in milliseconds) it took the subject
to complete the task (all 25 circle connections), representing speed. Scores from subjects unable to complete
the task in the maximum allotted time (360 seconds),
or from those who quit prior to the maximum allotted time, were scaled to the time to complete 25 circle
connections before converting to speed. Six out of 44
(13%) subjects did not complete the task at least once
with a total of 9 occurrences, 5 at baseline, 3 at Week
6, and 1 at Week 12. Higher speeds reflected better
performance.
DigitSpan test
The DigitSpan test assesses working memory performance. Scores were based on the length of the
longest sequence of digits (consecutive numbers) subjects could remember and thus ranged from 0 without
an upper bound, with higher scores reflecting better
performance.
Eriksen Flanker Congruent/Incongruent test
The Eriksen Flanker Congruent/Incongruent test
assesses attention, that is, cognitive processes involved
in detection and recognition of targets in the presence

of distracting information [29]. A target directional
arrow was flanked by either arrows in the same
(congruent) or opposite direction (incongruent). The
average time to correctly select the target arrow’s direction was recorded. The incongruent task was more
difficult than the congruent task because the congruent
task did not require response inhibition and was less
confounded by training effects. Therefore, the response
times in the congruent condition were subtracted from
those in the incongruent condition to remove training
effects and discern effects on attention. The opposite of
this difference was reported so higher scores reflected
better performance.
Face-Name association test
Finally, the Face-Name Association test assesses
hippocampal-dependent episodic memory [30].
Twenty faces with twenty fictional popular first names
were shown on screen. Subjects were then asked to
remember and later recognize each face and name
pair when presented with the same or novel face
and name pairs. Using signal detection theory, the
hit rate, false alarm rate, and sensitivity index (d’)
were calculated, where d’ = z(hit rate) -z(false alarm rate) .
d’ showed how well the subject distinguished old from
new. Hit rate was defined as a correct identification
of an old face and name pair and false alarm as an
incorrect identification of a new face and name pair.
Higher scores reflected improved performance with
scores above three indicative of a near perfect score.
Composite score
Scores from several cognitive tests, evaluating
four domains of cognition—executive function, working memory, attention, and episodic memory—were
combined to produce a composite score to assess
overall cognitive ability [25]. The cognitive tests
included TMT-B for executive function [31], DigitSpan for working memory capacity [32], Face-Name
Association for episodic memory [33], and Eriksen
Congruent/Incongruent Flanker [29] for attention.
The composite score was calculated as the average of the four individual z scores (z̄). z scores were
calculated for each subject on each test using the forb
mula z = x−µ
σb , where µb is the mean of all subjects
(MMFS-01 and placebo combined) at baseline and σb
is the standard deviation (SD) of all subjects at baseline. Baseline means and SDs were used to convert
the raw scores of Week 6 and Week 12 to z scores in
order to determine the treatment effects (change from
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baseline) of MMFS-01 versus placebo for each subject
for each test.
Effect size (Cohen’s d) was determined for each of
the cognitive endpoints at Week 6 and Week 12 using
the formula
X̄
)−(X̄n,Placebo ) , where X̄
Cohen’s d = ( n,MMFS−01
n
σpooled
was the mean of the change from baseline values in
the MMFS-01 or placebo group at either Week 6 or
Week 12 and σpooled was the pooled SD of the change
from baseline of the MMFS-01 and placebo groups at
either Week 6 or Week 12. Pooled SD was calculated
using the formula
σpooled =



(nMMFS−01 − 1) (σMMFS−01 )2 + (nPlacebo − 1) (σPlacebo )2



(nMMFS−01 + nPlacebo ) − 2




.

Sleep
Sleep quality was measured with PSQI [26]. PSQI is
a self-rated questionnaire which assesses sleep quality
and disturbances over a 1-month time interval. Higher
scores indicated worse sleep quality. Based on previous research, a global PSQI score greater than 5 yields
a diagnostic sensitivity of 89.6% and specificity of
86.5% (kappa = 0.75, p less than 0.001) in distinguishing good and poor sleepers [26].
Emotion
Affective personality was assessed with the HAM-A
and the Positive and Negative Affect Schedule
(PANAS). The HAM-A is a rating scale used in both
clinical and research settings to measure the severity
of psychic and somatic anxiety symptoms [34]. It did
not provide any standardized probe questions and was
administered by a clinician (subject did not complete
the questionnaire by his/herself). Scores ranged from 0
to 56 where ≤17 indicated mild severity, 18 to 24 mild
to moderate severity, 25 to 30 moderate to severe severity, and >30 severe severity. The PANAS is a self-rated
tool used to measure positive and negative affect over
a 1-week time interval, and consists of two 10-item
scales, one for Positive Affect and the other for Negative Affect [35]. Subjects were asked to rate different
feelings and emotions using the following Likert scale:
1 = very slightly or not at all, 2 = a little, 3 = moderately,
4 = quite a bit and 5 = extremely. Scores for each scale
ranged from 10 to 50. Higher positive affect scores
represented more positive affect, and thus, better outcomes. Higher negative affect scores represented more
negative affect, and thus, worse outcomes.
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Cognitive ability ﬂuctuation analysis
The fluctuation of cognitive ability over time was
evaluated by calculating variance of the change in composite score from Week 6 to Week
 12 of individual
(X

−X

)2

Week 12
Week 6
subjects, with the formula σ 2 =
.
n−1
The fluctuations of cognition of the placebo group and
the MMFS-01 group were calculated separately.

Tolerability and safety
Safety evaluations included recording all adverse
events, results of laboratory tests (comprehensive
metabolic panel, uric acid, and complete blood count
with differential), vital signs, body weight, and subjective remarks.
Adverse events were listed, MedDRA encoded,
grouped by general type of event (gastrointestinal, neurologic, cardiac, etc.), and cross-tabulated by event
type and product group. The principal investigator catalogued adverse events as mild, moderate, or severe
according to the following definitions: Mild (causing
no limitation in normal activities), Moderate (causing
some limitation in normal activities), and Severe (causing significant limitation in or the inability to perform
normal activities). A central laboratory conducted all
laboratory evaluations. Of the 47 adverse events, 13
events, occurring in 10 subjects, were judged by the
principal investigator to be probably or possibly related
to the study product. Probably and possibly-related
adverse events were considerably more prevalent in
the placebo group than in the MMFS-01 group (9
and 4 events, in 6 and 4 subjects, respectively). The
predominant adverse events were related to gastrointestinal function (affecting 5 of 25 subjects (20.0%)
in the MMFS-01 group and 4 of 26 subjects (15.4%)
in placebo group, p = 0.726) or infections/infestations
(affecting 4 of 25 subjects (16%) in the MMFS-01
group and 6 of 26 subjects (23%) in placebo group,
p = 0.726).
Statistical analysis
The safety population consisted of subjects who
received at least one dose of any study product, and
who had any subsequent encounter with the study
site. The efficacy population included all subjects
who completed all scheduled visits, had no protocol
deviations that in the judgment of the principal investigator would have invalidated their efficacy data (see
product compliance section below). Only data from
subjects that completed all visits were included in the
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statistical analysis; therefore, there were no missing
data values in the dataset, and imputation was not
required.
Statistical analyses for cognitive tests and body magnesium status variables were performed with SPSS and
R. For categorical variables, difference in the distribution of categories between the different treatment
groups was tested for nominal significance by the
Chi-Square test, in SPSS or GraphPad Prism. Formal
statistical tests were performed for cognitive endpoints
and magnesium status using a univariate analysis of
covariance (ANCOVA) model at Week 6 and Week 12
with baseline values as a covariate. For safety endpoints, changes were tested for significance by the
paired Student t-test, or the non-parametric Wilcoxon
signed-ranks test if necessary. Differences in adverse
event patterns between product groups were tested by
the Fisher’s Exact test.
Longitudinal repeated measures ANCOVA analyses
using observed data without any data imputation were
used to determine the overall effect from baseline of
MMFS-01 compared to placebo. The model included
the categorical fixed effects of treatment (MMFS-01
versus placebo), week (6 and 12), and treatmentby-week interaction, as well as the continuous fixed
covariate of baseline measurement. Normality of distribution and equality of variance were determined
using the Shapiro-Wilk’s test and Levene’s test, respectively. For endpoint values that violated either test,
additional bootstrapping was employed, using resampling methods. In the ANCOVA analyses, in order to
simulate the F-distribution under the null hypothesis,
resampling techniques were used to permute the treatment labels, time point labels, and baseline values. For
each of the 10,000 random permutations, F-statistics
for the ANCOVA model were computed, and used to
compute a percentile p-value for the dataset. Bootstrapping was used for TMT-B, Mg2+ Urine, and
Mg2+ Plasma. In one exception, to determine treatment differences at Week 6 and Week 12 between the
MMFS-01 and placebo groups for percent change in
RBC magnesium concentration, an analysis of variance (ANOVA) model was used instead of ANCOVA.
As this was not a pivotal Phase-III clinical trial,
it was not required to control the study-wise Type1 error rate to a specified alpha level. Each efficacy
endpoint was considered an independent question of
interest, with a hypothesized difference, and was tested
independently using a two-tailed 0.05 alpha level
(p ≤ 0.05 required for a conclusion of statistical significance). No interim analysis was performed for this
study.

To determine outliers, individual data for each test
was analyzed. If a baseline score was greater than 2
SDs away from the mean then that data point was considered to be an outlier, and therefore excluded. Of
the four cognitive tests, outliers were only found on
the Flanker test. Out of 44 baseline data points, 3 subjects were removed (1 MMFS-01, 2 placebo) from the
analysis of the Flanker test. Additionally, we found
some ceiling effects in the Face-Name test, in which
some subjects had a near perfect baseline score (>3).
Therefore, we set 3 as the threshold for the ceiling
baseline Face-Name score. Out of 44 data points, 3 subjects were removed (2 MMFS-01, 1 Placebo) from the
analysis of the Face-Name test. We removed the contribution of any excluded subject to the composite score
so the excluded data points did not erroneously skew
the composite score. Except for outliers and scores at
the ceiling, all data were included for all subjects for
all outcome measurement analyses.
Product compliance
Compliance was measured via the pill counting
method, by documenting the number of calendar days
between visits and the number of pills that should have
been taken. Subject compliance was recorded as a percent of the prescribed amount for each visit and then
averaged to produce an overall compliance figure. Per
the original protocol, 80–120% compliance was considered acceptable. Of 44 subjects in the per protocol
population, 41 returned their unused pills and were in
the acceptable range. The remaining 3 did not return
their pills, but were determined to be within the acceptable range of compliance based on the estimation of
the PI, using MRA staff’s familiarity with the subject and/or subject’s compliance during other testing
phase(s) of the study to make this decision. Therefore,
all 44 subjects were considered compliant.
Funding and sponsor involvement
The study was funded by Neurocentria Inc., CA,
USA, and designed jointly by Neurocentria and MRA.
The study was executed and data was collected by
MRA who vouched for its integrity, with Dr. Diane
Krieger (MRA) serving as the Principal Investigator.
Statistical analysis of several efficacy variables including affective, sleep quality and clinical impression
tests, and all safety variables including adverse events
was carried out by MRA. Neurocentria conducted
statistical analysis for cognitive tests and body magnesium status variables. Neurocentria wrote the paper
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through an iterative review process. ClinicalTrials.gov
number, NCT02363634.
RESULTS
Study population
The mean subject age was 57.3 ± 5.2 years, with
71% female. Baseline demographic and background
characteristics are summarized in Table 1; there
were no significant differences in these characteristics
between the treatment and control groups. 66.7% of
the subjects (34 of 51) had coexisting medical conditions at baseline. The most common conditions were
gastrointestinal (10 subjects; 19.6%). None of the subjects were taking CNS medications and there were no
significant differences between groups in the presence
of coexisting diseases or medication use.
25 subjects received MMFS-01 (Neurocentria, Inc.,
Fremont, California, USA), and 26 received placebo.
7 subjects (14%) discontinued the study prematurely:
2 (7.7%) in the MMFS-01 group and 5 (19%) in the
placebo group (Fig. 1). Withdrawn consent was the
primary reason for discontinuation. The remaining 44
subjects completed the study and were included in the
efficacy analysis.

Table 1
Baseline characteristics according to treatment group
Characteristic
Age - y ± SD
Gender - no. (%)
Male
Female
Ethnicity - no. (%)
Hispanic
Non-Hispanic
Race - no (%)
African-American
Caucasian
Medical History - no. (%)
Cardiovascular
Dermatological
Ears/Nose/Throat/Mouth/Eyes
Endocrine/Metabolic
Gastrointestinal
Musculoskeletal
Neurological
Renal/Genitourinary
CNS Medication - no. (%)
Height - cm ± SD
Weight - kg ± SD
MMSE Score ± SD

Placebo
(n = 26)

MMFS-01
(n = 25)

57.6 ± 4.4

57.1 ± 6.0

8 (31%)
18 (69%)

7 (28%)
18 (72%)

25 (96%)
1 (4%)

22 (88%)
3 (12%)

3 (12%)
23 (88%)

2 (8%)
23 (92%)

10 (38%)
0 (0%)
6 (23%)
7 (27%)
14 (54%)
8 (31%)
10 (38%)
1 (4%)
0 (0%)
159.7 ± 9.7
73.2 ± 12.9
28.2 ± 1.3

9 (36%)
3 (12%)
6 (24%)
5 (20%)
11 (44%)
12 (48%)
11 (44%)
5 (20%)
0 (0%)
161.0 ± 9.1
73.1 ± 10.4
27.8 ± 1.6
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Efﬁcacy
The effects of MMFS-01 on body magnesium levels
We determined the change in body magnesium
status by quantifying magnesium in urine (excretion), plasma (extracellular), and RBC (intracellular).
Excreted magnesium was measured to estimate the
relative amount of absorbed magnesium, because magnesium excreted in urine is proportional to absorbed
magnesium, provided that the subject has normal kidney function for mineral reabsorption (i.e., the higher
the absorption of magnesium, the higher the excretion) [36]. Treatment with MMFS-01 for 12 weeks
resulted in a significant increase in the excretion
rate of magnesium relative to placebo (p = 0.027).
Plasma magnesium concentration is tightly controlled
by homeostatic mechanisms, and plasma magnesium
concentration is hardly changed by conventional oral
magnesium supplementation [37]. While magnesium
was initially higher in the plasma of subjects taking MMFS-01 (Week 6) versus placebo, there was
no difference between the two groups at Week 12,
due to a change in plasma magnesium concentration in the placebo group from Week 6 to Week
12. This difference is indicated by a significant
treatment × time interaction between MMFS-01 and
placebo (p < 0.05). Finally, RBC magnesium concentration increased in MMFS-01 treated subjects from
baseline to Week 12 (3.3 ± 1.9%) and from Week 6 to
Week 12 (3.0 ± 2.0%) compared with a reduction in
placebo treated subjects at Week 12 (–0.6% ± 1.8%)
and from Week 6 to Week 12 (–3.6 ± 2.1%, p = 0.019).
The body magnesium results are summarized in
Table 2. These results suggest that the dosage of
MMFS-01 was effective at loading magnesium into
the body.
The effects of MMFS-01 on cognitive abilities
The effect of MMFS-01 on cognitive ability was
evaluated in four cognitive domains: executive function, working memory, attention, and episodic memory
by administration of the Trail Making, DigitSpan,
Flanker, and Face-Name tests, respectively, at Baseline, Week 6, and Week 12 (Table 3). These cognitive
tests were chosen based on the current consensus
that multiple domains of cognition should be evaluated to determine cognitive impairment [38]. The
cognitive domains we selected were similar to those
included in the Alzheimer’s Disease Cooperative Study
- Preclinical Alzheimer Cognitive Composite (ADCSPACC), are in line with recent recommendations by the
U.S. Food and Drug Administration, and are reliable
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Fig. 1. Study assignment and outcomes. All subjects who withdrew were evaluated for the presence of an adverse event. If an adverse event
was determined as the reason for withdrawn consent then “had adverse event(s)” was listed as the reason for premature discontinuation.

Table 2
Change from baseline in physiological measures
Week 6
Endpoint

Baseline
Score

Physiological
Mg2+ Urine (mg/ml)
MMFS-01
0.061 ± 0.003
Placebo
0.062 ± 0.006
[Mg2+ ] Plasma (mg/dL)
MMFS-01
2.04 ± 0.033
Placebo
2.06 ± 0.041
[Mg2+ ]i RBC (mg/1011 cells)
MMFS-01
1.15 ± 0.038
Placebo
1.19 ± 0.035
Mean ± SEM.

∗ significant

p < 0.05.

change from
baseline

Week 12

p value
(between groups)

change from
baseline

p value
Total Treatment
(between groups)
p value

0.026 ± 0.007
0.012 ± 0.006

0.140

0.025 ± 0.007
0.005 ± 0.007

0.048∗

0.027∗

0.100 ± 0.032
–0.002 ± 0.043

0.026∗

0.065 ± 0.030
0.052 ± 0.035

0.808

0.119

0.003 ± 0.026
0.049 ± 0.026

0.217

0.032 ± 0.023
–0.009 ± 0.021

0.262

0.829
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for testing cognitive deficits and improvements [39,
40].
MMFS-01 treatment resulted in a significant overall treatment effect in TMT-B (p = 0.047; Table 3 and
Fig. 2A). Performance speed in TMT-B (Fig. 2A),
reflecting executive function and cognitive processing,
improved from baseline at Week 6. The mean improvement (MI) was 2.0 ± 0.8 ms–1 at Week 6 and 2.1 ± 0.8
ms–1 at Week 12 in the MMFS-01 group, corresponding to improvements of 19.1% (Week 6) and 19.9%
(Week 12). There was little improvement from baseline
in the placebo group at Week 6 (MI = 0.1 ± 0.5 ms–1 )
and Week 12 (MI = 0.2 ± 0.8 ms–1 ). These results correspond to an effect size (Cohen’s d) of 0.58 at Week
6 and 0.51 at Week 12 (Table 3).
The DigitSpan test assesses working memory capacity. Subjects receiving MMFS-01 improved their
DigitSpan scores (Table 3 and Fig. 2B) at Week 6
(MI = 1.61 ± 0.48 consecutive numbers) compared to
those receiving placebo (MI = 0.10 ± 0.59 consecutive
numbers). This difference was significant (p = 0.023,
Cohen’s d = 0.61), representing a 13.1% net improvement. At Week 12, the improvement persisted in the
MMFS-01 group (MI = 1.43 ± 0.55 consecutive numbers), but there was an increase of the test scores in
the placebo group (MI = 0.67 ± 0.54 consecutive numbers). Therefore, the difference between the MMFS-01
and placebo groups was not significantly different at
Week 12 (p = 0.225).
We used the Flanker test (Table 3 and Fig. 2C)
to evaluate attention capability. The opposite of
the difference between incongruent and congruent
test times was used to represent the test score (see
Materials and Methods for explanation). We observed
improved test scores relative to baseline in the
MMFS-01 group, but the improvements were not
statistically different from that of the placebo group
at either Week 6 or Week 12, and there was not an
overall treatment effect. Flanker test time improved
by 34.9% (Week 6) and 38.2% (Week 12) in subjects
receiving MMFS-01; however, times of subjects
receiving placebo also improved at Week 6 (14.3%)
and Week 12 (32.3%). These results suggest that there
were significant training effects in this test, which
reduced the test’s utility for evaluating efficacy of
treatment.
We used the Face-Name association test to evaluate
episodic memory (Table 3 and Fig. 2D). In subjects
receiving MMFS-01, test scores did not significantly
change from baseline at Week 6 (7.1%, p = 0.460),
but improved significantly from baseline at Week 12
(37.6%, p = 0.003). However, similarly, the test scores
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in the placebo group did not improve at Week 6,
but increased from baseline by 16.2% at Week 12,
although not significantly (p = 0.207). Despite a 21.4%
net improvement at Week 12 with MMFS-01 treatment, improvement in the MMFS-01 group was not
significantly better than improvement in the placebo
group (p = 0.089, Cohen’s d = 0.44).
Finally, to evaluate the overall cognitive ability of
each subject, we calculated the composite score of all
subjects at baseline, Week 6, and Week 12. Each individual score from each cognitive test was converted to
a z score and the z scores from the four tests were averaged (z̄) to obtain the composite score for each subject.
The cognitive tests we selected evaluated major
domains of overall cognitive ability (Table 3 and
Fig. 2E). The composite score z̄ of subjects treated
with MMFS-01 improved significantly compared
to placebo at Week 6 (p = 0.017) and Week 12
(p = 0.003), and had a significant overall treatment
effect (p = 0.001). Subjects treated with MMFS-01
had a MI of 0.41 ± 0.12 z̄ at Week 6 and 0.60 ± 0.13
z̄ at Week 12 compared to 0.06 ± 0.08 z̄ at Week 6
and 0.03 ± 0.14 z̄ at Week 12 for subjects treated
with placebo. The effect size was 0.74 at Week 6
and 0.91 at Week 12. Based on the typical scale for
effect size where 0.2–0.5 is small, 0.5–0.8 is medium,
and ≥0.8 is large [41], the improvement of overall
cognitive ability induced by MMFS-01 treatment was
robust [41].
To determine if improvement in overall cognitive
ability persisted from Week 6 to Week 12 in individual
subjects we plotted the composite score change from
baseline at Week 6 versus the change from baseline at
Week 12. The degree of improvement at Week 6 was
significantly correlated with the degree of improvement from baseline at Week 12 (R = 0.72, p < 0.001;
Supplemental Figure 1B). Conversely, in the placebo
group, there was no correlation between change in
composite score at Week 6 and change in composite
score from baseline at Week 12 (R = 0.07, p = 0.753;
Supplementary Figure 1A). This analysis suggests that
the treatment effects of MMFS-01 persisted in individual subjects.
MMFS-01 treatment reduces ﬂuctuation in overall
cognitive ability
Fluctuation of cognitive ability is an early sign of
cognitive impairment [42]. It is reported that 85%
of MCI patients have fluctuations over time in their
cognitive ability [43]. To evaluate if the subjects’ cognitive ability fluctuated, for each subject we plotted the
composite score change from baseline at Week 6 and
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Table 3
Change from baseline in cognitive measures
Week 6

Endpoint

Baseline Score
(Mean ± SEM)

Cognitive TMT-B (ms–1 )
MMFS-01
10.6 ± 1.0
Placebo
11.2 ± 0.9

change from p value
baseline (between
groups)
2.0 ± 0.8
0.1 ± 0.5

Week 12
Effect Size
Cohen’s d
(95% C.I.)

0.066 0.58 (–0.03–1.17)

change from p value
baseline (between
groups)
2.1 ± 0.8
0.2 ± 0.8

Effect Size
Cohen’s d
(95% C.I.)

Total Treatment
p value

0.116 0.51 (–0.10–1.10)

0.047∗

DigitSpan (consecutive #s)
MMFS-01
11.52 ± 0.59
Placebo
11.05 ± 0.50

1.43 ± 0.55
1.61 ± 0.48
0.023∗ 0.61 (–0.01–1.20)
0.10 ± 0.59
0.67 ± 0.54

0.225

0.30 (–0.3–0.89)

0.064

Flanker: –1(Incongruent - Congruent) (s)
MMFS-01
0.13 ± 0.03
Placebo
0.09 ± 0.02

0.04 ± 0.03
0.01 ± 0.02

0.964 0.27 (–0.89–0.35)

0.05 ± 0.03
0.03 ± 0.02

0.440 0.15 (–0.76–0.47)

0.660

Face-Name (d’)
MMFS-01
Placebo

0.12 ± 0.16
0.04 ± 0.18

0.484 0.10 (–0.51–0.72)

0.64 ± 0.19
0.25 ± 0.19

0.089 0.44 (–0.18–1.05)

0.103

1.70 ± 0.14
1.57 ± 0.14

Overall Cognitive Ability ( z̄ )
MMFS-01
–0.025 ± 0.12
Placebo
–0.002 ± 0.11

0.60 ± 0.13
0.41 ± 0.12
0.003∗∗ 0.91 (0.27–1.51)
0.017∗ 0.74 (0.12–1.34)
0.06 ± 0.08
0.03 ± 0.14

0.001∗∗

Mean ± SEM. ∗ significant p < 0.05. ∗∗ significant p < 0.01.

Week 12 (Fig. 3A-D). In the placebo group, subjects’
composite scores changed dramatically both positively
and negatively from baseline (Fig. 3A, C), confirming
the existence of cognitive variance in subjects in the
current study. Interestingly, in the MMFS-01 treated
group, changes from baseline at both Week 6 and Week
12 were mostly positive (Fig. 3B, D). Thus, MMFS-01
treatment appeared to reduce negative fluctuations in
overall cognitive ability.
To quantify the effect of MMFS-01 on the fluctuation
of cognitive ability, we compared the variance of composite scores between MMFS-01 and placebo groups
(Fig. 3E). We calculated variance of individual subjects’ composite score between Week 6 and Week 12
(see Methods for equation). We did not use change from
Baseline to Week 6 to avoid the pre-existing cognitive
fluctuation prior to treatment. Variance of the composite scores in the placebo group was σ 2 = 0.53 whereas
variance in MMFS-01 treated group was σ 2 = 0.22, a
reduction of 57.6%. This analysis included all subjects,
even those whose composite score did not improve
at Week 6 (n = 7 of 23), so any delayed improvement
that occurred from Week 6 to Week 12 contributed
to this variance. When we only considered subjects
whose composite score improved at Week 6 (n = 16 of
23), variance was even smaller (σ 2 = 0.14), representing a 72.8% reduction in variance (Fig. 3E). Therefore,
MMFS-01 treatment might also help reduce cognitive
fluctuation.

Change in intracellular magnesium predicted the
improvement of cognitive abilities
We noticed that the composite scores of subjects in
the treatment group did not improve uniformly and
in particular, four subjects had little or no improvement after 12 weeks of treatment. Our pre-clinical
studies indicate that the increase in intracellular magnesium concentration in neurons is essential for the
increase in synapse density (unpublished data) and elevation of CSF magnesium is an important intermediary
molecule in the mechanism of action through which
our compound leads to an improvement in cognitive
abilities [8]. In principle, the increase in intracellular
magnesium in neurons should be a predictor of the
improvement of cognitive abilities. Unfortunately, current technology does not permit safe quantification of
intracellular magnesium of neurons in human. Therefore, we decided to use intracellular magnesium of
RBCs as a surrogate marker. Although intracellular
magnesium in peripheral cells may not be a true indicator of brain magnesium, it provided a reference for
the loading effectiveness of magnesium into cells.
Remarkably, the percent change of RBC intracellular magnesium concentration predicted, with statistical
significance, the enhancement in overall cognitive ability (composite score) in the MMFS-01 group (R = 0.49;
p = 0.021; Fig. 3G), but not in the placebo group (R =
0.22; p = 0.334; Fig. 3F). Controlling for the effects of
baseline composite score (see below), the correlation
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Fig. 2. Cognitive endpoints for MMFS-01 and placebo. Change from baseline (dashed line) was evaluated at Week 6 and Week 12 for MMFS-01
(red line) and placebo (black line) treated groups in four cognitive tests: TMT-B (A), DigitSpan (B), Flanker (C), and Face-Name (D). TMT-B
is presented as speed (milliseconds) to complete 25 circle connections, DigitSpan as the number of consecutive numbers (consec. #s) repeated
without error, Flanker as the opposite of the difference between Congruent time and Incongruent time –1 (IC-C) in seconds, and Face-Name as
relative d’ score. The opposite of change in IC-C is shown to illustrate positive change for improvement in the task. Overall cognitive ability
(composite score) is the average of the z scores (z̄) of the four cognitive tests, presented as the change in composite score from baseline (E).
Asterisk over individual time points denotes significance between MMFS-01 and placebo only at that time point whereas asterisk over line
between Week 6 and Week 12 denotes a significant overall treatment effect. ∗ p < 0.05, ∗∗ p < 0.01. All values are mean ± SEM.

between the percent change of RBC intracellular magnesiumconcentrationandthechangeincompositescore
at Week 12 further improved (denoted as R’ = 0.54;
p = 0.012; Fig. 3G), with no significant change in the
placebo group (R’ = 0.25, p = 0.294; Fig. 3F).
There was also a small but non-significant inverse
correlation between baseline composite score and the

change in composite score at Week 12 in the MMFS-01
group (R = –0.34; p = 0.126; Fig. 3I), that was not
present in the placebo group (R = –0.18; p = 0.442;
Fig. 3H). Controlling for the percent change of intracellular magnesium, the correlation between baseline
composite score and change in composite improved
nearly to statistical significance in the MMFS-01 group
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Fig. 3. Analysis of composite score fluctuation. A–D) Individual subject change from baseline composite score at Week 6 and Week 12. Each
arrow represents an individual subject, ordered as subject number determined by the order in which each enrolled in the study. Green arrows
indicate an increase from baseline in composite score and red arrows indicate a decrease from baseline in composite score. E) Change in
composite score from Week 6 to Week 12 for each subject. Bars indicate range of data. Only subjects in the MMFS-01 group who had a positive
composite score at Week 6 were included in the “Responders only” group (far right). F, G) Correlations (R) were determined between the percent
change of RBC intracellular magnesium concentration and the change from baseline in composite score at Week 12 for placebo treated (F) and
MMFS-01 treated (G) subjects. H, I) Correlations (R) were also determined between the baseline composite score and the change from baseline
in composite score at Week 12 for placebo treated (H) and MMFS-01 treated (I) subjects. To eliminate contribution to the correlation from other
factors, either percent change of RBC intracellular magnesium concentration or baseline composite score was controlled for while calculating
each correlation. These correlations (not graphed) are denoted as R’.
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(R’ = –0.42; p = 0.060; Fig. 3I) but not in the placebo
group (R’ = –0.21; p = 0.380; Fig. 3H). These data
suggest that MMFS-01 might be more effective at
improving the overall cognitive ability of subjects with
greater cognitive deficits.
Clinical signiﬁcance of MMFS-01
Analysis of data from the cognitive tests demonstrated that the improvement of cognitive abilities by
MMFS-01 treatment was statistically significant. We
carried out further analysis to determine the clinical
significance of MMFS-01 treatment. One way to quantify clinical significance is to determine how much
cognitive deficit is reversed by comparing test scores
with normative data of age-matched subjects. Unfortunately, normative data for our composite score is
not available. However, normative data for TMT-B
is available from cognitively competent subjects from
age 18 to 89 years (referred to hereafter as Tombaugh
study), and performance on TMT-B declines with age
[44]. We compared results from our study with data
from the Tombaugh study. Subjects in our study took
significantly longer (125.7 ± 17.6 s) to complete the
TMT-B task than age-matched (average age 50–70
years) cognitively normal subjects in the Tombaugh
study (75.0 ± 1.3 s; p < 0.0001), confirming that subjects in our study indeed had executive function decline
(Fig. 4A), and a mild cognitive impairment.
To quantify how much cognitive impairment was
reversed, we plotted average speed of performance on
TMT-B as a function of age. The youngest age group,
age 18–24, performed the fastest, so all other age groups
werenormalizedtothe18–24agegroup.Strikingly,performance of cognitively normal subjects on the TMT-B
task declined linearly with age (R = –0.99, p = 10–8 ),
at a rate of 1.04% per year (Fig. 4B). Average TMT-B
speed for all subjects we studied was about 10% lower
than age-matched controls. Following 12 weeks of
MMFS-01 treatment there was an average increase of
10.3 ± 3.8% in TMT-B speed, such that their speed was
close to that of their age-matched controls.
With this data, we assigned each subject a “brain
age” that corresponded to that subject’s speed relative
to the normative TMT-B data. The difference between
each subject’s actual age and brain age was representative of the degree of executive function decline.
For example, a 50-year-old subject who performed
approximately 10% worse on the TMT-B test than a
normal 50-year-old had a brain age that corresponded
approximately to a cognitively normal 60-year-old,
and therefore had a 10-year deficit. The average age
of all subjects who completed the current study was
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57.8 ± 0.8 years (Fig. 4B blue arrow), but their average brain age at baseline was 68.3 ± 3.0 years (Fig. 4B,
red arrow), suggesting that the subjects in the current study had about 10 years of cognitive impairment.
After 6 weeks of treatment, the average brain age of
the MMFS-01 group deceased from 69.6 ± 4.2 years
to 60.6 ± 5.6 years, an improvement of 9.0 ± 3.5 years
(Fig. 4C, top right panel), and persisted after 12 weeks
of treatment with 9.4 ± 3.5 years of improvement
(Fig. 4B, green arrow; 4C, bottom right panel). In contrast, there was little change in the average brain age in
the placebo group, improving 0.6 ± 2.3 years at Week
6 (Fig. 4C, top left panel) and 0.8 ± 3.5 years at Week
12 (Fig. 4C, bottom left panel). These data demonstrate that MMFS-01 treatment was effective in our
subjects at reversing cognitive impairment almost back
to normal ability relative to age.
Using elevation of RBC intracellular magnesium as
a biomarker to screen for responders, we found that
15 of 22 subjects in the MMFS-01 group (68.2%)
responded to MMFS-01 treatment. When the brain age
of only the responders was calculated, the improvement at Week 12 was 14.6 ± 3.9 years, indicating
an even greater reduction in cognitive impairment
among magnesium responders than all subjects receiving MMFS-01. On the other hand, these data also show
approximately 30% of the subjects did not respond to
MMFS-01 treatment.
Safety and tolerability
The effects of MMFS-01 on sleep quality and
emotion
We also evaluated the effects of MMFS-01 treatment
on neuropsychiatric symptoms (Table 4). Subjects in
the placebo group had significant changes in affect,
anxiety, and sleep at Week 6 and Week 12, as reflected
by the subjective tests HAM-A, PANAS: Positive
Affect, PANAS: Negative Affect, and PSQI, suggesting that there were significant placebo effects on
all three. MMFS-01 treatment had similar effects on
affect, anxiety, and sleep, but was not significantly better or worse than placebo. Therefore, in this trial, using
these subjective measures, MMFS-01 treatment did not
have an effect on sleep or anxiety. Importantly though,
MMFS-01 treatment did not make anxiety, sleep disorder, or affect worse.
Adverse events
The safety population was composed of 25 subjects
in the MMFS-01 group and 26 subjects in the placebo
group. A total of 47 adverse events were observed
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Fig. 4. Reversal of executive function deficits in MMFS-01 treated subjects. A) Average TMT-B time was compared to age-matched normative
data [44]. B) Relationship between age and normalized TMT-B speed (percent normalized to peak speed; 100% = 18–24 age group) was graphed
from normative data (ages 18–89 separated in 11 different age groups). TMT-B speed declines linearly (R = –0.99, p = 10–8 ) at a rate of 1.04%
per year (black line). Shown on the graph are the location where TMT-B speed corresponds to the average actual age of all subjects in the study
(blue arrow), the initial brain age of subjects in the MMFS-01 group (red arrow), and the brain age of subjects following 12 weeks of MMFS-01
treatment (green arrow). The average impairment in brain age of the subjects at the beginning of the trial, relative to age-matched controls from
the normative data set, is depicted along the linear trendline (red line). The area of the graph corresponding to the age range of subjects in the
study (50–70 years) is enlarged in the inset. C) Change in brain age from baseline for each subject in the MMFS-01 group at Week 6 (top right
panel) and Week 12 (bottom right panel) and placebo group at Week 6 (top left panel) and Week 12 (bottom left panel). Each arrow indicates
an individual subject, ordered as subject number determined by the order in which each enrolled in the study. Green arrows indicate brain age
improvement and red arrows indicate brain age decline relative to baseline. The average brain age improvement is indicated by a dashed line.
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Table 4
Change from baseline in emotional and sleep measures
Week 6
Endpoint

Baseline
Score

Emotional
HAM-A
MMFS-01
Placebo
PANAS: Positive Affect
MMFS-01
Placebo
PANAS: Negative Affect
MMFS-01
Placebo
Sleep
PSQI
MMFS-01
Placebo
Mean ± SEM.

∗ significant

Week 12

change from
baseline

p value
(change from
baseline)

p value
(between group
difference)

17.1 ± 3.0
17.2 ± 2.5

–6.3 ± 3.6
–6.1 ± 3.4

<0.001∗∗∗
<0.001∗∗∗

28.3 ± 6.6
27.7 ± 8.1

4.7 ± 5.2
3.8 ± 8.1

24.8 ± 6.4
23.9 ± 6.0
13.7 ± 2.6
12.9 ± 2.4
p < 0.05.

change from
baseline

p value
(change from
baseline)

p value
(between group
difference)

0.876

–7.3 ± 5.8
–8.6 ± 4.1

<0.001∗∗∗
<0.001∗∗∗

0.396

<0.001∗∗∗
0.046∗

0.648

3.9 ± 7.0
5.1 ± 8.2

0.014∗
0.01∗

0.596

–7.6 ± 7.5
–6.3 ± 5.9

<0.001∗∗∗
<0.001∗∗∗

0.556

–8.3 ± 8.9
–6.4 ± 9.0

0.001∗∗
0.008∗∗

0.371

–4.2 ± 3.8
–3.2 ± 3.7

<0.001∗∗∗
<0.001∗∗∗

0.415

–4.8 ± 4.5
–6.1 ± 3.3

<0.001∗∗∗
<0.001∗∗∗

0.279

∗∗ significant

p < 0.01.

∗∗∗ significant

p < 0.001.

Table 5
All adverse events observed in the study
Adverse Event

Gastrointestinal disorders
General disorders and administration site conditions
infections and infestations
injury, poisoning and procedural complications
Musculoskeletal and connective tissue disorders
Nervous system disorders
Psychiatric disorders
Respiratory, thoracic and mediastinal disorders
Skin and subcutaneous tissue disorders
Surgical and medical procedures
Vascular disorders
All Organ Systems

among 28 of the 51 subjects in the safety population,
experienced approximately equally among subjects in
placebo and MMFS-01 groups (15 and 13 subjects,
respectively; Table 5). Individual events were considerably more prevalent in the placebo group than in
the MMFS-01 group (30 and 17 events, respectively).
Most adverse events were mild, and no serious adverse
events were observed during the course of the study.
No significant changes in body weight, systolic blood
pressure, diastolic blood pressure, or heart rate were
observed. For additional tolerability and safety information, see Materials and Methods section.
DISCUSSION
This study sought to determine the effects of MMFS01, a synapse density enhancer, on cognitive ability,

# of Events

# of Subjects

MMFS-01
(n = 25)

Placebo
(n = 26)

MMFS-01
(n = 25)

Placebo
(n = 26)

5
0
4
0
3
1
1
2
0
0
1
17

6
2
7
1
0
7
3
2
1
1
0
30

5
0
4
0
3
1
1
2
0
0
1
13

4
2
6
1
0
5
3
1
1
1
0
15

sleep disorder, and anxiety in older adult subjects with
cognitive impairment. The inclusion criteria we chose,
including SMC, sleep disorder and anxiety, of which
the latter two are strongly associated with cognitive
impairment [18, 20], enriched our population for those
who had an underlying cognitive impairment. Indeed,
the subjects recruited in this study had a mild cognitive
impairment (approximately 10 years) compared to agematched controls from normative data (Fig. 4). Therefore, the results from this study are more appropriately
interpreted as a reduction of cognitive impairment than
as an enhancement of cognitive function.
MMFS-01 treatment resulted in an improvement
in multiple individual cognitive domains. After 6
weeks of treatment with MMFS-01, we observed
improvements in executive function (TMT-B), and
working memory (DigitSpan), both associated with
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the prefrontal cortex, and after 12 weeks, we observed
improvement in episodic memory, associated with the
hippocampus [11, 12]. These observations suggest that
the mechanisms of action of MMFS-01 might work at
different time scales in different brain areas.
Although there was a significant overall improvement in executive function (p = 0.047, Cohen’s d = 0.51
at Week 12), it was unclear how this improvement
would impact the subject’s daily function. It is common practice in evaluating clinical trial data to not only
evaluate effect size but to also evaluate clinical significance. For example, in Parkinson’s disease clinical
trials, a total score change of 8 points in the Unified
Parkinson’s Disease Rating Scale is considered to be
clinically significant because it demonstrates a meaningful functional improvement in patients’ quality of
life even though statistical significance can be achieved
with a lower score change [45]. Here, we show that the
improvement on the TMT-B test reflected an approximate 9-year improvement in executive function, which
might have a meaningful effect on the subject’s quality
of life.
Even though the improvement in executive function was clinically significant, each of the individual
cognitive tests only provided information on one
cognitive domain. To evaluate the efficacy of new therapies for reducing cognitive impairment, one needs
to evaluate the change of overall cognitive ability.
Conventionally, overall cognitive ability is determined
by a composite score calculated from a set of cognitive tests [46, 47]. Currently, a standardized set of
individual cognitive tests has not been established.
Cognitive domains that decline significantly with age
include attention/working memory, executive function,
episodic memory, and visuo-spatial ability [46]. Several attempts have been made to establish composite
tests that can be used to quantify overall cognitive abilities across these domains. The Alzheimer’s Disease
Cooperative Study-Preclinical Alzheimer Cognitive
Composite (ADCS-PACC), the Alzheimer’s Prevention Initiative composite cognitive test score, and the
UCSD Performance-Based Skills Assessment (UPSA)
are some of the examples [25, 48, 49]. Our study
evaluated the same cognitive domains (albeit without
evaluation of visuo-spatial ability). Each test we chose
to evaluate specific domain function is extensively used
and highly sensitive, as each has a large dynamic range
with limited ceiling and floor effects [46]. Thus, the
composite score in the current study should be valid to
represent overall cognitive ability.
We determined that MMFS-01 improved overall
cognitive ability (composite score) both in absolute

terms and compared to the placebo group. The effect
size for change in overall cognitive ability was robust
(d = 0.91 at Week 12), generating enough statistical
power in a sample size of only 44 subjects. The effect
size was significantly larger for overall cognitive ability than for individual cognitive tests. The possible
interpretation is that subjects in the MMFS-01 group
who improved in one domain typically improved in the
other domains, whereas, in the placebo group, subjects
who improved in one domain often had no change or
decreased in the other domains.
The consistency in improvement among the different cognitive domains for individual subjects in the
MMFS-01 group was in line with our observation
that MMFS-01 reduced fluctuations in cognitive ability
(Fig. 3). Cognitive fluctuation is a known phenomenon
in those with cognitive impairment and is likely due to
variations in the activity of neural networks [42, 43].
These fluctuations can have a dramatic impact on subject’s performance on cognitive testing over time [50].
Indeed, large fluctuations in cognitive ability over time
were observed in subjects in the placebo group. The
reduction in cognitive fluctuation with MMFS-01 treatment might be a more noteworthy observation than the
increase in overall cognitive ability because from a clinical perspective it might be most important to reduce the
number of “bad days” a patient has. This might result in
higher overall functionality and quality of life. If so, the
reduction of cognitive fluctuation may be a meaningful
outcome measure and could be included as an efficacy
endpoint in future clinical trials.
Since not all subjects responded to MMFS-01 treatment, a biomarker that predicts responders would be
ideal in a clinical setting. Our pre-clinical work indicates that the mechanism of action of MMFS-01 is
increased structural and functional synapse density,
mediated by an elevation of neuronal intracellular
magnesium concentration [7, 8]. Consistent with this
mechanism, we identified a biomarker—the percent
change in RBC magnesium concentration at 12 weeks
of treatment—that predicted treatment response (or
lack thereof). If confirmed, the biomarker can potentially be used to predict the outcome of MMFS-01
therapy and help identify the subjects who are more
likely to benefit from MMFS-01 treatment.
At the onset of this trial, in addition to determining
the effects of MMFS-01 treatment on cognitive ability, we also sought to determine its effects on emotion
and sleep. The large placebo effects observed in this
study, typical in these types of trials [51], is unfortunate because it prevented us from determining the true
effects of MMFS-01 on emotion and sleep (Table 4).
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With the current subjective measures it is difficult to
determine the effects of MMFS-01 on emotion and
sleep. One possible way to solve this problem is to use
objective evaluators of emotion. For example, our animal studies show that L-TAMS treatment can enhance
fear extinction [13], and such experiments can be done
in humans [52]. We plan to use more objective measures to test the effects of MMFS-01 treatment on
anxiety and sleep in a future trial.
This trial also evaluated the safety of MMFS-01.
Importantly, the adverse event profile was similar
between the MMFS-01 and placebo groups, with
nearly all events classified as mild and none as serious.
This is promising because any treatment for agerelated cognitive decline or any other pre-AD cognitive
impairment needs to have an extremely good safety
and tolerance profile, since patients will likely take the
medicine for many years.
There is currently no effective way to reverse agerelated cognitive decline or MCI. Numerous efforts
with different approaches have had minimal effect.
For example, pharmacological or dietary supplemental treatments using cholinesterase inhibitors, statins, or
vitamin E are ineffective at reducing cognitive deficits
or delaying onset of AD in MCI patients [53–56]. The
only treatment showing consistent positive results is
physical exercise, but with a modest effect size (in the
Cohen’s d = 0.30 range) [57–59]. Recent studies utilizing mental exercise therapy have shown some exciting
potential [60–65], albeit with small effect sizes. Interestingly, we found in our pre-clinical studies that a
combination of L-TAMS treatment and environmental enrichment/physical exercise can further enhance
the cognitive ability of aging rodents (unpublished
observation).
Study limitations
Although this study showed strong efficacy of
MMFS-01 for improving cognitive ability, one caution
we have is that the population of subjects we studied
not only had cognitive impairment but also had common neuropsychiatric symptoms including anxiety and
sleep disorder. Therefore, we do not know whether
our compound will be equally effective in people with
cognitive impairment but without neuropsychiatric
symptoms. Nevertheless, since approximately 50% of
MCI patients have anxiety [22], even if MMFS-01 only
works for this subtype of MCI patients, it still would
represent a significant portion of MCI patients. There
are several other limitations to our study that should be
considered when interpreting the results. One of them

987

is the relatively small sample size recruited at only one
study site. Due to the inhomogeneity of human genetic
background and environment, a larger trial size with
more geographical locations and more ethnic diversity is needed. Another important limitation is trial
length. A longer trial will help determine the long-term
outcome of MMFS-01 treatment and whether MMFS01 will delay onset to AD/dementia. Finally, it is not
known if MMFS-01 can reverse cognitive impairment
in those with more severe cognitive deficits, such as
AD. To evaluate this, we are currently testing MMFS01 in another trial with mild and moderate AD patients.
CONCLUSIONS
In summary, the current study demonstrated efficacy
of MMFS-01, a compound designed to increase brain
synapse density, on restoration of cognitive abilities.
This study highlights the importance of increasing neuronal intracellular magnesium, a key intermediary of
synapse density control, on improving cognitive abilities in older adults.
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