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ALSFRS-R decline.

and success.
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1 | INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a relentlessly progressive neuro-
degenerative disease without a known cure.r Despite multiple trials
investigating therapies, success has been limited.? Riluzole, edaravone,
and sodium phenylbutyrate-taurursodiol are the only three Food and
Drug Administration approved medications for sporadic ALS.>"8
Tofersen is approved for ALS associated with a superoxide
dismutase-1 (SOD1) mutation.” The benefits of the drugs for sporadic
ALS are marginal, and sodium phenylbutyrate-taurursodiol was
recently withdrawn from the market due to lack of efficacy in a phase
3 clinical trial.’® In this clinical trial, we tested the efficacy of meman-
tine for ALS. This trial also measured the ALS Cognitive Behavioral
Screen (ALS-CBS), a highly sensitive tool to detect frontal lobe related
cognitive and behavioral changes.'*2 In addition to testing the effec-
tiveness of memantine, we also validated potential biomarkers to cap-
ture disease progression.

The underlying pathophysiology of ALS is not fully understood;
however, SOD1-related familial ALS implicates excess free radicals
and excitotoxicity in the pathogenesis of ALS.1>* Additionally, recent
evidence suggests that defective excitatory amino acid transporter
(EAAT-2) in spinal cord glial cells impairs glial cell's ability to buffer
glutamate at neuronal synapses.’”> A proposed mechanism linking
overactivation of the N-methyl-p-aspartate (NMDA) receptor via glu-
tamate is through the production of nitric oxide (NO), S-nitrosylation,
and reactive oxygen species (ROS).X¢ Together, they contribute to
protein misfolding. The combination of glutamate-mediated excito-
toxicity and free radical damage makes memantine a rationale thera-
peutic agent to trial in ALS. Memantine is a noncompetitive NMDA
receptor antagonist, blocking the effects of glutamate, as well as ame-
liorating the excessive production of NO and the subsequent protein
misfolding.2¢"1® Additional data also suggests that memantine can
downregulate systemic inflammatory pathways, such as by preventing
microglial activation and reducing tumor necrosis factor-o (TNF-o)
levels.r” Memantine has been shown to prolong survival of mutant

SOD1 transgenic mice, an animal model of ALS.2°

Results: Of the 99 participants enrolled in the study, 89 were randomized to meman-
tine or placebo (ages 24-83 years, male-to-female ratio ~3:2). Fifty-two participants
completed the study treatment with no significant differences in disease progression,
biomarker changes (including neurofilament light chain [NfL]), or neuropsychiatric
testing noted between the groups. Initial NfL values correlated with the rate of

Discussion: In this study, memantine did not impact ALS disease progression or neu-

ropsychiatric symptoms. Trials with remote enrollment may help trial participation

amyotrophic lateral sclerosis (ALS), biomarkers, memantine, motor neuron disease (MND),

An additional benefit of memantine is its impact on cognitive and
behavioral symptoms, which has been shown in other neurodegenera-
tive conditions including Alzheimer's and Parkinson's disease.?%?2
Nearly half of all ALS patients have signs of cognitive impairment and
behavioral symptoms due to frontotemporal lobar degeneration.?3-2°
On the severe end of the spectrum, frontotemporal dementia (FTD)-
ALS highlights the concurrent neuropsychiatric comorbidity, though
more subtle presentations occur within the spectrum between FTD
and ALS.2324

ALS clinical trials are limited due to the lack of validated bio-
markers to track disease progression, stratify patients, and assess
therapeutic impact. Several biomarkers for ALS progression have been
proposed including phosphorylated neurofilament heavy chain (pNF-
H) and neurofilament light chain (NfL). Elevated blood and cerebrospi-
nal fluid (CSF) levels of pNF-H and NfL are observed in ALS patients
compared to healthy controls and patients with neurologic diseases
(not affecting the motor system).2~3? Higher levels of pNF-H corre-
late with more rapid disease progression.>>3% Additional biomarkers
of interest include TNF-a and chitinase 1 (Chit-1), both of which have
been shown to be elevated in the CSF and blood of ALS patients.3*%>
Given this data, we longitudinally measured for NfL, pNF-H, TNF-a,
and Chit-1, along with the Revised Amyotrophic Lateral Sclerosis
Functional Rating Scale (ALSFRS-R) in this trial to validate these
markers.

Small studies testing memantine in ALS have been conducted,
resulting in conflicting results, thus providing the impetus for this
study. An open label trial of 19 patients that were compared to histor-
ical controls found a 38% reduction in the rate of decline.® Addition-
ally, 12 of the trial participants had clinical data prior to starting the
trial, allowing for the comparison between pre-treatment and post-
treatment rates of decline. Memantine treatment resulted in a reduc-
tion in the rate of disease progression in this small cohort. Another
study evaluated the efficacy of memantine in 60 patients in a blinded
placebo-controlled study and did not find any slowing of disease pro-
gression.®” This larger trial serves to help clarify the impact of meman-

tine on ALS progression.
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2 | METHODS
21 | Trial design

This randomized, double-blind, placebo-controlled study took place
from December 2018 to September 2020, enrolling 99 participants
with 89 participants undergoing randomization to memantine versus
placebo for 36 weeks. A total of 13 sites (The Western ALS Study
Group, Table A1) across the United States enrolled participants for
the study. Participants were required to be 18-85 years of age and
have possible, laboratory-supported probable, probable, or definite
ALS by El-Escorial criteria; a ALSFRS-R score >25; and had onset of
symptoms within the 3 years prior to enrollment. The presence or
absence of cognitive or behavioral issues did not impact enrollment
selection. Riluzole and/or edaravone must have been on a stable dose
for at least 30 days prior to the baseline visit. Potential participants
were excluded if they had a history of liver disease, severe renal fail-
ure, a history of intolerance to memantine, concurrent or recent
(within 30 days of study) investigational medications, or a co-morbid
condition that would make trial completion unlikely. Additionally,
females that were pregnant or breastfeeding and females of childbear-
ing potential that were unwilling to use an effective means of birth
control were excluded from the study. Initially, inclusion in the study
required a functional vital capacity (FVC) >60% of the predicted value.
Due to the COVID-19 pandemic and concerns about the risk of
COVID-19 transmission via respiratory equipment, the FVC enroll-
ment criterion was relaxed to allow patients to be enrolled if they had
an FVC >60% within the 90 days prior to enrollment or the investiga-
tor did not believe the patient had significant shortness of breath or
respiratory issues if an FVC within 90 days was not available. Remote
enrollment and follow-up via phone or video conferencing were also
instituted.

When enrolling participants remotely, all assessments were per-
formed, except physical exams, FVC measurements, and biomarker/
safety lab draws. The consent form was mailed to the potential sub-
ject's home or email address and reviewed by the potential subject
with a study team member.

All participants were given a schedule to increase dosage: one
tablet (10 mg memantine or placebo) daily for 2 weeks, then one tab-
let twice daily for 2 weeks, then one tablet in the morning and two
tablets in the evening for 2 weeks, and lastly, two tablets twice daily
to reach the goal dose of memantine 20 mg (or placebo two tablets)
twice daily. Participants continued memantine 20 mg (or placebo two
tablets) twice daily for the remainder of the 36 weeks of memantine
(or placebo), unless they could not tolerate the dose. If a dose escala-
tion was not tolerated, participants reverted to the previously toler-
ated dose for 1 week and then the dose escalation was repeated.
During the study, if a dose was not tolerated, participants could
remain in study at the current dose, reduce the daily dose by 10 mg
(or one tablet), or withdraw from the study. Participants had two
opportunities to reduce the dose by 10 mg (or one tablet) daily, and if

the dose was still not tolerated, the subject was withdrawn from the
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study. The minimum required dose to remain in the study was 10 mg
(or one tablet) daily. Because past studies tested 10 mg BID and had
conflicting results, we hypothesized that a higher dose would assist in
answering whether memantine has an impact or not. Additionally, a
higher dose (40-60 mg/day) was used for complex regional pain syn-
drome and was tolerated.®® Therefore, we decided to use a higher
dose than what is used routinely in dementia. The FDA regulatory
branch and the FDA Orphan Products Development funding branch
both agreed with this approach.

2.2 | Sample size, randomization, and blinding
A total of 89 participants were randomly assigned memantine or pla-
cebo in a 2:1 ratio using a predetermined randomization formula. The
active and placebo medications were identically encapsulated by
the research pharmacy at the University of lowa.

The study was designed to have 80% power to detect a 40%
reduction in slope. This was based on a Phase | study by Todd Levine
et al. that found ~27% reduction in ALSFRS-R slope.®¢

2.3 | Outcomes and measures

The primary outcome measure was disease progression as measured
by the ALSFRS-R during the study. The ALSFRS-R is a 12-question
rating scale used to determine each subject's capability for and inde-
pendence in daily activities that strongly correlates with survival. This
is a commonly used scale in ALS clinical trials and has high inter-rater
reliability and test-retest reliability in person and through virtual
assessment.>?“° For this study, ALSFRS-R was measured at screening

and at 4-week intervals through 36 weeks.

24 | Secondary outcomes

Blood samples for biomarker analysis were collected at screening and
weeks 4, 12, 24, and 36. Samples were collected at a similar time of
the day for all participants to account for daily variability and to stan-
dardize the time from the last dose of memantine. Standard operating
procedures were used for blood collection, processing plasma, and
storage at —80°C. All biomarker analyses were performed at the Bar-
row Neurological Institute. The concentration of pNF-H concentration
in blood is determined using a human pNF-H ELISA Kit (Iron Horse
Diagnostics, Inc., Phoenix, AZ). All samples were analyzed in triplicate
within each experiment, and all experiments were performed at least
twice. NfL levels were measured using the Simoa NfL assay
(Quanterix). Chit-1 levels in blood were determined using a commer-
cially available ELISA kit (LifeSpan BioSciences, Inc., Seattle, WA).
TNF-a levels in plasma were measured using a commercial ELISA kit
(R&D Systems, Inc.). All assays were performed following manufac-

turers' instructions.
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2.5 | Exploratory outcomes

In addition to the ALS-CBS, the Neuropsychiatric Inventory Question-
naire (NPI-Q), a validated practical measure to assess for behavioral
change, was used to measure neuropsychiatric changes.** Since mem-
antine has been shown to slow the progression of behavioral and cog-
nitive decline in other neurodegenerative diseases, there may be
potential for a positive impact in ALS patients. The ALS-CBS and
NPI-Q assessments were administered by certified evaluators at

screening and weeks 4, 12, 24, and 36.

2.6 | Statistical analysis

The primary comparison for efficacy was based on a linear mixed
effects model fit to the ALSFRS-R data for the 89 participants fol-
lowed over 36 weeks. The model calculated fixed effects for inter-
cept, placebo slope (rate of decline of ALSFRS-R), and change in slope
for those treated with memantine. Random effects included are for
individual subject variation in intercept, slope, and random error at
each time point. The test for treatment effect was based on the
change in slope due to treatment, as estimated by the model. Testing
for significance was two-sided at a 10% level of significance. Analysis
was limited to participants who received at least one treatment dose
and had at least two measurements (one at baseline and one after
treatment). Biomarker and exploratory endpoints were analyzed using
a linear mixed effects model fit to the data. All analyses were prespe-
cified, non-hierarchical. There was no adjustment for multiple ana-
lyses. Deaths were treated as equivalent to drop-outs. This model
weighed each subject inversely by his or her estimated variance so
that participants with missing values received less weight than those

Assessed for eligibility:
n=99

Exluded: n = 10 (did not
meet entry criteria)

Randomized: n = 89
1

with complete data. All statistical testing was two-sided, and p < .05
was considered significant. Statistical analysis was performed using
Stata (version 12, College Station, TX).

3 | RESULTS

We enrolled 99 participants with 10 screen failures resulting in 89 ran-
domized participants (Figure 1) between the ages of 24 and 83 years.
Enrolled participants included a male-to-female ratio of approximately
3:2 (men n = 60), and the majority were Caucasian (n = 90, 91%).

For the 89 randomized participants, baseline characteristics did
not significantly differ between the treatment and placebo groups
(Table 1). A total of 36 (40%) participants dropped out of the study
due to adverse experience (n =19, 21%), death (n = 6), patient
request (n = 6), and lost to follow-up (n = 5). An additional subject
(n = 1) discontinued the study treatment and continued follow-up
through 40 weeks. Three deaths were the result of ALS progression
and complications: one from pneumonia, one from cardiac arrest, and
one from respiratory failure. In the memantine group, the most com-
mon adverse event that led to discontinuation was dizziness (n = 4).
Primary endpoint analysis was performed on participants who had

more than one ALSFRS-R performed.

3.1 | Outcomes

3.1.1 | Disease progression

Patients treated with memantine did not show a significant difference
compared to placebo in the rate of ALSFRS-R decline for each subject,

Allocated to
intervention: Placebo,
n=31

Discontinued
intervention: n =11

Completed
Placebo: n =20

Included in primary
endpoint ana
n=4

n=1
Completed
Memantine: n = 32

Included in pri

Allocated to
intervention:
Memantine, n = 58

FIGURE 1 Study flow
diagram. Ninety-nine subjects
were enrolled, and 89 subjects
were randomized to memantine
versus placebo in a 2:1 ratio.
Primary endpoint analysis was
performed on subjects that had
greater than one Revised
Amyotrophic Lateral Sclerosis
Functional Rating Scale score.

Discontinued
intervention: n = 25

Discontinued
intervention,
continued follow-up:
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TABLE 1 Baseline characteristics.

Number of participants

Number of females (%)

Number of bulbar onset (%)

Number taking riluzole (%)

Number taking edaravone (%)

Mean age in years (SD/range)

Mean duration of symptoms in months (SD/range)
Mean baseline % predicted vital capacity (SD/range)
Mean baseline ALSFRS-R (SD/range)

Mean baseline TNF-a (SD/range)

Baseline NfL (SD/range)

Baseline Chit-1 (SD/range)

Baseline pNFH (SD/range)

Baseline CBS-Cog (SD/range)

Baseline CBS-Behavioral (SD/range)

Baseline NPI-Q total (SD/range)

Baseline NPI-Q distress (SD/range)

&NERVE RV 18 AN

Memantine Placebo p-value
58 31 N/A
27 (47%) 10 (32%) .19
18 (31%) 4 (13%) .048
38 (66%) 20 (65%) .92
2 (3%) 3(10%) .23
62.3 (11/24-83) 63.2 (12.1/ 38-81) 71
11.31 (5.44/1-25) 11.61 (6.44/1-27) .82
85.3(16.6/43-119) 82.02 (15.2/38-104) 41
36.3 (5.5/25-45) 38.1(5.37/26-47) 15
1.11 (0.27/0.68-1.85) 1.17 (0.49/0.71-3.22) .64
232.7 (180/13.9-936.3) 175.5(153/24.6-670.1) .10
40.0 (31.4/0-187) 44.4 (34.7/11-175) .57
199 (283/1-1701) 133 (191/0-990) 21
15.9 (2.8/7-20) 16.5 (2.7/8-20) .32
37.4(8.2/12-45) 40.9 (6.8/17-45) .05
3.75 (4.2/0-19) 2.39 (3.8/0-16) 15
4.2(5.5/0-27) 2.6 (4.8/0-20) .20

Abbreviations: ALSFRS-R, Revised Amyotrophic Lateral Sclerosis Functional Rating Scale; CBS, Cognitive Behavioral Screen; CHIT-1, chitinase 1; NfL,
neurofilament light chain; NPI-Q, Neuropsychiatric Inventory Questionnaire; pNF-H, phosphorylated neurofilament heavy chain; TNF-«, tumor necrosis

factor-a.

TABLE 2 Linear mixed effects model fit to ALSFRS-R data.

Change in slope p-

Memantine versus placebo tests (ALSFRS-R) value
Unadjusted (SD) —0.005 (0.067) 94
Adjusted for Symptom Duration (SD) —0.007 (0.067) .92
Adjusted for initial FVC and Symptom —0.021 (0.074) 77

Duration (SD)

Note: Test for treatment effect from LME model.

Abbreviations: ALSFRS-R, Revised Amyotrophic Lateral Sclerosis
Functional Rating Scale; FVC, forced vital capacity;

SD, standard deviation

regardless of the number of visits (Table 2). The rate of decline in
ALSFRS-R, when converted to a monthly rate, was —1.26 in the mem-
antine group and —1.23 in the placebo group. Individual subject
ALSFRS-R data is available in Supplementary Figures 1 and 2. A total
of six participants, two in the placebo arm and four in the memantine
arm, had only one visit; thus, there is no slope for these participants
and is not included in the primary outcome analysis.

We fit a series of linear mixed effects models to the data, account-
ing for the number of study visits per subject. We also added two cov-
ariates, symptom duration and initial FVC, as those two covariates
have influenced ALSFRS-R rates of decline. No factors were statisti-
cally significant, including treatment (Table 2). Initial body mass index
did not impact disease progression (data not shown). Due to the

COVID-19 pandemic, initial FVC values were limited to 71 participants;

TABLE 3 Rate of change for potential biomarkers for ALS in the
Memantine and Placebo groups.

Outcome Memantine (n = 58) Placebo (n = 31) p-value
NfL 1.40 (0.66) 0.84 (0.42) .28
pNFH —0.26 (0.68) —0.26 (0.42) .99
TNF-a 0.0006 (0.0028) —0.0021 (0.0017) 22
Chit-1 0.025 (0.18) —0.002 (0.07) 79

Note: LME model fit to biomarker data. Data reported is average slope
change per week with the standard error.

Abbreviations: ALS, amyotrophic lateral sclerosis; CHIT-1, chitinase 1; NfL,
neurofilament light chain; pNF-H, phosphorylated neurofilament heavy
chain; TNF-a, tumor necrosis factor-a.

FVC values are not available for four placebo participants and 14 mem-
antine participants.

3.1.2 | Biomarkers

No biomarker, including NfL, p-NF-H, TNF-a, and Chit-1, showed sig-
nificant treatment effect (Table 3). There was no difference in the
plasma Nfl levels between the treatment (232.7 pg/mL) and control
(175.5 pg/mL) groups (Table 1). Similarly, there were no differences in
plasma TNF-a, pNF-H, and Chit-1 levels between the two groups
(Table 1). For NfL, the rate of increase is directly related to the starting

value: The highest initial values had the greatest increase over time.
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(A) Correlation between NfL and ALSFRS-R (B) Impact of initial NfL level on ALSFRS-R decline
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FIGURE 2 (A) Correlation between NfL and ALSFRS-R rates of change. Change in NfL values throughout the study showed a weak
correlation (r = 0.28, p = .02) to ALSFRS-R decline. (B) Impact of Initial NfL Level on ALSFRS-R decline. Initial baseline NfL values showed a

strong correlation (r = —0.53, p < .001) to ALSFRS-R decline.

TABLE 4 Rate of change of ALS-CBS and NPI-Q in the
memantine and placebo groups.

Outcome Memantine Placebo p-value

ALS-CBS cognitive 0.007 (0.011) —0.016 (0.013) 19

ALS-CBS behavioral 0.008 (0.025) —0.069 (0.032) .06

NPI-Q total 0.014 (0.015) 0.012 (0.021) .96

NPI-Q distress 0.033 (0.022) 0.005 (0.031) 48
Note: LME model fit to neurocognitive data. Data reported is average
slope change per week with the standard error.

Abbreviations: ALS, amyotrophic lateral sclerosis; CBS, Cognitive
Behavioral Screen; NPI-Q, Neuropsychiatric Inventory Questionnaire.

Individual subject biomarker data is available in Supplementary Fig-
ures 3 and 4. As disease progressed in participants, NfL had a weak
correlation with ALSFRS-R (Figure 2). Elevated baseline levels of NfL
correlated strongly with faster disease progression (Figure 2B). There
was no correlation between any study biomarker and disease progres-
sion, as measured by ALSFRS-R, when combining the treatment and

placebo groups (data not shown).

3.1.3 | Behavioral measures

From the ALS-CBS tool, the cognitive and behavioral subscales were
analyzed separately. The baseline scores did not differ between the
groups (Table 1). There was no difference between the treatment and

control groups. While memantine reduced the decline in the ALS-CBS

cognitive and behavioral subscales, the results were not statistically
significant (Table 4). The NPI total and distress scores did not differ

between the treatment and control groups (Table 4).

3.14 | Adverse events

A total of 299 adverse events were reported in 77 participants
throughout the duration of the study. There were eight (14%) partici-
pants in the memantine group and three (10%) participants in the pla-
cebo group with serious adverse events. During the study, there were
three (5%) deaths in the memantine group and three (10%) in the pla-
cebo group. There were 50 participants (56%) in the memantine group
and 23 (74%) participants in the placebo group who experienced
adverse events that were not classified as serious adverse events. In
the memantine group, fall (26%), dizziness (26%), confusion (17%), and
constipation (14%) were the most frequently reported adverse events.
In the placebo group, fall (16%), constipation (16%), rash (13%), and
headache (10%) were the most frequently reported adverse events.
The most common reason for drug discontinuation was dizziness, a

known complication of the drug.

4 | DISCUSSION

Memantine up to 40 mg daily did not slow the progression of ALS.
This study adds to the literature showing that memantine is not a

disease-modifying therapy for ALS. Trials repurposing drugs are
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commonly conducted to rapidly identify effective treatment for ALS.
Several therapeutic candidates are being trialed, some with promising
ex vivo screening on reprogrammed cells from ALS patients.?*2 Cur-
rent treatments focus on symptomatic improvement in patients.
Though memantine can improve neurocognitive symptoms, our study
showed that memantine did not influence CBS and NPI scores com-
pared to placebo. This may be potentially due to patient-to-patient
variability leading to a poor fit to the linear model. Additionally, this
trial was designed to detect a larger effect based on previous data
from a trial with memantine, but unfortunately, this effect was not
seen in this trial. Despite the scientific rationale for the use of meman-
tine in the treatment of ALS, our study was unable to detect any ben-
efit of memantine in participants with ALS. This highlights our
incomplete understanding of the pathophysiology of ALS and the
need for better pre-clinical models.

This trial did not employ advanced trial design, such as Bayes-
ian adaptive designs, or patient stratification, both of which may
help improve efficiency and ability to detect therapeutic efficacy.
These strategies have shortcomings given the heterogeneity in
ALS. To support future patient stratification, we measured several
biomarkers, including NfL, TNF-a, pNF-H, and Chit-1, as bio-
markers throughout the study, though none differed between the
treatment and control groups. We showed that the initial NfL value
correlated with the rate of decline in ALSFRS-R and could poten-
tially be used to predict patients with faster rates of progression.
Our study did not show a correlation between changes in NfL and
the rate of decline in ALSFRS-R. Data is limited for the use of NfL
as a surrogate biomarker for treatment response in ALS. In the
phase 3 study of Tofersen, an antisense oligonucleotide targeting
SOD1 messenger RNA, NfL levels were reduced, leading to FDA
approval for treatment of familial SOD1 ALS; however, ALSFRS-R
was similar between the treatment placebo groups.® Like previous
studies, we showed that baseline NfL levels have a prognostic value
in ALS: higher baseline levels of NfL correlate with faster
decline.??-32

Due to the COVID-19 pandemic, remote assessments for clinical
trials became a necessity and were rapidly implemented.*>** Typi-
cally, trials are limited to subjects living near the study site or to par-
ticipants with the socioeconomic means to travel. These factors limit
diversity, enrollment goals, and feasibility in rare diseases. Large,
multi-site trials can mitigate some challenges, yet the cost and admin-
istrative needs can then become a barrier. By quickly training our clini-
cal staff and coordinators across our study sites, we were able to
reach our prespecified enrollment goals. Remote assessments have
been shown to improve diverse representation, expand access, and
potentially reduce costs.*>*” However, remote evaluations present
new challenges such as technological barriers related to study infrac-
ture and requirements for patients as well as burden on the patient to
input data.***¢ The technological requirements for participants
to engage in the study may also perpetuate inequities. Future ALS tri-
als can aim to reduce burden on patients and their caregivers by
remotely consenting patients and evaluating certain outcome mea-

sures remotely.
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Limitations to our study include the sample size, which may have
been too small to identify a small benefit of memantine. Additionally,
there was incomplete data on a few participants due to limited visits,
partially due to the COVID-19 pandemic. Data was partially limited
due to the COVID-19 pandemic. FVC was not conducted in all partici-
pants, affecting more participants randomized to memantine. Addi-
tionally, six participants had only one ALSFRS-R evaluation. We do
not expect these factors to significantly affect the analyses. Impor-
tantly, this study demonstrated the feasibility of an almost entirely
remote clinical trial. After the COVID-19 pandemic impacted the US
population's ability to travel, this study was a success story in that
enrollment improved post-pandemic. For ALS patients, travel to sites
can be laborious and may limit patient selection and generalizability.
This study highlights a potential barrier for future ALS studies that can

be addressed by relying on remote monitoring.

5 | CONCLUSION

In this phase Il randomized, double-blind, placebo-controlled study of
memantine for the treatment of ALS, we found that memantine did
not slow the progression of ALS. Additionally, memantine did not alter
NfL or other measured biomarkers. Memantine did not have any
impact on the neuropsychiatric measures (ALS-CBS or NPI-Q).
Despite the challenges of the COVID-19 pandemic, we demonstrated
the feasibility of remote enrollment and monitoring of participants.
Hybrid in-person and remote ALS clinical trials may improve enroll-

ment numbers and diversity of participants.

AUTHOR CONTRIBUTIONS

Salman Bhai: Writing - original draft; writing - review and editing;
data curation. Todd Levine: Conceptualization; investigation; funding
acquisition; writing - original draft; writing - review and editing; visu-
alization; validation; methodology; project administration; supervision;
resources. Dan Moore: Software; formal analysis; project administra-
tion; data curation; supervision; resources; methodology; visualization;
validation; conceptualization; writing - original draft; writing - review
and editing. Robert Bowser: Methodology; formal analysis; software;
project administration; resources; investigation; validation; visualiza-
tion; conceptualization; writing - original draft; writing - review and
editing; data curation; supervision. Andrew J. Heim: Writing - original
draft; writing - review and editing; project administration; investiga-
tion; methodology; visualization; validation; conceptualization. Mau-
reen Walsh: Investigation; methodology; project administration;
visualization; validation; conceptualization. Aziz Shibani: Investigation;
resources. Zachary Simmons: Investigation; resources. James Grogan:
Investigation; resources. Namita A. Goyal: Investigation; resources.
Raghav Govindarajan: Investigation; resources. Yessar Hussain: Inves-
tigation; resources. Tania Papsdorf: Investigation; resources. Tiffany
Schwasinger-Schmidt: Investigation; resources. Nick Olney: Investiga-
tion; resources. Kim Goslin: Investigation; resources. Michael Pulley:
Investigation; resources. Edward Kasarskis: Investigation; resources.
Michael Weiss: Investigation; resources. Susan W. Katz: Formal



BHAI ET AL.

” | WILEY &NERVE

analysis; data curation; software. Suzan Moser: Writing - original
draft; writing - review and editing; investigation; project administra-
tion. Duaa Jabari: Investigation; resources. Omar Jawdat: Investiga-
tion; resources. Jeffrey Statland: Investigation; resources. Mazen
M. Dimachkie: Investigation; resources. Richard Barohn: Conceptuali-
zation; investigation; funding acquisition; writing - original draft;
writing - review and editing; visualization; methodology; project

administration; supervision; resources; validation.

AFFILIATIONS

LUniversity of Texas Southwestern Medical Center, Dallas,
Texas, USA

2Neuromuscular Center, Institute for Exercise and Environmental
Medicine, Texas Health Dallas, Dallas, Texas, USA

SHonor Health, Scottsdale, Arizona, USA

“Calico Consulting, Livermore, California, USA

5Barrow Neurological Institute, Phoenix, Arizona, USA
éUniversity of Kansas Medical Center, Kansas City, Kansas, USA
“Nerve and Muscle Center of Texas, Houston, Texas, USA

8penn State Hershey Medical Center, Hershey, Pennsylvania, USA
9University of California, Irvine, California, USA

1OUniversity of Missouri, Columbia, Missouri, USA

1 Austin Neuromuscular Center, Austin, Texas, USA

2University of Texas Dell Medical School, Austin, Texas, USA
13Access TeleCare, Dallas, Texas, USA

14University of Kansas School of Medicine-Wichita, Wichita,
Kansas, USA

15providence Brain and Spine Institute, Portland, Oregon, USA
16University of Florida College of Medicine Jacksonville, Jacksonville,
Florida, USA

7University of Kentucky, Lexington, Kentucky, USA
18University of Washington, Seattle, Washington, USA

1C"Syneos Health, Morrisville, North Carolina, USA
29Cedars-Sinai Medical Center, Los Angeles, California, USA

FUNDING INFORMATION
This work was funded by FDA-OPD Grant no. RO1FD003937.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are openly available in
ClinicalTrials.gov at https://clinicaltrials.gov/, reference number

NCT02118727.

ETHICS STATEMENT

This Investigational New Drug study was approved by the US Food
and Drug Administration and Institutional Review Board for each site.
Participants gave informed written consent prior to enrolling in the
study, in accordance with the Declaration of Helsinki and the princi-
ples of Good Clinical Practice. The study was registered at
clinicaltrials.gov (NCT02118727). A Data Safety Monitoring Board fol-
lowed the study progress to review adverse events.

ORCID

Salman Bhai
Andrew J. Heim
Zachary Simmons

Tiffany Schwasinger-Schmidt

https://orcid.org/0000-0003-4702-9380

https://orcid.org/0009-0003-0845-6635
https://orcid.org/0000-0001-8574-5332

https://orcid.org/0000-0002-6084-

7866

Michael Weiss
Jeffrey Statland

https://orcid.org/0000-0003-4064-1032
https://orcid.org/0000-0003-0790-5315

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

Kiernan MC, Vucic S, Cheah BC, et al. Amyotrophic lateral sclerosis.
Lancet. 2011;377(9769):942-955.

Kiernan MC, Vucic S, Talbot K, et al. Improving clinical trial outcomes
in amyotrophic lateral sclerosis. Nat Rev Neurol. 2021;17(2):104-118.

Bensimon G, Lacomblez L, Meininger V. A controlled trial of riluzole in
amyotrophic lateral sclerosis. ALS/Riluzole study group. N Engl J Med.
1994,330(9):585-591.

Lacomblez L, Bensimon G, Leigh PN, Guillet P, Meininger V. Dose-
ranging study of riluzole in amyotrophic lateral sclerosis. Amyotrophic
lateral sclerosis/Riluzole Study Group Il. Lancet. 1996;347(9013):
1425-1431.

Miller RG, Mitchell JD, Moore DH. Riluzole for amyotrophic lateral
sclerosis (ALS)/motor neuron disease (MND). Cochrane Database Syst
Rev. 2012;2012(3):CD001447.

Writing Group, Edaravone (MCI-186) ALS 19 study group. Safety and
efficacy of edaravone in well defined patients with amyotrophic lat-
eral sclerosis: a randomised, double-blind, placebo-controlled trial.
Lancet Neurol. 2017;16(7):505-512.

Paganoni S, Hendrix S, Dickson SP, et al. Effect of sodium
phenylbutyrate/taurursodiol on tracheostomy/ventilation-free sur-
vival and hospitalisation in amyotrophic lateral sclerosis: long-term
results from the CENTAUR trial. J Neurol Neurosurg Psychiatry. 2022;
93(8):871-875.

Paganoni S, Macklin EA, Hendrix S, et al. Trial of sodium
phenylbutyrate-taurursodiol for amyotrophic lateral sclerosis. N Engl J
Med. 2020;383(10):919-930.

Miller TM, Cudkowicz ME, Genge A, et al. Trial of antisense oligonu-
cleotide tofersen for SOD1 ALS. N Engl J Med. 2022;387(12):1099-
1110.

Van den Berg LH. Results from a global phase 3 trial evaluating an
oral, fixed-dose combination of sodium phenylbutyrate and taururso-
diol in amyotrophic lateral sclerosis. 2024. American Academy of
Neurology Annual Meeting. Denver, CO.

Woolley SC, York MK, Moore DH, et al. Detecting frontotemporal
dysfunction in ALS: utility of the ALS cognitive behavioral screen
(ALS-CBS). Amyotroph Lateral Scler. 2010;11(3):303-311.

Bock M, Duong YN, Kim A, Allen I, Murphy J, Lomen-Hoerth C.
Progression and effect of cognitive-behavioral changes in patients
with amyotrophic lateral sclerosis. Neur Clin Pract. 2017;7(6):
488-498.

Rosen DR, Sapp P, O'Regan J, et al. Genetic linkage analysis of familial
amyotrophic lateral sclerosis using human chromosome 21 microsatel-
lite DNA markers. Am J Med Genet. 1994;51(1):61-69.

Rothstein JD. Excitotoxic mechanisms in the pathogenesis of amyo-
trophic lateral sclerosis. Adv Neurol. 1995;68:7-20; discussion 21-27.

Rothstein JD, Martin LJ, Kuncl RW. Decreased glutamate transport
by the brain and spinal cord in amyotrophic lateral sclerosis. N Engl J
Med. 1992;326(22):1464-1468.

Nakamura T, Lipton SA. S-nitrosylation of critical protein thiols medi-
ates protein misfolding and mitochondrial dysfunction in neurodegen-
erative diseases. Antioxid Redox Signal. 2011;14(8):1479-1492.

Chen HS, Lipton SA. Mechanism of memantine block of NMDA-
activated channels in rat retinal ganglion cells: uncompetitive antago-
nism. J Physiol. 1997;499(Pt 1):27-46.


https://clinicaltrials.gov/
https://clinicaltrials.gov
https://orcid.org/0000-0003-4702-9380
https://orcid.org/0000-0003-4702-9380
https://orcid.org/0009-0003-0845-6635
https://orcid.org/0009-0003-0845-6635
https://orcid.org/0000-0001-8574-5332
https://orcid.org/0000-0001-8574-5332
https://orcid.org/0000-0002-6084-7866
https://orcid.org/0000-0002-6084-7866
https://orcid.org/0000-0002-6084-7866
https://orcid.org/0000-0003-4064-1032
https://orcid.org/0000-0003-4064-1032
https://orcid.org/0000-0003-0790-5315
https://orcid.org/0000-0003-0790-5315

BHAI ET AL.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Li L, Sengupta A, Haque N, Grundke-lgbal I, Igbal K. Memantine
inhibits and reverses the Alzheimer type abnormal hyperphosphoryla-
tion of tau and associated neurodegeneration. FEBS Lett. 2004;
566(1-3):261-269.

Wu HM, Tzeng NS, Qian L, et al. Novel neuroprotective mechanisms
of memantine: increase in neurotrophic factor release from astroglia
and anti-inflammation by preventing microglial activation. Neuropsy-
chopharmacology. 2009;34(10):2344-2357.

Wang R, Zhang D. Memantine prolongs survival in an amyotrophic
lateral sclerosis mouse model. Eur J Neurosci. 2005;22(9):2376-2380.
Mecocci P, Bladstrom A, Stender K. Effects of memantine on cogni-
tion in patients with moderate to severe Alzheimer's disease: post-
hoc analyses of ADAS-cog and SIB total and single-item scores from
six randomized, double-blind, placebo-controlled studies. Int J Geriatr
Psychiatry. 2009;24(5):532-538.

Emre M, Tsolaki M, Bonuccelli U, et al. Memantine for patients with
Parkinson's disease dementia or dementia with Lewy bodies: a ran-
domised, double-blind, placebo-controlled trial. Lancet Neurol. 2010;
9(10):969-977.

Chio A, Moglia C, Canosa A, et al. Cognitive impairment across ALS
clinical stages in a population-based cohort. Neurology. 2019;93(10):
e€984-e994.

Phukan J, Pender NP, Hardiman O. Cognitive impairment in amyo-
trophic lateral sclerosis. Lancet Neurol. 2007;6(11):994-1003.
Crockford C, Newton J, Lonergan K, et al. ALS-specific cognitive and
behavior changes associated with advancing disease stage in ALS.
Neurology. 2018;91(15):e1370-e1380.

Stissmuth SD, Sperfeld AD, Hinz A, et al. CSF glial markers correlate
with survival in amyotrophic lateral sclerosis. Neurology. 2010;74(12):
982-987.

Handforth A, Bordelon Y, Frucht SJ, Quesada A. A pilot efficacy and
tolerability trial of memantine for essential tremor. Clin Neuropharma-
col. 2010;33(5):223-226.

Stissmuth SD, Tumani H, Ecker D, Ludolph AC. Amyotrophic lateral
sclerosis: disease stage related changes of tau protein and S100 beta
in cerebrospinal fluid and creatine kinase in serum. Neurosci Lett.
2003;353(1):57-60.

Li D, Shen D, Tai H, Cui L. Neurofilaments in CSF As diagnostic bio-
markers in motor neuron disease: a meta-analysis. Front Aging Neu-
rosci. 2016;8:290.

Lu CH, Macdonald-Wallis C, Gray E, et al. Neurofilament light chain: a
prognostic biomarker in amyotrophic lateral sclerosis. Neurology.
2015;84(22):2247-2257.

Gaiani A, Martinelli |, Bello L, et al. Diagnostic and prognostic bio-
markers in amyotrophic lateral sclerosis: neurofilament light chain
levels in definite subtypes of disease. JAMA Neurol. 2017;74(5):
525-532.

Poesen K, De Schaepdryver M, Stubendorff B, et al. Neurofilament
markers for ALS correlate with extent of upper and lower motor neu-
ron disease. Neurology. 2017;88(24):2302-2309.

Brettschneider J, Petzold A, Stssmuth SD, Ludolph AC, Tumani H.
Axonal damage markers in cerebrospinal fluid are increased in ALS.
Neurology. 2006;66(6):852-856.

Cereda C, Baiocchi C, Bongioanni P, et al. TNF and sTNFR1/2 plasma
levels in ALS patients. J Neuroimmunol. 2008;194(1-2):123-131.

35.

36.

37.

38.

39.

40.

41.

42.

43.

a4,

45.

46.

47.

&NERVE R 1§\ ANR

Varghese AM, Sharma A, Mishra P, et al. Chitotriosidase - a putative
biomarker for sporadic amyotrophic lateral sclerosis. Clin Proteomics.
2013;10(1):19.

Levine TD, Bowser R, Hank N, Saperstein D. A pilot trial of meman-
tine and riluzole in ALS: correlation to CSF biomarkers. Amyotroph
Lateral Scler. 2010;11(6):514-519.

de Carvalho M, Pinto S, Costa J, Evangelista T, Ohana B, Pinto A. A
randomized, placebo-controlled trial of memantine for functional dis-
ability in amyotrophic lateral sclerosis. Amyotroph Lateral Scler. 2010;
11(5):456-460.

Ahmad-Sabry MH, Shareghi G. Effects of memantine on pain in
patients with complex regional pain syndrome - a retrospective
study. Middle East J Anaesthesiol. 2015;23(1):51-54.

Gordon PH, Cheung YK. Progression rate of ALSFRS-R at time of
diagnosis predicts survival time in ALS. Neurology. 2006;67(7):1314-
1315. author reply 1314-1315.

Kaufmann P, Levy G, Thompson JLP, et al. The ALSFRSr predicts sur-
vival time in an ALS clinic population. Neurology. 2005;64(1):38-43.
Kaufer DI, Cummings JL, Ketchel P, et al. Validation of the NPI-Q, a
brief clinical form of the neuropsychiatric inventory. J Neuropsychiatry
Clin Neurosci. 2000;12(2):233-239.

Martinez A, Palomo Ruiz MDV, Perez DI, Gil C. Drugs in clinical
development for the treatment of amyotrophic lateral sclerosis.
Expert Opin Investig Drugs. 2017;26(4):403-414.

Drew DA, Nguyen LH, Steves CJ, et al. Rapid implementation of
mobile technology for real-time epidemiology of COVID-19. Science.
2020;368(6497):1362-1367.

Bardram JE. Remote assessment in healthcare—technologies,
methods, benefits, and challenges. PLoS One. 2023;18(4):e0283945.
Sosenko FL, Bramley G. Smartphone-based respondent driven sam-
pling (RDS): a methodological advance in surveying small or ‘hard-to-
reach’ populations. PLoS One. 2022;17(7):e0270673.

Naz-McLean S, Kim A, Zimmer A, et al. Feasibility and lessons learned
on remote trial implementation from TestBoston, a fully remote, lon-
gitudinal, large-scale COVID-19 surveillance study. PLoS One. 2022;
17(6):0269127.

Dorsey ER, Venuto C, Venkataraman V, Harris DA, Kieburtz K. Novel
methods and technologies for 21st-century clinical trials: a review.
JAMA Neurol. 2015;72(5):582-588.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Bhai S, Levine T, Moore D, et al. A
40-week phase 2B randomized, multicenter, double-blind,
placebo-controlled study evaluating the safety and efficacy of
memantine in amyotrophic lateral sclerosis. Muscle & Nerve.
2025;71(1):63-72. doi:10.1002/mus.28287


info:doi/10.1002/mus.28287

2 | WILEY &NERVE

BHAI ET AL.

APPENDIX A: NEUROMUSCULAR STUDY GROUP AND
WESTERN ALS CONSORTIUM MEMANTINE ALS STUDY GROUP

TABLE A1 Study sites.

Site

Nerve and
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of Texas

Penn State
Hershey
Medical Center

University of
Kansas Medical
Center

University of
California,
Irvine
University of
Missouri
Austin
Neuromuscular
Center

Cox Medical
Center
University of
Kansas,
Wichita
Providence
Health
Sciences
HonorHealth
Neurology
University of
Florida
Jacksonville
University of
Kentucky
University of
Washington

Note: Biostatistics: Dan Moore. Data management: Sravani Chandaka and

Investigator(s)

Aziz Shaibani, MD

Zachary Simmons, MD,
James Grogan, MD

Mazen Dimachkie, MD,
Jeffrey Statland, MD, Omar
Jawdat, MD, Duaa Jabari,
MD

Namita A. Goyal, MD

Richard Barohn, MD, Raghav
Govindarajan, MD

Yessar Hussain, MD

Tania Papsdorf, MD

Tiffany Schwasinger-
Schmidt, MD, PhD

Nick Olney, MD, Kim Goslin,
MD

Todd Levine, MD

Michael Pulley, MD, PhD

Ed Kasarskis, MD, PhD

Michael Weiss, MD

Study nurses/
coordinators

Chantae Oates, BS

Dodi Schaak, BS,
Heidi Runk, BS

Katie Lillig, BS,
Collin Gerringer

Marie Wencel, BS

Natalie Taylor,
BSN

Casey Kafena,
AGACNP-BC

Jessica Ratcliff,
MS

Trisha Steele, BS

Ashley Adamo, BS

Camille Fajardo,
BS

Alyssa Ruckel,
MPH, Yasmeen
Shabbir, MBBS

Meghann Bruno,
BSN

Laura Sissons-
Ross, BS
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