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Abstract

Dysregulation of glutamatergic neural circuits has been implicated in a cycle of toxicity, 

believed among the neurobiological underpinning of Alzheimer’s disease. Previously, we 

reported preclinical evidence that the glutamate modulator riluzole, which is FDA-

approved for the treatment of amyotrophic lateral sclerosis, has potential benefits on 

cognition, structural and molecular markers of aging and Alzheimer’s disease. The 

objective of this study was to evaluate in a pilot clinical trial, using neuroimaging 

biomarkers, the potential efficacy and safety of riluzole in patients with Alzheimer’s 

disease as compared to placebo. A 6-month phase 2 double-blind, randomized, placebo-

controlled study was conducted at two sites. Participants consisted of males and females, 

50 to 95 years of age, with a clinical diagnosis of probable Alzheimer’s disease, and Mini-

Mental State Examination between 19 and 27. Ninety-four participants were screened, fifty 

subjects that met inclusion criteria were randomly assigned to receive 50mg riluzole (n=26) 

or placebo (n=24) twice a day. Twenty-two riluzole-treated and 20 placebo participants 

completed the study. Primary endpoints were baseline to 6 months changes in a) cerebral 

glucose metabolism as measured with fluorodeoxyglucose-positron emission tomography 

in pre-specified regions of interest (hippocampus, posterior cingulate, precuneus, lateral 

temporal, inferior parietal, frontal) and b) changes in posterior cingulate levels of the 

neuronal viability marker N-acetylaspartate as measured with in vivo proton magnetic 

resonance spectroscopy. Secondary outcome measures were neuropsychological testing for 

correlation with neuroimaging biomarkers and in vivo measures of glutamate in posterior 
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cingulate measured with magnetic resonance spectroscopy as a potential marker of target 

engagement. Measures of cerebral glucose metabolism, a well-established Alzheimer’s 

disease biomarker and predictor of disease progression, declined significantly less in 

several pre-specified regions of interest with the most robust effect in posterior cingulate, 

and effects in precuneus, lateral temporal, right hippocampus and frontal cortex in riluzole-

treated subjects in comparison to placebo group. No group effect was found in measures 

of N-acetylaspartate levels. A positive correlation was observed between cognitive 

measures and regional cerebral glucose metabolism. A group by visit interaction was 

observed in glutamate levels in posterior cingulate, potentially suggesting engagement of 

glutamatergic system by riluzole. In vivo glutamate levels positively correlated with 

cognitive performance. These findings support our main primary hypothesis that cerebral 

glucose metabolism would be better preserved in the riluzole treated group than in the 

placebo group and investigations in future larger and longer studies to test riluzole as a 

potential novel therapeutic intervention for Alzheimer’s disease.
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Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative disorder, affecting over 

43 million people worldwide with enormous psychosocial and economic impact upon 

society 1. Without effective therapies and given a high rate of clinical trial failures, an 

urgent need remains to identify treatment strategies that can slow progression of AD 

neurodegeneration. In this exploratory clinical trial, we evaluated the potential of riluzole, 

a glutamate modulator that exhibits neuroprotective properties and is approved for 

amyotrophic lateral sclerosis (ALS), to provide benefit in AD. 

Glutamatergic pyramidal neurons that furnish corticocortical connections between 

association cortical areas and the excitatory hippocampal connections that subserve 

memory and cognition are the most vulnerable to damage and loss in AD 2, 3. The entorhinal 

cortex, an early site of tau accumulation, consists primarily of pyramidal cells that utilize 

glutamate as an excitatory neurotransmitter 4. The hippocampal and neocortical atrophy 

characteristic of AD progression demonstrate degeneration predominantly in large 

glutamatergic pyramidal neurons 5-7. Glutamate-mediated toxicity has been implicated as 

one potential mechanism of neuronal loss in AD 8. Glutamate overflow to extrasynaptic 

space and activation of extrasynaptic NMDA receptors has been hypothesized to allow 

excessive sodium and calcium influx, degrading mitochondrial function and leading to 

apoptosis 9. We have previously shown that downregulation of the major glutamate 

transporter EAAT2 (or GLT-1) accelerates age-related cognitive decline, and conditional 

heterozygous astrocytic EAAT2 knockout mice have dysregulated immune signaling that 

correlated with cognitive performance 10. The neuropathophysiological hallmarks of AD, 
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amyloid- (A) plaques and neurofibrillary tangles (NFT) formed of hyperphosphorylated 

tau, have been implicated in glutamatergic dysfunction. NFT tend to preferentially 

accumulate in excitatory pyramidal neurons 11 12, 13. Tau gene expression and 

phosphorylation are increased in the setting of glutamate toxicity 14, 15 and tau release and 

propagation through interconnected neural circuits are dependent on neuronal activity 16-

18. Oligomers of A disrupt glutamate transporters 19, leading to spillover and activation of 

extrasynaptic NMDA receptors, implicated in glutamate-mediated toxicity and inhibition 

of long term potentiation (LTP) 20. A release is dependent on neuronal activity 21 and 

decreases surface expression of synaptic NMDA receptors 22, critical for physiologic 

neurotransmission. Glutamatergic dysregulation thus forms a cycle of toxicity in AD. We 

have hypothesized that pharmacologic modulation of glutamatergic neural circuits in AD 

could diminish toxicity through one or more of these pathways, with the potential to 

preserve or increase neuronal function. Particularly relevant would be protection of the 

pyramidal neurons that are most vulnerable in AD, through reduced glutamate overflow to 

extrasynaptic space, reducing glutamate-mediated toxicity and potentially allowing 

increased synaptic activity.

Our group has previously shown that riluzole can prevent age-related cognitive decline in 

rodents through clustering of dendritic spines 23, strengthening neural communication 24, 25. 

Furthermore, we have shown that riluzole rescues gene expression profiles related to aging and 

AD, and that the most affected pathways were related to neurotransmission and neuroplasticity 
26. More recently, we have demonstrated that riluzole prevented hippocampal-dependent spatial 

memory decline in an early-onset aggressive mouse model of AD (5XFAD), reduced amyloid 

pathology, and reversed many of the gene expression changes in immune pathways 27. These 

reversals involved microglia-related genes 27 thought to be critical mediators of AD 

pathophysiology 28-30, including a recently identified unique population of disease-associated 

microglia (DAM) 31. Riluzole has also been reported to reduce total tau 32, which in clinical 

studies correlates with glucose metabolism and cognition 33. Riluzole has been 

demonstrated to modulate ion channels 34, 35, and to increase neurotrophic factors 36, 37.
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Prior research suggests that riluzole-related improvements in astrocytic function and 

glutamate uptake may produce changes detectable with FDG PET measurement of glucose 

metabolism and with magnetic resonance spectroscopy (1H MRS) 38. This may occur 

through increased activity of the main glutamate transporter in the brain, EAAT2 and 

glutamate uptake 32, 39-41. In rodent models, riluzole increases glutamate uptake by 

astrocytes and mitigates astrocytic dysfunction 39. A tight coupling between glutamatergic 

activity and cerebral glucose metabolism with stoichiometry close to 1:1 has been 

demonstrated 42. Glutamatergic transmission accounts for more than 80% of ATP 

generated from brain metabolism 43. In one pathway, astrocytic uptake of glutamate 

released by neuronal synaptic activity leads to conversion of glucose to lactate by the 

astrocyte, which is transported to neurons and converted to pyruvate for ATP production 
44. Direct metabolism of glucose by neurons has been described and likewise supports the 

1:1 relationship between increases in the glutamate−glutamine cycle and neuronal glucose 

oxidation 45. In a 1H-[13C] MRS study conducted in rats, riluzole administration increased 

glutamate-C4, GABA-C2, and glutamine-C4 in hippocampus and prefrontal cortex, 

demonstrating increased glucose oxidative metabolism and glutamate/glutamine cycling 

between neurons and astroglia 38.  

In the current study, we aimed to translate preclinical findings to human AD through a pilot 

phase 2 randomised, double-blind, placebo-controlled clinical trial of riluzole in patients 

with a diagnosis of mild Alzheimer’s disease. We tested the hypotheses that (a) riluzole 

would mitigate the decline of regional cerebral glucose metabolism in AD as measured 

with FDG PET, a well-established biomarker in AD, (b) FDG PET metabolic brain maps 

would correlate with cognitive measures and, (c) riluzole would alter the neuronal viability 

marker, N-acetylaspartate (NAA), and glutamate levels as a marker of target engagement, 

both measured with 1H MRS.

Materials and methods

Study design and participants
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Patients with a clinical diagnosis of probable Alzheimer’s disease based upon neurological 

and neuropsychological evaluation (National Institute on Aging - Alzheimer's disease 

Association, NINCDS-ADRDA criteria) 46, 47, Mini Mental State Examination (MMSE) 

score of 19 to 27, and 50 to 95 years were enrolled in this pilot phase 2 double-blind, 

randomized, placebo-controlled study.  For inclusion, FDG PET baseline scans were also 

evaluated to confirm a lack of a frontotemporal dementia or Lewy body disease pattern of 

hypometabolism. All subjects were stable on acetylcholinesterase (AChE) inhibitors for at 

least 2 months before starting the trial and continued to take AChE throughout the study 

with the exception of one subject who had never been on AChE therapy. The study was 

conducted at two sites (Rockefeller University Hospital and Icahn School of Medicine at 

Mount Sinai, both in New York City), with the approval of the Institutional Review Boards 

(IRB) of both Institutions. All neuroimaging was performed at Citigroup Biomedical 

Imaging at Weill Cornell Medicine under an IRB protocol separetely approved by that 

Institution. Memantine, which acts on the glutamatergic system through a different 

mechanism than riluzole, was not allowed for 6-weeks prior to study entrance nor during 

the study duration. Other exclusion criteria were: abnormal liver function (>2 times the 

upper limit of normal for alanine aminotransferase (ALT) or aspartate aminotransferase 

(AST); or bilirubin >1.5 times the upper limit of normal, positive Hepatitis Serology (Hep. 

B antigen+ or Hep. C antibody+), uncontrolled diabetes mellitus (Hba1c>7), chronically 

uncontrolled hypertension, MRI contraindication, history of brain disease, current smoker 

or user of nicotine-containing products, currently taking medications with evidence of 

glutamatergic activity or effects on brain glutamate levels such as lamotrigine, lithium, 

opiates, psychostimulants such as amphetamines and methylphenidate, tricyclic 

antidepressants, benzodiazepines and any other drug that the investigators judged might 

interfere with the study (subjects on those medications could be included in the study but 

without MRS measurements) and others (full criteria at clinicaltrial.gov NCT01703117).

Participants were randomly assigned in a double-blind fashion to receive riluzole at a dose 

of 50mg twice a day or placebo for 6 months, with age-matched cohorts of 50-74 and 75-

95 years old. Written informed consent was obtained from participants or their legally 

authorized representative before initiation of study procedures. Data were periodically 
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reviewed by the study Data Safety and Monitoring Board (DSMB). Two participants had 

a delay in endpoint due to COVID-19 pandemic (see statistical analysis).

Randomization and Blinding

Random codes were generated by the hospital pharmacy prior to study initiation, using 

fixed seed numbers and validated randomization software, and used in sequence. In each 

of the two age groups, 24 subject numbers were randomized into balanced blocks of either 

2 or 4, which were randomly assigned. Study capsule dosage forms (active and placebo) 

were prepared by pharmacy staff in a blinded manner using over-encapsulation, and opaque 

(size 3 capsule shells with Lactose NF as an excipient at Rockefeller University Hospital 

and 0 capsule shells with microcrystalline cellulose as an excipient at Mount Sinai 

Hospital).  The active drug product contained FDA approved riluzole 50 mg tablets.  For 

ease of use and compliance, the pharmacy packaged the blinded capsules into medication 

bottles or organizer trays. Bottles or trays were labeled in a blinded manner, and included 

patient name, visit, and per protocol dosing instructions.  Returned trays/bottles were 

collected by the pharmacy and patient returns, including capsule counts, were recorded by 

the pharmacy.  All encapsulation, packaging, and labeling procedures were double verified 

by pharmacy staff prior to dispensing.   

Procedures

All study personnel had training on study procedures and assessments. A board-certified 

neurologist made a neurological assessment and administered the MMSE to all subjects. 

FDG PET scans were acquired at baseline and at six months. 1H MRS was performed at 

baseline, three months, and six months. A neuropsychological testing battery was 

performed by a licensed neuropsychologist at Rockefeller University and supervised by 

one at Mount Sinai at baseline, three months, and six months. Patients were seen once a 

month in clinic for clinical assessment and blood samples were obtained at every visit for 

safety laboratory exams; blood test results were evaluated by a physician not directly 

involved in the study in order to maintain physician-investigators blind.

Outcome Measures
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Primary endpoints were (1) change from baseline to 6 months in cerebral glucose 

metabolism measured with FDG PET in posterior cingulate cortex, hippocampus, 

precuneus, and medial temporal, lateral temporal, inferior parietal, and frontal lobes, 

referred to collectively as our pre-specified regions of interest; and (2) changes in 1H MRS 

measures of NAA in posterior cingulate at six months. Secondary outcome measures were 

neuropsychological testing (Alzheimer’s Disease Assessment Scale- Cognitive Subscale – 

ADAScog 48, 49, ADCS Activities of Daily Living – ADL Inventory 50, Neuropsychiatry 

Inventory – NPI) 51 total and other measures of memory, executive, visuospatial, attention 

and language functions for correlation with neuroimaging biomarkers. Another secondary 

outcome measure was in vivo measurement of glutamate with 1H MRS in posterior 

cingulate as a marker of target engagement at three and six months compared to baseline. 
1H MRS measures were obtained in bilateral hippocampi as a pre-defined exploratory 

outcome. Each FDG PET image was also analyzed using a previously developed AD 

Progression Classifier (Figure 1A[ii])  that quantifies the degree to which a pattern of 

hypometabolism and preservation relative to whole brain is expressed 52. Increases in 

classifier score correspond to increased expression of a pattern of hypometabolism that 

corresponds to the progression of AD as validated using over 500 ADNI subjects 52. 

As post-hoc exploratory analyses, relationships between the FDG PET and MRS measures 

and the cognitive endpoints were examined. NPI scores and FDG PET in the orbitofrontal 

cortex, a region associated with disinhibition, apathy, and other neuropsychiatric attributes 
53, 54, were examined for potential association.  MRS outcomes in NAA were evaluated at 

three months, and total creatinine (tCr), and other brain metabolites were examined at three 

and six months. A composite subregion of posterior cingulate and inferior precuneus was 

measured on post-hoc basis to maximize spatial overlap with the boundaries defined in the 

MRS scans. Subgroup analyses were conducted, stratified by ApoE4 carrier status, age 

group, and sex. Age was of interest due to differences in clinical rates of decline and in the 

distribution of tau pathology in younger vs. older AD patients 55.

FDG PET Methods
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For each FDG PET scan, 5 mCi of florodeoxyglucose was administered followed by a 40 

minute uptake period during which the participant was in a resting state with eyes and ears 

open, without activity or audiovisual distraction. Images were acquired on a Siemens 

Biograph 64mCT scanner as a series of 4 frames of 5 minutes each. In some initial cases, 

a full dynamic scan was performed and late timeframes were extracted for processing and 

analysis. 

All PET images were inspected for motion or artifact. Using SPM12 (Wellcome Trust), 

motion correction was performed and frames averaged into a static image. Each 6 month 

scan was coregistered to the baseline FDG scan, which was co-registered to the 

participant’s T1-weighted MRI scan. MRI scans were segmented into gray, white, and CSF 

tissue and spatially transformed to a template in MNI space, and the spatial transformations 

applied to the PET scans. Regions of interest (Figure 1A[i]) adapted from Freesurfer 56, 57 

atlases were thresholded with a smoothed gray participant-specific segment and average 

intensities within each region of interest were measured. A reference region for calculation 

of Standardized Uptake Value Ratios (SUVRs) was defined based upon preserved voxels 

in the AD Progression Classifier, most pronounced in the paracentral region. Longitudinal 

changes in SUVRs using this reference were compared to SUVRs referenced to 

(separately) centrum semiovale white matter, cerebellum, pons, and whole brain.  While 

these regions tend to be more variable due to technical factors (cerebellum, pons), 

progressive hypometabolism effects (whole brain), or potentially affected by riluzole 

(cerebellum) 58, consistency in results could help to confirm the robustness of findings. 

Images were also evaluated (scored) using the FDG AD Progression classifier.

MRI and 
1H MRS methods 

All MRS neuroimaging studies were conducted on a multinuclear 3.0T GE SIGNA HDx 

or Discovery MR750 system. Each enrolled subject underwent high resolution axial T1-, 

T2- and spin density-weighted scans. These images were used to prescribe the voxels of 

interest for the 1H MRS scans. A T1-weighted volumetric scan was acquired using a spoiled 

gradient-recalled echo sequence (SPGR, TR 12.21 ms, TE 5.18 ms, flip angle = 7, voxels 
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0.94 x 0.94 x 1.5mm) on the GE HDx system or a magnetization-prepared rapid gradient-

echo sequence (MPRAGE, TR 8.34 ms, TE 1.7 ms, flip angle = 7, voxels 0.94 x 0.94 x 

1.5mm) on the GE Discovery MR750, along with an axial fast Fluid-Attenuated Inversion 

Recovery (FLAIR) scan for brain tissue segmentation and use in PET image co-registration 

and region of interest definition, and to rule out exclusionary focal brain lesions. 

In vivo brain levels of glutamate, NAA, tCr and other major metabolites were obtained 

using 1H MRS and a 2x2x2-cm3 Posterior Cingulate Cortex (PC) voxel of interest (Figure 

1B[i-iii], in approximately 6.5 minutes using the constant-time point-resolved 

spectroscopy (CT-PRESS) technique 59, 60 with TE 30 ms, 129 constant-time increments 

(t1) of 0.8ms, and TR 1500 ms and a receive-only 8-channel phased-array head coil, as we 

recently described 61. The distinguishing feature of CT-PRESS is that it enables MRS 

measurement of glutamate uncontaminated by glutamine 59, 60. Figure 1B[iv], presents a 

sample posterior cingulate cortex CT-PRESS spectrum acquired in 6 min, and its 

processing to derive the levels of the metabolites of interest. 

Methods for 1H MRS of Hippocampi obtained for exploratory analysis are in the 

Supplementary  Information.

1H MRS Data Processing and Quantification

Using previously described spectral quality assessment criteria 62,  the areas of the 

individual spectral peaks, which are proportional to their respective concentrations, were 

obtained by frequency-domain fitting each resonance to a Gauss-Lorentz (i.e., pseudo-

Voigt) lineshape function using the Levenberg-Marquardt nonlinear least-squares 

algorithm as implemented in 1H MRS data processing software written in IDL 62  and 

illustrated in Figure 1B[iv] and Supplementary Figure 2 A[d] for CT-PRESS and J-

edited spectra, respectively. The levels of NAA, glutamate, GABA, Glx and other 

metabolites were expressed semi-quantitatively as ratios of peak areas relative to that of 

the unsuppressed water signal (W) from the same voxels, as previously described 62. For 

consistency with earlier MRS literature, levels of the same metabolites were also expressed 

as peak ratios relative to tCr area in the same voxel. To estimate the proportions of gray 

matter (GM), white matter (WM) and cerebrospinal fluid (CSF) contained in the voxels of 
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interest, SPM8 (http://www.fil.ion.ucl.ac.uk/spm) and in-house program in MATLAB 

(https://www.mathworks.com/products/matlab.html) were used to generate the proportions 

of GM, WM, and CSF for each voxel.

Data availability

Anonymized data will be shared by request from a qualified academic investigator for the 

sole purpose of replicating procedures and results presented in the article and as long as 

data transfer is in agreement with IRB of the involved Institutions, which should be 

regulated in a material transfer agreement.

Statistical Analysis

Placebo and treatment groups were compared to identify potential baseline differences in 

region of interest SUVRs and in age, sex, ApoE4 dose and carrier status, and MMSE score. 

The 6-month change in SUVR in each region of interest was compared across groups using 

a one-way ANCOVA model with the change in SUVR value as the dependent variable, 

study arm as the categorical independent variable, and baseline SUVR value as a 

continuous variable covariate (JMP v15, SAS software) (Results were consistent with use 

of post-treatment SUVR as the independent variable). Age, gender, ApoE4 carrier status, 

and baseline MMSE were investigated as covariates. Assumptions including normal 

distribution, homogeneity of variance, and linear correlation between baseline and post-

treatment SUVR were verified, and the number of covariates in a given parametric model 

was limited to 1-3. Non-parametric tests were applied depending upon the number of 

subjects per analysis group and other assumption tests. Effect sizes were calculated using 

Cohen’s d (d). For the two participants who received their FDG PET scan 2 and 3 months 

after the 6-month timepoint due to restrictions arising from COVID 19, the change in value 

was adjusted using a linear proportional reduction (e.g. value x 6/8 or 6/9). Groups were 

evaluated post-hoc without these two participants. 1H MRS data, with three timepoints, 

were analyzed using linear mixed effects models with group, timepoint, and group-by-

timepoint interaction as fixed effects and subject as a random effect (SAS Studio v3.8). In 

this exploratory study, a P-value of less than 0.05 was considered significant and correction 
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for multiple comparisons was not pre-specified. However, results using a Bonferroni 

correction for multiple comparisons were also reported for significant primary endpoints. 

Non-prespecified FDG and MRS data were evaluated in the same manner as pre-specified 

outcomes, without correction for multiple comparisons. The study was not statistically 

powered for clinical endpoints or these additional MRS measures, but directional trends 

were examined for potential effect. 

Results

Sample Characteristics and Demographics

A total of 94 participants were screened at the two performance sites, of which 44 did not 

meet inclusion/exclusion criteria. The remaining 50 participants were randomly assigned 

to receive riluzole (n=26) or placebo (n=24). Of these, 22 patients receiving riluzole and 

20 patients receiving placebo completed the study and had both FDG PET timepoints. The 

diagram of Figure 2 shows the subject disposition.

Enrolled subjects were 26 female and 16 male, age 58 to 88, and 58% apolipoprotein 4 

(ApoE4) carriers (Table 1, 1 subject unavailable). There were no significant between–

group differences in baseline characteristics of the patients with respect to age, sex, 

education or ApoE4, although there was a trend for a greater proportion of ApoE4 carriers 

in the riluzole group. Baseline neuropsychological measures were well balanced for 

MMSE, NPI, ADL total, CDR total in riluzole group in comparison to placebo; however, 

the riluzole group trended as more impaired in ADAS-cog than placebo at baseline 

(p=0.08); Table 1).

Neuroimaging Outcome Measures

FDG PET
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The study’s main primary outcome measure confirmed a difference between arms in FDG 

PET cerebral metabolic changes over the 6 month treatment period, with less decline in 

multiple pre-specified brain regions in the riluzole group in comparison to placebo group.

There were no significant or trend level differences between study arms at baseline in the 

regional SUVRs that were compared, or in the FDG AD Progression score. Given the trend 

level difference between study arms in ApoE4 dose, analyses were performed and 

compared with and without its inclusion as a covariate. Supplementary Table 3 presents 

the mean, standard deviation, and significance findings for the FDG PET comparisons. 

Posterior cingulate (PC) glucose metabolism, a primary endpoint, was significantly 

preserved in riluzole-treated group in comparison to placebo over the 6 month period 

(effect size (d) 1.31; P<0.0002 with ApoE4 dose included as covariate, P<0.0003 without 

ApoE4 dose included, with the effect significant using any of several different reference 

regions (paracentral p<0.0002, centrum ovale p<0.008, whole brain p<0.016, cerebellar 

cortex p<0.03); Figure 3A-C. PC significance readily survived Bonferroni correction for 

multiple comparisons. Regional cerebral glucose metabolism was more preserved in the 

riluzole group in comparison to placebo in several other pre-specified regions of interest 

including precuneus (P<0.007, d=0.84), lateral temporal (P<0.014, d=0.80), right 

hippocampus (P<0.025, d=0.72), and frontal cortex (P<0.035, d=0.67), and the exploratory 

subregions of orbitofrontal cortex (P<0.008, d=0.86) and posterior cingulate-precuneus 

subregion (P<0.007, d=0.88); Figure 4. A majority of these still showed trend level 

significance if corrected for multiple comparisons. Age, sex, education, and ApoE4 dose 

were not significant contributors to treatment effect. No differences were observed in 

control regions such as subcortical white matter, pons, and cerebellar vermis. 

When groups were stratified and analyzed separately on a post-hoc basis (using 

nonparametric tests due to subgroup size) by ApoE4 carrier status, age, and sex, the 

treatment effect of riluzole group having less decline than placebo was observed in both 

ApoE4 carriers and non-carriers (P<0.004 in carriers (N=8 placebo, 15 riluzole, effect size 

1.526) and P<0.09 in non-carriers (N=11 placebo, 7 riluzole, d=0.89), in both younger and 

older groups (P<0.002 in older group, N=13 placebo, 15 riluzole, d=1.370 and P<0.08 in 

younger group, N=7 placebo and 7 riluzole, d=0.96) (Figure 3D), and in males and females 
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(both groups p<0.02; N=14 placebo, 12 riluzole in female group and N=6 placebo, 10 

riluzole in the male group). Inclusion of ApoE4 dose in the by-age group analysis increased 

the p value for study arm to 0.13 in the younger group, with ApoE4 dose showing a trend 

level influence in this age group (P<0.07) but not the older age group (P<0.78). Inclusion 

of ApoE4 dose in the by-sex group analysis decreased the P value for study arm to P<0.008 

in the female group, with ApoE4 dose showing a trend level influence in the female group 

(P<0.09) but not the male group (P<0.84).

FDG PET measures have been shown to correlate with cognitive decline and predict 

disease progression 63-65.  The exploratory FDG PET progression classifier score analyses 

showed a trend of less increase (less worsening) in AD progression score in the riluzole 

group in comparison to placebo (P<0.07, Figure 5A). There was a trend level greater 

difference between arms in ApoE4 carriers than noncarriers. FDG PET AD progression 

scores correlated with ADAS-cog at baseline (all subjects R=0.61, P<0.00002; placebo 

group R=0.57, P<0.008; riluzole group R=0.48, P<0.0004) and changes in FDG AD 

progression scores correlated with changes in ADAScog (all subjects R=0.46, p<0.002; 

placebo group R=0.56, P<0.011; riluzole group R=0.29, not significant, and reduced range 

of score increases) (Figure 5B) over the 6 months of the study. Additional correlations 

were observed between FDG PET and cognitive measures as shown in Figure 6, including 

relationships between baseline FDG AD Progression score and MMSE (R=0.61, 

P<0.00002, Figure 6A), FDG PC SUVR and MMSE (R=0.35, P<0.00003, Figure 6B), 

lateral temporal SUVR and ADAS-cog (R=0.54, P<0.0002, Figure 6C) and orbitofrontal 

SUVR and NPI score (R=0.52, P<0.0004, Figure 6D). The robust correlations observed 

between FDG PET brain metabolism and cognitive measures in our dataset support our 

secondary outcome measure related to neuropsychological assessment.

1H MRS

Voxel Tissue Composition and spectral quality

The proportions of gray matter, white matter or cerebrospinal fluid in the posterior 

cingulate or the hippocampal voxels did not differ between groups. Except for an 

inconsequential increase in the full width at half maximum (FWHM) of the posterior 

Page 14 of 39

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support (434) 964 4100

Brain
D

ow
nloaded from

 https://academ
ic.oup.com

/brain/advance-article/doi/10.1093/brain/aw
ab222/6305835 by  dm

atthew
s@

adm
dx.com

 on 08 August 2021



15

cingulate water resonance between baseline (4.5Hz) and 6 months (6Hz), the spectral 

quality parameters were remarkably stable, with no group differences in the unsuppressed 

reference tissue water signal (W) or signal-to-noise ratios observed as a function of time in 

any of the voxels. The voxel tissue composition and spectral quality control data are 

summarized in Supplementary Table 2.

Posterior Cingulate 1H MRS Results

As a primary endpoint, neither NAA/W nor NAA/tCr showed a temporal change (group 

by visit interaction: P=0.14 or P=0.89, respectively) (Supplementary Figure 1).  1H MRS 

results in secondary endpoint posterior cingulate Glutamate (Glu) levels showed a group 

by visit interaction when expressed as Glu/tCr (P=0.05) and a trend-level interaction when 

expressed as Glu/W (P=0.3), with both levels increasing after the first 3 months of 

treatment (Figure 7A). No significant changes from baseline to 6 months were observed. 

In post-hoc analyses, within the riluzole group NAA/W and Glu/W levels were correlated 

positively for all three time points, while NAA/tCr and Glu/tCr were positively correlated 

at baseline (Figure 7B). Within the placebo group, both NAA/W vs. Glu/W and NAA/tCr 

vs. Glu/tCr were positively correlated for all three time points (Figure 7B).1H MRS 

measures of Glu/W correlated positively with MMSE and negatively with ADAS-cog 

across all subjects (Figure 7C). Across all subjects Glu/tCr positively correlated with 

MMSE  (P=0.01) but not ADAS-cog (P=0.39).

Hippocampal  1H MRS Results

On an exploratory basis, a significant increase in GABA/W was observed in the left 

hippocampus with a significant group by visit interaction (P=0.03) (Supplementary 

Figure 2B) as a trend in GABA/tCr (P=0.3). Left hippocampus GABA/W levels positively 

correlated with memory performance; see Logical Memory 1 and 2 testing correlations at 

baseline in Supplementary Figure 2C. No significant changes were seen in any measure 

of Glx or NAA levels in right or left hippocampus nor GABA levels in right hippocampus.

Neuropsychological testing was a secondary measure for correlation with neuroimaging 

biomarkers although the study was not powered for a significant neuropsychological effect. 
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Trend level findings are shown in Supplementary Figure 3 for the key functional 

measures of ADL Inventory, NPI and ADAS-cog.

Adverse Events

There were no statistical differences in adverse events between treatment groups, with 23 

of 26 patients (88.5%) in the riluzole group and 22 of 24 (91.7%) in the placebo group 

having at least one adverse event during the study. Serious adverse events occurred in  2 

(7.7%) in the riluzole group and 1 (4.2%) in the placebo group.The most common side 

effects in the riluzole group consisted of abdominal discomfort (15.4% in riluzole, none in 

placebo); diarrhea (15.4% in riluzole, 8.3% in placebo); dizziness (15.4% in riluzole, 4.2% 

in placebo); urinary frequency (11.5% in riluzole and none in placebo), nausea (7.7% in 

riluzole, none in placebo), cough (19.23% in riluzole, 12.5% in placebo), elevated liver 

enzymes (7.7% in riluzole and 4.2% in placebo) and others  (Supplementary Table 1). 

Among the randomized patients, 4 of 26 (15.4%) in the riluzole group and 3 of 24 (12.5%) 

in the placebo group had an adverse event that led to removal from the trial. There were no 

significant differences in the frequency of participants who were discontinued from the 

trial due to adverse events. 

Discussion

The results of this pilot double-blind, randomized, placebo-controlled trial of riluzole 50mg 

twice daily in Alzheimer’s disease patients have confirmed our primary hypotheses, 

showing 6 months of riluzole treatment to be associated with less decline in FDG PET 

measures of cerebral glucose metabolism compared to placebo. The effect was most robust 

in posterior cingulate, but effects were also observed in precuneus, lateral temporal cortex, 

right hippocampus and frontal cortex. Glutamate levels measures with 1H MRS, a 

secondary outcome, showed a significant or trend-level group by visit interaction in 

posterior cingulate, whereby the levels of this excitatory animo acid neurotransmitter 

increased after three months of treatment, suggesting the possibility that riluzole engages 
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the glutamatergic system as its therapeutic target. No changes were found in the 1H MRS 

levels of NAA, our second primary outcome measure. A significant correlation was 

observed between cognitive measures and cerebral metabolism in FDG PET, a key measure 

of brain function in AD. Posterior cingulate glutamate levels also correlated with cognitive 

performance.  Our study provides the first in-human data supporting a potential therapeutic 

benefit of riluzole in patients with Alzheimer’s disease.

The beneficial effects of riluzole upon neuronal function and cognition observed in this 

pilot study could be attributable to one or more of the mechanisms that have been 

established in rodent models. In this mild AD population, where amyloid and tau were 

already well-established, the most likely mechanisms of therapeutic effect by riluzole could 

have been in preventing further damage to vulnerable pyramidal neurons through 

modulation of glutamate levels, reduced glutamate-mediated toxicity, and increased 

synaptic activity. The directional favorable cognitive effects are consistent with the 

prevention of age-related cognitive decline found in rodent models 27, 66.

Similar effects upon glucose metabolism were observed with riluzole as those reported for 

memantine in AD patients over the same time period 67, with both studies finding greatest 

effects in posterior cingulate and precuneus. Memantine acts on the glutamatergic system 

through NMDA receptor partial antagonism, reducing calcium ion influx and related 

toxicity 68. Riluzole has shown similar mitigating effects upon sodium and calcium ion 

influx, through protein kinase C (PKC) inhibition or by regulating glutamate transporter 

and modulation of ion channels leading to potential decreased glutamate overflow to 

extrasynaptic space rather than direct NMDA interaction 69. Given memantine’s effects 

upon glucose metabolism, this mitigation may also have contributed to the effects of 

riluzole. The numerous effects of riluzole demonstrated preclinically may support 

additional therapeutic benefit in AD. 

FDG PET was chosen as the main primary outcome measure in this study because it is a 

well-established biomarker of neuronal function in AD 65, 70, and progressive 
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hypometabolism in AD-relevant regions strongly correlates with clinical progression 63-65. 

The posterior cingulate, in which the most robust treatment effect was observed in this 

study (Figure 3 A-C), is a hub network region and one of the earliest and most strongly 

affected regions in AD 71, 72. The slower decline in cerebral glucose metabolism with 

riluzole was observed in both younger and older groups, males and females, and APOE4 

carriers and non-carriers (Figure 3D).   

The observed lessening of metabolic decline in the riluzole group compared to placebo in 

several AD-related regions of interest (Figure 4) suggested an effect in AD-related 

networks. Consistent with this, the AD progression classifier score, previously validated in 

ADNI subjects 52, showed a trend-level slower disease progression in the riluzole-treated 

group than in the placebo group (Figure 5A). This preservation supports further 

exploration of the apparent disease-modifying effect of riluzole in larger, longer, full-

efficacy clinical trials, with assessments of clinical and neuroimaging changes at multiple 

time points to map the trajectory of therapeutic response. The less robust though significant 

effects in the AD-related regions other than PC and precuneus may reflect technical factors 

including greater variability due to rotational head motion and differences in slice location 

from the reference region.

The trend-level differences in longitudinal AD progression pattern expression between 

ApoE4 carriers and non-carriers merits further study. A potential explanation may be due 

to baseline neural hyperexcitability in ApoE4 carriers 73, 74 that could be more responsive 

to glutamatergic modulation. It would be of interest to characterize AD patients for analysis 

stratification, as the population is highly heterogeneous with regard to clinical 

manifestations, rate of disease progression, tau burden, comorbidities, and possibly 

treatment response. This heterogeneity was present in our study. 

We observed a strong correlation between the FDG PET AD Progression Classifier score 

and ADAS-cog at baseline and in treatment change from baseline to 6 months (Figure 5B). 

This is consistent with previous findings in the ADNI and other populations 52, and suggests 

that FDG PET progression scores are predictive of and aligned with cognitive changes. 
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Examining placebo and riluzole groups separately, correlations at baseline were significant 

for both groups. Additional associations between FDG-PET glucose metabolism and 

cognitive measures at baseline were observed (Figure 6). Use of biomarkers to predict 

cognitive effects in smaller trials could potentially lower clinical trial costs and play an 

important role in identifying which therapies should be advanced to larger trials.

1H MRS has shown metabolic differences in AD compared to matched normal individuals 
75, however, the results have not been sufficiently consistent to enable their use as reliable 

outcome measures in AD in a manner analogous to FDG PET measures of cerebral glucose 

metabolism. For example, in a study of memantine that showed no MRS effects despite 

favorable glucose metabolism effects, the authors noted that MRS results were affected by 

variability and patient-induced artifacts 76. With riluzole an established glutamate 

modulator, this study sought to derive objective evidence of riluzole treatment target 

engagement by using 1H MRS as a secondary outcome measure to measure in vivo brain 

levels of glutamatergic compounds. Our finding of a significant or trend-level group by 

visit interaction for posterior cingulate glutamate, with its levels rising between month 3 

and 6 months of treatment (Figure 7A) suggest potential engagement of the glutamatergic 

system by riluzole. This interpretion should be made with caution as it is a significance in 

a group by visit interaction and preliminary while there were no significant differences 

between groups from baseline to 6 months as originally hypothesized. It has been 

hypothesized that enhancing the efficiency of glutamatergic synaptic activity, which 

riluzole is postulated to accomplish, leads to an increase in intracellular glutamate levels 
77, which was likely the major contributor to the detected 1H MRS glutamate signal.  We 

sought to assess the effects of riluzole on neuronal viability and function through 

simultaneous 1H MRS measurement of the putative neuronal marker NAA, but did not 

detect changes in NAA. Negative findings have also been reported in prior longitudinal 1H 

MRS studies of AD and ALS, which revealed cross-sectional but not longitudinal NAA 

changes, and attributed this to inter-subject variability and technical factors 78, 79. Depleted 
1H MRS levels of NAA and glutamate have been reported in AD compared to healthy 

controls 75, 80, 81, which could not be assessed in this study due to the lack of a normal 

comparison group. We observed an exploratory correlation between glutamate levels and 
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cognitive measures in posterior cingulate such as MMSE and ADAS-cog (Figure  7C), 

with higher 1H MRS glutamate levels associating positively with higher cognitive 

performance. The positive correlation between NAA and glutamate levels (Figure 7B) was 

consistent with prior reports in the normal brain 82, potentially underpinned by tight 

coupling of the two compounds in NAA synthesis in neuronal mitochondria by addition of 

glutamate-derived aspartate to an acetyl group derived from Acetyl-CoA, in a reaction 

catalyzed by L-aspartate-N-acetyltransferase 83. Conversely, NAA has been postulated to 

serve as a reservoir of glutamate synthesis 84. As an exploratory analysis, we observed a 

significant or trend group by visit interaction with increased GABA levels in left 

hippocampus with riluzole treatment. GABA is reportedly depleted in AD and mild 

cognitive impairment 85, 86. Treatment-related increases in GABA levels (Supplementary 

Figure 2B) suggest that riluzole may at least partially alleviate this reported deficit, with 

possible benefit given the positive correlation of GABA with memory performance in this 

study (Supplementary Figure 2C). There was general agreement between the ratios of 

metabolite level peak ratios relative to unsuppressed water (W) and total creatine (tCr) in 

our study, but greater consistency in ratios measured relative to W. Caution has been urged 

in interpreting ratios relative to tCr because levels have been reported to change in a 

number of neuropsychiatric 87 and neurological disorders 88. We provided both ratios for 

comparison with literature.

Riluzole was generally well tolerated, with no significant difference in side effects 

compared to placebo. Riluzole has been used for decades in the treatment of ALS. 

However, larger, longer duration studies are necessary to have a comprehensive evaluation 

of safety and efficacy of riluzole in the AD population, and should precede its use in AD 

outside of a monitored clinical trial. 

This study has several limitations.  First, the sample size was relatively small, and results 

require replication in larger-sample studies. A second limitation was the lack of amyloid 

characterization. However, the presence of an FDG PET AD pattern helped to confirm 

clinical diagnosis and has been shown to have a high degree of agreement with the presence 

of tau pathology 89. Third, 1H MRS is unable to differentiate neurotransmitter or vesicular 
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and metabolic pools of glutamate or GABA, limiting interpretation. 1H MRS data 

acquisition techniques require relatively large voxels for reliable quantification of 

metabolites, potentially leading to partial volume effects and masking of group effects. As 

noted in other studies, longitudinal MRS measurements can be subject to technical 

variability and subject head motion. The study was not powered for neuropsychological 

outcome measurement, and clinical changes must be viewed only as directional and 

exploratory.

In conclusion, a slower decline in cerebral glucose metabolism was observed in riluzole-

treated AD patients than in placebo in multiple AD-relevant brain regions, which correlated 

with cognitive performance. These findings support future fully powered clinical trials to 

further evaluate riluzole as a potential pharmacological therapy for AD. 
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Figure legends:

Figure 1. A.  [i] Pre-specified regions of interest, which were masked with each subject’s 

gray tissue segment, in addition to a region defined to include the same tissue as the MRI 

PC region, [ii] AD progression classifier pattern, in which increasing progression scores 

reflect increasing expression of the pattern (subset shown) of hypometabolism (blue) and 

preservation (red) relative to whole brain.  The progression scores of 517 test subjects from 

amyloid negative cognitively normal status through amyloid positive Early MCI (EMCI), 

late MCI (LMCI) and Alzheimer’s dementia (AD) are shown, with mean and standard 

error, illustrating the correspondence between increased score and worsening clinical 

severity (data derived using FDG PET scans from ADNI, www.adni-info.org, as described 

in Matthews et al, 2016).

B. [i] Axial, [ii] sagittal and [iii] coronal MR images of a human brain, with depiction of 

the size and placement of the voxel of interest in the posterior cingulate cortex (PC). PC 

voxel dimensions: 2.0 cm (anterior-posterior) x 2.0 cm (left-right) x 2.0 cm (superior-

inferior), or 8cm3. [iv] Sample CT-PRESS MRS data from the PC voxel, showing (a) an 

experimental spectrum with a clearly resolved C-4 glutamate (Glu) resonance at 2.35 ppm, 

as well as the resonances for N-acetyl-L-aspartate (NAA), total creatine (tCr), total choline 

(tCho) and combined resonances of C-2 glutamate and C-2 glutamine (Glx); (b) model 

fitting of spectrum in (a) to obtain the metabolite peak areas of interest; (c) individual 

components of the model-fitted spectrum in (a); (d) residuals of the difference between 

spectra in (a) and in (b). 

Figure 2: Enrollment, radomization and trial completion

Figure 3. (A) Posterior cingulate (PC) region of interest (representative sagittal slice) in 

FDG PET; (B) Comparison between placebo and riluzole treated arms of the absolute and 

percentage change in PC FDG SUVR over the 6-month treatment period; (C) Individual 

change from baseline to follow up in PC SUVR in placebo (left) and riluzole (right) treated 

arms; (D) Comparison of change in PC SUVR by ApoE4 carrier and non-carrier subgroups, 
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and by younger and older age groups.  Individual values are shown with mean and standard 

error bars.

 

Figure 4. (A) Region of interest boundaries shown in representative slices, color-coded to 

indicate the significance levels in comparisons between placebo and riluzole treated arms 

of the 6 month change in FDG SUVR; (B) Comparison between placebo and riluzole 

treated arms of the 6 month change in FDG SUVR for posterior cingulate (PostCing), 

combined PC and precuneus (PCC), lateral temporal (LatTemp), right hippocampus (Hip), 

orbitofrontal (OrbFrontal), Frontal, Parietal, and subcortical white matter (as a comparator, 

expected to remain stable). Individual values are shown with mean and standard error bars.

Figure 5.  (A) Comparison between placebo and riluzole treated arms of the change in 

FDG Progression score. (B) Correlation between AD Progression score at baseline and 

ADAScog score at baseline (left) and between 6 month change in AD progression score 

and in ADAS cog (right) for all study participants.

 

Figure 6. Correlations at baseline between: (A) FDG AD Progression score and MMSE 

score;  (B) posterior cingulate-precuneus (PCC) score and MMSE score; (C) lateral 

temporal FDG SUVR and ADAScog score; (D) orbitofrontal FDG SUVR and 

Neuropsychiatric Inventory (NPI) score.

 

Figure 7: A: 1H MRS measures of Glu/W (top) and Glu/tCr (bottom) levels changes in 

posterior cingulate at baseline, 3 months and 6 months (B) Correlations at baseline, 

midpoint  and endpoint between NAA/W and Glu/W in riluzole and placebo groups (top) 

and NAA/tCr and Glu/tCr in riluzole and placebo groups (bottom). (C) Correlations at 

baseline between Glu/W and MMSE (top) and Glu/W and ADAScog (bottom) across 

subjects.
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Table 1 Demographic and baseline clinical characteristics

Characteristic Placebo 
(n = 20)

Riluzole 
(n = 22)

P-value

Age, years, mean ± SD 74.6 ± 7.7 75.3 ± 5.8 0.73

Sex, n (%) 0.30

Female  14 (70.0) 12 (54.5)

Male 6 (30.0) 10 (45.5)

Race/ethnicity, n (%) 1.00

Black or African American 0 (0) 1 (4.5)

Black/non-Hispanic 1 (5.0) 0 (0)

Latino/Hispanic 0 (0) 1 (4.5)

White/non-Hispanic 19 (95.0) 20 (90.9)

Education, years, mean ± SD 15.1 ± 3.1 15.9 ± 3.0 0.39

ApoE4 carrier, n (%) 8 (40.0) 15 (68.2) 0.11

Clinical scales, mean ± SD

ADAS-cog 17.9 ± 7.5 22.5 ± 7.9 0.08

 ADL total 68.1 ± 9.3 68.4 ± 9.5 0.91

CDR-sum of boxes 3.6 ± 1.8 3.8 ± 1.9 0.73

CDR total 0.6 ± 0.2 0.6 ± 0.2 0.59

MMSE 22.8 ± 2.9 22.5 ± 2.5 0.72

NPI 10.2 ± 11.1 9.6 ± 9.2 0.86

GDS 5.3 ± 3.7 5.2 ± 6.6 0.98

ADAS-cog = Alzheimer’s Disease Assessment Scale; ADL = Activities of Daily Living Inventory scale; CDR = Clinical Dementia 
Rating scale; GDS = Geriatric Depression Scale; MMSE = Mini–Mental State Examination; NPI = Neuropsychiatric Inventory 
score.
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