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Prior studies have reported increased cortical excitability in people with Alzheimer’s disease
(AD), but findings have been inconsistent, and how excitability relates to dementia severity
remains incompletely understood. The objective of this study was to investigate the association
between a transcranial magnetic stimulation (TMS) measure of motor cortical excitability and
measures of cognition in AD. A retrospective cross-sectional analysis tested the relationship
between resting motor threshold (RMT) and the Alzheimer’s Disease Assessment Scale -
Cogpnitive Subscale (ADAS-Cog) across two independent samples of AD participants (a discovery
cohort, n=22 and a larger validation cohort, n=129) and a control cohort of cognitively normal
adults (n=26). RMT was correlated with ADAS-Cog in the discovery-AD cohort (n=22, p=-.70,
p<0.001) but not in the control cohort (n=26, £=-0.13, p=0.513). This relationship was confirmed
in the validation-AD cohort (n=129, g=-.35, p<0.001). RMT can be a useful neurophysiological
marker of progressive global cognitive dysfunction in AD. Future translational research should
focus on the potential of RMT to predict and track individual pathophysiological trajectories of

aging.
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Transcranial magnetic stimulation; Cortical excitability; Hyperexcitability; Resting motor
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Introduction

Dementia due to Alzheimer’s Disease (AD) affects 47 million people worldwide
(Alzheimer’s Disease International (ADI), London, 2016). Cognitive decline in AD

is preceded by a series of pathological changes, including amyloid-beta (ApS) plaque
deposition, tau accumulation, hypometabolism, and hippocampal and cortical atrophy (Jack
and Holtzman, 2013). AD is also associated with neurophysiologic changes, including
shifts in ongoing brain oscillations from higher to lower frequencies (Benwell et al., 2020),
breakdown of network integrity (Palop and Mucke, 2016) that can be captured by EEG
connectivity (Smailovic et al., 2019), alterations in synaptic plasticity (Brem et al., 2020;

Di Lorenzo et al., 2018, 2016; Li and Selkoe, 2020), and loss of inhibitory interneurons
(Verret et al., 2012) with transitions in cortical excitability from inhibition to facilitation
(Mossel et al., 2013). Progressive increases in excitability in AD may be a consequence of
neurotoxicity (Trebbastoni et al., 2016), inflammatory cascades (Newcombe et al., 2018), or
a potentiating factor that can further accelerate neurodegeneration (Palop and Mucke, 2010).
In any case, a progressive increase in excitability could act as a prognostic marker for AD
severity.

Transcranial magnetic stimulation (TMS) is a non-invasive tool used for assessing the
neurophysiology of the human brain in vivo (Rossi et al., 2009). The TMS resting motor
threshold (RMT)-the lowest intensity needed to elicit corticospinal responses when TMS

is applied to the contralateral motor cortex—provides a reliable index of motor cortical
excitability, with lower RMT values representing greater motor cortical excitability (Cavaleri
etal., 2017). TMS measures such as RMT reflect a combination of local and global
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(i.e., brain-wide) neurophysiologic properties and can be a sensitive measure of local
neurocircuitry changes not captured by magnetic resonance imaging (MRI) and positron
emission tomography (PET) (Kobayashi and Pascual-Leone, 2003). TMS evidence for
hyperexcitability in AD includes lower RMT than similarly aged cognitively normal controls
(Ferreri et al., 2003) and disrupted excitation-inhibition balance from paired-pulse TMS
measures (Freitas, 2011). Specifically, a meta-analysis of TMS studies found that motor
cortical excitability measures such as short-latency afferent inhibition (SAI), short-interval
intracortical inhibition (SICI), long-interval intracortical inhibition (LICI), and RMT differ
significantly between AD and age-matched cognitively intact healthy controls (Mimura et
al., 2021). Altered cortical excitability is also present in earlier clinical stages of AD: RMT
and SAI were also significantly reduced in mild cognitive impairment (MCI) compared to
controls (Mimura et al., 2021). RMT, SAI, and intermittent theta-burst stimulation (iTBS)-
measured long-term potentiation (LTP) are known to accurately discriminate between

AD and controls (Motta et al., 2018). Limited but growing TMS-EEG literature shows
hyperexcitability of sensory-motor cortex in mild AD, mirroring findings from TMS-EMG
literature (Ferreri et al., 2016). In non-motor areas, TMS-EEG evoked P30 amplitude in the
superior parietal cortex showing a correlation with disease severity (Bagattini et al., 2019).
However, TMS and TMS-EEG findings have varied across studies due to differences in
methodology, confounding effects of individual differences in the scalp-to-cortex distance
(List et al., 2013) and cortical atrophy, and heterogeneity of disease severity (see (Freitas,
2011) for review).

It is not entirely clear why motor cortex excitability, assayed by RMT, would be related to
cognition in AD, although there are several possible explanations. RMT measured cortical
hyperexcitability in progressive AD could be due to decreased intercortical inhibition due
to synapse and cellular loss in associative cortical and motor areas (Alagona et al., 2001,
Pennisi et al., 2002). It could also be due to altered cellular energy metabolism leading

to the decreased membrane potential of the pyramidal neurons and other neurons in the
intracortical excitatory circuits that are recorded by RMT (Khedr et al., 2011; Pepin et al.,
1999). Hence, these mechanisms could lead RMT to be associated with global cognitive
dysfunction. Consistent with this hypothesis, lower RMT has been associated with worse
cognitive function in AD studies (Khedr et al., 2011; Pennisi et al., 2002), but the finding
has lacked replication (Wang et al., 2016) and the specificity of the relationship with
different cognitive domains remains untested. A rigorous investigation of the relationship
between RMT and cognitive dysfunction has the potential to advance our understanding of
how motor cortical excitability is linked to clinical disease severity in AD and promote RMT
as a translatable target for interventions aimed at restoring cerebral function.

This study investigated the relationship between RMT and cognitive dysfunction in two
distinct cohorts of participants with mild-to-moderate AD using cross-sectional retrospective
analysis. The discovery cohort was a well-characterized group of patients with mild AD with
comprehensive neuropsychological testing, structural magnetic resonance imaging (MRI),
and neuronavigated TMS measures, accompanied by comparative data from a control cohort
of cognitively normal (CN) older participants. The validation cohort was a distinct multi-
center cohort of mild-to-moderate AD participants enrolled in a TMS clinical trial (Sabbagh
et al., 2019), with only basic pre-intervention neuropsychological testing and demographic
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data available for analysis. We hypothesized that RMT would be negatively correlated

with cognitive dysfunction in AD (i.e., higher excitability associated with greater cognitive
dysfunction). Our first aim was to test the association between RMT and measures of global
cognitive dysfunction in AD and CN participants and to test the influence of potential
confounding variables. Our second aim was to replicate the overall relationship between
RMT and measures of cognitive dysfunction in a larger independent validation cohort

of AD participants. Finally, our exploratory post hoc aim tested whether the relationship
between RMT and global cognitive dysfunction was driven by memory or strategic thinking
impairments.

2. Methods

2.1.

Discovery and control cohorts

2.1.1. Participants—The discovery and control cohorts included 22 AD and 26 CN
adults, respectively, who participated in research conducted at the Berenson-Allen Center
for Noninvasive Brain Stimulation at Beth Israel Deaconess Medical Center between

2012 and 2015. Details regarding the recruitment procedure, research integrity, and
participant inclusion have been previously published (Brem et al., 2020; Fried et al.,
2017). All participants underwent comprehensive neuropsychological testing, neurological
examination, and medical history evaluation. The AD participants had a clinical diagnosis
of mild AD, with a Clinical Dementia Rating Scale (CDR)=1.0, and Mini-Mental State
Examination (MMSE) scores between 18 and 23. The CN participants were cognitively
intact with MMSE scores between 27 and 30, a normal neurologic exam, and denied a
history of neuropsychiatric disorders or subjective cognitive complaints. Exclusion criteria
were severe agitation, significant medical or psychiatric comorbidity, presence of any
other probable forms of dementia, use of psychoactive medications, or anatomical MRI
abnormality other than atrophy. For a subset of participants (nap=12, ncn=21), genotypic
testing was conducted to assess Apolipoprotein E (APOE) polymorphisms.

2.1.2. Neuropsychological testing—Comprehensive neuropsychological testing was
administered by a trained psychometrist. Alzheimer’s Disease Assessment Scale-Cognitive
Subscale (ADAS-Cog) (“A new rating scale for Alzheimer’s disease,” 1984) was used

as the primary outcome measure, given its sensitivity as a measure of global cognitive
impairment AD (Balsis et al., 2015). Secondary measures included MMSE (Folstein et

al., 1975), composite scores reflecting memory (composite memory score; CMS) and
strategic thinking (composite strategic thinking score; CSTS), assessing attention, working
memory, set-shifting, verbal production, strategy allocation, and psychomotor processing
speed). The composite scores were created using assessments from the National Alzheimer’s
Coordinating Center — Uniform Data Set battery (Morris et al., 2006), following an
approach from the Alzheimer’s Disease Neuroimaging Initiative (for the Alzheimer’s
Disease Neuroimaging Initiative et al., 2012a, 2012b) and used in prior investigations by
our group into the relationship of cognition to cortical atrophy (Buss et al., 2018), cortical
plasticity (Buss et al., 2020), and resting-state EEG oscillatory power (Benwell et al., 2020)
in early-AD participants. Z-scores were calculated for each neuropsychological measure by
subtracting an individual’s score from published normative mean and standard deviation
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scores for each test (Besser et al., 2018; Gale et al., 2007; Graham et al., 2004). Sub-scores
used from the Trail Making Tests (TMT) and ADAS-Cog were inverted so that lower scores
reflected worse performance across all tests. The CMS was calculated by averaging z-scores
for ADAS-Cog Immediate Recall, ADAS-Cog Delayed Recognition, Rey Auditory Verbal
Learning Test (RAVLT) (Schmidt, 1996) Delayed Recall, RAVLT Delayed Recognition,
Logical Memory Story-A (LMS) Immediate Recall, and LMS Delayed Recall. The CSTS
was calculated by averaging z-scores for TMT-A and B, Digit Span Backward, Semantic
Fluency, and Digit Symbol Substitution Test. Additional assessments included the Geriatric
Depression Scale (GDS) (Yesavage and Sheikh, 1986), Wechsler-Test of Adult Reading
(W-TAR) (Holdnack, 2001), and Activities of Daily Living (ADL) (Kreutzer et al., 2011).

2.1.3. TMS-RMT measures—TMS was applied using a monophasic figure-of-eight
focal coil attached to a Nexstim stimulator (Nexstim Inc, Finland). The coil was placed
tangentially on the scalp surface and the Navigated Brain Stimulation system (Nexstim Inc.,
Finland) was used to individually target stimulation in the left hemisphere motor cortex
using each participant’s high-resolution T1-MRI image. Motor-evoked potentials (MEPS)
were recorded from the right first dorsal interosseous (FDI) muscle using surface electrodes
and electromyogram (EMG). The motor hotspot was determined to be the cortical site where
MEPs showed higher amplitude in FDI than in either of two reference muscles (abductor
digiti minimi and abductor pollicis brevis). Following the guidelines of the International
Federation for Clinical Neurophysiology (IFCN), cortical RMT was defined as the minimum
stimulation intensity measured as percent maximum stimulator output (% MSO) that was
required to elicit MEPs of peak-to-peak amplitude =50 4V in at least five of consecutive 10
trials (Rossini et al., 2015).

2.1.4. Neuroimaging measures—An anatomical T1-weighted MRI scan was obtained
in all participants on a 3T scanner (GE Healthcare, Ltd., UK) employing a 3D spoiled
gradient-echo sequence: 162 axial-oriented slices for whole-brain coverage; 240-mm
isotropic field-of-view; 0.937-mm x 0.937-mm x 1-mm native resolution; flip angle

=15° TE/TR = 2.9/6.9 ms; duration = 432 s. Freesurfer 6.0 (freely available and
documented online at http://surfer.nmr.mgh.harvard.edu/) was used to obtain cortical
thickness measurements of left M1 within a region-of-interest (ROI) (Desikan et al., 2006)
consisting of the pre-central gyrus and rostral bank of the central sulcus, encompassing the
entire motor strip.

T1-weighted MRI scans were employed during TMS for neuronavigation as well as to
assess the scalp-to-cortex distance (SCD) to control for individual differences in the physical
distance between the TMS coil and the underlying hand-knob area of the motor cortex that
could influence RMT values. Following a previously reported approach (Brem et al., 2020),
SCD was measured as the Euclidian distance between coordinates representing the center

of the coil on the participant’s scalp and the coordinates representing the outer edge of the
cortical surface along the plane perpendicular to the scalp tangent (i.e., orthogonal to the
plane of the TMS coil) on each individual’s brain MRI using Brainsight™ (Rogue Research
Inc., Canada).
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2.1.5. Statistical analysis—All analyses were performed in R v3.4.3 (https://www.r-
project.org) using publicly available and verified packages (R Core Team, R Foundation
for Statistical Computing, Vienna, Austria, 2018). Significance was determined as a < 0.05
(two-tailed). In the multiple regression models, Holm-Bonferroni correction was used to
correct for multiple comparisons.

Participant characteristics between the AD and CN cohorts were compared using Welch’s
t-test and a chi-squared test for numerical and categorical variables, respectively. To test
whether RMT was significantly different between the cohorts, values were entered into a
fixed-effects linear regression model with the primary effect of diagnosis, with age, SCD,
and ROI-based left motor cortex thickness as covariables. For post hoc comparison, AD
participants were classified as mild (MMSE=21) or moderate (MMSE < 21). The difference
between mild and moderate AD subgroups was tested using the nonparametric Wilcoxon
rank-sum test (numerical) or Boschloo’s exact test (categorical).

The primary hypothesis that ADAS-Cog is correlated to RMT was tested using a simple
linear regression in AD and CN cohorts separately. Given the small sample size (n=22)

of the AD discovery cohort, we chose to pursue a 2-step analysis to investigate the effect
of covariables: the primary linear model was followed by separate multiple regression
models to measure the effect of each covariate and assess whether any covariables acted as
mediators or moderators.

For the multiple regression models, we assessed factors that might affect the association
between ADAS-Cog and RMT. Age, SCD, gender, handedness, and ROI-based left motor
cortex thickness were included since they are known to be associated with cognition and/or
TMS measurements of cortical excitability (Danner et al., 2012; Sollmann et al., 2017).
APOE polymorphisms were included since having one or more &4 alleles increases the

risk of developing AD (Petersen et al., 1996). Separate single covariate linear regression
models were used to assess the individual influence of each covariate on the relationship
between RMT and ADAS-Cog. In cases where the effect of the covariate was observed to be
above-tolerance (i.e., change in % BrmT 210), the covariate was assessed for mediation using
nonparametric bootstrapping by percentile method (number of simulations = 20 0 0) and for
moderation and confounding using ordinary least squares regression models. Additionally,
to test if the correlations were significantly different across AD and CN cohorts, individual
correlation coefficients were Fisher Z-transformed and compared by Zou’s 95% Confidence
Interval. The inclusion of 0in Zou’s 95% ClI is interpreted as a statistically non-significant
difference between correlations (Diedenhofen and Musch, 2015).

For post-hoc exploratory analysis, we tested if cortical excitability was correlated with
memory and strategic thinking by entering CMS and CSTS into separate simple linear
regression models. Finally, given the ubiquity of MMSE as a measure of global cognition,
we also tested its relationship with RMT using nonparametric correlation measured by
Spearman’s Rho (a nonparametric test was chosen since MMSE is not considered a
continuous measure).
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2.2. Validation cohort

2.2.1. Participants and neuropsychological testing—One hundred and twenty-
nine participants with the clinical diagnosis of mild-to-moderate AD aged 60-90 were
enrolled from 2013-2016 in a multicenter randomized parallel interventional trial titled,
“Effect of NeuroAD on the Cognitive Function of Alzheimer Patients,” for which our center
was one of the study sites. Details and results of this trial have been recently published
(Sabbagh et al., 2019). AD participants were diagnosed using DSM-1V criteria (Bell, 1994)
and were required to have a global CDR of 1-2, ADAS-Cog >17, and an MMSE score of
18-26. The cohort for analysis consisted of all 129 AD participants with both RMT and
ADAS-Cog scores available. There was no participant overlap between test and validation
cohorts. Only pre-intervention data of AD participants from this trial was used for analysis,
including participants’ age, gender, ADAS-Cog, and MMSE scores. For full trial details with
inclusion and exclusion criteria, see Clinicaltrials.gov identifier: NCT01825330.

2.2.2. TMS measures—TMS procedures were standardized across all clinical trial sites.
TMS was delivered using an air-cooled figure-of-eight coil connected to a biphasic Magstim
Rapid? system (Magstim, Inc., Eden Prairie, MN, USA). The motor hotspot was chosen
using scalp landmarks and systematic search to identify the scalp location with the most
robust and specific visible twitch of FDI. The RMT was defined as the lowest intensity to
elicit a visible muscle twitch of the FDI or thenar in five of 10 trials.

2.2.3. Statistical Analysis—The relationship between RMT and ADAS-Cog was
tested using simple linear regression in R as described above. Single covariate linear
regression models were then used to assess potential confounding effects of age, gender,
and medication status. Participants were classified as mild (MMSE=21) or moderate
(MMSE<21) and the subgroup difference was tested using Welch’s t-test (numerical) and
a chi-squared test (categorical). We also tested the relationship of MMSE with RMT using
nonparametric correlation measured by Spearman’s Rho.

2.3. Standard protocol approvals, registrations, and patient consents

This study is a retrospective analysis of data on human subjects collected and reported
previously. The procedures were approved by an ethical standards committee on human
experimentation (institutional or regional). For discovery and control cohorts, details
regarding the recruitment procedure and research integrity have been previously published
(Fried et al., 2017). For validation cohort, full trial details with the recruitment procedure,
and research integrity, see Clinicaltrials.gov identifier: NCT01825330. The details and
results of this trial have been recently published (Sabbagh et al., 2019).

2.4. Data availability

Data not provided in the article because of space limitations must be made available at the
request of other qualified investigators for purposes of replicating procedures and results.
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3. Results

3.1. Discovery and control cohorts

3.1.1. Demographic and baseline measures—Table 1A shows the demographics
for the participants in the discovery and control cohorts. The AD cohort showed significantly
lower performance on the ADAS-Cog, MMSE, CMS, and CSTS compared to the CN cohort
(p<0.05). Compared to the CN cohort, participants in the AD cohort were slightly older,
reported higher levels of depression, had lower ADLSs, increased cortical thinning in the left
motor cortex, and a greater proportion of APOE-&4 allele (all p values<0.05). RMT, though
lower in AD participants than CN, did not differ significantly. A linear model showed

no significant impact of the diagnosis on RMT (F4 42=.89, p=0.352, partial 177=.02) after
controlling for age, SCD, and left motor cortex thickness; however, the covariable SCD

was a significant predictor of RMT in this model (8=.40, p=0.009). Further, RMT was
statistically significantly lower in the moderate AD subgroup compared to the mild AD
subgroup (W=87, p=0.005, ri~.61), suggesting the lack of a stronger difference between
AD and CN groups may be due to the inclusion of milder AD patients. The subgroup
differences are presented in Appendix Table B.1.

3.1.2. Correlation between RMT and global cognitive dysfunction in AD—
There was a significant relationship between lower RMT and worse performance on the
ADAS-Cog for the AD cohort (8=-0.70, Adj.R2=.47, p<0.001), but not for the CN cohort
(5=-0.13, Adj.R?=-0.02, p=0.513) (Fig. 1). The statistical comparison of the correlations
revealed that the relationship between RMT and ADAS-Cog varied between the two cohorts
(Zou’s 95% CI =[-1.004, —0.096]). The AD cohort showed a significant association
between RMT and MMSE (Spearman’s p=.53, p=0.010), which was not present in the

CN cohort (Spearman’s p=.19, p=0.352) (see Appendix Figure A.1). These results indicate
that higher excitability is associated with greater cognitive dysfunction in AD, but not CN
participants.

3.1.3. Effect of covariables on the relationship between RMT and ADAS-

Cog in AD Discovery Cohort—Table 2A shows the results of multiple regression
models testing the influence of each covariate on the relationship between RMT and
ADAS-Cog in the AD discovery cohort. SCD and left motor cortex thickness showed an
above-tolerance influence on the relationship between RMT and ADAS-Cog, with motor
thickness weakening and SCD strengthening the relationship. Neither SCD (=.33, p=0.130)
nor left motor cortex thickness (5=.28, p=0.210) was significantly associated with RMT
individually. Additionally, left motor cortex thickness was a significant covariate predictor
for ADAS-Cog (p=-0.48, p=0.024), while SCD was not (4=.10, p=0.665). Neither variable
showed statistically significant mediation effects (see Appendix Table B.2).

3.1.4. Relationship between RMT and composite cognitive-domain scores
—The exploratory analysis of the discovery and control cohorts revealed a significant
correlation between RMT and CMS in the AD (Ryp=.61, p=0.002) and the CN (R24=.52,
p=0.006) cohorts. By comparison, there was a moderate, but nonsignificant correlation
between RMT and CSTS for the AD cohort (Rp=.25, p=0.263), which was not present for
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the CN cohort (Ro4=-0.03, p=0.872). These results indicate that a nonspecific relationship
between RMT and learning and memory might be driving RMT’s association with overall
cognitive function.

3.2. Validation cohort

3.2.1. Demographic and baseline measures—Table 1B shows the demographics
for the participants in the validation cohort.

3.2.2. Correlation between RMT and global cognitive dysfunction in AD—
Fig. 2 shows that in the AD validation cohort, RMT was significantly associated with
ADAS-Cog (5=-0.35, Adj.R%=.11, p<0.001). We also found a significant relationship
between RMT and MMSE (Spearman’s p=.24, p=0.006) (see Appendix Figure A.2).
Correspondingly, RMT was significantly lower in the moderate AD (MMSE<21) subgroup
compared to the mild AD (MMSE=>21) subgroup (tg;=2.72, p=0.008, Cohen’s ¢=.51). The
subgroup differences are presented in Appendix Table B.1.

3.2.3. Effect of covariables on the relationship between RMT and ADAS-Cog
—Table 2B shows multiple regression models for the validation cohort. None of the
covariables had an above-tolerance influence on the relationship between RMT and ADAS-
Cog.

4. Discussion

TMS can be used to assess cortical excitability and synaptic dysfunction in AD (Di Lazzaro,
2018). In this study, we tested the relationship between RMT and global cognition in a well-
characterized cohort of participants with mild-to-moderate AD and validated the findings in
an independent, larger cohort. Our results show that higher motor cortical excitability (lower
RMT) is associated with greater global cognitive dysfunction (higher ADAS-Cog score) in
AD. Additionally, RMT was significantly lower in the moderate AD subgroup compared to
the mild AD subgroup, indicating hyperexcitability may worsen with disease progression.

Our results suggest that TMS measures of motor cortical excitability should be corrected for
anatomical factors: SCD increased the negative correlation between RMT and ADAS-Cog
while left-motor CT influenced the relationship in the opposite direction. Prior literature has
highlighted the importance of accounting for SCD and other anatomical factors to interpret
RMT (Stokes et al., 2007) since the strength of the magnetic field generated by TMS decays
exponentially with distance (Deng et al., 2013). While the relationship between RMT and
SCD was not statistically significant in our AD cohort, the direction of the effect was in

line with prior literature (List et al., 2013). Additionally, controlling for SCD increased the
strength of the relationship between RMT and cognition in the AD group, suggesting that
anatomical factors should be included in the analysis of TMS-based measures since there

is a risk that local atrophy could otherwise mask differences in motor cortical excitability

in neurodegenerative disorders. On the other hand, accounting for CT within the motor

strip weakened the observed relationship between RMT and ADAS-Cog. This may be

due to the independent relationship of CT with ADAS-Cog since both are expected to
worsen with disease progression. Indeed, we found that CT was an independent predictor of
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ADAS-Cog in AD in line with studies showing an association between cortical thinning and
cognitive deterioration (for the Alzheimer’s Disease Neuroimaging Initiative et al., 2012c;
Ossenkoppele et al., 2019). CT was not a significant predictor for RMT in AD, hence, did
not act as a mediator for RMT’s relationship with ADAS-Cog.

We demonstrate that RMT is related to global cognition in AD across two distinct cohorts,
clarifying prior literature. Most prior studies have used MMSE as a primary outcome
measure (Hoeppner et al., 2012; Khedr et al., 2011; Olazaréan et al., 2010; Pennisi et al.,
2002; Wang et al., 2016), relied on smaller cohorts (Hoeppner et al., 2012; Olazaran et

al., 2010; Pennisi et al., 2002), included heterogeneous disease stages (Khedr et al., 2011;
Olazaran et al., 2010; Pennisi et al., 2002) or stimulated non-focally using a circular TMS
coil (Olazarén et al., 2010; Pennisi et al., 2002). We found a large effect size (Adj.R?=.47)
in our discovery cohort and medium effect size (Adj.R?=.11) in the validation cohort.

The difference in effect size between the two cohorts is likely attributable to several key
differences in TMS application. The discovery cohort utilized MRI-based neuro navigation
and EMG, while the validation cohort relied on visual twitch observation for determination
of the RMT and did not employ MRI guidance for TMS coil placement. In the analysis

of data from the discovery cohort, we controlled for SCD. Furthermore, data in the
validation cohort came from 10 different sites. Considering these differences in approach,
the replication of the results across both cohorts supports the generalizability of our findings
by indicating that the relationship between motor cortical excitability and dementia severity
is not limited to a specific methodological approach (e.g., including use of neuronavigation,
presence of EMG, or TMS pulse waveform, etc.). While age was neither a significant
predictor of RMT or ADAS-Cog in either group nor did it modify the relationship between
RMT and ADAS-Cog, we cannot rule out the possibility that the slightly older age of the
Validation Cohort played a role in the smaller observed effect size.

Exploratory analyses showed that RMT was strongly related to learning and memory in
both the AD discovery and CN control cohorts, but not strategic thinking. Overall, these
findings demonstrate that increased motor cortical excitability is associated with more severe
dementia in AD. Taken together, these findings highlight the need for future research

to investigate the extent to which RMT and other TMS measures may offer valuable
metrics of disease progression and indicators of risk of cognitive decline longitudinally.
Our findings held true despite the differences between the discovery and validation cohorts
for the age of AD participants, neuronavigation, EMG, and TMS pulse phase, strengthening
their generalizability. As previously shown, RMT demonstrates very high intra-individual
reliability and reproducibility (Fried et al., 2017), making it an attractive tool to follow
changes in motor cortical excitability longitudinally.

Past evidence from meta-analysis suggests that RMT is significantly lowered in AD and
MCI groups compared to healthy controls (Mimura et al., 2021). RMT has also been shown
to accurately classify AD patients and controls (Motta et al., 2018). Here, we found that
RMT is significantly correlated with cognitive dysfunction. The three findings: group-level
differences, ability to classify AD vs. CN at individual-level, and correlation with cognitive
dysfunction within AD, together make RMT an important candidate as a neurophysiological
AD biomarker. Recent studies have investigated the classifier models built using SICI, LICI,
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and SAI to distinguish among various dementia types (Benussi et al., 2020). Including RMT
in such models would further make a case towards its clinical utility.

Preclinical animal model studies have repeatedly shown a link between AD pathology and
increased cortical excitability. Oligomeric AB can induce remodeling of inhibitory circuits
and promotes epileptiform discharges (Palop et al., 2007). Tau deposits (Roberson et al.,
2011) may further contribute to abnormally increased cortical excitability. The multiple
factors leading to increased excitability likely interact non-linearly and may progress at
different rates in different stages of AD. As such, TMS-based measures of excitability, such
as RMT, show strong potential as markers to index and longitudinally follow motor cortical
excitability changes in humans with AD. These measures can further our understanding

of the neurophysiologic consequences of regional amyloid deposition, tau accumulation,
and cortical atrophy, and may be useful as a prognostic marker or as a measure of target
engagement in AD clinical trials.

Since our study investigated cortical excitability in the hand knob region, this study is not
able to disentangle whether RMT in AD primarily reflects global cortical excitability or
local excitability within motor circuits. Our finding of an association between RMT and
memory function raises the possibility that RMT may reflect global cortical excitability

in AD, which should be confirmed with future multimodal studies. For example, if RMT
reflects global cortical excitability, it should be related to hippocampal hyperactivity seen
on task-based fMRI (Dickerson et al., 2005; Zott et al., 2018) and to cortical excitability

in frontal and parietal brain regions using TMS with electroencephalography (TMS-EEG)
(Bagattini et al., 2019; Ferreri et al., 2016). Alternatively, RMT could simply reflect local
motor cortex pathology in AD. Although the motor cortex is relatively preserved compared
to other brain regions until late in disease pathogenesis, amyloid deposition is detectible in
later pathological stages of AD (Grothe et al., 2017). If the association between RMT and
disease severity is due to soluble amyloid concentrations in the motor cortex, lower RMT
could act as a proxy for overall disease burden and therefore be only indirectly related to
global cognition. This hypothesis is potentially supported by our finding of lower RMT

in the moderate AD subgroup compared to the mild AD subgroup. If this hypothesis is
supported by future research, it could suggest a role for TMS-EEG in non-motor brain
regions as a future theragnostic marker in pre-symptomatic or prodromal AD. For example,
if TMS-EEG is found to be sensitive to local soluble amyloid concentrations, it could be
employed in future clinical trials aiming to modify abnormal cortical excitability related to
amyloid deposition in parietal or frontal regions early in disease pathogenesis. Alternatively,
increased motor cortical excitability could be mediated by frontal and premotor region
atrophy, which could lead to disinhibition of motor regions. However, our finding that RMT
was more strongly related to memory than strategic thinking makes this hypothesis less
likely.

Our exploratory analyses showed an association between memory function and RMT in both
the AD and CN participants. The finding in our control cohort is unexpected. While it is
likely that our control cohort contains several individuals with pre-symptomatic AD (with
10%-30% expected to show Ag positivity (Chetelat et al., 2013)), levels of Agand tau
deposition in the motor cortex are very low in pre-symptomatic AD (Thal et al., 2002). As
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discussed above, RMT could be capturing a release phenomenon in the motor cortex related
to a loss of inhibitory input from other brain regions, such as frontal and temporal regions,
which are affected in the earliest stages of AD (Chételat et al., 2013). Another possibility
could be that the RMT-measured motor cortical excitability may progress along a U-shaped
curve, with the most abnormal excitability seen early- and late- in disease progression due
to different mechanisms at each stage (initially related to oligomeric AS, later reflecting

tau deposition, neuroinflammation, and neurodegeneration) (Menardi et al., 2018). In any
scenario, these results highlight the importance of utilizing highly sensitive measures of
memory function in cognitively normal adults, which may capture subtle cognitive decline
not assessed by the ADAS-Cog, and of confirming the absence of AD biomarkers in
cognitively normal individuals. Future longitudinal studies are needed to directly assess how
cortical excitability changes over time in older adults, including those with and without
evidence of AgB deposition, and how those changes track with cognition in the aging brain.

This study has several limitations. First, for discovery and validation cohorts, the
determination of AD was based on clinical diagnosis rather than ABPET or CSF measures
(which were not available). Some prior studies have shown that clinical diagnosis of AD has
an accuracy above 85 percent (Franklin et al., 2015), with alternative etiologies including
vascular dementia, Lewy body dementia, or hippocampal sclerosis. Nonetheless, studying
measures of cortical excitability in the context of well-characterized AD patients following
the ATN framework (Jack et al., 2018) would be ideal.

Second, the absence of AD biomarker status in our control cohort is a limitation. This may
have limited our ability to find a difference in RMT value between the discovery and control
cohorts and could have impacted the interpretation of the relationship between RMT and
memory scores for controls in the exploratory analysis. However, the likelihood of influence
on the validity of our primary results is low, as misdiagnosis (e.g., including other/mixed
dementia types in the AD cohort or including pre-symptomatic MCI in the control cohort)
would have expectedly biased the data towards the null hypothesis. The robustness of our
findings is further supported by replication of results in two independent cohorts of AD
participants, despite differences between cohorts in demographics and the methodology of
the TMS administration.

Third, we did not find a significant difference in RMT between AD and CN groups.

This could be due to younger age among CN participants than AD. Age-dependent hypo-
excitability exists is known in old healthy people compared to young healthy people
(Bhandari et al., 2016). Hence, the inclusion of slightly younger CN participants combined
with the presence of mild AD participants may have reduced the group-level differences

in RMT between the two groups. Further, since the CN group was not characterized based
on CDR or AD biomarkers, the nonsignificant RMT difference could be due to undetected
preclinical AD in the CN group. Therefore, the inclusion of slightly younger CN participants
combined with the presence of mild AD participants may have decreased our ability to
detect group-level differences in RMT.

Fourth, we do not present test-retest measures of RMT in either the Discovery or
Validation Cohorts. However, a prior study from our group (Fried et al., 2017) found RMT
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demonstrated high test-retest reliability in both AD and CN groups, which notably included
many of the same participants in the current analysis.

Fifth, ADAS-Cog is not designed to measure cognition in cognitively normal/intact
population has a limited sensitivity among CN participants. There is an evident ceiling effect
for ADAS-Cog scores in the CN group that could result in a nonsignificant correlation.
However, we also found a lack of correlation between MMSE and RMT in the CN group.
Further, we included the CMS and CSTS in the post hoc analysis to provide measures that
might be more sensitive in the CN group, which is exactly what we found with the CMS.
Future studies could benefit from using sensitive outcomes like preclinical Alzheimer’s
cognitive composite (PACC) that can capture subtle cognitive difficulties in ‘cognitively
normal’ people (Papp et al., 2017). It can improve the validity of the comparison of RMT-
cognition correlations between AD and CN groups.

Sixth, the sample size is small for AD discovery and control cohorts limiting the statistical
power for comparisons, multiple regression, and mediation analyses.

Finally, our study focused on measures of excitability obtained from stimulating the primary
motor cortex, which is thought to be involved relatively late in AD pathology (Jack et al.,
2018). While this was appropriate in our dataset with substantial cognitive decline, future
studies of cortical excitability in pre-symptomatic AD participants may require alternative
assays of cortical excitability in non-motor brain regions, which show the earliest signs

of Agand tau deposition. TMS-EEG can be used to measure the cortical response to
stimulation in non-motor brain regions such as the frontal and parietal cortex involved in the
earlier stage of pre-symptomatic AD.

5. Conclusions

We demonstrated that increased motor cortical excitability as measured by RMT is

related to global cognitive dysfunction in participants with mild-to-moderate AD dementia.
These noninvasive assessments of cortical excitability may be able to translate findings

of increased cortical excitability seen in animal models into humans with AD. Potential
applications include understanding the prognostic value of increased cortical excitability in
AD, screening for novel therapeutic agents which normalized cortical excitability, selecting
participants for clinical trials, and confirming target engagement of novel investigational
treatments.
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Fig. 1.

Relationship between RMT and ADAS-Cog (raw scores) in Discovery and Control Cohorts.
Scatterplot portrays correlation as found by simple linear regression for AD (red) and CN
(blue) participants (95% CI overlaid).
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Relationship between RMT and ADAS-Cog (raw scores) in Validation Cohort. Scatter plot
represents the correlation as found by simple linear regression (95% CI overlaid).
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