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Elias P. Casula, PhD ©,"? llaria Borghi, MSc,"® Michele Maiella, MSc,’
Maria C. Pellicciari, PhD,! Sonia Bonni, PhD," Lucia Mencarelli, PhD,’
Martina Assogna, MD," Alessia D'Acunto, BSc,' Francesco Di Lorenzo, MD,’
Danny A. Spampinato, PhD," Emiliano Santarnecchi, PhD,*
Alessandro Martorana, MD, PhD,> and Giacomo Koch, MD, PhD ®'¢

Objective: Neuronal excitation/inhibition (E/I) imbalance is a potential cause of neuronal network malfunctioning in
Alzheimer's disease (AD), contributing to cognitive dysfunction. Here, we used a novel approach combining trans-
cranial magnetic stimulation (TMS) and electroencephalography (EEG) to probe cortical excitability in different brain
areas known to be directly involved in AD pathology.
Methods: We performed TMS-EEG recordings targeting the left dorsolateral prefrontal cortex (I-DLPFC), the left pos-
terior parietal cortex (I-PPC), and the precuneus (PC) in a large sample of patients with mild-to-moderate AD (n = 65)
that were compared with a group of age-matched healthy controls (n = 21).
Results: We found that patients with AD are characterized by a regional cortical hyperexcitability in the PC and, to
some extent, in the frontal lobe, as measured by TMS-evoked potentials. Notably, cortical excitability assessed over
the |-PPC was comparable between the 2 groups. Furthermore, we found that the individual level of PC excitability
was associated with the level of cognitive impairment, as measured with Mini-Mental State Examination, and with
corticospinal fluid levels of ABgs.
Interpretation: Our data provide novel evidence that precuneus cortical hyperexcitability is a key feature of synaptic
dysfunction in patients with AD. The current results point to the combined approach of TMS and EEG as a novel prom-
ising technique to measure hyperexcitability in patients with AD. This index could represent a useful biomarker to
stage disease severity and evaluate response to novel therapies.
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Abbreviations CSF cerebrospinal fluid

Ap amyloid beta DLPFC  dorso-lateral prefrontal cortex
AD Alzheimer’s disease DMN  default mode network

CDR clinical dementia score E/l excitation/inhibition

ChAT  choline acetyltransferase EEG electroencephalography
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ERP event-related potential

GABA  Gamma-aminobutyric acid
GMEFP  global mean field power

HVs healthy volunteers

ICA Independent Component Analysis
I-DLPEC left dorsolateral prefrontal cortex
I-PPC  left posterior parietal cortex
LTD long-term depression

LTP long-term potentiation

MEG magnetoencephalography

MEP motor-evoked potential

M1 primary motor cortex

MMSE  Mini-Mental State Examination
MNI Montreal Neurological Institute
MRI magnetic resonance imaging
MT motor threshold

PC precuneus

PiB Pittsburgh compound-B

PPC posterior parietal cortex

SCD scalp-to-cortex distance

SD standard deviation

SV2A synaptic vesicle protein 2A
TEP TMS-evoked potential

TMS transcranial magnetic stimulation

INTRODUCTION

n recent years, a growing body of evidence showed that

alterations of the neuronal excitation/inhibition (E/I)
imbalance can be a potential cause of neuronal network
malfunctioning in Alzheimer’s disease (AD), contributing
to cognitive dysfunction. In patients with AD, cortical
activity has been investigated mainly with electrophysio-
logical recordings, such as electroencephalographic (EEG)
and magnetoencephalography (MEG),”™ and neuroimag-
ing techniques, such magnetic resonance imaging
(MRI).>® However, all of these techniques present some
limitations in detecting cortical activity dynamics. On one
hand, EEG and MEG are not optimally tuned to record
signals from specific cortical areas, because their spontane-
ous signals can be strongly affected by a blink or simple
movement, which in-turn produces highly unstable
responses in the spatial and frequency domain. On the
other hand, neuroimaging techniques, although providing
an accurate spatial resolution, can detect only slow
changes in metabolic activity without an accurate recon-
struction of the temporal dynamics in cortical activity. A
more direct investigation of E/I imbalance can be achieved
with transcranial magnetic stimulation (TMS). Prelimi-
nary findings obtained through the stimulation of the pri-
mary motor cortex (M1) and the simultaneous recording

of motor-evoked potentials (MEPs) showed that motor
threshold is abnormally increased in patients with AD.”™"*
Although consistent, these observations are confined to
M1 and therefore cannot be informative of the neurophys-
iological state of associative cortical areas, which are
directly affected during the disease progression.

In the present study, we used a novel approach con-
sisting in applying TMS to frontal and parietal cortical
areas while recording EEG activity from the scalp. In this
manner, we could directly assess the excitability of these
brain regions, using the stimulation-evoked post-synaptic
potentials as a primary outcome measure.'”"'® Preliminary
TMS-EEG studies in patients with AD focused on
targeting the dorso-lateral prefrontal cortex (DLPFC) an
area involved in AD pathology during the late stages of
the disease, when frontal lobe-related symptoms become
evident.'”*® During the early stages of the disease, how-
ever, neuropathological abnormalities (ie, amyloid plaques
and neurofibrillary tangles) involve mostly the posterior
cortical regions of the brain, such as the posterior parietal
cortex (PPC) and the precuneus (PC).*' The PPC is an
area strongly involved in AD pathophysiology.”* More-
over, the PPC is frequently observed as an area of carly
hypometabolism, as detected by positron emission tomog-
raphy (PET) fluorodeoxyglucose (FDG) imaging.”> The
PC is an area of early regional brain atrophy®* and it is
considered a vulnerable region for the transitional stage
toward dementia, which may be targeted by tailored inter-
ventions.” Patients with AD often show a reduction of
PC cortical thickness accompanied by an abnormal activa-
tion during memory tasks and decreased functional con-
nectivity within the interconnected default mode network
(DMN).%° This is relevant because the activity of the PC is
considered necessary for episodic memory retrieval, whose
impairment represents the clinical onset of typical AD.*”*®

In the current study, we applied TMS-EEG over the
PC, the left DLPFC (I-DLPFC) and the left posterior
parietal cortex (I-PPC). We hypothesized that TMS-EEG
would show features of regional hyperexcitability that
would be particularly evident in the PC, due to its key
role in the early pathophysiology of AD. We also hypothe-
sized that TMS-EEG cortical measures would be associ-
ated with the severity of cognitive impairment and with
the underlying AP pathology.

Materials and Methods

Patients and Clinical Evaluation

A total of 65 patients with AD, admitted to the memory clinic
of the Santa Lucia Foundation (Rome, Italy) between January
2014 and June 2020 were recruited for the current study. The
study was approved by the review board and ethics committee of
the Santa Lucia Foundation and was conducted following the
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principles of the Declaration of Helsinki and the International
Conference on Harmonization Good Clinical Practice guidelines.
All patients or their relatives or legal representatives provided
written informed consent. Patients could withdraw at any point
without prejudice.

Patients were eligible if they had an established diagnosis
of probable mild-to-moderate AD according to the International
Working Group recommendations.” Inclusion criteria included:
(1) patients with AD aged >50 to <85 years; (2) Mini-Mental
State Examination (MMSE) score of 14 to 26 at screening;
(3) one caregiver; and (4) had been treated with acetylcholines-
terase inhibitor for at least 6 months. Patients were excluded if
they had extrapyramidal signs, history of stroke, other neurode-
generative disorders, psychotic disorders, or if they had been
treated 6 months before enrollment with antipsychotics, anti-
parkinsonian, anticholinergics, and anti-epileptic drugs. Signs of
concomitant cerebrovascular disecase on MRI scans (ie, major
infarction, one strategic or multiple lacunar infarcts, extensive
white matter lesions; one quarter of the total white matter) were
carefully investigated and excluded in all patients. Patients who
agreed to participate underwent a clinical evaluation with MMSE
and a TMS-EEG evaluation to assess cortical excitability.
Twenty-one age-matched healthy volunteers (HVs) were rec-
ruited after informed consent and underwent the same TMS-
EEG evaluation as patients with AD.

Cortical Excitability Evaluation

Cortical excitability was assessed using single-pulse TMS during
concomitant EEG recordings. During all the TMS-EEG record-
ings, participants sat on a comfortable armchair in a soundproof
room in front of a computer screen. They were instructed to
fixate on a white cross (6 X 6 cm) in the middle of the screen and
to keep their arms rested in a relaxed position. During TMS-
EEG, participants wore in-ear plugs which continuously played a
white noise that reproduced the specific time-varying frequencies
of the TMS click in order to mask the click and avoid possible
auditory event-related potential (ERP) responses.’® The intensity
of the white noise was adjusted for each individual by increasing
the volume (always below 90 decibels [dB]) until the participant
was sure that s/he could no longer hear the TMS-induced click.
TMS for EEG recordings was carried out using a Magstim Rapid®
magnetic stimulator, which produces a biphasic waveform with a
pulse width of ~ 0.1 ms, connected to a figure-of-8 coil with a
70-mm diameter (Magstim Company, Whitland, UK).

The coil was differently oriented for the 3 areas of stimula-
tion so that the direction of current flow in the most effective
(second) phase was in a posterior—anterior direction. The 3 areas
of stimulation were I-DLPFC, PC, and |-PPC. The order of
stimulation to these areas was counterbalanced across patients.
Individual T1-weighted MRI volumes were used as an anatomic
reference. To target the - DLPFC, the coil was positioned over
the junction of the middle and anterior thirds of the middle
frontal gyrus with an orientation of 45 degrees laterally. This
positioning was based on previous studies using MRI-based neu-
ronavigated TMS and TMS-EEG on this area,"’ corresponding
to an area between the center of BA 9 and the border of BA
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9 and 46 junctions. To target the PC, the coil was positioned
along the medial superior parietal cortex with an orientation par-
allel to the midline.'® To target the I-PPC, the coil was posi-
tioned over the angular gyrus, close to a posterior part of the
adjoining caudal intraparietal sulcus with an orientation of
15 degrees from the midline.'® Stimulation intensity for the
3 areas was based on a distance-adjusted motor threshold
(adjMT) considering the individual scalp-to-cortex distance
(SCD). The intensity of stimulation of single-pulse TMS was set
at 90% of the adjMT. To ensure that this intensity was sufficient
to evoke a reliable response in the patients with AD (ie. >40 V/
m),>! we computed the SCD value and the induced E-field over
the TMS targets with SimNIBS version 3.2, an open-source sim-
ulation package that integrates segmentation of MRI scans, mesh
generation, and FEM E-field computations.3 2 For the HV
group, we used the Montreal Neurological Institute (MNI) stan-
dard brain (ERNIE) provided in SimNIBS software as an ana-
tomic reference. To ensure a high degree of reproducibility
across neurophysiological assessments, the coil position was con-
stantly monitored using the Softaxic neuronavigation system
(E.M.S. Products, Bologna, Italy).

TMS was delivered in blocks of 120 single-pulses with a
randomized inter-stimulus interval between 2 and 4 seconds.
EEG was recorded with a TMS-compatible DC amplifier
(BrainAmp; BrainProducts GmbH, Munich, Germany) from
29 TMS-compatible Ag/AgCl pellet electrodes mounted on an
elastic cap. Additional electrodes were used as a ground and ref-
erence. The ground electrode was positioned in AFz, whrease the
reference was positioned on the tip of the nose. EEG signals
were digitized at a sampling rate of 5 kHz. Skin/electrode imped-
ance was maintained below 5 kQ. TMS-EEG data were
preprocessed offline with Brain Vision Analyzer (Brain Products
GmbH, Munich, Germany). Data were segmented into epochs
starting 1 second before the TMS pulse and ending 1 second
after it. TMS artifact was removed using cubic interpolation,
from 1 ms before to 10 ms following the pulse. Data were then
downsampled to 1,000 Hz and band-pass filtered between 1 and
80 Hz (Butterworth zero-phase filters). A 50 Hz notch filter was
applied to reduce noise from electrical sources. Then, all the
epochs were visually inspected and those with an excessively
noisy EEG were excluded from the analysis. Independent com-
ponent analysis INFOMAX-ICA) was applied to the EEG signal
to identify and remove components reflecting muscle activity,
eye movements, blink-related activity, and residual TMS-related
artifacts based on previously established criteria.’*® Finally, the
signal was re-referenced to the average signal of all the electrodes.

EEG analysis was performed with MATLAB environment
(version 2020; MathWorks Inc., Natick, MA, USA). Cortical
excitability was assessed using TMS-evoked potentials (TEPs),
computed by averaging all the time-locked EEG responses in each
electrode, from 100 ms before to 300 ms after the TMS pulse,
with a baseline correction of 100 ms before the TMS pulse.

Statistical Analysis
Prior to undergoing parametric or nonparametric statistical proce-
dures, assumption of normality distribution of data residuals was
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assessed with Shapiro-Wilks™ test; and the assumption of homosce-
dasticity was assessed with Levene’s test. For linear regression ana-
lyses, assumption of multicollinearity among predictors was
assessed by means of the variance inflation factor. Assumption of
independence of residuals was assessed by means of the Durbin-
Watson test. Level of significance was set at a = 0.05.

A first set of analyses was aimed at comparing demo-
graphics (ie, sex, age and education, and baseline characteristics;
ie, MMSE score, resting motor threshold (RMT), SCD, and
E-field, of the AD and HV groups. This analysis was conducted
with unpaired ¢ tests or Pearson’s chi-square test (for the categor-
ical variable sex). We then assessed differences in cortical excit-
ability, measured with TEPs, between the 2 groups (patients
with AD vs HVs) both at the global level (ie, comparing TEPs
over all the scalp), and at the local level (ie, comparing TEPs
over the site of stimulation). Analysis of cortical excitability at
the global level was performed with nonparametric, cluster-based
permutation statistics comparing the 2 groups, at each electrode
at specific time windows: 10 to 20 ms, 20 to 45 ms, 45 to
70 ms, and 70 to 130 ms; these time windows were based on
the visual inspection of each TEP waveform and were consistent
with previous investigations.'®***> Given the very high number
of comparisons (2 groups x 29 electrodes x 4 time windows),
to reduce the occurrence of false I type errors, this method calcu-
lates Monte Carlo estimates of the significance probabilities from
2 surrogate distributions constructed by randomly permuting the
2 original conditions data for 3,000 times. The clusters for per-
mutation analysis were defined as the 2 (or more) neighboring
electrodes in which the statistic value at a given timepoint
exceeded the significance threshold.>® Analysis of cortical excit-
ability locally to the stimulated area was performed with multiple
independent ¢ tests comparing the TEP waveform recorded at
the closest electrode to the stimulation (F3 for I-DLPFC, Pz for
PC, and P3 for I-PPC) in the 2 groups (patients with AD vs
HVs). Given the high number of comparisons (2 groups x 4
time windows) To avoid the occurrence of false I type errors, this
analysis was performed by permuting the original distributions
3,000 times and correcting the p values with the false discovery
rate method. The same analysis was conducted to assess whether
there was any difference in the TMS-evoked activity after sham
stimulation between the 2 groups (patients with AD vs HVs).

The second set of analyses was aimed at testing the predic-
tive value of the level of cortical excitability at the cognitive/
behavioral level of patients with AD. This analysis was conducted
by using a stepwise backward linear regression with the MMSE
score as the dependent variable. The predictor variables of the
model were the amplitude of the early TEP peak evoked within
the first 30 ms after TMS of the 3 stimulated areas.

The third set of analyses was aimed at exploring the linear
relationships between the level of cortical excitability (ie, the
amplitude of the early TEP peak evoked in each area within the
first 30 ms), and the level of CSF tau, p-tau, and AP4,. This
analysis was conducted by using Pearson’s correlation coefficient.
Given the high number of correlations (3 areas X 3 cerebrospinal
fluid [CSF] level), to avoid the occurrence of false I type errors,
we corrected the p values with the false discovery rate method.

Results

The baseline patients with AD and HVs’ characteristics
are shown in the . The mean age of the total sample of
patients with AD was 73.96 years (SD = 5.98, ranging
from 60 to 88), of which 64% were women (n = 42),
whereas the mean age of the HV group was 71.21 years
(SD = 6.32, ranging from 60 to 82 years). No differences
in sex, age, or education years were found (all
p values >0.05). The mean MMSE raw score at baseline
was 22.05 (SD = 3.23) for the patients with AD and 28.81
(SD = 1.86) for the HVs. The mean RMT (percentage of
maximal stimulator output) was 51.89 (SD = 8.78) in the
AD group and 58.25 (SD = 5.70) in the HV group. RMT
values were lower in the patients with AD compared with
the HV group (p < 0.05). The entire procedure was well-
tolerated with no reports of adverse effects.

Figure 1 depicts the coil positioning and e-field
induced over the 3 targets of stimulation. To ensure that
the three TMS targets receive the same stimulation in
terms of efficacy and intensity, we first computed the
SCD for the 3 areas obtaining the following results:
18.95 £ 2.5 mm for the I-DLPFC; 24.9 £ 1.7 mm for
the PC; and 21.3 £ 4.8 mm for the I-PPC. We then com-
puted the difference between the SCD in the AD group and
the standard SCD values used for the HV group in the
3 areas (I-DLPFC-SCD difference = 5.43 4 2.11 mm; PC-
SCD difference = 5.43 £ 1.92 mm; and I-PPC-SCD
difference = 5.83 £ 3.41 mm) without observing any
difference among the 3 SCD (I-DLPFC vs PC: p = 0.9; |-
DLPFC vs I-PPC: p = 0.6; and PC vs I-PPC: p = 0.7). All
of our participants received a stimulation of at least 45 V/m
(mean 61 =+ 5.21 V/m) with no differences in the e-field
induced in the 3 TMS spots (all p values > 0.05) and no dif-
ferences compared to the e-fields estimated for the HV group
using the standard brain (all p values > 0.05).

Figures 2 to 4 show the spatio-temporal reconstruc-
tion of TEPs recorded over all the scalp after stimulation of
the I-DLPFC (see Fig 2), PC (see Fig 3), and I-PPC (see
Fig 4). Regardless of the stimulation site, single-pulse TMS
evoked a well-known pattern of 5 main peaks of activity,
lasting around 250 ms: P30, N45, P60-65, N100, and
P180. The spatio-temporal reconstruction of these compo-
nents followed a similar dynamic among the 3 areas of
stimulation with a prominent activity focused on the stimu-
lated area (1540 ms) that subsequently spread intra- and
inter-hemispherically (60-120 ms), and finally resulted in a
central positivity, namely P180, which is known to be pro-
duced by a TMS-evoked auditory artifact,” for this reason,
this last peak was not included in the analysis.

Analysis of TEPs at the global level was first conducted
to assess differences in cortical excitability throughout the
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FIGURE 1: Schematic representation of the cortical excitability evaluation. Each patient underwent 3 simultaneous transcranial
magnetic stimulation and electroencephalographic (TMS-EEG) recordings over the left dorso-lateral prefrontal cortex (I-DLPFC), the
precuneus (PC), and the left posterior parietal cortex (I-PPC). Individual T1-weighted magnetic resonance imaging (MRI) volumes were
used as an anatomic reference. For each stimulation we estimated the electric field (e-field) induced in the cortex. Each TMS-EEG
recording comprised 120 TMS single-pulses resulting in a TMS-evoked potential (TEP) analyzed as a measure of cortical excitability.

Characteristics at Baseline

Age, yr, mean (SD)

Sex, women, number (%)

Education, yr, mean (SD)

RMT, % stimulator output, mean (SD)

Proportion of patients taking cholinesterase

inhibitors, number (%)

Proportion of patients taking memantine, number

(%)
APOE e4 carrier, number (%)
MMSE raw score, mean (SD)

TABLE. Patients with Alzheimer’s Disease (AD) and Healthy Volunteers (HVs) Demographics and Clinical

Patients with AD (n = 65) HV (n = 21) p value
73.96 (5.98) 71.21 (6.32) »>0.05
42 (64%) 12 (57%) »>0.05
8.39 (3.99) 10.04 (4.98) »>0.05
51.89 (8.78) 58.25 (5.70) 2 <0.05%
50 (76%)
13 (20%)
33 (52%) - -
22.05 (3.23) 28.81 (1.86) 2 < 0.05%

Abbreviation: AD = Alzheimer’s discase; HV = healthy volunteers; MMSE = Mini Mental State Examination; RMT = resting motor threshold.

entire scalp between the AD and the HV groups. When
stimulated over the I-DLPFC (see Fig 2A), the patients with
AD showed higher cortical excitability between 20 and

40 ms after TMS, over a cluster of 2 left frontal electrodes
(all Monte Carlo p values < 0.01) and over a cluster of right
posterior electrodes (all Monte Carlo p values < 0.01). When
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FIGURE 2: Cortical excitability analysis after left dorso-lateral prefrontal cortex stimulation. (A) Transcranial magnetic stimulation
(TMS)-evoked potentials (TEPs) recorded over all the scalp after stimulation of the left dorso-lateral prefrontal cortex (I-DLPFC) in
the Alzheimer’s disease (AD) group (upper panel) and in the healthy volunteers (HVs) group (lower panel). Scalp maps depict the
voltage distribution in the specified time windows. (B) TEPs recorded over the I-DLPFC in the AD group and in the HV group.
Error bars and shaded lines indicate standard error. * Indicates p < 0.05.
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FIGURE 3: Cortical excitability analysis after precuneus stimulation. (A) Transcranial magnetic stimulation (TMS)-evoked potentials
(TEPs) recorded over all the scalp after stimulation of the precuneus (PC) in the Alzheimer’s disease (AD) group (upper panel)
and in the healthy volunteers (HVs) group (lower). Scalp maps depict the voltage distribution in the specified time windows.
(B) TEPs recorded over the PC in the AD group and in the HV group. Error bars and shaded lines indicate standard error.
* Indicates p < 0.05.
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FIGURE 4: Cortical excitability analysis after left posterior parietal cortex stimulation. (A) Transcranial magnetic stimulation
(TMS)-evoked potentials (TEPs) recorded over all the scalp after stimulation of the left posterior parietal cortex (I-PPC) in the
Alzheimer's disease (AD) group (upper panel) and in the healthy volunteers (HVs) group (lower panel). Scalp maps depict the
voltage distribution in the specified time windows. (B) TEPs recorded over |-PPC in the AD group and in the HV group. Error
bars and shaded lines indicate standard error. * Indicates p < 0.05.
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FIGURE 5: Linear relationships between cortical excitability and cognitive level. Scatterplots depicting the linear relationship
between the Mini Mental State Examination (MMSE) score (y-axis) and the general amplitude of the transcranial magnetic
stimulation (TMS)-evoked potential (TEP) recorded over the left dorso-lateral prefrontal cortex (I-DLPFC, left plot), the precuneus
(PC, central plot), and the left posterior parietal cortex (I-PPC, right plot).

stimulated over the PC (see Fig 3A), patients with AD 90 ms over 2 clusters of electrodes, 1 of 4 electrodes over the
showed higher cortical excitability between 30 and 50 ms stimulated area, and 1 of 3 frontal electrodes (all Monte
after TMS, over a cluster of 4 electrodes locally to the stimu- Carlo p values < 0.01). No differences were observable when
lated medial parietal area (all Monte Carlo p values < 0.01); the 2 groups were stimulated over the I-PPC (see Fig 4A; all
and in a subsequent temporal window between 50 and Monte Carlo p values > 0.05).
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FIGURE 6: Linear relationships between cortical excitability and cerebrospinal fluid biomarkers. Scatterplots depicting the linear
relationship between the level of amyloid beta (Af4,; upper plots), tau (central plots), and p-tau (below plots; y-axis) and the
general amplitude of the TMS-evoked potential (TEP) recorded over the left dorso-lateral prefrontal cortex (I-DLPFC, left plots),
the precuneus (PC, central plots), and the left posterior parietal cortex (I-PPC, right plots).

To compare the reactivity of the stimulated area
between the AD and the HV groups, we subsequently
performed a temporal analysis of the TEP evoked at the
local level. Panel B of Figures 2 to 4 show the local

When stimulated over the PC, patients with AD showed a
higher TEP amplitude that was evident in all time windows,
between 10 and 30ms (AD = 2.671 0.222 and
HV = 1.252 £ 0.368; t = 3.263, p = 0.002), between

TEP waveform recorded over the closest electrode of 50 and 90ms AD = 1.671 £0.156 and
the stimulated area: F3 for I-DLPFC stimulation, Pz for HV = 1.038 £ 0.182; t = 2.208, p = 0.03), and between
PC stimulation, and P3 for I-PPC stimulation. When stimu- 90 and 160ms (AD = 2.801 £ 0201 and

lated over the -DLPFC, the AD group showed a higher
TEP amplitude between 20 and 40 ms when compared to
the HV goup (AD = 1.602+ 0286 and
HV = 1.137 & 0.235; t = 2.370, p = 0.021; see Fig 2B).

HV = 1.637 £ 0.264; ¢ = 3.118, p = 0.003; see Fig 3B).
No differences were observable between the TEP of the
2 groups when stimulated over the I-PPC (all p values > 0.05;
see Fig 4B).
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A total of 33 patients screened positive as carriers for
at least one APOE €4 allele. There were no differences as
compared with APOE3 carriers in any of the neurophysio-
logical measures we tested (all p values > 0.05).

Figure 5 depicts the linear relationships between the
TEP amplitude evoked in the 3 areas and the MMSE
score. Backward stepwise regression analysis showed that
PC-TEP was the only neurophysiological parameter asso-
ciated with cognitive impairment, as measured with
MMSE (B = 0.924 4+ 0.28; standardized p = 0.382;
p = 0.002) whereas -DLPFC-TEP and I-PPC-TEP were
not significant (all p values > 0.05).

CSF tau, p-tau, and the AP42 levels were available
in 25 patients with AD. CSF levels of A342 and AR40,
CSF t-tau, and p-tau phosphorylated at Thr181 concen-
trations were determined using a sandwich enzyme-linked
immunosorbent assay (EUROIMMUN ELISA). Figure 6
depicts the linear relationships between the TEP ampli-
tude evoked in the 3 areas and the levels of AP,, tau, and
p-tau. Correlation analyses revealed that the amplitude of
the first PC-TEP peak and levels of APy, were negatively
correlated (r = —0.391, p = 0.026), whereas the ampli-
tude of the first [-PPC-TEP peak was positively correlated
with levels of tau (r = 0.458, p = 0.011) and p-tau
(r = 0.544, p = 0.002).

Discussion

The current set of results highlights the presence of
regional hyperexcitability over the PC in patients with
mild-to-moderate AD. This finding was directly observ-
able by recording EEG from the scalp while stimulating
the PC with TMS in a large sample of patients with AD,
which were compared with a group of age-matched HVs.
Moreover, the individual level of cortical excitability over
the PC, as measured with the first TEP peak amplitude,
was predictive of the degree of patient’s cognitive impair-
ment, as measured with the MMSE score. Finally, we
found a linear correlation between the individual level of
cortical excitability and CSF biomarkers. Specifically,
patients who showed higher PC excitability were the ones
who had lower CSF levels of Afy,.

There is substantial mechanistic evidence that neuro-
nal hyperactivity can be directly mediated by soluble Af,
which is highly enriched around amyloid plaques.”” This
is supported by experimental findings showing that local
application of soluble AP to neuronal circuits in vivo
induces hyperactivity and that suppression of Af produc-
tion by beta- or gamma-secretase inhibition blocks hyper-
activity.”® Mechanistically, the link between AP and
hyperexcitability has been attributed to an Ap-dependent
shift in E/I balance, favoring excitation (eg, through
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inhibidon of glutamate reuptake).3 7

Although multiple
neurotransmitter systems are involved, previous studies
showed that neurotransmission of the PC is mainly driven
by cholinergic receptors. The parietal cortex receives cho-
linergic innervation from select subfields of the nucleus
basalis, which is important in cognitive functions.?®
Accordingly, it has been shown that AD-related atrophy,
in particular in the PC and hippocampus, dramatically
affects the cholinergic system.”” Here, the depository of
amyloid and plaque formation causes an impairment of
the cholinergic transmission,”’ which leads in turn to
memory loss and cognitive impairment.”” The oligomeric
form of AP interacting with o7-containing nicotinic ace-
tylcholine receptor (nAChR) subtypes of the nucleus
basalis, lead to enhanced neuronal intrinsic excitability
and action potential firing rates.*> Moreover, PC choline
acetyltransferase (ChAT) activity decreases in parallel with
increases in Pittsburgh compound-B (PiB) binding and
soluble AP concentration.*® As a high number of choliner-
gic receptors are found in the medial parietal region, and
in particular in the PC, a deficit of these receptors due to
AP pathology could affect the excitability threshold of the
PC, likely explaining why our results showed an abnor-
mally higher TEP amplitude over the stimulated area.
This novel finding is consistent with our initial hypothe-
sis, which considered the PC as central brain region
involved in AD pathological dysfunction, due to previous
work showing that the PC has the highest initial level of
AB.*® This hypothesis was further confirmed by another
finding in this study, demonstrating that TEP amplitude
recorded over the PC correlated with the levels of CSF
AP, but not with CSF tau or p-tau levels. The relation is
indicative of PC hyperexcitability as a consequence of the
underlying AP pathology.

Another important finding of the present study is the
observed association between the individual levels of PC
excitability and the severity of cognitive impairment. Specif-
ically, patients showing a higher level of PC excitability
were the ones with a higher initial MMSE score. Although
this result seems in contrast with the hypothesis of dysfunc-
tional hyperexcitability, it is possible that this phenomenon
may reflect underlying compensatory mechanisms that are
attempting to preserve cognitive abilities in the early phases
of AD due to the underlying AP pathology. Hyper-
excitability has been constantly described in TMS studies
evaluating M1, with a large body of evidence reporting
increased cortical excitability.*'* The increase in cortex
excitability, however, does not appear correlated to underly-
ing structural changes,”* overall suggesting that pathophysi-
ological mechanisms underlying cortex hyperexcitability in
AD might be different and independent from those associ-
ated with cortical atrophy and degeneration of fiber tracts.
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Hyperexcitability might indeed be interpreted as a protec-
tive mechanism counteracting the underlying Ap mediated
cholinergic dysfunction.

A growing body of evidence points toward the PC as
an ideal target for interventions to slow down and poten-
tially counteract the memory decline in patients with
AD."®%5% This hypothesis is supported by recent experi-
mental works showing that repetitive TMS (rTMS)
applied to the PC is effective in modulating long-term
memory functions® and connectivity with the temporal
cortex in the healthy brain.*® Along the same lines, we
have recently demonstrated that a 2-week course of 20-Hz
rTMS over the PC improves long-term memory in
patients with AD, providing key preliminary evidence that
PC stimulation is a viable strategy to improve cognitive
dysfunction in AD.'® This result has been recently con-
firmed by the first long-term 24 weeks, phase II,
randomized-controlled trial in which we reported safety
and efficacy of rTMS over the PC in reducing functional
and cognitive decline in a sample of 50 patients with AD
(NCT03778151)." Hence, the current findings may be
important for future studies to consider, as they can better
stratify patients with AD and evaluate potential responses
to therapy in the context of clinical applications based on
neurostimulation.

We also found that the prefrontal cortex in patients
with AD is characterized by hyperexcitability, although to
a lesser extent. Indeed, when compared to HVs, stimula-
tion of the I-DLPFC in patients with AD revealed a
higher amplitude of a specific early TEP component,
peaking at 30 ms (P30). Interestingly, previous TMS-
EEG studies in patients with AD have also shown an
altered P30 response when targeting either the motor cor-
tex'* or the DLPFC."” The origin of the P30 potential is
not entirely clear, but it has been suggested that gamma-
aminobutyric acid (GABA-A) postsynaptic receptors are
involved in the generation and modulation of this TEP
peak.'®*® It is important to note that we did not find any
significant correlation between the observed prefrontal
hyperexcitability and clinical severity, thereby limiting the
importance of this finding when put in the clinical
context. This result is in contrast to a recent study, which
found a link between hyperexcitability and clinical sever-
ity, however, in patients at later stages of the disease.'’
Hence, it may be that prefrontal hyperexcitability becomes
more evident when the disease progresses. Similarly,
the absence of linear relationships among DLPFC hyper-
excitability and CSF AP, tau, and p-tau levels made it not
possible to ascribe such phenomenon to any clear underly-
ing pathological mechanism.

A different result was obtained after stimulation of
the I-PPC. However, we observed a perfect overlapping
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between the I-PPC-TEP of the 2 groups, with no differ-
ence in their spatiotemporal distribution, suggesting that
this area could be differently involved in the pathophysiol-
ogy of AD. In general, AP seems to accumulate mainly in
posterior hubs that show high structural and functional
connectivity within the DMN, such as the PC.* In addi-
tion, the pattern of AP accumulation differs from that of
tau. The progressive deposition of tau spreads from the
middle temporal lobe to the inferolateral temporal lobe
and then to the medial and lateral parietal lobes,” in a
distribution that largely recapitulates Braak neuropatho-
logical staging.”® According to this different spread of
pathological tau deposits through the course of AD, we
found that I-.PPC TEP amplitude, although not differing
from HVs, was correlated with CSF levels of tau and p-
tau, but not with Ap CSF levels. Further studies consider-
ing metabolic, tau, and AP imaging with TMS-EEG are
needed to better understand the possible correlation
between regional cortical hyperexcitability and the under-
lying pathological accumulation of tau and A, as com-
pared to regional hypometabolism.

Our findings point to the TMS-EEG approach as a
powerful technique to measure cortical activity in AD, as
we previously suggested in other works."®'>>" Cortical
excitability was assessed by monitoring TEPs, whose
amplitude and spatiotemporal distribution reflect the
neurophysiological state of the stimulated area.'®?’
Although the exact nature of TEPs have not been fully
elucidated, it has been suggested that, when tested in the
primary motor cortex, early peaks (between 7 and 30 ms)
reflect local excitability of the stimulated area being sensi-
tive to its level of activation,”® functional state,”” and
intensity of stimulation.”® From a physiological point of
view, early TEPs are thought to reflect glutamate-
mediated excitatory post-synaptic potentials, representing
a direct index of local excitability.””>” Later TEPs, from
30 to 70 ms and from 70 to 180 ms, may reflect GABA,
and GABAg-mediated inhibitory post-synaptic poten-
tials.®*®>? In our study, analysis of PC TEPs showed a
consistent regional hyperexcitability in patients with AD
evident across the 3 main peaks analyzed. Because there
were no specific differences among the different peaks’
components, such hyperexcitability is not likely related to
a specific glutamatergic or GABAergic deficit. Further
studies are needed to better understand the possible rela-
tionship among the described hyperexcitability and the
underlying synaptic dysfunction.

A further main limitation of this technique lies in the
TMS-evoked nonspecific effects, such as auditory and
somatosensory responses, that can affect the late EEG
response (ie, after 100 ms from TMS).>° In this regard,
we restricted our analysis to the first 130 ms after the TMS
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pulse where, with an adequate stimulation of the cortex, only
the cortical TEPs are evoked.” Here, to ensure an appropri-
ate stimulation of the cortex, we optimized our TMS-EEG
approach so that each stimulation parameter was set based
on the individual brain anatomy of the patients with
AD. Unfortunately, we did not have individual MRI scans
for the HV group. Thus, we could not test for possible dif-
ferences in the scalp-to-cortex distance between the 2 groups
that could have driven our results. However, this hypothesis
is very unlikely because there were no differences in the
induced e-field used to stimulate the 3 areas, and no differ-
ence in the SCD of the 3 areas computed relative to the
standard values used for HV group. It is also important to
note that the localization procedure we performed to target
the PC was based on previous studies of group using TMS
or fTMS over the PC,!844651 although some studies

e 26,61 62,6
reported a more inferior™" 6263

or superior site.

In conclusion, our data reveal that patients with AD
are characterized by striking hyperexcitability within the
PC and, to some extent, over the frontal lobe, confirming
the findings reported in neuroimaging studies. Moreover,
our results point to TMS-EEG as a novel method to mea-
sure regional E/I unbalance in a direct and noninvasive

way through the spatiotemporal analysis of TEPs.
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