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Objective: In Alzheimer disease (AD) animal models, synaptic dysfunction has recently been linked to a disorder of
high-frequency neuronal activity. In patients, a clear relation between AD and oscillatory activity remains elusive. Here,
we attempt to shed light on this relation by using a novel approach combining transcranial magnetic stimulation and
electroencephalography (TMS-EEG) to probe oscillatory activity in specific hubs of the frontoparietal network in a sam-
ple of 60 mild-to-moderate AD patients.
Methods: Sixty mild-to-moderate AD patients and 21 age-matched healthy volunteers (HVs) underwent 3 TMS-EEG
sessions to assess cortical oscillations over the left dorsolateral prefrontal cortex, the precuneus, and the left posterior
parietal cortex. To investigate the relations between oscillatory activity, cortical plasticity, and cognitive decline, AD
patients underwent a TMS-based neurophysiological characterization and a cognitive evaluation at baseline. The latter
was repeated after 24 weeks to monitor clinical evolution.
Results: AD patients showed a significant reduction of frontal gamma activity as compared to age-matched HVs. In addi-
tion, AD patients with a more prominent decrease of frontal gamma activity showed a stronger impairment of long-term
potentiation—like plasticity and a more pronounced cognitive decline at subsequent follow-up evaluation at 24 weeks.
Interpretation: Our data provide novel evidence that frontal lobe gamma activity is dampened in AD patients. The cur-
rent results point to the TMS-EEG approach as a promising technique to measure individual frontal gamma activity in
patients with AD. This index could represent a useful biomarker to predict disease progression and to evaluate
response to novel pharmacological therapies.
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n recent years, a growing body of evidence has degeneration, suggesting that the impairment of synaptic
supported the concept that loss of synaptic density mechanisms plays a critical role in the pathogenesis of
could be an early event that precedes neuronal Alzheimer disease (AD)."* In animal models, AD-related
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synaptic dysfunction has recently been linked to a disor-
der of high-frequency neuronal activity.>* Specifically,
local changes in the activation of excitatory and fast-
spiking inhibitory neurons (FSNs) that resonate in the
gamma frequency modulate the activity of multiple brain
centers critical for learning and memory, such as the hip-
pocampus and the prefrontal cortex.>* Along the same
lines, recent findings showed the key role of gamma
activity in ruling synaptic plasticity.””® In animal models
of AD, for instance, gamma oscillations decrease before
the onset of plaque formation and the occurrence of cog-
nitive decline, whereas the induction of fast-spiking
activity at 40Hz reduces the level of amyloid-beta (Ap)
isoforms.? In addition, soluble Ap oligomers have consis-
tently been found to block long-term hippocampal
potentiation (LTP), an electrophysiological correlate of
learning and memory, in vivo and in vitro.” In patients
with AD, a similar impairment of LTP-like cortical plas-
ticity has been consistently observed.'”'! Taken
together, these findings suggest a strong link between
brain gamma rhythms, synaptic plasticity dysfunction,
and underlying AD pathology.

In humans, investigations on the relation between
AD and gamma oscillations have reported contradictory
results."”*™"> One potential reason for this discrepancy is
due to the limitations of standard electroencephalographic
(EEG) recordings. Here, we use a novel approach opti-
mally tuned to detect local oscillatory activity in specific
areas,'® provided by the combination of EEG recordings
and transcranial magnetic stimulation (TMS). Thus far,
only a few studies have used TMS-EEG in AD, suggesting
a potential link between altered cortical excitability and
cognitive impairment.'” > However, the potential of
TMS-EEG in clarifying the role of gamma oscillations has
not been exploited.

Here, we hypothesized that combined TMS-EEG
would reveal altered local gamma oscillatory activity in
AD patients by measuring TMS-related spectral perturba-
tion (TRSP) over 3 hubs of the frontoparietal network:
the left dorsolateral prefrontal cortex (I-DLPFC) the left
posterior parietal cortex (I-PPC), and the precuneus (PC).
Hence, we tested the hypothesis that TRSP in the gamma
range would be reduced in AD patients as compared to
healthy subjects. Given the strong relationship between
brain gamma rhythm activity and synaptic plasticity
dysfunction in AD,"”"" we also hypothesized that impair-
ment of gamma activity would be associated with an
LTP-like cortical plasticity impairment, as measured with
intermittent theta-burst stimulation (LTP-iTBS). Finally,
for each area, we measured the most expressed frequency
(ie, the natural frequency [NF]) with the hypothesis that
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evoked oscillatory activity could also predict subsequent
cognitive decline, measured 24 weeks after from the initial
neurophysiological evaluation.

Materials and Methods

Subjects
A total of 126 AD patients, admitted to the memory clinic of

the Santa Lucia Foundation (Rome, Italy) between January 2014
and June 2020 for memory symptoms, were screened for the
current study. Here, we included the first 60 AD patients who
completed the initial evaluation and the clinical follow-up after
24 weeks. The study was approved by the review board and
ethics committee of the Santa Lucia Foundation and was con-
ducted following the 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) AD patients aged >50 < 85 years, (2) Clinical Dementia Rating
Scale Sum of Boxes (CDR-SB) score of 0.5-1, (3) Mini-Mental
State Examination (MMSE) score of 18-26 at screening, (4) one
caregiver, and (5) patent had been treated with acetylcholinesterase
inhibitor for at least 6 months. Patients were excluded if they had
extrapyramidal signs, history of stroke, other neurodegenerative dis-
orders, or psychotic disorders or if they had been treated 6 months
before enrollment with antipsychotic, antiparkinsonian, anticholin-
ergic, or antiepileptic drugs. Signs of concomitant cerebrovascular
disease on magnetic resonance imaging (MRI) scans were carefully
investigated and excluded in all patients. Patients who agreed to
participate underwent a clinical evaluation to evaluate the cognitive
and functional state, and a TMS-EEG evaluation to assess cortical
oscillatory activity. TMS—electromyographic (EMG) evaluation to
assess LTP-like cortical plasticity was also performed in 38 patients.
Cognitive evaluation was repeated after 24 weeks to evaluate dis-
ease progression. Twenty-one age-matched healthy volunteers
(HVs) were recruited after informed consent and underwent the
same TMS-EEG evaluation.

Clinical Evaluation

Patients underwent the following cognitive and behavioral
scales at enrollment and at 24 weeks follow-up: CDR-SB
score,”2 Alzheimer’s Disease Assessment Scale—Cognitive Sub-
scale (ADAS-Cog),”> Alzheimer’s Disease Cooperative Study—
Activities of Daily Living (ADCS-ADL),?* and Neuropsychiatric
Inventory (NPI).”

Cortical Oscillation Evaluation

Cortical oscillations were assessed by means of single-pulse TMS
during concomitant EEG recordings. During all the TMS-EEG
recordings, participants sat in a comfortable armchair in a sound-

proof room in front of a computer screen. They were instructed
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to fixate on a white cross (6 X 6cm) in the middle of the screen
and to keep their arms rested in a relaxed position. In the cortical
oscillations evaluation, participants wore in-ear plugs that contin-
uously played a white noise that reproduced the specific time-
varying frequencies of the TMS click, 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 <90dB) 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 wave-
form with a pulse width of ~0.1 milliseconds, connected to a
figure-of-eight coil with a 70mm diameter (Magstim Company,
Whitland, UK) that generates 2.2T as maximum output. The
coil was differently oriented for the 3 areas of stimulation 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 [-DLPFC, PC, and I-PPC. The order of stimulation of
cither area was counterbalanced across patients. Individual
T1-weighted MRI volumes were used as an anatomical reference.
To target the -DLPFC, the coil was positioned over the junction
of the middle and anterior thirds of the middle frontal gyrus,
corresponding to an area between the center of Brodmann area
(BA) 9 and the border of BA 9 and BA 46 junctions, with an
orientation of 45° laterally; this positioning was based on previ-
ous studies using MRI-based neuronavigated TMS and
TMS-EEG on this area.”® To target the PC, the coil was posi-
tioned along the medial superior parietal cortex, with an orienta-
tion parallel to the midline; this positioning was based on
previous studies conducted using MRI-based neuronavigated
TMS.” To target the I-PPC, the coil was positioned over the
angular gyrus, close to a posterior part of the adjoining caudal
intraparietal sulcus, with an orientation of 15° from the midline.
This positioning was based on previous investigations adopting
MRI-based neuronavigated TMS.*” Stimulation intensity for the
3 areas was based on a distance-adjusted motor threshold consid-
ering the individual coil-to-cortex distance (adeT)‘28 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 AD patients (ie, >40V/m),'°® we com-
puted the scalp-to-cortex distance (SCD) and the induced E-field
over the TMS targets with SimNIBS v3.2, an open-source simu-
lation package that integrates segmentation of MRI scans, mesh
generation, and FEM E-field computations.”” For the HV
group, we used Montreal Neurological Institute mapping of the
standard brain provided in SimNIBS software as an anatomical
reference.’® To ensure a high degree of reproducibility across
neurophysiological assessments, the coil position was constantly
monitored using the Softaxic neuronavigation system. TMS was
delivered in blocks of 120 single pulses with a randomized
interstimulus interval between 2 and 4 seconds. EEG was
recorded with a TMS-compatible DC amplifier (BrainAmp;
BrainProducts, Munich, Germany) from 29 TMS-compatible
Ag/AgCl pellet electrodes mounted on an elastic cap. Additional
electrodes were used as a ground and reference. The ground elec-
trode was positioned in AFz, whereas the reference electrode was
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positioned on the tip of the nose. EEG signals were digitized at a
sampling rate of 5kHz. Skin/electrode impedance was
maintained at <5kQ. TMS-EEG data were preprocessed offline
with Brain Vision Analyzer (Brain Products) following the stan-
dard procedure reported in previous works.*®?"*?  After
preprocessing, the signal was rereferenced to the average signal of
all the electrodes. EEG analysis was performed with MATLAB
(v2020, MathWorks, Natick, MA). Analysis consisted of the
evaluation of TRSP for the theta, alpha, beta, and gamma bands.
Significant TRSP values from baseline power were assessed using
a bootstrap method.”® Using this approach, we avoided any a
priori assumption on TRSP data while correcting for multiple
comparisons. A realistic sham condition was also performed to
ensure that possible between-group measures in TMS-EEG sig-
nals evoked from the I-DLPFC were not driven by the
processing of auditory and somatosensory input. The procedure
was a modified version of a protocol used previously®® and
involved simultaneous auditory and somatosensory stimulation.

LTP-Like Cortical Plasticity

In the cortical plasticity evaluation, AD patients received
20 TMS single pulses over the left M1 to record 1mV motor-
evoked potentials (MEPs) before and after 10 minutes of the
iTBS protocol.” 4 Single-pulse TMS for EMG recordings was car-
ried out using a Magstim 200 magnetic monophasic stimulator
connected to the same coil as TMS-EEG recordings. iTBS was
carried out using a Magstim Rapid® magnetic biphasic stimula-
tor. For M1 stimulation, the coil was placed tangentially to the
scalp at an approximately 45° angle away from the midline, thus
inducing a posterior—anterior current in the brain. The intensity
of stimulation was adjusted to evoke an MEP of ~1mV peak-to-
peak amplitude. To ensure the same coil positioning was applied
throughout the intervention, we used a neuronavigation system,
as in the TMS-EEG recording session. EMG was recorded from
the first dorsal interosseous muscle contralateral to the stimula-
tion using 9Imm-diameter Ag/AgCl surface cup electrodes. The
active electrode was placed over the belly muscle, whereas the
reference electrode was located over the metacarpophalangeal
joint of the index finger. Responses were amplified using a
Digitimer D360 amplifier through filters set at 5Hz and 2kHz,
with a sampling rate of 5kHz, and then recorded by a computer
using SIGNAL (Cambridge Electronic Devices, Cambridge,
MA). EMG analysis was performed with SIGNAL. To evaluate
cortical plasticity, we measured for each individual the percentage
ratio in the peak-to-peak amplitude between post-iTBS MEPs
and pre-iTBS MEDs.

Statistical Analysis

All data were analyzed using SPSS v22 (IBM, Armonk, NY).
Prior to undergoing parametric or nonparametric statistical pro-
cedures, assumption of normality distribution of data residuals
was assessed with Shapiro—Wilk test; assumption of homoscedas-
ticity was assessed with Levene test. For regression analyses,
assumption of multicollinearity among predictors was assessed
by utilizing the variance inflation factor. Assumption of
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independence of residuals was assessed with Durbin—Watson
test. Level of significance was set at o = 0.05. All the tests were
2-tailed.

A first set of analyses was aimed at comparing TRSP
between the 2 groups (AD patients vs HVs) both at the global
level (ie, comparing TRSP over all the scalp) and at the local
level (ie, comparing TRSP over the site of stimulation). Global
analysis was performed with a nonparametric, cluster-based per-
mutation method comparing the 2 groups at each electrode and
at each frequency band (theta, alpha, beta, garnrna).33 To reduce
the occurrence of type I errors, this method calculates Monte
Carlo estimates of the significance probabilities from 2 surrogate
distributions constructed by randomly permuting the data for
the 2 original conditions 3,000 times. The clusters for permuta-
tion analysis were defined as the 2 (or more) neighboring elec-
trodes for which the statistical value at a given time point
exceeded the significance threshold.”® Local analysis was per-
formed with multiple independent # tests comparing the TRSP
values at each frequency (from 4 to 50Hz) recorded at the closest
electrode to the stimulation (F3 for I-DLPFC, Pz for PC, P3 for
I-PPC) in the 2 groups (AD and HVs). To avoid the occurrence
of type I errors, this analysis was performed by permuting the
original distributions 3,000 times and correcting the # values
with the false discovery rate method. Both the global analysis
and the local analysis were conducted in a large time window
ranging from 1 to 1 seconds after TMS. This analysis allowed us
to monitor possible differences even in a “resting” part of the
EEG, that is, before the TMS pulse and after the TMS perturba-
tion. The frequency layer with the highest TRSP values was
taken as the NF of each stimulated area. To assess whether there
was any difference in the TMS-evoked activity after sham stimu-
lation between the 2 groups (AD patients vs HVs), we compared
the global mean field power (GMFP) waveform, because this
measure takes into account the TMS-evoked EEG response
recorder over all the electrodes. This is important because possi-
ble auditory or somatosensory responses are usually centered over
a wide cluster of bilateral central electrodes.®

A second set of analyses was aimed at testing the sensibility
of TRSP in predicting the probability of being classified as an
AD patient or an HV for each case. This analysis was conducted
using a logistic regression model with the group as dependent
variable and TRSP in the theta, alpha, beta, and gamma ranges
as predictor variables. This analysis was first performed using the
entire sample of AD (n = 60) against the HVs (n = 21). To
avoid any possible bias due to the unbalanced size of the groups,
we repeated the analysis using 10 random samples of 40 AD
patients and 10 random samples of 20 AD patients against the
21 HVs. Selection of the significant predictor was performed
using a stepwise backward algorithm.

A third set of analyses was aimed at testing the predictive
value of gamma TRSP and the NF of the DLPFC (I-DLPFC-
NF) in the cognitive/behavioral progression of the patients. This
analysis was conducted using a multivariate general linear model
with dependent variables the change in CDR-SB, ADCS-ADL,
NPI, ADAS-Cog, and Frontal Assessment Battery (FAB) scores
24 weeks after the baseline evaluation, and with I-DLPFC-NF or
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the gamma TRSP as predictor. Finally, to test whether gamma
TRSP and -DLPFC-NF were linearly related to cerebrospinal
fluid (CSF) biomarkers and to cortical plasticity, we used the
Pearson or the Spearman coefficient to correlate gamma TRSP
and [-DLPFC-NF with the MEP changes following LTP-like
plasticity induced by the iTBS protocol.

Results

A total of 60 patients completed the clinical follow-up at
24 weeks. The baseline AD patients” and HVs’ characteris-
tics are shown in the Table. The mean age of the total sam-
ple of AD patients was 74.11 years (standard deviation
[SD] = 6.13, ranging from 60 to 88), of whom 63% were
female (n = 38), whereas the mean age of the HV group
was 71.21 years (SD = 6.32, ranging from 60 to 82). No
differences in sex, age, or education years were found (all
s> 0.05). Mean MMSE raw score at baseline was 22.1
(SD = 3.11) for the AD patients and 28.81 (SD = 1.86)
for the HVs. The mean resting motor threshold (RMT; %
maximal stimulator output) was 51.52 (SD = 8.82) in the
AD group and 58.25 (SD = 5.70) in the HV group. As
expected, both MMSE and RMT values were lower in the
AD patients compared to the HV group (both ps < 0.05).
A total of 31 patients screened positive as carriers for at
least 1 APOE €4 allele; these patients did not differ from
the rest of the group in any of the neurophysiological mea-
sures we tested (all ps > 0.05). The entire procedure was

well tolerated, with no reports of adverse effects.

Cortical Activity in AD Patients and HVs

A first analysis was conducted to ensure that the 3 TMS tar-
gets received the same stimulation in terms of efficacy and
intensity. Thus, we first computed the SCD for the 3 areas
obtaining the following results: 18.93 £ 2.1mm for the
I-DLPFC, 25.4 &+ 1.9mm for the PC, and 21.1 £ 4.5mm
for the I-PPC. We then computed the difference between the
SCD in the AD group and the standard SCD values used for
the HV group in the 3 areas (-DLPFC SCD difference,
541 4+ 2.17mm; PC SCD difference, 5.45 4+ 1.98mm;
I-PPC SCD difference, 5.86 £ 3.44mm) without observing
any difference among the 3 SCDs (-DLPFC vs PC,
p = 0.93; LDLPEC vs -PPC, p = 0.61; PC vs I-PPC,
2 = 0.67). All of our participants received a stimulation of at
least 45V/m (mean = 60 £ 8.22V/m) with no differences in
the e-field induced in the 3 TMS spots (all ps > 0.05) and no
differences compared to the e-fields estimated for the HV
group using the standard brain (all ps > 0.05).

Then we assessed the timing of the significant TRSP
and we tested for possible difference in the “resting” EEG
activity, that is, before and after the TRSP. Figures 1, 2,
and 3 show the spatiotemporal reconstruction of TRSP
recorded over all the scalp after stimulation of the
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Table. AD Patient and HV Demographics and Clinical Characteristics at Baseline
AD Patients, n = 60 HV, n =21 ?
Age, years, mean (SD) 74.11 (6.12) 71.19 (6.31) »>0.05
Sex, females, n (%) 38 (63%) 12 (57%) »>0.05
Education, years, mean (SD) 8.52 (4.11) 10.04 (4.98) »>0.05
RMT, % stimulator output, mean (SD) 51.52 (8.82) 58.25 (5.70) »<0.05
Proportion of patients taking cholinesterase 46 (76%)
inhibitors, n (%)
Proportion of patients taking memantine, n (%) 12 (20%)
APOE e4 carrier, n (%) 31 (52%) - -
MMSE raw score, mean (SD) 22.10 (3.11) 28.81 (1.86) 2 <0.05
CDR-SB raw score, mean (SD) 3.99 (1.64) - -
ADAS-Cog raw score, mean (SD) 21.95 (6.91) - -
ADCS-ADL score, mean (SD) 60.85 (10.85) - -
NPI score, mean (SD) 11.98 (11.22) - -
FAB raw score, mean (SD) 11.42 (3.29) - -
D) — Abiteimgs dhiemne ADAHCss — Albhdimats e Axmmmean SeibaCamritie Sl ADTI-ADIL — Aldtdme D Coamte
Study—Activities of Daily Living; CDR-SB = Clinical Dementia Rating Scale Sum of Boxes; FAB = Frontal Assessment Battery; HV = healthy volun-
teer; MMSE = Mini-Mental State Examination; NPI = Neuropsychiatric Inventory; RMT = resting motor threshold; SD = standard deviation.

I-DLPEC, PC, and I-PPC, respectively. Regardless of the
site of stimulation, single-pulse TMS resulted in a
sustained oscillatory activity ranging from 4 to 48Hz last-
ing about 170 milliseconds for the beta and gamma bands
(ps < 0.05) and about 250 milliseconds for the alpha and
theta bands (p < 0.05).

Analysis of TRSP at the local level was conducted to
assess the local oscillatory activity of the stimulated area (see
Figs 1A, 2A, and 3A) and to measure the most expressed
frequency. When stimulated over the I-DLPFC (see Fig
1A), AD patients showed a lower local gamma activity
compared to the HV group from 10 to 83 milliseconds
and from 137 to 170 milliseconds after TMS (mean activ-
ity + standard error: AD, 1.283 £ 0.143dB; HVs,
2.243 + 0.267dB; ;9 = —2.977, p = 0.004), whereas the
other frequency bands did not differ between the 2 groups
(all ps > 0.05). When stimulated over the PC (see Fig 2A)
and the I-PPC (see Fig 3A), AD patients did not show any
difference in the local oscillatory activity compared to the
HV group (all ps > 0.05).

Analysis of TRSP at the global level was conducted
to assess differences in cortical oscillatory activity
throughout all the scalp between the AD and the HV
groups. When stimulated over the -DLPFC (see Fig
1B), AD patients showed lower gamma-frequency (30—
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50Hz) activity evoked from 10 to 50 milliseconds after
TMS in the F3 electrode and from 100 to
150 milliseconds in a cluster of 6 frontal bilateral elec-
trodes, namely, Fz, F3, F4, FC1, FC2, and C3 (Monte
Carlo ps < 0.01). When stimulated over the PC (see Fig
2B), AD patients showed lower gamma-frequency (30—
50Hz) activity evoked from 100 to 150 milliseconds
after the TMS pulse in a cluster of 5 frontal bilateral
electrodes (Monte Carlo ps < 0.01), and from 150 to
200 milliseconds after the TMS pulse in 2 clusters of
4 frontal electrodes and 2 posterior medial electrodes
(Monte Carlo ps < 0.01). Stimulation of I-PPC (see Fig
3B) did not produce any difference in the oscillatory
activity of the 2 groups (all ps > 0.05).

Importantly, we did not observe any difference in
the resting EEG activity. This was measured either before
the TMS pulse was applied (ie, —1,000 milliseconds to
—10 milliseconds from the TMS pulse) or after the TRSP
time window (ie, 250 milliseconds after the TMS pulse)
in the stimulated areas (all ps > 0.05; Fig 4). No differ-
ences were observable in the grand-averaged GMFP of the
2 groups after sham stimulation (all ps > 0.05).

Figure 5A shows the TRSP mean value for each of
the 46 frequency layers analyzed after stimulation of the
I-DLPFC. Stimulation of I-DLPFC resulted in an
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FIGURE 1: Oscillatory activity analysis after left dorsolateral prefrontal cortex transcranial magnetic stimulation (TMS).
(A) TMS-related spectral perturbation (TRSP) recorded over the left dorsolateral prefrontal cortex (I-DLPFC) in the Alzheimer
disease (AD) group (upper plot, red bars) and in the healthy volunteer (HV) group (lower plot, green bars). (B) TRSP with scalp
maps of gamma activity recorded over all the scalp after stimulation of the I-DLPFC in the AD group (left maps) and in the HV
group (right maps). Error bars indicate standard error. *p < 0.05. [Color figure can be viewed at www.annalsofneurology.org]
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FIGURE 2: Oscillatory activity analysis after precuneus transcranial magnetic stimulation (TMS). (A) TMS-related spectral
perturbation (TRSP) recorded over the precuneus (PC) in the Alzheimer disease (AD) group (upper plot, red bars) and in the
healthy volunteer (HV) group (lower plot, green bars). (B) TRSP with scalp maps of gamma activity recorded over all the scalp
after stimulation of the PC in the AD group (left maps) and in the HV group (right maps). Error bars indicate standard error.
*p < 0.05. [Color figure can be viewed at www.annalsofneurology.org]
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FIGURE 3: Oscillatory activity analysis after left posterior parietal cortex transcranial magnetic stimulation (TMS). (A) TMS-related
spectral perturbation (TRSP) recorded over the left posterior parietal cortex (I-PPC) in the Alzheimer disease (AD) group (upper
plot, red bars) and in the healthy volunteer (HV) group (lower plot, green bars). (B) TRSP with scalp maps of gamma activity
recorded over all the scalp after stimulation of the I-PPC in the AD group (left maps) and in the HV group (right maps). Error bars
indicate standard error. [Color figure can be viewed at www.annalsofneurology.org]
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FIGURE 4: Gamma oscillatory activity before and after transcranial magnetic stimulation (TMS) of the left dorsolateral prefrontal
cortex (I-DLPFC). (A) Local gamma activity recorded over the I-DLPFC in the Alzheimer disease (AD) group (red line) and in the
healthy volunteer (HV) group (green line). Blue light squares indicate the time windows in which there is a significant difference
between the 2 groups (p < 0.05). (B) Global gamma activity with scalp maps after stimulation of the I-DLPFC in the AD group
(left maps) and in the HV group (right maps). Red dots indicate significant differences between the two groups (p < 0.05).
TRSP = TMS-related spectral perturbation. [Color figure can be viewed at www.annalsofneurology.org]
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FIGURE 5: Natural frequency analysis. (A) TMS-related spectral perturbation (TRSP) for each frequency layer after stimulation of
the left dorsolateral prefrontal cortex (I-DLPFC). Red bars depict the TRSP in the Alzheimer disease (AD) group; green bars depict
the TRSP in the healthy volunteer (HV) group. Light blue squares indicate the natural frequency. Error bars indicate standard error.
*p < 0.05. (B-E) Linear relations between the natural frequency of the I-DLPFC (I-DLPFC-NF) and the clinical scores change after
24 weeks from the first evaluation in the (B) Clinical Dementia Rating Scale Sum of Boxes (CDR-SB; score range: 0-18, higher scores
indicate worsening; r = —0.42, p = 0.001), (C) The Alzheimer's Disease Assessment Scale-Cognitive Subscale (ADAS-Cog; score
range: 0-70, higher scores indicate worsening; r = —0.389, p = 0.003), (D) Alzheimer's Disease Cooperative Study-Activities of
Daily Living (ADCS-ADL; score range: 0-78, lower scores indicate worsening; r = —0.365, p = 0.006), (E) Neuropsychiatric Inventory
(NPI; score range: 0-144, higher scores indicate worsening; r = —0.414, p = 0.002). (F-l) Linear relations between the natural
frequency of the I-DLPFC and levels of (F) percentage of long-term potentiation-like plasticity measured with intermittent theta-
burst stimulation (iTBS-LTP; r = 0.447, p = 0.005), (G) amyloid-beta (Af; r = —0.239, p = 0.148), (H) tau (r = —0.378, p = 0.04), and
() p-tau (r= —0.39, p = 0.04). [Color figure can be viewed at www.annalsofneurology.org]

I-DLPFC-NF of 40.8Hz for both groups. When com- likelihood]). Backward selection of coefficients revealed
pared with HVs, the AD group showed a lower TRSP in
the range of frequency from 35 to 46Hz, with an NF of
40.8Hz (mean p = 0.000).

Stimulation of PC and I-PPC resulted in an NF of

respectively 29.8 and 25Hz, with no difference in any of

that gamma TRSP was the only significant predictor of
the group classification (Model 4: —2LL = 84.368
p = 0.004, exp[B] = 0.555). When we repeated the anal-
ysis with 20 random samples of 40 and 20 AD patients
versus 21 HVs, the results confirmed the previous obser-
the layers considered as compared to HVs (all ps > 0.05). vation, with the gamma TRSP as the only significant pre-
dictor of the group classification (mean for 10 models
Clinical Predictive Value of Cortical Oscillations with 40  patients: —2LL =  65.273 £ 2.62,
p = 0.003 £ 0.005, exp[B] = 0.453 £ 0.111; mean for
10 models with 20 patients: -2LL = 46.863 £ 1.77,
» = 0.005 £ 0.003, exp[B] = 0.422 + 0.043).
Multivariate linear regression analysis showed that
|-DLPFC-NF and gamma TRSP both predicted the clini-
cal progression of AD patients (I-DLPFC-NF: A = 0.674,

Multiple logistic regression analysis using all the 60 AD
patients and 21 HVs showed that the model was able to
significantly predict the probability of being classified as
AD patient or HV when all 4 predictors were included,
namely, theta, alpha, beta, and gamma TRSP (Model
1: —2LL = 81.568, p = 0.025 [LL is defined as Log-
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Fs 45 = 4.636, p = 0.002, &> = 0.326; gamma TRSP:
A = 0.754, Fs4s = 3.138, p = 0.016, &> = 0.240).
Regression coefficient analysis showed that I-DLPFC-NF
and gamma TRSP were significant predictors for the
CDR-SB (I-DLPEC-NF: B = —0.460, ¢+ = —3.342,
p = 0.002; see Fig 4; gamma TRSP: p = —0.384,
t = —2.477, p = 0.017), the ADAS-Cog (I-DLPFC-NF:
p = —1.491, r = —3.070, p = 0.003; gamma TRSP:
p = —1.609, t = —3.067, p = 0.003), the ADCS-ADL
(L-DLPEC-NF: B = 2.276, ¢ = 3.097, p = 0.003; gamma
TRSP: f = 1.912, #+ = 2.325, p = 0.024), and the NPI
(-DLPFC-NF: B = —2.737, r = —3.283, p = 0.002;
gamma TRSP: p = —2.479, ¢+ = —2.670, p = 0.010),
whereas [-DLPFC-NF was a significant predictor of the
FAB change (B = 0.503, r = 2.037, p = 0.047) but not
gamma TRSP (B = 0.440, r = 1.627, p = 0.110).

Linear Relationships between Gamma Activity,
LTP-Like Plasticity, and CSF Biomarkers

LTP-like plasticity was tested in 38 AD patients. The
mean percentage of MEP change after iTBS was 117.9 £
49.03. Linear relation analysis between I-DLPFC-NF and
iTBS-LTP showed that the 2 measures were directly corre-
lated (r = 0.412, p = 0.01; see Fig 4); this correlation
was significant also when considering gamma TRSP and
iTBS-LTP (r = 0.416, p = 0.009). CSF tau, p-tau, and
APy, levels were available in 21 AD patients. Linear rela-
tionship analysis between the - DLPFC-NF and the CSF
biomarkers (ie, tau, p-tau, and Afy4,) showed a significant
inverse relation with tau (» = —0.409, p = 0.033) and p-
tau levels (r = —0.521, p = 0.008) but not with A4,
(r = —0.239, p = 0.148). The same result was obtained
when we considered the relation between gamma TRSP
and tau (r = —0.422, p = 0.028), p-tau (r = —0.540,
» = 0.006), and AP, (r = —0.365, p = 0.052).

Discussion

Here, we demonstrate that AD patients show remarkable
reduction of frontal gamma oscillatory activity as com-
pared to age-matched HVs. This finding was evident by
stimulating different hubs of the frontoparietal network
and directly recording evoked cortical oscillations in a
large sample of mild-to-moderate AD patients. Notably,
the reduction in frontal gamma activity was evident both
when directly assessed by stimulating the -DLPFC, when
assessed indirectly by stimulating the PC. These results are
site-specific, as there was no difference between the
2 groups when stimulation was administered to the
I-PPC. We also found that I-DLPFC gamma activity and
the predominant TMS-evoked frequency (I-DLPFC-NF)
were reliable predictors of subsequent cognitive decline.
Specifically, patients with a more prominent decrease of
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gamma TRSP and [-DLPFC-NF are the ones who show a
stronger cognitive decline at a subsequent follow-up evalu-
ation after 24 weeks. In addition, we observed a specific
linear relationship between TMS-evoked gamma activity
and other AD-related physiological measures. Specifically,
patients with higher power of frontal gamma activity are
better responders to iTBS-induced LTP-like cortical plas-
ticity and show lower tau and p-tau levels, supporting the
specificity of gamma activity as an additional biomarker of
AD pathology.

Gamma oscillations have been related to many high-
level cognitive functions, such as learning and formation
of memory.”” Additionally, the role of gamma activity in
synaptic plasticity has been confirmed throughout the past
2 decades by numerous investigations using electrophysio-
logical recordings.”® Although the exact physiological
mechanism is still a matter of debate, it has been
suggested that local FSNs play a role in synchronizing
gamma oscillations among large neuronal populations.’”
When depolarized, local FSN populations tend to generate
synchronized inhibitory postsynaptic potentials in thou-
sands of cells, inducing gamma oscillation entrainment to
both local and distant neurons. This is relevant because
gamma-frequency synchronization between the activity of
distant neuronal cells has emerged as a marker of connec-
tivity within large cortical networks during learning or
memory processing.3 8

In the context of AD, the causal role of gamma oscil-
lations in cellular pathology has largely been demonstrated.
Recent findings revealed a reduction in gamma oscillations
before the onset of plaque formation and cognitive decline
in animal models of AD. Along the same lines, the induc-
tion of fast-spiking activity at 40Hz reduces the level of Ap
isoforms,” whereas the disruption of gamma activity has
been related to tau accumulation in astrocytes.”” Further-
more, the presence of AP4, can induce a biphasic effect on
network connectivity consisting of an initial decrease of
gamma oscillations followed by overexcitation.”” A similar
scenario is found for acute Ap effects in studies on plasticity
reporting that it dramatically disturbs LTP and long-term
depression plasticity mechanism,”*' whereas other studies
report that low physiologically relevant concentrations of
AP promote LTP and memory.42 At the same time, some
forms of cortical LTP-like cortical plasticity are altered in
AD patients, whose dysfunction has been proposed as a
central mechanism of AD pathology independenty from
the age of disease onset,' 1143

In AD patients, such evidence has not been clearly
provided so far. Whereas some EEG studies showed a

1213 other studies

decrease in gamma activity at rest,
described contradictory results.'*> More recently, this

discrepancy has been observed in a large sample of AD
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patients reporting an inverted U-shape relationship
between amyloid depositions and gamma power.”* The
main advantage of our TMS-EEG approach is that we
could directly “perturb” a specific area with TMS, thus
boosting its ongoing frequency of oscillation."® This could
explain why the differences in oscillatory activity between
the AD and HV groups were observable only within the
specific TRSP time window and not during the resting
EEG activity. Another main advantage of the TMS-EEG
approach is the possibility to reconstruct the gamma activ-
ity dynamic in the spatial and temporal domain. Specifi-
cally, when stimulating the [-DLPFC, we observed an
early local difference in gamma activity that subsequently
spread bilaterally to the entire frontal lobe. Differently,
when stimulating the PC, differences were observable in a
late time window in the frontal bilateral -electrodes
(100-150 milliseconds) and the posterior—frontal medial
electrodes (150-200 milliseconds), but not in the early
local activity. These results indicate that gamma activity is
prominently reduced in the frontal lobe of AD patients
and is evident both when directly stimulated and when it
is indirectly activated through PC stimulation, presumably
reflecting default mode network connections.'” In addi-
tion, we found that patients with lower power of gamma
activity have an impaired response to the iTBS protocol
testing LTP-like cortical plasticity and a higher level of tau
and p-tau. We argue that the specific decrease of gamma
oscillatory activity may relate to the detrimental effects
induced by tau pathology, which have been shown to
exert a harmful effect on both high-frequency oscillatory
activity®>45 9,46

As a second aim of the study, we evaluated the

and cortical plasticity.

potential clinical impact of the TMS-EEG measurements
in differentiating AD patients from HVs and in predicting
subsequent cognitive decline. First, we found that the
decrease of gamma activity in AD patients was the only
significant predictor able to accurately distinguish AD
patients from HVs. This result was robust and confirmed
by replication analyses. In addition, we showed that indi-
vidual level of the frontal natural gamma activity is able to
predict the change occurring after 24 weeks in tests used
to assess the cognitive/behavioral/functional impairment
in randomized clinical trials such as the ADAS-COG, the
CDR-SB, the ADCS-ADL, and the NPI.

Although several AD biomarkers are widely applied
and considered useful for diagnosis, sufficient accuracy is
still lacking to evaluate disease severity and predict disease
progression. For instance, the use of a single biomarker
does not provide sufficient information to capture the
underlying severity of disease across its entire spectrum,
from preclinical to clinical stages of AD. This includes
evaluating the response to the therapy with CSF and
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neuroimaging parameters such as hippocampal atrophy/
whole brain volume.”” Moreover, AD biomarkers evalua-
tion is routinely assessed by means of invasive and/or
high-cost procedures, limiting their use in clinical practice.
Thus, several efforts are underway to combine multiple
biomarkers to predict the severity of AD, with an empha-
sis on temporally tracking the evolution of distinct bio-
markers throughout the disease course.”® Few imaging
biomarkers have been developed to specifically evaluate
synaptic dysfunction. One emerging method to detect
synaptic loss in neurodegenerative dementias is based on
positron emission tomography tracers targeting synaptic
vesicle protein 2A, which is expressed ubiquitously in syn-
apses.*” However, this approach still needs to be further
evaluated by future studies. In this context, our data point
to TMS-EEG as a novel approach to measure synaptic
dysfunction based on frontal gamma activity in patients
with AD. Our data show a strong relationship between
individual frontal gamma activity, LTP-like plasticity, and
subsequent cognitive and functional decline. Hence, if
confirmed in independent cohorts, this index could repre-
sent a useful biomarker to predict disease progression.
Moreover, frontal oscillatory activity measured by
TMS-EEG has also been found to be a sensible biomarker
to predict patient response to treatment, in the context of
both pharmacological and nonpharmacological random-
ized controlled trials."”* Notably, this approach has the
clear advantage of being a low-cost noninvasive procedure
that can be performed several times to monitor the effects
of a certain therapy.

Despite our results pointing to TMS-EEG as a pow-
erful method to measure oscillatory activity in AD
patients, some technical issues still need to be addressed.
TMS can result in nonspecific effects, such as auditory
and somatosensory stimulation that can affect the EEG
response.”® In this work, we disentangle TMS-evoked cor-
tical responses and peripheral activation by using an ad
hoc sham stimulation.”® Our sham stimulation succeed in
isolating peripheral evoked responses, which were identical
between AD and HYV, as previously shown in the ERP lit-
erature with AD.”® This is a critical aspect, as it demon-
strates the reliability of the observed differences in cortical
oscillatory activity between AD patients and HV. Another
limitation of the present study is the unavailability of indi-
vidual MRI scans for the HV group. Thus, we could not
directly assess whether there was a difference in the SCD
between the 2 groups that could have influenced our
results. However, we tend to exclude this hypothesis for a
number of reasons. First, we found a specific decrease in
the I-DLPFC, but not in I-PPC or PC gamma activity,
although there was no difference in the induced e-field
among the 3 areas. In addition, we did not observe any
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difference in the SCD of the 3 areas as computed relative
to the standard values used for the HV group. Another
limitation of our study lies is that we measured LTP-like
plasticity from the M1 and not directly from the
I-DLPFC. We preferred to use a well-known established
protocol based on MEPs given the excellent accuracy of
this parameter in detecting AD pathology, as demon-
strated in a previous investigation conducted in large AD
samples,*®">% whereas TMS-EEG measures still need to
be evaluated to measure specific phenomena, such as
iTBS-induced LTP-like plasticity.

To conclude, our data reveal that AD patients are
characterized by a significant reduction of frontal gamma
oscillatory activity, confirming the findings reported in
animal models. Hence, our results point to TMS-EEG as
a novel method to measure frontal gamma activity in
patients with AD. This index could represent a relevant
biomarker to predict disease progression and evaluate
response to novel pharmacological therapies.
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