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ARTICLE INFO ABSTRACT

Keywords: In early-stage Alzheimer’s disease (AD) amyloid-f (Ap) deposition can induce neuronal hyper-
Alzheimer’s disease activity, thereby potentially triggering activity-dependent neuronal secretion of phosphorylated
Tau

tau (p-tau), ensuing tau aggregation and spread. Therefore, cortical excitability is a candidate
biomarker for early AD detection. Moreover, lowering neuronal excitability could potentially
complement strategies to reduce Ap and tau buildup. There is, however, a lack of understanding
of the relationship between cortical excitability and p-tau increase in vivo. Therefore, in a sample
of 658 healthy middle-aged (between the ages of 40 and 65) participants of the Barcelona Brain
Health Initiative cohort study, we examined the relation of blood-based tau, phosphorylated at
amino acid 181 (p-taul81), reflecting neuronal p-tau secretion; neurofilament light chain (NfL),
as a passively released control for p-taul81; and electroencephalography (EEG) markers of
cortical excitability. A subsample of 47 participants also completed a controlled brain pertur-
bation approach via transcranial magnetic stimulation (TMS) with concurrent EEG. Results show
that both spontaneous (i.e., resting-state) and perturbation-based TMS-EEG markers, are associ-
ated with blood p-taul81, particularly in older individuals. The perturbation-based marker was a
significantly more sensitive predictor of p-taul81 concentration than the spontaneous resting
state EEG-based marker. The relationships observed are not present for the NfL control. These
results show that relationships between p-taul81 and cortical excitability are present in healthy
middle-aged subjects and that p-taul81 increases may reflect activity-dependent secretion.

EEG
Transcranial magnetic stimulation

1. Introduction

Hyperexcitability is a hallmark of early Alzheimer’s disease (AD). Research on human patients and mouse models consistently
shows hyperexcitability at the single neuron level, as well as in neural networks or entire brain systems [1,2]. Further evidence from
research in mice indicates that extracellular soluble amyloid-beta (Ap) induces neuronal hyperexcitability [3]. Subsequently, this
hyperexcitability promotes the secretion of tau, which propagates through trans-synaptic transmission to affect distal brain regions
[4], leading to progressive neuronal degeneration and cognitive decline. Consequently, emerging interventions for AD focus on
clearing Ap to reduce tau pathology and spread [5]. However, given that Ap may trigger the release of phosphorylated tau by stim-
ulating neuronal excitability, reducing excitability could further enhance the effects of these treatments [6].

The role of cortical excitability in the Af-tau axis has been primarily investigated in human patients and animal models of AD.
However, recently developed blood-based biomarkers [7], enable research at any stage, including in preclinical healthy populations
[8]. Additionally, advances in electroencephalography (EEG) now allow studying cortical excitability non-invasively. This can be
achieved either indirectly by capturing spontaneous activity during the resting state [9] or directly through controlled brain per-
turbations using concurrent transcranial magnetic stimulation ([10]; TMS).

Here, we investigated the relationship between cortical excitability and tau secretion in a healthy middle-aged population, using
data from the Barcelona Brain Health Initiative project [11]. We included 648 participants who completed resting-state EEG and
provided blood samples to measure plasma phosphorylated tau at amino acid 181 (p-taul81) and neurofilament light (NfL). Addi-
tionally, a subsample of 47 participants also underwent single pulse TMS of the left prefrontal cortex and left inferior parietal lobule
with concurrent EEG. Based on evidence indicating that excitability might stimulate the secretion and propagation of tau [3,4], we
hypothesized that higher excitability would correlate with higher concentration of p-taul81 but not with NfL. Furthermore, we hy-
pothesized that perturbation-based measures would be more sensitive predictors of p-taul81 concentration. This is because sponta-
neous excitation/inhibition balance reflects a more heterogeneous measure of complex excitatory and inhibitory interactions [12],
which precludes a direct estimation of net excitability.

2. RESULTS
2.1. Perturbation-based cortical excitability is positively correlated with secreted p-taul81 in healthy middle-aged adults aged 61 and older

Single-pulse TMS produces a repeatable evoked EEG response, with its earliest and latest components (from 15 to 35 ms and
160-240 ms after the pulse, respectively) directly reflecting voltage-gated sodium channel (VGSC)-mediated excitability, as these can
be directly inhibited by VGSC blockers such as carbamazepine [13,14]. Using this perturbation-based-excitability measure, we inves-
tigated the relationship between cortical excitability and p-taul81 in a healthy middle-aged population.

A linear regression model with a response variable p-taul81, and the predictors age, perturbation-based-excitability, and their
interaction, F(43, 4) = 5.86,p =.002, 112 =.29, revealed a trend level main effect of perturbation-based-excitability, f = —.019, p = .061,
and a significant interaction between perturbation-based-excitability and age, f = 3.6e-4, p = .036. A Johnson-Neyman interaction
analysis was used to further study this interaction, revealing that perturbation-based-excitability significantly predicts p-taul81 con-
centration starting at age 61 (Fig. 1).

The reported model incorporates the late evoked component only (i.e., 160-240 ms after the pulse), as an equivalent model
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incorporating the early evoked component (i.e., 15-35 ms after the pulse) did not reach significance p = .061.

Finally, to show that the relationship is specific to potentially secreted p-tau protein rather than passively released proteins, we
fitted a linear regression model with NfL as the response variable, F(43, 4) = 6.32 -value, p = .001, 112 = .31. This model revealed no
significant main effects of age, p = .109, or perturbation-based excitability, p = .649, nor a significant interaction between them, p = .556.

2.2. Spontaneous cortical excitation/inhibition balance is positively correlated with secreted p-taul81 in healthy middle-aged adults aged
54 and older

Recent studies have shown that the EEG power spectrum’s 1/f-like aperiodic activity partially reflects the overall cortical balance of
excitation and inhibition [9,15]. Abnormalities in this measure have been consistently reported [16] and have been linked to cognitive
function [17]. Therefore, we used this spontaneous-excitation/inhibition measure to further investigate the relationship between cortical
excitability and p-taul81 concentration.

A general linear regression model with p-taul81 as the response variable, and predictors including age, spontaneous-excitation/
inhibition, and their interaction, F(644, 4) = 5.07, p = .002, r]Z = .03, revealed a trend level main effect of spontaneous-excitation/in-
hibition, f = —.45, p = .060, and a significant interaction between spontaneous-excitation/inhibition and age, f = .009, p = .029. A
Johnson-Neyman interaction analysis was used to further study this interaction, revealing that spontaneous-excitation/inhibition
significantly predicts p-taul81 concentration beginning at age 54 (Fig. 2).

To show that the relationship is specific to potentially secreted p-tau protein, rather than passively released proteins, we fitted a
linear regression model with NfL as the response variable, F(644, 4) = 62.9 -value, p < .001, #° = .22. This model revealed a significant
main effect of age, f = —.021 p < .001, but no significant main effect of spontaneous-excitability, p = .339, or interaction between age
and spontaneous-excitability, p = .311.

2.3. Perturbation based excitability is a better predictor of p-taul81 concentration than spontaneous excitation/inhibition balance

To compare the predictive value of perturbation-based excitability against spontaneous excitation/inhibition balance, we fitted a
full linear regression model with p-taul81 as the response variable. Predictors included age, perturbation-based-excitability, their
interaction, spontaneous-excitation/inhibition, and its interaction with age F(41, 6) = 3.627, p = .008, ;72 = .31. The model revealed a
trend level main effect of perturbation-based excitability, f = —.021, p = .051, and a significant interaction between perturbation-based
excitability and age, f = 3.8e-04 p = .031. However, there was no significant main effect of spontaneous-excitation/inhibition, p = .834, or
its interaction with age, p = .926.

Model comparisons between the full model and the reduced model (which included only perturbation-based excitability, age, and
their interaction as predictors) revealed that the reduced model provides a better fit for p-tau181. The full model did not significantly
improve the fit compared to the reduced model, p = .616. Additionally, smaller Akaike Information Criterion (AIC) and Bayesian
Information Criterion (BIC) values, along with a larger Bayes factor, further support the reduced model as the better fit (Table 1).

3. Discussion

We established the relationship between cortical excitability and secreted p-tau in a healthy middle-aged population using non-
invasive and potentially scalable methods.

As hypothesized, the more sensitive and direct marker of cortical excitability, induced by TMS perturbation, indicates that higher
cortical excitability is associated with higher p-taul81 concentration. This finding aligns with the recently shown synergic relationship
between AP and tau [18], where the presence of Af renders tau’s inhibitory effect on neuronal activity ineffective [19]. However, the
absence of a selective Af} biomarker in this study prevents us from directly testing this hypothesis. Nonetheless, it is reasonable to
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Fig. 1. Johnson-Neyman interval plot illustrating the age interval at which the relationship between perturbation-based excitability and p-taul81 is
significant (i.e., 61-65 years of age). n.s. = non-significant.
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Fig. 2. Johnson-Neyman interval plot illustrating the age interval at which the relationship between spontaneous excitability and p-taul81 is
significant (i.e., 54-65 years of age). n.s. = non-significant.

Table 1

Model comparison results of the full (spontaneous + perturbation) Vs reduced (perturbation only) model.
Regression Model AIC BIC Bayes Factor P ”
Spontaneous + Perturbation 181.8 194.7 .03 .616 .31
Perturbation only 178.9 188.1 26.9 .29

expect that increases in p-taul81 are accompanied by increases in Ap concentration, as higher blood p-taul81 levels have been
consistently correlated with Ap accumulation in cerebrospinal fluid and positron emission tomography [20-22]

Conversely, the results also show that cortical excitation/inhibition balance is positively correlated with p-taul81 concentration.
Computational modeling and evidence from research in mice and macaques [9], suggest that steeper slopes in the aperiodic component
of the power spectrum might indicate a shift in balance toward inhibition. In this context, our results suggest that a greater shift toward
inhibition (i.e., steeper slopes) is associated with higher p-taul81 concentration.

While this may appear to contrast with the findings obtained from the perturbation-based model, it is important to note key dif-
ferences between the two measures. The perturbation-based marker is location specific and, more importantly, specific to VGSC
excitability, more directly reflecting the net excitability of pyramidal neurons at the stimulation site [13,14]. In contrast, the spon-
taneous marker is an heterogeneous, global measure likely capturing the complex interplay of multiple excitatory and inhibitory
neurotransmission pathways across the cortex [12,23]. As such, it lacks the spatial and neurophysiological specificity of the
perturbation-based metric. Therefore, the relationship observed between spontaneous and perturbation-based metrics is not directly
comparable. The spontaneous measure may not be sensitive enough to detect the localized increases in excitability that the
perturbation-based measure reveals as associated with higher p-taul81 concentration.

Interestingly, our results show that relationship between excitability and p-tau depends on age, becoming significant in participants
aged over 54 and 61 years for spontaneous and perturbation-based excitability, respectively. There is ample evidence that in normal
aging there is measurable structural and functional brain deterioration of the brain [24,25]. encompassing biochemical, metabolic,
cellular, and molecular changes [26]. Therefore, a possible explanation for the non-linear associations we report, is that, by late middle
age, normal aging-related brain deterioration may reach a critical threshold where aberrant interactions between Ap and p-tau begin to
manifest. These interactions may partly present as changes in cortical excitability. Supporting this notion, recent research in the same
BBHI cohort also shows that even in the absence of pathology, subtle declines in dual-task gait performance become apparent only after
54 years of age [27].

We have also shown that the relationships observed between cortical excitability markers and p-tau do not hold for NfL. This
highlights that the presented markers of cortical excitability are probably related to secreted protein passing to the blood stream when
dissolved, rather than being passively released as a byproduct of axonal damage and cell death. Although both NfL and tau can be
either passively released or secreted into the extracellular space, tau secretion has been observed in a regulated manner in healthy and
pathological conditions [28], while passive release of tau has been mostly observed as a byproduct of cell death or injury after an acute
stroke [29]. Conversely, NfL concentration have been shown to increase in CSF and blood proportionally to the degree of axonal
damage, both in normal aging and in neurodegenerative diseases [30], suggesting that NfL is mostly passively released as a byproduct
of cell injury.

3.1. Limitations and future directions

This study has limitations, including the absence of a selective Af biomarker and the exclusive focus on middle-aged subjects. These
constraints prevent us from exploring how the described relationships progress into older ages and pathological stages. Nevertheless,
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we have demonstrated, for the first time, that cortical excitability changes are related to p-tau concentration beginning in late middle
age, even in the absence of obvious amyloid and tau pathology or cognitive decline. Future research should incorporate selective Af
biomarkers and longitudinal designs to investigate how the observed relationships evolve with aging and during the pathological
stages of neurodegenerative diseases.

Research in preclinical healthy populations is essential for identifying individuals at risk of developing neurodegenerative diseases
and for implementing early interventions to delay or prevent disease progression. Such interventions could include modifiable lifestyle
changes or targeted therapies aimed at reducing A and p-tau buildup. In this regard, we have shown that readily available blood-based
biomarkers and non-invasive electrophysiology are valuable tools for studying associations between cortical excitability and proteins
implicated in neurodegenerative pathophysiology. This is important not only for early disease detection but also for providing
neurophysiological insights into the relationship between p-tau and cortical excitability.

Cortical excitability represents a potentially modifiable and complementary target for early intervention, as it can be effectively
reduced using pharmacological [31] or non-invasive brain stimulation interventions [32,33]. Exploring the efficacy of such targeted
interventions to disrupt the Ap, p-tau and excitability axis in at-risk preclinical populations could provide promising strategies for early
prevention and mitigation.

4. Materials and methods
4.1. Study participants

Participants were recruited from the Barcelona Brain Health Initiative project (BBHI; [11]) an ongoing longitudinal study that
investigates brain health determinants in middle-aged adults and started recruiting participants in 2017. All participants included in
the BBHI were free from any self-reported neurological or psychiatric diagnosis at the time of recruitment. For the present study we
selected all participants who completed both blood extraction and resting-state EEG, and whose data survived preprocessing. The final
sample included consists of 648 subjects aged 40-65 years, M = 52.3 SD = 7.2, 307 female. Additionally, a subsample of 47 partic-
ipants (aged 40-64 years, M = 54.8 SD = 7.1, 16 female) completed TMS with concurrent EEG (from now on TMS-EEG). In addition,
participants’ age and biological sex were also collected and used as covariates in statistical analysis. The BBHI cohort, including details
on inclusion and exclusion criteria, is described in greater detail elsewhere [11].

4.2. Ethics and consent

The study protocols were approved by the ethics committee: Comite Etic d’Investigacié (CEIm) de la Fundacié Unié Catalana
d’Hospitals (ref. CEIC 17/06) and all participants gave their informed consent to participate in accordance with the declaration of
Helsinki.

4.3. Blood-based biomarkers

Ethylenediaminetetraacetic acid plasma samples were collected through venipuncture.
Plasma concentrations of phosphorylated p-taul81 and NfL were measured using Single molecule array (Simoa) methods on an HD-
X instrument (Quanterix, Billerica, MA, USA), as previously described [34,35].

4.4. TMS-EEG recording and preprocessing

TMS was applied over the left dorsolateral prefrontal cortex (L-PFC) and the left inferior parietal lobule (L-IPL). Stimulation was
guided by a BrainSight neuronavigation system (RogueResearch, Inc., Canada). The targets were determined based on either anatomy
—for subjects recorded before 2019 (n = 27)- or the functional cortical parcellation by Yeo and colleagues [36] —for subjects studied
after 2019 (n = 20). See supplementary materials for MRI acquisition parameters and detailed target determination procedures.
Stimulation was set to 120 % of resting motor threshold, determined as the lowest intensity needed to produce motor evoked potentials
of no less than 50 pV peak-to-peak in the first dorsal interosseous muscle on the relaxed right hand, achieving this in a minimum of 3
out of 6 attempts [37]. For each designated target, a series of 120 single biphasic pulses were administered using an MCF-B65 butterfly
coil attached to a MagPro X100 stimulator (Magventure, Inc., Denmark). Pulses were spaced randomly, between four to 6 s apart. The
sequence in which targets were stimulated was shuffled for every participant. To diminish the auditory responses triggered by the click
from the TMS coil, participants were equipped with earplug-earbuds emitting white noise at their maximum tolerated volume. EEG
was recorded concurrently using a TMS-compatible ActiChamp 64-channel amplifier system, paired with an ActiCap Slim featuring
active electrodes (from BrainProducts, GmbH., Germany). Electrode impedance was consistently monitored and maintained below
5kQ throughout the recording. EEG data was captured from DC to 500Hz and converted into a digital format at a rate of 1 KHz.

Data was preprocessed using functions from the EEGLAB toolbox [38] and the TESA plugin [39]. Briefly, data was first segmented
around the TMS pulse (—1000 to 1000 ms from the pulse) and baseline corrected (—900 ms to —100 ms from the pulse). Then the direct
electrical pulse artifact (between —2 ms and 14 ms from pulse) was zero-padded. Bad channels were then identified via visual in-
spection and removed. Bad epochs were visually tagged and then rejected with the aid of voltage thresholding (>100 pV), probability
and kurtosis. A first round of fast independent component analysis (ICA) was used to reject the initial large amplitude muscular
artifact. The zero-padded pulse artifact was then linearly interpolated, data was re-referenced to the average of all channels and
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previously removed channels were spherically interpolated. Finally, a second round of ICA was used to reject any other remaining
artifacts (e.g., muscle, eye-movements, heartbeat and others), as well as the somatosensory and auditory potentials evoked by
transcutaneous scalp nerve excitation and coil firing sounds and vibrations. The preprocessed TMS-evoked potential data was then
used for source localization (see supplementary materials for source localization procedures).

4.5. Resting-state EEG recording and preprocessing

EEG was recorded for 10 min at rest (i.e., 5 min eyes closed, 5 min eyes open) using an Enobio 32 channel system (Neuroelectrics,
Spain) at a sampling rate of 512 Hz with a 50Hz notch filter of order 1. Electrode impedance for all channels was kept below 25 kQ. We
included only eyes closed data in the analysis, as it contains less eye and muscle related artifacts, and hence guarantees a higher
survival rate and quality during automatic data preprocessing.

Data was preprocessed using a fully automated pipeline developed in house (see supplementary materials for pipeline script and
details) and consisting of EEGLAB [38] and custom-made MATLAB functions (The MathWorks INC. USA). The pipeline ran through all
the 748 EEG resting-state datasets and logged the number of bad channels and epochs. For the current analysis we kept only those
datasets that retained at least 22 out of 32 channels and 100 artifact free epochs, resulting in 648 individual clean recordings for
subsequent statistical analysis.

4.6. TMS-EEG perturbation based cortical excitability

To quantify VGSC mediated excitability at each stimulation target location we first defined a region of interest (ROI) of 100 vertices
around each subject’s stimulation target coordinate, which corresponds to a cortex surface area of approximately 10 cm?. To allow
group level statistics, the TMS-evoked potential (TEP) time-series in source space of each vertex within the target ROI were rectified,
averaged together, and then normalized via z-score transformation:

z=(TEP-p)/c

Where p is the average of the pre-stimulus baseline (from —500 ms to —3 ms relative to the TMS pulse) and o is the standard
deviation of the baseline. Finally, we computed the trapezoidal integration (i.e., area under the curve) of the normalized TEP for the
early and late components (i.e., from 15 to 35 ms and from 160 to 240 ms after the TMS pulse (Fig. 3A and B).

4.7. Spontaneous resting state EEG cortical excitation/inhibition balance

To estimate excitation/inhibition balance, first the EEG power spectrum was computed via the Welch’s method, whereby the fast
Fourier transform of each 2 s epoch is computed and then all epochs’ spectra are averaged together. The aperiodic component of the
EEG spectrum (i.e., 1/f -like activity) was estimated using the fooof toolbox [15], and then the average (i.e., across all channels)
exponent (i.e., slope) of the aperiodic fit line was taken as the estimate of 1/f -like activity and, hence, as a proxy of cortical excita-
tion/inhibition balance [9], with steeper slopes (i.e., higher values) indicating a shift in the balance towards inhibition and vice-versa
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Fig. 3. Illustration of EEG cortical excitability markers. A) illustrates the TMS-evoked perturbation of the EEG and the spatial region of interest in
source space (grey transparent patch over L-PFC) and, B) the time-window taken from the TMS-evoked EEG timeseries to compute the perturbation-
based marker of VGSC excitability (grey transparency spanning from 160 to 240 ms after TMS pulse). C) illustrates the recording of resting state EEG
and, D) the decomposition of the power spectrum at rest to isolate the aperiodic component, the slope of which we take here as the spontaneous
marker for excitation/inhibition balance. In both B and D panels, grand average waveforms for all participants included in the study are shown.
EEG, electroencephalography; L-PFC, left prefrontal cortex; VGSC, voltage-gated sodium channel.
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(Fig. 3C and D).
4.8. Statistical analysis

All statistical analyses were performed in R version 4.2.3 (R Foundation for Statistical Computing, Vienna, Austria).

To determine the relation of perturbation-based VGSC mediated excitability and p-taul81 in the TMS-EEG subsample (n = 47), we
used stepwise general linear modeling —for both the early and late perturbation-based response (i.e., from 15 to 35 ms and 160-240 ms
after the pulse, respectively)- to determine the best fitting model and discard irrelevant predictor terms. The criterion for removing
terms was the models’ chi-squared test of the change in the deviance that results from removing the term. The starting model included
all main effects and interactions of perturbation-based excitability (at both L-IPL and L-PFC targets), age, biological sex and TMS
targeting method (i.e., functional or anatomical). The final, best-fitting model is reported in the results section. It includes the main
effects of age and late VGSC excitability at the L-PFC target, as well as their interaction.

To determine the relationship between spontaneous excitation/inhibition balance during resting-state EEG and p-taul81 con-
centration in the full sample (n = 648), we used stepwise general linear modeling in a similar manner. The starting model included all
possible main effects and interactions of spontaneous excitability, age, and biological sex. The final model reported in the results
section included the main effects of age and spontaneous excitability, as well as their interaction. Due to the gamma-like distribution of
p-taul81 values in this sample, models were fitted with a gamma distribution and a “log” link function.

To compare the predictive value of spontaneous excitation/inhibition balance and perturbation-based excitability, we used an
additional model including the predictors from both models.

Finally, to demonstrate that cortical excitability markers are more likely associated with secreted proteins entering the bloodstream
rather than passively released proteins, we contrasted these models by using NfL as the response variable in place of p-taul81.
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