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ABSTRACT

This chapter examines how emerging neurophysiological technologies are transforming the early and differential
diagnosis of neurological disorders. While imaging and fluid biomarkers have greatly advanced the field, they
remain limited by cost, invasiveness, and their inability to directly capture dynamic brain activity. Neuro-
physiological techniques, particularly transcranial magnetic stimulation (TMS) and TMS combined with EEG,
offer a unique, non-invasive means of probing cortical excitability, connectivity, and plasticity with millisecond
precision.

Recent technological and analytical breakthroughs are moving these approaches from research laboratories
into clinical practice. By detecting subtle network dysfunctions that precede structural degeneration, they open
the possibility of identifying disease in its prodromal or even presymptomatic stages, when interventions may be
most effective. This chapter outlines the principles of advanced TMS paradigms and TMS-EEG and explores their
application across a range of conditions, including amyotrophic lateral sclerosis, dementias, and movement
disorders. It also highlights how integrating neurophysiological measures with blood-based biomarkers and
computational tools, such as machine learning, can enhance diagnostic accuracy and guide individualized

treatment strategies.

Together, these innovations establish neurophysiology as a cornerstone of precision neurology, linking
mechanistic insights to clinical decision-making and enabling earlier diagnosis, improved patient stratification,
and more targeted therapeutic interventions.

1. Introduction

Neurological disorders constitute a major global health burden,
affecting more than three billion individuals worldwide and represent-
ing the leading cause of disability-adjusted life years (Steinmetz et al.,
2024). This burden continues to grow with population ageing and
improved survival from other chronic diseases, underscoring the urgent
need for more effective diagnostic and therapeutic strategies (Steinmetz
et al., 2024).

A central challenge in neurology is that many disorders are typically
diagnosed at advanced stages, when extensive neuronal loss has already
occurred and therapeutic windows have narrowed or closed (Hampel

et al., 2023). Recent advances in disease-modifying treatments across
several conditions highlight that interventions are most effective when
initiated early, ideally before the onset of overt symptoms (Benatar
et al., 2022; van Dyck et al., 2023; Sims et al., 2023). Consequently, the
field is witnessing a paradigm shift from traditional, symptom-based
diagnosis toward biomarker-guided approaches that can identify dis-
ease processes in their presymptomatic or prodromal phases (Hampel
et al., 2023).

Conventional diagnostic tools, such as clinical examination, neuro-
imaging, and fluid biomarkers, have undoubtedly advanced the field but
remain limited in sensitivity, specificity, accessibility, and cost-
effectiveness (Scholl et al., 2024). Structural and molecular imaging
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may miss early disease-related changes; cerebrospinal fluid assays,
while biochemically informative, are invasive and not universally
accessible; and blood-based biomarkers, though highly promising, are
still subject to technical and biological confounders and are not yet
widely available in routine practice (Engelborghs et al., 2017; Fontana
et al., 2023; Han et al., 2020; Scholl et al., 2024). Clinical assessment,
while indispensable, often identifies pathology only once functional
impairment is clinically apparent (Small, 2025).

Clinical neurophysiology provides a complementary and uniquely
powerful approach to address these limitations (McMackin et al., 2019).
Techniques such as electroencephalography (EEG), magnetoencepha-
lography (MEG), transcranial magnetic stimulation (TMS), and TMS-
EEG directly capture the functional state of the nervous system with
millisecond temporal resolution (Beniczky and Schomer, 2020; Gross,
2019; Hernandez-Pavon et al., 2023; Rossini et al., 2015). These mo-
dalities can detect subtle network dysfunctions that precede overt
structural changes, are relatively low-cost, and are suitable for repeated
assessments over time (McMackin et al., 2019). Importantly, they are
widely available and can be applied in both specialized and general
clinical settings, offering practical advantages for longitudinal moni-
toring and large-scale implementation.

Among these methods, the present chapter focuses on TMS and its
integration with EEG (TMS-EEG), rather than on resting-state EEG or
MEG. This focus is deliberate: while resting-state recordings provide
valuable correlational measures of spontaneous neural activity, TMS-
based paradigms uniquely allow the direct perturbation and measure-
ment of cortical circuits, thereby establishing causal links between
neural excitability, connectivity, and behaviour. Moreover, recent
technological advances, including threshold-tracking protocols, paired-
pulse measures, and perturbation-based EEG connectivity analyses,
have enabled TMS and TMS-EEG to generate reproducible, disease-
specific biomarkers that are now entering clinical translation. These
features position TMS-derived techniques as the most promising
neurophysiological tools for bridging mechanistic insight and diagnostic
utility across neurodegenerative and movement disorders.

This chapter therefore examines recent technological and methodo-
logical advances in TMS and TMS-EEG and their applications in the early
and differential diagnosis of neurological diseases. We will discuss how
these approaches can quantify cortical excitability, inhibition, facilita-
tion, and plasticity, and how they complement existing imaging and
molecular biomarkers. By situating these developments within the
broader diagnostic landscape, we aim to highlight the emerging role of
neurophysiological biomarkers as key components of precision
neurology.

2. Emergent neurophysiology techniques for early and
differential diagnosis

Recent advances in neurophysiology have provided powerful tools
for directly assessing cortical excitability, network connectivity, and
circuit-level dysfunction (Rossini et al., 2015; Vucic et al., 2023). These
approaches yield objective biomarkers capable of capturing patho-
physiological changes at prodromal or even presymptomatic stages,
often before clinical manifestations are evident. Among them, TMS has
emerged as one of the most versatile and informative methods (Hallett,
2007). By inducing transient electrical currents in targeted brain re-
gions, TMS offers a non-invasive means of probing human cortical
physiology. Before addressing specific applications, it is useful to briefly
summarize the principal measures and stimulation protocols, which will
be referenced in subsequent sections of this chapter. By varying the
mode and timing of stimulation, TMS can selectively interrogate distinct
neurotransmitter systems, inhibitory and excitatory circuits, and plas-
ticity mechanisms, providing a comprehensive characterization of
cortical function (Ziemann, 2013).

Due to its biophysical properties, TMS activates cortical pyramidal
cells primarily in a trans-synaptic manner (Di Lazzaro et al., 1998). This
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characteristic, in contrast with transcranial electrical stimulation
(Merton and Morton, 1980), makes TMS particularly suited for the study
of intracortical excitability. Depending on the protocol, it can be applied
to investigate both local and distributed circuits. Single-pulse paradigms
offer global measures of corticospinal excitability and the intrinsic
excitability of pyramidal neurons, whereas paired-pulse protocols,
where a conditioning stimulus precedes a suprathreshold test stimulus at
variable interstimulus intervals (ISIs), enable the study of specific
inhibitory or facilitatory interactions within cortical networks (Rossini
et al., 2015). When stimulation is repeated over time, as in rTMS pro-
tocols, it can induce sustained modulation of cortical excitability
through mechanisms that resemble synaptic plasticity (Pascual-Leone
et al., 1994). Although most studies have targeted the primary motor
cortex (M1) and measured motor-evoked potentials (MEPs) as an output
(Dubbioso et al., 2021), similar paradigms can be extended to non-motor
regions by combining TMS with EEG and recording TMS-evoked po-
tentials (TEPs) (Thut and Pascual-Leone, 2010; Tremblay et al., 2019).
Fig. 1 provides an overview of the principal TMS paradigms discussed in
this section, including canonical paired-pulse measures as SICI, ICF,
LICL and SAI, and representative TMS-evoked potentials (TEPs) recor-
ded with TMS-EEG. Together, these approaches enable the quantifica-
tion of inhibitory and excitatory dynamics as well as large-scale cortical
reactivity.

2.1. Core TMS single-pulse and paired-pulse measures

Within single-pulse protocols, the motor threshold (MT) represents
the minimum intensity at which MEPs can be reliably elicited and is
considered a global index of corticospinal excitability (Rossini et al.,
2015). A discrepancy between reduced excitability to TMS and pre-
served excitability to transcranial electrical stimulation, which directly
activates corticospinal axons, is interpreted as selective impairment of
intracortical excitatory connections (Di Lazzaro et al., 1998). Another
classical measure is the cortical silent period (CSP), observed as a pause
in voluntary EMG activity following a suprathreshold TMS pulse. While
its early component may reflect spinal refractoriness, the later portion is
attributable to cortical inhibition mediated by GABAgp receptors
(Cantello et al., 1992; Chen et al., 1999; Werhahn et al., 1999).

Short interval intracortical inhibition (SICI) is a sensitive TMS
biomarker of motor cortex excitability within M1 and is the most
frequently used paired-pulse TMS paradigm (Kujirai et al., 1993), with
the reliability and reproducibility of mean SICI in healthy populations
recently confirmed (Matamala et al., 2018), suggesting clinical utility.
SICI is elicited when a preceding subthreshold conditioning stimulus
(CS) suppresses the MEP produced by a subsequent suprathreshold test
stimulus (TS) at ISIs of 1-7 ms. Using the conventional “constant stim-
ulus” method, this results in a reduced MEP amplitude compared with
that produced by an unconditioned TS (Kujirai et al., 1993). A threshold
tracking paired-pulse TMS technique was later developed, in which the
TS is adjusted to maintain a fixed MEP amplitude (0.2 mV =+ 20 %) while
ISIs are varied in either a sequential ascending order (Vucic and Kiernan,
2006) or a pseudorandom parallel fashion (Tankisi et al., 2021a). For the
threshold tracking TMS paradigm, SICI is reflected by the requirement of
a higher conditioned test stimulus intensity to generate and maintain the
target MEP response (when compared to unconditioned TS) between 1-
to-7 ms. Two phases of SICI have been described: a smaller phase at an
ISI of ~ 1 ms and a larger phase at ISIs of 2.5-3 ms, although the exact
physiological mechanisms underlying these phases remain a matter of
debate (Fisher et al., 2002; Vucic and Kiernan, 2006). Notwithstanding
ongoing debate, multiple lines of evidence support a cortical origin of
SICI, most likely mediated by inhibitory interneuronal circuits acting
through GABA4 receptors. Additional mechanisms have also been pro-
posed, including increased axonal refractoriness and shunting inhibition
arising from the opening of channels in proximal dendrites targeted by
incoming afferents (Chen, 2004; Fisher et al., 2002; Hanajima et al.,
2003; Di Lazzaro and Rothwell, 2014; Paulus and Rothwell, 2016; Vucic
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TMS Paired-pulse Protocols

SICI ICF
1SI 1\-/7 ms ISI?(/)j30 ms
LICI SAl

—
I1S1 50-300 ms

SICF
ISI TT-4.5 ms
I Magnetic conditioning stimulus »

I Electric conditioning stimulus

I Magnetic test stimulus

Clinical Neurophysiology 182 (2026) 2111459

TMS-EEG Evoked Potentials

Fig. 1. TMS paired-pulse paradigms and TMS-EEG evoked potentials Schematic representation of the principal transcranial magnetic stimulation (TMS) par-
adigms used to assess cortical excitability and inhibition. Short-interval intracortical inhibition (SICI) and intracortical facilitation (ICF) are elicited using paired
magnetic stimuli with interstimulus intervals (ISIs) of 1-7 ms and 10-30 ms, respectively; long-interval intracortical inhibition (LICI) employs ISIs of 50-300 ms;
short-latency afferent inhibition (SAI) combines a peripheral electrical conditioning stimulus applied to the median (or ulnar) nerve at the wrist with a magnetic test
pulse delivered at ISIs of + 4 to + 8 ms relative to the latency of the N20 component of the somatosensory evoked potential (SEP); short-interval intracortical
facilitation (SICF) is obtained when a suprathreshold pulse (S1) is followed by a subthreshold pulse (S2) at ISIs of approximately 1.1-1.5, 2.3-3.0, and 4.1-4.5 ms,
producing distinct facilitation peaks. The relative height of the bars represents stimulus intensity with respect to the resting motor threshold (short = subthreshold;
long = suprathreshold). Representative TMS-evoked potentials (TEPs) recorded with TMS-EEG following stimulation of the left primary motor cortex are shown,
including early (P30, N45), middle (P60, N100, P180), and late (N280) components reflecting distinct excitatory and inhibitory processes. Abbreviations: ICF =
intracortical facilitation; ISI = interstimulus interval; LICI = long-interval intracortical inhibition; N = negative deflection; P = positive deflection; SAI = short-
latency afferent inhibition; SICI = short-interval intracortical inhibition; TEP = TMS-evoked potential; TMS = transcranial magnetic stimulation; TMS-EEG =

combined transcranial magnetic stimulation and electroencephalography.

et al., 2011; Vucic et al., 2009; Ziemann et al., 2015). More recently, it
was reported that physiologically distinct interneuronal circuits of var-
iable cortical orientation and thresholds also contribute to SICI (Pavey
et al., 2023).

Long-interval intracortical inhibition (LICI), typically elicited at ISIs
of ~ 50-200 ms, is mediated by GABAg mechanisms and may share
common pathways with the CSP (Claus et al., 1992; Di Lazzaro et al.,
2002a; Nakamura et al., 1997; Valls-Solé et al., 1992). SICI and LICI are
functionally distinct, as supported by pharmacological dissociation and
the lack of correlation between them (McDonnell et al., 2006; Sanger
et al., 2001; Ziemann, 2004; Ziemann et al., 2015).

Short-interval intracortical facilitation (SICF) reflects the activity of
higher-threshold cortical circuits, typically elicited when the CS is set at
or above threshold (Chen et al., 2008; Ziemann et al., 1998). Utilising
the constant stimulus method, three distinct SICF peaks have been
identified at discrete ISIs: 1.1-1.5, 2.3-3.0, and 4.1-4.5 ms corre-
sponding to SICF-1, SICF-2, and SICF-3. More recently, a threshold
tracking TMS paradigm was developed in which both the CS and TS
were set to threshold, and SICF was quantified by the reduction in TS
intensity required to maintain a target MEP amplitude of 0.2 mV [+20
%] (Van den Bos et al., 2018). As with the constant stimulus method,
SICF was observed at ISIs of 1-5 ms, with two facilitation peaks typically
occurring at approximately 1.5 ms and 2.5-3 ms. The precise physio-
logical mechanisms mediating SICF remain to be fully elucidated;
converging evidence indicates that SICF arises from facilitatory in-
teractions among I-waves at the motor cortex (Hanajima et al., 2002;
Ziemann et al., 2015, 1998), while disinhibition of inhibitory neuronal
circuits has also been proposed (Wagle-Shukla et al., 2009). The former

notion is supported by TMS modelling studies (Rusu et al., 2014) and the
observed periodicity of the specific peaks which occur at 1.5 ms (~660
Hz), being consistent with the I-wave frequency (Amassian et al., 1987).
Pharmacological TMS studies have implicated multiple neurotrans-
mitter systems in SICF, reinforcing its cortical origin (Ilic¢ et al., 2003,
2002; Korchounov and Ziemann, 2011; Di Lazzaro and Ziemann, 2013;
Ziemann et al., 2015). The facilitating effects of SICI highlights the role
of cortical circuitry (Wagle-Shukla et al., 2009), likely through disy-
naptic inhibition. Notably, the stimulation intensities and interstimulus
intervals that elicit SICF overlap with those of SICI, and activation of
SICF may account for the attenuation of SICI observed at higher CS in-
tensities (Ni et al., 2013; Peurala et al., 2008).

Central cholinergic circuits can be probed with short-latency afferent
inhibition (SAI), a protocol in which a peripheral afferent stimulus
suppresses MEPs evoked by M1 stimulation at latencies of 2-8 ms
(Dubbioso et al., 2019, 2017; Tokimura et al., 2000). The sensitivity of
SAI to muscarinic antagonists and acetylcholinesterase inhibitors dem-
onstrates its dependence on central cholinergic transmission (Di Lazzaro
etal., 2005, 2000), while studies also point to complex interactions with
GABAergic and dopaminergic systems (Berlanga et al., 2005; Di Lazzaro
etal., 2007a; De Marco and Venneri, 2018; Martorana et al., 2013, 2009;
Nobili et al., 2017).

In addition to local circuits, TMS can be used to probe connectivity
between cortical regions. Interhemispheric inhibition (IHI), also known
as transcallosal inhibition, measures the suppressive effect of condi-
tioning stimulation in one M1 on contralateral responses at ISIs of 6-50
ms (Ferbert et al., 1992; Di Lazzaro et al., 1999). Early and late com-
ponents (s-IHI and 1-IHI) appear to involve different mechanisms, with
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pharmacological evidence suggesting a role for GABAg receptors in the
late component (Daskalakis et al., 2002; Irlbacher et al., 2007). Related
measures such as the ipsilateral silent period (iSP) provide comple-
mentary insight into transcallosal inhibition during voluntary contrac-
tion (Giovannelli et al., 2009; Lee et al., 2007). Connectivity has also
been studied between premotor and motor cortices (Buch et al., 2010),
posterior parietal and motor regions (Koch et al., 2007), and cerebellum
and M1 (Oliveri et al., 2005), demonstrating the versatility of dual-site
TMS. EEG methods can extend these observations by quantifying oscil-
latory synchrony across regions (Rossini et al., 2020). The integration of
TMS with EEG further expands the range of measures by capturing TEPs
across cortical areas and characterizing oscillatory responses in multiple
frequency bands, such as alpha, beta, and gamma (Assenza et al., 2017;
Canali et al., 2017; Pigorini et al., 2011; Rosanova et al., 2009; Tremblay
et al., 2019). This approach not only provides insight into cortical
reactivity and effective connectivity but also enables pharmacological
probing of inhibitory and excitatory circuits (Shafi et al., 2014).

Finally, rTMS protocols provide a means to study and induce syn-
aptic plasticity in vivo. High-frequency rTMS, intermittent theta-burst
stimulation (iTBS), and paired associative stimulation with a 25 ms in-
terval (PAS25) typically produce long-term potentiation (LTP)-like ef-
fects, whereas low-frequency rTMS, continuous theta-burst stimulation
(cTBS), and PAS10 are associated with long-term depression (LTD)-like
effects (Chen et al., 2008; Huang et al., 2017; Lefaucheur, 2009; Suppa
et al., 2017, 2016). These protocols can engage homosynaptic mecha-
nisms, where repeated activation of the same synapses induces plas-
ticity, or heterosynaptic mechanisms, where interactions between
converging inputs drive changes in excitability (Ni et al., 2014). Plas-
ticity responses are not fixed but vary across the lifespan (Freitas et al.,
2011; Oberman and Benussi, 2023) and can be altered by systemic or
neurological conditions (Fried et al., 2016; Tremblay et al., 2015). More
recently, cortico-cortical paired associative protocols have been devel-
oped, in which stimulation of interconnected areas such as contralateral
M1, premotor cortex, supplementary motor area, parietal cortex, or
cerebellum is time-locked to M1 stimulation (Arai et al., 2011; Buch
et al., 2010; Chao et al., 2015; Koch et al., 2013; Lu et al., 2012; Rizzo
et al., 2009). These approaches offer novel opportunities to modulate
inter-regional connectivity and plasticity, and thereby to gain deeper
insight into distributed network dynamics.

3. Clinical applications of emergent neurophysiological
techniques for early and differential diagnosis

3.1. Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a rapidly progressive neuro-
degenerative disorder of the human nervous system, characterised by
dysfunction of the upper (UMN) and lower motor neurons (LMN)
(Geevasinga et al., 2016¢; Vucic et al., 2011, 2023). While focal disease
onset is typical, evolution of disease ensues spreading to other body
regions and resulting in global muscle wasting and weakness, with
respiratory dysfunction representing the terminal phase of ALS
(Dharmadasa et al., 2017; Vucic et al., 2014). Disease origin has been a
long-standing debate, with three main hypotheses proposed: (i) dying
forward hypothesis, whereby descending corticomotoneuronal tracts
mediate LMN degeneration through an anterograde glutamatergic
excitotoxic mechanism (Eisen et al., 2017, 1992), (ii) dying back hy-
pothesis referring to a LMN onset-disease and secondary dysfunction of
UMN pathways (Boillée et al., 2006; Fischer et al., 2004; Pun et al.,
2006; Williamson and Cleveland, 1999), and (iii) independent degen-
eration and dysfunction of the upper and lower motor neurons occurring
in a contiguous and random pattern (Ravits et al., 2007; Ravits and La
Spada, 2009). Ultimately, the relationship between dysfunction of the
upper and lower motor neurons is fundamental to diagnosis and un-
derstanding of ALS pathogenesis. The development of objective bio-
markers of upper and lower motor neuron dysfunction has clarified ALS

Clinical Neurophysiology 182 (2026) 2111459

pathogenesis and introduced potential diagnostic and prognostic tools.
These advances may also enable the identification of novel therapeutic
targets, inform treatment strategies, improve patient stratification and
monitoring in clinical ALS trials. Paired-pulse threshold tracking TMS
has emerged as an important neurophysiological technique for assessing
cortical excitability in neurological diseases with SICI and SICF exhib-
iting pathogenic and diagnostic utility in ALS (Vucic et al., 2023, 2013b;
Vucic and Kiernan, 2017).

3.1.1. Pathogenic insights from threshold tracking TMS

Reduction or absence of SICI has been identified as an early and
relatively specific feature in ALS (Blair et al., 2010; Hanajima et al.,
1996; Menon et al., 2016, 2015; Suzuki et al., 2022; Tankisi et al., 2022;
Vucic et al., 2008; Vucic and Kiernan, 2008, 2006; Zanette et al., 2002;
Ziemann et al., 1997). Notably, this reduction may occur focally within
the motor cortex during the first year of symptoms, paralleling the focal
clinical onset of disease (Dharmadasa et al., 2020). Reduced SICI cor-
relates with LMN dysfunction (Vucic and Kiernan, 2006), and may
precede onset of LMN dysfunction in sporadic ALS (Menon et al., 2015).
It has also been linked to specific ALS clinical features such as the split-
hand and split-hand plus signs (Bae et al., 2014; Menon et al., 2014),
disease evolution (Dharmadasa et al., 2020; Menon et al., 2017; Shibuya
et al., 2017).

Abnormalities of SICI have also been reported in atypical ALS phe-
notypes including the flail arm and flail leg variants of ALS as well as
primary lateral sclerosis (Geevasinga et al., 2015; Menon et al., 2016;
Vucic and Kiernan, 2007). In familial ALS cohorts, reduction in SICI has
been reported in phenotypes linked to mutations in the superoxide dis-
mutase-1 (Vucic et al., 2008), fused in sarcoma (Williams et al., 2013) and
C9orf72 genes (Nicholson et al., 2015). Importantly, asymptomatic
mutation carriers exhibit normal cortical function (Nicholson et al.,
2015), with SICI reduction preceding the clinical development of fa-
milial ALS by ~ 6 months (Vucic et al., 2008).

Reduced SICI has been proposed to reflect a compensatory response
to peripheral neurodegeneration (Zanette et al., 2002). However, the
observation of normal cortical excitability in ALS-mimic disorders
(Menon et al., 2015; Vucic et al., 2010, 2008), together with the partial
and transient normalization of SICI following treatment with the anti-
glutamatergic agent riluzole (Geevasinga et al., 2016b; Vucic et al.,
2013a), argues against a compensatory mechanism. Rather, dysfunction
of GABAergic interneuronal circuits, acting via GABA, receptors, ap-
pears to be the most plausible mechanism for mediating SICI reduction
in ALS, supported by pathological evidence in patients and mouse model
(Clark et al., 2021; Foerster et al., 2012; Nihei et al., 1993; Y.-J. Zhang
et al., 2016). Enhanced glutamatergic neurotransmission may also
contribute to SICI reduction in (Geevasinga et al., 2016b; Vucic et al.,
2013a). More recently, the reduction of SICI was reported to be more
pronounced in ALS patients with absent or subtle UMN signs (Tankisi
et al., 2022), raising questions about the pathogenic role of cortical
hyperexcitability in typical ALS phenotypes. This result, however, is
likely attributable to methodological differences, as the study employed
a pseudorandom parallel ordering of ISIs rather than the conventional
serial ascending approach, the latter demonstrating more robust dis-
tinctions in SICI between ALS and mimic disorders (Calma et al., 2025).

The physiological interpretation of SICI also depends on the orien-
tation of the induced current and the specific I-wave components acti-
vated by TMS. Posterior-to-anterior currents preferentially recruit early
I-waves (I1), whereas later I-waves (I12-13) are more effectively elicited
with lateral-to-medial stimulation (Hanajima et al., 1998). These dif-
ferences are relevant to ALS pathophysiology, as alterations in I-wave
composition or synchrony could contribute to the apparent reduction of
SICI. Indeed, cortical hyperexcitability in ALS may reflect not only
impaired GABAergic inhibition but also changes in the timing or relative
contribution of I-wave volleys, which modify the net inhibitory-
excitatory balance detected by paired-pulse TMS.

The reduction in SICI has been accompanied by an increase in SICF
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(Van Den Bos et al., 2018; Santos Silva et al., 2025). This imbalance
between inhibitory and facilitatory circuits can be quantified using the
novel biomarker termed index of excitation, which is elevated in ALS
and indicates that overactivity of facilitatory pathways contributes to
cortical hyperexcitability. Importantly, this overactivity correlates with
greater functional disability and the development of UMN signs,
underscoring its pathogenic significance in ALS. More recently,
dysfunction of distinct interneuronal circuits, preferentially activated by
TMS in posterior-to-anterior and lateral-to-medial current directions,
has been implicated in the development of cortical hyperexcitability in
ALS (Pavey et al., 2024).

It may be argued that cortical hyperexcitability provides a unifying
pathogenic framework for the apparent differences in patterns of disease
spread in ALS, with hyperexcitability of specific corticomotoneuronal
tracts acting as a conduit for propagation (Dharmadasa et al., 2024). A
contiguous horizontal pattern of disease spread (limb-to-limb) is most
frequently reported in ALS (Gargiulo-Monachelli et al., 2012; Korner
et al., 2011; Menon et al., 2019), with concordance between UMN and
LMN dysfunction in the affected region, as well as between the site of
disease onset and limb dominance (Devine et al., 2014; Turner et al.,
2011). Given the higher density of corticospinal tracts on the dominant
side and their function in mediating complex finer tasks (Rose et al.,
2012), the association between limb dominance and site of onset may be
explained by greater corticomotoneuronal hyperexcitability in the cor-
responding region. The spread of disease to contiguous or non-
contiguous regions could be explained by development of hyperexcit-
ability in corticomotoneuronal pathways destined for specific body re-
gions, resulting in a “river of hyperexcitability”. Support for this
hypothesis is provided by threshold tracking TMS studies disclosing
focal onset of cortical hyperexcitability within the M1 corresponding to
site of disease onset (Dharmadasa et al., 2020; Menon et al., 2019).

Support for the pathogenic importance of cortical hyperexcitability
has been provided by transgenic mouse model studies reporting that
mislocalization of TDP-43 in the UMNSs increases excitatory inputs to the
spinal motor neurons and induces disease progression through a dying
forward process (Reale et al., 2023). More recently, chronic cortical
hyperexcitability was shown to induce cytoplasmic TDP-43 aggregation
in upper and lower motor neurons, positioning hyperexcitability up-
stream of TDP-43 proteinopathy in ALS (Haidar et al., 2025). Collec-
tively, the threshold tracking TMS findings support the concept of ALS
being a multistep process (Al-Chalabi et al., 2014; Vucic et al., 2020,
2019), with cortical hyperexcitability representing a critical pathogenic
step, perhaps mediated via a “dying-forward” process. For a summary of

Table 1
Summary of characteristic TMS findings in neurological disorders.
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characteristic TMS findings see Table 1.

3.1.2. Diagnostic utility of threshold tracking TMS

At present, no pathognomonic test exists for ALS, and diagnosis still
relies on the recognition of combined upper and lower motor neuron
dysfunction using clinical and neurophysiological criteria, alongside
exclusion of mimicking disorders (Brooks, 1994; Brooks et al., 2000; de
Carvalho et al., 2008; Shefner et al., 2020). Over the past three decades,
multiple diagnostic frameworks have been proposed to facilitate earlier
and more reliable diagnosis and to support clinical trial recruitment. The
most widely adopted include the clinically based El Escorial and revised
El Escorial criteria, and the neurophysiologically integrated Awaji-
Shima criteria (Brooks, 1994; Brooks et al., 2000; de Carvalho et al.,
2008). However, these classifications are hindered by their reliance on
multiple hierarchical levels of diagnostic certainty, their complexity,
and limited inter-rater reproducibility. Critically, their sensitivity may
be suboptimal, as they depend on disease progression and exclusion of
mimicking disorders (Costa et al., 2012; Geevasinga et al., 2016a;
Johnsen et al., 2019). More recently, the simplified Gold Coast criteria
were proposed (Shefner et al., 2020), reducing diagnostic certainty to a
single level defined by the presence of UMN and LMN dysfunction in one
body region, or LMN dysfunction in two regions, in the context of dis-
ease progression and exclusion of mimicking disorders. Multiple studies
across Europe (Ferullo et al., 2024; de Jongh et al., 2022; Pugdahl et al.,
2021; Stikvoort Garcia et al., 2023), North America (Jewett et al., 2022)
and the Asia-Pacific (Ferullo et al., 2024; Hannaford et al., 2021; Otani
et al., 2024; Shen et al., 2021) region, have consistently shown greater
sensitivity of the Gold Coast criteria across ALS phenotypes, irrespective
of site of onset, disease duration, or level of functional disability.
Importantly, patients with predominantly lower motor neuron pheno-
types (progressive muscular atrophy/flail arm variant) were appropri-
ately captured, while those with primary lateral sclerosis were correctly
excluded (Hannaford et al., 2021). Although the Gold Coast criteria
generally outperform the revised El Escorial and Awaji criteria in terms
of sensitivity, specificity remains variable, and inter-rater reproduc-
ibility has not yet been established. A fundamental limitation shared by
all diagnostic frameworks is their dependence on the clinical detection
of UMN dysfunction. In ALS, eliciting UMN signs can be challenging for
several reasons (Swash, 2012), including: (i) extensive motor neuron
loss; (ii) degeneration of spinal interneurons and gamma motor neurons;
(iii) impaired descending excitatory motor input from propriospinal
projections with consequent dysregulation of presynaptic inhibition and
absent tendon reflexes; (iv) dispersion of efferent volleys due to distal

Disease RMT AMT CSP SAI SICI ICF SICF LICI LTP LTD

ALS =V A v v v A= A v

AD v v = v = = = v =
FTD = v = v v v v v
DLB v v v v

PD =V =V v v =V A v

PSP = A =V v =V A

CBS A v = v =VA v

AD = Alzheimer’s disease; ALS = amyotrophic lateral sclerosis; AMT = active motor threshold; CBS = corticobasal syndrome; CSP = cortical silent period; DLB =
dementia with Lewy bodies; FTD = frontotemporal dementia; ICF = intracortical facilitation; LICI = long-interval intracortical inhibition; LTD = long-term depression;
LTP = long-term potentiation; PD = Parkinson’s disease; PSP = progressive supranuclear palsy; RMT = resting motor threshold; SAI = short-latency afferent inhibition;
SICI = short-interval intracortical inhibition; SICF = short-interval intracortical facilitation; A = increase; v = decrease; = = no change.



A. Benussi and S. Vucic

axonal diameter changes causing asynchronous activation; and (v)
disruption of spinal motor neuron and interneuronal networks, along-
side disorganisation of alpha-gamma motor connectivity, producing
variable spasticity and inconsistent release of primitive reflexes such as
the Babinski sign.

The threshold tracking TMS technique provides an objective measure
of UMN dysfunction in ALS, with SICI reduction being a robust diag-
nostic biomarker in ALS (Geevasinga et al., 2014; Menon et al., 2015;
Vucic et al., 2011). Notably, SICI reduction reliably differentiates ALS
from neuromuscular mimicking disorders, hastening the diagnosis of
ALS by ~ eight months when compared to the revised El Escorial criteria
(Vucic et al., 2011). Incorporating SICI into the Awaji criteria enhanced
diagnostic sensitivity by 34 %, regardless of disease onset site or stage
(Menon et al., 2015). Beyond typical presentations, threshold tracking
TMS has enabled detection of subclinical UMN dysfunction, aiding
diagnosis in atypical phenotypes (Menon et al., 2016; Tankisi et al.,
2021; Tveit et al., 2023; Vucic and Kiernan, 2007). More recently, the
threshold tracking TMS technique was shown to provide a measure of an
imbalance between facilitatory and inhibitory circuit function, offering
a reproducible biomarker of UMN dysfunction and thereby further
aiding diagnosis (Santos Silva et al., 2025). Furthermore, the serial
ascending threshold tracking paradigm demonstrated superior diag-
nostic performance compared to the parallel tracking approach, inde-
pendent of disease stage, ALS phenotype, or degree of UMN involvement
(Calma et al., 2025).

The principal limitation of threshold tracking TMS lies in its
restricted accessibility, given the need for specialised hardware, soft-
ware, and operator expertise. Until recently, its application has been
largely confined to specialised centres. However, the recent commer-
cialization of the technique is expected to lower these barriers, sup-
porting its integration into both clinical practice and therapeutic trial
settings (Vucic et al., 2025). To conclusively establish its diagnostic
value, multicentre studies evaluating the sensitivity, specificity, and
inter-rater reliability of threshold tracking TMS will be essential.

3.1.3. TMS-EEG

TMS-EEG is a novel neurophysiological approach that allows direct
interrogation of cortical circuits in ALS, bypassing confounding in-
fluences from lower motor neurons (Tremblay et al., 2019). By capturing
cortical responses in real time, TMS-EEG enables more detailed probing
of discrete interneuronal dysfunction, thereby uncovering novel mech-
anisms of cortical hyperexcitability. In ALS, TMS-EEG has consistently
revealed abnormalities in TEPs, particularly implicating GABAergic
dysfunction and reinforcing the concept that cortical hyperexcitability
arises from disinhibition (van den Bos et al., 2025). Single-pulse studies
demonstrated a robust reduction in the N100 TEP component and pro-
nounced variability of the N45, findings highly suggestive of impaired
inhibitory function (van den Bos et al., 2025). Given pharmacological
evidence that GABAA- and GABAg-mediated inhibition underpins the
N45 and N100 potentials (Premoli et al., 2014), these abnormalities
strongly point to dysfunction of cortical GABAergic neurotransmission
in ALS. Further supporting this, paired-pulse paradigms have shown
reduced inhibition of the P60 and N100 components, with the degree of
N100 reduction correlating with longer disease duration (van den Bos
et al., 2025).

Separately, paired-pulse TMS disclosed a significant increase in the
P30 and P180 TEP components in ALS, while these components were not
abnormal with single-pulse TMS-EEG studies. The precise mechanisms
underlying the increase in P30 and P180 TEP components remains to be
fully resolved, although a dysfunction across both facilitatory and
inhibitory circuits has been suggested (van den Bos et al., 2025; Van Den
Bos et al., 2018). This notion needs to be confirmed in future studies.

Emerging genetic and molecular evidence strongly implicates
dysfunction of inhibitory GABAergic circuits in ALS, providing a
mechanistic basis for the TMS-EEG abnormalities. Post-mortem studies
have demonstrated degeneration of parvalbumin-positive interneurons
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(Maekawa et al., 2004; Nihei et al., 1993; W. Zhang et al., 2016), and
reduced expression of mRNA GABA, receptor subunits in the primary
motor cortex of ALS patients (Petri et al., 2003). Complementing these
findings, PET studies using !'C-flumazenil have shown in GABA, re-
ceptor binding in ALS (Turner et al., 2005; Wicks et al., 2008; Yabe et al.,
2012). At the genetic level, polygenic risk analyses have consistently
mapped ALS susceptibility to GABAergic interneurons and oligoden-
drocytes (Saez-Atienzar et al., 2021). Converging evidence from trans-
genic mouse models further underscores the pathogenic role of
interneuronal dysfunction: selective inhibition of parvalbumin-positive
interneurons induces cortical hyperexcitability (W. Zhang et al.,
2016), whereas restoring their function delays disease onset and pro-
longs survival (Khademullah et al., 2020). Taken together, these data
highlight GABAergic circuit degeneration as a central contributor to ALS
pathophysiology and suggest that therapeutic strategies aimed at
restoring cortical inhibition could hold significant promise.

The potential advantage of TMS-EEG compared to conventional
TMS-EMG measures of cortical inhibitory neuronal function is that it
directly assesses cortical activity, effectively bypassing contributions
from the brainstem and spinal cord. TMS-EEG also enables assessment of
cortical function in the setting of marked muscle wasting that precludes
reliable recording of MEPs. Although TMS-EEG is technically more
demanding than TMS-EMG, recent technological advances, such as
faster and more precise TEP acquisition, improved signal fidelity, and
automated online processing, are paving the way for its clinical trans-
lation. These developments will allow TMS-EEG to be applied as a
biomarker of target engagement and therapeutic efficacy in upcoming
clinical trials (Kiernan et al., 2021). Collectively, TMS-EEG has emerged
as a promising tool to detect cortical hyperexcitability and dissect
inhibitory circuit dysfunction in ALS, with the added potential to serve
as a reliable outcome measure in future clinical trials.

3.2. Cognitive decline and dementia

3.2.1. Alzheimer’s disease

Alzheimer’s disease (AD) is the most common cause of dementia
(Scheltens et al., 2021, 2016), clinically characterized by progressive
amnestic impairment and additional cognitive deficits that interfere
with daily functioning (Knopman et al., 2021). The pathological hall-
marks of AD include extracellular amyloid-p plaques and intraneuronal
tau neurofibrillary tangles, with atrophy beginning in the entorhinal
cortex and spreading to limbic, paralimbic, and finally associative
neocortical areas (Knopman et al., 2021). Although widespread cortical
atrophy is typically observed in later stages, alterations in functional
connectivity are already evident in prodromal phases (Brier et al., 2012;
Dennis and Thompson, 2014; Ferreri et al., 2003). In this context, TMS
provides a unique opportunity to probe cortical excitability, connec-
tivity, and plasticity in vivo, offering insight into pathophysiological
mechanisms and potential biomarkers for early and differential diag-
nosis (Di Lazzaro et al., 2021).

3.2.1.1. Pathogenic insights from single and paired-pulse TMS. A consis-
tent finding in AD is increased cortical excitability, most commonly
reflected by reductions in RMT (Alagona et al., 2004; Brem et al., 2013;
de Carvalho et al., 1997; Ferreri et al., 2011; Hoeppner et al., 2012;
Inghilleri et al., 2006; Issac et al., 2013; Khedr et al., 2011; Di Lazzaro
et al., 2008, 2004; Di Lorenzo et al., 2013; Martorana et al., 2009, 2008;
Motta et al., 2018; Schirinzi et al., 2018; Terranova et al., 2013; Treb-
bastoni et al., 2012; Wang et al., 2016), and in several studies, active
motor threshold (AMT) (Khedr et al., 2011; Di Lazzaro et al., 2007a;
Pepin et al., 1999; Wegrzyn et al., 2013). These findings likely reflect
imbalances in GABAergic, glutamatergic, and cholinergic neurotrans-
mission within M1. Since TMS drives high-frequency discharges of py-
ramidal neurons, enhanced non-NMDA receptor activity has been
proposed as a contributing mechanism (Brem et al., 2013; Di Lazzaro
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et al.,, 2004). Importantly, motor cortex hyperexcitability does not
appear to correlate directly with structural degeneration of corticospinal
or callosal tracts (Wegrzyn et al., 2013) or with local cortical thickness
(Niskanen et al., 2011) suggesting that functional alterations may pre-
cede or occur independently of atrophy.

Regarding inhibitory circuits, GABAj-mediated inhibition as
measured by SICI has often been reported to be preserved (Alberici et al.,
2008; Benussi et al., 2018b, 2018a, 2017a; Di Lazzaro et al., 2008,
2007a, 2004, 2002b; Di Lorenzo et al., 2013; Martorana et al., 2013;
Motta et al., 2018; Nardone et al., 2008; Olazaran et al., 2013; Pepin
et al., 1999), although several studies have shown a reduction in SICI
(Hoeppner et al., 2012; Liepert et al., 2001; Martorana et al., 2008;
Nardone et al., 2006; Olazaran et al., 2010; Pierantozzi et al., 2004). A
meta-analysis suggests that SICI impairment may become more evident
with longer disease duration, consistent with a stage-dependent phe-
nomenon (Mimura et al., 2021). GABAg-mediated inhibition, assessed
by cortical silent period (CSP), is largely unchanged (Alagona et al.,
2004; Inghilleri et al., 2006; Issac et al., 2013; Di Lazzaro et al., 2002b;
Liepert et al., 2001; Trebbastoni et al., 2012), although long-interval
intracortical inhibition (LICI) has been reported to be reduced in some
studies (Benussi et al., 2020e, 2017b; Brem et al., 2013). Intracortical
facilitation (ICF), reflecting glutamatergic circuit function, tends to be
diminished across multiple cohorts (Alberici et al., 2008; Benussi et al.,
2020e, 2018a, 2017b; Liepert et al., 2001; Di Lorenzo et al., 2013;
Martorana et al., 2013; Motta et al., 2018; Nardone et al., 2008, 2006;
Olazaran et al., 2010).

Given the pivotal role of cholinergic dysfunction in AD, SAI has been
extensively investigated and is consistently reduced (Bella et al., 2016;
Benussi et al., 2021a, 2022b, 2022a, 2020e, 2018a, 2017b; Bracca et al.,
2023; Hwang et al., 2018; Koch et al., 2016; Di Lorenzo et al., 2013;
Motta et al., 2018; Nardone et al., 2014b; Schirinzi et al., 2018; Yildiz
et al., 2018). Importantly, SAI abnormalities can be acutely normalized
by acetylcholinesterase inhibitors, L-dopa, or dopamine agonists (Koch
et al., 2014; Di Lazzaro et al., 2004; Martorana et al., 2013, 2009;
Nardone et al., 2014a), and are enhanced by cerebellar cTBS, suggesting
additional cerebellar involvement (Di Lorenzo et al., 2013). Taken
together, these findings indicate that SICI and ICF are relatively pre-
served, while SAI is consistently impaired in AD (Mimura et al., 2021).

3.2.1.2. Cortical plasticity. Synaptic degeneration is a central driver of
cognitive decline in AD (Walsh et al., 2002). Preclinical data indicate
that soluble amyloid-p oligomers disrupt long-term potentiation (LTP)
and promote long-term depression (LTD) (Li et al., 2009; Shankar et al.,
2008), facilitating tau-mediated synaptic toxicity (Palop and Mucke,
2010). In humans, intermittent theta-burst stimulation (iTBS) is widely
used to probe cortical plasticity, producing LTP-like increases in excit-
ability via NMDA/AMPA mechanisms (Huang et al., 2005). AD patients
exhibit impaired LTP-like plasticity, often with paradoxical LTD-like
responses, together with impaired SAI (Koch et al., 2012; Di Lorenzo
et al., 2016). These abnormalities correlate selectively with memory
performance (Di Lorenzo et al., 2018), discriminate AD from controls
with high diagnostic accuracy (Motta et al., 2018), and predict faster
cognitive decline. Plasticity alterations are further linked to higher CSF
tau levels, which are associated with a shift from LTP-like to LTD-like
cortical responses and faster cognitive decline (Koch et al., 2016) and
this relationship is strongly modulated by APOE genotype, being present
only in APOE &4 carriers (Koch et al., 2017). Consistent with these
findings, a subsequent study demonstrated that QPS5-induced LTP-like
plasticity correlates with both amyloid and tau biomarkers as well as
cognitive performance in the same individuals, suggesting that
abnormal motor-cortical plasticity may serve as an early neurophysio-
logical biomarker of Alzheimer’s disease pathology and follow a pro-
gression pattern similar to that of other established biomarkers
(Murakami et al., 2024). Methodological rigor is critical as plasticity
measures show variable test-retest reliability depending on stimulation
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parameters (Davila-Pérez et al., 2018; Schilberg et al., 2017; Vernet
et al., 2014; Ziemann and Siebner, 2015) For a summary of character-
istic TMS findings see Table 1.

3.2.1.3. Cortico-cortical connectivity and TMS-EEG. Alterations in
cortico-cortical connectivity are increasingly recognized as a hallmark
of Alzheimer’s disease. Interhemispheric connectivity assessed by the
ipsilateral silent period (iSP) is consistently abnormal, with prolonged
latency or duration reflecting impaired transcallosal inhibition and
correlating with cognitive severity (Hoeppner et al., 2012; Khedr et al.,
2011; Wegrzyn et al., 2013). Similarly, effective connectivity between
posterior parietal cortex and M1 is disrupted, requiring stronger con-
ditioning and longer intervals to induce facilitation, and these abnor-
malities correlate with episodic memory and executive dysfunction
(Bonni et al., 2013).

TMS-EEG has extended these insights by directly probing large-scale
network dynamics. Stimulation of frontal cortex reveals abnormal
propagation of TMS-evoked activity, indicating both impaired local
excitability and reduced long-range spread (Casarotto et al., 2011). In
line with early sensorimotor involvement in Alzheimer’s disease, TMS-
EEG studies have shown that the P30 component, originating mainly
from parietal and premotor regions, is already altered in prodromal and
early stages of the disease. Specifically, patients with MCI and early AD
exhibit a reduction of P30 amplitude over M1 and connected parietal
areas, reflecting impaired cortico-cortical connectivity and early
network dysfunction (Ferreri et al., 2016; Julkunen et al., 2008, 2011).
Moreover, source-localized analyses have demonstrated that P30
amplitude systematically decreases as cognitive impairment worsens,
closely tracking Mini-Mental State Examination scores and disease
severity, thus providing a direct physiological marker of disease pro-
gression (Bagattini et al., 2019).

Oscillatory responses to TMS-EEG provide further pathophysiolog-
ical information. Reduced frontal gamma activity has been consistently
observed in mild-to-moderate AD, and lower gamma predicted impaired
LTP-like plasticity and accelerated cognitive decline over 24 weeks
(Casula et al., 2023, 2022; Maiella et al., 2024). Longitudinal work in
amnestic mild cognitive impairment (MCI) showed that reduced inter-
trial coherence in beta and gamma bands over M1 differentiated con-
verters to AD from non-converters, while metrics of waveform stability
improved individual-level prediction (Ferreri et al., 2021). Beyond pa-
tient cohorts, perturbation-based indices of cortical excitability obtained
with TMS-EEG correlate strongly with plasma p-taul81 in cognitively
unimpaired adults, outperforming spontaneous EEG markers and sup-
porting a mechanistic link between excitability and tau-related pathol-
ogy in preclinical stages (Perellon-Alfonso et al., 2024).

Importantly, TMS-EEG can also be used to track treatment engage-
ment and guide network-targeted interventions. High-frequency rTMS
of the precuneus was shown to strengthen precuneus-medial frontal
coupling and enhance parietal beta/gamma oscillations. In a random-
ized, double-blind, sham-controlled trial, precuneus stimulation stabi-
lized cognitive outcomes and preserved precuneus excitability with
concomitant enhancement of local gamma activity (Koch et al., 2025,
2022).

Finally, multimodal studies are beginning to link TMS-EEG metrics
with underlying neurotransmission. In healthy individuals, 7 T magnetic
resonance spectroscopy demonstrated that cortical GABA concentra-
tions relate most strongly to model-derived indices of tonic inhibition
inferred from TEPs, providing a mechanistic bridge between inhibitory
tone and perturbation-based EEG measures (Paparella et al., 2025).
Although not yet applied systematically in AD, these findings reinforce
the interpretability of inhibitory TEP components, which are frequently
reported as abnormal in AD cohorts.

3.2.2. Frontotemporal lobar degeneration
Frontotemporal dementia (FTD) is one of the most frequent
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neurodegenerative dementias after Alzheimer’s disease, clinically
characterized by behavioural change, language impairment, and exec-
utive dysfunction (Grossman et al., 2023). Three main variants are
recognized: the behavioural variant (bvFTD) (Rascovsky et al., 2011)
and the agrammatic and semantic variants of primary progressive
aphasia (avPPA, svPPA) (Gorno-Tempini et al., 2011). Frontotemporal
lobar degeneration (FTLD) selectively targets frontal and temporal
cortices, with tau or TAR DNA-binding protein 43 (TDP-43) pathology as
predominant hallmarks (Neumann and Mackenzie, 2019; Spillantini and
Goedert, 2013). Genetic mutations account for ~ 10-30 % of cases, most
commonly in MAPT and GRN, or a hexanucleotide repeat expansion in
C9orf72 (Benussi et al., 2015; Borroni and Benussi, 2019). Converging
evidence indicates prominent alterations of GABAergic and gluta-
matergic transmission, with relative sparing of cholinergic systems
(Benussi et al., 2019a; Borroni et al., 2018; Murley et al., 2020; Murley
and Rowe, 2018).

3.2.2.1. Pathogenic insights from single and paired-pulse TMS. TMS has
revealed several motor system abnormalities in FTD, including reduced
or absent MEPs, prolonged MEP latencies, and increased central motor
conduction time (CMCT) (Bae et al., 2016; Burrell et al., 2011; Chandra
et al., 2016; Di Lazzaro et al., 2006; Schanz et al., 2016; Wang et al.,
2016). In contrast to AD, resting motor threshold (RMT) is generally
unchanged (Alberici et al., 2008; Bae et al., 2016; Benussi et al., 20194,
2019b, 2018a, 2017b; Burrell et al., 2011; Chandra et al., 2016; Issac
et al., 2013; Di Lazzaro et al., 2006; Pierantozzi et al., 2004; Di Stasio
et al., 2018; Wang et al., 2016).

Early small studies reported no major differences in SICI or ICF
(Alberici et al., 2008; Pierantozzi et al., 2004), but subsequent larger
cohorts consistently demonstrated reductions in both SICI and ICF (Bae
et al., 2016; Benussi et al., 2022b, 2020d, 2020b, 2020g, 2020c, 2020e,
2019d, 2018a, 2018b, 2017a, 2017b; Bracca et al., 2023; Burrell et al.,
2011; Gazzina et al., 2018; Italia et al., 2024; Padovani et al., 2019,
2018; Palese et al., 2020), in keeping with FTLD-related inhibitory and
excitatory dysfunction (Benussi et al., 2021; Murley and Rowe, 2018).
By contrast, SAI is typically normal (Benussi et al., 2020e, 2018a, 2017a,
2017b; Di Lazzaro et al., 2006; Padovani et al., 2018), supporting the
view that cholinergic deficits are not a core feature of FTD.

Neurophysiology-phenotype correlations underscore clinical rele-
vance: reduced SICI and LICI correlate with “positive” behavioural
symptoms (restlessness, irritability, aggression), whereas diminished
ICF relates to “negative” symptoms (apathy, aspontaneity, indifference)
(Benussi et al., 2020b). This pattern aligns with models hypothesizing
that disinhibition of cortical circuits drives positive symptoms, while
loss of excitatory drive contributes to negative symptoms (Benussi et al.,
2019a).

Importantly, similar abnormalities are present in genetic FTD,
including presymptomatic mutation carriers (Benussi et al., 2019d,
2016; Gazzina et al., 2018). Deficits in SICI and ICF can precede the
estimated clinical onset by more than three decades, with structural
atrophy and cognitive decline emerging later (Benussi et al., 2019d). In
presymptomatic GRN carriers, reduced ICF correlates with cortical
thinning and reduced surface area of the right insula, pointing to early
glutamatergic disruption within salience network hubs (Gazzina et al.,
2018). Moreover, SICI, ICF, and LICI correlate with disease severity, and
SICI best predicts clinical progression, explaining ~ 72.5 % of the
variance in FTLD-modified Clinical Dementia Rating scale (FTLD-CDR)
change over 12 months (Benussi et al., 2020c).

Recent studies have linked these neurophysiological changes to fluid
biomarkers of disease. In a large multicenter cohort of 406 individuals,
serum GFAP, a marker of astroglial activation, was significantly elevated
in FTD and correlated with cognitive impairment and disease severity
(Benussi et al., 2020a). Importantly, higher GFAP levels were associated
with greater impairment in LICI, suggesting a direct relationship be-
tween astrocytic pathology and GABAg-mediated cortical inhibition.
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These associations were independent of CSF tau and amyloid bio-
markers, emphasizing their specificity for non-Alzheimer’s disease
mechanisms (Benussi et al., 2020a).

Additional work has shown that serum neurofilament light (NfL)
levels, a marker of axonal degeneration, were strongly correlated with
impairment of GABAergic circuits, as reflected by reductions in SICI and
LICI, but not with glutamatergic or cholinergic measures (Benussi et al.,
2020f). Higher NfL levels were associated with more severe clinical
symptoms and greater frontotemporal atrophy, underscoring its role as a
marker of disease burden. In contrast, serum p-Tau;g; levels were not
associated with TMS measures in FTD, although they correlated with SAI
in AD, reflecting cholinergic deficits specific to Alzheimer’s pathology.

3.2.2.2. Cortical plasticity. LTP- and LTD-like plasticity are impaired in
FTD across stages. Facilitatory sensorimotor PAS reveals reduced LTP-
like responses in both presymptomatic and symptomatic individuals
(Benussi et al., 2016). Using theta-burst stimulation, deficits are evident
for iTBS (LTP-like) and cTBS (LTD-like), with greater impairment in
patients without associated parkinsonism compared with those with
parkinsonism (Di Stasio et al., 2018). These human data mirror animal
models, where synaptic plasticity deficits are detectable before overt
neuropathology (e.g., GRN knockout mice) (Petkau et al., 2012) For a
summary of characteristic TMS findings see Table 1.

3.2.2.3. TMS-EEG. TMS-EEG applications, though much fewer than in
AD, provide direct evidence of abnormal cortical reactivity and oscil-
latory dynamics in bvFTD. In particular, a recent study demonstrated
that treatment with ultramicronized palmitoylethanolamide combined
with luteolin (PEA-LUT) was associated with improved frontal lobe
functions and a concomitant increase in TMS-evoked high-frequency
(beta-gamma) activity over prefrontal regions, supporting both
impaired frontal oscillatory responses in bvFTD and their potential
pharmacological modulation (Assogna et al., 2020). While findings are
still preliminary, these measures show promise as biomarkers for disease
mechanisms and as tools to monitor treatment effects.

3.2.3. Dementia with Lewy bodies

Dementia with Lewy bodies (DLB) is the second most common
degenerative dementia after AD and is characterized clinically by fluc-
tuating cognition, parkinsonism, REM sleep behaviour disorder, and
recurrent complex visual hallucinations (McKeith et al., 2017). Neuro-
pathologically, DLB is defined by widespread cortical and subcortical
deposition of a-synuclein in the form of Lewy bodies and Lewy neurites,
frequently accompanied by concomitant Alzheimer-type pathology.
Cholinergic dysfunction is generally more severe in DLB than in AD,
while glutamatergic and GABAergic alterations also contribute to
symptomatology (Khundakar et al., 2016; Okkels et al., 2024).

3.2.3.1. Pathogenic insights from paired-pulse TMS. The majority of TMS
studies in DLB have used canonical paired-pulse protocols probing
intracortical inhibition and facilitation. Findings for SICI are inconsis-
tent: some studies reported no differences compared to AD or controls
(Di Lazzaro et al., 2007b; Nardone et al., 2006), while others demon-
strated reduced SICI in DLB patients (Benussi et al., 2021b, 2022c,
2020e, 2018b; Rizzardi et al., 2025). ICF has also been found to be
diminished in several studies, again reflecting excitatory dysfunction
(Benussi et al., 2021b; Benussi et al., 2022¢, 2020e, 2018b; Rizzardi
et al., 2025).

Given the profound cholinergic deficit in DLB, SAI has been studied
more extensively. Several groups found reduced SAI compared with
controls (Benussi et al., 2022c, 2020e, 2018b; Di Lazzaro et al., 2007b;
Marra et al., 2012; Padovani et al., 2019; Rizzardi et al., 2025), although
others reported preserved SAI in DLB with impairment seen only in AD
(Nardone et al., 2006). Notably, SAI correlates with severity of visual
hallucinations in DLB (Marra et al., 2012), aligning with the role of



A. Benussi and S. Vucic

cholinergic deficits in the genesis of this symptom (Esmaeeli et al.,
2019).

3.2.3.2. Cortical plasticity. Direct evidence on cortical plasticity in DLB
has only recently emerged. Earlier work lacked consistent data from PAS
or TBS paradigms, and conclusions relied mainly on neuropathological
and preclinical studies suggesting that a-synuclein aggregates interfere
with synaptic function and plasticity (Schulz-Schaeffer, 2010). A recent
comparative TMS study provided the first direct evidence of plasticity
impairment in DLB (Olgun et al., 2024). Using intermittent iTBS, pa-
tients with DLB showed a marked reduction in LTP-like plasticity, re-
flected by diminished MEP facilitation after stimulation compared to
healthy controls For a summary of characteristic TMS findings see
Table 1.

3.2.3.3. TMS-EEG. TMS-EEG applications in DLB are still limited, but
recent work has begun to reveal network-level dysfunctions underlying
core symptoms. Spontaneous EEG consistently shows posterior slowing
(Bonanni et al., 2015; Schumacher et al., 2019), and perturbation-based
approaches can help disentangle whether these changes reflect altered
excitability or impaired connectivity. A recent study directly examined
effective connectivity within the visual (VIS) and dorsal attention (DAN)
networks in Lewy body diseases. TMS-EEG of the intraparietal sulcus
and frontal eye fields, key DAN nodes, showed reduced evoked activity
in patients with visual hallucinations, including those with DLB,
whereas stimulation of early visual cortex (V1/V2) elicited preserved
responses. These results suggest that hallucinations stem from impaired
top-down attentional control rather than bottom-up visual dysfunction
(Leodori et al., 2023).

3.2.4. Diagnostic utility of TMS and TMS-EEG in the differential diagnosis
of cognitive decline and dementia

Validated imaging and fluid biomarkers are widely used in the
diagnostic work-up of dementia and show high accuracy, but their
utility is limited by cost, invasiveness, and restricted applicability across
different dementia subtypes (Frisoni et al., 2017). Blood-based bio-
markers have shown great potential but are still not widely applied on
clinical grounds (Benussi et al., 2025; Teunissen et al., 2022). In
contrast, TMS offers a non-invasive and accessible approach, and several
studies have demonstrated its diagnostic potential in distinguishing
among AD, DLB, and FTD.

In a multicentre study of 175 participants, the ratio between SICI-ICF
and SAI (SICI/ICF divided by SAI) differentiated FTD from AD with 91.8
% sensitivity and 88.6 % specificity, AD from controls with 84.8 %
sensitivity and 90.6 % specificity, and FTD from controls with 90.2 %
sensitivity and 78.1 % specificity (Benussi et al., 2017b). Subsequent
studies confirmed that adding TMS to routine clinical evaluation
significantly increased diagnostic confidence in distinguishing AD from
FTD, with an effect comparable to established amyloid biomarkers
(Benussi et al., 2018a).

TMS has also proven effective in the MCI stage. In single-centre co-
horts, TMS reached ~ 90 % accuracy in discriminating MCI due to AD
from non-AD MCI, again improving diagnostic confidence to a degree
comparable with amyloid biomarkers (Padovani et al., 2019).

A more recent multicentre study including 694 participants (273 CE,
67 DLB, 207 FTD, 147 controls) applied machine learning to TMS
measures (SICI, ICF, SAL LICI) and achieved very high diagnostic ac-
curacy (AUC 0.89-0.92) across groups (Benussi et al., 2020e). The
classifier followed a hierarchical approach: (i) controls versus patients,
(ii) FTD versus central cholinergic dementias (AD, DLB), and (iii) AD
versus DLB. Importantly, the large sample size allowed for robust cross-
validation, minimizing overfitting, and the authors released an open-
access R script enabling classification of individual patients from raw
TMS indices.

Using the same framework, the group extended their work to
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prodromal disease also from a multicentre cohort. A classifier trained on
TMS measures differentiated MCI-AD, MCI-FTD, and MCI-DLB with high
accuracy (AUC 0.72-0.86) and precision (0.72-0.90) (Benussi et al.,
2021b).

Recent evidence demonstrated that combining TMS measures with
blood-based biomarkers further increases diagnostic power. In a cohort
of 202 individuals, the best model for identifying dementia cases from
healthy controls included both plasma markers (p-Tau;g;, GFAP, NfL)
and TMS indices (SICI, ICF, SAI), yielding an AUC of 0.99. Similarly, for
differentiating AD from FTD, combining plasma p-Tauigi, AB42,/40 ratio,
SICI, ICF, and SAI achieved an AUC of 0.98. Notably, while SAI alone
was the best single discriminator for AD versus FTD (AUC 0.96),
combining blood and neurophysiological measures provided additional
robustness and clinical interpretability (Benussi et al., 2022b).

Beyond motor-based paradigms, recent studies have explored the
diagnostic potential of TMS-EEG in dementia. TMS-EEG has emerged as
a promising tool for differential diagnosis in dementia by directly
probing cortical reactivity and network-level dynamics. Several recent
studies have evaluated its diagnostic accuracy using different analytic
frameworks.

Single-pulse TMS-EEG over the left dorsolateral prefrontal cortex
combined with machine learning has demonstrated high accuracy in
distinguishing AD from controls. By extracting more than 150 time-
domain features, including post-TMS maximum amplitude, Hjorth
complexity, and TEP amplitude in the 45-80 ms window, a Random
Forest classifier trained with leave-one-subject-out validation achieved
92.9 % accuracy, 96.2 % sensitivity, and 87.9 % specificity, indicating
that both local cortical reactivity and distributed responses carry diag-
nostic value (Tautan et al., 2023).

Energy-based perturbation metrics have also been proposed to
quantify the amplitude and duration of TMS-evoked responses, reflect-
ing the time required for the EEG signal to return to baseline. In a cohort
of AD patients and controls, three indices, including the Target
Engagement Duration Index, the Engagement Decay Index, and the
Target Engagement Index, achieved 69.3 % accuracy (72.2 % sensitivity,
66.4 % specificity), with the most reliable results obtained using a 20 ms
sliding window. Although less accurate than feature-rich models, these
indices provide a direct summary of perturbational recovery dynamics
and may complement other markers (Tautan et al., 2022).

An alternative approach based on multivariate empirical mode
decomposition (MEMD) has characterized the oscillatory structure of
TMS-evoked activity. Compared with controls, AD patients exhibited a
weakened slow-frequency response and a reduced biphasic pattern in
faster modes. Classification based on these features achieved robust
discrimination, with true- and false-positive rates of 85 % and 23 %,
respectively (Bernardi et al., 2025).

Finally, a spatiotemporal analysis of canonical TEP components
demonstrated that features of the N100 and P200 extracted from pre-
defined frontal and parietal regions of interest can reliably separate
cognitively impaired individuals from controls. Classification based on
N100 time-domain features reached 88.4 % accuracy, with right frontal
and left parietal regions providing the strongest contribution, under-
scoring the diagnostic value of canonical TEP markers (Zhang et al.,
2021).

Taken together, these findings demonstrate that TMS and TMS-EEG
provide robust, non-invasive biomarkers capable of differentiating be-
tween major dementia subtypes and identifying prodromal disease.
Their integration into clinical workflows has the potential to comple-
ment established imaging and fluid markers, broadening access to early
and accurate diagnosis.

3.3. Movement disorders
3.3.1. Parkinson’s disease

Parkinson’s disease (PD) is the second most common neurodegen-
erative disorder, affecting ~ 1 % of individuals older than 65 years
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(Bloem et al., 2021). Clinically, PD is characterized by bradykinesia,
rigidity, and resting tremor, with heterogeneous motor subtypes
(tremor-dominant vs. akinetic-rigid) and frequent non-motor manifes-
tations. Pathophysiologically, degeneration of dopaminergic neurons in
the substantia nigra and dysfunction of basal ganglia-cortical circuits
result in abnormal motor control. Given its ability to probe cortical
excitability and plasticity, TMS has been widely applied to study PD
pathophysiology and treatment effects (Suppa et al., 2025).

3.3.1.1. Pathogenic insights from paired-pulse TMS. Motor threshold
findings in PD are heterogeneous. Most studies report normal RMT and
AMT (Chen and Rothwell, 2012), but some describe reduced RMT in
patients with marked rigidity (Cantello et al., 1991; Spagnolo et al.,
2013; Tremblay and Tremblay, 2002; Valls-Solé et al., 1994). In
contrast, AMT has occasionally been found to be increased and associ-
ated with bradykinesia (Ellaway et al., 1995), albeit this relationship is
not consistently observed (Bologna et al., 2018). Tremor-dominant pa-
tients may exhibit lower RMT and AMT compared with akinetic-rigid
subtypes and controls (Khedr et al., 2021). Recruitment curve slopes
are often steeper at rest but flatter during contraction, correlating with
bradykinesia severity and disease stage (Bologna et al., 2018; Valls-Solé
et al., 1994), consistent with compensatory hyperexcitability.

Inhibitory circuits are also abnormal in PD. SICI is frequently
reduced (Ni et al., 2013; Ridding et al., 1995), including on the less
affected side of de novo patients (Ammann et al., 2021), and declines
further with disease progression (Kojovic et al., 2015). Reports of
normalization with levodopa (Ni et al., 2013; Ridding et al., 1995) or
subthalamic nucleus deep brain stimulation (Cunic et al., 2002) contrast
with negative findings (Bologna et al., 2018; Lewis and Byblow, 2002;
MacKinnon et al., 2005), likely reflecting clinical heterogeneity. CSP
duration, another GABAg-mediated marker, is variably reduced
(Cantello, 2002), shorter in the “off’ than “on” state but often not
different from controls (Ridding et al., 1995). LICI findings are incon-
sistent, with reductions (Chu et al., 2009), increases (Berardelli et al.,
1996), and normal results (Sailer et al., 2003; Valzania et al., 1997),
reflecting methodological differences. Recent evidence has demon-
strated that SICI reduction is present across the spectrum of alpha-
synucleinopathies, being detectable in drug-naive PD patients, more
pronounced in DLB, and milder in individuals with idiopathic REM sleep
behaviour disorder (iRBD). This pattern suggests a progressive gradient
of cortical disinhibition, with early involvement occurring before the
onset of motor symptoms and worsening as the disease advances
(Rizzardi et al., 2025).

Facilitatory measures also reveal circuit dysfunction. ICF is variably
normal (Ridding et al., 1995), reduced (Bares et al., 2003), or increased
(Lefaucheur et al., 2004). Recent evidence indicates that ICF is slightly
reduced in PD compared to controls, with more pronounced reductions
observed in DLB. In iRBD, ICF values are more variable, suggesting that
early glutamatergic dysfunction may precede conversion to DLB rather
than PD (Rizzardi et al., 2025). In contrast, SICF is consistently
enhanced, even in de novo PD patients (Shirota et al., 2019), and
inversely correlates with SICI (Ni et al., 2013). SICF is further elevated in
dyskinetic patients (Guerra et al., 2019). Triple-pulse protocols indicate
altered SICI-SICF interactions, with absent modulation in PD compared
to controls, particularly in patients with greater motor impairment;
levodopa may normalize these effects (Saravanamuttu et al., 2021).
Notably, SICI depends on the direction of the induced current and the
pattern of I-wave recruitment. When assessed using posterior-to-anterior
currents, SICI is typically reduced in PD, whereas it may be preserved
with anterior-to-posterior stimulation, suggesting differential engage-
ment of inhibitory interneurons and possible alterations in I-wave
composition (Hanajima et al., 2011). These findings point to abnormal
interactions between inhibitory and facilitatory circuits, dependent on
disease stage and phenotype.

As the disease progresses beyond motor symptoms, other
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neurotransmitter systems become involved, contributing to cognitive
and non-motor manifestations. Among these, cholinergic dysfunction
plays a pivotal role and can be assessed in vivo using SAIL Cognitive
decline typically emerges in later PD stages, paralleling the spread of
Lewy body pathology to cortical regions (Postuma et al., 2018). Early
deficits often involve executive and visuospatial domains, progressing to
broader cognitive dysfunction. Reduced SAI has been consistently linked
to cognitive impairment in PD (Celebi et al., 2012; Dubbioso et al., 2019;
Nardone et al., 2013; Yarnall et al., 2013), and predicts risk of dementia,
visual hallucinations (Manganelli et al., 2009), dysphagia (Lee et al.,
2015), olfactory dysfunction (Oh et al., 2017; Versace et al., 2017), and
REM sleep behaviour disorder (Nardone et al., 2013). In drug-naive PD,
SAI is generally preserved, while mild reductions are observed in in-
dividuals with idiopathic REM sleep behaviour disorder and marked
impairments are seen in those with DLB, suggesting a progressive
gradient of cholinergic involvement across the alpha-synucleinopathy
spectrum (Rizzardi et al., 2025). Conversely, stronger SAI in medi-
cated patients correlates with better gait performance (Rochester et al.,
2012), while reduced SAI is associated with gait instability and falls
(Pelosin et al., 2016). Together, these findings indicate that progressive
cholinergic degeneration may underline both cognitive and motor
complications in the spectrum of alpha-synucleinopathies.

3.3.1.2. Cortical plasticity. Cortical plasticity is consistently impaired in
PD. Unlike healthy controls, PD patients often fail to exhibit facilitation
after HF-rTMS (Gilio et al.,, 2002) or inhibition after LF-rTMS
(Lefaucheur et al., 2004). PAS protocols reveal absent or blunted
LTP-like plasticity (Bologna et al., 2018; Kojovic et al., 2012; Morgante
et al.,, 2006; Ueki et al., 2006). Levodopa may restore PAS-induced
plasticity in non-dyskinetic patients but not in those with dyskinesias
(Morgante et al., 2006; Ueki et al., 2006), suggesting dopaminergic state
and motor complications modulate plasticity. In line with these findings,
quadripulse stimulation (QPS5) studies have demonstrated reduced
LTP-like plasticity in early-stage PD, which can be restored by levodopa
and shows an inverse correlation with motor symptom severity,
particularly bradykinesia and rigidity affecting the upper limbs
(Moriyasu et al., 2022). For a summary of characteristic TMS findings
see Table 1.

3.3.1.3. Cortico-cortical connectivity and TMS-EEG. Interhemispheric
and cortico-cortical connectivity are also disrupted in PD. Callosal in-
hibition is altered, with reduced LIHI in patients with mirror move-
ments, while SIHI may remain intact (Li et al., 2007). Tremor-dominant
subtypes show shorter iSP duration, while akinetic-rigid patients exhibit
longer latency relative to controls (Khedr et al., 2021).

Cerebellar inhibition (CBI) indexes the cerebello-thalamo-cortical
pathway and is typically assessed with a conditioning TMS pulse over
the cerebellum followed by an M1 test pulse at interstimulus intervals
(ISIs) of ~ 5-8 ms (Pinto and Chen, 2001; Ugawa et al., 1995).
Cerebellar-cortical interactions are impaired as reflected by reduced
CBI, which may normalize with dopaminergic treatment in some cohorts
(Ni et al., 2010; Shirota et al., 2010) but not others (Carrillo et al., 2013).

TMS-EEG studies in PD have revealed consistent alterations in
cortical excitability, propagation, and oscillatory dynamics. In advanced
PD with STN-DBS, cortical reactivity is modulated in a treatment-
specific manner, with DBS enhancing early TEPs and high-alpha oscil-
lations and levodopa augmenting later components and beta power
(Casula et al., 2017). Region-specific abnormalities include reduced M1
P30 and increased pre-SMA N40, both dopamine-sensitive, with M1
hypoexcitability already detectable in de novo PD (Leodori et al., 2024).
Broader mapping indicates reduced waveform adherence, increased
variability, and weaker interhemispheric connectivity in motor and
prefrontal circuits (Maidan et al., 2021), while occipital stimulation
shows reduced interhemispheric coupling that classifies rapid pro-
gressors with high accuracy (Zifman et al., 2024). Symptom-specific



A. Benussi and S. Vucic

effects are also evident: re-emergent tremor is linked to M1 as a causal
node, with TMS resetting tremor and P60 dynamically tracking tremor
expression (Leodori et al., 2020). Levodopa increases SMA excitability in
relation to nigrostriatal dopaminergic deficits (Casarotto et al., 2019),
and DBS conditioning paradigms reveal GABAergic inhibitory pro-
jections mediating normalization of cortical responses (Passera et al.,
2023). More recently, perturbation of M1 and DLPFC demonstrated
abnormal P30/P60 amplitudes and reduced alpha/beta power, with M1
excitability correlating with motor severity and DLPFC measures
relating to depressive symptoms (Zhu et al., 2025). Collectively, these
findings highlight early M1 hypoexcitability, compensatory premotor
hyperexcitability, impaired network stability, and dopamine/DBS-
sensitive oscillatory markers, underscoring the potential of TMS-EEG
as a biomarker for staging, phenotyping, and therapeutic monitoring
in PD.

3.3.2. Progressive supranuclear palsy

Progressive supranuclear palsy (PSP) is a tauopathy neuro-
pathologically defined by the widespread deposition of hyper-
phosphorylated tau, accompanied by the formation of tufted astrocytes
and globose neurofibrillary tangles across cortical and subcortical
structures (Borroni et al., 2014; Boxer et al., 2017). Clinically, PSP is
characterized by parkinsonism, vertical supranuclear gaze palsy, and
early postural instability with falls, with several phenotypic variants
including the classical Richardson syndrome and PSP-parkinsonism
(Hoglinger et al., 2017). Cognitive impairment, particularly affecting
executive and frontal functions, can occur early in the disease course
(Boxer et al., 2017; Cosseddu et al., 2017; Pilotto et al., 2017; Steele
et al., 1964). The complex symptomatology reflects combined degen-
eration of cortical and subcortical networks, including the motor cortex,
corticospinal tracts, and cortico-cortical connections (Bologna et al.,
2017a). Given its ability to directly probe motor cortical circuits, TMS
has been extensively applied to investigate PSP pathophysiology over
the past three decades (Bologna et al., 2017b; Suppa et al., 2025).

3.3.2.1. Pathogenic insights from single and paired-pulse TMS. Single- and
paired-pulse TMS studies have revealed specific alterations in intra-
cortical circuits in PSP. Resting and active motor thresholds are gener-
ally preserved, but several studies have reported increased MEP
amplitudes at rest and a steeper input-output curve, indicating
increased corticospinal excitability (Bologna et al., 2017a; Conte et al.,
2012; Fisicaro et al., 2020; Kiihn et al., 2004).

A consistent finding across studies is marked SICI reduction,
reflecting impaired GABAa-mediated inhibition and motor cortical
disinhibition (Benussi et al., 2018b; Bologna et al., 2017a; Conte et al.,
2012; Honda et al., 2023; Kiihn et al., 2004). This cortical disinhibition
is thought to arise either from decreased input to inhibitory interneurons
due to degeneration of subcortical or cortico-cortical projections or from
direct degeneration of inhibitory interneurons within M1.

Data on GABAg-mediated inhibition are limited. CSP duration was
found to be prolonged in two studies (Fisicaro et al., 2020; Kiihn et al.,
2004), a finding that contrasts with SICI reduction and challenges the
simple model of cortical disinhibition, highlighting the need for further
investigation. LICI has not been systematically studied in PSP.

Regarding excitatory glutamatergic circuits, most studies reported
normal intracortical facilitation (ICF) (Bologna et al., 2017a; Brusa
et al., 2014; Conte et al., 2012; Honda et al., 2023; Kiihn et al., 2004),
although one study showed a reduction in ICF (Benussi et al., 2018b).

The role of cholinergic circuits, as measured by SAI, remains
controversial. While some studies found no significant differences
compared to healthy controls (Benussi et al., 2018b; Nardone et al.,
2005), others reported reduced SAI (Brusa et al., 2014). Importantly, SAI
deficits were not restored by two weeks of non-invasive cerebellar
stimulation, suggesting that PSP-related cholinergic dysfunction may
originate in subcortical regions, such as the nucleus basalis of Meynert,
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rather than at the cortical level (Nardone et al., 2005).

3.3.2.2. Cortical plasticity. Repetitive TMS protocols have revealed
abnormal plasticity mechanisms in PSP. After intermittent theta-burst
stimulation (iTBS), MEP amplitude increased to a greater extent in
PSP patients compared to controls (Conte et al., 2012; Bologna et al.,
2017a). This paradoxical enhancement of plasticity has been correlated
with greater disease severity (Conte et al., 2012). The phenomenon is
thought to reflect degeneration of inhibitory interneurons within M1,
leading to excessive, uncontrolled facilitation of plasticity mechanisms.
In contrast, quadripulse stimulation (QPS) revealed a smaller LTP-like
effect in PSP compared to healthy controls, and this reduction was
negatively correlated with Unified Parkinson’s Disease Rating Scale Part
III (UPDRS-III) scores, suggesting that impaired plasticity may
contribute to greater motor disability (Honda et al., 2023). For a sum-
mary of characteristic TMS findings see Table 1.

3.3.2.3. Cortico-spinal and cortico-cortical connectivity. PSP is also
associated with alterations in descending and interhemispheric path-
ways. CMCT is often prolonged, particularly in advanced disease stages,
consistent with corticospinal tract involvement (Abbruzzese et al., 1991;
Morita et al., 2008). Interhemispheric connectivity, measured using the
ipsilateral silent period (iSP), is abnormal in PSP. Reduced transcallosal
inhibition has been observed, especially in Richardson syndrome, dis-
tinguishing it from PSP-parkinsonism (Wittstock et al., 2012; Wolters
et al.,, 2004). The degree of transcallosal involvement also correlates
with cognitive impairment (Wittstock et al., 2012), linking these phys-
iological findings to clinical presentation.

Cerebellar-cortical interactions are consistently impaired, as re-
flected by reduced CBI. This is measured as the suppressive effect of a
conditioning cerebellar pulse on MEPs elicited by contralateral M1
stimulation. The reduction of CBI highlights disruption of the cerebello-
thalamo-cortical pathway in PSP (Benussi et al., 2019c¢; Brusa et al.,
2014; Shirota et al., 2010).

No studies have assessed TEPs with TMS-EEG in patients with PSP.

3.3.3. Corticobasal syndrome

Corticobasal syndrome (CBS) represents the classical clinical
phenotype of corticobasal degeneration, a neurodegenerative tauopathy
characterized by the accumulation of hyperphosphorylated tau and
astrocytic plaques within cortical and basal ganglia regions (Mahapatra
et al.,, 2004). Clinically, CBS is markedly asymmetric and manifests
through a variable combination of parkinsonism, dystonia, and myoc-
lonus, together with higher-order cortical signs such as ideomotor
apraxia, alien-limb phenomenon, and cortical sensory loss. Cognitive
and behavioural impairments are also frequent, reflecting widespread
cortical and subcortical involvement (Armstrong et al., 2013). Impor-
tantly, CBS is a clinical syndrome rather than a single pathological en-
tity, as several different underlying neurodegenerative diseases,
including corticobasal degeneration, Alzheimer’s disease, progressive
supranuclear palsy, and frontotemporal lobar degeneration, can give
rise to the CBS phenotype. This pathological heterogeneity contributes
to variability in clinical presentation and is also expected to influence
the neurophysiological findings observed across studies. Despite its
clinical relevance, only a limited number of studies have investigated
cortical physiology in CBS using TMS.

3.3.3.1. Pathogenic insights from single and paired-pulse TMS. One of the
most consistent findings from TMS studies in CBS is the presence of
significant alterations in M1 excitability. Several studies have reported
reduced MEP amplitudes at rest, likely reflecting direct involvement of
corticospinal tract neurons and progressive degeneration of pyramidal
output pathways (Kiihn et al., 2004; Lu et al., 1998; Valls-Solé et al.,
2001). Similarly, a flatter input—output (I/0) curve has been described,
which is consistent with impaired corticospinal drive and reduced
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recruitment of motor units during voluntary activation (Pal et al., 2008).
In addition, motor thresholds tend to be increased or show a trend to-
ward elevation, suggesting global hypoexcitability of the motor cortex
(Benussi et al., 2018b; Burrell et al., 2014; Frasson et al., 2003; Kiihn
et al., 2004; Leiguarda et al., 2003; Pal et al., 2008). These findings
indicate a complex interaction between cortical and subcortical pa-
thology, in which both structural and functional components of the
corticospinal system are compromised.

Paired-pulse TMS studies have provided important insights into the
status of intracortical circuits in CBS. SICI is consistently reduced across
studies, indicating marked cortical disinhibition (Alberici et al., 2008;
Benussi et al., 2018b; Burrell et al., 2014; Frasson et al., 2003; Hanajima
et al., 1996; Kiihn et al., 2004; Okuma et al., 2000; Pal et al., 2008).
Similarly, CSP duration is shortened, suggesting additional impairment
of slower inhibitory mechanisms (Kato, 1997; Kiihn et al., 2004; Lu
et al., 1998; Pal et al., 2008; Valls-Solé et al., 2001). Together, these
findings point to a profound dysfunction of inhibitory interneurons in
M1.

The assessment of ICF has yielded more heterogeneous results. While
some studies have reported normal ICF values (Alberici et al., 2008; Pal
et al., 2008), others have found either increased (Frasson et al., 2003) or
decreased facilitation (Benussi et al., 2018b). These discrepancies likely
reflect differences in patient populations, disease stage, and methodol-
ogy. In contrast, cholinergic intracortical circuits, evaluated through
SAIL, appear to be relatively spared, with no significant alterations
detected in CBS (Benussi et al., 2018b). Collectively, these paired-pulse
findings suggest a dominant pattern of cortical disinhibition in CBS,
primarily due to the loss of GABAergic inhibitory control, accompanied
by variable changes in excitatory circuits and relative preservation of
cholinergic function.

3.3.3.2. Cortical plasticity. Cortical plasticity in CBS has been less
extensively investigated. In the only available study employing inter-
mittent theta-burst stimulation (iTBS), CBS patients showed a lack of
MEP amplitude modulation compared to healthy controls, indicating
impaired LTP-like plasticity mechanisms within M1. Interestingly, the
response to iTBS was not uniform and varied depending on whether the
stimulated hemisphere corresponded to the limb manifesting isolated
parkinsonism or a combination of parkinsonism and other cortical fea-
tures such as dystonia or apraxia (Suppa et al., 2016). Another study
using low-frequency rTMS reported that cortical inhibition, indexed by
the CSP, could be transiently enhanced after stimulation, although no
clinical effects were observed, pointing to a potential but limited ca-
pacity to modulate cortical excitability in CBS (Civardi et al., 2015).This
variability suggests that the degree of plasticity impairment may be
closely linked to the clinical topography of CBS and the specific cortical
regions affected by the underlying pathology. For a summary of char-
acteristic TMS findings see Table 1.

3.3.3.3. Cortico-cortical connectivity. TMS has also been applied to
investigate the integrity of cortico-cortical networks in CBS. Studies
using the ipsilateral silent period (iSP) and paired-pulse paradigms have
consistently reported reduced transcallosal inhibition from both hemi-
spheres, indicative of disrupted interhemispheric communication and
impaired callosal integrity (Pal et al., 2008; Trompetto et al., 2003;
Wolters et al., 2004). These changes may contribute to the hallmark
asymmetry of CBS as well as to higher-order cortical symptoms. Indeed,
reduced transcallosal inhibition has been linked to impairments in ver-
bal fluency and attentional functions (Trompetto et al., 2003).
Furthermore, patients presenting with alien limb phenomenon exhibit
an expanded cortical representation map in the contralateral hemi-
sphere, consistent with maladaptive cortical reorganization and loss of
inhibitory interhemispheric control (Valls-Solé et al., 2001).
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3.3.4. Diagnostic utility of TMS in the differential diagnosis of movement
disorders

The differential diagnosis of atypical parkinsonian disorders remains
a major clinical challenge, particularly in the early stages of disease
when clinical features overlap with PD and other neurodegenerative
disorders. While imaging and fluid biomarkers have shown promise,
their diagnostic performance is mainly limited by lack of specificity in
distinguishing among different parkinsonian syndromes.

Two key studies have explored the potential of TMS for classification
of movement disorders. In a single-centre study, paired-pulse TMS
measures, including SICI, ICF, and SAI, were used to build a decision tree
classifier to distinguish between AD, DLB, PSP, CBS, and healthy con-
trols. The classifier achieved an overall diagnostic accuracy of 88.3 %,
with accuracies of 90.5 % for AD, 85.2 % for DLB, 76.0 % for CBS/PSP
combined, and 94.9 % for healthy controls (Benussi et al., 2018b).
Importantly, this approach leveraged the known pathophysiological
differences between disorders, such as the predominant cholinergic
impairment in AD and DLB versus the GABAergic and glutamatergic
interneuron dysfunction characteristic of PSP and CBS, to generate a
practical framework for differential diagnosis.

A subsequent study focused specifically on differentiating PSP from
other neurodegenerative diseases, including PD, DLB, CBS, FTD, AD, and
healthy controls. Using CBI to assess cerebellar-motor connectivity, the
authors identified a marked reduction in cerebellar inhibition uniquely
associated with PSP. Receiver operating characteristic (ROC) analysis
demonstrated excellent diagnostic performance, with an overall area
under the curve (AUC) of 0.984, sensitivity of 100 %, specificity of 94.4
%, and accuracy of 95.2 % for distinguishing PSP from all other groups.
When directly compared with individual disorders, this paradigm ach-
ieved AUC values ranging from 0.93 (PSP vs. FTD) to 1.00 (PSP vs.
controls, DLB, and PD). For CBS specifically, the AUC was 0.97 with 100
% sensitivity and 90 % specificity (Benussi et al., 2019c). Notably,
similar levels of accuracy were observed even in patients with early PSP,
supporting the potential of this measure for early diagnosis.

Collectively, these studies suggest that TMS holds promise for
differentiating PSP and CBS from other movement disorders by detect-
ing disease-specific patterns of circuit dysfunction. However, as current
evidence comes from single-centre studies, replication in larger, multi-
centre cohorts is needed before TMS can be integrated into routine
clinical practice.

4. Conclusion

Emergent neurophysiological techniques have moved from research
tools to clinically meaningful instruments capable of capturing disease-
relevant pathophysiology with high temporal resolution and relatively
broad accessibility. Across amyotrophic lateral sclerosis, dementias, and
movement disorders, the body of evidence presented in this chapter
underscores how modalities such as threshold tracking TMS, paired-
pulse paradigms, plasticity protocols, and TMS-EEG provide objective
biomarkers of cortical excitability, connectivity, and plasticity.
Crucially, these measures reveal dysfunction at prodromal or even
presymptomatic stages, frequently preceding overt clinical manifesta-
tions or structural imaging changes. This temporal advantage is illus-
trated in Fig. 2, which depicts the sequence of biomarker abnormalities
across disease stages, highlighting how alterations in cortical excit-
ability and connectivity may emerge earlier than changes in fluid or
imaging markers. This capacity to identify early disease processes aligns
with the current paradigm shift in neurology toward presymptomatic
and precision-guided interventions.

One of the clearest insights to emerge is that different neurodegen-
erative syndromes exhibit distinct neurophysiological signatures, often
reflecting the preferential involvement of specific neurotransmitter
systems. ALS is defined by early cortical hyperexcitability arising from
impaired GABAergic interneurons and excess facilitatory drive, detect-
able through reduction of SICI and elevation of SICF. In AD, consistent
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Fig. 2. Temporal evolution of biomarkers across disease stages Conceptual model illustrating how different biomarkers become abnormal over the continuum
from preclinical to clinical stages of neurological disease. Alterations in cortical excitability and connectivity detected by TMS and TMS-EEG may occur earliest,
preceding abnormalities in fluid biomarkers, structural imaging, and clinical manifestations. This temporal hierarchy highlights the potential of neurophysiological
measures for prodromal and presymptomatic detection. Abbreviations: TMS = transcranial magnetic stimulation; TMS-EEG = combined transcranial magnetic

stimulation and electroencephalography.

impairment of cholinergic circuits as revealed by reduced SAI, together
with aberrant plasticity responses, provides a mechanistic biomarker
that parallels disease severity and therapeutic responsiveness. FTD, in
contrast, is characterized by combined inhibitory and excitatory
dysfunction with sparing of cholinergic transmission, a profile that can
be detected even in presymptomatic mutation carriers decades before
clinical onset. DLB shows more profound cholinergic involvement than
AD and specific alterations in network reactivity that correlate with
hallucinations and attentional deficits. In movement disorders, TMS and
TMS-EEG highlight progressive gradients of cortical disinhibition across
the a-synucleinopathies, and demonstrate unique markers such as
reduced CBI in PSP. These pathophysiological profiles not only provide
mechanistic insight but also translate into differential diagnostic
frameworks with levels of accuracy comparable to established imaging
and fluid biomarkers.

The advantages of neurophysiological approaches are manifold.
They are non-invasive, relatively inexpensive compared with molecular
imaging, and can be applied repeatedly to monitor longitudinal changes
or treatment effects. Their temporal resolution allows direct interroga-
tion of excitatory and inhibitory dynamics on the millisecond scale,
while their flexibility enables adaptation to probe distinct neurotrans-
mitter systems, networks, or plasticity processes. Importantly, the
combination of TMS with EEG provides a unique window into large-
scale network reactivity, propagation, and oscillatory dynamics, offer-
ing mechanistic insights unattainable with structural or molecular bio-
markers. These features also make neurophysiology particularly well
suited for integration with novel therapeutic strategies, from pharma-
cological trials to neuromodulation interventions, where target
engagement and circuit-level responses need to be measured directly.

Nonetheless, several limitations must be acknowledged. The imple-
mentation of advanced TMS paradigms and TMS-EEG remains largely
confined to specialized centres, requiring particular hardware, technical
expertise, and standardized protocols. Test-retest variability is a recog-
nized issue for some plasticity measures, underscoring the need for
methodological rigor and harmonization across laboratories. Many
existing studies have been conducted in single centres with relatively
modest sample sizes, raising questions about reproducibility and
generalizability. Moreover, while the specificity of neurophysiological
signatures for differentiating among diseases has been encouraging,
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heterogeneity in patient populations, disease stage, and pharmacolog-
ical state can complicate interpretation. Integration into routine diag-
nostic workflows will therefore depend on the development of
streamlined protocols, automated analysis pipelines, and robust
normative datasets.

It should also be acknowledged that alterations in cortical excit-
ability or plasticity, such as reductions in SICI or LTP-like responses, are
not disease-specific and can occur across several neurological and psy-
chiatric disorders. These changes likely reflect convergent mechanisms
of cortical dysfunction rather than unique diagnostic signatures.
Consequently, while these measures are highly sensitive markers of
cortical impairment and may be valuable for monitoring disease pro-
gression or therapeutic response, their specificity for differential diag-
nosis remains limited. In individuals with coexisting neurological or
systemic conditions, it may not be possible to determine which disorder
predominantly contributes to the observed neurophysiological
abnormalities.

Another challenge lies in the translational gap between pathophys-
iological insight and clinical decision-making. While neurophysiological
biomarkers can distinguish disease groups with high accuracy, clinicians
must balance these findings with clinical examination, imaging, and
biochemical assays in real-world practice. Rather than functioning as
standalone tests, these techniques are best positioned as complementary
tools within a multimodal diagnostic framework. Fig. 3 illustrates this
integrative vision of precision neurology, in which TMS and TMS-EEG
measures are computationally combined with neuroimaging, fluid bio-
markers, and clinical data through advanced analytical models and
machine learning, to generate individualized diagnostic and prognostic
profiles. Early evidence supports the additive value of such multimodal
approaches, which may substantially enhance diagnostic accuracy and
translational impact.

Looking forward, several priorities emerge. Large multicentre studies
are needed to establish normative values, validate diagnostic perfor-
mance across settings, and ensure inter-rater reliability. The commer-
cialization and simplification of advanced paradigms, including
threshold tracking TMS and real-time TMS-EEG, will broaden accessi-
bility and facilitate adoption in both academic and community settings.
Longitudinal studies will clarify the capacity of neurophysiological
markers to predict disease onset, monitor progression, and track
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Fig. 3. Computational integration for precision neurology Schematic framework depicting the integration of multimodal information for individualized diag-
nosis and treatment planning. Neurophysiological data from TMS and TMS-EEG are computationally combined with neuroimaging, fluid biomarkers, and clinical
examination to construct predictive models of disease state and trajectory. This “computational integration for precision neurology” approach aims to enable
personalized, mechanism-based interventions and real-time monitoring of treatment effects. Abbreviations: EEG = electroencephalography; TMS = transcranial
magnetic stimulation; TMS-EEG = combined transcranial magnetic stimulation and electroencephalography.

therapeutic engagement. Finally, combining perturbation-based mea-
sures with computational modelling, machine learning, and multimodal
biomarkers may yield individualized predictive signatures that trans-
form both clinical trials and everyday practice.

In summary, emergent neurophysiological technologies have
reached a tipping point where their clinical potential is no longer
speculative but increasingly supported by robust empirical evidence. By
directly interrogating the functional state of cortical circuits, they pro-
vide mechanistically grounded biomarkers that complement structural,
molecular, and clinical assessments. Their integration into diagnostic
and therapeutic frameworks promises to improve early detection,
enhance differential diagnosis, and guide personalized interventions
across a wide spectrum of neurological disorders. While challenges
remain, the continued refinement and dissemination of these techniques
heralds a new era of precision neurophysiology with substantial impli-
cations for the future of neurology.
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