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Abstract

Transcranial magnetic stimulation-electroencephalography (TMS–EEG) biomarkers have
recently become available as a means to obtain new understanding of the causal chains
of neuronal signaling in the brain. This is a key piece in the puzzle of how the brain
is organized and how it works. Using dMRI tractography, we can map the circuit be-
neath a chosen cortical target; TMS can then stimulate it, and EEG records responses
that reflect—and may even be caused by—activity in that structural circuit. The chain of
events after stimulus delivery can be observed and quantified using current neuroimaging
and TMS–EEG technology, a matter of tremendous relevance on how to approach novel
therapeutic approaches in clinical conditions. Herein, we elaborate upon a perspective
of how groundbreaking multi-locus TMS (mTMS) technology associated with EEG and
multimodal neuroimaging can be applied to modulate the flow dynamics of the glym-
phatic system (GS). The enhancement of the GS waste clearance functionality has been
shown to improve significantly symptom severity in neurodegenerative disorders such
as Alzheimer’s (AD) and Parkinson’s disease (PD) or long COVID. In this perspective
paper, we consider that next-generation therapeutics using versatile technologies such as
noninvasive neuromodulation and neuroimaging will provide important benefits in public
health and in how society can address the management of these difficult-to-deal-with
ailments more effectively.

Keywords: glymphatic system; TMS-EEG; AD; PD; long COVID; brain circuits; neuroimag-
ing biomarkers
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1. Introduction
This perspective paper is based on the theoretical and logical assumption that a se-

quence of specific interventions on a dynamical system can lead to predictable outcomes
and that this approach enables for control or guidance of the brain’s state. This approach
capitalizes on the most advanced translational research and technological innovations facil-
itating the translation of knowledge from the experimental animal to the human and from
the bench to the bedside. In what follows, we elaborate upon the theoretical reasoning of
causal chains in the domain of neuronal signaling in the brain. We propose a specific exam-
ple application using advanced transcranial magnetic stimulation-electroencephalography
(TMS–EEG) and neuroimaging technologies for next-generation noninvasive neuromodula-
tion in neurodegenerative and autoimmune disorders. The recently discovered glymphatic
system (GS), a highly organized brain structure sustaining a fluid dynamic capacity, clears
from the brain noxious metabolites and waste products. Remarkably, the GS evaded the
attention of anatomists for more than four centuries, given that the lymphatic system,
which is the GS equivalent in the rest of the body, was demonstrated in detail already
in the 1600s [1] and has originally its roots in the ancient Greeks. The waste clearance
function of the GS is essential for the well-being of the central nervous system (CNS); when
this function is altered, the brain malfunctions. GS functionality is enhanced during sleep.
Neuroimaging has enabled us to assess GS fluid dynamic functionality with a recently
developed diffusion magnetic resonance imaging (dMRI) technique called diffusion tensor
imaging along the perivascular space (DTI-ALPS). GS waste clearing function is seriously
severed in several pathological conditions, such as neuroinflammation (e.g., long COVID)
and in particular neurodegeneration such as Alzheimer’s disease (AD), resulting in the ac-
cumulation of amyloid beta, tau protein, and several other noxious or waste substances and
metabolic by-products from the brain parenchyma, which progressively and increasingly
damage and kill neurons and glia cells. Just recently, two studies [2,3] have demonstrated
that non-invasive neuromodulation applied on specific cortical brain targets can enhance
GS functionality and improve the severity of symptoms in AD as assessed using DTI-ALPS.
Although remarkable and effective, these studies lack a mechanistic and hypothesis-driven
approach, which is not unusual in traditional medical practice and science where an em-
pirical approach is commonly used. The paucity of reports in this topic is a considerable
limitation [4–9]. Herein, we propose how to bridge this gap with a series of steps in a
hypothesis-driven logic of causality from brain circuits to clinical impact, in which we
hypothesized a mechanistic aspect currently lacking in the literature. We refer to this model
as causal chain from brain circuit structural–functional identity to biomarker discovery and clinical
judgment. The mechanism of action proposed herein is via the autonomic nervous system
modulating neurochemically the GS fluid dynamics as will be discussed later. We place
this conceptual construct within the framework of modern neuroscience and propose a
hypothesis-driven therapeutic approach for GS pathological alterations using TMS–EEG. In
this framework, systems biology, biomarker discovery, and mechanisms of action are the essential
elements. We propose that the integration of anti-inflammatory and neuromodulatory inter-
ventions guided by neuroimaging and TMS-EEG biomarkers may represent a personalized
precision-medicine strategy for the treatment of GS dysfunction. Leveraging translational
research and technological advances from preclinical models to clinical applications, this
approach has the potential to improve therapeutic efficacy and enhance the management
of GS-related disorders, including AD, PD, MS, and long COVID, thereby contributing to
improved public health outcomes.
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2. Relevant Sections
2.1. Brain Circuit TMS-EEG-Based Biomarkers Characterized by Neuroimaging in the Context of
Modern Neuroscience and Personalized, Precision Medicine

One of the essential goals in modern neuroscience is to reveal the neurobiological basis
of behavior [10]. This concept has been espoused by the Research Domain Criteria (RDoC)
approach since the 2000s and is changing the way we view and practice research, clinical
neurology, and psychiatry (https://www.nimh.nih.gov/rdoc, (accessed on 8 June 2026)).
In current neuroscience, this new framework is as important as the conceptual reasoning in
modern medicine to therapeutically manipulate the microbiotic ecosystem in restoring an
organism’s health [11]. Technically, the RDoC is a framework implemented as a dynamic
matrix of domains of human functioning. Each one of these domains can be decomposed
in several units of analysis, which are quantifiable. These units of analysis include genes,
molecules, cells, circuits, physiology characteristics, self-reports, measures from paradigms
and behavioral characteristics. The fact that all the units of analysis are measurable is
critically important, because it allows RDoC to go beyond a qualitative approach and
quantify human behavior, a topic of great importance and difficulty in current behavioral
neuroscience. In this conceptual framework, the brain circuits are considered as hardwired
units in the brain that underlie the diverse behaviors, which are carried out by an organism.
At a broader epistemological level of biological understanding, brain circuits can be thought
of as biomarkers acting as measurable biological indicators interfacing the genome and
behavior as well as the environment [12–17] (Figure 1A,B).

Figure 1. Neural circuits as an interface between the genome and behavior. (A) Schematic repre-
sentation of neural systems as an intermediate level linking genomic influences with behavior and
environmental interactions through brain circuits and functional connections. (B) Systems-biology
model illustrating the reciprocal interactions among the genome, epigenome, environment, cellular
organization, distributed neural networks, and behavior. Environmental factors may induce rapid
and potentially reversible epigenetic changes, whereas neural activity and behavior can, in turn,
influence gene-expression processes. Adapted with permission from Ref. [16]. 2006, Breiter et al.
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Importantly, there is evidence that neural systems should be considered as putative
endophenotypes in psychiatric disorders [18]. Within this theoretical framework of modern
neuroscience and medicine, we hypothesize that interventions targeting the causal chains
between genes and behavior will lead to more effective therapeutic outcomes in treating
clinical conditions. In the continuum from genes to behavior, a causal chain is the series
of stepwise transitions from one entity of the chain to the next in a causal fashion. In this
approach, the brain circuits’ structural-functional identity is key in biomarker discovery
and clinical judgement. In the process of determining a brain circuit structurally and
functionally, the structural delineation and the electrophysiological response of this circuit
are necessary requirements. In a recent study, Lioumis and colleagues (2025) showed that
pre-SMA and SMA, two adjacent cortical areas with the same Brodmann cytoarchitectonic
configuration in the mesial surface of each hemisphere, i.e., Brodmann area 6, exhibit
distinct neurophysiological signatures shaped by their specific network characteristics—
features that are rarely considered in clinical TMS targeting. That study indicated that
when effecting cortical targets, they need to be selected based on their specific structural
network characteristics and in combination with their neurophysiological identity [19].
Currently, this goal can be met using combined structural multimodal neuroimaging,
namely T1W/T2W MRI and diffusion MRI (dMRI) tractography, to determine the specific
brain circuit followed by TMS-EEG examination to record the specific electrophysiological
response. Essentially, this approach allows us to stimulate a specific brain circuit based on its
structural and functional identity and not just in terms of the topographic location or proximity
of the cortical target zone of stimulation [19,20], a matter of great relevance in personalized
treatments and precision neuropsychiatry. TMS–EEG biomarkers have recently emerged
as a powerful approach for elucidating the causal dynamics of neuronal signaling in
the brain [19]. Effective implementation of this method requires prior neuroimaging
acquisition and analysis to inform and optimize subsequent TMS–EEG interventions. In
conventional TMS neuromodulation, stimulation is typically delivered to a predetermined
cortical site using predetermined pulse intensity and electric-field orientation. In contrast,
our individualized precision approach begins by selecting the stimulation target based on
functional MRI (fMRI), diffusion MRI (dMRI), or a combination of both. During stimulation,
pulse parameters are then adaptively adjusted in real time, guided by concurrently recorded
EEG responses. This allows for artifact minimization and ensures sufficiently robust TMS-
evoked potentials by dynamically modifying stimulation location, orientation, and intensity,
as previously demonstrated [21–23].

2.2. The Glymphatic System (GS): A Novel Target in Neuromodulation Therapeutics

Next, we outline the structural and functional anatomy of the glymphatic system,
its relevance in neurodegenerative and autoimmune disorders, and a hypothesis for a
potential therapeutic approach in human GS dysfunctions. The GS is a structure whose
principal function is to sustain a fluid dynamic capacity that enables the clearance of toxic
metabolites and waste products. This continuous flow is driven by arterial pulsations and
is portrayed by the influx of CSF from the subarachnoid space into the Virchow–Robin
spaces and then to the brain parenchyma sustained by the astrocytic aquaporin-4 (AQP4)
water channels en route to the perivenous spaces while transiting to the meningeal lym-
phatic vessels and, finally, to the cervical lymph nodes [24–27]. New insights have shed
light into the roles of the glymphatic system’s four specific anatomical compartments
(Figure 2) in fluid circulation and how they can be compromised in a selective way, given
their distinct structural and functional roles in cerebrospinal fluid (CSF)–interstitial fluid
(ISF) exchange, which results in impaired waste clearance, edema formation, and immune
evasion in diverse pathological processes [28–30]. More specifically, the functional anatomy
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of the GS in its different parts would be as follows: S1 corresponds to periarterial vascular
influx; cerebrospinal fluid (CSF) enters the periarterial spaces through the Virchow–Robin
space, located between the arterial vascular adventitia (AVA) and the meningeal membrane
(PM) [30–32]. S2 corresponds to the exchange of CSF and interstitial fluid where the PM
becomes discontinuous, allowing CSF–interstitial fluid exchange mediated by astrocytic
AQP4 channels [30,32,33]. S3 is the zone of perivascular venous parenchymal effluvium;
glymphatic fluid flows along the perivenous spaces between the external limiting mem-
brane (ELM) and the venous vascular adventitia (VVA) within the parenchyma [30,32,34].
S4 is where meningeal effluvium occurs; the flow continues in the meningeal compartment
between the VVA and the PM towards the meningeal lymphatic vessels (MLV). AQP4
is relevant only in the parenchymal segments (S2–S3), but not in S1 or S4. Boxes S1–S4
highlight key anatomical features of each region [30] (Figure 2).

Figure 2. The anatomy of the glymphatic system (GS) with its four compartments (i.e., S1, S2, S3, and
S4). Abbreviations—A: arachnoid; AVA: arterial vascular adventitia; DM: dura mater; ELM: external
limiting membrane; MLV: meningeal lymphatic vessel; PM: pia mater; SAS: subarachnoid space;
VVA: venous vascular adventitia. See text for further details. Adapted with permission from Ref. [30].
2025, Castañeyra-Ruiz et al.

Given its vital role in clearance and removal of amyloid beta, tau protein and several
other noxious or waste substances and metabolic by-products from the brain parenchyma
as well as in immune surveillance [29], the study of the glymphatic system is consid-
ered critically important for developing treatments of neurodegenerative diseases such as
Alzheimer’s (AD) or Parkinson’s disease (PD) as well as in autoimmune-related diseases
such as long COVID. Especially, the GS is markedly boosted during restorative sleep [35]
and by exercise. Recent advances in imaging have enabled the assessment of the clearance
function of the glymphatic system using non-invasive tools. Neuroimaging for clinical
glymphatic examinations in humans is now feasible, particularly using diffusion-imaging
techniques, such as DTI-ALPS. This technique measures water diffusion along the perivas-
cular space, a high DTI-ALPS index indicating an effective waste clearance through the
glymphatic system [4,36]. Through a synthesis of non-invasive brain stimulation tech-
niques such as TMS and neuroimaging, we can develop and implement neuromodulatory
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strategies with unprecedented precision, enabling individualized treatment plans for glym-
phatic system. Most TMS work on glymphatic function has been done in mice using
animal models. Reviewing the scant literature available on this topic, TMS can be applied
effectively to enhance glymphatic activity also in humans. More specifically, by applying
TMS over the left parietal cortex, a therapeutic effect has been demonstrated recently,
characterized by memory improvement, in older adults with mild cognitive impairment [2].
Importantly, Sudman and colleagues (2025) reported memory improvements correlated
with high indices in DTI-ALPS, indicating a significant improvement in waste removal
and, thus, in increased waste clearance efficiency in these subjects [2]. Another study by
Gao and colleagues (2025) also showed improved waste removal by the glymphatic system
as assessed by DTI-ALPS by applying repetitive TMS (rTMS) in patients with insomnia
disorder [3]. Whereas Sundman et al. stimulated the parietal cortex and, consequently, the
underlying parietal circuit, Gao et al. stimulated the DLPFC and the underlying prefrontal
circuit. Given that both target circuits produced an improvement in GS function, it seems
logical to expect that a simultaneous stimulation of both circuits would enhance their
beneficial effects on the glymphatic waste clearance function. This could be achieved by
stimulating the Pre-SMA/SMA_border zone cortex (Pre-SMA/SMA_bz), a cortical region
with the unique property of being associated with both prefrontal and the parietal circuits
(Figure 3), thus enabling us to affect both circuits simultaneously when stimulated by
TMS [19].

 

Figure 3. The Pre-SMA (dark blue), SMA (red) cortical ROIs and their border zone (bz) ROI Pre-
SMA/SMA_bz (light blue) are shown on both panels. The Pre-SMA prefrontal circuit (dark blue) and
the Pre-SMA/SMA_bz prefrontal circuit (light blue) as well as the SMA parietal circuit (red) and the
Pre-SMA/SMA_bz parietal circuit (light blue) are shown in both panels. It should be noticed that the
Pre-SMA/SMA_bz (light blue) ROI has the unique property to be connected with both, the prefrontal
and the parietal circuits, thus sharing the connectivity profiles of the Pre-SMA and SMA ROIs. When
we stimulate the Pre-SMA/SMA_bz with TMS we stimulate both circuits and not just one of them,
enabling the brain to act as an integrated ensemble. Adapted with permission from Ref. [19]. 2025,
Lioumis et al.
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In a recent study, we demonstrated that different regions within the Pre-SMA and SMA
show several different structural connectomes, each one of which is associated with a dis-
tinct neurophysiological response. Importantly, the Pre-SMA/SMA_bz has an underlying
structural connectome, which shares both prefrontal and parietal characteristics [19].

Thus, it is expected that the simultaneous neuromodulation of prefrontal and parietal
circuits via the Pre-SMA/SMA_bz target would enhance glymphatic activity. Furthermore,
with the novel multi-locus TMS (mTMS), we expect to increase treatment effectiveness.
This is due to groundbreaking multi-channel mTMS design, which allows simultaneous
stimulation of different cortical locations with different electric-field orientations and
distributions [37] (Figure 4).

 
Figure 4. The multi-locus transcranial magnetic stimulation (mTMS) technology. Adapted with
permission from Ref. [37]. 2022, Nieminen et al.

We envision that the utilization of multimodal neuroimaging characterization of
brain circuits by T1W/T2W MRI and dMRI tractography combined with mTMS-EEG
application will guarantee specificity with respect to target engagement in GS noninvasive
neuromodulatory treatments. This can be based on the determination of the structural and
neurophysiological identity of the target and thus not only on the topographic location of
the cortical target zone of stimulation as is routinely done [19,20]. Remarkably, by making
possible the engagement of structurally and physiologically characterized specific brain
circuits [19] capable of modulating the glymphatic system functionality, we could achieve
a next-generation versatile noninvasive mTMS neuromodulatory therapy applicable in
neurodegenerative disorders such as AD and PD as well as in other clinical conditions with
impaired immune homeostasis such as long COVID.
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2.3. Treating the Glymphatic System with Next-Generation Versatile Personalized Treatments in
Neurodegenerative and Autoimmune-Mediated Disorders

Herein, we address a perspective of a next-generation versatile personalized treatment
in GS dysfunction, using noninvasive mTMS-EEG neuromodulation and multimodal
neuroimaging. By enhancing GS flow dynamics and its waste clearance capabilities, this
therapeutic approach is expected to be an important asset in an array of clinical conditions.
Prominent among these conditions are neurodegenerative diseases, such as AD and PD as
well as autoimmune-mediated disorders such as long COVID.

Mechanistic aspects of glymphatic system treatment using TMS TMS could possibly influ-
ence the GS flow dynamics by cerebrospinal fluid (CSF) flow modulation, affecting its
vasomotility and pulsatility. Given the well-established view of cortical-autonomic influ-
ences, particularly by the prefrontal cortex, this mechanistic effect could be carried out by
prefrontal or parietal cortico-limbic and cortico-subcortical circuits stimulated by TMS at
the neuronal and axonal origins or terminations of prefrontal and parietal targets [2,3,38].
Ultimately, these circuits could affect autonomic centers regulating hypothalamic and
brainstem nuclei regulating sympathetic and parasympathetic release of neurotransmitters.
The innervation of the GS is not a traditional direct “innervation” but rather, technically
speaking, a neurochemical regulation. Thus, the functions of the GS are primarily affected
by sympathetic and parasympathetic neurochemical regulation, during the sleep–wake
cycle, aging, genetic factors, and body posture. The GS shows weak activity during wake-
fulness, while its activity increases during sleep and anesthesia [39], particularly via the
sympathetic system, in which the locus coeruleus plays a significant role through nore-
pinephrine as a neurochemical regulator. High sympathetic stimulation reduces glymphatic
activity, while decreased sympathetic stimulation increases it, facilitating the exchange of
CSF and ISF to clear waste metabolites. Thus, low norepinephrine concentrations allow
astrocytes to relax and perivascular spaces to increase, facilitating CSF flow [40–42]. The
cephalic parasympathetic nervous system (primarily via the facial and glossopharyngeal
nerves, and to a lesser extent the vagus nerve) does not directly innervate the glymphatic
system, but it can also exert neurochemical influence, producing cerebral vasodilation by
modulating the pulsatility of intracranial arteries with variations in vascular caliber that
would favor changes in the flow of cerebrospinal fluid (CSF) and interstitial fluid within the
glymphatic system. Therefore, the parasympathetic nervous system facilitates glymphatic
flow [39]. In essence, the parasympathetic nervous system enhances glymphatic function,
being more active during sleep, while the sympathetic nervous system reduces glymphatic
function, being more active during wakefulness.

Innovative aspects of the proposed approach In this essay, we introduce a theoretical per-
spective following a series of steps in a logic of causality from brain circuits to clinical
impact, which we refer to as causal chain from brain circuits structural–functional identity
to biomarker discovery and clinical judgement. In this framework, systems biology, biomarker
discovery, and mechanisms of action are the essential elements. This approach introduces
several key innovations. (1) It introduces a systems neuroscience perspective to experimen-
tal therapeutics for the GS. Most work on GS has used preclinical models and focused on
lifestyle interventions, such as sleep and exercise. (2) The current perspective focuses on a
network-level approach of the GS that enables a mechanistic understanding of stimulation
effects that cannot be inferred from behavioral endpoints alone. The only existing TMS
study that has examined glymphatic function in older adults has emphasized behavioral
outcomes [2]. (3) The system’s neuroscience approach moves beyond traditional models by
implementing neuromodulatory strategies with unprecedented precision, enabling person-
alized treatment plans. The proposed approach that determines the target of stimulation
based on the structurally and neurophysiologically defined circuit by combined multi-
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modal neuroimaging and TMS-EEG in each individual patient, emphasizes the value for
personalized treatments in line with NIH priorities towards individualized and precision
medicine (Figure 5).

Figure 5. Neuroimaging-guided neuromodulation in neurodegenerative and autoimmune-mediated
disorders—A versatile next-generation therapeutic approach of the glymphatic system (GS) using
multi-locus transcranial magnetic stimulation (mTMS)-EEG.

2.4. Limitations of the Proposed Approach and Future Studies

The proposed approach has several limitations, most notably the lack of direct ex-
perimental evidence demonstrating the effects of TMS on the autonomic nervous system,
particularly on the locus coeruleus (LC) or its associated connectome. Although the hy-
pothesis that TMS modulates glymphatic system (GS) flow dynamics is supported by a
solid neuroanatomical rationale, this mechanism remains speculative. In contrast, the DTI-
ALPS index is a well-established correlate of GS flow efficiency, with substantial evidence
supporting its validity [4–9]. As such, it can be reliably employed as a primary outcome
measure of GS dynamics, as follows: higher index values reflect increased and more effi-
cient glymphatic waste clearance. Furthermore, a growing body of evidence suggests that
TMS exerts beneficial effects on GS function, as well as across multiple disease conditions,
including Alzheimer’s disease (AD), Parkinson’s disease (PD), multiple sclerosis (MS), and
long COVID [43,44]. Therefore, combining TMS as a therapeutic intervention with the
DTI-ALPS index as a measure of GS efficiency represents a logical and promising strat-
egy. This approach may be particularly relevant for neurodegenerative and autoimmune
disorders in which glymphatic dysfunction plays a role. Future studies are needed to
elucidate the effects of TMS on the autonomic nervous system. In particular, investigations
should focus on its impact on the sympathetic system, the locus coeruleus (LC), and the LC
connectome, given their critical roles in the regulation of arousal. Such work represents
a logical next step toward clarifying the mechanisms by which TMS may influence glym-
phatic system (GS) flow dynamics. Furthermore, substantial heterogeneity across patients,
disease stages, stimulation protocols, neuroimaging acquisition methods, and individual
variability may affect the reproducibility and generalizability of the proposed framework.
Thus, the proposed approach is now presented as a future-oriented framework rather than
an immediately deployable clinical protocol. Finally, we did not incorporate real-time
tractography during TMS, as our approach relies on a multimodal neuroimaging workflow
conducted before TMS delivery. Future advances may help overcome current practical
constraints of this approach, including the increased session duration and its impact on
patient compliance.
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2.5. Clinical Relevance of the Glymphatic System Therapeutics and Its Cost-Benefit for Public
Health and Society

Experimental and clinical studies show that sleep fragmentation, chronic insomnia,
and sleep-disordered breathing (e.g., obstructive sleep apnea), reduce considerably glym-
phatic influx and clearance efficiency by disrupting slow-wave sleep, altering adrenergic
downregulation and modifying intracranial pressure dynamics. These sleep-related dis-
turbances not only disable the removal of neurotoxic metabolites, including amyloid-β
and phosphorylated tau, but also compromise neuroimmune homeostasis, fostering a
chronic pro-inflammatory state, which increases vulnerability in developing neurode-
generative conditions. Protracted impaired glymphatic function due to insufficient or
non-restorative sleep may lead to accelerated cognitive decline and neuroinflammation.
Moreover, the essential role of the GS in brain waste clearance and its relationship with
neuroimmune mechanisms, including immune surveillance and neuroinflammation, im-
pacts substantially neurodegenerative disease pathophysiology. TMS has been successfully
used recently in GS treatment, targeting particularly the DLPFC and parietal cortex [2,3].
In Alzheimer’s disease, Aβ- and tau- protein accumulation, sleep abnormalities, and AQP4
depolarization change glymphatic clearance [45–47]. Recently, Sundman and colleagues
(2025) investigated changes in the DTI analysis along the perivascular space (DTI-ALPS)
index following theta-burst stimulation (TBS) in older adults with mild cognitive impair-
ment (MCI) [2]. Furthermore, glymphatic dysfunction has also been demonstrated in
Parkinson’s disease [48,49], Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS),
stroke, traumatic brain injury (TBI) and idiopathic normal pressure hydrocephalus (iNPH),
and glioblastoma (GBM), as well as pathologies related to inflammation levels such as
long COVID [30,34,45,46,50–55]. Moreover, current neuroimaging is a potential avenue
for assessing GS fluid dynamics, in normality as well as in clinical conditions [2]. Impor-
tantly, targeting the GS offers a biologically plausible strategy to slow Alzheimer’s disease
and other types of dementia as well as autoimmune-mediated disorders such as long
COVID. Quantitative data, such as sleep physiology studies and neuroimaging/TMS-EEG
biomarkers, support measurable benefits; delaying health decline by even a few months
can save tens of thousands USD/EUR per patient [56,57]. This is a matter of great impor-
tance in public health, given that Europe has about 9.1 million people with dementia in
the EU27 (2025) (approximately 12.1 million including non-EU countries) [58], while the
United States has approximately 5.6 million cases [59] with substantial economic burden
estimated at US$439 billion in Europe (approximately US$31,000 per patient) [56] and pro-
jected at US$781 billion in the US (approximately US$140,000 per patient) [60]. Enhancing
glymphatic clearance (e.g., via sleep optimization, neuromodulation, or pharmacologi-
cal/biological interventions) may slow neurodegeneration, and even modest delays in
clinical progression, such as a 3-month postponement of institutionalization, can yield
significant savings (approximately US$19,100 per patient; >US$1 billion overall) with an es-
timated about 10:1 return on investment [57], with comparable benefits observed in Europe.
Policymakers should recognize that improving sleep and glymphatic function, alongside
developing personalized, noninvasive neuromodulation treatments, is both scientifically
supported and potentially cost-effective. These approaches deserve greater investment
in clinical research and public health initiatives aimed at enhancing sleep quality and
brain health. At the same time, achieving high-quality medical care while avoiding un-
necessary healthcare costs depends heavily on sound clinical judgment. A physician’s
clinical judgment combines medical knowledge and experience with critical thinking and
intuition to guide diagnosis, treatment decisions, prognosis, and effective communication
with patients. Recent work has emphasized that the integration of neuroscientific data
into the clinical interview enhances the capacity of expert clinical judgment to support
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precision psychiatry, both in psychotherapy and neuromodulation settings [61]. In TMS,
large real-world registries and mechanistic reviews show that treatment response depends
on individual patient characteristics, stimulation parameters, and brain state, underscoring
the need for clinician-guided, individualized evaluation of TMS candidates and protocols
rather than rigid algorithmic selection [62,63]. Accordingly, the role and application of
clinical judgment have assumed heightened significance within personalized medicine and
precision neuropsychiatry approaches.

3. Conclusions
This perspective paper is based on a logic of causality from brain circuits to clinical

impact, which we refer to as causal chain from brain circuit structural–functional identity
to biomarker discovery and clinical judgement. We place this conceptual construct within
the framework of modern neuroscience and propose a hypothesis-driven therapeutic
approach for glymphatic system (GS) pathological alterations using TMS–EEG in the
schema of personalized and precision medicine. The glymphatic system (GS) is essential
for removing metabolic waste from the brain and supporting immune function. Research
increasingly shows a strong connection between the glymphatic and neuroimmune systems.
Efficient glymphatic activity helps clear harmful proteins and reduce inflammation, while
dysfunction contributes to toxic protein buildup and chronic inflammation associated
with disorders such as Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, and
long COVID. This relationship works in both directions, as persistent neuroinflammation
can further impair glymphatic flow, creating a cycle that worsens disease progression.
Understanding this interaction has led to growing interest in therapies aimed at improving
glymphatic function, including lifestyle interventions like better sleep and exercise, as
well as advanced approaches such as multi-locus TMS and vascular-targeted treatments.
Overall, targeting the glymphatic system may provide new ways to reduce symptoms and
slow the progression of neurodegenerative and autoimmune-related disorders. Herein,
we propose that therapeutic models integrating the synergistic anti-inflammatory and
neuromodulatory effects of neuroimaging-guided/TMS-EEG biomarkers may constitute a
versatile next-generation, personalized, and precision-medicine therapeutic approach for
the treatment of human GS alterations. By thoughtfully applying advanced translational
research and technological innovations—from animal models to human studies, and from
bench to bedside—we can develop new treatments that significantly improve public health
by enabling more effective management of all challenging conditions associated with
GS dysfunctions.
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