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Abstract

Migraine is a prevalent and disabling neurological disorder in which established pathophysiological mechanisms, including tri-
geminovascular activation and calcitonin gene-related peptide (CGRP) signaling, do not fully account for interindividual suscep-
tibility, chronification, or treatment refractoriness. Advances in neurobiology have drawn attention to brain clearance pathways,
specifically the glymphatic system and meningeal lymphatic vessels, as potential modulators of neuroinflammation and cere-
brospinal fluid (CSF) dynamics. These systems regulate the exchange and drainage of CSF, interstitial solutes, and immune
mediators and are strongly influenced by sleep and state-dependent physiology, both of which are closely linked to migraine
pathophysiology. In this narrative review, we describe the anatomical and functional organization of brain lymphatic and glym-
phatic systems and critically evaluate emerging evidence connecting these pathways to migraine. Indirect human imaging
studies and experimental models indicate that alterations in perivascular transport, meningeal lymphatic drainage, sleep dis-
ruption, and CGRP-related signaling may converge to modulate brain clearance efficiency in migraine. Although the available
evidence remains heterogeneous and largely indirect, these findings offer a coherent framework for integrating clearance-relat-
ed physiology into existing migraine models. We further discuss neuromodulation as a potential strategy for influencing brain
clearance mechanisms. In particular, transcranial low-intensity ultrasound has been shown to enhance CSF movement in vivo,
providing direct mechanistic support for clearance modulation. Other neuromodulation modalities may exert indirect effects
through autonomic regulation, neural oscillations, or vascular dynamics. While clinical evidence remains preliminary, a clear-
ance-oriented perspective may help guide future biomarker development and translational research in migraine.

Keywords: Glymphatic system, Lymphatic system, Migraine disorders, Ultrasonic therapy

INTRODUCTION sensitivity. Although therapeutic advances—particularly

agents targeting calcitonin gene-related peptide (CGRP)—
Migraine is a common and disabling neurological disorder = have markedly improved outcomes for many patients, a
characterized by recurrent head pain and sensory hyper-  substantial proportion continues to experience frequent

Received: January 12, 2026; Revised: January 27, 2026; Accepted: January 30, 2026

Correspondence: Jacho Kim, M.D, Ph.D.

Department of Neurology, Dongtan Sacred Heart Hospital, Hallym University College of Medicine, 7 Keunjaebong-gil, Dongtan-gu, Hwaseong
18450, Republic of Korea

Tel: +82-31-8086-2310, Fax: +82-50-4068-1402, E-mail: ion8484@gmail.com

© 2026 The Korean Headache Society

@This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.
org/licenses/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work
is properly cited.


http://orcid.org/0000-0003-3770-2359

Headache Pain Res 2026;27(1):13-20

attacks or progression to chronic migraine. This observa-
tion underscores the need for complementary mechanis-
tic frameworks that can provide additional insights into
disease susceptibility and therapeutic targets. Beyond
ictal headache episodes, migraine is increasingly recog-
nized as a disorder associated with a substantial interictal
burden, including persistent sensory and sleep-related
disturbances. These features suggest that migraine-related
pathophysiology may extend beyond discrete attacks and
involve ongoing alterations in brain physiology between
episodes, providing a relevant context for considering
brain clearance mechanisms.'

Recent advances in neurobiology have identified special-
ized brain clearance pathways that contribute to the removal
of interstitial solutes and inflammatory mediators. The glym-
phatic system facilitates cerebrospinal fluid (CSF)-intersti-
tial fluid (ISF) exchange along perivascular spaces and
appears to play a central role in metabolic waste clearance
and immune signaling in the brain. Dysfunction of the
glymphatic pathway has been implicated in a variety of
neurological conditions and is proposed to contribute to
headache pathophysiology as well.”* In migraine, indirect
imaging markers such as altered diffusion metrics along
perivascular spaces have been interpreted as suggesting
impaired glymphatic transport, consistent with emerging
evidence of glymphatic disturbance in this disorder."

Complementing glymphatic exchange, meningeal lym-
phatic vessels provide an anatomically distinct outflow
route for CSF-derived solutes and immune cells toward
deep cervical lymph nodes, linking central nervous system
fluid dynamics with peripheral immune surveillance.’

Importantly, glymphatic function is strongly influenced
by sleep and state-dependent physiology. Glymphatic
transport is enhanced during sleep-like conditions, which
may be relevant to migraine given the well-established in-
teractions between sleep disruption and headache disor-
ders.” Emerging imaging studies in humans have begun to
explore clearance-related signatures in migraine, including
meningeal lymphatic drainage abnormalities and alter-
ations in perivascular fluid dynamics, although these find-
ings are heterogeneous and require further validation.”’

Mechanistically, CGRP signaling—a key driver of mi-
graine pain—not only contributes to neurovascular in-
flammation but may also influence meningeal lymphatic
function, thereby providing a possible link between classi-
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cal migraine biology and brain clearance pathways.’ From
a therapeutic standpoint, the brain clearance framework
suggests novel interventional opportunities. Neuromod-
ulation may influence CSF movement and glymphatic
exchange in ways that extend beyond neural excitability
modulation.

In vivo imaging evidence has shown that transcranial
focused ultrasound can enhance CSF movement and facil-
itate waste clearance in experimental models, providing a
potential mechanistic basis for its exploration in migraine.”’
In addition, emerging translational studies, including our
recent in-press work'’ support the broader concept that
low-intensity ultrasound may modulate glymphatic-relat-
ed processes in humans.

In this review, we provide a concise overview of brain
glymphatic and lymphatic systems, summarize evidence
linking these pathways to migraine, and discuss the thera-
peutic implications of neuromodulation—with a focus on
ultrasound-based approaches. By integrating mechanistic
insight with clinical perspective, we aim to present a prag-
matic framework for future biomarker development and
translational research in migraine. Figure 1 summarizes
the proposed interactions between migraine pathophysi-
ology, brain clearance systems, and neuromodulation dis-
cussed in this review.

OVERVIEW OF BRAIN CLEARANCE SYSTEMS

Brain homeostasis depends on specialized clearance
pathways that regulate the movement and removal of CSE,
interstitial solutes, and immune signals. Two anatomical-
ly and functionally distinct but interconnected systems
are central to this process: the glymphatic system and the
meningeal lymphatic system.

1. Glymphatic system

The glymphatic system operates at the parenchymal level
and facilitates convective exchange between CSF and ISF
along perivascular spaces. CSF enters the brain predomi-
nantly via periarterial pathways, mixes with ISF within the
parenchyma, and exits along perivenous routes, thereby
contributing to the clearance of metabolic byproducts and
neuroactive solutes.'' Glymphatic transport is strongly
state dependent, with enhanced CSF-ISF exchange during
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Figure 1. Proposed interactions between migraine pathophysiology, brain clearance systems, and neuromodulation. Migraine involves
trigeminovascular activation with CGRP release and neuroimmune interactions in the meninges. Brain clearance operates at two inter-
connected levels: glymphatic exchange within the parenchyma, characterized by periarterial CSF influx, CSF-ISF exchange, and perivas-
cular clearance that are modulated by sleep; and meningeal lymphatic outflow at the dural level, which drains CSF-derived solutes and
immune components toward deep cervical lymph nodes. Experimental evidence suggests that migraine-related mechanisms, including
CGRP signaling and sleep disruption, may impair these clearance pathways. Neuromodulation strategies—such as low-intensity or FUS
and other noninvasive modalities—may influence CSF dynamics and glymphatic-lymphatic function, representing a potential therapeu-
tic approach for modulating migraine susceptibility. Solid arrows indicate experimentally supported relationships, whereas bold arrows
denote hypothesized interactions.

CGRP, calcitonin gene-related peptide; CSF, cerebrospinal fluid; ISF, interstitial fluid; LIUS, low-intensity ultrasound stimulation; FUS, fo-
cused ultrasound; VNS, vagus nerve stimulation; tES, transcranial electrical stimulation; DBS, deep brain stimulation.

sleep and suppression during wakefulness, reflecting
physiological regulation of brain waste clearance.”” From a
clinical standpoint, this framework is relevant to migraine,
a disorder in which sleep disturbance is both a common
trigger and a frequent consequence of attacks, potentially
predisposing patients to impaired brain clearance.

2. Meningeal lymphatic system

In contrast to the parenchymal glymphatic pathway, the
meningeal lymphatic system functions at the dural level
and represents a conventional lymphatic outflow route.
Meningeal lymphatic vessels drain CSF-derived solutes,
macromolecules, and immune cells toward the deep cer-
vical lymph nodes, linking intracranial fluid dynamics with

13,14

peripheral immune surveillance. " " Because migraine

pain arises from meningeal and trigeminovascular struc-

tures, alterations in meningeal lymphatic drainage may be
particularly relevant to migraine pathophysiology.

3. Functional interaction and clinical relevance

Although distinct, the glymphatic and meningeal lymphat-
ic systems are functionally interconnected. Solutes cleared
from the brain parenchyma via glymphatic pathways ulti-
mately rely on meningeal lymphatic vessels for extracranial
drainage, and dysfunction at either level may compromise

" In migraine, mech-

overall brain clearance efficiency.
anisms such as sleep disturbance and neurogenic inflam-
mation may disrupt this coordinated clearance network,
providing a conceptual basis for emerging biomarker and

therapeutic research.
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EVIDENCE OF LYMPHATIC AND GLYMPHATIC
DYSFUNCTION IN MIGRAINE

Current evidence linking migraine to dysfunction of brain
clearance systems remains emerging and heterogeneous.
Rather than definitive proof, the available data collective-
ly suggest that alterations in CSF dynamics, perivascular
transport, and meningeal immune drainage may accom-
pany migraine susceptibility and chronification.

1. Indirect human imaging evidence of altered brain
clearance

In humans, direct visualization of glymphatic flow remains
technically challenging. As a result, most clinical evidence
in migraine relies on indirect imaging markers that reflect
perivascular fluid dynamics. Diffusion tensor imaging-
based analysis along perivascular spaces (DTI-ALPS) has
been proposed as a surrogate marker of glymphatic func-
tion and has been applied to patients with migraine. DTI-
ALPS is based on the anatomical observation that perivas-
cular spaces surrounding penetrating arteries and veins
serve as major conduits for glymphatic fluid transport.
Because diffusion along these spaces is directionally con-
strained, DTI can be used to estimate preferential water
diffusivity parallel to perivascular pathways. The ALPS in-
dex therefore provides an indirect surrogate of perivascu-
lar fluid movement rather than a direct measure of glym-
phatic flow. Several studies report altered ALPS indices or
perivascular imaging features in migraine compared with
controls, although the direction and magnitude of these
changes vary across cohorts.’

In migraine, DTI-ALPS studies have reported heteroge-
neous findings. Some studies suggest altered ALPS indices
in chronic migraine compared with episodic migraine or
controls, whereas data comparing migraine with and with-
out aura remain limited and inconsistent. Importantly,
several studies have reported null or variable results, and
correlations between ALPS indices and clinical variables
such as headache frequency or disease duration have not
been consistently demonstrated.”"" Additional radiological
findings associated with migraine, such as enlarged peri-
vascular spaces and white matter hyperintensities-have
also been discussed in the context of impaired ISF clear-

16

ance.  However, these features are nonspecific and may
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reflect cumulative vascular, inflammatory, or aging-related
processes rather than direct evidence of glymphatic dys-
function.

2. Experimental evidence linking migraine-related
mechanisms to meningeal lymphatics

Beyond imaging, experimental studies provide more direct
mechanistic insight. Recent preclinical work has demon-
strated that meningeal lymphatic vessels are functionally
responsive to migraine-related signaling pathways. In par-
ticular, CGRP signaling—central to migraine pathophysi-
ology—has been shown to modulate meningeal lymphatic
function, influencing CSF efflux, immune interactions,
and pain-related behaviors in animal models. These find-
ings suggest that meningeal lymphatics may represent an
interface through which trigeminovascular activation and
immune signaling converge.'’

3. Sleep disturbance as a modifier of clearance in
migraine

Sleep disturbance is one of the most consistent clinical
features associated with migraine, acting as both a trig-
ger and a consequence of attacks. Experimental studies
outside the migraine field demonstrate that sleep strongly
enhances glymphatic transport, whereas sleep deprivation
suppresses CSF-ISF exchange. In migraine, recurrent sleep
disruption may therefore represent a physiological mech-
anism by which brain clearance efficiency is reduced, po-
tentially facilitating the accumulation of pro-inflammatory

or pro-nociceptive mediators. "

4. Limitations of current evidence

Despite growing interest, several limitations should be
acknowledged. Human studies largely rely on indirect im-
aging markers with variable reproducibility, while experi-
mental models may not fully capture the complexity of mi-
graine phenotypes. Moreover, whether observed clearance
alterations are a cause, consequence, or epiphenomenon
of migraine remains unresolved. These gaps underscore
the need for standardized biomarkers and longitudinal
studies integrating imaging, physiological measures, and
clinical outcomes.
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NEUROMODULATION AS A STRATEGY TO
MODULATE BRAIN CLEARANCE

Neuromodulation refers to the application of electrical,
magnetic, or acoustic stimulation to alter neural activi-
ty or physiological processes, and has been increasingly
explored in migraine for both preventive and acute treat-
ment. Traditionally, neuromodulation strategies have
focused on modulating cortical excitability or nociceptive
processing. In the context of brain clearance, however,
neuromodulation may additionally influence CSF dynam-
ics, vascular pulsatility, and state-dependent physiology.
The brain clearance framework adds an additional, clin-
ically testable dimension: whether neuromodulation can
influence CSF dynamics and, by extension, glymphatic-
lymphatic function. This perspective is particularly rele-
vant because clearance pathways are state dependent and
are tightly coupled to sleep physiology, arousal, and neu-
rovascular tone.

1. Why neuromodulation is conceptually attractive in
a clearance framework

From a translational standpoint, clearance dysfunction—
if present in migraine—may not be optimally addressed by
conventional analgesic or anti-inflammatory approaches
alone. Neuromodulation offers a potentially complemen-
tary route by targeting upstream physiology that shapes
CSF movement (e.g., vascular pulsatility, perivascular
transport, and state-dependent fluid exchange). In this
model, the therapeutic hypothesis is not limited to “pain
inhibition,” but extends to “restoring a physiological state
that facilitates clearance.”

2. Transcranial ultrasound: direct in vivo evidence of
enhanced cerebrospinal fluid movement and clear-
ance modulation

Among neuromodulation modalities, transcranial low-in-
tensity ultrasound has particular relevance because it has
been shown using real-time optical imaging to enhance
CSF movement and cortical CSF influx in vivo, providing
mechanistic support for the concept that stimulation may
influence clearance-related fluid dynamics.’ Clinically,
this evidence is valuable because it establishes a measur-

able intermediate endpoint (CSF movement/CSF influx)
that can be linked to imaging biomarkers and, ultimately,
headache outcomes in future trials.

Consistent with this physiological effect on CSF dynam-
ics, a related body of work in neurodegeneration provides
proof-of-concept that ultrasound-based interventions can
influence glymphatic-lymphatic drainage at a systems
level. Focused ultrasound combined with microbubbles
has been reported to enhance the drainage of soluble am-
yloid-p from the brain to CSF spaces and onward toward
deep cervical lymph nodes, supporting the broader plau-
sibility of ultrasound-mediated clearance modulation."
This line of evidence does not imply direct clinical efficacy
for migraine, but it strengthens the mechanistic rationale
that clearance pathways are modifiable rather than purely
passive.

3. Other neuromodulation modalities

Beyond transcranial ultrasound, other neuromodulation
techniques have been investigated for their potential in-
fluence on CSF dynamics and brain clearance pathways.
Clinically patterned vagus nerve stimulation (VNS) has
been shown to enhance CSF tracer penetrance in animal
models, suggesting that VNS may alter CSF/ISF exchange

and clearance mechanisms.”

Low-frequency auricular
VNS increased arterial vasomotion and cortical CSF influx
in vivo, further supporting the concept that modulation
of autonomic pathways can influence perivascular fluid
movement.”' Transcranial electrical stimulation (tES) mo-
dalities, such as transcranial direct current or alternating
current stimulation, primarily target cortical excitability
but also influence neural oscillations and neurovascular
coupling. While direct evidence linking tES to glymphatic
clearance is currently limited, recent studies demonstrate
that slow vascular and neural rhythms—which can be
influenced by neuromodulatory interventions such as
tES-are associated with enhanced CSF movement and
glymphatic function during states such as non-rapid

22,23

eye movement sleep.”” Photobiomodulation has been
proposed to augment brain lymphatic and glymphatic
drainage in preclinical models, potentially via vasodilatory
effects on vascular and lymphatic pathways.” Although
these modalities do not yet have direct clinical evidence

of clearance modulation in migraine, their physiological
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effects on autonomic tone, vascular dynamics, or neural
rhythms provide a plausible mechanistic basis for future
investigation in headache and pain disorders.

In addition to clearance-oriented neuromodulation
strategies, several neuromodulation approaches have
been investigated in migraine and pain disorders, primar-
ily with the aim of modulating nociceptive processing or
cortical excitability. For example, noninvasive stimulation
techniques, including motor cortex stimulation and other
brain stimulation paradigms, have demonstrated mod-
ulatory effects on pain perception and migraine-related
symptoms in both experimental and clinical settings.”
These approaches are generally conceptualized as pre-
ventive or abortive interventions depending on stimula-
tion timing and target engagement. In contrast, focused
ultrasound-based neuromodulation may occupy a dis-
tinct conceptual position. Rather than directly targeting
pain networks, ultrasound has been shown to influence
CSF movement and perivascular transport, suggesting a
potential role in modulating the physiological state that
shapes migraine susceptibility. From this perspective, ul-
trasound-based approaches may be more appropriately
framed as modulators of underlying brain physiology,
which could complement established preventive or abor-
tive strategies rather than replace them.

4. Translational implications for migraine

In migraine, a clearance-oriented neuromodulation
strategy is best framed as hypothesis-driven and staged.
Near-term goals include identifying patients with the
most convincing clearance-related signatures (e.g., indi-
rect glymphatic markers or meningeal lymphatic-related
imaging patterns), and testing whether neuromodula-
tion produces measurable changes in CSF dynamics and
clearance surrogates alongside clinical endpoints such as
attack frequency and disability. Longer-term, mechanistic
integration with established migraine biology-particu-
larly meningeal neuroinflammation and CGRP-linked
pathways-may help determine whether “clearance mod-
ulation” represents a distinct therapeutic mechanism or a
convergent downstream effect.
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CLINICAL PERSPECTIVES AND FUTURE
DIRECTIONS

Emerging evidence suggests that brain lymphatic and
glymphatic systems may contribute to migraine biology,
but their clinical relevance remains to be clearly defined.
Rather than proposing clearance modulation as a stand-
alone therapeutic paradigm, future research should focus
on how clearance-related mechanisms can refine bio-
marker development, patient stratification, and transla-
tional study design.

1. Biomarkers and patient stratification

At present, assessment of brain clearance function in hu-
mans relies largely on indirect imaging markers, including
perivascular diffusion-based metrics and radiological
features associated with altered ISF dynamics. While these
measures are imperfect, they provide a practical founda-
tion for exploratory studies in migraine, particularly in pa-
tients with chronic migraine, prominent sleep disturbance,
or treatment-refractory disease. Standardization and vali-
dation across centers will be essential before such markers

3,12

can inform routine clinical decision-making.

2. Translational implications for neuromodulation

Neuromodulation approaches may offer a means to influ-
ence physiological processes that shape CSF dynamics and
clearance efficiency. Among these, focused ultrasound is of
particular interest because it has been shown to enhance
CSF movement in vivo, providing a measurable intermedi-
ate endpoint that can be integrated into translational study
designs. Importantly, early-phase studies should combine
clinical outcomes with physiological or imaging-based
measures to clarify whether neuromodulation effects are
mediated through clearance-related mechanisms, pain
network modulation, or both.”"’

3. Integration with established migraine mechanisms

Clearance-based concepts should be viewed as comple-
mentary to established migraine biology rather than as
competing models. Interactions among CGRP signaling,
meningeal immune activation, sleep disruption, and
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clearance efficiency may converge to influence migraine
susceptibility and long-term disease course. Determining
whether altered clearance represents a driver, amplifier, or
downstream consequence of migraine attacks will require
carefully designed longitudinal and interventional stud-

ies.>"”

CONCLUSION

Emerging evidence suggests that brain lymphatic and
glymphatic systems represent a relevant but still evolving
dimension of migraine biology. While current data do not
establish clearance dysfunction as a primary driver of mi-
graine, they provide a coherent framework for integrating
sleep physiology, meningeal immune interactions, and
CSF dynamics into existing pathophysiological models.
Continued translational research combining mechanistic
insight with clinically grounded study design will deter-
mine whether modulation of brain clearance pathways can
meaningfully contribute to future migraine management.
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