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The glymphatic system hypothesis is a concept describing the clearance of waste products from the brain. The term “glymphatic
system” combines the glial and lymphatic systems and is typically described as follows. The perivascular space functions as
a conduit that drains cerebrospinal fluid (CSF) into the brain parenchyma. CSF guided to the perivascular space around the
arteries enters the interstitium of brain tissue via aquaporin-4 water channels to clear waste proteins into the perivascular
space around the veins before being drained from the brain. In this review, we introduce the glymphatic system hypothesis
and its association with fluid dynamics, sleep, and disease. We also discuss imaging methods to evaluate the glymphatic
system.
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INTRODUCTION

The glymphatic system hypothesis is a concept associated
with cerebrospinal fluid (CSF) and interstitial fluid (ISF)
dynamics in the central nervous system. This hypothesis
does not represent the discovery of a previously unknown
anatomical structure but rather a brain-wide paravascular
pathway for CSF and ISF exchange that facilitates the
efficient clearance of solutes and waste from the brain. CSF
enters the brain along para-arterial channels to exchange
with the ISF, which is in turn cleared from the brain along
para-venous pathways (1). After first being proposed by
Iliff et al. in 2012 (2), this concept has attracted attention
from a wide range of fields and many associated reports
were published shortly thereafter. This review introduces the
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glymphatic system hypothesis in association with neurofluid
dynamics, as well as its association with sleep and disease.

The term “neurofluids” was first used by Professor Toro,
an applied mathematician at the University of Trento, Italy
(3). “Neurofluids” is defined as a collective term for the
fluids in which the central nervous system is immersed,
such as the blood, CSF, and ISF (3, 4). This term is helpful
for understanding the dynamics of these fluids.

The Old and New Concepts of CSF Dynamics

The concept established by Cushing, Weed, and others
in the early 20th century regarding the production,
circulation, and absorption of CSF, a neurofluid, has long
been supported (5, 6). According to this concept, CSF is
produced in the choroid plexus of the lateral ventricle, flows
into the subarachnoid space through the ventricular system,
is absorbed from the arachnoid villi on the brain surface,
and eventually returns to the systemic circulation through
the veins. CSF secretion in adults varies between 400 mL
per day to 600 mL per day and 60-75% of CSF is produced
by the choroid plexuses of the lateral ventricles and the tela
choroidea of the third and fourth ventricles (7). However,
this concept has been questioned since the end of the 20th
century and a wide range of contradictory evidence has
been presented.
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A recently supported concept is that CSF is mainly
produced because of hydrostatic pressure in the capillaries
of the brain. In addition to the above-mentioned
subarachnoid space, the involvement of the ependymal
tissue, pia mater on the brain surface, and intercellular
substances in the brain parenchyma has been demonstrated
(8-10). The absorption of CSF by the arachnoid villi has also
been questioned (11). In addition to the arachnoid villi in
the skull, the known pathways for CSF absorption include
the arachnoid villi in the spinal cord and lymphatic systems
in the dura and nasal cavity, among other locations. Tracer
experiments with resin injected into the CSF space have
demonstrated tracer flow into the lymphatic system in the
nasal cavity via the cribriform plate in various mammals,
including humans (12). Another reason against the
hypothesis that the arachnoid villi are a major site of CSF
absorption is that arachnoid villi are not present in humans
or sheep before birth, but develop postpartum and increase
in number with age (10). For the past 30 years, although
the precise percentages remain unknown, several studies
have confirmed the transport of substances from the brain
to the cervical lymph nodes via the lymphatic system in the
nasal cavity and other areas (11, 13). In other words, under
physiological conditions, the nasal lymphatic system is the
main pathway for CSF clearance, whereas the arachnoid villi
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Fig. 1. Overview of glymphatic system and neurofluid concept.
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are a pathway activated only when intracranial pressure is
increased (13, 14).

Glymphatic System Hypothesis

Nedergaard and Goldman (15) hypothesized that the
perivascular spaces constitute a system equivalent to the
lymphatic system in the brain and named this system the
glymphatic system (2) by combining the glial and lymphatic
systems. Their hypothesis can be summarized as follows. The
perivascular space functions as a conduit that drains CSF
into the brain parenchyma. The driving force of this conduit
includes arterial pulsation and convective bulk flow of ISF.
(CSF, guided to the perivascular space around the arteries,
enters the interstitium of the brain tissue via aquaporin-4
(AQP4) water channels distributed in the foot processes of
astrocytes that constitute the outer wall of the perivascular
space. CSF entering the interstitium collects waste proteins
from tissues. After clearing intercellular spaces in this way,
the CSF/ISF then flows into the perivascular space around
the veins and is drained from the brain (Fig. 1).

Under the above-mentioned hypothesis, Iliff et al. (2)
observed a subcortical area of the mouse brain in vivo (at a
depth of 100 pm) using two-photon microscopy that enables
observation of the live brain using a highly transmissive
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A. Illustrates original concept of glymphatic system. CSF flows into brain parenchyma through periarterial space and enters interstitial space

of brain tissue through AQP4-controlled water channels distributed at endfeet of astrocytes that comprise outer wall of perivascular space. CSF
entering interstitial space removes waste proteins from tissue. CSF then flows into space around veins and is excreted outside brain. B. Illustrates
concept of neurofluids in brain tissue. Interstitial space or CSF space of brain tissue is considered common space that functions not only as
support structure but also as space for mass transport, immune function, and/or intercellular signaling. Common space is filled with neurofluids.
Neurofluid is term that refers to any type of fluid that fills central nervous system, such as CSF, ISF, and blood. There is exchange between
neurofluid compartments. Adapted from Taoka et al. J Magn Reson Imaging 2020;51:11-24 (4). AQP4 = aquaporin-4, CSF = cerebrospinal fluid,

ISF = interstitial fluid
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Glymphatic System Imaging

infrared laser light. They marked the subcortical vessels with
transarterially administered fluorescent substances and then
labeled the CSF with two types of fluorescent substances.
The behaviors of these substances were observed over time.
The tracers were observed around the arteries immediately
after injection and around the veins one hour after
injection. Tracers directly injected into the brain parenchyma
accumulated around veins. These findings are the basis

of the hypothesis that the CSF flows from the periarterial
space into the interstitium, from which it is drained via the
perivenous space. Another study confirmed that arterial
pulsation drives CSF/ISF in the perivascular space around the
arteries (16).

Controversies Surrounding the Glymphatic
System Hypothesis

The glymphatic system hypothesis proposes a
unidirectional flow through the perivascular space of the
arteries or arterioles to the perivascular space of the veins,
as observed by two-photon microscopy. Although some
reports support this glymphatic system hypothesis as above,
several others have refuted it, particularly the idea that
arterial pulsation provides the driving force for interstitial
flow (bulk flow), which is associated with the transfer from
the CSF to ISF in tissue. In a study using mathematical
modeling, Asgari et al. (17) demonstrated that the driving
force generated by arterial pulsation was too small to
transport substances by flowing fluid and that they might
instead be transported through the perivascular space by
diffusion instead of “bulk flow,” such as interstitial flow.
Another study using mathematical modeling also refuted
the involvement of AQP4, one of the key elements of the
glymphatic system. Models based on the Navier-Stokes and
convection-diffusion equations, which are associated with
fluid motion, showed that the resistance against permeation
of water molecules through astrocyte endfeet is much
higher than that through the surrounding spaces between
the endfeet. Thus, the transport of substances by the bulk
flow of extracellular fluid is unlikely to be modulated by
changes in the water permeability of AQP4 (18). In these
models, diffusion rather than bulk flow is a factor in
the transport of substances in the extracellular fluid. In
addition, Spector et al. (19) questioned many aspects of
the hypothesis developed by Nedergaard et al. For example,
their hypothesis ignores the transport of substances to the
brain parenchyma via the pia mater on the brain surface and
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ependyma. CSF in the perivascular space is reportedly nearly
stagnant or in a to-and-fro state. Moreover, conditions
during two-photon microscopic observations differ from
those of the physiological environment (19). Despite

these controversies, the concept of the glymphatic system
helps radiologists or radiology researchers to understand
neurofluid dynamics better.

Imaging Evaluation of the Glymphatic System/
Neurofluid Dynamics in Humans

A variety of methods is used to evaluate the glymphatic
system/neurofluid dynamics. In humans, non-invasive
methods are necessary; thus, the selection of potential
methods is limited. The MRI methods reported so far to
evaluate the dynamics of neurofluids; namely, the blood,
CSF, and ISF, are described below (Fig. 2).

Tracer Studies to Evaluate Glymphatic/Neurofluid
Dynamics

Gadolinium-based contrast agents (GBCAs) have been
in use for more than 30 years (20-22). Evaluation using
intrathecally injected GBCAs as tracers has also been
reported in humans. For example, there was one report of an
accident in a clinical setting in which relatively high doses
of GBCAs were intrathecally injected (23) and other reports
in which small doses of GBCAs were systematically injected
into the intrathecal space for diagnostic purposes (24-
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Fig. 2. MRI methods for evaluating glymphatic system/
neurofluid dynamics. Several MRI methods have been reported

for evaluation of neurofluid (blood, CSF, and ISF) dynamics. Although
methods for evaluating blood or CSF dynamics are established, those
for evaluating ISF dynamics are under development. Numbers indicate
representative references. ASL = arterial spin labeling, DCE = dynamic
contrast-enhance, DSC = dynamic susceptibility contrast, GBCA =
gadolinium-based contrast agent, IVIM = intravoxel incoherent motion,
SLIP = spatial labeling inversion pulse, 4D = four-dimensional
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). All reports have shown that GBCAs penetrate and flow
from the brain surface to the cortex and further deep brain
tissues in humans. One study examined the distribution of
a CSF tracer in the human brain using MRI over a prolonged
time, reporting that GBCAs distributed centripetally from
the surface toward structures in the deep parts of the
brain and that vascular pulsations mediated by the CSF
seemed to play an important role in tracer entry into the
brain (26). These findings confirm that CSF also flows
from the brain surface into the parenchyma in humans, as
stated by the glymphatic system hypothesis, and suggest
that GBCAs can be used to evaluate system activity. There
are also reports of intrathecal injection of GBCAs for the
evaluation of decreased glymphatic system activity in
normal pressure hydrocephalus (26, 27). In a recent study,
human subjects underwent MRI before and at multiple time
points after the intrathecal administration of a contrast
agent. Measurements of signals at locations including
the ventricles and brain parenchyma, predefined as the
“glymphatic pathway” showed that the delayed clearance
of the “glymphatic pathway” was related to aging. The
study also examined heavily T2-weighted fluid-attenuated
inversion recovery images to visualize putative meningeal
lymphatic vessels; the delayed visualization of meningeal
lymphatics compared to that of the “glymphatic pathway”
indicated that meningeal lymphatics are downstream of
the “glymphatic pathway” (28). Practically, the intrathecal
injection of GBCAs has not been approved by U.S. Food and
Drug Administration (FDA), making its clinical application
impossible. Regarding this issue, one report discussed
the safety profile and feasibility of intrathecal contrast-
enhanced glymphatic MR performed in 100 consecutive
patients. The study clinically registered short- and long-
term adverse events using patient interviews after the
intrathecal administration of 0.5 mL of gadobutrol (1.0
mmol/mL) along with 3 mL of iodixanol (270 mg I/mL). In
the series, serious anaphylaxis occurred in one patient with
a known allergy to iodine-containing contrast agents (1%);
other adverse events during the first 1-3 days after contrast
injection included severe headache (28%) and severe
nausea (34%) (29).

Intravenous injection of gadolinium to evaluate the
glymphatic system has also been reported. Regarding
the evaluation of the brain parenchyma, one study
that assessed the permeation of intravenously injected
gadolinium into normal brain tissue by permeability
imaging reported an elevated blood-brain barrier transfer
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coefficient in patients with Alzheimer’s disease (30).
Several reports have also used permeability imaging to
evaluate the correlation between glymphatic function and
blood-brain barrier function (31, 32). One study using
dynamic GBCA-enhanced MRI to quantify blood-brain barrier
permeability demonstrated that enlarged perivascular
spaces were associated with compromised blood-brain
barrier integrity supporting the hypothesis that blood-brain
barrier dysfunction may be involved in the pathogenesis of
enlarged perivascular spaces (31). Another report used 0,
a stable isotope of oxygen, as an MRI tracer to evaluate
blood-brain barrier function. The study observed the effect
of an AQP4 facilitator, TGN-073, and showed increased ISF
turnover through the system, suggesting that the AQP4
system produces a water gradient within the interstitial
space that promoted ISF circulation within the blood-brain
barrier in addition to providing the necessary water for
proper glymphatic flow (32).

The transfer of intravenously injected gadolinium into
the CSF has also been confirmed in humans. Intravenously
administered GBCAs are reported to leak into the CSF
even in healthy subjects (33). At approximately 4 hours
after intravenous injection of gadolinium, transfer of
gadolinium into the CSF and Virchow-Robin space at the
base of the brain can be observed on heavily T2-weighted
fluid-attenuated inversion recovery images (34-38). It is
also interesting that intravenously administered GBCAs
show leakage from the cortical veins with delayed imaging
after injection, with the leakiness of the cortical veins
significantly correlated with age (39). Using this imaging
method, the space between the pial sheath surrounding the
cortical veins and the cortical venous wall was reported to
be enhanced; this enhancement appeared to be connected
to the meningeal lymphatics running along the superior
sagittal sinus (40).

Diffusion Images to Evaluate the Glymphatic System/
Neurofluid Dynamics

Attempts have also been made to evaluate glymphatic
system activity using diffusion images. In tracer studies,
the behaviors of tracers after injection are assessed using
integral evaluation. Meanwhile, the assessment of diffusion
images uses differential evaluation as the behavior of water
molecules in the tissue at the time of imaging is evaluated
(4). The latter may enable the evaluation of glymphatic
system activity at any given time point. While hypothesizing
that diffusion capacity limited to the running direction
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of the perivascular space correlates with the activity of

the glymphatic system, we have proposed an evaluation
technique, termed diffusion tensor image analysis along
the perivascular space (DTI-ALPS), in which the behavior
of water molecules in the deep white matter is evaluated
using DTI (41). When the diffusion capacity of water
molecules in the brain is evaluated, the effects of diffusion
along large white matter fibers are so substantial that the
evaluation of diffusion along perivascular spaces is difficult.
However, if the large white matter fibers and perivascular
space intersect at a right angle, the effects of the former
should be separable. In the human brain, the medullary
arteries and veins intersect with the ventricular wall, at a
right angle to the white matter on the outer side of the
body of the lateral ventricle. In other words, the medullary
arteries and veins run horizontally on the-cross section. In
a region proximal to the lateral ventricle, projection fibers,
including the pyramidal tract, run in the vertical direction.
On the outer side of the projection fibers, the commissural
fibers, including the superior longitudinal fascicles, run in
the anteroposterior direction. Thus, in this region, diffusion
along the perivascular spaces of the medullary arteries and
veins can be measured separately from the diffusion along
large white matter fibers. In the DTI-ALPS technique, the
diffusion capacity along the perivascular space in the white
matter on the outer side of the body of the lateral ventricle
is evaluated as a ratio of the diffusion capacity along the
perivascular space to that in a direction perpendicular

to the running direction of the main white matter fibers
(ALPS index). Evaluations performed in healthy volunteers,
patients with mild cognitive decline, and patients with
Alzheimer’s disease showed that the ALPS index significantly
inversely correlated with the Mini-Mental State Examination
score and significantly correlated with age (Fig. 3). Thus,
the ALPS index might be an indicator of glymphatic system
function.

Other studies have also evaluated the glymphatic system
using diffusion images. One study utilized multishell
diffusion tensor imaging (b-values = 0, 50, 300, and
1000 s/mm?) to measure the slow and fast components of
the apparent diffusion coefficient (ADC) of water in the
brain. The study uncovered both increases in slow ADC
and decreases in fast ADC in relation to sleep, which could
reflect the distinct biological significance of fast- and slow-
ADC values and sleep-induced changes in CSF volume (42).
Another study utilized the intravoxel incoherent motion
(IVIM) method to investigate the intermediate diffusion
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component using a nonnegative least-squares method to
evaluate glymphatic system function. Using this method,
values for both parenchymal diffusivity and microvascular
perfusion were detected and perivascular fluid motion

was evaluated in relation to the glymphatic system (43).
Diffusion study can also be applied not only to the brain
parenchyma but also to the CSF space. A study evaluating
CSF signal intensity on b=500 s/mm? diffusion-weighted
imaging in the ventricles and other cerebrospinal spaces
reported significantly lower CSF signal intensities in the
lateral and 3rd ventricles of subjects with hydrocephalus. In
addition, the signal void in the Sylvian fissure significantly
positively correlated with age (44).

Other Imaging Methods to Evaluate Glymphatic System/
Neurofluid Dynamics

MRI tracer studies using an inversion pulse supplied
to arterial blood; i.e., the arterial spin labeling method,
have also been used to evaluate glymphatic function.

An animal study applied multiple echo time arterial spin
labeling to the mouse brain to assess blood-brain interface
water permeability by calculating the exchange time of
magnetically labeled intravascular water across the blood-
brain interface. A significant increase in exchange time in
AQP4-deficient mice was observed compared to their wild-
type counterparts, demonstrating the sensitivity of the
technique to a lack of AQP4 water channels (45).

Time-spatial labeling inversion pulse MRI is another
approach for the visualization of CSF motion by applying a
slab of inversion pulse at the region of interest in the CSF
space, utilizing the CSF as a tracer following magnetization.
CSF was found to flow from the third to the lateral
ventricles in healthy individuals, suggesting active CSF
exchange between these ventricles through the foramen of
Monro in the healthy brain; in contrast, no such CSF reflux
was observed in patients with hydrocephalus (46).

The phase-contrast method has also been utilized to
visualize fluid flow. Recently, the visualization of CSF
dynamics using four-dimensional phase-contrast (4D-PC)
has been developed, which determines the quantitative
spatiotemporal velocity distribution of CSF motion as
vector cine images (47). One study using 4D-PC reported
significantly lower CSF velocity in the posterior part of the
lateral ventricle around the choroid plexus than that in other
regions, a finding that challenged the traditional theory that
choroid plexus pulsation is the driving force of CSF flow (48).

Even computed tomography (CT) can provide some
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Fig. 3. DTI-ALPS. Diffusion capacity along the x-, y-, and z-directions measured in each region of interest in projection (blue), association (green),

and subcortical (red) areas in radiate crown (A, B). In projection (C) and association (D) areas, diffusion capacity along projection (z-direction: blue)
and association (y-direction: green) fibers is inversely correlated with MMSE score. Diffusion capacity in running direction of perivascular space
(x-direction: red) is correlated with MMSE score. In other words, with more severe Alzheimer’s disease, diffusion capacity tends to decrease. In
subcortical area (E), diffusion capacity is inversely correlated with MMSE score in all directions of perivascular space and white matter fibers. We
evaluated diffusion capacity along perivascular space using ratio of diffusion capacity along perivascular space, to that in direction perpendicular

to running direction of main white matter fibers (ALPS index). ALPS index = mean (Dxproj, Dxassoc) / mean (Dyproj, Dzassoc). ALPS index is
significantly inversely correlated with MMSE score (F) and significantly correlated with age (G), suggesting that ALPS index might be indicator
reflecting glymphatic system function. Adapted from Taoka et al. Jpn J Radiol 2017;35:172-178, with permission of Japan Radiological Society (41).
ADC = apparent diffusion coefficient, DTI-ALPS = diffusion tensor image analysis along the perivascular space, MMSE = Mini-Mental State Examination
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information on the glymphatic system. The images in

a study aiming to demonstrate glymphatic clearance of
extravasated iodine empirically following perforation
incurred during endovascular therapy on serial CT showed
progressive absorption and eventual disappearance of the
contrast medium by the brain parenchyma (49).

Glymphatic System and Sleep

The glymphatic system hypothesis has attracted attention
for its association with sleep. Drainage by the glymphatic
system is inhibited during wakefulness and markedly
enhanced during sleep. Xie et al. (50) used two-photon
microscopy to observe fluorescent tracers injected into the
CSF space of rats, finding that glymphatic system activity
was associated with sleep under physiological conditions.
The system was markedly more efficient during sleep than
during wakefulness. This difference was attributed to a
reduction in glial cell volume during sleep, resulting in
increased interstitial space expansion compared to during
wakefulness, thus promoting substance transport in tissue
(50). Similar effects have been observed during anesthesia.
The volume fraction of the interstitial space in tissue ranges
from 13% to 15% during wakefulness and from 22% to 24%
during sleep (50). One study showed that the glymphatic
system was more efficient when rats were placed in the
lateral position during sleep than in the prone position (51).
Based on these findings, the glymphatic system has been
associated with various physiological changes associated
with sleep.

Neurological Diseases Suspected to be
Associated with Glymphatic System Impairment

The following neurological diseases have been associated
with glymphatic system impairment. Because the concept
of the glymphatic system is only a hypothesis, as described
above, its association with these neurological diseases
has not been confirmed. However, consideration in the
context of this hypothesis facilitates understanding of the
pathology and physiology of some neurological diseases.

Alzheimer’s Disease

Amyloid B, a protein associated with Alzheimer’s
disease, aggregates to form amyloid plaques between
cells and contributes to disease progression (52). The
above-mentioned report on the glymphatic system also
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presented results regarding amyloid clearance in healthy
and AQP4-knockout mice (2). Evaluation of amyloid B
clearance over time after direct injection into the brain
tissue showed delayed clearance in AQP4-knockout mice.
This indicates that the glymphatic system including the
AQP4 water channel is involved in amyloid 3 clearance.

This accumulation of amyloid B causes glymphatic system
dysfunction, which leads to further amyloid p accumulation.
This vicious cycle may occur in affected tissues.

There are few reports of attempts to evaluate the
glymphatic system in patients with Alzheimer’s disease.
Intrathecal injection of GBCAs has not been approved by
FDA because of the possibility of serious adverse reactions.
Consequently, evaluation in tracer studies via intrathecal
injection of media is difficult to perform. As described
above, the DTI-ALPS technique has been introduced based
on the assumption that the diffusion capacity limited to the
running direction of the perivascular space in the radiate
crown correlates with glymphatic system activity (41).

Traumatic Brain Injury

Chronic brain injury, a progressive encephalopathy
caused by repeated injuries to the brain such as cerebral
concussion, presents with abnormal accumulations of
amyloid B and transactive response DNA-binding protein
43. In recent years, tauopathy has been reported in chronic
brain injury (53). In a mouse model of moderate to severe
trauma, Iliff et al. (54) demonstrated a significantly
decreased transfer of tracers injected into the cortex in
the perivascular space on the ipsilateral side of the injured
brain that was detectable 28 days after trauma. Although
no studies have yet directly associated chronic brain injury
with glymphatic system dysfunction, these conditions
may be associated. A larger number of dilated perivascular
spaces have been observed on T2-weighted and fluid-
attenuated inversion recovery images in patients with
mild chronic brain injury than that in healthy volunteers.
However, whether this report provides collateral evidence
for the association between conditions is uncertain (55).

Normal Pressure Hydrocephalus

Idiopathic normal pressure hydrocephalus is a type of
communicating hydrocephalus in which the intracranial
pressure is often maintained within the normal range
despite the presence of enlarged ventricles. The
characteristic imaging findings include an enlarged Sylvian
fissure, narrowing of the CSF space in the parietal region,
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and narrowing of the callosal angle. However, many aspects
of the pathophysiology of this disease remain unclear,
particularly the CSF dynamics. In the past, cisternal
contrast-enhanced CT and cisternal scintigraphy have

been used for diagnosis; however, this disease is often
difficult to diagnose. A Norwegian institution published a
study in which GBCAs were intrathecally injected in both
patients with normal pressure hydrocephalus and in control
subjects. The normal pressure hydrocephalus group showed
reflux of the contrast agent into the ventricles, which is

a well-known finding of cisternal contrast-enhanced CT.
Furthermore, in both the normal pressure hydrocephalus
and control groups, the CSF space was first densely stained,
followed by dense staining of the brain parenchyma.
However, observations over 24 hours revealed that dense
staining of the parenchyma tended to be delayed in the
normal pressure hydrocephalus group. Based on these
findings, the Norwegian report indicated that glymphatic
system dysfunction may be associated with the pathology
of this disease (27).

A study using the DTI-ALPS technique to evaluate the
diffusion capacity limited to the running direction of the
perivascular space reported a lower diffusion capacity along
the perivascular space in patients with normal pressure
hydrocephalus than that in control subjects, suggesting
that the DTI-ALPS technique could be used to evaluate
glymphatic system dysfunction in patients with normal
pressure hydrocephalus (56).

Small Vessel Disease

In small vessel diseases/microangiopathies, including
cerebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy, the perivascular space is
often dilated. These diseases present with the deposition
of amyloid B and other abnormal proteins in tissues. The
association between the two events is difficult to explain
in terms of vascular wall damage. However, consideration
in the context of glymphatic system impairment reveals
that the accumulation of abnormal proteins in tissues
and the consequent dilation of the perivascular space
may be mutually associated events (57). Moreover, in
amyloid angiopathy, glymphatic system dysfunction is
also reportedly involved in amyloid deposition (58). As
discussed in section ‘Diffusion Images to Evaluate the
Glymphatic System/Neurofluid Dynamics, the combination
of IVIM and nonnegative least-squares methods can be used
to evaluate glymphatic function in small vessel disease. One
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study showed the relationship between the volume fraction
of the intermediate diffusion component with white
matter hyperintensities and enlarged perivascular spaces.
This correlation could indicate aberrant amounts of ISF in
degenerated tissue or perivascular edema preceding tissue
degeneration in cases with small vessel disease (43).

Other Neurological Disorders

There are several neurological diseases for which the
relationship to the glymphatic system has been discussed,
including subarachnoid hemorrhage (SAH) and ischemic
stroke. One of the very early animal studies visualizing
glymphatic system function using a GBCA revealed system
impairment hours after SAH induction in mouse models
(59). The report also mentioned glymphatic insufficiency
in ischemic stroke and that intracerebroventricular
injection of tissue-type plasminogen activator improved
glymphatic perfusion after SAH or ischemic stroke (59).
However, another study reported persistent malfunction of
glymphatic and meningeal lymphatic drainage and related
neuropathological damage after SAH (60). Diabetes is also
a disorder for which with a proposed relationship to the
glymphatic system. One MRI-based study of a rat model of
type 2 diabetes mellitus demonstrated that the clearance of
CSF GBCA from the interstitial space was slowed by a factor
of three in the hippocampus of type 2 diabetes mellitus
rats compared to that in the non-diabetic rats, a finding
confirmed by fluorescence imaging analysis (61).

CONCLUSION

Data on how waste products are excreted from the brain
and how CSF/ISF is involved have accumulated not only
from the studies on the glymphatic system described above
but also in other studies such as those on intra-arterial wall
pathways (5, 11, 62, 63). However, the glymphatic system
hypothesis may have attracted attention as it shows an
association between lifestyle and brain health based on the
enhanced clearance of waste products in the brain during
sleep, in addition to being labeled with the impactful term,
“glymphatic.” Although no imaging techniques have yet
been established that clearly depict the dynamics of the
glymphatic system and neurofluids, various techniques
have been attempted. Future studies should enhance
understanding of the association between the glymphatic
system and various diseases.

https://doi.org/10.3348/kjr.2020.0042 kjronline.org



Glymphatic System Imaging

Conflicts of Interest

Department of Innovative Biomedical Visualization (iBMV),
Nagoya University is supported by CANON MEDICAL SYSTEMS
CORPORATION.

ORCID iD

Toshiaki Taoka
https://orcid.org/0000-0001-9227-0240

Shinji Naganawa
https://orcid.org/0000-0002-0214-613X

REFERENCES

1. Iliff 3, Lee H, Yu M, Feng T, Logan J, Nedergaard M, et al.
Brain-wide pathway for waste clearance captured by contrast-
enhanced MRI. J Clin Invest 2013;123:1299-1309

2. Iliff 33, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA, et
al. A paravascular pathway facilitates CSF flow through the
brain parenchyma and the clearance of interstitial solutes,
including amyloid B. Sci Transl Med 2012;4:147ra111

3. Agarwal N, Contarino C, Toro EF. Neurofluids: a holistic
approach to their physiology, interactive dynamics and
clinical implications for neurological diseases. Veins and
Lymphatics 2019;8:49-58

4. Taoka T, Naganawa S. Glymphatic imaging using MRIL. J Magn
Reson Imaging 2020;51:11-24

5. Cushing H. Cameron lecture. Lancet 1925;206:851-857

6. Weed LH. Studies on cerebro-spinal fluid. no. III: the
pathways of escape from the subarachnoid spaces with
particular reference to the arachnoid villi. J Med Res
1914;31:51-91

7. Sakka L, Coll G, Chazal J. Anatomy and physiology of
cerebrospinal fluid. Eur Ann Otorhinolaryngol Head Neck Dis
2011;128:309-316

8. Oreskovi¢ D, Klarica M. The formation of cerebrospinal
fluid: nearly a hundred years of interpretations and
misinterpretations. Brain Res Rev 2010;64:241-262

9. Carare RO, Hawkes CA, Weller RO. Afferent and efferent
immunological pathways of the brain. Anatomy, function and
failure. Brain Behav Immun 2014;36:9-14

10. Miyajima M, Arai H. Evaluation of the production and
absorption of cerebrospinal fluid. Neurol Med Chir (Tokyo)
2015;55:647-656

11. Kida S, Pantazis A, Weller RO. CSF drains directly from the
subarachnoid space into nasal lymphatics in the rat. Anatomy,
histology and immunological significance. Neuropathol Appl
Neurobiol 1993;19:480-488

12. Johnston M, Zakharov A, Papaiconomou C, Salmasi G,
Armstrong D. Evidence of connections between cerebrospinal
fluid and nasal lymphatic vessels in humans, non-human
primates and other mammalian species. Cerebrospinal Fluid
Res 2004;1:2

kjronline.org https://doi.org/10.3348/kjr.2020.0042

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Korean Journal of Radiology

Cserr HF, Knopf PM. Cervical lymphatics, the blood-brain
barrier and the immunoreactivity of the brain: a new view.
Immunol Today 1992;13:507-512

Mollanji R, Bozanovic-Sosic R, Silver I, Li B, Kim C, Midha

R, et al. Intracranial pressure accommodation is impaired by
blocking pathways leading to extracranial lymphatics. Am J
Physiol Regul Integr Comp Physiol 2001;280:R1573-R1581
Nedergaard M, Goldman SA. Brain drain. Sci Am 2016;314:44-
49

Schley D, Carare-Nnadi R, Please CP, Perry VH, Weller RO.
Mechanisms to explain the reverse perivascular transport of
solutes out of the brain. J Theor Biol 2006;238:962-974
Asgari M, de Zélicourt D, Kurtcuoglu V. Glymphatic solute
transport does not require bulk flow. Sci Rep 2016;6:38635
Jin BJ, Smith AJ, Verkman AS. Spatial model of convective
solute transport in brain extracellular space does not support
a “glymphatic” mechanism. J Gen Physiol 2016;148:489-501
Spector R, Snodgrass SR, Johanson CE. A balanced view of the
cerebrospinal fluid composition and functions: focus on adult
humans. Exp Neurol 2015;273:57-68

Kanda T. The new restrictions on the use of linear gadolinium-
based contrast agents in Japan. Magn Reson Med Sci
2019;18:1-3

Taoka T, Naganawa S. Gadolinium-based contrast media,
cerebrospinal fluid and the glymphatic system: possible
mechanisms for the deposition of gadolinium in the brain.
Magn Reson Med Sci 2018;17:111-119

Naganawa S, Taoka T, Kawai H, Yamazaki M, Suzuki K.
Appearance of the organum vasculosum of the lamina
terminalis on contrast-enhanced MR imaging. Magn Reson
Med Sci 2018;17:132-137

Samardzic D, Thamburaj K. Magnetic resonance characteristics
and susceptibility weighted imaging of the brain in
gadolinium encephalopathy. J Neuroimaging 2015;25:136-139
Eide PK, Ringstad G. MRI with intrathecal MRI gadolinium
contrast medium administration: a possible method to

assess glymphatic function in human brain. Acta Radiol Open
2015;4:2058460115609635

Oner AY, Barutcu B, Aykol S, Tali ET. Intrathecal contrast-
enhanced magnetic resonance imaging-related brain signal
changes: residual gadolinium deposition? Invest Radiol
2017;52:195-197

Ringstad G, Valnes LM, Dale AM, Pripp AH, Vatnehol SS,
Emblem KE, et al. Brain-wide glymphatic enhancement

and clearance in humans assessed with MRI. JCI Insight
2018;3:e121537

Ringstad G, Vatnehol SAS, Eide PK. Glymphatic MRI

in idiopathic normal pressure hydrocephalus. Brain
2017;140:2691-2705

Zhou Y, Cai J, Zhang W, Gong X, Yan S, Zhang K, et al.
Impairment of the glymphatic pathway and putative
meningeal lymphatic vessels in the aging human. Ann Neurol
2020;87:357-369

Edeklev CS, Halvorsen M, Lgvland G, Vatnehol SAS, Gjertsen

1207



Korean Journal of Radiology

KJR

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

@, Nedregaard B, et al. Intrathecal use of gadobutrol for
glymphatic MR imaging: prospective safety study of 100
patients. AJNR Am J Neuroradiol 2019;40:1257-1264

van de Haar HJ, Burgmans S, Jansen JF, van Osch MJ,

van Buchem MA, Muller M, et al. Blood-brain barrier

leakage in patients with early Alzheimer disease. Radiology
2016;281:527-535

LiY, Li M, Yang L, Qin W, Yang S, Yuan J, et al. The
relationship between blood-brain barrier permeability and
enlarged perivascular spaces: a cross-sectional study. Clin
Interv Aging 2019;14:871-878

Huber V3, Igarashi H, Ueki S, Kwee IL, Nakada T. Aquaporin-4
facilitator TGN-073 promotes interstitial fluid circulation
within the blood-brain barrier: ["0]H.0 JJVCPE MRI study.
Neuroreport 2018;29:697-703

Naganawa S, Suzuki K, Yamazaki M, Sakurai Y. Serial scans in
healthy volunteers following intravenous administration of
gadoteridol: time course of contrast enhancement in various
cranial fluid spaces. Magn Reson Med Sci 2014;13:7-13
Naganawa S, Nakane T, Kawai H, Taoka T. Gd-based contrast
enhancement of the perivascular spaces in the basal ganglia.
Magn Reson Med Sci 2017;16:61-65

Naganawa S, Nakane T, Kawai H, Taoka T. Lack of contrast
enhancement in a giant perivascular space of the basal
ganglion on delayed flair images: implications for the
glymphatic system. Magn Reson Med Sci 2017;16:89-90
Ohashi T, Naganawa S, Katagiri T, Kuno K. Relationship
between contrast enhancement of the perivascular space

in the basal ganglia and endolymphatic volume ratio. Magn
Reson Med Sci 2018;17:67-72

Naganawa S, Nakane T, Kawai H, Taoka T. Differences in signal
intensity and enhancement on MR images of the perivascular
spaces in the basal ganglia versus those in white matter.
Magn Reson Med Sci 2018;17:301-307

Ohashi T, Naganawa S, Ogawa E, Katagiri T, Kuno K. Signal
intensity of the cerebrospinal fluid after intravenous
administration of gadolinium-based contrast agents: strong
contrast enhancement around the vein of labbe. Magn Reson
Med Sci 2019;18:194-199

Naganawa S, Nakane T, Kawai H, Taoka T. Age dependence

of gadolinium leakage from the cortical veins into the
cerebrospinal fluid assessed with whole brain 3D-real
inversion recovery MR imaging. Magn Reson Med Sci
2019;18:163-169

Naganawa S, Ito R, Taoka T, Yoshida T, Sone M. The space
between the pial sheath and the cortical venous wall may
connect to the meningeal lymphatics. Magn Reson Med Sci
2020;19:1-4

Taoka T, Masutani Y, Kawai H, Nakane T, Matsuoka K, Yasuno
F, et al. Evaluation of glymphatic system activity with the
diffusion MR technique: diffusion tensor image analysis along
the perivascular space (DTI-ALPS) in Alzheimer’s disease
cases. Jpn J Radiol 2017;35:172-178

Demiral SB, Tomasi D, Sarlls J, Lee H, Wiers CE, Zehra A, et al.

1208

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Taoka et al.

Apparent diffusion coefficient changes in human brain during
sleep-does it inform on the existence of a glymphatic system?
Neuroimage 2019;185:263-273

Wong SM, Backes WH, Drenthen GS, Zhang CE, Voorter PHM,
Staals J, et al. Spectral diffusion analysis of intravoxel
incoherent motion MRI in cerebral small vessel disease. J
Magn Reson Imaging 2020;51:1170-1180

Taoka T, Naganawa S, Kawai H, Nakane T, Murata K. Can low

b value diffusion weighted imaging evaluate the character of
cerebrospinal fluid dynamics? Jpn J Radiol 2019;37:135-144
Ohene Y, Harrison IF, Nahavandi P, Ismail O, Bird EV, Ottersen
OP, et al. Non-invasive MRI of brain clearance pathways using
multiple echo time arterial spin labelling: an aquaporin-4
study. Neuroimage 2019;188:515-523

Yamada S, Miyazaki M, Kanazawa H, Higashi M, Morohoshi

Y, Bluml S, et al. Visualization of cerebrospinal fluid
movement with spin labeling at MR imaging: preliminary
results in normal and pathophysiologic conditions. Radiology
2008;249:644-652

Yatsushiro S, Sunohara S, Hayashi N, Hirayama A, Matsumae M,
Atsumi H, et al. Cardiac-driven pulsatile motion of intracranial
cerebrospinal fluid visualized based on a correlation mapping
technique. Magn Reson Med Sci 2018;17:151-160

Takizawa K, Matsumae M, Hayashi N, Hirayama A, Sano F,
Yatsushiro S, et al. The choroid plexus of the lateral ventricle
as the origin of CSF pulsation is questionable. Neurol Med Chir
(Tokyo) 2018;58:23-31

Raz E, Dehkharghani S, Shapiro M, Nossek E, Jain R, Zhang

C, et al. Possible empirical evidence of glymphatic system on
computed tomography after endovascular perforations. World
Neurosurg 2020;134:e400-e404

Xie L, Kang H, Xu Q, Chen MJ, Liao Y, Thiyagarajan M, et

al. Sleep drives metabolite clearance from the adult brain.
Science 2013;342:373-377

Lee H, Xie L, Yu M, Kang H, Feng T, Deane R, et al. The effect
of body posture on brain glymphatic transport. J Neurosci
2015;35:11034-11044

Matsuda H, Shigemoto Y, Sato N. Neuroimaging of Alzheimer’s
disease: focus on amyloid and tau PET. Jpn J Radiol
2019;37:735-749

McKee AC, Cairns NJ, Dickson DW, Folkerth RD, Keene CD,
Litvan I, et al. The first NINDS/NIBIB consensus meeting to
define neuropathological criteria for the diagnosis of chronic
traumatic encephalopathy. Acta Neuropathol 2016;131:75-86
Iliff 33, Chen MJ, Plog BA, Zeppenfeld DM, Soltero M, Yang L,
et al. Impairment of glymphatic pathway function promotes
tau pathology after traumatic brain injury. J Neurosci
2014;34:16180-16193

Inglese M, Bomsztyk E, Gonen O, Mannon LJ, Grossman RI,
Rusinek H. Dilated perivascular spaces: hallmarks of mild
traumatic brain injury. AJNR Am J Neuroradiol 2005;26:719-
724

Yokota H, Vijayasarathi A, Cekic M, Hirata Y, Linetsky M,

Ho M, et al. Diagnostic performance of glymphatic system

https://doi.org/10.3348/kjr.2020.0042 kjronline.org



Glymphatic System Imaging

57.

58.

59.

kjronline.org

evaluation using diffusion tensor imaging in idiopathic
normal pressure hydrocephalus and mimickers. Curr Gerontol
Geriatr Res 2019;2019:5675014

Mestre H, Kostrikov S, Mehta RI, Nedergaard M. Perivascular
spaces, glymphatic dysfunction, and small vessel disease. Clin
Sci (Lond) 2017;131:2257-2274

Peng W, Achariyar TM, Li B, Liao Y, Mestre H, Hitomi E, et al.
Suppression of glymphatic fluid transport in a mouse model
of Alzheimer’s disease. Neurobiol Dis 2016;93:215-225
Gaberel T, Gakuba C, Goulay R, De Lizarrondo SM, Hanouz
JL, Emery E, et al. Impaired glymphatic perfusion after
strokes revealed by contrast-enhanced MRI: a new target for
fibrinolysis? Stroke 2014;45:3092-3096

https://doi.org/10.3348/kjr.2020.0042

60.

62.

63.

Korean Journal of Radiology

Pu T, Zou W, Feng W, Zhang Y, Wang L, Wang H, et al.
Persistent malfunction of glymphatic and meningeal lymphatic
drainage in a mouse model of subarachnoid hemorrhage. Exp
Neurobiol 2019;28:104-118

. Jiang Q, Zhang L, Ding G, Davoodi-Bojd E, Li Q, Li L, et al.

Impairment of the glymphatic system after diabetes. J Cereb
Blood Flow Metab 2017;37:1326-1337

Sato 0, Asai T, Amano Y, Hara M, Tsugane R, Yagi M.
Formation of cerebrospinal fluid in spinal subarachnoid space.
Nature 1971;233:129-130

Ohata K, Marmarou A, Povlishock JT. An immunocytochemical
study of protein clearance in brain infusion edema. Acta
Neuropathol 1990;81:162-177

1209





