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Abstract
In recent years, the existence of a mass transport system in the brain via cerebrospinal fluid (CSF)
or interstitial fluid (ISF) has been suggested by many studies. The glymphatic system is
hypothesized to be a waste clearance system of the CSF through the perivascular and interstitial
spaces in the brain. Tracer studies have primarily been used to visualize or evaluate the waste
clearance system in the brain, and evidence for this system has accumulated. The initial study that
identified the glymphatic system was an in vivo tracer study in mice. In that study, fluorescent
tracers were injected into the cisterna magna and visualized by two-photon microscopy. MRI has
also been used to evaluate glymphatic function primarily with gadolinium-based contrast agents
(GBCAs) as tracers. A number of GBCA studies evaluating glymphatic function have been
conducted using either intrathecal or intravenous injections. Stable isotopes, such as 17O-labeled
water, may also be used as tracers since they can be detected by MRI. In addition to tracer studies,
several other approaches have been used to evaluate ISF dynamics within the brain, including
diffusion imaging. Phase contrast evaluation is a powerful method for visualizing flow within the
CSF space. In order to evaluate the movement of water within tissue, diffusion-weighted MRI
represents another promising technique, and several studies have utilized diffusion techniques for
the evaluation of the glymphatic system. This review will discuss the findings of these diffusion
studies.
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“Neurofluids” and common spaces within the brain
Mass transport within brain tissue is primarily mediated by fluid flow. Needless to say,
blood plays the most prominent role in this mass transport. The requirements for metabolism in
the brain, including oxygen and glucose, are carried to the brain by blood flow and delivered to
the brain through the blood brain barrier. However, blood is not the sole mediator of mass
transport in the brain. Recently, mass transport through the cerebrospinal fluid (CSF) or interstitial
fluid (ISF) has been gaining attention as an important factor in brain homeostasis. While tissues
outside of the brain have lymphatic systems for clearance of metabolic waste, it was previously
thought that the brain lacked such a system. Based on their experiments, Iliff and Nedergaard et
al. first hypothesized that the brain also possesses its own waste clearance system and termed it
the “glymphatic system”, which was coined by combining “G” for glia with “lymphatic” system
(1,2). In their hypothesis, the perivascular spaces within the brain function as a conduit for CSF
flow into the brain parenchyma. The perivascular space around the arteries allows CSF to enter
the interstitial spaces through water channels controlled by aquaporin 4 (AQP4). CSF entering
the interstitial space washes away waste proteins within the tissue. The CSF or ISF that gets
flushed out between cells flows into the perivascular space around veins and is discharged outside
of the brain (Figure 1a). Recently, Iliff et al. provided a comprehensive definition of this system
as “a brain-wide perivascular network that supports the exchange of ISF and CSF, facilitating the
clearance of interstitial solutes, including amyloid β and tau from the brain parenchyma” (3).
Under this glymphatic system hypothesis, the interstitial space in the brain is regarded as common
space, which not only acts as a supportive structure, but also functions as a space for mass
transport, immune function and intercellular signal transmission. Following the introduction of
the glymphatic system hypothesis, an increasing number of studies have been published which
attempted to describe fluid dynamics within the brain. Accordingly, in 2018 and 2019, the annual
meeting of the International Society for Magnetic Resonance in Medicine (ISMRM) held sessions
to discuss the topic of “neurofluids”. The word “neurofluids” was first proposed by Prof. E. F.
Toro from the University of Trento as the name for a project to explore the fluid dynamics within
the central nervous system (CNS), and this word has been used to indicate all types of fluids
within the CNS, including CSF, ISF, and blood. Although this term has not been formally defined
or authenticated, it seems an apt description for the inclusive evaluation of fluid dynamics within
the CNS(Figure 1b). Many published reports have attempted to visualize or define the fluid
dynamics within the CNS, including the glymphatic hypothesis, using tracer studies or other
methods. In the present review, we will discuss these attempts and the results from imaging the
glymphatic system by MRI.

Methods for visualizing the glymphatic system and neurofluid dynamics
Tracer studies
In order to visualize or evaluate mass transport systems in the living body, tracer studies
are one of the most efficient methods. Tracer studies allow the analysis of a substance and its
interactions in the body by labeling the substance in a manner that does not alter its original
properties (4). In the brain, tracer studies have been used to simulate or trace transport within the
interstitial space (5). In addition to small radioactive particles, tracers can have other
characteristics that can be quantitatively assessed as well as physical characteristics that can be
detected after extended periods of time, such as temperature. Radio isotopes (RI) are generally
used tracers for imaging in the medical field. RI cisternography by 111In-DTPA has long been used
for the evaluation of CSF dynamics. CT cisternography using an iodine contrast agent has also
been utilized for the evaluation of hydrocephalus or other CSF abnormalities. However, there
have been no reports evaluating the glymphatic system by RI cisternography or CT cisternography,
mainly because these tracer studies require ionized radiation.
Laser microscopy tracer studies using fluorescent agents
The original studies supporting the glymphatic system hypothesis involved observations
of the subcortical region (at a depth of 100 μm) of the mouse brain in vivo by two-photon imaging
using a fluorescent tracer and laser-scanning microscope. This technique is capable of visualizing
the living brain through the dura using highly permeable infrared laser light. Two-photon laserscanning microscopy is invasive in that it requires the removal of a portion of the animal’s cranial
bone, and visualization is limited to the subcortical regions. However, this method enables realtime in vivo observations and can examine differences in behavior based on molecular size. In
these experiments, while large molecular weight fluorescent tracers entered the brain along the
perivascular spaces, they did not enter the surrounding interstitial space. This is in contrast to
small molecular weight fluorescent tracers that were concentrated in the perivascular spaces and
entered the interstitium from both the paravascular space and from the pial surface (1).
With these types of fluorescent tracer studies, important findings on the relationship between
the glymphatic system and sleep have been uncovered. Xie et al. infused fluorescent tracers into
the subarachnoid CSF via a cannula implanted in the cisterna magna for real-time assessment of
tracer movement in the CSF by in vivo two-photon imaging comparing CSF influx into the cortex

of awake, anesthetized, and sleeping mice. They found that natural sleep or anesthesia were
associated with a 60% increase in the interstitial space, resulting in a striking increase in
convective exchange of CSF with ISF (6).
MRI tracer studies using intrathecal injection of gadolinium-based contrast agent
After the initial publication by Iliff et al., follow-up experiments investigated the
glymphatic system hypothesis in MRI studies using intrathecal administration of gadoliniumbased contrast agent (GBCA) as a tracer (7,8). In contrast to observations of a fluorescent tracer
by laser-scanning microscopy which can only visualize the surface of the brain, MRI is a method
that provides tomographic images and evaluation of the whole brain. Iliff et al. reported on the
use of MRI to visualize glymphatic function in the rat brain in vivo by dynamic contrast-enhanced
MRI following intrathecal contrast agent administration. This approach is capable of
characterizing both the kinetics and spatial distribution of glymphatic function throughout the
entire brain. They compared the influx of small molecular weight Gd-DTPA with large molecular
weight polymeric Gd-chelate over the early infusion period, and the dynamic time series of MR
images that captured the transport of Gd-DTPA and large molecular weight polymeric Gd-chelate
through the glymphatic system demonstrated clear differences in whole-brain distributions
between the small and large molecules (7). Gaberel et al. conducted in vivo animal experiments
to measure the influence of stroke on perfusion in the glymphatic system using MRI after
intrathecal injection of a gadolinium chelate within the cisterna magna. The mouse models of
stroke included subarachnoid hemorrhage (SAH), intracerebral hemorrhage, carotid ligature, and
embolic ischemic stroke; they showed that the glymphatic system was severely impaired after
SAH and in the acute phase of ischemic stroke, but was not altered after carotid ligature or
intracerebral hemorrhage. In addition, they found that glymphatic perfusion after SAH can be
improved by intracerebroventricular injection of tissue-type plasminogen activator (8).
In humans, several studies have been reported in which intrathecally administrated GBCA
was used as a tracer for clinical diagnosis or evaluation of glymphatic function (9). As might be
expected, the use of intrathecal administration of GBCA has yet to be approved in any country
(10). Intrathecal administration of high-dose GBCA may cause serious gadolinium
encephalopathy which can cause symptoms including nausea, dyspnea, subjective chills, delirious
state with somnolence, dysarthria, spastic pain of the lower extremities, limb ataxia and gaze
evoked nystagmus, and a case of fatality has even been reported (11-14). However, there are
several institutions in which intrathecal administration of GBCA can be performed in human
subjects for the purpose of clinical diagnosis with thoughtful consideration as to appropriate

dosing and approval from their institutional review board (15,16). The intrathecal administration
of GBCA has been reported for use in diagnosing idiopathic normal pressure hydrocephalus
(iNPH), aqueductal stenosis, evaluating third ventriculostomy, or detecting CSF leakage
including cases with difficult leakage from the skull base (17-19). Several studies using
intrathecal administration of GBCA focused on the evaluation of glymphatic function in the brain.
Eide et al. reported a case that underwent MRI with intrathecal administration of gadobutrol,
which was found to be distributed throughout the brain after 1 and 4.5 h (15). The same group
conducted a clinical study using this methodology for cases of iNPH. Ringstad et al. attempted to
image CSF/ISF dynamics and glymphatic function in humans, and conducted MRI studies with
intrathecal GBCA as a CSF/ISF tracer in a prospective study of iNPH patients and control subjects.
After intrathecal administration of GBCA, they observed enhancement in the brain parenchyma,
subarachnoid and intraventricular spaces, and within the sagittal sinus at every imaging time point.
In all study subjects, GBCA was propagated anterogradely along the large leptomeningeal arteries
at the brain surface. They found a flow pattern characteristic of iNPH in which ventricular reflux
of GBCA from the subarachnoid space was followed by transependymal GBCA migration, and
delayed enhancement and decreased clearance of GBCA at the Sylvian fissure. They also found
that parenchymal enhancement peaked overnight in both iNPH patients and control subjects,
although the peak was larger in iNPH patients; these results may indicate a crucial role for sleep.
They interpreted the decreased GBCA clearance from the subarachnoid space, along with the
persistent enhancement in the brain parenchyma, as signs of reduced glymphatic clearance in
iNPH patients (Figure 2) (20).
MRI tracer studies using intravenous injection of gadolinium-based contrast agent
Only a limited number of experimental animal studies have attempted to evaluate
glymphatic function by intravenous administration of GBCA. This may be due to the relatively
easy ability to directly deliver GBCA as a tracer for CSF dynamics by intrathecal injection. Taoka
et al. conducted MRI experiments using intravenous GBCA administration in rats to evaluate the
short-term dynamics of signal intensity changes in the brain parenchyma and CSF space. After
intravenous injection of high-dose GBCA (1 mmol/kg), the fourth ventricle showed an
instantaneous increase in signal intensity (21). The signal curve of the cerebral cortex and deep
cerebellar nuclei reached peak signal intensity later than the fourth ventricle, but earlier than the
prepontine cistern. This time course suggests that the gadodiamide distribution in the cerebral
cortex and deep cerebellar nuclei are dependent on both blood flow and CSF. These findings
confirmed the results from previous studies that had suggested that CSF is one potential route for

entry of gadolinium-based contrast agent into the brain (15,16). Another intravenous GBCA
injection experiment was conducted to evaluate the concentration of retained gadolinium within
the rat brain after repeated intravenous administration of gadodiamide at different times of the
day and with varying levels of anesthesia. Rats were divided into 4 groups according to injection
time (morning or late afternoon) and anesthesia duration (none, short, and long) during
administration. All animals received a high dose of GBCA (gadodiamide 1.8 mmol/kg, 8 times
over 2 weeks); 5 weeks after the last administration, gadolinium concentration in dissected brain
tissues was quantified by inductively coupled plasma mass spectrometry. Results showed that the
concentration of gadolinium in the brains of the morning injection group was significantly lower
than that in the late afternoon injection group. The lowest concentration of gadolinium was found
in the group injected in the morning under long anesthesia (21). The results could be explained
by a higher glymphatic clearance after the morning injection, and reduced glymphatic activity
after injection in the late afternoon. Because rats are nocturnal animals, the glymphatic system is
expected to be more active during the day (6). Moreover, anesthesia seemed to facilitate the
glymphatic clearance of gadodiamide, especially when administered for longer durations (21).
Similarly, in human studies with intravenous administration of GBCA, transition into the
brain parenchyma has been reported. One study sought to evaluate the degree of blood-brain
barrier (BBB) leakage using the Patlak graphical approach which was found to be the most
appropriate model for low-leakage conditions. The study enrolled patients with early Alzheimer’s
disease (AD) and healthy age-matched control subjects, and subjects underwent dynamic GBCA
enhanced MRI for 25 minutes; subsequent histogram analysis was used to determine the volume
fraction of the leaky brain tissue. Results showed that the BBB leakage rate was significantly
higher in the total gray matter and cortex in AD patients compared with control subjects,
suggesting that a compromised BBB may contribute to the cascade of pathologic events that
eventually leads to cognitive decline and dementia (22). Several other studies have evaluated the
extended longitudinal behavior of intravenously administrated GBCA as a tracer in a series of
experiments utilizing heavily T2-weighted 3D-FLAIR (hT2-FL) images to visualize the small
amount of GBCA in the CSF space (23-26). Naganawa et al. reported enhancement in the
perivascular space (PVS) 4 h after intravenously administrated GBCA, even in subjects without
renal insufficiency (23). It is interesting that this PVS enhancement was not seen in the giant
perivascular space, which may suggest that the giant perivascular space is isolated from other
CSF spaces (24). Furthermore, they reported signal intensity differences between the perivascular
space in the basal ganglia and white matter on pre-contrast images, which seemed to suggest that
the fluid composition might be different between these perivascular spaces. To further evaluate

this contrast enhancement effect, significant enhancement was observed in the perivascular space
in the basal ganglia, the CSF in the ambient cistern, and the CSF in the Sylvian fissure compared
to the pre-contrast scan, while no significant contrast enhancement was observed in the
perivascular space in the white matter. This difference in contrast enhancement may suggest a
difference in the drainage function of these regions (25). The leakage of GBCA into the CSF space
was particularly evident in regions surrounding large cortical veins such as the vein of Labbe.
Very interestingly, GBCA leakage from the cortical veins was seen in older subjects (greater than
37 years old), but not in younger subjects (less than 37 years old), and the area exhibiting GBCA
leakage around the cortical veins showed a significant correlation only with age (Figure 3) (26).
These results suggest that chronic hypoxic and/or inflammatory processes in the cortex and
leptomeninges during the aging process may underlie these observations.
A tracer study using GBCA has also been reported for the visualization of the meningeal
lymphatic vessels (27). Meningeal lymphatic vessels were recently discovered to be lining the
dural sinuses. These structures express the molecular hallmarks of lymphatic endothelial cells,
are able to carry both fluid and immune cells from the cerebrospinal fluid, and are connected to
the deep cervical lymph nodes (28). On T2-FLAIR and T1-weighted black-blood imaging in
human subjects, lymphatic vessel enhancement was visualized using a standard GBCA, and
localized around the dural sinuses, middle meningeal artery, and cribriform plate, but could not
be observed with a blood-pool type GBCA(27).
MRI tracer studies using gadolinium-based contrast agent and gadolinium deposition in
the brain
Results from intrathecal GBCA administration studies likely provide important
information when considering the cause of gadolinium (Gd) deposition in the brain. Gd deposition
in the brain after repeated administration of GBCA was reported by Kanda et. al in 2014 (29-31).
They showed a signal increase in the dentate nucleus and globus pallidus on plain T1-weighted
images which correlated with the frequency of GBCA administration, and showed the potential
for Gd deposition within tissues. This phenomenon following repeat administration of GBCA was
confirmed in many clinical practices as well as by histological studies. Oner et al. conducted a
systematic study of intrathecal administration of GBCA (16). This comparative evaluation of MRI
before and after intrathecal administration was conducted in patients with normal renal function
and a history of intrathecal administration of linear GBCA but that had never experienced an
intravenous injection of GBCA. Visual assessments and quantitative evaluations were carried out
in the globus pallidus, putamen, and dentate nuclei for all subjects. Quantitative evaluation

confirmed a signal increase in all cases compared with pre-intrathecal administration. These
findings suggest that Gd deposition in the basal ganglia might occur through a pathway from the
CSF. Furthermore, the results also suggest that the glymphatic system may, at least in part, be
involved in the Gd distribution pathway into brain tissue. Combined with the findings that GBCA
gets distributed within the CSF cavity and perivascular spaces within several hours after
administration of contrast medium (Figure 4) (23), we proposed a hypothesis for the behavior of
Gd after intravenous injection (32). Most intravenously administered GBCA is excreted via the
kidneys by systemic circulation, and the concentration of GBCA in the cerebral blood vessels also
decreases rapidly. However, some GBCA is distributed to the CSF and ISF, so is taken into
glymphatic circulation. Although the concentration of GBCA in the glymphatic system is low, it
takes considerable time for it to wash out; therefore, the brain tissue will be exposed to GBCAcontaining CSF over a longer period of time. At the same time, as de-chelation of linear GBCA
occurs via an unknown mechanism, deposition of Gd in the brain tissue may also occur (Figure
5) (32).
MRI tracer studies using stable isotopes
While there are three stable isotopes of oxygen (16O,17O and 18O), only 17O can produce
a signal by MRI since it has an odd number of electrons. The methods for visualizing 17O as a
tracer include direct and indirect techniques. Due to the low gyromagnetic ratios of 17O, the direct
method suffers from a poor signal-to-noise ratio and lower spatial resolution (33). In addition, the
direct method requires specific hardware for 17O detection (34). The indirect method is based on
proton T1ρ-dispersion and methods utilizing T2 shortening of 17O-induced proton signals based
on scalar coupling between 17O and 1H (33-35). One animal study has used the indirect method
for evaluating CSF dynamics. In these experiments, 17O-labeled water (H217O) was intravenously
administrated in vivo to AQP-1 (expressed in the choroid plexus epithelium) and AQP-4
(expressed in the perivascular end-feet of astrocytes) knockout mice, and water influx to the brain
was indirectly observed using T2-weighted images. Results showed that the behavior of water
molecules in AQP-1 knockout mice was virtually identical to that of wild type mice. In contrast,
the penetration and steady concentration of H217O in the third ventricle was significantly reduced
in AQP-4 knockout mice. These observations seem to indicate that water influx into the CSF is
regulated by AQP-4, known to be responsible for water homeostasis of the perivascular space,
and not by AQP-1 which is found in the choroid plexus. Thus, water movement within the
perivascular space is critical for CSF volume homeostasis (35).
The analysis of H217O has also been reported in humans. Kudo et al. utilized dynamic

steady-state sequences to detect the T2-shortening effect by H217O (34). After intravenous
injection of H217O, signal changes relative to the baseline were calculated, and kinetic analyses of
the time-to-signal change curves were conducted. Their results showed different kinetic
parameters between the brain parenchyma and CSF spaces. The cerebral cortex and subarachnoid
spaces on the brain surface showed a prompt signal drop indicating quick transmission of H217O
to these regions, and suggestive of fluid leakage from vessels or the surface of the brain. In
contrast, the signal drop in the ventricle containing the choroid plexus was significantly delayed,
indicating that fluid exchange is less active in the ventricle (Figure 6) (34).

MRI tracer studies using an inversion pulse
Tracer studies have not been limited to the use of particles or other substances such as
isotopes. In the field of magnetic resonance, magnetization can also be used as a tracer. Spatial
modulation of magnetization (SPAMM) is one of the motion-sensitive MR techniques for
visualizing the motion of the brain parenchyma or CSF through non-selective radiofrequency
pulses separated by gradient pulses to create a series of stripes across the image produced by
saturated magnetization (36). Several studies have been published using this technique to evaluate
CSF motion for the assessment of hydrocephalus or other abnormalities in CSF dynamics (36,37).
For example, the SPAMM technique was used to demonstrate that CSF pulsatile motion is
restored after craniovertebral junction decompression surgery in cases of Chiari malformation
(37).
Time-spatial labeling inversion pulse (Time-SLIP) 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, which utilizes CSF as a tracer by magnetization. This method allows CSF dynamics
to be depicted under physiological conditions since it does not require an extrinsic tracer. Findings
obtained with the Time-SLIP method contrasted with the conventional ideas of CSF physiology.
One of the findings was that CSF flow occurs from the third ventricle to the lateral ventricles in
healthy persons, suggesting that CSF is actively exchanged between the lateral ventricles and the
third ventricle through the foramen of Monro in the normal brain. In contrast, no CSF reflux from
the third ventricle to the lateral ventricles was observed in patients with hydrocephalus (38,39).
MRI tracer studies using an inversion pulse to the arterial blood, that is, the arterial spin labelling
method, have also been attempted for the evaluation of glymphatic function. In an animal study,
multiple echo time arterial spin labelling was applied to the mouse brain to assess blood-brain
interface (BBI) water permeability by calculating the exchange time of magnetically labelled

intravascular water across the BBI. Results showed a 31% increase in the exchange time in AQP4deficient mice compared to their wild-type counterparts, demonstrating the sensitivity of the
multiple echo time arterial spin labelling technique to the absence of AQP4 water channels (40).
Other methods using MRI
Phase contrast methods
In magnetic resonance, a phase shift of the spin occurs when the spin moves along a
magnetic gradient, and the degree of phase shift depends on the velocity of the spin. The phase
contrast method has been utilized to visualize fluid flow in the body, including arterial or venous
blood, and the velocity of the CSF can also be measured by this method. Recently, the
visualization of CSF dynamics by four-dimensional phase-contrast (4D-PC), which can acquire
three spatial dimensions and one dimension hemodynamic data, has been used to depict fluid
dynamics including velocity vectors and 3D streamlines. One of the advantages of 4D-PC is that
this method can directly and noninvasively measure human intracranial arterial hemodynamics in
individual subjects (41). The 4D-PC method has also been used to quantify the spatiotemporal
velocity distribution of CSF motion as vector cine images (42). The 4D-PC technique can
visualize the propagation of pulsatile CSF motion even in spaces separated by a thin membranelike structure through which no spin travels, such as the Liliequist membrane or an arachnoid cyst
wall (43). One report questioned the traditional theory that the driving force of CSF flow is
choroid plexus pulsation. In that report, the median CSF velocity was significantly lower in the
posterior part of the lateral ventricle than in other regions on 4D-PC, and Time-SLIP images
showed suppressed CSF motion around the choroid plexus in the trigone (44). Based on their
results of CSF velocity using the 4D-PC method, they suggested that the driving force of CSF
might be the squeezing pump action of the thalamus on the ventricular system. In addition, blood
pulsation of the vascular system was also speculated to be directly propagated to the CSF. Another
study using 4D-PC reported a decrease in CSF flow velocity by as much as 30% with the
compression of the bilateral jugular veins (45). While these studies demonstrate that phase
contrast methods are powerful tools for evaluating CSF dynamics within ventricles or the
subarachnoid space, it has generally been difficult to evaluate the movement or dynamics of ISF
within brain parenchyma using phase contrast methods. However, one study attempted to evaluate
creeping flows by phase contrast MRI using stimulated echo (46). Although the report was just a
theoretical consideration involving a phantom study, and verification in animals or humans was
not presented, the method has the potential to be a tool for evaluating ISF dynamics in the brain
parenchyma.

Diffusion imaging
Evaluation of diffusion phenomena using magnetic resonance techniques was first
reported by Stajskal and Tanner (47); LeBihan et al. then applied this diffusion technique for the
first time in MR imaging (48). In the diffusion image technique, a pair of motion providing
gradients (MPG), which are magnetic field gradients for detecting self-diffusion of water
molecules, are added with an inverted pulse of 180 degrees between them. While the phase change
of the stationary molecule is canceled to maintain the signal, the phase change of the moving
molecule is not canceled but is expressed as a decrease in signal based on the amount of movement.
The generally used index for the strength of the MPG is the b value, which is given by b=γ2G2δ2

(Δ-δ/3), where γ: gyromagnetic ratio, G: strength of the MPG, Δ: interval of the MPG and δ:
duration of the MPG. On diffusion weighted images, tissues with strong diffusion are depicted as
low signal and tissues with limited diffusion are depicted as high signal. In the Stajskal and Tanner
method, the diffusion coefficient can be calculated by obtaining the slope of the graph from the
logarithmic values of the signal of different b-values. In neuronal tissues, diffusion of water
molecules is not uniform in all directions. Due to the structure of the cell membranes or other
structures within the tissue the speed of diffusion varies depending on the direction, resulting in
a state called anisotropic diffusion. In the white matter of the brain, diffusion perpendicular to the
direction of the nerve fibers is more limited than in the same direction of the nerve fibers. The
diffusivity differs depending on the direction of the motion probing gradient. Scalars and vectors
are not sufficient to analyze this status, and the concept of a tensor is needed. A tensor is a
multidimensional array. When expressing diffusion in a three-dimensional space, a 3 × 3 matrix
form is used, and diffusion tensor imaging (DTI) is the method designed to obtain it.
Diffusion MRI methods are also used to evaluate the dynamics of CSF or ISF. While
phase contrast methods cannot evaluate the motion of ISF in the brain parenchyma, diffusion
methods are able to evaluate water molecule dynamics in brain tissue by signal changes in motionprobing gradients. When compared to tracer studies, diffusion-based techniques provide very
different information. Tracer studies evaluate the behavior of a tracer through time, in other words,
information by integration. Tracer studies of the glymphatic system require hours to follow the
distribution of the tracer within the brain, and thus monitoring the activity of the glymphatic
system in real-time is not possible. In contrast, diffusion methods provide information on water
molecules in tissues at the moment motion-probing gradients are applied, that is information by
differentiation. Diffusion images, including DTI, can be acquired within several minutes, and may
also have the potential to monitor glymphatic system status over time. In addition, methods based

on diffusion imaging are non-invasive compared to tracer studies which require intrathecal or
intravenous injection of tracers.
There have been several attempts to analyze ISF dynamics in the brain and to evaluate
the function of the glymphatic system using diffusion-based techniques. One technique is called
“diffusion tensor image analysis along the perivascular space (DTI-ALPS)” (Figure 7) (49). With
this method, the motion of water molecules in the direction of the perivascular space is evaluated
by measuring diffusivity using the diffusion tensor method. The medullary arteries and veins are
the vessels of the brain parenchyma that accompany the perivascular space, which is the major
drainage pathway of the glymphatic system. At the level of the lateral ventricle body, the
medullary veins run perpendicular to the ventricular wall (50,51), and the perivascular space is
oriented in the same direction as the medullary veins – in a right-left direction (x-axis). In this
region, projection fibers run in the head-to-foot (z-axis) direction, mainly adjacent to the lateral
ventricle, and superior longitudinal fascicles (SLFs) representing the association fibers run in the
anterior-posterior (y-axis) direction outside the projection fibers. Outside of the SLFs, subcortical
fibers mainly run in the right-left (y-axis) direction in subcortical regions. Consequently, within
this area the perivascular space runs perpendicular to the projection fibers and SLFs. This
conformation of the perivascular space and major fibers allows nearly independent analysis of the
diffusivity along the direction of the perivascular space because the major fiber tracts are not
parallel to the direction of the perivascular space. When common changes in diffusivity in the
right-left direction (x-axis) in both the projection fiber area and association fiber area are present,
the changes are the result of alterations in the diffusivity in this direction that corresponds with
the direction of the perivascular space. In order to evaluate the activity of the glymphatic system
in individual subjects, diffusion tensor image analysis along the perivascular space (DTI-ALPS)
is calculated as ALPS-scores. This score is determined by the ratio of two sets of diffusivity values
which are perpendicular to the dominant fibers in the tissue. In the area of the projection fibers,
the dominant fibers run in the direction of the z-axis, and both the x and y axes are perpendicular
to the dominant fibers. Similarly, in the area of the association fibers, the dominant fibers run in
the direction of the y-axis, and both the x and z axes are perpendicular to the dominant fibers. The
major differences in water molecule behavior between x-axis diffusivity in both areas (Dxxproj
and Dxxassoc) and the diffusivity which is perpendicular to them (Dyyproj and Dzzassoc) is the
existence of the perivascular space. It has been hypothesized that the ratio of these should indicate
the influence of water diffusion along the perivascular space which reflects the activity of the
glymphatic system in individual subjects. If the ratio is close to 1, the influence of water diffusion
along the perivascular space is at a minimum, and a larger ratio indicates greater water diffusivity

along the perivascular space. In our results, significant positive correlations were observed
between the ALPS-index and Mini-Mental State Examination (MMSE) scores. This suggests that
the ALPS-index can be used to evaluate the activity of the glymphatic system in individual cases
(49). Another study aimed to replicate the DTI-ALPS method in 36 patients with AD and
associated status (16 AD, 16 MCI, and 4 SMC), and showed significant correlations between DTIALPS and stratified MMSE scores (52). The DTI-ALPS method has also been used for the
evaluation of glymphatic function in iNPH. Cekic et al. reported that the ALPS-index can reliably
distinguish between iNPH, ventriculomegaly/pseudo-iNPH, and control groups. In particular, the
ALPS-index performed better than both the Evans index (AUC = 1.00 vs. 0.84, p = 0.028) and
the callosal angle (AUC = 1.00 vs. 0.74, p = 0.016) in distinguishing between pseudo-iNPH and
iNPH (53).
Other methods using diffusion imaging to evaluate glymphatic function have recently
been introduced. An animal model was described for evaluating glymphatic function using an
ultra-long echo time, low b-value, multi-direction diffusion-weighted MRI sequence to assess
perivascular fluid movement. Results of these experiments indicated a 300% increase in fluid
movement in the perivascular space as the vessels pulsate with each heartbeat (54). In human
subjects, one report utilized DTI to detect changes in glymphatic function based on circadian
rhythms, that is fluctuations with time of day. In that report, a conventional mono-exponential
tensor model was used to assess daily fluctuations in DTI parameters with a dual compartment
tensor model that allowed for direct assessment if changes in DTI measures were due to an
increase in the CSF/free-water volume fraction or due to an increase in water diffusivity within
the parenchyma. Results showed that mean diffusivity tended to increase systematically between
morning and afternoon scans at the interface of grey matter/CSF, and most prominently in the
major fissures and the sulci of the brain (55). Another human study aimed to evaluate the influence
of circadian rhythms or the effect of sleep by measuring the slow and fast components of the
apparent diffusion coefficient (ADC) of water in the brain in 50 healthy participants. Wake versus
sleep conditions were compared in 30 subjects, and rested-wakefulness versus wakefulness
following one night of sleep-deprivation was compared in 20 subjects. Results of that study
indicated that sleep compared to wakefulness was associated with increases in slow-ADC in the
cerebellum and left temporal pole and with reductions in fast-ADC in the thalamus, insula, parahippocampus and striatal regions. In addition, the level of sleep arousal was inversely associated
with ADC changes. CSF volume also increased during sleep and was associated with sleepinduced changes in ADC in the cerebellum (56). More recently, a study evaluated high- and lowq space diffusion MRI and DTI acquisitions to determine if interstitial glymphatic flow could be

detected, measured, and mapped using a specially made phantom that combined regions
mimicking CSF-filled ventricles and interstitial spaces in the brain. Results of this study
demonstrated that all DTI metrics derived from water flowing at a rate of 0.44 ml/min through
the bead layer were greatly increased compared to stationary conditions, thus indicating that DTI
has the potential to detect dispersive flow within the range of CSF flow rates in human tissues.
The dual compartment analysis revealed that the increase in diffusivity measured from evening
to morning was driven by an increase in the fractional volume of CSF-like free-water (57).
Diffusion imaging can also be applied to the evaluation of CSF motion within the
ventricles or surface subarachnoid space. A study using low b-value diffusion-weighted imaging
(DWI) was described for determining characteristic CSF dynamics. In this study, the CSF signal
intensity on b = 500 s/mm2 DWI was evaluated in the lateral, 3rd and 4th ventricles, the cerebral
sulci and the Sylvian fissure in patients with ventricular dilatation. Findings showed that the CSF
signal intensities were significantly reduced in the lateral and 3rd ventricles in patients with
ventricular dilatation indicating an alteration in CSF dynamics. In control subjects, the signal void
in the Sylvian fissure showed a significant decrease correlating with age, possibly suggesting the
occurrence of alterations in CSF dynamics with aging (58).

Clinical implications and future perspectives on the glymphatic system
Visualization of glymphatic system function is thought to have significant benefits for
the understanding of the mechanism, prevention and treatment of several disorders of the central
nervous system. The first report on the glymphatic system hypothesis by Iliff et al. showed that
fluorescently tagged amyloid β was transported by the glymphatic system, and deletion of the
aquapoline 4 gene suppressed the clearance of soluble amyloid β. These findings suggested that
the glymphatic pathway may remove amyloid β , a peptide thought to be pathogenic in
Alzheimer’s disease, from the central nervous system (1). An animal experiment showed that
glymphatic transport is suppressed in mouse models of Alzheimer’s disease and that glymphatic
transport is suppressed prior to significant accumulation of amyloid β (59). Moreover, in humans,
PET and 18F-florbetaben have been used to measure brain Aβ burden in healthy volunteers tested
after a night of rested sleep and after a night of sleep deprivation. This study showed that one
night of sleep deprivation, relative to baseline, resulted in a significant increase in Aβ burden in
the right hippocampus and thalamus, suggesting that interruption of glymphatic clearance by
sleep deprivation may increase ABB in the brain (60). In addition, a study using the a fore
mentioned diffusion tensor method suggested that lower diffusivity along the perivascular space

in severe Alzheimer’s disease may reflect impairment of the glymphatic system (49).
As mentioned previously, iNPH is also thought to be related to impaired glymphatic
function. Intrathecal GBCA injection studies showed decreased GBCA clearance from the
subarachnoid space, and suggested reduced glymphatic clearance in iNPH patients (15,20).
Metabolic disorder has also been reported to show impairment of the glymphatic system, and an
animal study demonstrated that the clearance of cerebrospinal fluid GBCA from the interstitial
space was slowed by a factor of three in the hippocampus of Type-2 diabetes mellitus rats
compared to non-DM rats (61). Alcoholism is also reportedly linked to glymphatic dysfunction.
A two-photon laser scanning microscopy study with fluorescent tracer showed that acute
moderate alcohol administration substantially retarded and reduced the entry of CSF into the
cerebral parenchyma, thus impairing amyloid β clearance (62). Similarly, in psychiatric disorders,
involvement of abnormal CSF dynamics or glymphatic function have been suggested. A
prospective study was undertaken to evaluate brain growth trajectories from infancy in children
who develop autism spectrum disorder. The presence of excessive extra-axial fluid detected as
early as 6 months with a lack of resolution by 24 months is a brain anomaly of infants who later
develop autism spectrum disorder (63,64).
Several vascular disorders have been reported to induce dysfunction of the glymphatic
system. An animal study to investigate the impact of different stroke subtypes on the glymphatic
system using GBCA and MRI was reported in 2014. In that study, the integrity of the glymphatic
system was evaluated in 4 different stroke models in mice including subarachnoid hemorrhage,
intracerebral hemorrhage, carotid ligature, and embolic ischemic stroke. They showed that
subarachnoid hemorrhage and acute ischemic stroke significantly impair glymphatic system
perfusion (8). Another study sought to show glymphatic system impairment after subarachnoid
hemorrhage. Two-photon laser scanning microscopy with a fluorescent tracer showed that blood
components rapidly enter the perivascular space after subarachnoid hemorrhage and penetrate
into the perivascular parenchyma throughout the brain, causing events such as cerebral vasospasm,
delayed cerebral ischemia, microcirculation dysfunction and widespread perivascular
neuroinflammation (65).
As demonstrated above, there are a variety of disorders in which involvement of the
glymphatic system have been suggested by animal experiments or human studies. When noninvasive or less-invasive methods for evaluating glymphatic function in human subjects are
established, our understanding of the mechanisms behind those disorders will deepen, and the
information on glymphatic function may subsequently contribute to the development of treatment
strategies for these diseases. For example, the biomarker amyloid β is thought to show the first

abnormalities in Alzheimer’s disease, followed by neurodegenerative biomarkers and cognitive
symptoms, with neurodegenerative biomarkers showing later abnormalities (66). However, as
previously discussed, the impairment of glymphatic function is thought to be one of the causes of
amyloid β accumulation which precedes the increase in the amyloid β biomarker. Thus, the
evaluation of glymphatic function would represent an earlier biomarker for Alzheimer’s disease.
Information on glymphatic function may also be helpful for monitoring drug delivery in the
central nervous system. We previously proposed a hypothesis for the behavior of Gd after
intravenous injection (32), which suggests that glymphatic pathways may exist which bypass the
blood brain barrier. The evaluation of glymphatic function would substantially help the
development of new methods for delivering a variety of molecules to the brain.

Conclusion
At present, the glymphatic system hypothesis has yet to be firmly established, and
several reports have pointed out problems with the hypothesis (67-69). The criticisms of the
glymphatic system hypothesis include that the flow resistance of the AQP4 channel is too large
to enable bulk flow within the interstitial space (67), that the arterial pulse in the tissue is too
small to act as a driving force for bulk flow which would make bulk flow within the tissue
impossible (68), and that there are other means by which to drain waste via the arterial wall that
forms the intramural peri-arterial drainage (IPAD) pathway (69). However, one key point that no
one has criticized is that the CSF and ISF have great importance in brain function and homeostasis.
In that sense, the research aimed at visualizing the function and/or dynamics of “neurofluids”,
that includes all fluid compartments within the CNS, using various methods including MRI
techniques will provide significant understanding as to how healthy brain function is maintained
in humans.
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Figure legends
Figure 1: Outline of the glymphatic system and concept of “common space” in the brain.
Figure 1a illustrates that perivascular clearance comprises perivascular drainage and the
glymphatic pathways. Cerebrospinal fluid (CSF) flows into the brain parenchyma via the
periarterial space and enters the interstitial space of the brain tissue via AQP4-controlled water
channels, which are localized to the end feet of astrocytes which form the outer wall of the
perivascular space. CSF entering the interstitial space removes waste proteins from the tissue,
then flows into the perivenous space and is discharged outside the brain.
Figure 1b illustrates the concept of “common space” within the brain. The interstitial and CSF
spaces of the brain are regarded as common space, which act not only as supportive structures but
also function as spaces for mass transport, immune function, or intercellular signal transmission.
The common space is filled with “neurofluids”, a term referring to all types of fluids which
comprise the CNS, including CSF, ISF, and blood, and fluid exchange occurs among these
“neurofluid” compartments.

Figure 2: CSF and brain parenchymal contrast enhancement at multiple time points after
intrathecal GBCA administration
Reconstructed T1-weighted images in sagittal (top row), axial (middle row) and coronal (bottom
row) planes from MRI at baseline (before contrast agent administration) and at four subsequent
imaging time points demonstrating time-dependent contrast enhancement of the subarachnoid and
intraventricular spaces in an iNPH patient (a) and a reference subject (b). Reflux of gadobutrol
into the lateral ventricles is a typical feature of iNPH. In the reference subject, retrodural contrast
enhancement can be seen in the sagittal images (top row) at the 1 h, 3 h and 4.5 h time points and
is indicative of CSF leakage.
Used from reference (20) : Public Domain Material.

Figure 3: GBCA leakage from the cortical veins into the cerebrospinal fluid after
intravenous administration
Images from a 49-year-old woman with suspicion of endolymphatic hydrops (a). These images
were obtained 4 h after intravenous administration of a single dose of gadolinium-based contrast

agent. The CSF around the cortical veins shows a high signal intensity on three-dimensional real
inversion recovery (3D-real IR) images (arrows). Images from a 17-year-old woman with a
suspicion of endolymphatic hydrops (b). Enhancement in the CSF around the cortical veins was
not observed in this young patient.
Used from reference (26) : Public Domain Material.

Figure 4: Distribution of GBCA in the perivascular space after intravenous injection
Magnetic resonance cisternography (MRC) from a 71-year-old woman with suspected
endolymphatic hydrops. There is much perivascular space (PVS) in the bilateral basal ganglia (a,
arrows). In the pre-contrast heavily T2-weighted FLAIR (hT2-FL) images (b), the PVS has a lowsignal intensity. In post-contrast hT2-FL images (c), the PVS has an increased signal intensity
(arrows). The CSF also shows an increased signal. Note that some regions of the PVS have a
higher signal than the CSF.
Used from reference (23) : Public Domain Material.

Figure 5: Hypothesized mechanism of gadolinium deposition via the glymphatic system
Schematic illustrating our hypothesis for gadolinium deposition. Compared with GBCA in
systemic circulation, GBCA that is distributed into the CSF cavity via the glymphatic system can
remain in brain tissue for an extended period of time. The authors of this review speculate that
the glymphatic system may contribute to the tissue deposition of gadolinium.
Used from reference (32) : Public Domain Material.

Figure 6: Dynamic curves of relative signals after injection of 17O-labeled water
Dynamic curves of relative signal intensity. A bolus injection of saline or 17O was initiated 120 s
after starting a scan. Significant drops in signal were observed in the cerebral cortex (a), choroid
plexus (d), ventricle (e), and subarachnoid space (f) in the

17

O condition, while only slight

reductions in signal were noted in the basal ganglia/thalamus (b) and white matter (c). In the
cerebral cortex, choroid plexus, and subarachnoid space, the curves are characterized by two
phases: an initial signal drop and a plateau phase. In the ventricle, the signals gradually and
continuously decreased during the acquisition window.
Used from reference (34) : Public Domain Material.

Figure 7: Concept behind the method of diffusion tensor image analysis along the
perivascular space (DTI-ALPS) and outcomes in cases of Alzheimer’s disease
(a) Roentgenogram of an injected coronal brain slice showing parenchymal vessels that run
horizontally within the slice (white box) at the level of the lateral ventricle body. Reproduced with
permission from reference (50). (b) Axial SWI within the slice at the level of the lateral ventricle
body indicates that parenchymal vessels run laterally (x-axis). (c) Superimposed color display of
DTI onto the SWI (b) showing the distribution of projection fibers (z-axis, blue), association
fibers (y-axis, green), and subcortical fibers (x-axis, red). Three ROIs were placed in the area with
the projection fibers (projection area), association fibers (association area) and subcortical fibers
(subcortical area) to measure diffusivities in the three directions (x, y, z). (d) Schematic indicating
the relationship between the orientation of the perivascular space (gray cylinders) and the
directions of the fibers. Note that the orientation of the perivascular space is perpendicular to both
the projection and association fibers. (e-g) Correlation between directional diffusivity and MMSE
scores for the three directions of the three areas (projection, e; association, f; subcortical, g).
Diffusivity of the x-axis is plotted in red, y-axis in green, and z-axis in blue. Regression lines are
also shown in the same colors with the plots, accompanied by values for the correlation coefficient.
Statistically significant correlations are shown as asterisks. In the projection area (e), we found a
significant positive correlation between the diffusivity along the perivascular space (x-axis) and
MMSE scores. In the association area (f), we found a significant positive correlation between the
diffusivity along the perivascular space (x-axis) and MMSE scores. Conversely, there was a
significant negative correlation between the diffusivity along the projection fibers (z-axis) in the
projection area and MMSE scores. There was also a significant negative correlation between the
association fibers (y-axis) in the association area and MMSE scores. These negative correlations
may be explained by white matter degeneration in the projection or association fibers due to AD
or MCI. (h) Correlation between the ALPS-index and MMSE. Correlations between MMSE and
the ALPS-index determined by the following ratio are shown:
ALPS-index = mean (Dxproj, Dxassoc)/mean (Dyproj, Dzassoc).
There was a significant positive correlation (r = 0.46, p = 0.0084) between the ALPS-index and
MMSE scores.
Used from reference (49) with permission.
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