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Abstract
Since glymphatic was proposed and meningeal lymphatic was discovered, MRI and even PET were introduced to investigate
brain parenchymal interstitial fluid (ISF), cerebrospinal fluid (CSF), and lymphatic outflow in rodents and humans. Previous
findings by ex vivo fluorescent microscopic, and in vivo two-photon imaging in rodents were reproduced using intrathecal
contrast (gadobutrol and the similar)-enhanced MRI in rodents and further in humans. On dynamic MRI of meningeal lym-
phatics, in contrast to rodents, humans use mainly dorsal meningeal lymphatic pathways of ISF-CSF-lymphatic efflux. In mice,
ISF-CSF exchange was examined thoroughly using an intra-cistern injection of fluorescent tracers during sleep, aging, and
neurodegeneration yielding many details. CSF to lymphatic efflux is across arachnoid barrier cells over the dorsal dura in rodents
and in humans. Meningeal lymphatic efflux to cervical lymph nodes and systemic circulation is also well-delineated especially in
humans onintrathecal contrast MRI. Sleep- or anesthesia-related changes of glymphatic-lymphatic flow and the coupling of ISF-
CSF-lymphatic drainage are major confounders ininterpreting brain glymphatic/lymphatic outflow in rodents. PET imaging in
humans should be interpreted based on human anatomy and physiology, different in some aspects, usingMRI recently. Based on
the summary in this review, we propose non-invasive and longer-term intrathecal SPECT/PET orMRI studies to unravel the roles
of brain glymphatic/lymphatic in diseases.
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Introduction

Brain glymphatic was proposed in 2012 by Iliff and col-
leagues to explain waste clearance from the brain parenchyma
[1]. In 2015, Louveau and colleagues found the existence of
meningeal lymphatics and suggested that meningeal lymphat-
ic can clear wastes from the brain [2]. Afterward, there had
been many efforts to link glymphatic clearance [3–12] and
lymphatic drainage in small animals and humans [12–17].
Now, interstitial fluid (ISF) is drained to cerebrospinal fluid
(CSF) [1, 3] (Fig. 1), and further drainage of CSF to menin-
geal lymphatics are well-established [12, 13, 22] (Fig. 2). CSF
is considered to drain via dorsal lymphatic vessels; basal

lymphatic vessels [2, 4, 12–14, 17, 25–27], along the nerve
sheaths of olfactory and other cranial nerves [27–31]; and
spinal meningeal lymphatics [28, 32–34] (Fig. 3). Deep cer-
vical lymph nodes were shown to receive fluorescent dye-
labeled macromolecules [1, 15, 30, 36], radioisotope-labeled
proteins (albumin or amyloid) [37, 38], and gadolinium-
labeled magnetic resonance imaging (MRI) contrast agents
[25, 39, 40], most prominently from CSF when they were
injected to subarachnoid spaces at cisterna magna in rodents
or intrathecally between 4th and 5th lumbar spines in rodents
and humans.

On radioisotope (RI) cisternography [41], intrathecal injec-
tion of In-111 diethylenetriamine pentaacetic acid (DTPA) (or
Tc-99m DTPA) has long been used to visualize the gross
circulation of CSF over the spinal cord to reach basal cistern,
around the hemisphere, to Sylvian, and interhemispheric cis-
terns to be washed out to the systemic circulation (Fig. 4).
Arachnoid villi were supposed to receive all the radiopharma-
ceuticals from the CSF space but now they are known to drain
only a small fraction of the CSF. OnMRI in humans [44] (Fig.
4c), CSF was found to flow in a complex way meaning that
CSF is produced from choroid plexus of the ventricles and
flow out to foramen of Monro, via the third ventricle through
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the aqueduct, to the fourth ventricle and via foramina of
Luschka and foramen of Magendie to reach basal cistern.
However, this flow was found to be to-and-fro especially in
the aqueduct [46] (Fig. 4d). Vector imaging of proton MRI of
the CSF fluid also showed that flow was accelerating/deceler-
ating, changing directions, and was different between loca-
tions (ventricles and subarachnoid spaces) [45, 47] probably
in order to make it easier to wash out the perivascular spaces
of regional brain parenchyma.

It is found that in rats, the basal meningeal lymphatic ves-
sels are different in the architectonics of lymphatic endothelial
cells which differed in aging-related changes [27] (Fig. 3a).
With this finding, Ahn and colleagues [27] speculated that this
difference reflected the fact that the main route of CSF drain-
age was via basal lymphatics as well as along the olfactory
nerves/cribriform plates [27, 48]. This was in accord with
many of the previous studies which used fluorescent dye-
labeled materials [12–14]. However, the most recent finding

Fig. 1 Interstitial fluid (ISF)-cerebrospinal fluid (CSF) space connection.
Glymphatic hypothesis and their experimental evidence in rodents. a Via
cisterna magna cannula, during sleep at noon FITC-dextran (3 kDa,
green), was given, and after being awakened 30 min later, Texas-red-
dextran (red) was given. On in vivo two-photon microscopy, deeper/
broader fluorescence during sleep and reduced fluorescence after being
awakened were interpreted to represent the CSF influx of intra-cisternal
administered small molecules. Reprinted with permission from Xie et al.
[18]. bTo ISF space of caudate nucleus via guide cannula, I-125 amyloid-
beta and C-14 inulin were injected, and 60 min later, the radioactivity of
the brain was measured to yield (100%-brain recovery) as percent clear-
ance. ISF clearance decreased upon aging. Reprinted with permission
from Kress et al. [19]. c ISF-CSF space is communicating through the

basement membrane of the endfeet of astrocytes surrounding brain blood
vessels through perivascular spaces (periarteriolar and perivenular spaces
are well-documented and pericapillary space is supposed between base-
ment membranes of astrocytic endfeet and vascular endothelial cells.
Pericytes are located in this space. Reprinted with permission from Da
Mesquita et al. [17]. d Schematic magnification of endothelial and astro-
cytic basement membranes. Reprinted with permission from Mastorakos
and McGavern [20]. If periarteriolar and perivenular spaces filled with
CSF are supposed to be connected with pericapillary spaces between
basement membranes, the CSF network around parenchymal vessels
was expressed as a circuit of paravascular spaces running CSF flow
throughout brain parenchyma. Reprinted with permission from Coles
et al. [21]
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on MRI, which traced the whereabouts of intrathecally
injected contrast agents, was against this speculation [24]. In
humans, dorsal meningeal vessels seem to take a major role in
clearing the wastes from ISF-CSF (Fig. 2b). Thus, differences
among species should be considered when interpreting CSF-
lymphatic drainage. In humans, internal carotid artery–
derived pial arteries are not directly connected to meningeal
arteries; instead, they supply substrates via blood-brain barrier
to the brain parenchyma, and then, the excess, surplus, and
metabolites are disposed from ISF space via glymphatic to
CSF. Those solutes of CSF are cleared to meningeal lym-
phatics via the pathways described in detail above and below.

Contrast-enhanced MRI showed its capability to reveal the
detailed CSF efflux after intrathecal injection, which mim-
icked the radionuclide cisternography (RI cisternography) in
their findings [39, 40, 49–51]. Furthermore, it could be used to
visualize the direction of CSF flow [44, 45, 47] (Fig. 4c), the
direction of lymphatic flow compared with the venous flow
[35], and even glymphatic flow along the glia limitans externa
of the hemispheric pial surface [52]. In animals, MRI was also
used to find the acute effect of anesthesia [53–56], sleep and
wakefulness [46] (Fig. 3d), or even the drug treatment [57,
58]. A variety of manipulation influenced glymphatic flow,
which was at first examinedwith fluorescent dye-labeledmac-
romolecules [1, 3, 7, 15, 36] and then RI-labeled proteins on
nuclear imaging/radioactivity counting [1] or contrast-
enhanced MRI [24, 35, 39, 40, 49–60].

Here we explain the details of the current understanding of
glymphatic and lymphatic imaging using MRI [24, 35, 39, 40,
49–60] and positron emission tomography (PET) [61, 62].
Relevant physiologic and pathologic status were also
reviewed, which incurred the necessity to use MRI and PET
in humans as well as in rodents. Among these statuses, sleep
and dementia were the ones that were studied best in detail and
current understanding was summarized. We also tried to un-
ravel the possible theranostics implication of using MRI and
PET to image glymphatic and lymphatic clearance in humans,
as well as in small animal models.

Detailed Anatomy of Glymphatic Flow
and Lymphatic Drainage

Fluorescent dye-labeled small- or intermediate-sized materials
such as dextran could visualize perivascular spaces of brain
parenchyma [1] (Fig. 1a). Periarteriolar space was well visu-
alized by dual staining on fluorescent microscopy after intra-
cisternal injection of small molecular dextran and systemic
administration of fluorescent intravascular agents for
counterstaining vascular lumen [1]. Interestingly, perivenular
space showed asymmetric localization of venule within
perivenular space, which was simply considered a tissue-
fixation artifact during pre-processing for microscopy [21].
Expectedly, pericapillary space did not show up due to the

Fig. 2 CSF efflux to meningeal lymphatics. CSF and their solutes pass
through arachnoid barrier cells to reach parasagittal dura. a On this
schematic representation of meningeal layers, the arachnoid barrier
layer is considered to be composed of cells of epithelial/mesothelial origin
which have tight junctions. Reprinted with permission from Castro Dias
et al. [23]. Tight junctions of arachnoid barrier cells have claudin-2 and
aquaporin-1 (AQP1) like choroid plexus epithelial cells capable of pass-
ing water among various isoforms of claudins [8, 23]. b Forty-eight hours

after gadobutrol (604 Da) injection, 3D T2-FlAIR MRI image reveals
parasagittal dura (yellow) and CSF (light blue) on the segmented brain.
Coronal serial T2-FLAIR images before and 3 to 48 h after intrathecal
injection of gadobutrol show CSF tracer efflux to this parasagittal dura in
humans. The blue triangle on the red box image represents superior
parasagittal sinus. Reprinted with permission from Ringstad and Eide
[24]
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same reason and/or postmortem loss of fluid from much
smaller pericapillary spaces (Fig. 1c). Instead, endothelial
basement membrane and astrocytic end-feet basement mem-
branes were separately identified (Fig. 1d). Thus, investigators
could imagine that periarterial, pericapillary, and perivenular
spaces were all interconnected and the name of paravascular
space circuit was given to this network [1, 4, 12, 20, 21].

The glymphatic hypothesis was conceived based on these
observations that paravascular or at least periarteriolar and
perivenular spaces would be used as the clearing routes of
ISF to the extra-brain spaces probably via meningeal

lymphatics [16]. To be exact, the initial proposal of
glymphatic was based on the then-popular concept that there
are no lymphatics in the brain [1, 28, 29, 32, 33]. This igno-
rance about the existence of meningeal lymphatics resulted in
using “CSF influx” after intrathecal tracer injection [1] (Fig.
1a). In fact, fluorescent tracers administered intra-cisternly
showed influx into the paravascular spaces varyingly. And
now, CSF influx is the other face of ISA efflux which just
depends on where the tracer was given, ISF space of brain
parenchyma or ventricular/subarachnoid CSF space. When
anesthesia or sleep was induced in mice, intrathecally

Fig. 3 The outflow of meningeal lymphatics in mice and humans. a In
mice, on in vivo fluorescent microscopy and ex vivo histologic studies,
zipper-like junctions in the young and button-like junctions are differen-
tially found in dorsal (SSS: superior sagittal sinus, TS: transverse sinus)
and in basal (SS: sigmoid sinus, PSS: petrosquamosal sinus), respective-
ly. Aging resulted in hyperplasia, impaired valves, and disrupted junc-
tions. PSF petrosquamous fissure, SMF stylomastoid foramen, JF jugular
foramen. Reprinted with permission from Ahn et al. [27]. b After intra-
thecal injection of gadodiamide, at 15 h, putative meningeal lymphatic
vessels were visualized on these 3D CUBE-T2-FLAIR MRI images.
Unenhanced superior sagittal sinuses (white arrows) were surrounded
by putative meningeal lymphatic vessels. Reprinted with permission from
Zhou et al. [22]. c On stereomicroscope in Prox1-GFP mice after intra-
ventricular injection of infrared pegylated dye (40 kDa), the outflow of

CSF was found to reach mandibular (superficial cervical) and deep cer-
vical lymph nodes within an hour. The flow was followed through lym-
phatic vessels and shown as arrowheads on this schematic drawing.
Reprinted with permission from Ma et al. [30]. d On T2 FLAIR MRI,
TOF angiography was done to reveal the direction of the flow, saturation
band posterior to the image section showed bright signal in superior
sagittal sinus due to influx of unsaturated venous blood from anterior to
posterior direction (left image; yellow arrowhead). In reverse, the satura-
tion band anterior to the image section showed an expected low signal but
the white signal in meningeal lymphatic vessels (right image: blue arrow).
Countercurrent lymphatic flow from posterior to anterior compared with
the venous flow was concluded in humans. Reprinted with permission
from Absinta et al. [35]
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administered fluorescent tracers were found more widely in
extent and deeply into the cortex than in awake state [1].
Intraparenchymal tracer was speculated to be cleared to the
sinus veins in the dura, after passing through the ISF space to
carry out the waste solutes therein via perivenular space to
subarachnoid spaces. Two ideas, (1) fresh CSF arriving at
the periarteriolar space pass through the parenchyma via
perivenular space to subarachnoid spaces and (2) ISF-CSF
exchange is the key process of solute clearance from brain
parenchyma, were based on the assumption that arterial

pulsation-driven convective flow is the driving force of this
CSF-ISF-CSF washout [1, 3, 7, 9]. Several groups refuted this
hypothesis saying that ISF does not need unidirectional con-
vection flow to carry and clear waste solutes by providing
simulation/observation results of their own [5, 10, 11, 63–65].

The seminal discovery of meningeal lymphatics enlight-
ened investigators of this field recently [2]. It cleared concern
which had bothered investigators for almost a hundred years
because of the incorrect notion of an absence of meningeal
lymphatics [8]. There is no more need to find the exit routes

Fig. 4 CSF circulation in relation to parenchymal vessels. CSF was once
considered to circulate but in fact, not. a Classic understanding of CSF
flow produced from ventricles (lateral, third, and fourth), flowing out to
cisterns and going down to the spinal canal and over the cord and
returning to basal and inter- or over the hemispheric subarachnoid spaces
to reach arachnoid villi to be absorbed. In this picture, the flow between
the third and fourth ventricle is said to be found bidirectional. Aqueduct
connecting third and fourth ventricles are open with this bidirectional
flow. Reprinted with permission from Grubb and Lauritzen [42]. b
Internal carotid artery supplies wider than anterior two-thirds of both
cerebral hemispheres. Large or small, vessels outside of parenchyma
are responsible for 60% of total resistance (39% + 21%) and penetrating

arterioles and venules for the remaining 40%. Reprinted with permission
from Iadecola [43]. c On 3D phase-contrast MRI images, CSF flow was
found not to be circulatory, but complex, accelerating/decelerating, un-
stable, and augmented in the center of the cranial cavity of subarachnoid
space, and third/fourth ventricles [44, 45]. Reprinted with permission
from Matsumae et al. [44]. d On simultaneous measurements of EEG,
BOLD on fMRI, and CSF flow dynamics imaging, during NREM sleep,
slow delta wave (increased amplitude) preceded BOLD changes (de-
creased signal) which also preceded CSF flow oscillatory changes.
NREM sleep with its impact upon hemodynamic status results macro-
scopic oscillations in fourth ventricle CSF. Reprinted with permission
from Fultz et al. [46]
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falsely in charge of the efflux of CSF such as arterial sheath
[33] similar to olfactory [27, 29, 30] or optic nerve sheath [28,
30, 31]. It is now known that these microstructures of cranial
nerves also drain glymphatic in their capable amount, but the
majority of ISF-CSF and brain parenchymal waste solutes are
cleared via meningeal lymphatics [12, 13, 16, 17, 25]. “ISF
efflux” could replace “CSF influx” in expressing the fluid
(and the solutes/metabolites therein) turnover (Fig. 1a, b). If
expressed sequentially, fluid/waste flux moves from brain pa-
renchyma, ISF space, paravascular space, CSF space, dural
peri-sinus space (Fig. 2b), and to meningeal lymphatics [66].
ISF efflux was found to be the largest during non-rapid eye
movement (NREM) sleep with higher slow (delta) wave dur-
ing sleep or anesthesia [66, 67] which later came to be be-
lieved to take the role of disposing such metabolites/solutes
from the brain as adenosine, norepinephrine, other neurotrans-
mitters/gliotransmitters, amyloid oligomers, and extracellular
tau, either bare or within extracellular vesicles. And thus, on
dynamic MRI, tracers administered intra-cisterna magna
could not easily redistribute to the paravascular spaces of the
cortex represented traditionally as CSF influx. This less redis-
tribution or less CSF influx was interpreted to be due to the
increased ISF efflux in the day, light phase during sleep of the
rats [66]. This redistribution was interestingly varied from
region to region, that is to say, dorsal cortex showed the sim-
ilar redistribution of tracers between light and dark phases
(sleep and wake phases) while midbrain/pons and ventral cor-
tex showed decreased redistribution during sleep than in
awake state in rats [66]. This was contradicting the initial
report that the CSF influx was wider and deeper during sleep
or anesthesia than the awake state on two-photon imaging [18]
(Fig. 1a). Initially, the CSF influx was more during sleep [18]
on skull-window in vivo fluorescent microscopy study after
cisterna magna infusion, but CSF influx was less during sleep
on intraventricular contrast-enhanced MRI [66]. Beside many
confounding factors such as head position, anesthesia, sleep,
circadian phase, and others, short-term observation and time
differences might be considered for understanding the subtle
changes of glymphatic flow. Of course, the complexity of
CSF flow should be considered in that CSF flow is not circu-
latory but bidirectional, accelerating and/or decelerating [66]
(Fig. 4c).

Sleep-Related Physiologic Fluctuation
of Glymphatic and CSF Flow (Fig. 5)

Sleep consist of NREM and rapid eye movement (REM) sleep
[72], and this classification was meaningfully physiological for
brain waste disposal with the NREM- and REM-specific charac-
teristic electroencephalographic waves [18, 67]. Slow delta
waves are associated with glymphatic flow [18, 54, 67, 69, 73].
Amplitudes of slow delta waves during NREM sleep were

repeatedly found to be related with the effective waste disposal
in rats [18, 67, 69, 73]. Sleep deprivation resulted in the stalled
glymphatic flow and the accumulation of waste solutes including
beta-amyloid solutes in the brain as well as adenosine and others
[68, 73–76]. Sleep deprivation could kill the animal if prolonged,
and investigators assumed that toxic amyloid oligomers and ex-
tracellular pathologic tau were to be cumulated [73, 77, 78], due
to sleep deprivation-related glymphatic dysfunction, to evoke the
neuroglial dysfunction in Alzheimer’s disease (AD) model ani-
mals [77, 78] and also in humans [74, 75] (Fig. 6).

During sleep, glymphatic flow is increased by the action of
astrocytes using aquoporin4 [5, 7, 8, 80]. Astrocytes are
unique in their cytoarchitectonics making a functional
syncytium-like reticular network that conveys lactates pro-
duced during wakefulness (during dark night in rodents) [57,
70, 71, 81] (Fig. 5c) and making barrier using their end-feet
against vascular channels (glia limitans) and pial surfaces of
cortices (glia limitans externa) [8, 43, 71] (Fig. 2a). The func-
tional syncytium feature enabled by the connexin junction
between neighboring processes of astrocytes is the platform
of the concentration-dependent diffusion-based stationary
phase of the astrocyte reticular network [57, 70, 81, 82] (Fig.
5c). Lactates are excreted easily to paravascular spaces during
sleep using this syncytium-like structure and astrocytes are
considered to be responsible for the modulation of phases
between sleep and awake states [81]. End-feet aquaporin4
(AQP4), proposed for their essential contribution to
glymphatic transport [7], plays an essential role as these move
water between intracellular space and interstitial space [80].
Using membrane channel protein AQP4 and water flux
through AQP4 [80], astrocytes can shrink the cell volume of
brain parenchyma to increase ISF space from 14% during
wakefulness to 23% during sleep [18]. This widened ISF
space suit better so the water and solutes therein could diffuse
to adjacent paravascular space. According to the recent mea-
surement of the number of glial cells and neurons in the cortex
(i.e., cerebrum and cerebellum) [83], the ratio of glial cells to
neurons was 4:1 in the cerebrum and 1:4 in the cerebellum.
Thus, the global ratio of astrocytes to neurons was 1:1 [84].
The gap junction between astrocytes wrapping the brain ves-
sels (mainly capillaries) is now ready to pass the ISF contents
of water and solutes to paravascular space [8]. Once in the
paravascular space, ISF containing solutes are ready to be
delivered to subarachnoid space by efflux of paravascular
CSF compensating CSF influx which is used to be observed
in intra-cistern/intraventricular fluorescent microscopy [18] or
MRI [54].

During NREM sleep, ISF and its contents are cleared to CSF
in paravascular and subarachnoid spaces, and this CSF is be-
lieved to cross arachnoid barrier cells to reach dural ISF space
to arrive at the lymphatics (Fig. 2b). These arachnoid barrier
cells are also equipped with claudin-2 for their tight junction
and AQP1 [8, 23], as claudin-2 is capable to pass water
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molecules by the support of AQP1 unlike the other claudins
[23] (Fig. 2a), implying that they are also able to control the
water passage from subarachnoid space to the space of dura
harboring sinus veins and meningeal lymphatics vessels. As
lymphatic endothelium is easy for the water-carrying solutes/
metabolites to pass [85], ISF-CSF contents reach the lumen of
meningeal lymphatic vessels and are slowly drained via the
deep lymphatic vascular networks of the neck. Thus, during
sleep especially the NREM phase [86–88], under the delta
wave association [46, 67] (Fig. 6b), increased ISF space [18],

and opened gap junction of astrocyte end-feet network [81], ISF
and CSF are likely to be mixed, as if without barrier at that
moment [4, 6, 8] and according to the concentration gradients
of the contents amenable to be cleared. CSF and lymphatics are
believed to behave in the same way during sleep. Only one
reserve is that sleep takes time, and thus, acute effect and
prolonged effect of sleep should be cautiously interpreted.
Fluorescent tracer [1, 3, 7, 12–15, 36] or contrast-enhanced
MRI studies [25, 39, 40, 46, 53–58] mostly looked for the acute
effect ranging from 30 min to hours.

Fig. 5 Coupled ISF-CSF-lymphatic efflux and the objectives of this ef-
flux. a Mice in which lenti-ApoE was delivered to their choroid plexus
released ApoE to the CSF and ApoE contained in CSF was delivered to
the periarteriolar space. ApoE in CSF convective flow revealed that the
extent of convective/bulk flow into the ISF around the arterioles was
isoform-dependent. ApoE2 diffused farther than ApoE3 which is also
farther than ApoE4. This is evidence of the ISF influx from CSF.
Reprinted with permission fromAchariyar et al. [68]. bWake-sleep cycle
dictates cell signaling between neuron-neuron-astrocyte couples. While
awake, extracellular K+ is increased under norepinephrine effect, and
lactate is produced more and released with preferred aerobic glycolysis.
During sleep, lactate, K+ as well as glutamate are cleared with
glymphatic/lymphatic drainage while glucose consumption decreases

more than oxygen consumption (less aerobic glycolysis). Reprinted with
permission from DiNuzzo and Nedergaard [69]. cAstrocytes are coupled
with astrocytes to make a reticular system. One of the impacts of this
reticular system is that lactate transfer from astrocyte to astrocyte is great-
er and faster and that from astrocyte to the neuron is smaller. A larger
volume of dilution and concentration gradient enables intracellular lactate
to diffuse to paravascular fluid space. Extracellular lactate is also cleared
to paravascular spaces due to the concentration gradient. Reprinted with
permission from Gandhi et al. [70]. d Syncytium-forming astrocytes
show propagating Ca+2 waves which are fast enough to explain long-
range information transfer and even to make global synchronized global
Ca+2 signals. Reprinted with permission from Verkhratsky and
Nedergaard [71]
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During sleep, CSF was found to oscillate in their direction
of the flow in the fourth ventricle on a recent ingenuous MRI
study [46] (Fig. 4d). Simultaneously measured cerebral blood
flow (CBF) disclosed the decrease of CBF around 10% during
sleep compared with CBF during wakefulness [42, 46] (Fig.
4a). That decrease in CBF was associated with reduced

cerebral blood volume and increased backflow through the
aqueduct from the fourth ventricle to the third ventricle which
made the to-and-fro flow called oscillation. Like these ventri-
cles, all the other CSF flows should not be considered to be
one-way; instead, there might be a global flow and the variety
of local flows taking care of the regional needs and outlets

Fig. 6 Effect of sleep or anesthesia on ISF-CSF-lymphatic efflux. a Via
cisterna magna cannula, during awake in the night, fluorescent dye was
given, and after ketamine/xylazine anesthesia, another fluorescent dye
was given. On in vivo two-photon microscopy, deeper/broader fluores-
cence during ketamine/xylazine anesthesia mimicked sleep to represent
CSF influx. Reprinted with permission from Xie et al. [18]. b However,
when individual anesthetic drugs were compared regarding their effect on
glymphatic (CSF influx), 30 min after intra-cisternal injection of fluores-
cent albumin (66 kDa), the brain was removed for ex vivo fluorescence
microscopy to yield a variety of responses to the glymphatic flow.
GABAa and receptor modulators, i.e., isoflurane (ISO), alpha-
chloralose (alpha-Chlor), and others showed a decrease in albumin distri-
bution in ventral/dorsal CSF spaces. Alpha-2-adrenergic agonists (alpha-
Chlor), dexmedetomidine (dex), and xylazine (with NMDA receptor an-
tagonist ketamine: K/X) showed less but also decrease. Their decrease in
CSF albumin distribution was related to slow-wave delta power under
anesthesia meaning that higher delta power under anesthesia indicated
greater distribution of intra-cisternal albumin. MCA middle cerebral

artery, ACA anterior cerebral artery, PCA posterior cerebral artery, BA
basilar artery, RCS rostral confluence of sinuses, SSS superior sagittal
sinus, TS transverse sinus, SS sigmoid sinus. Reprinted with permission
from Hablitz et al. [67]. c Sleep deprivation was proposed to promote
Alzheimer’s pathology by impairing waste disposal from brain parenchy-
ma via the ISF-CSF-lymphatic efflux system. Abeta oligomers and ex-
tracellular pathologic tau (free or within exosomes) should have drained
from the ISF of the brain. Reprinted with permission from Noble and
Spires-Jones [79]. d Using microdialysis in mice, ISF lactate amount
was measured during awake and anesthesia and the difference of lactate
between two states were considered to represent the effect of influencers
such as acetazolamide infusion (Ace), aquaporin 4 knock-out (AQP4
KO), head down and cisterna magna puncture (CMP). The severe effect
was observed on the decrease by ACE/CMP meaning less decrease of
drainage during anesthesia. This decrease in anesthesia-induced decline
was suggested to be due to impaired glymphatic function. This was cor-
roborated by the decreased lactate amount in the deep cervical lymph
nodes. Reprinted with permission from Lundgaard et al. [57]
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[44–47] (Fig. 4c). CSF surrounding spinal cords especially
lower, i.e., lumbar or thoracic ones, would not have reason
to flow over the hemisphere to reach arachnoid granulation
within the superior sagittal sinus. They have their own men-
ingeal lymphatics to clear the local waste products via spinal
meningeal lymphatics [34, 36, 37].

Aging- and/or Neurodegeneration-Related
Variances of Lymphatic Flow

When the scientific community had not recognized the pres-
ence and role of meningeal lymphatics for brain waste clear-
ance, limited sources like ApoE, clusterin (ApoJ) [89–92], or
other neuronal or cellular and molecular predisposition to age-
related changes and neurodegeneration were brought to ex-
plain individual differences for brain aging and disease [90,
93–95]. Once, meningeal lymphatics came to be known, lym-
phatics’ possible varied regression upon aging came to be
another major source of differences between individuals. In
animals, this was clearly reported as the dorsal meningeal
lymphatic vessels regressed at the anterior part of the head
[27] (Fig. 3a). This indicates that the regressed part of lym-
phatics at the anterior is the distal side. This assumption might
be correct until MRI discloses the direction and age-related
changes of lymphatic flow in rodents. In humans, direction
and the importance of parasagittal dura space were discovered
and found to be different from mice [24, 35] (Fig. 3b, d).

Aging-related regression in meningeal lymphatics, if any,
would be the predisposing factor for the accumulation of toxic
solutes of beta-amyloid and extracellular tau. Amyloid is a
well-known extracellular solute that causes dysfunction and
damage to the neurons when administered as synthetic or pu-
rified forms to the brain [96, 97]. And extracellular tau, either
truncated, mutant, or phosphorylated forms within extracellu-
lar vesicles or in bare forms, is known to cause dysfunction of
the neurons [93, 94, 97–101] or sequential recruitment of glial
cells to cause further damage to the neurons [102, 103].
Interesting was the cumulated fact that amyloid plaques or
neurofibrillary tangles might be innocuous per se and rather
the toxic amyloid solutes and pathologic extracellular tau are
the real culprit to inflict cascade damages to the neurons [99,
104–106]. According to the contributing roles of toxic amy-
loid solutes and pathologic extracellular tau, there were two
hypotheses, amyloid cascade hypothesis and dual cascade hy-
pothesis, which are not exclusive but different [107].
Obviously, the dual cascade hypothesis is the newer one re-
ceiving interests from investigators after the failure reports of
almost all the clinical trials using anti-amyloid monoclonal
antibodies for passive immunization [108–110].

The clearance of toxic amyloid solutes and pathologic ex-
tracellular tau is supposed to take place by four different plau-
sible mechanisms [89, 90], which are (1) protease and

enzymatic activity in situ within or outside of the neurons,
(2) by the support of the other neurons or more likely the
damage-associated microglia also in situ, (3) clearing espe-
cially amyloid combined with lipidated ApoE via low-
density lipoprotein receptor-related protein 1 (LRP-1) ex-
pressing astrocytes/vascular endothelial cells [91, 102, 111],
or (4) ISF-CSF-lymphatic clearance [1–8, 12–17, 22, 25–27,
112]. Each mechanism is now individually well-established
and their unique contribution had been emphasized by each
scientific community at various periods recently. However,
their partial contribution and fraction of the roles in clearing
the toxic protein solutes are not clarified yet.We can comment
on the recent reports by stressing that the ISF-CSF-lymphatic
clearance has a definitive anatomical foothold. The partial
contribution of the ISF-CSF-lymphatic channel to the clear-
ance of pathologic proteins and other metabolites is of great
interest as it can contribute to the mitigation of the progress of
AD if the methods of good choice are available to influence
the efficiency of this pathway. Preservation of slow-wave
NREM sleep [73, 79] is one example of preventive therapy
against AD development with aging (Fig. 6c).

Aging-related paravascular clearance was reported before
the discovery of meningeal lymphatics [19] (Fig. 1b and
Fig. 7a), and aging-related impairment of CSF-lymphatic flow
was documented in mice recently [30] (Fig. 3c). However,
neurodegeneration-related impairment of CSF-lymphatic flow
was not yet reported in AD mouse models. CSF-lymphatic
drainage was definitely decreased in aged mice; however, this
might be caused by the decreased CSF production due to
choroid plexus dysfunction or larger space/volume of ISF in
aged mice. A definite answer is warranted [30].

Abeta and tau should be cleared like other metabolites such
as adenosine and norepinephrine [18, 46] from ISF via CSF
through meningeal lymphatics to the systemic circulation [73,
78, 113] (Fig. 7b). This pathway of clearance has recently
been established in its anatomical detail [2, 27] and physio-
logic fluctuation [42, 46]. Along with the exponential advance
of discovery and interpretations about the clearance pathways
of the last 5 years, the difference between humans and mice
was disclosed [25, 27, 35], and the speculations showed up
regarding the importance of the contribution of these path-
ways to the pathogenesis of AD [15, 113–116] (Fig. 8d).
AD had been associated with sleep problems, and sleep
disorder-related clearance dysfunction was revealed, and the
possibility of prevention of AD by controlling sleep pattern
was raised [46, 66, 74, 79, 118] (Fig. 6c). Furthermore, mod-
ulation of clearance of toxic solutes in the ISF was tried using
focused ultrasound (FUS) [119–125] or continuous theta-
burst stimulation (cTBS, a form of repetitive transcranial mag-
netic stimulation (rTMS)) [126]. Again, aging-related changes
of these pathwayswere proposed to explain the variance of the
susceptibility or disease courses of mild cognitive impairment
converting to AD [22, 127]. The encounter of the waste
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disposal with systemic innate and/or adaptive immunity is
another recent add-up [128].

Similarity and Discrepancy of Glymphatic
and Lymphatic Flow in Rodents and Humans

Studies in rats and mice and consequently in humans
unraveled the anatomy and physiology of glymphatic and
lymphatic flow [2]. In both species similarly to each other,
lymphatics existed in the meninges (dura) and the cranial
meningeal lymphatics are drained to the deep cervical lymph
nodes [4, 12, 15, 16, 27, 33, 36, 57] (Fig. 8). CSF and dural
meningeal lymphatics are bounded by arachnoid barrier cells
and believed to allow the water and solutes from CSF to para-
sinus dural lymphatics [23] (Fig. 2b). Spinal dural lymphatic
vessels are also believed to drain peri-spinal cord CSF [26, 32,
34] (Fig. 8b).

In mice, lymphatic vessels were found to have different
shapes of endothelial architecture between basal and dorsal
meningeal lymphatics, implying that the basal lymphatic en-
dothelial cells have the structure for the water and solutes to
pass more easily through the endothelium [27] (Fig. 3a). This
finding easily resulted in the speculation that this is the ana-
tomical background that the mice (and the rodents) are using
the basal dural lymphatics to drain CSF as a stopover. The
superficial layer of the head is drained to superficial lymph
nodes such as mandibular or parotid lymph nodes [129], and
these nodes again are drained to deep cervical lymph nodes
[117, 130, 131] (Fig. 8c). After the administration of tracers to
cisterna magna, the measured amount of tracers in the deep
cervical lymph nodes represents the sum of drainage via men-
ingeal lymphatics and via cranial nerves’ sheaths (most well-
known are the drainage along the olfactory nerves through
cribriform plates [4, 12, 15, 16, 27, 33, 36].

In humans, lymphatic vessels were supposed at first to
function similarly to rats and mice when the data were not

Fig. 7 Effect of aging and/or neurodegeneration on ISF-CSF-lymphatic
efflux. a To cisterna magna, fluorescent ovalbumin was injected, and
30 min later, the brain was removed to evaluate whole slice fluorescence.
CSF influx was decreased with aging. Reprinted with permission from
Kress et al. [19]. b In a transgenic mouse having DREADD (designer
receptors exclusively activated by designer drugs) hM3Dq, clozapine-N-

oxide (CNO) was administered to let the mouse awake, and microdialysis
revealed the increase in Abeta, extracellular tau, and lactate amount after
CNO treatment. Associated with the findings that in humans, CSF tau
increase 50% during sleep deprivation, sleep-wake cycle was suggested
to regulate ISF abnormal proteins (Abeta and extracellular tau) and me-
tabolites (lactate). Reprinted with permission from Holth et al. [78]
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available. However, recent investigations using MRI raised
doubts against this assumption. Two findings in humans were
definitely different from those in rats and mice: (1) dorsal
lymphatic meningeal vessels drain most of the CSF and sol-
utes therein in humans [24, 39] and there is yet to be found any
evidence of CSF-lymphatic drainage through cribriform
plates, if any, on MRI, (2) lymphatic flow was countercurrent
to the superior sagittal sinus flow meaning that as sinus ve-
nous flow is anterior to posterior, posterior to anterior dorsal
meningeal lymphatic flow is countercurrent to venous flow
[35] (Fig. 3d). The latter fact is against the hypothesis that

aging-related possible regression of the anterior part of dorsal
lymphatics in humans, which was reported in a recent animal
study [27]. In humans, the role of dorsal dural meningeal
lymphatics is a point of extreme interest. CSF in the subarach-
noid space, once having crossed lining of arachnoid barrier
cells, would be mixed with peri-lymphatic vessels, and simul-
taneously peri-venous sinuses, and then drained to the menin-
geal lymphatic vessels of the cranium. These meningeal lym-
phatic vessels are to be drained via foramens and fissures of
the skull and then via superficial cervical lymph node (man-
dibular lymph nodes) to deep cervical lymph nodes of the

Fig. 8 Extracranial lymphatic drainage in mice. a Lymphatic vessels
along petrosquamosal sinus (PSS) and sigmoid sinus (SS) exit skull via
petrosquamosal fissure, stylomastoid foramen (with facial nerve), or jug-
ular foramen (with cranial nerves IX, X, XI) to reach superficial cervical
lymph nodes (mostly mandibular lymph nodes) or deep cervical lymph
nodes. Upper cervical spinal lymphatics exit vertebra with dorsal nerve
roots to reach deep cervical lymph nodes. How much of the CSF is
drained to these two kinds of cervical lymph nodes is not known.
Reprinted with permission from Frederick and Louveau [16]. b Spinal
meningeal lymphatics were visualized using iDISCO+-clarified spine
segments of lymphatic reporter mice. Dural lymphatic vessel (LV) net-
works (purple) and epidural LV networks (green) exit vertebral space to

become extravertebral LV networks (blue) [34]. c Lymphatic pathway
from meningeal lymphatics as well as from the nose and pharynx. A
Cervical lymphatic duct. B Deep cervical lymph nodes. F Superficial
cervical lymph nodes. G Lymphatic vessels connecting superficial and
deep cervical lymph nodes. J Cannula in cervical lymph duct. Reprinted
with permission from Yoffey and Drinker [117]. d In the K14-VEGFR3-
Ig mouse model lacking superior sagittal and transverse sinuses (no struc-
tures in LYVE1 image), fluorescent tau and human serum albumin (HSA)
cleared slowly after intrahippocampal injection. The kinetic difference
shows the contribution of meningeal lymphatics and the contribution of
other pathways such as along neural sheaths of olfactory, optic, trigemi-
nal, IX, X, XI, etc. Reprinted with permission from Patel et al. [113]
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neck. CSF contents are to encounter myeloid/immune cells, as
a recent report told the plausibility that if CSF-contained sol-
utes are drained to superior sagittal sinus, they might further
be drained to the bone marrow sinuses of the dorsal skull
[132]. In mice using in vivo cell labeling and ex vivo confocal
microscopy, the vessels connecting the superior sagittal sinus
embedded in the dura with the bone marrow of the skull were
recently discovered.

MRI Studies to Reveal the Characteristics
of Glymphatic and Lymphatic Flow

CSF-lymphatic drainage is now a well-established fact in ro-
dents and in humans. Detailed anatomical understanding of
meningeal lymphatics has led to the possibility of in vivo
imaging and thus the repeated observation in vivo. For
in vivo imaging, the methods should be non-invasive and
are easy to repeat without perturbing the stationary state of
the subjects, either rodents or humans [60]. Chronologically
speaking, intraventricular contrast dynamic CT [48],
gadobutrol/gadofosveset-enhanced T2-FLAIR/T1 MRI [50],
7-T FLAIR MRI [52], intrathecal gadobutrol MRI [39], dy-
namic contrast-enhanced (DCE) MRI using gadodiamide
[59], quantitative DCE MRI [51], SPACE FLAIR/T2/TOF
MRI of the superior sagittal sinus [35] (Fig. 3d), contrast
FLAIR MRI for glymphatic visualization [125], and
gadodiamide T1/T2 FLAIR MRI [22] (Fig. 3b) even for the
simultaneous glymphatic and lymphatic vessels. CSF fluid
efflux to parasagittal dura was unraveled with T1 black-
blood and intrathecal DCE T1 MRI with intrathecal gadobu-
trol injection [24] (Fig. 2b).

Gadobutrol and related gadolinium tracers were adminis-
tered to the subarachnoid spaces in mice and rats to disclose
the CSF flow through the lymphatics or along the nerve
sheaths to extracranial drainage sites, mostly in the cervical
lymph nodes. The size of these MRI tracers was around
600 Da, mimicking the metabolites but not the toxic solute
proteins. They redistributed from the injection site through the
subarachnoid spaces to the paravascular spaces in rodents [49]
and even to lateral ventricles. Both in humans [22, 39] and in
rodents [53], intrathecally injected MRI tracers were found in
deep cervical lymph nodes after minutes to hours.

The difference of the extent of the redistribution in the
subarachnoid/paravascular CSF spaces was examined during
sleep, awake states, and under anesthesia (Fig. 6b) using fluo-
rescent dyes and under anesthesia also using MRI [49, 53].
Though there are contradictory results in the literature, a con-
sensus has been reached that Gd-tracer CSF MRI studies re-
veal (1) glymphatic flow from ISF to subarachnoid CSF are
enhanced during sleep (especially NREM sleep) and thus CSF
MRI tracers redistribute only to the subarachnoid spaces and
least to the paravascular spaces [66] and (2) earlier studies of

CSF influx (increased redistribution to the paravascular
spaces) should now be interpreted cautiously regarding
whether the glymphatic flow was affected by the drop of in-
tracranial pressure associated with intra-cisterna (magna)
puncture [54, 55, 57] (Fig. 6d) and/or anesthesia effect [18,
67] (Fig. 6a, b). Various anesthetic agents and their effect on
glymphatic flow were reported for their impact on the
glymphatic flow [67] and probably associated functional con-
nectivity [133].

As glymphatic flow is influenced by the experimental
scheme, MRI studies should also be cautiously interpreted.
Intrathecal injection and later acquisition make the findings reli-
able and robust, meaning high reproducibility. And interestingly,
this least invasive technique has been popularly used traditionally
in RI cisternography in humans. Intra-cisterna injection and ex-
amining acute changes on glymphatic flow using fluorescent
dyes might have not revealed the real physiological long-term
basal status of, for example, dementia subjects and thus the effect
of pharmacological intervention. This would have taken place
even though investigators used MRI CSF tracers. Anesthesia
and sleep do not seem to share their effect on the glymphatic
flow [54]. This is because sleep increases ISF efflux and CSF-
lymphatic drainage [66] and that anesthesia (isoflurane as an
example) blocks ISF efflux and thus CSR-lymphatic outflow
[53]. Among many anesthetic agents, the light concentration of
isoflurane and dexmedetomidine (alpha-2 agonist) and probably
ketamine/xylazine mimics most of the sleep state [55].

On MRI studies in humans, investigators looked for evi-
dence that CSF is drained via cribriform plates/nasal routes,
but there is no evidence yet (Fig. 9). Currently, we think that in
humans, CSF is mainly drained to dorsal dural meningeal
lymphatics, which travel through deep lymphatics of the head,
face, and neck to the deep cervical lymph nodes. Even though
nasal pathways with olfactory nerves are used, it would be no
more than optic, facial, or other cranial nerve sheaths in
humans.

MRI imaging of the CSF suggested that CSF flow is
compartmentalized [44] (Fig. 4c). According to the vector
flow images (time-resolved 3D phase-contrast image) of
lateral ventricles (frontal/occipital and temporal horns)
and the third/fourth ventricles, CSF produced from choroid
plexus are mixed and circulate in a complex manner prob-
ably to exchange interstitial solutes with CSF through
ependymal gap junctions [8] and then even showed to-
and-fro movement through aqueduct connecting third and
fourth ventricles [46] (Fig. 4d). This meant that this flow is
maintaining the patency of aqueduct which has a small
caliber especially in smaller animals like mice [46]. In
humans when there is an obstruction of cisterns and thus
obstructive hydrocephalus, this is the natural buildup of
ventricular reflux from subarachnoid space [41]. Since
long ago, this ventricular reflux was considered to function
to mitigate the increased intracranial pressure and supplied
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the indication of ventriculo-peritoneal shunt operation in
these hydrocephalus patients with ventricular reflux on
RI cisternography [41].

Spinal CSF was also proposed to be cleared on-site despite
gross global flow [32]. This means that CSF in the subarach-
noid space flows over the spinal cord and from the head to the
lumbosacral areas via over the cords or through the spinal
canal. Along with this gross flow, CSF is also using spinal
meningeal lymphatic vessels to be drained to the systemic
circulation [32, 34]. The relative contribution of this route
over the global brain/spinal cord drainage is yet to be found.
In the cervical spinal cord, spinal meningeal lymphatic vessels
drain CSF through spinal nerve outlets to the cervical lymph
nodes too [33]. This means that deep cervical lymph nodes are
gathering sink of lymphatics from cranial (via dural meningeal
and other neural pathways) [30] and neck (via cervical spinal
meningeal) areas [32, 34].

Nuclear and PET Imaging Studies Trying
to Elucidate Glymphatic and Lymphatic Flow

RI cisternography can be used easily for imaging glymphatic
flow in a longer timeframe with a smaller amount of chemical,
mostly In-111 DTPA [41]. When using In-111 with DTPA,
we use Ca2+ protection method of unlabeled DTPA to reduce
the risk of possible side effects of chelating Ca2+ in the CSF
(and the spinal cord in the vicinity). Tc-99m DTPA has been
and is used for RI cisternography too, but in this case, one
should be so cautious that the unlabeled DTPA should be
saturated by Tc-99 DTPA or Tc-99m DTPA [41].
Traditionally, we did not acquire the images after 24 h and
the 24-h image was not examined in detail for any sign of
functioning or dysfunctional CSF-lymphatic flow (Fig. 9b).
When referring to MRI studies using Gd DTPA, deep cervical
lymph nodes may be imaged to assess or quantify the amount

Fig. 9 Intrathecal contrast MRI and radioisotope (RI) cisternography. a
Classic example of RI cisternography shows that after intrathecal injec-
tion, basal cistern appears at 2 h; at 4 h, interhemispheric and Sylvian
fissures are well visualized. At 24 h, the entire silhouette of both hemi-
spheres is seen. What we did not know is that on the 24-h image, Tc-99m
DTPA stayed not only in subarachnoid spaces but also in paravascular
spaces and that remaining Tc-99m DTPA had been or would have been
absorbed not by arachnoid villi but more likely across arachnoid barrier
layer to parasagittal dura and to the meningeal lymphatics to reach deep

cervical lymph nodes. Reprinted with permission from Koh [41]. b After
intrathecal gadobutrol injection, 24-h delay image was taken showing the
disappearance of basal cisternal gadobutrol in a normal subject.
Abnormal findings were observed that gadobutrol stayed in the subarach-
noid space over the hemispheres and cisterns and also ventricular
refluxes. Reprinted with permission from Ringstad et al. [134]. c After
intrathecal gadobutrol injection in normal volunteer, a 79-h image was
taken to reveal that the gadobutrol has almost completely disappeared.
Reprinted with permission from Watts et al. [51]
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of CSF-lymphatic flow to the extracranial lymphatics by RI
cisternography [39]. This amount can be used to quantify the
drained amount even to unravel the contribution of head and
cervical spine meningeal lymphatics to the clearance of CSF
and their toxic solutes such as amyloid oligomer and extracel-
lular tau.

Recently, there showed up two papers in a journal grop-
ing, the possibility of using amyloid plaque and tau neuro-
fibrillary tangle imaging PET (C-11 PIB and F-18
THK5117) for further glymphatic-lymphatic outflow study
and quantitative analysis. One report [61] used dynamic
PET images of F-18 THK5117, and by estimating the cor-
relation of time-activity curves between ventricular CSF
and extracranial voxel, the CSF-positive extracranial
voxels are identified to be highly detected in the nasal
cavity. Another study [62] used a different approach but
their assumption was also the same as they tried to eluci-
date the nasal route by compartmental analysis of clearance
of lateral ventricular C-11 activity. This study was neutral
in interpretation while not maintaining clearance through
the cribriform plate for the reduced clearance of C-11 PIB
from the lateral ventricle (and thus CSF). In a recent MRI
study [51] at a long term of 96 h after intrathecal injection
of gadobutrol in human healthy subjects, there were no
nasal cavity activities (Fig. 9c). Furthermore, other MRI
studies [24, 39, 134] reported strong evidence that the na-
sal route is not used in humans. As a result, by any chance,
if humans do not use this route and at most, just a little
fraction is drained via nasal cavity unlike small animals,
this study would have pursued an artifact [24, 39, 134]
while trying to discover the author’s preset belief that the
radioactivity of nasal mucosa might reveal the drainage of
CSF via the cribriform plate. Thus, the above preliminary
PET studies should further be validated. Still, to elucidate
the efflux of CSF through any routes including meningeal
lymphatics, perineural, or others, intrathecally adminis-
tered radionuclide-labeled radiopharmaceuticals would be
the best choice, considering the weak contrast of
gadobutrol.

Conclusion

Based on the understanding regarding how the brain
glymphatic/lymphatics contribute to the waste drainage
from ISF-CSF via lymphatic pathways, elucidated in ro-
dents and in humans, MRI and PET imaging can help eval-
uate the function and dysfunction of glymphatic and lym-
phatics in various pathological states. Sleep-wake status,
anesthesia, and physiologic or neurodegenerative disease-
related consequences on glymphatic and lymphatics are
now to be interpreted properly in humans using intrathecal
contrast-enhanced MRI and PET.
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