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Abstract

Purpose of Review The glymphatic system is a relatively new concept that has been associated with regulation of cerebrospinal
fluid (CSF), as well as brain waste clearance. Novel techniques to study glymphatic dysfunction have in turn prompted a
reassessment of brain physiology and underlying elements of neurological disease. This review incorporates a contemporary
imaging perspective focused on understanding the regulation of CSF flow, thus expanding the putative clinical relevance of this
system and the relationships between CSF flow and glymphatic function.

Recent Findings MR imaging studies, especially those that employ intrathecal gadolinium contrast, have identified potentially
new pathways regulating CSF production, absorption, and clearance. These studies, when viewed in the context of more
historical anatomic descriptors of CSF production and absorption, provide a more robust description of CSF physiology and
waste clearance.

Summary CSF production and resorption are under-investigated and could be related to various pathophysiologic processes in
neurodegeneration. Anatomically based clinical exemplars of CSF clearance are discussed. Future studies should focus on

linking glymphatic functionality with neurological disease.
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Introduction

The suggestion of a glymphatic system in 2012 has resulted in
areinvigorated discussion regarding the regulation of cerebro-
spinal fluid (CSF) flow, production, and clearance [1].
Glymphatic flow, as assessed in animal models, appears orga-
nized and modulated via functional states during which this
system is most active (i.e., sleep) [2]. This organized CSF flow
occurs through perivascular spaces and within the brain pa-
renchymal interstitium and is regulated by aquaporin 4 chan-
nels. Multiple animal models have demonstrated fluid flow
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from subarachnoid, to periarterial space, where it subsequent-
ly enters the interstitial compartment as regulated by the aqua-
porin 4 channel. Along the efferent end of this system, aqua-
porin 4 channels allow for passage of fluid from the interstitial
space to the perivenular space from which point the fluid again
travels to the subarachnoid compartment.

Animal studies have provided key insights into the putative
clinical significance of this system with regard to brain health.
Perhaps most importantly, this fluid circulation has been inti-
mately associated with clearance of brain waste products, such
as amyloid beta plaques. Just as intriguing is the confirmation
that this circuit is highly correlated to the sleep cycle [2]. Such
findings have prompted new perspectives on the pathophysi-
ology of neurodegenerative disease as well as potential thera-
peutic approaches, and have offered compelling new hypoth-
eses regarding the beneficial role of sleep and brain health.

An increasing need to develop methods that can reliably
detect the presence, functionality, and perturbations of the
glymphatic circuit in humans is necessary. Contemporary
methods used in animal models that assess glymphatic study
are essentially impossible to replicate in humans, and the ap-
plication of MR imaging methods seems to be the most
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promising tool for which to interrogate this system. A handful
of important studies involving the administration of intrathe-
cal contrast have largely confirmed the presence of the
glymphatic system in humans and have offered tantalizing
clues to its dysfunction in neurologic disease [3, 4].
Importantly, other MR imaging studies, which do not rely
on intrathecal contrast, are beginning to emerge [5—7]. These
alternative methods offer promising strategies of defining hu-
man glymphatic flow without the burden of an invasive pro-
cedure, or uncertainties regarding the long-term effect of brain
gadolinium deposition.

While the flow of fluid from the subarachnoid space, to the
interstitium, and subsequently back to the subarachnoid space, is
relatively well understood in animal models and increasingly
characterized in humans, CSF flow before and after these regions
has received substantially less attention. The choroid plexus, re-
sponsible for the production of CSF, has been largely ignored in
this discussion. Furthermore, although absorption of CSF is
known to occur via both the arachnoid granulations and the
cranial nerves and spinal nerve roots, the characterization of this
shared absorptive functionality and anatomical attributes of these
components appears unaddressed in contemporary studies.

In this review, we focus on two components of CSF flow:
the production and absorption of CSF. Improved understand-
ing of the vascular supply and potential responsiveness to
choroid plexus stimuli offers insights to the functionality of
the glymphatic system, and brain health. Similarly, a reassess-
ment of the anatomy, and relative contributions of the arach-
noid granulations, cranial nerves, and spinal nerves in clear-
ance of CSF, can enhance our overall understanding of the
glymphatic system in human health and interpret how alter-
ations to this absorption can relate to disease. We further dis-
cuss evidence of the existence of a human lymphatic circula-
tion within the dura and review how the parasagittal dural
space may help to appropriately distribute CSF and its asso-
ciated constituents as it leaves the central CNS.

As new discoveries of the afferent and efferent flow of the
glymphatic system continue, novel relationships will almost
certainly emerge. The second portion of this review describes
how evidence of one such new relationship, that of the vascu-
lar space and the subarachnoid space, is increasingly recog-
nized as communicative and codependent. Finally, we discuss
clinical exemplars of spinal cerebrospinal outflow and their
associated lymphatic drainage.

CSF Production and Drainage, Afferent, and Efferent
Flow

Choroid Plexus
The choroid plexus is traditionally thought to supply the vast

majority of cerebrospinal fluid (CSF). While most choroid
plexus tissue resides within the lateral ventricles, there exists
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choroid plexus throughout the ventricular system, roughly in
proportion to the overall size of the ventricular components.
The choroid plexus is composed of epithelial cells and choroid
stroma. The epithelial layer is derived from the ependymal
lining of the ventricles and is aligned along the basal lamina.
This continuous layer of cells secretes CSF along the opposite
pole of the cell via villous projections. Movement of sub-
stances and fluid is restricted by tight junctions connecting
the epithelial layer which constitutes the blood-CSF barrier
[8, 9]. On the internal side of the basal lamina resides the
choroid stroma. This is a densely vascularized bed of tissue
which is supplied by large fenestrated capillaries which allow
for robust fluid exchange. This region is associated with blood
flow approximately 4 to 7 times greater than brain tissue in
non-human primates and canines respectively [10], whereas,
in humans, it measures to be roughly equivalent to gray mat-
ter, but with the range of 30-70 mL/100 g/min [8].

Vascular Supply The lateral ventricle choroid plexus receives
its predominant blood supply from the anterior choroidal ar-
teries, as well as the medial and lateral posterior choroidal
arteries. The anterior choroidal artery arises from the distal
internal cerebral artery, superior to the origin of the posterior
communicating artery. The medial and lateral posterior cho-
roidal arteries usually arise from the P2 portion of the posterior
cerebral artery. In some individuals, the medial posterior cho-
roidal artery arises from the P1 segment of the posterior cere-
bral artery [8, 11].

CSF Production CSF production occurs in all four ventricles as
well as in other foramen, including the foramen of Luschka
and the Foramen of Magendie. The majority of CSF produc-
tion occurs in the lateral ventricles, roughly in proportion to
their larger size. Human choroid CSF production is on the
order of approximately 20 mL/h [12], though this is known
to respond to changes in the brain microenvironment and in-
flammatory stimuli [13]. Although incompletely understood,
there are known biofeedback mechanisms relating neurologic
stressors to choroid plexus CSF signaling molecule produc-
tion. The choroid plexus has been shown to secrete various
compounds, such as growth factors, which are involved in
maintaining the health of the brain parenchyma [9]. For ex-
ample, TGF-f3, a well-known regulatory protein involved in
immune regulation and homeostasis, is produced by the cho-
roid plexus and is expressed in times of ischemic stress [14,
15]. Some have posited that TGF-f3 production in the choroid
plexus is regulated in order to optimize calcium homeostasis
and affect expression of proto-oncogenes central to regulating
cell death even when ischemia is spatially remote from the
choroid plexus [16, 17]). It is reasonable therefore, that cho-
roid plexus CSF production itself is also subject to biochem-
ical feedback related to the physiologic status of the brain and
spinal cord. As such, in the context of the glymphatic system,
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it would be logical that the choroid plexus would respond to
increased concentrations of waste products or opportune time
points of the sleep-wake cycle by increasing CSF production
in order to optimize efficient waste clearance [8].

While the choroid plexus is traditionally thought to pro-
duce the vast majority of the CSF fluid within the subarach-
noid space, there is an increasing debate as to whether fluid
may arise from alternative sources. Murine knockout models
involving the aquaporin 1 and aquaporin 4 genes support a
theory that a substantial portion of CSF production and ab-
sorption occurs as a result of efflux and influx at the level of
the brain parenchymal capillaries and interstitial fluid [18].

Arachnoid Granulations

The traditional model of CSF flow dictates that following
production from the choroid plexus, CSF circulates around
the brain and spinal cord and is subsequently resorbed by
the arachnoid granulations which in turn facilitate clearances
via the dural venous sinuses. Arachnoid structures are charac-
terized by their size: larger structures, visible to the naked eye,
are referred to as arachnoid granulations, and those requiring
microscopic visualization are termed arachnoid villi.
Histologically, as characterized by Wolpow in 1972, two dis-
tinct architectural types of arachnoid granulations were re-
vealed by gapless serial sectioning. The smaller of the two
types are covered by a dural sheath, with an associated exter-
nal subdural space surrounding each granulation. The larger of
the two subtypes of arachnoid granulations contain fusion
points between the arachnoid granulation body and the
investing dura, with focal obliteration of the associated sub-
dural space. A portion of these larger granulations is noted to
extend into the venous sinuses without a dural covering [19].

An arachnoid granulation is composed of a neck at its base,
a core centrally, and an apical cap. The internal core is made
up of channels surrounded by collagen with occasional mac-
rophages which may serve a cleaning function. The cap of the
arachnoid granulation may be attached to the endothelium
over a region of approximately 200 um in diameter. The re-
mainder of the core is separated from the endothelium by
subdural space and a fibrous cupola. When viewed from an
endoluminal approach with electron microscopy, the endothe-
lium overlying appears continuous with small perforating ve-
nous channels present at the apex of some of the arachnoid
granulations [20].

Development of Arachnoid Granulations

Much remains to be delineated regarding the development,
and degeneration, of arachnoid villi and granulations during
early life, advanced age, and pathological states. In general,
the arachnoid structures are thought to be small in youth,

without penetration of the dural wall [21]. Human studies
have demonstrated that at 26 weeks, there is a dural depression
in the venous wall. These continue to increase in number and
complexity from 39 weeks of development and onward [22].
In the elderly, the arachnoid villi progressively degenerate and
occlude as the arachnoid membrane thickens, as there is con-
current decreased CSF production in the choroid plexus [23,
24].

Arachnoid CSF Clearance

In vitro animal studies have yielded important insight into the
anatomic and functional relationships that dictate arachnoid
CSF fluid clearance. A valve-like mechanism appears central
to the functioning arachnoid villous. In one non-human pri-
mate study, tubes within the arachnoid villous labyrinth were
demonstrated to be patent when the arachnoid villus was fixed
at normal physiologic pressures; however, when flow of fix-
ation fluid was reversed, the arachnoid tubules became effaced
[25].

The histologic mechanism of fluid flow from the subarach-
noid space, through the arachnoid villi and into the venous
sinuses, is a matter of continuing study. Of particular interest
is the mechanism by which fluid and solutes are able to tra-
verse the apical cap of the arachnoid villous and subsequently
move through the endothelial membrane. Multiple studies
point to a pressure-dependent mechanism of clearance. In
sheep and dog studies, intracellular endothelial clefts have
been observed when increased pressure was applied to the
sinus and CSF [26]. A cynomolgus monkey study demonstrat-
ed that when tissue was fixed under normal or increased pres-
sure, large intracellular vacuoles were present which had
openings to both the CSF and venous blood [27]. Such studies
demonstrate potential mechanisms of fluid and solute transfer
in animal models though the exact pathway mechanisms re-
main to be fully understood, and the applicability of animal
studies to human physiology is debatable.

In humans, the histologic description of fluid and solute
transport from the subarachnoid space to the dural venous
sinuses is much more limited. One study applied an in vitro
model of human arachnoid granulation cells with varying po-
larity of perfusion gradients. Human arachnoid granulation
cells were grown on a filter membrane with close attention
to the cellular polarity relative to perfusion parameters. When
the fluid perfusion was set to the basal to apical direction at
physiologic pressures, thus mimicking physiologic condi-
tions, a statistically significant greater flow rate was achieved
as compared with when perfusion was set to the reverse, non-
physiologic orientation. Interestingly, cells perfused in the
non-physiologic direction showed large numbers of dead
and dying cells. Furthermore, in the setting of physiologic
perfusion parameters, large extracellular cisternal spaces were
visible between overlapping arachnoid granulation cells and
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vacuoles within the cytoplasm. These findings raise the pos-
sibility that the spaces within and between cells represent
pathways for transcellular and paracellular transport of fluid
[28].

Lymphatic Clearance Along Cranial Nerves
and Spinal Nerve Roots

A proportion of clearance of the CSF is known to occur along
the cranial nerves to the cervical lymph nodes. Similarly, CSF
is also known to course along the paraspinal nerve roots en
route to the paraspinal lymphatics. The relative importance of
these clearance mechanisms across various species, at various
ages, and in different physiologic and pathologic states largely
remains to be further elucidated.

Cribriform Plate

Multiple animal studies have demonstrated that substances
injected into the ventricular system or basilar cisterns will
subsequently occupy the foramina of the cranial nerves, par-
ticularly the olfactory nerves. Extension of these substances
was observed in the cranial nerve foramina and the lumen of
lymphatic vessels within the nasal cavity. A direct connection
between the subarachnoid space and the nasal cavity was
demonstrated in rabbits where the dura in the region of the
cribriform plate surrounding the olfactory bulbs joins the peri-
osteum [29, 30].

Evidence of a connection between the subarachnoid space
and the cervical lymphatics via a perineural course in humans
is less well established; however, MRI imaging of the cervical
lymph nodes following injection of intrathecal contrast has
provided strong evidence to support this route of CSF clear-
ance (Fig. 2) [31]. While some human studies have failed to
show direct communication between the space surrounding
the olfactory nerves and the lymphatic vessels of the nasal
cavity [32], other studies have demonstrated that substances
injected into the cerebromedullary cistern filled the perineural
space and the nasal cavity lymphatic vessels [33].

Optic Nerve

Contents within the subarachnoid space surrounding the
optic nerves have been shown to communicate with the
surrounding tissues of the orbit. One study demonstrated
communication of the subarachnoid space surrounding the
optic nerve with the tissue in the region of optic nerve
where it contacts the sclera [34]. Lymphatic vessels in the
dura surrounding the bulbar portion of the optic nerve have
been observed in humans. Upon injection of india ink par-
ticles into the subarachnoid space surrounding the human
optic nerve, particles were subsequently noted to occupy
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the extracellular space of the dura in an area of the lym-
phatic vessels [35].

Spinal Nerves

Animal literature provides a strong foundation for a mecha-
nism of lymphatic clearance of cerebrospinal fluid in the re-
gion of the spinal nerve roots analogous to that occurring at
the margins of the cranial compartment. In non-human pri-
mates, spinal arachnoid villi have been observed occupying
the space between collagen bundles in the dura mater of the
spinal nerves. A portion of these arachnoid structures were
noted to project into veins associated with the spinal nerve
roots [36], closely paralleling the organization of arachnoid
granulations associated with the dural venous sinuses.
Another study demonstrated a dense network of lymphatic
vessels in the non-human primate cervical and upper thoracic
spine which drain the CSF. This network was noted to be
located predominantly within the epidural spaces surrounding
the spinal nerve roots. Drainage of this system was demon-
strated to occur via the deep cervical and prevertebral lymph
nodes [37].

Dural Lymphatics

Since its initial 2012 description in a murine model, the con-
cept of a glymphatic circulation has prompted a reassessment
of CSF circulation and clearance [1]. As the concept of a
glymphatic circuit in humans gains acceptance, further ques-
tions have arisen regarding the fate of fluid and waste products
that have exited the from the interstitial space, to the subarach-
noid space via the perivenous space. As clearance of sub-
arachnoid fluid is known to occur via both the arachnoid gran-
ulations to the venous sinuses as well as to the cervical lym-
phatics via the cranial nerves, questions arise as to how and in
what proportion the CNS directs fluid from the subarachnoid
space to these to outflow tracts.

A potentially important clue to this question surfaced
with the discovery that both non-human primates and
humans demonstrate histological and imaging evidence of
lymphatic vessels adjacent to the dural venous sinuses.
These were noted to be particularly closely associated with
the superior sagittal sinus. Using putative endothelial
markers which are reportedly capable of discriminating
lymphatic vessels from venous blood vessels, a branched
network of lymphatics was found in the dura mater. This
was demonstrated to be most concentrated adjacent to the
venous sinuses and more centered along the meningeal
layer than the periosteal layer of the dura [38°].

Importantly, the authors of this study went on to provide
strong MRI support for this finding by taking advantage of
two different gadolinium contrast agents which have different
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affinity for proteins within the blood pool. Gadofosveset, a
blood pool MRI contrast agent that largely stays within the
blood pool, has a different distribution when compared with a
routine MRI contrast agent such as gadobutrol which is less
restricted to the blood pool due to its lack of affinity for blood
protein. Areas that demonstrated enhancement in the non-
blood pool contrast agent (gadobutrol) but not following the
administration of the blood pool agent (gadofosveset) were
assessed to reflect contrast within lymphatic vessels. Critical
to this observation is that the orientation and location of this
putative enhancement of dural lymphatic vessels largely
matched the distribution, location, and orientation of the lym-
phatic vessels as identified on non-human primate and human
histologic sections. These were noted to be most concentrated
running parallel to the dural venous sinuses, particularly along
the superior sagittal sinus [38].

Another important link between the glymphatic system
and the region adjacent to the superior sagittal sinus was
demonstrated by close MRI analysis over time of this re-
gion following the administration of intrathecal gadolini-
um contrast. The region adjacent to the superior sagittal
sinus was imaged 3, 6, 24, and 48 h post-lumbar intrathecal
injection of gadolinium contrast. Contrast was noted to
concentrate adjacent to the parasagittal dura and pass from
the cerebrospinal fluid adjacent to the dura to the dura
along the superior sagittal sinus in regions near the entry
of cortical veins. This demonstrated that trans-arachnoid
molecular passage occurs in this region, and it suggests
that the parasagittal dura serves as a bridging link between
the human brain and dural lymphatic vessels [39+].

An interesting component of this study was the obser-
vation that tracer enhancement below the cribriform plate
could only be visualized in 2/18 patients in contrast to the
robust enhancement of the parasagittal dural space and the
relatively more prominent enhancement of the other cranial
nerve outlets at the skull base. The authors speculated that
the human olfactory system is proportionally much smaller
in size than in rodents and thus molecular and CSF clear-
ance in this region is therefore much less important than in
humans [39¢].

The anatomic space adjacent to the dural venous si-
nuses, particularly that adjacent to the superior sagittal si-
nus, appears to play an important role regarding the fate of
fluid and associated waste products at the terminal end of
the glymphatic circuit (Fig. 1 a and b). Is this region a
clearinghouse for fluid that will be distributed to the ve-
nous sinuses and cervical lymphatics in proportions most
appropriate to maintain homeostasis? Furthermore, is the
dysfunction of this mechanism, perhaps by abnormal
buildup of waste products in the elderly and diseased
states, responsible for chronic neurodegenerative disease?
Further study of this region in animal and human studies is
necessary to more clearly understand the potentially

profound importance of the appropriate function and path-
ological degeneration of the parasagittal dural space.

Anatomically Informed Pathophysiologic
Exemplars

Connections Between the Vasculature and the
Subarachnoid Space

Although not classily described, there is a growing body of
imaging literature that highlights communication between the
intravascular space and the subarachnoid space. Initial studies
noted enhancement of the perivascular space on T2 FLAIR
imaging several hours following intravenous contrast injec-
tion [6]. Follow-up studies demonstrated that there was more
concentrated contrast enhancement surrounding the vein of
Labbe when similar imaging was applied hours following
intravenous contrast [40]. These findings demonstrate that
communication from the intravenous space and the subarach-
noid space does occur and further support that contrast is
concentrated along the venous system in an organized manner
as it exits the CNS. Critical to our understanding of the overall
functioning of the human glymphatic system is a description
of this intravenous to subarachnoid communication. As we
better understand this link, we will better understand how
molecules that exist within the systemic circulation may affect
CNS pathologic processes.

Clues to the anatomic sites of communication surfaced
when heavily T2-weighted fluid-attenuated inversion recov-
ery sequence obtained at 3 and 24 h post-intravenous injection
of contrast demonstrated delayed gadolinium contrast entry
into the central nervous system (CNS) via the choroid plexus
and the ciliary body of the orbit. Interestingly, there was a
significant positive correlation between Fazekas white matter
score and signal intensity increase in the perivascular spaces
3 h post-injection [7].

These findings served to further emphasize the impor-
tant role of the choroid and the facial structures in the
regulation of CSF and its associated molecular substances.
As gadolinium contrast agents are foreign molecules capa-
ble of entering the subarachnoid space in quantities suffi-
cient for MRI detection, this implies that other substances
are also capable of taking this same course. Could dysfunc-
tion of the choroid or ciliary body provide a door for sub-
stances to enter the CSF and lead to downstream CNS
disruption?

The linkage between the Fazekas score, a measurement of
white matter disease, and delayed perivascular enhancement
following intravenous contrast administration also implies a
relationship between altered glymphatic perivascular flow and
CNS pathology in humans.
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Fig. 1 Anatomical points of
interest in CSF circulation and
glymphatic flow. Important
points of interest labeled. a Cross
section of the superior sagittal
sinus region, showing the
superior sagittal sinus,
parasagittal dural space (PDS),
and arachnoid granulations. b
Anatomy of an arachnoid
granulation, where subarachnoid
flow of CSF reabsorbs into dural
venous sinuses. ¢ Cranial nerves,
showing location of CSF flow
around cranial nerves (i.e.,
cribriform plate, CNI). d Cerebral
aqueduct and 4th ventricle,
detailing the path of CSF flow
from the third ventricle to the
central canal and subarachnoid
space. e Axial cross-sectional
anatomy of the spinal canal with
the relationship of the lymphatic
vessels to the thecal sac, epidural
space, and spinal nerve roots. f
Cervical lymphatic flow, detailing
the lymph vessels and nodes. g
Choroid plexus, predominantly
located in the lateral ventricles,
where CSF is produced and
secreted in the ventricular system
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One component of this outbreak occurred in Tennessee

Alternative Potential Routes of Fungal Spread
Through Epidural Lymphatics

A more nuanced understanding of CSF circulation throughout
the head, neck, and spine offers a new opportunity to compre-
hend various types of pathophysiology. One potential exam-
ple of this is the progression of epidural infectious processes
that originate in the spine. In 2013, a spike in spinal fungal
abscesses was observed in patients who received epidural in-
jections of supply of methylprednisolone contaminated with
fungus.

@ Springer

where patients became symptomatic approximately 1 to
4 weeks or later following epidural injections. An interesting
manifestation of this outbreak was that approximately 1/8th of
these patients presented with stroke [41]. A case series de-
tailed the clinical course of three patients, all in their 8th de-
cade. Each patient had MR imaging manifestations of lumbar
epidural infection and had subsequent strokes. Despite robust
clinical workup, none had clear evidence of cardiac infection.
Notably, all three patients demonstrated stroke manifestations
exclusively confined to the posterior circulations, involving
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Fig.2 MRIimaging of the choroid plexus. a T1, b FLAIR, and ¢ Arterial Spin Labeled MR images at the level of the atria of the lateral ventricles in a 23-
year-old female. Blood flow within the choroid plexus (arrows) can be reliably measured using the arterial spin labeling technique

the basilar, superior cerebellar, and posterior cerebral artery
distributions [42].

A systemic extension of pathogen certainly would be ca-
pable of spreading fungal infection to the brain, though the
lack of any attribute imaging manifestations to the anterior
circulation raises the possibility of an alternative route of
spread. As discussed above, there are robust lymphatic net-
works present throughout the epidural space of the spine. One
potential route of spread is via the epidural lymphatic plexus
to the cervical spine, with subsequent extension to the cervical
posterior arterial circulation and downstream intracranial pos-
terior circulation. Animal studies have shown that compo-
nents of the CSF circulation vary with age. Could an altered
epidural lymphatic flow dynamic in this group of elderly pa-
tients predispose them the aforementioned route of fungal
spread? As we begin to understand how the glymphatic circu-
lation evolves with age and disease in humans, such descrip-
tions could inform us of additional patterns of CNS disease
progression.

Conclusion

Since its initial description in 2012, a substantial amount of
animal and human evidence has emerged in support of the
critical role that the glymphatic system plays in animal and
human physiology. Here, we seek to focus attention on not
just the component of that circuit that lies between the
periarterial and perivenule spaces but also on the components
that precede and conclude this process.

The choroid plexus, responsible for the very production of
fluid in this circuit, has a robust vascular supply that is clearly
responsive to external stimuli. Despite this important position
within the glymphatic system, there is very little modern sci-
entific investigation into the development and signaling biol-
ogy of the choroid plexus.

At the other end of the glymphatic system, there is now
relative consensus regarding the dual contribution of the
arachnoid granulations and the cranial/spinal nerves in CSF
clearance. Despite this, there is a widespread lack of under-
standing regarding how these two components interact with
each other at various different ages and times of pathologic
stress. Importantly, there is even less understanding of how
systemic disease processes in the more downstream lymphatic
and venous systems may impact appropriate upstream CSF
clearance. Novel imaging techniques in humans and in animal
models offer substantial promise in our comprehension of
these complex and important systems.
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