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Abstract

~10% of dementia patients have idiopathic normal pressure hydrocephalus (iNPH), an expansion
of the cerebrospinal fluid (CSF)-filled brain ventricles. iINPH and Alzheimer’s disease (AD) both
exhibit sleep disturbances, build-up of brain metabolic wastes and A plaques, perivascular
reactive astrogliosis, and mislocalization of astrocyte Aquaporin-4 (AQP4). The glymphatic
system facilitates brain fluid clearance and waste removal during sleep via glia-supported
perivascular channels. Human studies have implicated impaired glymphatic function in both AD
and iNPH. Continued investigation into the role of glymphatic system biology in AD and iNPH
models could lead to new strategies to improve brain health by restoring homeostatic brain
metabolism and CSF dynamics.
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Idiopathic normal pressure hydrocephalus and Alzheimer’s disease

~50 million people worldwide currently live with dementia, and this figure is expected to
triple by 2050, reflecting our rapidly aging population [1]. Nearly 10% of these 50 million
people with dementia suffer from idiopathic normal pressure hydrocephalus (iNPH) (see
glossary), a disorder characterized by progressive ventriculomegaly and the clinical triad of
gait ataxia, urinary incontinence, and dementia [2]. iINPH therefore affects 1-3% of all
medical patients over the age of 65 and between 9-14% of nursing home residents [3-5].
Despite iNPH’s pervasive prevalence in the elderly population, the vast majority of iNPH
patients are misdiagnosed with Alzheimer’s disease (AD) or other neurodegenerative
disorders, reflecting clinical overlap with other neurodegenerative diseases and the medical
community’s widespread unfamiliarity with or skepticism towards iNPH (see Box 1) [2,6].

iNPH and AD both present clinically with neurodegeneration, progressive cognitive and
physical decline, and sleep disturbances that include increased number of awakenings,
decreased nightly sleep time, and an overall reduction in sleep quality [7,8]. For these
reasons, AD has become the leading differential diagnosis to iNPH [9]. However, given the
relative reversibility of iNPH, early diagnostic discrimination between the two conditions is
critical [10]. Suspected iNPH is currently assessed by both magnetic resonance imaging
(MRI) evidence of disproportionately dilated ventricles and by an invasive in-patient lumbar
drain (LD) trial or large-volume lumbar puncture followed by monitoring for clinical
improvement (see Clinician’s Corner) [10]. iNPH treatment with permanent CSF diversion
via shunting is not without drawbacks, such as variable or only temporary response,
infection, shunt failure, and other post-surgical risks associated with surgery in geriatric
populations [10,11]. Most notably, CSF diversion confers no symptomatic relief to patients
with AD [11,12].

Improved diagnostic, prognostic, and therapeutic strategies for the treatment of iNPH require
further characterization of the disease’s molecular pathophysiology. The clinical similarity
of iINPH and AD suggests that their careful comparison could yield pathogenic insights.
Although less severe in iNPH, accumulation of interstitial amyloid-p (AB) plaques are a
characteristic feature of both iNPH and AD cortical brain biopsies, a pathological finding
that correlates with poor shunt responsiveness in iNPH patients [6,13—-16]. Additionally,
both AD and iNPH are characterized by reactive astrogliosis surrounding Ap plaques,
resulting in disordered perivascular spaces [17]. iNPH can sometimes be differentiated from
AD and other neurodegenerative diseases by the presence of ventriculomegaly, a severely
reduced callosal index, and a significantly increased Evan’s index (Figure 1) [16,18,19].
However, among these cardinal features of iNPH, ventricular enlargement can also be seen
in AD as a result of severe cerebral atrophy, further complicating radiographic recognition of
iNPH [20]. The many clinical and cellular similarities between AD and iNPH warrant
further investigation into potential overlapping pathological mechanisms.

We argue here that the pathological link between the two diseases could be the glia-
lymphatic (glymphatic) system — a sleep assisted highly polarized CSF and interstitial fluid
(ISF) transport system that facilitates extracellular waste removal through a network of
astroglia-supported perivascular or perineural channels that drain into the cervical and basal
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meningeal lymphatic networks or the major dural sinuses (Figure 2) [21,22]. Attenuation of
glymphatic function has been associated with significant increases in Ap plaque
accumulation, and is therefore implicated in the pathogenesis AD [20]. Despite its critical
involvement in CSF homeostasis and its hypothesized involvement in other
neurodegenerative diseases [23], glymphatic dysfunction has been understudied in the
context of hydrocephalus. In the few studies that do address this relationship, glymphatic
impairment is seemingly characteristic of iNPH. Thus, it is posited here that a compromised
glymphatic system may be fundamental to the development and progression of dementia-
related disorders, and that the recapitulation of studies focused on glymphatics and AD in
iNPH models may elucidate the pathogenic mechanism of a currently nebulous disease.

The glia-lymphatic (glymphatic) system

Extracellular ion concentrations, CSF dynamics, and the clearance of metabolic waste must
be tightly regulated to maintain optimal conditions for neuronal functioning and synaptic
activity [24]. The glymphatic system helps to maintain this delicate balance by aiding in the
delivery of fluid and interstitial solutes to the major CSF egress routes from the brain
[21,25,26]. After CSF circulates into the subarachnoid space (SAS) from the ventricular
system, arterial pulsation drives the fluid back into the brain parenchyma within the
periarterial spaces that surround the penetrating cerebral arteries [22,27-29]. Ensheathing
the perivascular spaces, otherwise known as the Virchow-Robin space, are astroglial endfeet
processes that are densely packed with aquaporin 4 channels (AQP4) [22,30]. Facilitated by
AQP4, CSF flows from the periarterial space into the brain interstitium and mixes with ISF
[22,29]. Within the neuropil, the CSF-ISF mixture, along with interstitial solutes, is
hypothesized to travel via diffusion or bulk flow into the perivenous or perineuronal spaces,
which then direct the fluid and its contents into the deep veins via arachnoid granulations or
into the basal meningeal and cervical lymphatic vessels that ultimately drain to peripheral
lymph nodes or to the general circulation for clearance by the liver [21,25,26,31].
Perivascular influx and efflux is suggested to be a low-resistance route for CSF-ISF flow as
the width of the perivascular spaces is believed to be orders of magnitude larger than the
interstitial space or the gaps between the cellular structures of the brain [32]. Despite this,
perivenous efflux remains controversial and the most dominant and well characterized exit
route is along the olfactory nerve, where CSF-ISF passes along the cribriform plate and
enters the cervical lymphatic vasculature through the nasal mucosa [31,33]. Glymphatic
dysfunction, characterized by reduced CSF-ISF exchange, leads to an abnormal
accumulation of cerebral CSF and impaired interstitial solute clearance, both defining
clinical features of iNPH and a likely cause of cognitive deterioration.

Iiff et al. [27] initially proposed that glymphatic flux is driven by cardiac induced arterial
pulsations after showing that unilateral internal carotid artery ligation significantly reduced
CSF-ISF exchange in murine brains [27]. This notion was supported by more recent results
that demonstrated that arterial pulsations from the cardiac cycle drive perivascular CSF flow
[28]. However, magnetic resonance encephalography in healthy humans, established that
pressure fluctuations generated by respiration and changes in vascular tone also contribute to
the convective flow that drives glymphatic flux [34]. These results have also been supported
by recent human MRI studies suggesting cardiac and respiratory influence in glymphatic
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influx and efflux, indicating the importance of cardiovascular health in CSF homeostasis
[32,35,36].

Most interestingly, the rate of convective exchange between CSF and ISF fluctuates along
with the sleep-wake cycle. Two-photon microscopic assessment of the movement of
fluorescent tracers injected into the cisterna magna revealed a ~95% increase in periarterial
and parenchymal influx of dye into murine brains during sleep or a sleep-like anesthetized
state as compared to awake animals [37]. Using the real-time iontophoretic tetramethyl-
ammonium method, the group proposed that this increase in glymphatic function during
sleep likely reflects, at least in part, the increase in interstitial volume consistently observed
during sleep [37]. Based on correlational evidence, increases in the interstitial space volume
are hypothesized to reduce resistance to diffusion or convective flow through the interstitial
space, allowing for ISF and soluble metabolites to travel unimpeded through the parenchyma
and into perivenous or perineural spaces for subsequent drainage [37].

Glymphatic function and Alzheimer’s disease

Multiple mechanisms contribute to removal of soluble interstitial Ap from the brain,
including degradation by both glial cells and neurons, transport across the BBB, and
glymphatic ISF flow along perivascular or perineural tracts to lymphatic vessels or draining
veins [20]. AD patients show altered CSF dynamics [38], potentially causing an imbalance
in the production and clearance of soluble AB, and leading to an accumulation of interstitial
AP with increased likelihood of plaque formation [39]. While AP and later tauopathy are
believed to lead to neuronal demise, the relative contributions to neurotoxicity of Ap
oligomers, amyloid plaques, or intraneuronal tau accumulation remain debated [40]. For
example, the number of interstitial AR plaques in AD does not correlate with the degree of
cognitive impairment as well as does the extent of Ap build-up in the vascular spaces does
[41]. This vascular impairment, known as cerebral amyloid angiopathy (CAA), results in
increased arterial stiffness, reducing the arterial pulsatility that plays a primary role in
driving periarterial CSF flow and CSF-ISF exchange [22,28,42]. Additionally, amyloid
build-up along the blood vessels may reduce the large, low-resistance perivascular spaces in
which glymphatic flux depend upon [42]. This indicates that AD may generate a vicious
cycle in which A accumulation along the blood vessels reduces glymphatic function,
promoting even more severe parenchymal build-up of A and neuronal death.

Depolarization of the AQP4 channels that line the basal membranes of the perivascular
glial barrier have been suggested to lead to an accelerated progression of AD. Xu et al. [39]
showed in APP/PS1 transgenic mice overexpressing Ap that AQP4 deletion significantly
increased interstitial Ap plague accumulation, CAA, and astrocytic atrophy, each of which
has been implicated in aggravating cognitive and motor impairment in mice. Post-mortem
human studies of AD brains have shown markedly reduced polarization of AQP4 to the
astrocytic endfeet surrounding the cerebral vasculature as compared to the perivascular
spaces of age-matched controls [43]. The relative importance of AQP4 in the transport of
CSF and ISF was contested by a study that showed no reduction in solute clearance in AQP4
depleted rodents [44]; however, their findings have more recently been attributed to the use
of an anesthetic that is not permissive of glymphatic function [45]. Additionally, multiple
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groups have since reaffirmed the initial findings reported that CSF clearance depends on
astroglial endfeet AQP4 expression, although the mechanism by which AQP4 aids in CSF-
ISF flux remains unelucidated (see Outstanding Questions) [11,46-49].

AD is marked by chronic nighttime insomnia and excessive daytime sleep, which positively
correlate with the severity of cognitive decline [50]. However, whether disordered sleep
represents a contributor to or a symptom of AD remains unclear and requires further study
[51]. Levels of interstitial soluble Ap vary daily along with the sleep-wake cycle, and
chronic sleep deprivation greatly increases the likelihood of Ap plaque formation in mice
[52] and in humans [53]. Ap deposition in a human brain significantly increased after a
single night of sleep deprivation, as compared to rested controls [54]. While these studies
suggest that sleep problems precede AD development, sleep disturbances do not arise in the
APP/PS1 mouse model until plaques begin to form, suggesting a potential bidirectional
causal relationship [53]. Further supporting the importance of sleep pathology in AD, are
data showing that the clearance of intracortically injected radiolabeled 1221-AB;_y4q is
twofold faster in sleeping mice than awake mice [37]. Perhaps age-related changes to sleep
architecture attenuate glymphatic function, which thereby increases interstitial Ap plagues,
leading to an even further reduction of glymphatic flow and Ap clearance.

Although the literature presents this as a reasonable pathogenic component, it has also been
argued that A is physiologically produced more frequently during neuronal activity present
only when awake and during the rapid eye movement (REM) sleep states, suggesting any
increase in AP may be the result of increased production during AD-related increases in
wakefulness and changes in sleep cycle, rather than reduced clearance [51]. However,
studies have indicated that APP production is driven by the constitutively active prion
promoter, thus suggesting impaired clearance of Ap aggregations as the only pathogenic
mechanism [55]. Moreover, data showing mitigated CSF tracer removal in an awakened
state compliment the Ap clearance data and implicate impaired sleep and glymphatic
function as a root cause of A accumulation [37].

Evidence for impaired glymphatic function in human iNPH patients

Ringstad et al. [35], injected gadobutrol (contrast agent) via the lumbar spine into 15
confirmed iNPH patients and 8 reference subjects. Influx and subsequent clearance of the
tracer was tracked by MRI over 24 hours [35]. The authors noted, in addition to the
transependymal flow commonly observed in iNPH, that the influx of gadobutrol into the
extra-parenchymal SAS regions around the foramen magnum, pontine cistern, sylvian
fissure, and precentral sulci was delayed in iNPH patients, but significantly impeded only
near the sylvian fissure and precentral sulci [35]. Following emergence from the SAS, flow
into the periarterial regions along the cortical surface was also significantly delayed in all
iNPH patients, indicating disturbances in the onset of glymphatic fluid flux [35].
Additionally, CSF enhancement at 24 hours post-injection was greater in all regions of the
iNPH brains than in corresponding control brain regions [35], suggesting impairment of both
glymphatic influx and efflux in iNPH pathology. A longer term study of 9 iNPH patients and
8 reference subjects, using a similar gadobutrol injection protocol with follow-up imaging
out to 4 weeks post-injection suggested similar impairments in glymphatic flux (Figure 3)
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[32]. Yet, more recent work by Eide and Ringstad demonstrated reduced glymphatic
clearance in the entorhinal cortex (ERC), the main interface between the neocortex and
hippocampus [56]. These findings are particularly interesting as the ERC plays a major role
in memory consolidation and hippocampal function, and is severely degraded early in AD
development, suggesting ERC dysfunction may be a hallmark of dementia progression in
both iINPH and AD [56,57]. In addition, recent results indicate reduced CSF production from
the choroid plexus in both iNPH and AD brains, which may further attenuate glymphatic-
mediated CSF-ISF turnover and associated clearance of Ap [58].

While Ringstad and Eide [32,35] were the first to present data suggesting glymphatic
dysfunction in human iNPH subjects, verification of their interpretations will require further
investigation. In each study, MRI data were collected from control groups that were ~30
years younger than the iNPH patient groups [32,35], presenting a confounding variable as
the influx and efflux of both intrathecally injected fluorescent tracer and radiolabeled A is
non-pathologically attenuated with age in mice[30]. Therefore, it is difficult to determine to
what degree iNPH pathogenesis or normal aging can be attributed to the observed
glymphatic impairment. However, the authors contend that the speed of gadobutrol
propagation and observed ventricular reflux more likely indicate disease pathology than age-
related deficiencies [32]. The difficulty of finding age-matched controls in human MRI
experiments is also recognized, emphasizing the importance of developing reliable iNPH
animal models.

Suggesting iINPH may reduce glymphatic function beyond the effects of normal aging,
Yokota et al. [18] used diffusion tensor imaging (DTI) to track glymphatic flux along the
perivascular spaces of periventricular deep white matter vessels in 12 pseudo-iNPH patients,
12 confirmed iNPH patients, and 12 age-match controls [18]. Pseudo-iNPH patients were
individuals who presented with ventriculomegaly and the classic iNPH clinical triad, but did
not respond symptomatically to an LD trial [18]. The authors measured glymphatic flux
using the Analysis Along the Perivascular Space (ALPS) index, a calculated value reflecting
water diffusivity alongside blood vessels in the X, Y, and Z planes after correction for
increased water diffusivity caused by periventricular white matter change [18]. In this small
study, ALPS index scores were dramatically lower in both the pseudo-iNPH and iNPH
patients than in healthy controls [18]. ALPS indices of the iNPH patients were also lower
than those of the pseudo-iNPH group, again suggesting impaired glymphatics as a
fundamental and measurable component specific to iNPH pathology that may contribute to
diagnostic criteria and constitute a potential therapeutic target [18]. Most interestingly. the
authors found that the ALPS index positively correlated with ventricular volume, suggesting
a direct link between glymphatic impairment and ventriculomegaly [18]. In future clinical
screenings, this method could be used to non-invasively detect glymphatic deficiency in
human subjects, thereby identifying those pre-disposed to or in the early stages of
developing iNPH.

Inflammation and reduced perivascular AQP4 density in iNPH

Immune cells do not normally enter brain parenchyma, but instead survey the brain from
within perivascular, subarachnoid, and meningeal CSF spaces [59]. Recently developed
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understandings of the meningeal lymphatic and glymphatic system has led to the hypothesis
that glymphatic dysfunction is an early side-effect of neuro-inflammation [60].
Inflammation induced by aging, stroke, and traumatic brain injury (TBI) are all associated
with a subsequent reduction in glymphatic fluid flux, possibly due to coincident reactive
astrogliosis and associated depolarization of AQP4 [30,61]. Indeed, human [62-64] and
animal [62,63,72—74,64—71] studies have shown correlations between perivascular space
inflammation and iNPH development, with inflammation subsiding after shunt surgery [64].
Additionally, recent infant animal studies of post-germinal matrix hemorrhage (GMH)
hydrocephalus show that inhibition of astrogliosis improved glymphatic function and
attenuated hydrocephalus by preserving AQP4 polarization [75].

Also, AQP4 immunogold cytochemistry analysis of cortical brain biopsies from 30 iNPH
patients and 12 reference subjects demonstrated reduced AQP4 density in the perivascular
astroglial endfeet of iNPH brains as compared to control brains [76]. Astroglial AQP4
density facing the neuropil was unchanged, as was perivascular AQP4 density in brains from
patients with aneurysms, epilepsy, and cancer [76]. This correlation may indicate a role of
inflammation-induced depolarization of AQP4 in iNPH pathogenesis, such that attenuated
perivascular AQP4 expression reduces glymphatic fluid flux, subsequently exacerbating Ap
accumulation and ventriculomegaly. Once again, however, this study failed to control for age
differences between the healthy controls (44.0 years) and iNPH patients (70.8 years) [76].
Moreover, as progressive AQP4 depolarization occurs throughout physiological aging in
mice [30], further age-matched studies of humans are needed to test the specificity of
pathologic AQP4 depolarization specific for iNPH or other neurodegenerative disorders, as
opposed to the normal aging process.

Sleep disruption in iNPH

A study that analyzed the sleep patterns of 31 patients with iNPH determined that all
subjects were concurrently living with an undiagnosed sleep abnormality [7]. Most
prominently, they found that obstructive sleep apnea (OSA), a common sleep disorder
associated with AD [77], affected 28 of the 31 (90.3%) iNPH patients [7]. In a larger and
more recent study, the authors found OSA to be diagnosed in between 65 to 90% of iNPH
patients, a substantially higher proportion than the 44% of AD patients suffering from a
sleep related comorbidity [77]. In animal models, glymphatic clearance of Ap and
conjugated tracer during sleep or an anesthetized state is two-fold faster than in an awake
state, emphasizing the critical importance of sleep in brain homeostasis [37]. Despite this,
OSA is rarely implicated in iNPH pathogenesis, remaining to be considered as only a
comorbidity [2,7]. Blockage of the airway in OSA causes increased awakenings and
considerably reduced slow wave (non-REM) sleep, resulting in a decreased quality of sleep
and increased cerebral Ap aggregation [78]. Due to intermittent airway obstruction in OSA,
patients have reduced oxygen intake, hypoxemia, and respiratory acidosis against a closed
airway, causing sufficient intrathoracic negative pressure to cause atrial distortion and
reduced venous return to the heart [7]. The resultant increased intracranial venous pressure
reduces perivenous CSF egress and CSF-ISF exchange, potentially leading to the
accumulation of interstitial proteins and ventriculomegaly observed in iNPH [7].
Furthermore, OSA patients have less neuronally-derived proteins in their CSF with no
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overall reduction in total protein, supporting the notion that increased venous pressure may
affect ISF-CSF turnover [79]. In line with the hydrodynamic concept of hydrocephalus,
which states hydrocephalus is caused by a bulk increase in cerebral vasculature pressure,
OSA-induced cerebral hypertension may further exacerbate glymphatic impairment by
reducing the arterial pulsations that drive periarterial flux [80].

The association between sleep abnormalities and dementia has long been recognized, and
classically attributed to the death of neurons in the suprachiasmatic nucleus and other brain
regions controlling of these functions [81-83]. Nonetheless, the impact of sleep disturbances
on dementia pathogenesis and progression has long been underappreciated. Emerging
research emphasizing the pathological impact sleep deprivation has on glymphatic function
has begun to highlight the pathogenic potential of sleep disorders in dementia onset and
progression. The critical importance of glymphatic function on brain health and its
functional dependence on sleep suggests that sleep dysfunction may not only accelerate the
progression of dementia, but may itself be a risk factor for dementia development [84]. The
occurrence of OSA following surgical shunting or lumbar drainage has shown that CSF
diversion does not improve sleep quality, suggesting that iNPH induces irreversible damage
in the sleep centers of the brain [69-71]. However this understanding has been challenged by
a recent case study of an iNPH patient whose central sleep apnea was ameliorated three-
months after VVPS placement [85]. Additional retrospective studies investigating iNPH or
AD incidence rates in patients previously diagnosed with a sleep disorder may illuminate the
cause and effect relationship between sleep and dementia. Whether alterations in sleep
precede or proceed iNPH development, the current data suggests that impaired glymphatics
is implicated either in the initial pathogenesis, disease progression, or both.

Concluding Remarks

iNPH is an understudied and poorly characterized dementia that, in many ways, reflects the
clinical and pathological presentation of AD and many other neurodegenerative disorders.
Our limited knowledge of the molecular pathophysiology of iNPH is an obstacle to
developing improved diagnostic, prognostic, and therapeutic strategies for patients, resulting
in the underdiagnosis of most iINPH patients. Moreover, the few correctly diagnosed patients
are offered only surgical interventions plagued by high failure and complication rates.
Emerging data suggest that glymphatic dysfunction may be a therapeutically targetable
component of iNPH pathogenesis (Figure 2). However, very few published (or to our
knowledge unpublished) studies have analyzed glymphatic flux in the context of human
iNPH, and animal models remain limited. In addition, much of the existing data
demonstrates only correlation between factors that disrupt glymphatic function and the
development of iINPH, emphasizing the need for mechanistic studies of glymphatic
dysfunction and iNPH. As shown for AD, extensive characterization of the relationship
between the glymphatic system and iNPH in larger human and animal-based studies will be
essential to identifying the risk factors and underlying causes of an otherwise /diopathic
disease, potentially leading to new diagnostic and therapeutic strategies.

In addition, many other disorders mimic one or two of the three key clinical diagnostic
criteria associated with iNPH, complicating disease diagnosis. These disorders include other
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forms of dementia such as AD and frontotemporal dementia; obstructions or closure of the
CSF pathway caused by disorders such as lumbosacral stenosis and cervical stenosis; and
various additional pathologies such as peripheral neuropathy, myelopathy, and vitamin B12
deficiency [86]. The differential diagnoses are typically evaluated using standard dementia
blood work and imaging of the brain. Radiographically, the presence of ventriculomegaly
does not always indicate iNPH. Cerebral atrophy in AD and subcortical vascular dementia
can also cause ventricular enlargement, and attributing enlarged ventricles to iNPH or to
cerebral atrophy remains a difficult diagnostic problem [86,87]. Although non-invasive
perfusion-imaging methods are being tested, with some positive correlations noted, for the
diagnosis of iINPH and the selection of possible responders to CSF-shunting, research has
remained limited [87].

With many disorders sharing the same clinical and radiological features, iNPH is most
frequently diagnosed by the elimination of alternative, more common diseases. Better
diagnostic strategies are needed as this process of elimination subjects patients to uncertain,
arduous, and emotionally stressful stays in hospitals with no effective treatment.

Clinician’s Corner

Hydrocephalus can be broadly classified into two distinct categories: primary and secondary.
The majority of chronic adult hydrocephalus cases are secondary, meaning they develop
following a primary event such as a trauma, infection, tumor, or hemorrhage. iNPH,
however, is distinguished from these alternative hydrocephalic disorders by etiology. In
iNPH patients, the pathological cause is unknown and roughly 50% of those diagnosed have
no discernable predisposing factors to hydrocephalus or dementia [10]. Diversion of CSF via
a ventriculo-peritoneal shunt (VPS) confers limited and temporary symptom-variable relief
[10,88]. In one case study of 116 iNPH patients, 64.9% of patients were noted to improve in
gait instability following VPS surgery, while only 20.7% and 18% demonstrated
improvements in cognition and incontinence, respectively [10]. In addition to variable
outcomes following successful shunt placement, a systematic review of 1,573 VPS patients
found that 8.2% suffered from complications including subdural hematoma, infection,
hemorrhage, and death [10]. The shunts themselves are also plagued by high rates of
mechanical and tubing complications. In fact, shunts have the highest rate of medical device
failure in the U.S., with 2 and 10-year failure rates of 50% and 70%, respectively [89].

Suspected iNPH patients are scored for the severity of gait ataxia, incontinence, and
dementia on a scale from 1-5 (with 1 being severely affected and 5 being asymptomatic)
[88]. Patients with ventriculomegaly, as determined by an Evan’s index of >.3, and who
score below a certain threshold are most often assessed for symptomatic attenuation
following CSF diversion in an invasive LD trail or large volume lumbar tap [2]. Aiming to
limit the number of invasive procedures and improve treatment outcomes, studies are
searching for correlations between positive shunt responsiveness and other components like
the severity of radiographical features (large Evan’s index, small callosal angles, etc.), the
existence of comorbidities, age and gender, and duration of symptoms prior to surgery
[2,10]. While results have been controversial, it has been consistently reported that
comorbidities and increased age both correlate well with poor shunt outcomes [10]. In
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addition, studies have showed that high pre-operation pulsatile intracranial pressure in iNPH
patients may correlate well with positive shunt responsiveness [88]. Further research focused
on the etiology and mechanism of iNPH is required before more reliable and less invasive
diagnostic and therapeutic strategies are determined.
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AQP4 Depolarization

an increase in AQP4 expression in the astrocytic cell bodies and fine processes leads to a
relative decrease in the relative polarization of AQP4 channels in the vascular endfeet of
astrocytes that enclose the perivascular space.

Callosal index
the angle between the frontal horns of the lateral ventricles when viewed from the coronal
plane at the level of the posterior commissure.

Evan’s index

the maximum width of the ventricular frontal horns divided by the maximum internal
diameter of the skull when viewing an axial brain slice. A value greater than 0.3 is
considered to be hydrocephalic.

Glia-lymphatic System

a glia-lymphatic fluid system that, via the perivascular spaces, supports exchange of
cerebrospinal and interstitial fluid. The glymphatic system aids with the clearance of waste
molecules from the central nervous system by draining via efflux along the meningeal and
cervical lymphatic vessels.

Hydrocephalus
excess accumulation of CSF within the cerebral ventricles causing progressive distention of
the brain’s ventricular system.

iNPH

idiopathic normal pressure hydrocephalus, a reversible neurodegenerative disease
characterized by dementia, gait ataxia, urinary incontinence, and progressive enlargement of
the cerebral ventricles without associated increases in intracranial pressure.

Slow Wave Sleep
deep, non-REM, sleep characterized by the presence of EEG delta waves.

Ventriculomegaly
enlarged ventricles.
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Text Boxes: Box 1:
Diagnosing iNPH

iNPH presents clinically with gait ataxia, dementia, and urinary incontinence, but there
are many untreatable disorders that also present with the same clinical triad (see table |
below) [86]. Thus, prompt diagnosis of iNPH is critically important.
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Highlights

iNPH constitutes ~10% of the 50 million people currently diagnosed with a
dementia-related disorder. This is expected to exceed 150 million by 2050.

iNPH and AD share multiple clinical and pathologic features such as Ap
deposition, cerebrovascular inflammation, impaired localization of
perivascular AQP4, and sleep disturbances.

While glymphatic system dysfunction has been extensively studied in AD, it
has not yet been thoroughly examined in model systems of iNPH and other
types of hydrocephalus.

Several studies analyzing brain MRIs of human iNPH patients have shown
reduced perivascular influx and efflux of intrathecally injected contrast agent
as when compared to controls, suggesting impairment of glymphatic function
iNPH.

The relationship between glymphatic system function and iNPH requires
further investigation as it may point toward identifiable risk factors or
therapeutic targets.
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Outstanding Questions

To what extent are glymphatic CSF efflux pathways impaired in iNPH? What
about other forms of hydrocephalus?

How does the timing of glymphatic function reduction relate to potential
changes in choroid plexus CSF secretion and the development of
ventriculomegaly?

Is the well-established impact of sleep on the glymphatic function affected in
hydrocephalus? Do sleep disorders precede iNPH development or arise
following iNPH related brain changes?

Can sleep therapy impact the development of iNPH by improving glymphatic
function?

What are the associated cellular and molecular changes in the glymphatic
system in iNPH? Do they resemble changes seen in post-hemorrhagic
hydrocephalus or Alzheimer’s disease (e.g., astrogliosis)?

Can positive pharmacological or genetic modulation of glymphatic system
CSF efflux improve iNPH clinical signs and pathology in model systems? Are
there any FDA-approved drugs that could be repurposed for this?

What is the mechanism by which AQP4 channels mediate fluid flux from the
perivascular space into the interstitial space and vice versa? Is there an
unexplored ion transport system associated with glymphatic flux or are
arterial pulsations enough to propel fluid through AQP4?
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Evans’ Index=D, /D, Callosal Angle

Figure 1: T1-Weighted MRIs showing cardinal diagnostic features of iNPH.
Axial and coronal brain MRIs of an individual diagnosed with iNPH (A, B) compared to

brain MRIs of an age and sex-matched control (C, D). Note the key diagnostic features of
iNPH: ventriculomegaly determined by an increased Evan’s index and a steeper callosal
angle.
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Figure 2: Schematic of potential glymphatic dysfunction in iNPH.
Top Panel — Diagram showing the periarterial CSF influx routes and proposed perivenous

and perineural cerebrospinal (CSF) efflux routes of the glymphatic system in a control (left)
and iNPH (right) cortical brain section. The less prominent arrows in the iNPH brain denote
reduced CSF flux along the perivascular and perineural pathways demonstrated by Ringstad
and Per Eide in their human MRI studies. The arrows in the iNPH brain also demonstrate
transependymal flow of CSF from the lateral ventricles into the brain parenchyma. Bottom
Panel — Schematic demonstrating glymphatic system function in a control (left) brain and
iNPH brain (right). Reduced arrow sizes in the iNPH schematic indicate attenuated CSF
periarterial inflow, CSF-interstitial fluid (ISF) exchange, and perivenous efflux of CSF
mediated by the depolarization of AQP4 that has been observed in human iNPH patients.
This reduction in the exchange of CSF and ISF causes increased concentrations of neuronal
metabolic waste products in the brain interstitial space.

Note: The periarterial influx routes shown on the left side of the control brain and the
perivenous efflux routes shown on the right of the control brain are for illustrative purposes
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only and do not imply that fluid enters on one side of the brain and leaves on the opposite
side.
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Figure 3: Impaired glymphatic CSF transport in hydrocephalus.
(A) Repeated contrast-enhanced magnetic resonance imaging (MRI) after intrathecal

delivery of gadobutrol. The contrast agent distributed into all parts of the brain over 24 hrs in
9 iNPH and 8 reference patients. The diagrams illustrate gadobutrol dispersal in a centripetal
pattern along the large cerebral arteries in both patient groups, but enrichment in
periventricular white matter only in idiopathic normal pressure hydrocephalus (iNPH)
patients, presumably reflecting ventricular CSF reflux. (B) Repeated scans of a reference
patient display brain-wide distribution of the contrast agent 24 hrs after intrathecal delivery.
(C) An iNPH patient also exhibits brain-wide contrast enrichment at 24 hrs. Enhanced
gadobutrol uptake was evident in iNPH patients in periventricular white matter. Gadobutrol
clearance was significantly delayed in iNPH compared with reference patients at 24 hrs, but
all 17 subjects cleared the contrast agent at 4 weeks (data not shown). Modified from
Ringstad et al., 2018, with permission.
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Table I:

Disorders with same clinical presentation

Corticobasal degeneration
Parkinson’s Disease
Neurosyphilis
Dementia with Lewy Bodies
Progressive supranuclear palsy

Subcortical Vascular Dementia

Multiple system atrophy
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