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Abstract: Idiopathic intracranial hypertension (IIH) incorporates symptoms and signs of increased
intracranial pressure (ICP) and is diagnosed by increased lumbar cerebrospinal fluid pressure.
However, our knowledge about the characteristics of ICP abnormality, e.g., changes in pulsatile
versus static ICP, remains scarce. This study questioned how overnight pulsatile ICP (mean ICP
wave amplitude, MWA) associates with static ICP (mean ICP) in IIH patients who were refractory to
conservative medical treatment. The material included 80 consecutive IIH patients undergoing ICP
monitoring prior to shunt, as part of work-up for failed conservative medical therapy. In this group,
the overnight mean ICP was normalized in 52/80 patients, but with abnormal overnight MWA in
45 of the 52 patients. Even though there was a positive correlation between MWA and mean ICP
at group level and within individual ICP recordings, the levels of MWA were abnormal in a high
proportion of patients despite normalized mean ICP. Taken together, the present results disclosed
lasting abnormal pulsatile ICP despite normalized static ICP in IIH patients refractory to conservative
medical therapy, which may reflect the underlying pathophysiology. It is tentatively suggested that
abnormal pulsatile ICP in IIH may reflect alterations at the glia–neurovascular interface, resulting in
impaired astrocytic pulsation absorber mechanisms.

Keywords: idiopathic intracranial hypertension; pseudotumor cerebri; benign intracranial hyperten-
sion; pulsatile intracranial pressure; cerebrospinal fluid; pulsation absorber mechanisms

1. Introduction

Idiopathic intracranial hypertension (IIH) is a brain disease characterized by symp-
toms and signs of increased intracranial pressure (ICP), including headache, visual failure,
papilledema and sometimes sixth nerve palsy [1,2], but also symptoms such as olfactory
dysfunction, pulsatile tinnitus and cognitive impairment [2–6]. The demonstration of
elevated lumbar CSF pressure (>25 cm H2O) by lumbar puncture is a requirement for the
diagnosis, though the composition of CSF should be normal [1,2]. The increased ICP in IIH
may have several causes; recently, attention was given to the role of venous obstruction and
increased cerebral venous pressure in IIH [1]. Current treatment strategies aim at reducing
the increased ICP, either by conservative measures, e.g., weight reduction, or by medical-
induced reduction in CSF production, e.g., acetazolamide medication [1,2,6]. However,
some IIH patients are refractory to conservative medical treatment and become candidates
for surgical interventions such as shunt surgery, optical nerve sheet fenestration or the
stenting of dural sinus veins [1,7]. Despite the various treatment alternatives, a significant
proportion of IIH patients have lasting symptoms, frequent hospital re-admissions, and
a high proportion of patients become unable to maintain their occupancy [8,9]. A deeper
understanding of the pathophysiology of IIH is needed to provide more efficient treatment.
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Even though elevated ICP is the main hallmark of IIH, the existing knowledge about
ICP abnormalities in IIH is scarce. The lumbar CSF pressure is diagnostic for IIH [1], but
this measure may differ substantially from direct measurements of overnight ICP [10]. In
addition, the lumbar CSF pressure refers to the static pressure component, while the ICP
incorporates both a static and a pulsatile pressure component [11]. The latter refers to
the pressure fluctuations occurring over the cardiac beat, relating to the pulsatile arterial
blood pressure. How the pulsatile ICP associates with the static ICP in IIH needs to be
better understood.

In our institution, IIH patients who are candidates for shunt surgery due to refrac-
tory response to conservative medical treatment undergo overnight ICP monitoring on a
clinical routine basis [12]. We measure both the pulsatile and static ICP scores to establish
information about the degree of intracranial hypertension, and the degree of abnormal
pulsatile ICP (expressed as the mean ICP wave amplitude, MWA). This is of interest, not
least because the MWA associates more strongly with the intracranial compliance (pressure–
volume reserve capacity) than the static ICP (mean ICP) [13]. Moreover, in a recent study of
IIH patients, we found that increased MWA was accompanied with evidence of impaired
glymphatic function [14]. Compared with reference patients, IIH patients demonstrated
stronger brainwide enrichment of a tracer administered to the CSF as well as delayed
clearance of the tracer from a wide range of brain regions in IIH [14]. In vivo evidence of
impaired glymphatic function was also found in patients with idiopathic normal pressure
hydrocephalus (iNPH) [15], who like IIH patients demonstrate abnormal pulsatile ICP
(MWA) despite normal static ICP (mean ICP) [16], indicative of impaired intracranial
compliance despite normal static ICP. The glymphatic (or glia–lymphatic) system refers to
a perivascular transport route for fluids and solutes driven by convective pulse pressure
forces created by the arterial blood pressure pulsations [17,18]. According to this concept,
CSF in the subarachnoid space is in direct communication with CSF along the blood ves-
sels (perivascular) and the interstitial fluid of the brain, thus playing a crucial role in the
clearance of soluble waste products from brain metabolism.

The recent observations of abnormal pulsatile ICP accompanying impaired glym-
phatic function may point to a more instrumental role of abnormal pulsatile ICP in IIH than
previously acknowledged. Therefore, further characterization of changes in pulsatile ICP in
IIH is warranted. The aim of the present study was to examine the association between pul-
satile and static ICP in IIH, specifically asking to which extent the pulsatile ICP is abnormal
despite normalized ICP in IIH patients refractory to conservative medical treatment.

2. Materials and Methods
2.1. Approvals and Study Design

The patient data and ICP scores were retrieved from a Neurovascular-Hydrocephalus
quality registry approved by the Institutional Review Board of Oslo University Hospital
(2011/6692). The ICP recordings included in the registry were obtained as part of routine
clinical work-up prior to shunt surgery in IIH patients being refractory to conservative
medical treatment.

2.2. IIH Patients

Patients included here fulfilled the diagnostic criteria of IIH, including increased
lumbar opening pressure (>25 mmH2O), normal CSF composition, papilledema, normal
neurological examination (except for 6th cranial nerve affection) and normal MRI with
exclusion of venous thrombosis [1]. Due to failed conservative medical treatment, they
were referred from local neurological and ophthalmological departments to the Depart-
ment of Neurosurgery, Oslo University Hospital—Rikshospitalet, for shunt surgery. This
department’s clinical routine is overnight ICP monitoring prior to shunt surgery to assess
the severity of intracranial hypertension despite conservative medical therapy. For this
reason, medical treatment for IIH was not ended before overnight ICP monitoring; patients
were kept on their ordinary medication during ICP monitoring.
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2.3. Measurements of Pulsatile and Static ICP

Overnight ICP monitoring, incorporating both the pulsatile and static ICP measures,
was performed as previously described [12,19]. The ICP is measured via a solid pressure
sensor (Codman ICP micro sensor placed in the parenchyma) via a small burr hole, with
online measurements of the static ICP (mean ICP) and pulsatile ICP (mean ICP wave
amplitude; MWA) from the same ICP recording [16]. Measurements do not involve CSF
drainage or any placement of catheter to the CSF space. The MWA is computed over
6-s time windows, and refers to the pressure changes occurring during the cardiac cycle
(Figure 1). During overnight ICP monitoring, average values of MWA and mean ICP
were computed, as well as the percentage of 6-s time windows with MWA ≥ 5 mmHg or
mean ICP ≥ 15 mmHg. In the present study, overnight average values were compared
for the entire cohort of 80 IIH patients. In addition, the individual 6-s time windows were
examined for eight of the patients.
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Figure 1. The pulsatile and static ICP is derived from the same ICP signal, here presented with ICP on y scale (mmHg) and
time on x axis. The pulsatile ICP, referred to as Mean Wave Amplitude (MWA), describes pressure changes occurring during
the cardiac cycle, i.e., increase in pressure from diastolic minimum pressure to systolic maximum pressure. The static ICP
(mean ICP), on the other hand, is the absolute pressure value measured against a reference pressure, not considering the
pressure changes occurring during the cardiac cycle. The MWA and the mean ICP were determined over consecutive 6-s
time windows; here, mean ICP was 8.2 mmHg and MWA 7.4 mmHg.

All ICP recordings reported here were obtained prior to interventions such as shunt
surgery. During ICP monitoring, patients were kept in their bed, lying flat during overnight
monitoring. From our previous studies in patients with IIH, idiopathic normal pressure
hydrocephalus (iNPH) or Chiari I malformation [12,16,19], we have categorized overnight
pulsatile ICP scores as abnormal when the average MWA is ≥4 mmHg overnight and the
percentage of MWA ≥ 5 mmHg exceeds 10% [12,16].

2.4. Statistical Analyses

Continuous data are presented as mean and standard deviation. The normal distribu-
tion of data was examined in both groups. Differences in continuous variables between the
groups were determined by Pearson Chi-square test for categorical data and by indepen-
dent samples t-test for continuous data. The statistical analysis was performed using SPSS
version 27 (IBM Corporation, Armonk, NY, USA). Statistical significance was accepted at
the 0.05 level (two-tailed).
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3. Results
3.1. Patients

The study includes 80 consecutive patients who had fulfilled the diagnostic criteria
of IIH disease [1], in whom overnight ICP measurements were performed prior to shunt
surgery due to failed conservative medical treatment. Demographic information about the
patient cohort is presented in Table 1.

Table 1. Information about the IIH patients.

Variable IIH Patients

N 80
F (N, %) 67 (84%)
M (N, %) 13 (16%)

Age (years) 30.6 ± 13.5
BMI (kg/m2) 30.1 ± 7.0

F: Female; M: Male; BMI: Body mass index.

3.2. Pulsatile Versus Static ICP at Group Level

The number of patients within the various MWA and mean ICP categories is presented in
Table 2. Among the 52/80 (65%) patients with normalized static ICP (i.e., mean ICP < 15 mmHg),
MWA was borderline (i.e., 4–5 mmHg) or abnormal (>5 mmHg) in 45/52 (87%) (Table 2).

The Pearson correlation coefficient between the overnight average of pulsatile ICP
(MWA) and static ICP (mean ICP) was 0.51 (Figure 2a), and between percentages of
MWA ≥ 5 mmHg and mean ICP ≥15 mmHg was 0.45 (Figure 2b).
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Figure 2. In the cohort of 80 IIH patients, the Pearson correlation was determined between (a) the
average values of overnight scores of mean ICP and MWA and (b) the percentage occurrence of
MWA ≥ 5mmHg versus percentage occurrence of mean ICP ≥ 15 mmHg. Each plot shows the fit line
and Pearson correlation coefficient. The ICP was measured prior to any intervention in IIH patients
who were refractory to conservative medical therapy.
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Table 2. Number of patients with overnight MWA and mean ICP scores within different categories.

MWA Category (mmHg) Mean ICP Category (mmHg)

<5 ≥5–<10 ≥10–<15 ≥15–<20 ≥20 Total (N, %)
<4 2 3 2 - - 7 (8.8%)

≥4–<5 5 6 7 3 1 22 (27.5%)
≥5 3 6 18 16 8 51 (63.8%)

Total (N, %) 10 (12.5%) 15 (18.8%) 27 (33.8%) 19 (23.8%) 9 (11.3%) 80 (100%)

ICP: Intracranial pressure; MWA: Mean ICP wave amplitude.

Figure 3a presents the overnight average MWA scores for different categories of mean
ICP, demonstrating that the average MWA was above a threshold of 4 mmHg for all mean
ICP categories. Moreover, the percentage of MWA ≥ 5 mmHg was above the threshold
of 10% for all mean ICP categories (Figure 3b). Therefore, at the group level, the pulsatile
ICP, expressed as the MWA, was elevated in IIH patients with failed conservative medical
treatment despite normalization of mean ICP.
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Figure 3. The overnight ICP recordings of the cohort of 80 IIH patients were categorized according
to mean ICP level; for each mean ICP category (a) the overnight MWA was determined as well as
(b) the overnight percentage of MWA ≥ 5 mmHg. Differences between groups were determined by
one-way ANOVA with Bonferroni-corrected post hoc tests. Horizontal lines indicate that overnight
MWA ≥ 4 mmHg and 10% of MWA ≥ 5 mmHg are considered as abnormal.

3.3. Pulsatile Versus Static ICP at the Individual Level

Since overnight average values for mean ICP and MWA may hide pressure variations,
the distribution of MWA for various levels of mean ICP was determined for 6-s windows
of individual ICP recordings in eight IIH patients. The MWA values for different mean ICP
categories in the eight individual patient categories are shown in Figure 4. It is shown that the
levels of MWA were elevated despite the normalization of mean ICP (mean ICP < 15 mmHg).
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Figure 4. For eight of the 80 IIH patients, the ICP recordings were categorized according to mean ICP and
MWA levels for the individual 6-s time windows of each patient recording. For each mean ICP category,
the overnight MWA was determined: (a) PatID 1 (43,282 6-s time windows). (b) PatID 2 (27,962 6-s time
windows). (c) PatID 3 (26,800 6-s time windows). (d) PatID 4 (24,795 6-s time windows). (e) PatID 5
(21,524 6-s time windows). (f) PatID 6 (25,369 6-s time windows). (g) PatID 7 (27,360 6-s time windows).
(h) PatID 8 (25,946 6-s time windows).
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4. Discussion

The main observation of this study was lasting elevated pulsatile ICP (MWA) despite
normalized static ICP (mean ICP) in IIH patients who were refractory to conservative
medical therapy. The lasting abnormal pulsatile ICP may be of major importance in this
patient group.

The present IIH patients fulfilled the criteria of IIH. The reason why the majority of
patients had normalized static mean ICP at the time of ICP monitoring is that they had
undergone conservative treatment, and our management strategy is not to end ongoing
medication prior to ICP monitoring. The goal with overnight ICP monitoring is to obtain
information about the degree of intracranial hypertension despite conservative measures
to determine the need for shunt surgery. Accordingly, the present pulsatile/static ICP
scores do not reflect the ICP at the time of diagnosing IIH, but the situation prior to
surgical intervention.

The presently reported patients represent a subgroup of IIH as they were all referred
to neurosurgery after failed conservative medical therapy. Provided an incidence of IIH
of about 4–5 per 100,000 (or higher) [20,21], most IIH patients in our region are treated
with conservative medical treatment. Our IIH patients are referred from local neurological
and ophthalmological departments due to lasting symptoms and signs of intracranial
hypertension following failed conservative medical treatment (typically weight reduction
and medications such as acetazolamide). This department is the only neurosurgical ser-
vice treating IIH patients for a population of about 3.1 million people. Annually, about
10–12 IIH patients are managed with first-time neurosurgery (i.e., shunt surgery). There-
fore, the present group of IIH patients represents a selected cohort, and probably the most
treatment-refractory IIH patients.

Exact normal pulsatile and static ICP scores have not been established, related to
the fact that ICP monitoring requires a surgical procedure that cannot be performed in
healthy individuals [11]. With regard to IIH, the ordinary procedure is to measure the
lumbar CSF opening pressure with the patient in the lateral decubitus position (upper
normal pressures ranging between 200 and 250 mm H2O, corresponding to 14.7–18.4 mm
Hg) [22]. Today’s diagnostic criterion for IIH is a lumbar CSF pressure above 25 cm H2O [1].
On this basis, an overnight mean ICP < 15 mmHg may be considered as “normalized”
mean ICP in IIH patients. With regard to the pulsatile ICP, we consider an average of
overnight MWA < 4 mmHg to be within the normal range, while an average of overnight
MWA 4 to 5 mmHg is borderline [12,16]. These figures are based on measuring pulsatile
ICP in various patient cohorts, and assessing the pulsatile ICP scores most likely being
accompanied with shunt response. In this cohort, 52/80 patients presented with an average
of overnight mean ICP < 15 mmHg, in whom the overnight MWA was ≥4 mmHg in 45/52
(87%) patients.

The present observations showed a positive correlation between MWA and ICP,
though the MWA could not be described solely by the mean ICP since correlation co-
efficients were 0.51 or lower. It may therefore not be argued that the ICP wave amplitude
is derived directly from the mean ICP (which would imply that low mean ICP would
correspond with low MWA and vice versa). On the contrary, the present results document
abnormal pulsatile ICP (MWA) despite normalized mean ICP in a substantial proportion of
IIH patients. Elevated MWA was seen for both low and high mean ICP levels. The present
data add evidence to previous studies from our group of abnormal pulsatile ICP in IIH
patients [12,19].

What might be the reasons for abnormal pulsatile ICP (MWA) despite normal static
ICP (mean ICP)? Impaired intracranial compliance, i.e., reduced pressure–volume reserve
capacity, may be one underlying cause. It has previously been shown that elevated pulsatile
ICP (MWA) may reflect impaired intracranial compliance better than static ICP (mean
ICP) [13]. The intracranial compliance may be impaired despite a normal mean ICP [23].
On the other hand, the biological mechanisms underlying impaired intracranial compliance
are less understood.
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With regard to a biological basis for abnormal pulsatile ICP in IIH, the glia–neuro-
vascular interface, also denoted neuro-vascular unit or neuro-vascular coupling, may be of
particular significance. It has been estimated that an adult human brain comprises over
100 billion capillaries, with an estimated total perfused length of about 600–700 km and
a total surface area of 20 m2 [24,25]. The astrocytic endfeet surround the basal lamina (or
basement membrane) and the endothelial cells and pericytes of the capillaries, the basal
lamina comprising a loose matrix wherein fluids and solutes may be transported along
the blood vessels (perivascular). The astrocytic endfeet ensheath the cerebral capillaries,
as previously shown by three-dimensional (3D) electron microscopy (EM) [26], forming a
continuous donut-shaped structure around the capillaries, only separated by inter-endfeet
gaps of about 20 nm. Most importantly, the fluid content and volume of the astrocytic
endfeet are regulated by fast efflux and influx of water along the water channel aquaporin-4
(AQP4), which constitutes about 50% of the area of endfeet facing the basal lamina [27].
The physiological role of the astrocytic endfeet is debated, but it may be proposed that
the volume regulation of the endfeet may act as a pulsation absorber for the arterial blood
pressure pulsations created by cardiac contractions. In previous studies, we proposed
the existence of a cardiac pulsation absorbance from a biophysical and pressure signaling
perspective [28], but without an underlying biological perspective.

Several lines of evidence indicate that the function and volume regulation of astro-
cytic endfeet may be affected in IIH. From cortical brain biopsies of IIH patients, we
demonstrated pathological alterations in the basal lamina and pericytes of the cerebral
capillaries [29], the loss of BBB integrity and the leakage of the pro-inflammatory fibrinogen
from blood to the perivascular space [30], and patchy astrogliosis [31]. Moreover, trans-
mission electron microscopy showed pathological mitochondria in astrocytic perivascular
endfeet as well as shortened endoplasmic-reticular-contact sites, suggestive of cellular
metabolic failure [32]. An increased astrocytic perivascular aquaporin-4 (AQP4) expression
in light microscopy indicated a higher demand on fluid exchange, causing a compensatory
increase in perivascular AQP4 [31], though not by immunogold electron microscopy [30].
Taken together, the observed alterations in astrocytic endfeet of IIH may be an anatomical
basis for impaired astrocytic pulsation absorber capacity in IIH. It may as well represent an
anatomical basis for the impaired glymphatic function recently reported in IIH [14]. Future
research is needed to further clarify these mechanisms.

Some limitations of this study should be noted. Normal values of mean ICP and MWA
are not available as ICP monitoring is invasive and cannot be performed in healthy volun-
teers. Moreover, since this study is a case series of IIH patients referred to neurosurgery for
conservative medical treatment-resistant IIH, caution should be made when extrapolating
results to IIH patients in general. Finally, it cannot be concluded from the present data what
causes increased ICP in IIH, for example, the role of increased intracranial venous pressure.

5. Conclusions

This study showed that a significant proportion of IIH patients being refractory to con-
servative medical therapy presented with abnormal pulsatile ICP (increased MWA) despite
normalized static ICP (mean ICP). The abnormal pulsatile ICP may be one characteristic of
IIH disease that is refractory to conservative medical treatment. It is tentatively proposed
that abnormal pulsatile ICP reflects the underlying IIH pathophysiology, possibly resulting
from alterations and the glia–neurovascular interface that impair the astrocytic pulsation
absorber mechanisms. This hypothesis should be explored in future studies.
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read and agreed to the published version of the manuscript.

Funding: This research received no external funding.



Life 2021, 11, 537 9 of 10

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki. Data were retrieved from a hospital quality registry (Neurovascular-
Hydrocephalus registry) approved by the Institutional Review Board of Oslo University Hospital
(Approval no. 2011/6692; approval date April 11th 2011).

Informed Consent Statement: Patient consent was waived since patient inclusion to the Neurovascular-
Hydrocephalus quality registry does not require patient consent. The ICP recordings were performed
as part of routine clinical patient management.

Data Availability Statement: The data presented in this work are available upon reasonable request.

Conflicts of Interest: Figure 1 is from Sensometrics software, which is used for digital recording of
the ICP recordings. P.K.E. has a financial interest in the software company, dPCom AS, which is
manufacturing this software.

References
1. Mollan, S.P.; Davies, B.; Silver, N.C.; Shaw, S.; Mallucci, C.L.; Wakerley, B.R.; Krishnan, A.; Chavda, S.V.; Ramalingam, S.; Edwards,

J.; et al. Idiopathic intracranial hypertension: Consensus guidelines on management. J. Neurol. Neurosurg. Psychiatry 2018, 89,
1088–1100. [CrossRef] [PubMed]

2. Ball, A.K.; Clarke, C.E. Idiopathic intracranial hypertension. Lancet Neurol. 2006, 5, 433–442. [CrossRef]
3. Kharkar, S.; Hernandez, R.; Batra, S.; Metellus, P.; Hillis, A.; Williams, M.A.; Rigamonti, D. Cognitive impairment in patients with

Pseudotumor Cerebri Syndrome. Behav. Neurol. 2011, 24, 143–148. [CrossRef]
4. Yri, H.M.; Fagerlund, B.; Forchhammer, H.B.; Jensen, R.H. Cognitive function in idiopathic intracranial hypertension: A

prospective case-control study. BMJ Open 2014, 4, e004376. [CrossRef]
5. Kunte, H.; Schmidt, F.; Kronenberg, G.; Hoffmann, J.; Schmidt, C.; Harms, L.; Goektas, O. Olfactory dysfunction in patients with

idiopathic intracranial hypertension. Neurology 2013, 81, 379–382. [CrossRef] [PubMed]
6. Mollan, S.P.; Ali, F.; Hassan-Smith, G.; Botfield, H.; Friedman, D.I.; Sinclair, A.J. Evolving evidence in adult idiopathic intracranial

hypertension: Pathophysiology and management. J. Neurol. Neurosurg. Psychiatry 2016, 87, 982–992. [CrossRef] [PubMed]
7. Kalyvas, A.V.; Hughes, M.; Koutsarnakis, C.; Moris, D.; Liakos, F.; Sakas, D.E.; Stranjalis, G.; Fouyas, I. Efficacy, complications

and cost of surgical interventions for idiopathic intracranial hypertension: A systematic review of the literature. Acta Neurochir.
2017, 159, 33–49. [CrossRef] [PubMed]

8. Friesner, D.; Rosenman, R.; Lobb, B.M.; Tanne, E. Idiopathic intracranial hypertension in the USA: The role of obesity in
establishing prevalence and healthcare costs. Obes. Rev. 2011, 12, e372–e380. [CrossRef]

9. Yri, H.M.; Wegener, M.; Sander, B.; Jensen, R. Idiopathic intracranial hypertension is not benign: A long-term outcome study. J.
Neurol. 2012, 259, 886–894. [CrossRef]

10. Eide, P.K.; Brean, A. Lumbar cerebrospinal fluid pressure waves versus intracranial pressure waves in idiopathic normal pressure
hydrocephalus. Br. J. Neurosurg. 2006, 20, 407–414. [CrossRef]

11. Evensen, K.B.; Eide, P.K. Measuring intracranial pressure by invasive, less invasive or non-invasive means: Limitations and
avenues for improvement. Fluids Barriers CNS 2020, 17, 1–33. [CrossRef]

12. Eide, P.K.; Kerty, E. Static and pulsatile intracranial pressure in idiopathic intracranial hypertension. Clin. Neurol. Neurosurg. 2011,
113, 123–128. [CrossRef]

13. Eide, P.K. The correlation between pulsatile intracranial pressure and indices of intracranial pressure-volume reserve capacity:
Results from ventricular infusion testing. J. Neurosurg. 2016, 125, 1493–1503. [CrossRef]

14. Eide, P.K.; Pripp, A.H.; Ringstad, G.; Valnes, L.M. Impaired glymphatic function in idiopathic intracranial hypertension. Brain
Commun. 2021. [CrossRef]

15. Ringstad, G.; Valnes, L.M.; Dale, A.M.; Pripp, A.H.; Vatnehol, S.S.; Emblem, K.E.; Mardal, K.A.; Eide, P.K. Brain-wide glymphatic
enhancement and clearance in humans assessed with MRI. JCI Insight 2018, 3, 1–16. [CrossRef]

16. Eide, P.K.; Sorteberg, W. Diagnostic intracranial pressure monitoring and surgical management in idiopathic normal pressure
hydrocephalus: A 6-year review of 214 patients. Neurosurgery 2010, 66, 80–91. [CrossRef] [PubMed]

17. Iliff, J.J.; Wang, M.; Liao, Y.; Plogg, B.A.; Peng, W.; Gundersen, G.A.; Benveniste, H.; Vates, G.E.; Deane, R.; Goldman, S.A.; et al.
A paravascular pathway facilitates CSF flow through the brain parenchyma and the clearance of interstitial solutes, including
amyloid beta. Sci. Transl. Med. 2012, 4, ra111. [CrossRef] [PubMed]

18. Mestre, H.; Tithof, J.; Du, T.; Song, W.; Peng, W.; Sweeney, A.M.; Olveda, G.; Thomas, J.H.; Nedergaard, M.; Kelley, D.H. Flow of
cerebrospinal fluid is driven by arterial pulsations and is reduced in hypertension. Nat. Commun. 2018, 9. [CrossRef]

19. Fric, R.; Eide, P.K. Comparative observational study on the clinical presentation, intracranial volume measurements, and
intracranial pressure scores in patients with either Chiari malformation Type I or idiopathic intracranial hypertension. J.
Neurosurg. 2017, 126, 1312–1322. [CrossRef] [PubMed]

20. Mollan, S.P.; Aguiar, M.; Evison, F.; Frew, E.; Sinclair, A.J. The expanding burden of idiopathic intracranial hypertension. Eye 2019,
33, 478–485. [CrossRef]

http://doi.org/10.1136/jnnp-2017-317440
http://www.ncbi.nlm.nih.gov/pubmed/29903905
http://doi.org/10.1016/S1474-4422(06)70442-2
http://doi.org/10.1155/2011/630475
http://doi.org/10.1136/bmjopen-2013-004376
http://doi.org/10.1212/WNL.0b013e31829c5c9d
http://www.ncbi.nlm.nih.gov/pubmed/23794685
http://doi.org/10.1136/jnnp-2015-311302
http://www.ncbi.nlm.nih.gov/pubmed/26888960
http://doi.org/10.1007/s00701-016-3010-2
http://www.ncbi.nlm.nih.gov/pubmed/27830325
http://doi.org/10.1111/j.1467-789X.2010.00799.x
http://doi.org/10.1007/s00415-011-6273-9
http://doi.org/10.1080/02688690601047312
http://doi.org/10.1186/s12987-020-00195-3
http://doi.org/10.1016/j.clineuro.2010.10.008
http://doi.org/10.3171/2015.11.JNS151529
http://doi.org/10.1093/braincomms/fcab043
http://doi.org/10.1172/jci.insight.121537
http://doi.org/10.1227/01.NEU.0000363408.69856.B8
http://www.ncbi.nlm.nih.gov/pubmed/20023540
http://doi.org/10.1126/scitranslmed.3003748
http://www.ncbi.nlm.nih.gov/pubmed/22896675
http://doi.org/10.1038/s41467-018-07318-3
http://doi.org/10.3171/2016.4.JNS152862
http://www.ncbi.nlm.nih.gov/pubmed/27341045
http://doi.org/10.1038/s41433-018-0238-5


Life 2021, 11, 537 10 of 10

21. Raoof, N.; Sharrack, B.; Pepper, I.M.; Hickman, S.J. The incidence and prevalence of idiopathic intracranial hypertension in
Sheffield, UK. Eur. J. Neurol. 2011, 18, 1266–1268. [CrossRef]

22. Corbett, J.J.; Mehta, M.P. Cerebrospinal fluid pressure in normal obese subjects and patients with pseudotumor cerebri. Neurology
1983, 33, 1386–1388. [CrossRef]

23. Eide, P.K.; Sorteberg, W. Association among intracranial compliance, intracranial pulse pressure amplitude and intracranial
pressure in patients with intracranial bleeds. Neurol. Res. 2007, 29, 798–802. [CrossRef]

24. Sweeney, M.D.; Ayyadurai, S.; Zlokovic, B.V. Pericytes of the neurovascular unit: Key functions and signaling pathways. Nat.
Neurosci. 2016, 19, 771–783. [CrossRef] [PubMed]

25. Winkler, E.A.; Sagare, A.P.; Zlokovic, B.V. The pericyte: A forgotten cell type with important implications for Alzheimer’s disease?
Brain Pathol. 2014, 24, 371–386. [CrossRef] [PubMed]

26. Mathiisen, T.M.; Lehre, K.P.; Danbolt, N.C.; Ottersen, O.P. The perivascular astroglial sheath provides a complete covering of the
brain microvessels: An electron microscopic 3D reconstruction. Glia 2010, 58, 1094–1103. [CrossRef] [PubMed]

27. Nagelhus, E.A.; Ottersen, O.P. Physiological roles of aquaporin-4 in brain. Physiol. Rev. 2013, 93, 1543–1562. [CrossRef] [PubMed]
28. Park, E.H.; Eide, P.K.; Zurakowski, D.; Madsen, J.R. Impaired pulsation absorber mechanism in idiopathic normal pressure

hydrocephalus: Laboratory investigation. J. Neurosurg. 2012, 117, 1189–1196. [CrossRef]
29. Eidsvaag, V.A.; Hansson, H.A.; Heuser, K.; Nagelhus, E.A.; Eide, P.K. Cerebral microvascular abnormalities in patients with

idiopathic intracranial hypertension. Brain Res. 2018, 1686, 72–82. [CrossRef]
30. Hasan-Olive, M.M.; Hansson, H.A.; Enger, R.; Nagelhus, E.A.; Eide, P.K. Blood-Brain Barrier Dysfunction in Idiopathic Intracranial

Hypertension. J. Neuropathol. Exp. Neurol. 2019, 78, 808–818. [CrossRef]
31. Eide, P.K.; Eidsvaag, V.A.; Nagelhus, E.A.; Hansson, H.A. Cortical astrogliosis and increased perivascular aquaporin-4 in

idiopathic intracranial hypertension. Brain Res. 2016, 1644, 161–175. [CrossRef] [PubMed]
32. Eide, P.K.; Hasan-Olive, M.M.; Hansson, H.A.; Enger, R. Increased occurrence of pathological mitochondria in astrocytic

perivascular endfoot processes and neurons of idiopathic intracranial hypertension. J. Neurosci. Res. 2021, 99, 467–480. [CrossRef]
[PubMed]

http://doi.org/10.1111/j.1468-1331.2011.03372.x
http://doi.org/10.1212/WNL.33.10.1386
http://doi.org/10.1179/016164107X224132
http://doi.org/10.1038/nn.4288
http://www.ncbi.nlm.nih.gov/pubmed/27227366
http://doi.org/10.1111/bpa.12152
http://www.ncbi.nlm.nih.gov/pubmed/24946075
http://doi.org/10.1002/glia.20990
http://www.ncbi.nlm.nih.gov/pubmed/20468051
http://doi.org/10.1152/physrev.00011.2013
http://www.ncbi.nlm.nih.gov/pubmed/24137016
http://doi.org/10.3171/2012.9.JNS121227
http://doi.org/10.1016/j.brainres.2018.02.017
http://doi.org/10.1093/jnen/nlz063
http://doi.org/10.1016/j.brainres.2016.05.024
http://www.ncbi.nlm.nih.gov/pubmed/27188961
http://doi.org/10.1002/jnr.24743
http://www.ncbi.nlm.nih.gov/pubmed/33105056

	Introduction 
	Materials and Methods 
	Approvals and Study Design 
	IIH Patients 
	Measurements of Pulsatile and Static ICP 
	Statistical Analyses 

	Results 
	Patients 
	Pulsatile Versus Static ICP at Group Level 
	Pulsatile Versus Static ICP at the Individual Level 

	Discussion 
	Conclusions 
	References

