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Delayed clearance of cerebrospinal fluid
tracer from choroid plexus in idiopathic
normal pressure hydrocephalus

Per Kristian Eide1,2 , Lars Magnus Valnes3, Are Hugo Pripp4,
Kent-Andre Mardal3,5 and Geir Ringstad2,6

Abstract

Impaired clearance of amyloid-b from choroid plexus is one proposed mechanism behind amyloid deposition in Alzheimer’s

disease. The present study examined whether clearance from choroid plexus of a cerebrospinal fluid tracer, serving as a

surrogate marker of a metabolic waste product, is altered in idiopathic normal pressure hydrocephalus (iNPH), one sub-

type of dementia. In a prospective observational study of close to healthy individuals (reference cohort; REF) and individuals

with iNPH, we performed standardized T1-weighted magnetic resonance imaging scans before and through 24 h after

intrathecal administration of a cerebrospinal fluid tracer (the magnetic resonance imaging contrast agent gadobutrol).

Changes in normalized T1 signal within the choroid plexus and cerebrospinal fluid of lateral ventricles were quantified

using FreeSurfer. The normalized T1 signal increased to maximum within choroid plexus and cerebrospinal fluid of lateral

ventricles 6–9 h after intrathecal gadobutrol in both the REF and iNPH cohorts (enrichment phase). Peak difference in

normalized T1 signals between REF and iNPH individuals occurred after 24 h (clearance phase). The results gave evidence

for gadobutrol resorption from cerebrospinal fluid by choroid plexus, but with delay in iNPH patients. Whether choroid

plexus has a role in iNPH pathogenesis in terms of delayed clearance of amyloid-b remains to be shown.
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Introduction

The choroid plexus is a highly vascularized tissue
located in the cerebral ventricles and has traditionally
been considered a main source of cerebrospinal fluid
(CSF) production, thereby being a driving force
behind CSF bulk flow from the ventricular system to
the subarachnoid space.1–3 More recently, the choroid
plexus has emerged as a vital structure for neuroprotec-
tion, neuro-immune regulation, and homeostasis of the
brain’s chemical milieu in a broad sense.4 Experimental
research also provides evidence that the choroid plexus
has a function in clearance of amyloid-b from the CSF,
thus playing a role in the pathogenesis of Alzheimer’s
disease.5,6

The description of the cerebral glymphatic system in
20127 and the demonstration of dural lymphatic vessels
in 20158,9 have facilitated renewed interest in the mech-
anisms behind clearance of metabolic waste solutes

from the brain. Impaired glymphatic7 and lymphatic10

function may both lead to impaired clearance of meta-
bolic waste products, such as amyloid-b, which in
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neuro-degenerative disease may accumulate and cause
toxic damage to the brain. We previously demonstrated
impaired glymphatic clearance of a magnetic resonance
imaging (MRI) contrast agent (gadobutrol), serving as
a CSF tracer in individuals with idiopathic normal
pressure hydrocephalus (iNPH).11–13 This CSF tracer
is a molecule of size 604 Da that may serve as a surro-
gate marker of clearance of metabolic waste products
from brain. The disease iNPH is characterized by
dementia, gait ataxia, urinary incontinence and
enlarged size of the cerebral ventricles,14 and is charac-
terized by neuro-degeneration and deposition of amy-
loid-b in a significant proportion of the patients.15

Another feature of this entity is the significant alter-
ations of the CSF circulation. Therefore, CSF diversion
surgery may provide sustained clinical improvement
even though with some reduction of treatment effect
over time.16

Given the important role of impaired cerebral clear-
ance function for evolvement of neuro-degeneration
and dementia, characterizing the underlying mechan-
isms seems crucial. While glymphatic clearance seems
reduced in iNPH patients,11–13 it remains unknown
whether or not clearance from the choroid plexus is
reduced. In this present study, we for the first time
utilized a CSF tracer for in vivo assessment of choroid
plexus clearance function in references and a cohort
with a dementia disease.

Materials and methods

Patients and study design

The study was approved by the Regional Committee for
Medical and Health Research Ethics (REK) of Health
Region South-East, Norway (2015/96), the Institutional
Review Board of Oslo university hospital (2015/1868),
and the National Medicines Agency (15/04932-7). The
conduct of the study was governed by ethical standards
according to the Helsinki Declaration of 1975 (and as
revised in 1983). Study participants were included after
written and oral informed consent.

A prospective and observational study design was
used, and included consecutive patients with suspected
CSF leakage, causative of idiopathic intracranial hypo-
tension, and patients with iNPH. All individuals under-
went MRI before and at several time points following
intrathecal lumbar injection of the MRI contrast agent
gadobutrol during a study period from October 2015 to
September 2016.

Exclusion criteria were: History of hypersensitivity
reactions to contrast agents, history of severe allergy
reactions in general, evidence of renal dysfunction,
pregnant or breastfeeding women, and age <18
or> 80 years.

The reference (REF) subjects had a tentative diag-
nosis of idiopathic intracranial hypotension and were
referred to the Department of Neurosurgery, Oslo
University Hospital – Rikshospitalet, Oslo, Norway,
from local neurological departments for clinical work-
up of suspected CSF leakage. They underwent MRI
with intrathecal gadobutrol with the primary indication
to define site of CSF leakage, and were recruited pro-
spectively and consecutively in parallel with iNPH
patients. Patients with iNPH were referred to the
Department of Neurosurgery, Oslo University
Hospital – Rikshospitalet, Oslo, Norway, from local
neurological departments, based on clinical symptoms
and findings indicative of iNPH, and imaging findings
of ventriculomegaly. Within the Department of
Neurosurgery, clinical severity was graded based on a
previously described NPH grading scale.16,17 Patients
were selected for shunt surgery based on assessing clin-
ical symptoms and findings, imaging findings, co-mor-
bidity, and results of intracranial pressure (ICP)
monitoring, as previously described.16,17

MRI protocol

A 3 Tesla Philips Ingenia MRI scanner (Philips Medical
systems, Best, The Netherlands) with equal imaging
protocol settings at all the time points was applied to
acquire sagittal 3D T1-weighted volume scans with
ultrafast gradient echo and preparation pulse (T1
FFE). The following imaging parameters were used:
repetition time (TR)¼ ‘‘shortest’’ (typically 5.1ms),
echo time (TE)¼ ‘‘shortest’’ (typically 2.3ms), inver-
sion time¼ 853ms, flip angle (FA)¼ 8 degrees, field
of view (FOV)¼ 256� 256mm, and matrix¼ 256� 256
pixels (reconstructed 512� 512). We sampled 184 over-
contiguous (overlapping) slices with 1mm thickness,
which was automatically reconstructed to 368 slices
with 0.5mm thickness.

In addition, a T2-weighted volume acquisition (T2
VISTA) was obtained with the following parameters:
TR¼ 2500ms, TE¼ 330ms, FA¼ 90 degrees,
FOV¼ 250� 250mm, matrix size¼ 252� 250 pixels.

Intrathecal administration of gadobutrol

After the pre-contrast MRI exam, an interventional
neuroradiologist performed X-ray-guided lumbar
puncture. Correct position of the syringe tip in the sub-
arachnoid space was verified by CSF backflow from the
puncture needle, and a small amount (typically 3ml) of
270mg I/ml iodixanol (VisipaqueTM, GE Healthcare,
USA) was injected to confirm unrestricted distribution
of radiopaque contrast agent in the lumbar SAS.
Then, 0.5ml of 1.0mmol/ml gadobutrol (GadovistTM,
Bayer Pharma AG, Berlin, Germany) was injected
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intrathecally through the same needle. Following
removal of the needle, the study subjects were
instructed to rotate themselves around the long axis
of the body once before transportation back to the
MRI suite, while remaining in the supine position.

Post-contrast MRI acquisitions

Consecutive, identical MRI acquisitions using the pre-
viously outlined MRI protocol parameters were per-
formed after intrathecal gadobutrol administration.
The study participants were instructed to remain
supine in bed. One pillow under the head allowed for
up to 15 degrees head elevation, and all transfer of
study subjects between the neurosurgical department
and the MRI suite, and between the bed and the
MRI table, was performed by the hospital staff to
help the patient remain in the supine position.
Patients and controls were allowed to move without
any restrictions between the 4 p.m. examination at the
end of day one and the 24 h scan next morning.

While the MRI exams, for practical reasons, could
not be obtained at identical time points for every study
subject, all exams were categorized into the following
time intervals: Pre-contrast, 1.5–2 h, 2–4 h, 4–6 h, 6–9 h,
24 h and 48 h.

Image analysis

The FreeSurfer software (version 6.0) (http://surfer.
nmr.mgh.harvard.edu/) was used for segmentation,
parcellation, and registration/alignment of the longitu-
dinal data. The segmentation and parcellation acquired
from FreeSurfer were used to investigate the increase of
T1 signal intensity due to CSF tracer enhancement. The
methods are documented in a review.18 In this study, we
segmented the choroid plexus within the lateral ven-
tricles as well as the CSF within the lateral ventricles.

The MR images of each patient were used to create a
median template registered to the baseline, the process
of which has been previously described.19 Hence, for
each patient, the MR images were registered to the cor-
responding template using a rigid transformation.19

The registrations were subsequently checked manually
by one of the co-authors (LMV), and no significant
errors were visible.

The T2-weighted images (except for three iNPH
patients who had no T2 images) were also used for
the segmentation with FreeSurfer. Additionally, the
specification of large ventricles was added to the seg-
mentation processes for the iNPH patients.

The segmentation of seven iNPH patients was edited
due to segmentation errors. The corrections were auto-
matic based on the patients T2 image, except in one
iNPH patient who had no T2 image, which required

manual editing to correct. Notably, the segmentation
procedure did not impact the measured T1 signal units
within the regions of interest (Supplementary Figure 1).

We determined the volume of choroid plexus and
lateral ventricles, which was done by summarizing all
voxels with the same segmentation. The corrections of
the lateral ventricle volumes were done by labeling
voxels in the near vicinity of the lateral ventricles,
such as white matter and choroid plexus.

T1 signal derived parameters

For each segmented area, the median T1 signal unit was
computed for each time point. Further, the median
signal unit was divided against the signal unit of a ref-
erence ROI placed within the posterior part of the
superior sagittal sinus in axially reconstructed images
from the same T1 volume scan. The ratio refers to as
normalized T1 signal units and corrects for any baseline
changes of image grey scale due to potential image scal-
ing between single scans. Previous observations indicate
no measureable enhancement of contrast agent at MRI
in the reference location after intrathecal injection of
gadobutrol at this concentration.11

Estimation of CSF tracer concentration in lateral
ventricle

The CSF tracer concentration (C) causes the T1 time to
be shortened with the following relation

1=T1 ¼ 1=T1 0ð Þ þR � C ð1Þ

According to Lu et al.,20 we assumed that
T1(0)¼ 4300ms, and with reference to Rohrer et al.,21

the relaxivity constant R¼ 3.2mM�1s�1. Since imaging
parameters are the same for each T1 image, the T1-time
becomes the only variable in the T1 protocol signal
equation (equation (1)) in Gowland et al.22 Then the
concentration C is estimated by computing the normal-
ized T1 signal increase from baseline that is needed to
achieve the average signal increase.

Statistical analysis

A linear mixed model for repeated measurements with a
random intercept for study participant using maximum
likelihood estimation with robust standard errors ana-
lyzed the effect of segment (i.e. choroid plexus versus
CSF) and cohort (i.e. REF versus iNPH) on normal-
ized T1 signal units at the time interval from 4 to 24 h.
In addition to the main fixed effects of segment, cohort
and age, the statistical model included an interaction
term between segment and cohort. The interaction term
assessed the modifying effect of cohort on normalized
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T1 signal units in segment. Thus, a statistical significant
interaction term could indicate that the mean difference
in normalized T1 signal units between choroid plexus
and CSF was different in the iNPH and REF cohort.

Statistical significance was accepted at the 0.05 level.
The descriptive statistics was performed using the SPSS
software version 20 (IBM Corporation, Armonk, NY),
and the linear mixed model analysis was performed
with Stata/SE 15.0 for Windows (Stata Corp LLC,
College Station, TX).

Results

The study included two cohorts of eight REF and
nine iNPH patients, respectively (Table 1). The REF
individuals had a tentative diagnosis of idiopathic
intracranial hypotension due to CSF leakage, which
was confirmed in 3/8 individuals. No CSF leakage
was seen in 5/8 individuals, who we consider close to
healthy. However, the patient cohorts differed in sev-
eral respects (Table 1).

Table 2 presents measures of ventriculomegaly/CSF
circulation failure (Evans index, callosal angle, and dis-
proportionately enlarged subarachnoid space hydro-
cephalus, DESH), as well as volume of choroid plexus
in lateral ventricle and lateral ventricular volume size in
REF and iNPH individuals. We found no differences in
volume of choroid plexus between patient cohorts,
while volumes of CSF spaces were larger in the iNPH
cohort (Table 2).

After intrathecal administration of the CSF tracer
(i.e. MRI contrast agent), tracer propagated into the
ventricular system and enriched the choroid plexus of
both REF and iNPH individuals (Figure 1). This was,
however, markedly more pronounced in iNPH than
REF subjects. The changes in signal unit ratios within

choroid plexus of lateral ventricles and the CSF of lat-
eral ventricles of the (a) REF and (b) iNPH cohorts are
illustrated in Figure 2. For both locations, the tracer
enrichment was more pronounced in the iNPH than in
REF individuals (Figure 2). Moreover, Table 3 presents
the percentage change in normalized T1 signal from
before CSF tracer administration within choroid
plexus and lateral ventricle of the REF and iNPH
cohorts. While tracer enrichment within the lateral ven-
tricle of REF individuals was close to significant
(P¼ 0.052), the MRI signal increased significantly
(P< 0.001) at the other locations (Table 3).

While a CSF leakage was verified in 3/8 REF
patients, the presence of CSF leakage seemed not to
impact the measured T1 signal units. We found no dif-
ferences in normalized T1 signal units between those
individuals with/without verified leakage at any time

Table 1. Demographic and clinical information about the REF and iNPH cohorts at the time MRI.

REF iNPH Significance

N 8 9

Sex (F/M) 6/2 1/8 0.008

Age (years) 38.4� 17.3 68.3� 9.5 <0.001

Symptoms reported by patient and/or family

Gait disturbance 2 (25%) 9 (100%) 0.001

Urinary incontinence 0 (0%) 6 (67%) 0.004

Cognitive impairment 0 (0%) 8 (89%) <0.001

Duration of symptoms (months) 42.4� 40.6 21.3� 10.4 ns

NPH score 15 (14–15) 13 (11–13) <0.001

Note: Categorical data presented as numbers; continuous data presented as mean� standard deviation. Significant differences between groups were

determined by Pearson Chi-square test for categorical data and by independent samples t-test for continuous data. iNPH: idiopathic normal pressure

hydrocephalus; REF: reference patients.

Table 2. Radiological measures and volumes of cerebral ven-

tricles and choroid plexus of REF and iNPH cohorts.

REF iNPH Significance

Evans index 0.30� 0.05 0.38� 0.04 0.001

DESH (Y/N) 0/8 6/3 ns

Callosal angle (degrees) 117.3� 14.3 76.3� 29.0 0.003

Volume measures (ml)

Choroid plexus 0.75� 0.22 0.88� 0.23 ns

CSF, lateral ventricle 14.83� 14.43 68.85� 18.52 <0.001

Note: Categorical data presented as numbers; continuous data presented

as mean� standard deviation. Significant differences between groups

were determined by Pearson Chi-square test for categorical data and

by independent samples t-test for continuous data. CSF: cerebrospinal

fluid; DESH: disproportionate enlargement of subarachnoid spaces hydro-

cephalus; iNPH: idiopathic normal pressure hydrocephalus; REF: refer-

ence patients.
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point, neither the choroid plexus (lowest P-value 0.34)
nor the CSF of the lateral ventricle (lowest P-value
0.21) (data not shown).

Figure 2 indicates that both choroid plexus enhance-
ment and clearance of CSF tracer was different from
REFs in the iNPH patients. Significant differences were
seen during the enhancement phase after 4–6 and 6–9 h,
as well as during the clearance phase at 24 h (Table 3).
In particular, the most pronounced difference between
REF and iNPH in choroid plexus was seen after 24 h,
indicative of delayed clearance of CSF tracer from
choroid plexus in iNPH disease.

Estimation of CSF tracer concentration and level
also gave evidence for delayed clearance from lateral
ventricle in iNPH. Table 4 presents the concentration
and level of CSF tracer in lateral ventricle of iNPH and
REF individuals, estimated according to equation (1).
Concentrations for REF individuals were 0.0079 and
0.0022mM after 6–9 and 24h, respectively, while corres-
ponding numbers in iNPH were 0.031 and 0.024mM.
As such, the reduction of tracer in lateral ventricles
during this period in iNPH and REF was 23% and
72%, respectively, in a relative sense. On the other
hand, in iNPH, the combination of increased volume
of lateral ventricles and more pronounced CSF tracer
enrichment resulted in increased absolute amounts of
CSF tracer of 2.13 and 1.65 mmol after 6–9 and 24 h,

respectively. In an absolute sense, the corresponding
reduction in CSF tracer levels from 6–9 to 24 h after
tracer administration was �0.48 and �0.0057 mmol,
respectively.

To further test whether the clearance of CSF tracer
from choroid plexus per se was significantly different in
iNPH, we determined the interaction term whether the
iNPH diagnosis itself modified the CSF tracer enrich-
ment within the choroid plexus and CSF of lateral ven-
tricle. As indicated in Figure 3, a significant interaction
term provided evidence for delayed clearance of CSF
tracer from choroid plexus of iNPH compared to REF.
Hence, in iNPH, enhancement was higher in CSF com-
pared to choroid plexus, while in REF subjects,
enhancement was higher in choroid plexus compared
to CSF (Figure 3). Moreover, after correcting the inter-
action presented in Figure 3 for age-differences between
REF and iNPH cohorts, the interaction term between
REF and iNPH individuals remained significant.
That is, the differences in CSF tracer enhancement
within choroid plexus could not be explained by age-
differences between REF and iNPH subjects.

Discussion

The present data indicate that the MRI contrast agent
gadobutrol is resorbed from CSF by the choroid plexus

Figure 1. CSF tracer enrichment over time within the choroid plexus of a REF and an iNPH subject. The enrichment of CSF tracer

within choroid plexus over time is shown for (a) a REF and (b) an iNPH subject. The percentage change in signal unit ratio is indicated

at the color scale. Signal change within the CSF spaces is extracted in order to only present the percentage signal change within the

choroid plexus.
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of the lateral ventricles. In iNPH patients, CSF enrich-
ment of gadobutrol exceeded that of choroid plexus
and was opposite to observations made in a cohort
of healthy, or close to healthy, subjects. The findings
suggest delayed clearance of molecules with similar fea-
tures from choroid plexus in iNPH.

Patients

The iNPH cohort was older than the reference cohort.
An effect of age on results of CSF tracer clearance
could therefore be anticipated. However, the differences
in CSF tracer enrichment within choroid plexus and
CSF of REF and iNPH individuals remained consistent
after adjusting for age in the statistical analysis. T
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Figure 2. CSF tracer enrichment in choroid plexus and CSF of

lateral ventricle in the REF and iNPH cohorts. Trend plots of signal

unit ratios are shown for choroid plexus (blue lines) and CSF

(green lines) within lateral ventricle of (a) REF and (b) iNPH sub-

jects. The trend plots are shown as mean� standard error (SE).

iNPH: idiopathic normal pressure hydrocephalus; REF: reference

patients.
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Clearance of molecules from lateral ventricles

In the present study, the combined increased lateral
ventricular volume and increased CSF tracer enrich-
ment gave 19.4 and 50.0 times higher CSF tracer
amounts in the lateral ventricles of iNPH patients, as
compared with REF individuals after 6–9 and 24 h,
respectively. The increased CSF tracer enhancement
in lateral ventricles is related to CSF flow alterations
in iNPH. We are currently investigating whether the
retrograde aqueductal flow of CSF in iNPH patients,
as previously reported by us,11,23 explains the increase.

The present results extended previous data showing
that during clearance phase (from 6–9 h to 24 h after
CSF tracer administration), the relative reduction of
CSF tracer concentration in lateral ventricles of iNPH
was one third that of REF, but was much larger in
absolute terms. Accordingly, while the relative reduc-
tion of CSF tracer was reduced in iNPH compared to
REF individuals, the reduction of CSF tracer in abso-
lute terms was higher in iNPH, due to the stronger
enrichment of ventricular CSF tracer in this latter
patient group. First, we assume that clearance of CSF
tracer is both trans-ependymal and via choroid plexus.
The trans-ependymal route is indicated by strong peri-
ventricular tracer enrichment in iNPH.11,12 Second,
since the CSF tracer is biologically inert, it may seem
less likely that the choroid plexus has an active role in
removing CSF tracer; rather, the relative reduction is
by passive clearance of tracer.

Clearance of molecules from choroid plexus

Several studies have demonstrated that reduced func-
tion of choroid plexus may be involved in disease pro-
cesses causing neurodegeneration and Alzheimer’s
disease.4,6,24,25 The present results provide in vivo evi-
dence of reduced clearance of a molecule from choroid
plexus of iNPH individuals. While tracer supply in CSF
was higher in iNPH due to ventricular reflux, tracer
enhancement in plexus was proportionally lower than
in REF (Figure 3). In line with this assumption, experi-
mental studies have shown reduced clearance of amy-
loid-b from choroid plexus, suggesting a role in the
pathogenesis of Alzheimer’s disease.5,6 We consider
the CSF tracer used in this study as a surrogate
marker of cerebral waste products in general, but how
well the present CSF tracer depicts the behavior of sol-
uble amyloid-b has not been determined. It has already
been established that the choroid plexus has a role in
absorption of a range of other macromolecules from

Table 4. Estimated concentration of CSF tracer within lateral ventricles of REF and iNPH patients.

REF iNPH

Volume CSF, lateral ventricles (ml) 14.287 68.845

Time after i.th. CSF tracer 6–9 h 24 h 6–9 h 24 h

Signal increase from baseline (ratio) 7.56 2.73 31.41 23.72

Concentration, CSF tracer (mM) 0.0079 0.0022 0.031 0.024

Change in concentration of CSF tracer

from 6–9 h to 24 h (mM)

�0.0057 �0.007

Level of CSF tracer (mmol) 0.11 0.033 2.13 1.65

Change in level of CSF tracer from

6–9 h to 24 h (mmol)

�0.077 �0.48

Note: The concentrations and levels of CSF tracer within the lateral ventricles were computed according to equation (1), see Materials and Methods

section. CSF: cerebrospinal fluid; iNPH: idiopathic normal pressure hydrocephalus; REF: reference patients.

Figure 3. Analysis of interaction between signal unit ratio

within CSF of lateral ventricle and choroid plexus in REF and

iNPH cohorts at 24 h. The mean relative signal unit ratios within

choroid plexus and CSF of the lateral ventricle are shown for the

REF and iNPH subjects. Hence, the mean difference in normal-

ized T1 signal unit between choroid plexus and CSF was different

in the iNPH than REF subjects (interaction term, P< 0.001), and

the mean normalized T1 signal in choroid plexus was higher in

the iNPH than REF subjects (P¼ 0.004). The observation sug-

gests impaired clearance of CSF tracer from choroid plexus of

iNPH than REF individuals. Error bars are 95% CI.

iNPH: idiopathic normal pressure hydrocephalus; CSF: cerebro-

spinal fluid; REF: reference patients.
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CSF, for example, drugs such as penicillin and other
endogenous and exogenous solutes.2

While this study provides evidence for transfer of an
MRI contrast agent over the CSF–blood–barrier,
transport of MRI contrast agents in the other direction,
i.e. from blood to CSF, has recently been seen in several
studies.26–28 In rats, the concentration of MRI contrast
agent in CSF was clearly higher than in blood after
4.5 h, and most likely leaked into ventricular CSF
through the choroid plexus.28 It may not seem reason-
able that the highly vascularized choroid plexus should
be a site for one-way traffic of substances from blood to
CSF. Others have previously provided evidence of
bidirectional exchange of substances from the choroid
plexus,29–31 i.e. both from the blood and into the CSF
and from the CSF into the blood.

Absorption of CSF by the choroid plexus was first
suggested almost one hundred years ago by Foley in
1921 (reviewed by McComb32) and later in hydroceph-
alic infants,31 but has been contradicted by others.33 A
recent review34 concluded that further investigation is
required to establish the role of the choroid plexus in
absorption of CSF.

Role of choroid plexus in CSF production

It has traditionally been considered that the choroid
plexus is the main source of CSF production,35–37

while minor contributions to CSF production have
been attributed to extra-ventricular sources such as
the brain ependyma and parenchyma,32,38 and spinal
cord ependyma.39 However, the traditional view of
choroid plexus being the main producer of CSF has
been heavily criticized.3,36,40 It is now clear that the
subarachnoid CSF compartment is continuous with
the entire paravascular compartment of the brain and
spinal cord not only in animals7,41–43 but also in
humans.12 New insights of continuous bi-directional
fluid exchange over the entire blood–brain barrier
clearly render for extra-choroidal CSF production.36

The present observations of significantly increased
enhancement and delayed clearance of CSF tracer
might also be attributed to reduced CSF tracer washout
due to reduced CSF production in choroid plexus of
iNPH. Experimental data from ageing rats and humans
with iNPH or Alzheimer’s disease have shown reduced
production of CSF from choroid plexus and impaired
turnover of CSF.44 After intrathecal administration of
an MRI contrast agent as CSF tracer, clearance of the
CSF tracer from CSF spaces was significantly reduced,
indicative of reduced CSF turnover in iNPH.11–13 The
reduced CSF turnover within CSF spaces in iNPH was
accompanied with delayed brain-wide clearance of CSF
tracers that were interpreted as impaired glymphatic
clearance,11,12 and suggested a common pathway

behind iNPH and Alzheimer’s dementia and explains
why amyloid-b deposits in brain tissue overlap signifi-
cantly in these conditions.45

Others have reported that the function of choroid
plexus changes during ageing and in CSF circulation
failure.40 The iNPH cohort in this study was signifi-
cantly older than the REF group. Furthermore,
reduced CSF production in iNPH might be associated
with increased pulsatile ICP and to lesser extent,
increased static ICP, which is characteristic of iNPH
patients responding to CSF diversion surgery.17

Several authors have previously reported that CSF pro-
duction can be reduced as response to an increased ICP
caused by hydrocephalus.46–48

A link between CSF production and glymphatic
function is to be expected. Probably, a certain magni-
tude of CSF production is required to maintain suffi-
cient CSF pressure to drive paravascular clearance
pathways throughout the brain7,49,50 and to drive
lymphatic efflux of waste molecules from the cranio-
spinal compartment.51 This view is in contrast to the
previous concept that CSF production is primarily
required for mechanical protection of the brain and
maintenance of the electrolytic environment and acid–
base balance.52

Limitations

It should be noted that different levels of CSF tracer
enhancement do not directly reflect changes in the
concentration levels of the CSF tracer. The present
results do therefore not provide measures by absolute
quantities, even though such quantities may be esti-
mated according to equation (1). T1 maps might be
used for absolute quantifications of CSF tracer in
future studies.

While the choroid plexus is present in all cerebral
ventricles, this study only examined choroid plexus in
lateral ventricles. We would, however, expect results to
be similar for all compartments.

Conclusions

The present study indicates that the MRI contrast
agent gadobutrol is absorbed by the choroid plexus
when utilized as CSF tracer. In patients with iNPH,
this CSF tracer enhanced more strongly and was
cleared with slower rate, from choroid plexus as com-
pared to in REF subjects. Delayed CSF clearance of
brain metabolites through choroid plexus may be
instrumental for neurodegeneration in iNPH dementia.
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