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Magnetic resonance imaging biomarkers of
cerebrospinal fluid tracer dynamics in
idiopathic normal pressure hydrocephalus

®Per Kristian Eide,'"* Are H. Pripp® and Geir Ringstad*

Disturbed clearance of toxic metabolites from the brain via cerebrospinal fluid is emerging as an important mechanism behind de-
mentia and neurodegeneration. To this end, magnetic resonance imaging work-up of dementia diseases is largely focused on ana-
tomical derangements of the brain. This study explores magnetic resonance imaging biomarkers of cerebrospinal fluid tracer dy-
namics in patients with the dementia subtype idiopathic normal pressure hydrocephalus and a cohort of reference subjects. All
study participants underwent multi-phase magnetic resonance imaging up to 48 h after intrathecal administration of the contrast
agent gadobutrol (0.5 ml, 1 mmol/ml), serving as cerebrospinal fluid tracer. Imaging biomarkers of cerebrospinal fluid tracer dy-
namics (i.e. ventricular reflux grades 0-4 and clearance) were compared with anatomical magnetic resonance imaging biomarkers
of cerebrospinal fluid space anatomy (Evans’ index, callosal angle and disproportional enlargement of subarachnoid spaces hydro-
cephalus) and neurodegeneration (Schelten’s medial temporal atrophy scores, Fazeka’s scores and entorhinal cortex thickness). The
imaging scores were also related to a pulsatile intracranial pressure score indicative of intracranial compliance. In shunt-responsive
idiopathic normal pressure hydrocephalus, the imaging biomarkers demonstrated significantly altered cerebrospinal fluid tracer dy-
namics (ventricular reflux grades 3—4 and reduced clearance of tracer), deranged cerebrospinal fluid space anatomy and pro-
nounced neurodegeneration. The altered MRI biomarkers were accompanied by pressure indices of impaired intracranial compli-
ance. In conclusion, we present novel magnetic resonance imaging biomarkers characterizing idiopathic normal pressure
hydrocephalus pathophysiology, namely measures of cerebrospinal fluid molecular redistribution and clearance, which add infor-
mation to traditional imaging scores of cerebrospinal fluid space anatomy and neurodegeneration.
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Introduction

Idiopathic normal pressure hydrocephalus (iNPH) is a
neurological disease characterized clinically by gait dis-
turbance, urinary incontinence and dementia, with imag-
ing findings of enlarged ventricles, and cerebrospinal fluid
(CSF) pressure within normal range (Relkin et al., 2005).
The disease is a subtype of dementia with resemblances
to Alzheimer’s disease (Leinonen et al., 2010; Cabral
et al., 2011; Pomeraniec et al., 2016). Both diseases show
deposition of toxic metabolites such as amyloid-f and
tau in brain tissue, and histological specimens from cor-
tical biopsies reveal an overlap with Alzheimer’s disease
in about one-third to half of the iNPH patients
(Leinonen et al., 2010; Libard and Alafuzoff, 2019). Tau
lacks blood-brain barrier (BBB) transporters, and clear-
ance of some toxic isoforms of amyloid-B (e.g. pyrogluta-
mate AP, pE3-AB) also depends on removal along extra-
vascular pathways (Jawhar et al., 2011). Since the sub-
arachnoid CSF compartment is continuous with the brain
interstitial compartment via perivascular spaces (Iliff
et al., 2012; Ringstad et al., 2018), molecular clearance
failure from CSF may thus be crucial for the accumula-
tion of toxic metabolites in iNPH as well as Alzheimer’s
disease (Reeves et al., 2020).

Currently, there is a major interest in the role of men-
ingeal lymphatic CSF drainage for cerebral waste removal
in age-related cognitive decline and Alzheimer’s disease
evolvement (Ma et al., 2017; Da Mesquita et al., 2018;
Zhou et al., 2020). Experimental studies in animals pro-
vide evidence that clearance of neurotoxic metabolites
from CSF is hampered by defective meningeal lymphatic
clearance mechanisms (Louveau et al., 2017). Lately,
in vivo studies in humans have shown that a CSF tracer
contained outside the BBB drains to parasagittal dura
(Ringstad and Eide, 2020), and to extra-cranial lymph
nodes (Eide er al., 2018). The efficacy of meningeal
lymphatic drainage declines with age (Zhou et al., 2020).
However, the clinical implications remain unclear, not
least the role of imaging of molecular clearance failure.

In several respects, the iINPH disease is a model of
other dementia types such as Alzheimer’s disease (Libard
and Alafuzoff, 2019), as illustrated by cerebral amyloid-
B/tau deposition (Leinonen et al., 2010), signs of neuro-
degeneration (Libard and Alafuzoff, 2019), loss of BBB
integrity (Eide and Hansson, 2020), and evidence of CSF
molecular clearance failure (Ringstad et al., 2017). To
study these mechanisms in iNPH, we have utilized multi-
phase magnetic resonance imaging (MRI) with an intra-
thecal contrast agent as CSF tracer (Ringstad et al.,
2017; Eide and Ringstad, 2019). Establishing MRI bio-
markers indicative of impaired CSF molecular distribution
and clearance might even be of value for other dementia
diseases beyond iNPH.

In contrast to other types of dementia, iNPH may be
treated and improved by CSF shunt surgery (Eide and
Sorteberg, 2016). Since shunt surgery has a definite risk,
various invasive tests are used to identify the iNPH
patients who most likely will respond to shunt surgery,
and to rule out those who will not (Marmarou et al.,
2005). Ancillary tests include temporary lumbar drainage
of CSF, lumbar infusion tests, and overnight monitoring
of intracranial pressure (ICP) (Marmarou et al., 2005). In
our practice, the finding of elevated ICP wave amplitudes,
which is indicative of impaired intracranial compliance
(or reduced ICP-volume reserve capacity), has been used
with high accuracy in identifying iNPH responders (Eide
and Sorteberg, 2010, 2016). However, the development
of less invasive methods based on imaging alone is
desirable.

The present study was undertaken to assess how MRI
biomarkers of CSF tracer dynamics (CSF tracer ventricu-
lar redistribution and molecular clearance) compare with
other conventional MRI biomarkers of CSF space anat-
omy and neurodegeneration. We also examined how the
MRI biomarkers differentiated shunt-responsive iNPH
patients from a cohort of reference (REF) subjects. In
addition, we examined how the MRI biomarkers associ-
ated with a pulsatile ICP score indicative of the intracra-
nial compliance.
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Materials and methods

This observational 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 study was conducted 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.

The primary objective of the present study was to com-
pare structurally and dynamically derived MRI bio-
markers of iNPH disease. Secondarily, we examined how
the various MRI biomarkers differentiated iNPH patients
responding to shunt-surgery (‘Definite iNPH’) from REF
subjects. We also specifically addressed how the MRI
biomarkers associated with a pulsatile ICP metric, the
mean ICP wave amplitude (MWA), which is indicative of
the ICP-volume reserve capacity, i.e., the intracranial
compliance (Eide, 2016).

The patients underwent repetitive magnetic resonance
imaging (MRI) before/after intrathecal administration of
the MRI contrast agent gadobutrol (0.5 mmol); referred
to as ‘gMRI’ (glymphatic magnetic resonance imaging),
as it was initially developed to study the human glym-
phatic system.

We compared three categories of MRI biomarkers,
namely MRI biomarkers of (i) CSF tracer dynamics, (ii)
CSF space anatomy and (iii) neurodegeneration (see MRI
biomarkers section). The predefined set of MRI bio-
markers was assessed by a neuroradiologist (G.R.) with
14 years’ experience in neuroradiology, and who were
blinded to the diagnoses of the patients, as well as to the
MWA scores.

The study includes consecutive patients retrieved from a
larger cohort of patients undergoing gMRI as part of
their neurosurgical work-up of various CSF disorders
within the Department of Neurosurgery at Oslo
University Hospital, Norway. The two patient cohorts
were included according to the following criteria:

The iNPH patients exclusively included patients who
were shunted and thereafter improved clinically. We did
not include iNPH patients not found eligible for shunting
and who were managed conservatively without shunt sur-
gery. The included iNPH patients fulfilled the criteria of
‘probable’ iNPH according to the American-European
guidelines (Relkin et al., 2005). They also fulfilled the cri-
teria of Definite iNPH according to the Japanese
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guidelines (Mori ef al., 2012), i.e., they were clinical res-
ponders to shunt surgery.

With regard to clinical improvement after shunting, we
have previously described an NPH scoring of symptom
severity (15 possible scores ranging from worst 3 to best
15 scores) assesses the combined severity of gait disturb-
ance, urinary incontinence and dementia (Eide and
Sorteberg, 2010; Eide and Sorteberg, 2016). Clinical re-
sponse to shunting was defined as an improvement by at
least one score in one or more of the symptoms of gait
disturbance, urinary incontinence and cognitive function.

The REF subjects were individuals who had undergone
gMRI for work-up of tentative CSF disturbance, includ-
ing suspicion of CSF leak, symptomatic cysts and idio-
pathic intracranial hypertension, but without any
objective sign of CSF failure at gMRI, ICP or clinical
examination. In none of these were there indications for
surgery or other interventions. We included those subjects
from the entire REF cohort closest in age with iNPH;
and no individuals < 35 years of age were included.

The MRI protocol followed a strict and standardized
protocol, as previously described (Ringstad et al., 2017;
Ringstad et al., 2018). Sagittal 3D T1-weighted gradient
echo volume scans were obtained using a 3 T Philips
Ingenia MRI scanner (Philips Medical systems, Best, The
Netherlands) with equal imaging protocol settings before
and at several time points up to 48 h after intrathecal in-
jection of gadobutrol (0.5mmol). We categorized the
MRI exams into the following time intervals based on
time interval before/after intrathecal injection. Before
intrathecal contrast (Pre), and 40-60min, 2—-4h, 6-9h,
24 h and 48 h after intrathecal injection, respectively.

(a) Ventricular reflux of CSF tracer as a marker of CSF
redistribution. The ventricular reflux was assessed using
T1-weighted images, and the degree of ventricular reflux
was categorized as follows: Grade 0: No supra-aqueduc-
tal reflux. Grade 1: Sign of supra-aqueductal reflux.
Grade 2: Transient enrichment of lateral ventricles Day
1. Grade 3: Lasting enrichment of lateral ventricles Day
2 (but not isointense with subarachnoid CSF). Grade 4:
Lasting enrichment of lateral ventricles Day 2 (isointense
with subarachnoid CSF). Assessment Day 1 was done 6h
after MR contrast agent administration, and examination
Day 2 was done after about 24 h. The different categories
of ventricular reflux are presented in Fig. 1.(b) Molecular
clearance from CSF and parenchyma of the entorhinal
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Figure | Grading of ventricular reflux. We categorized ventricular reflux in five categories: (A) Grade 0: No supra-aqueductal
reflux. (B) Grade |: Sign of supra-aqueductal reflux. (C) Grade 2: Transient enrichment of lateral ventricles Day |. (D) Grade 3: Lasting
enrichment of lateral ventricles Day 2 (not isointense with CSF subarachnoid). (E) Grade 4: Lasting enrichment of lateral ventricles Day 2
(isointense with CSF subarachnoid). This illustration shows the gMRI for one individual for each of the ventricular reflux grades. The ventricular

reflux grades 3—4 are typical features of iNPH

cortex (ERC). For each time point, circular regions of images and inside ERC directly on 1 mm thick, coronally
interest (ROIs) were placed both in the CSF of cisterna reconstructed T1-weighted images at the level of the hip-
magna on 1 mm thick, axially reconstructed T1-weighted pocampal sulcus. Measurements were done directly in the
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hospital Picture archiving and communication system
(Sectra IDS7, Sectra, Sweden), where each ROI provides
the mean T1 signal intensity (in signal units) from the
image greyscale and was normalized against a reference
ROI by dividing measured T1 intensity from CSF or
ERC with the value of the reference ROI to correct for
any baseline changes of image grey scale due to image
scaling. The reference ROI was placed within the poster-
ior part of the superior sagittal sinus in axially recon-
structed images from the same T1 volume scan. We have
previously not detected any sign of contrast enhancement
in this location after intrathecal gadobutrol (0.5 mmol).
The ROIs were manually fitted to local anatomy to avoid
partial volume effects from neighbouring tissue or CSF.
For the CSF in cisterna magna, a single ROI was placed.
For all pairwise ERC locations, the normalized T1 inten-
sities from bilateral ROIs were determined and the aver-
age calculated. From previous experience with the current
gMRI protocol, tracer enhancement in CSF peaked on
Day 1 and had declined on Day 2 (Ringstad et al.,
2018). We defined one-night clearance as the percentage
change in normalized T1 signal ratio from last MRI Day
1 until first MRI Day 2, and two-night clearance was
defined by the percentage change in normalized T1 signal
ratio from last MRI Day 1 until first MRI Day 3.

Evans’ index was determined from T1-weighted axially
reconstructed images (1 mm thickness) and represents the
largest diameter of the frontal horns divided with the
largest inner diameter of the cranium in the same slice
(Brix et al., 2017). The callosal angle was measured on
T1-weighted coronal images as the angle between lateral
ventricles at the level of the posterior commissure, as pre-
viously  described  (Virhammar et al, 2014).
Disproportional enlarged subarachnoid space hydroceph-
alus (DESH) (Hashimoto et al., 2010) was assessed on
T1-weighted coronal images, scored as yes/no, and were
characterized by the combination of (i) enlarged ven-
tricles, (ii) widening of Sylvian fissure and (iii) tight upper
convexities.

We scored the patients with three sets of biomarkers indi-
cative of neurodegeneration:

Medial temporal atrophy (MTA) was categorized using
the Schelten’s score (Scheltens et al., 1992) that is based
on a visual rating of the width of the choroid fissure, the
width of the temporal horn, and the height of the hippo-
campal formation: Score 0 (no atrophy), Score 1 (only
widening of choroid fissure), Score 2 (also widening of
the temporal horn of lateral ventricle), Score 3 (moderate
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loss of hippocampal volume, decrease in height) and
Score 4 (severe volume loss of hippocampus).

The Fazeka’s scale for white matter lesions (Fazekas
et al., 2002) differentiates four scores: Score 0: None or
a single punctate white matter hyperintensity lesion. Score
1: Multiple punctate lesions. Score 2: Beginning conflu-
ence of lesions (bridging). Score 3: Large confluent
lesions.

ERC thickness was determined as previously described
(Eide and Ringstad, 2019) on coronally reconstructed T1
volume acquisitions with 1 mm slice thickness at the level
of the hippocampal sulcus and measured from the ERC
surface to the grey/white matter interface, and mid-way
between the tentative location of parasubiculum and peri-
rhinal cortex.

In this neurosurgical department, overnight monitoring of
pulsatile ICP has been part of the clinical routine of as-
sessment of iINPH since early 2000, based on the concept
that the MWA is indicative of intracranial compliance
(pressure—volume reserve capacity). The procedure of
measuring ICP was previously described in detail (Eide
and Sorteberg, 2010). In local anaesthesia, a burr hole is
made in the right frontal region, and an ICP sensor (usu-
ally Codman, Johnson & Johnson, Raynham, MA, USA,
and in some cases Raumedic NeuroVent P sensor,
Raumedic AG, Miinchberg, GE) is introduced 1-2cm
into the brain parenchyma after being tunnelled subcuta-
neously. Digital high-frequency monitoring is continued
overnight, incorporating identification of the cardiac
induced single pressure waves. The pulsatile ICP is charac-
terized by the MWA (MWA), determined over 6s time
windows as average of diastolic/systolic pressure differences
of the identified single pressure waves during every 6-s
time window. The overnight MWA is represented by the
average for all 6-s time windows.

The neurosurgical department’s criteria for shunt sur-
gery are fulfilment of diagnostic criteria for probable or
possible iINPH in addition to results of ICP monitoring
that fulfil the previously established criteria for having
above-threshold MWAs (FEide and Sorteberg, 2010). In
previous studies, shunt response was reported in 9/10
individuals with MWA on average overnight >4 mmHg
and >5mmHg in at least 10% of measurement time
(Eide and Sorteberg, 2010).

A subset of REF subjects also underwent ICP measure-
ment with determination of MWA, similar to that per-
formed in iNPH subjects and as part of the diagnostic
assessment.

Continuous or categorical data are presented as mean
with standard deviation or number of patients and
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percentages, when appropriate. Group difference between
categorical or continuous data was assessed with Pearson
x> test or independent samples f-test, respectively.
Logistic regression assessed the predictors of iNPH with
the estimated c-statistics from each model. The c-statistics
(equivalent to the area under the receiver operating char-
acteristics curve) is a measure of the predictive accuracy
of a logistic regression model. We estimated the empiric-
ally diagnostic cut-point using the methods implemented
in the user-developed command cutpt in Stata with corre-
sponding estimates for sensitivity, specificity and area
under the receiver operating characteristics curve.
Statistical significance was accepted at the 0.05 level. The
statistical analysis was performed using Stata 15.0
(StataCorp LP, College Station, TX).

The data supporting the findings of this study are available
from the corresponding author upon reasonable request.

Results

From the gMRI database, we retrieved 34 iNPH patients
and 17 REF subjects who were treated within the
Department of Neurosurgery, Oslo University Hospital-
Rikshospitalet during the period from year September
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2015 to December 2019. The present data and proposed
MRI biomarkers have previously not been presented.
Information about the patient cohorts is shown in
Table 1. The iNPH cases differed from the REF subjects
in several ways, they were significantly older than iNPH
patients, and the gender distribution was different.

The time course of tracer enrichment within CSF of cis-
terna magna is shown in Fig. 2A and within the paren-
chyma of ERC in Fig. 2B; tracer enrichment is presented
as percentage change of normalized T1 signal unit ratios
from before intrathecal gadobutrol (CSF tracer). In iNPH
patients, the enrichment of CSF tracer is slower, while
CSF tracer levels remain higher 24 and 48 h after intra-
thecal administration.

Ventricular tracer reflux in any degree was found in all
patients diagnosed with Definite iNPH. Grades 3-4 ven-
tricular reflux were observed in 31/34 (91%) of Definite
iNPH patients, as compared with 2/17 (12%) REF sub-
jects (Table 2).

The one-night clearance (i.e. reduction of normalized
signal unit ratio from last MRI Day 1 to first MRI Day
2) was significantly delayed in CSF as well as ERC of
iNPH patients (Table 2). Two-night clearance (i.e. re-
duction of normalized signal unit ratio from last MRI

Table | Demographic and clinical information about the iNPH and REF cohorts

iNPH
N 34
Sex (F/M) 10/24
Age (years) 705+ 68
BMI (kg/m?) 27.2+43
Symptoms reported by patient and/or family
Gait disturbance 34 (100%)
Urinary incontinence 24 (71%)
Cognitive impairment 31 (91%)
Headache 3 (9%)
Dizziness 8 (24%)
Lethargy 4 (12%)
Duration of symptoms (years) 32+27
Pre-shunt NPH-score 12 (8-13)
Tests of cognitive function
Mini-mental state (MMS) 28 (14-30)
Montreal Cognitive Assessment (MoCA) 21 (17-29)
Overnight MWA
N 33
Number of 6-s time windows 5155+ 2288
MWA, average 59+ 1.8
MWA, % >5mmHg 554=*312
Surgical responders 34 (100%)
Post-shunt NPH-score 14 (11-15)

REF Test statistic P-value
17

13/4 22(1) = 10.136 =0.001
488+ 10.8 1(49) = 11.749 <0.001
280+48 t(49) = 0.602 0.53
0 22(1) = 51.000 <0.001
0 22(1) = 22,667 <0.001
5 (29%) 72(1) = 20.825 <0.001
15 (88%) 22(1) = 31.296 <0.001
5 (29%) 22(1) = 0.207 0.650
6 (35%) 22(1) = 3.981 =0.045
37+19 1(49) = 0.682 0.498
15 (14-15) 1(49) = 10.439 <0.001
5
4584 + 2582 t(36) = 0.512 0.612
3.0+07 1(36) = 3.528 =0.002
42+50 1(36) = 3.621 =0.001

Categorical data presented as numbers; continuous data presented as mean * standard deviation or (minimum — maximum), NPH-scores, MMS and MoCA presented as median
(ranges in parentheses). Significant differences between groups were determined by Pearson y? test for categorical data and by independent samples t-test for continuous data.
iNPH = idiopathic normal pressure hydrocephalus; MWA = mean ICP wave amplitude; REF = reference patients.
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Figure 2 Molecular clearance from CSF and brain parenchyma and association with ventricular reflux. Comparison of time
course of CSF tracer level within (A) CSF of cisterna magna and (B) parenchyma of ERC in iNPH (n = 34) and REF (n = 17) subjects. The CSF
tracer level is expressed as mean (standard error) percentage change of normalized signal unit ratio (*P=0.013, ** P < 0.001; independent
samples t-test). Comparisons of (C) one-night clearance (n = 50) and (D) two-night clearance (n = 27) of CSF tracer from cisterna magna in
individuals with ventricular reflux grades 0-2 (n = 18) and 3—4 (n = 33). Both one- and two-night clearances were impaired in the individuals with
ventricular reflux grades 3—4. Comparisons of (E) one-night clearance (n = 50) and (F) two-night clearance (n = 27) of CSF tracer from
parenchyma of ERC in individuals with ventricular reflux grades 0-2 (n = 18) and 3—4 (n = 33) showed significantly impaired one-night clearance
in individuals with ventricular reflux grades 3—4. Statistical differences are indicated, and were determined by independent samples t-test. Error

bars 95% ClI

Day 1 to MRI Day 3) was delayed significantly in CSF
but did not reach significance in ERC of iNPH patients.
Logistic regression analysis adjusting for age showed
that ventricular reflux, and clearance from CSF and
ERC, differentiated the patient cohorts (Table 2).

Higher scores of ventricular reflux (grades 3-4) were
accompanied by reduced clearance of CSF tracer from
both CSF and ERC. Both one- and two-night clearance

of CSF tracer from cisterna magna was impaired in indi-
viduals with ventricular reflux grades 3-4 (Fig. 2C and
D). Similarly, clearance from ERC was impaired the first
night in patients with ventricular reflux grades 3-4
(Fig. 2E); this was not significant for two-night clearance
(Fig. 2F).

The MRI biomarkers of CSF space anatomy, Evans’
index, callosal angle and DESH, differed significantly
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Table 2 MRI biomarkers of CSF tracer dynamics, CSF space anatomy and neurodegeneration in iNPH and REF

subjects

MRI biomarkers

iNPH REF Test
statistic

(n=34) (n=17)

CSF tracer dynamics

Ventricular reflux Grade 0 0 (0%) 6 (35%)
Grade | 2 (6%) 4 (24%)
Grade 2 I (3%) 5 (29%)
Grade 3 9 (26%) 2 (12%)
Grade 4 22 (65%) 0 (0%)

7%(4)=33.887 <0001 32

Logistic regression analysis

P-value Odds ratio 95% CI P-value C-statistics

1.1-8.9 =0.026 0.97

Clearance CSF (one-night  —41 +20 —69* 13 t(49) = 5.232 <0.001 1.09 1.01-1.18  0.028 0.97
of CSF tracer clearance)
CSF (two-night —78 £ 12 —-92=*5 t(49) =4.597 <0.001 1.40 0.98-2.0 0.066 0.98
clearance)
ERC (one-night —7*+23 —31+24 t(49) = 3.463 =0.001 1.08 1.0-1.16 0.047 0.96
clearance)
ERC (two-night —37 * |7 —49+ 18 t(49) = 2.331 0.024 1.09 096-1.25 0.191 0.92
clearance)
CSF space anatomy
Evans index 0.39+0.05 0.26 £0.03 t(49) =9.841 <0.001
Callosal angle 707 24,1 1149+ 122 t(49)=7.096 <0.001 0.94 0.90-0.99 =0.018 0.97
DESH Present 15 (44%) 0 <0.001
Absent 19 (56%) 17 (100%) 72(1) = 10.625 331 0.33-00  <0.001 NA
Biomarkers of neurodegeneration
Scheltens MTA Grade 0 0 (0%) 11 (65%)
Grade | 2 (6%) 5 (29%) 7%(3) =40.238 <0.001 452 2.9-6972 =0.006 0.98
Grade 2 26 (76%) 1 (6%)
Grade 3 6 (18%) 0 (0%)
Fazekas scale Grade 0 3 (9%) 12 (70%)
Grade | Il (32%) 4 (24%) 72(3) =22.846 <0.001 3.1 0.8-12.1 0.102 095
Grade 2 12 (35%) 1 (6%)
Grade 3 8 (24%) 0 (0%)
ERC thickness (mm) 1.90 +0.354 2.28+0.27 t(49) = 3.889 <0.001 0.0l 0-1.25 =0.062 0.96

Age-adjusted significance levels in logistic regression analysis were determined. one-night clearance: Percentage change in normalized signal unit ratio from last MRI Day | to MRI
Day 2 (24 h). two-night clearance: percentage change in normalized signal unit ratio from last MRI Day | to MRI Day 3 (48 h). Significant differences between groups were deter-
mined by Pearson 72 test for categorical data and by independent samples t-test for continuous data.

The results of logistic regression analysis for Evans index are not presented because of extreme high values caused by nearly no overlap between groups. Odds ratio of DESH was

estimated by exact logistic regression.

between iINPH and REF subjects, and logistic regression
analysis adjusting for age showed that the anatomical bio-
markers differentiated the patient cohorts (Table 2).
Furthermore, the MRI biomarkers of neurodegeneration,
Schelten’s MTA score, Fazeka’s score and ERC thickness,
were all significantly different between iNPH patients and
REF subjects (Table 2). Age-adjusted logistic regression ana-
lysis showed that Schelten’s MTA score and ERC thickness
significantly differentiated the patient cohorts (Table 2).

We further found a highly significant correlation be-
tween the MRI biomarkers of CSF tracer dynamics and
biomarkers of CSF space anatomy and neurodegenera-
tion (Table 3). Increasing ventricular reflux grade was
positively correlated with Evans index, Schelten’s MTA
score and Fazeka’s score, and negatively correlated with
callosal angle and ERC thickness. Similarly, reduced
CSF tracer clearance was positively correlated with
increased Evans index, Schelten’s MTA score and
Fazeka’s score, while negatively correlated with reduced

callosal angle and reduced ERC thickness (Table 3).
Moreover, as compared with individuals without signs
of DESH, subjects with presence of DESH presented
with higher ventricular reflux scores (n=2351; Pearson
x> test y*(4) = 9.329, P=0.05), and reduced one-night
clearance of CSF tracer from CSF (n=350; independent
samples #-test #(48) = 2.021, P=0.049).

Table 4 provides an overview of the predictive ability
of cut-point values for the different MRI biomarkers with
regard to the ability of differentiating iNPH patients from
REF subjects. Based on the estimated area under the re-
ceiver operating characteristics curve, the biomarkers
Evans index, ventricular reflux, one-night clearance from
CSF and Schelten’s MTA had the highest diagnostic abil-
ity, all with area under the receiver operating characteris-
tics curve >0.85. These four biomarkers had reasonable
high sensitivity and specificity.

The MRI biomarkers at individual level are presented
in Supplementary Table 1.


https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa187#supplementary-data
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Table 3 Correlations between biomarkers of CSF tracer dynamics and biomarkers of CSF space anatomy and

neurodegeneration

MRI biomarkers of CSF

MRI biomarkers of CSF space anatomy

MRI biomarkers of neurodegeneration

tracer dynamics
Evans’ index

(n=51)

Callosal angle
(n=51)

Ventricular reflux
Ventricular reflux
grade (n=>51)

Clearance of CSF tracer
CSF (one-night
clearance; n =50)
CSF (two-night
clearance; n=27)
ERC (one-night
clearance; n =50)
ERC (two-night
clearance; n=27)

r=0.76 (P<0.001)

r=0.53 (P<0.001)
r=057 (P=0002)  r=—037(0.052)
r=042 (P=0003)  r=-028(0.052)

r=0.46 (P=0.016)

r=—0.70 (P<0.001)

r=—0.45 (P=0.001)

r=—0.67 (P<0.001)

Schelten’s MTA
(n=50)

ERC thickness
(n=50)

Fazeka’s scale
(n=51)

r,=078 (P<0.001) r,=054(P<000l) r=—046(P=0.00l)

r,=046 (P=0001) r,=029 (P=0041) r=-033(P=00I8)

r,=0.60 (P=0001)  r,=0.37 (0.057) r=—047 (P=0014)

r,=035(P=00I3) r,=03I (0.026) r=—0.14 (0.303)

r,=0.37 (0.061) r,=0.25 (0.207) r=-034(P=00I5)

rs = Spearman correlation coefficients determined for categorical data. r = Pearson correlation coefficients determined for continuous data.

Table 4 Optimal cut-points for the different MRl biomarkers

Differentiation between iNPH and REF

MRI biomarkers Cut-point
CSF tracer dynamics >
Ventricular reflux (0/1/2/3/4) 2
CSF one-night clearance (%) —53
CSF two-night clearance (%) -92
ERC one-night clearance (%) -25
ERC two-night clearance (%) —50
CSF space anatomy >
Evans index 0.31
Callosal angle (degrees) 126
DESH (Yes/No)* 0
Neurodegeneration >
Schelten’s MTA (0/1/2/3) |
Fazeka’s scale (0/1/2/3) 0
ERC thickness (mm) 2

Sensitivity Specificity Area
ROC
0.91 0.88 0.90
0.82 0.88 0.85
0.91 0.69 0.80
0.76 0.71 0.73
0.82 0.56 0.69
0.97 0.94 0.96
0.06 0.82 0.44
0.44 1.00 0.72
0.94 0.94 0.94
0.91 0.71 0.8l
0.42 0.24 0.33

ROC = receiver operating characteristics.
*No reference subjects in our cohort presented with DESH signs.

The pulsatile ICP (MWA) measured overnight was signifi-
cantly higher in iNPH subjects (7 =33) than in REF sub-
jects (n=35; Table 1). In all iNPH patients, the MWA
scores were above the previously established criteria (Eide
and Sorteberg, 2010) but were below established criteria
in all REF subjects.

The relationship between average MWA score over-
night and the different MRI biomarkers are shown in
Fig. 3. The ventricular reflux grades 3—4 were accompa-
nied by significantly increased MWA scores (Fig. 3A).
Grades 3-4 ventricular reflux were seen in 0/5 (0%) indi-
viduals with MWA scores below thresholds while in 30/
33 (91%) individuals with MWA above thresholds.

Moreover, as compared to individuals with MWA scores
below thresholds, patients with MWA levels above
defined thresholds had significantly reduced clearance
capacity from CSF (Fig. 3B) and from the ERC (Fig. 3C).

The MWA-scores indicative of intracranial compliance
related to CSF space anatomy, as overnight average
MWA increased with increasing Evans (Fig. 3D). With
increasing MWA, the callosal angle became narrower
(Fig. 3E), and in those with DESH signs, the MWA was
increased (Fig. 3F).

Also, the MRI scores indicative of neurodegeneration
were associated with the MWA scores. The average
MWA overnight was significantly increased in individuals
with Schelten’s MTA score 2-3 (Fig. 3G) and in individu-
als with Fazeka’s score 2-3 (Fig. 3H). Moreover, there
was a significant negative correlation between ERC thick-
ness and MWA levels.
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Figure 3 Association between pulsatile ICP and MRI biomarkers of CSF tracer dynamics, CSF space anatomy, and
neurodegeneration. The MWA, which is indicative of the intracranial compliance, associate significantly with the MRI biomarkers of CSF
tracer dynamics (A—C), CSF space anatomy (D-F) and neurodegeneration (G-l). CSF tracer dynamics: (A) Comparison of overnight average
MWA scores in individuals with ventricular reflux grades 0-2 (n = 18) and 3—4 (n = 33) shows significantly increased average levels of MWA in
the individuals with ventricular reflux grades 3—4. The MWA level in this latter group was above established thresholds (Eide and Sorteberg,
2010). Moreover, individuals with overnight MWA above established thresholds (n = 33), indicative of impaired intracranial compliance,
presented with significantly (B) reduced one-night clearance from CSF, and (C) reduced one-night clearance of CSF tracer from ERC. CSF space
anatomy: There was (A) a significant positive correlation between overnight average MWA and Evans’ index (n = 38), (B) a significant negative
correlation between callosal angle and average MWA (m = 38), and (C) the overnight MWA was significantly higher in individuals with positive
DESH signs (n = 38). Neurodegeneration: The overnight MWA was (D) significantly higher in individuals with MTA grades 2-3 (n=33) as
compared with 0—I (n = 17), (E) significantly higher in individuals with Fazeka’s grades 2-3 (n=21) versus 0—I (n = 30). (F) Moreover, there is
significant correlation between overnight average MWA and ERC thickness (n = 37). Significance levels were determined by independent samples
t-test. For scatter plots are shown the fit lines and Pearson correlation coefficients with significance levels. Error bars 95% ClI

Discussion new MRI biomarkers of CSF tracer dynamics that may

add favourably to anatomically derived MRI biomarkers.
In this study, we report in vivo evidence of impaired mo- The reasoned anticipation that the applied tracer mol-
lecular clearance from CSF and parenchyma of ERC in ecule (gadobutrol) is cleared along the same extra-vascu-

shunt-responsive iNPH (‘Definite iNPH’) and identify lar pathways as tau protein and some neurotoxic
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Figure 4 Rationale for utility of established and proposed MRI biomarkers for iNPH disease. The diagram provides an overview of
our rational for the previously established and presently proposed MRI biomarkers of iNPH disease. Possible etiological factors in iNPH are
indicated (red boxes). We propose that failure of glymphatic and meningeal lymphatic function may be key features of iINPH (green boxes). The
possible consequences of impaired glymphatic and meningeal lymphatic function are indicated (blue boxes), as well as the MRI biomarkers that

may be suggestive of iINPH pathogenesis (yellow boxes)

amyloid-f isoforms may bridge previous findings of over-
lapping amyloid-B and tau pathology in brain tissue of
iNPH and Alzheimer’s disease.

In Fig. 4, we have summarized possible mechanisms be-
hind the novel MRI biomarkers for visualization of CSF
tracer dynamics (i.e. CSF ventricular reflux grade and
molecular clearance from brain and CSF spaces) in add-
ition to the traditional MRI biomarkers of CSF space
anatomy (Evans index, callosal angle and the presence of
DESH sign) and neurodegeneration (MTA score, Fazekas
score and ERC thickness). While the anatomical MRI
biomarkers have been used for years, the biomarkers of
CSF tracer dynamics (ventricular reflux grade and mo-
lecular clearance) are novel.

The aetiology of iINPH remains unknown, but some
mechanisms have been proposed. Cortical brain biopsies
from iINPH patients show marked alterations at the glia-vas-
cular interface (i.e. neurovascular unit), including loss of the
water channel aquaporin-4 at astrocytic perivascular endfeet
(Eide and Hansson, 2018; Hasan-Olive et al., 2019), and
basement  membrane  alterations  including  pericyte

degeneration (Eidsvaag et al., 2017), furthermore a defective
BBB with leakage of blood products such as fibrinogen
(Eide and Hansson, 2020), which is pro-inflammatory
and a possible cause of astrogliosis that characterizes the
iNPH brain (Eide and Hansson, 2018). In iNPH, mito-
chondrial pathology is present in perivascular astrocytic
endfeet and in neurons with evidence of altered cellular
clearance (Hasan-Olive er al., 2019). Astrogliosis would
be expected to affect the physical dimensions of the peri-
vascular spaces and aquaporin-4 loss might impair the
fluid turnover in perivascular spaces (Nagelhus and
Ottersen, 2013). Most likely, genetic factors are at play
in iNPH pathogenesis (Korhonen et al., 2018).

The degree of ventricular reflux of CSF tracer in
Definite iNPH was high. Reflux of tracer into the supra-
aqueductal brain ventricles was previously assessed using
radioactive tracer and nuclear imaging in the selection of
iNPH patients to shunting (Vanneste et al., 1992; Algin
et al., 2011), but was more or less abandoned (Vanneste
et al., 1992). The mechanism behind such reflux in NPH
has never been well understood. A potential factor might
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be mixing with CSF in the state of hyperdynamic, bidir-
ectional CSF flow pulsatility (i.e. dispersion) at level with
the aqueduct or even net retrograde CSF flow into the
ventricular compartment. This has later been examined
using phase-contrast MRI (Lindstrom et al., 2018),
though this modality has methodological weaknesses.
Here, we introduce a clinically feasible grading of ven-
tricular CSF tracer enrichment based on visual inspection
of T1 images. Reflux grades 3-4 were associated with
MWA above threshold values from ICP (Fig. 3A), which
has previously shown high predictive value for a benefi-
cial shunt response (Eide and Sorteberg, 2010). High re-
flux grade also correlated positively with Evans’ index
and DESH, and negatively with callosal angle, suggesting
ventricular CSF reflux has a pathogenic role in ventricu-
lar enlargement and the upward movement of the brain
along the z-axis in iNPH (Yamada et al., 2015). It may
be postulated that resistance to the CSF movement causes
the CSF tracer to redistribute to the ventricular compart-
ment, most likely as an alternative clearance route along
the path of least resistance. It has for long been assumed
that resistance to CSF outflow due to obstruction at the
arachnoid granulations is a key mechanism behind iNPH,
and the rationale behind the lumbar and ventricular infu-
sion tests (Marmarou et al., 2005; Qvarlander et al.,
2014). While the infusion tests have focused on water ex-
change in a hydraulic model, the present data highlight
the metabolic aspect of iNPH disease.

Recent, groundbreaking findings of glymphatic and
meningeal lymphatic molecular clearance failure in neuro-
degenerative disease (Da Mesquita et al., 2018; Sweeney
and Zlokovic, 2018; Zou et al., 2019; Reeves et al.,
2020) still await translation into the clinic and patient
treatment. It is reasonable that the combined impairment
of glymphatic and meningeal lymphatic functions are
major players behind iNPH disease. In the CSF spaces
surrounding vessels that are visible at the brain surface
by gMRI, the pace of tracer propagation is significantly
slower in iNPH than REF subjects (Ringstad et al.,
2017). Other factors that might affect perivascular (glym-
phatic) transport are vascular co-morbidity impairing ar-
terial pulsations such as arterial hypertension and
diabetes, both being prevalent in iNPH (Eide and Pripp,
2014). Arterial hypertension reduces peri-arterial molecu-
lar movement by reducing arterial wall pulsations
(Mestre et al., 2018), and diabetes seems to impair the
glymphatic function (Jiang et al., 2017). The prevalence
of iINPH increases substantially with increasing age
(Brean and Eide, 2008). Increasing age was also shown
to impair glymphatic function in rodents (Kress et al.,
2014). Furthermore, experimental evidence from rodents
suggests that meningeal lymphatic function becomes
reduced with increasing age (Ma et al., 2017). Given that
the glymphatic system is most active during sleep (Xie
et al., 2013), it is notable that sleep disturbance is preva-
lent in iNPH (Roman et al., 2019). In our gMRI studies,
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we have provided evidence of markedly reduced extra-
vascular transport of a CSF tracer in iNPH (Ringstad
et al., 2017; Ringstad et al., 2018; Eide et al., 2019),
indicative of impaired glymphatic function. A recent
modelling study of the tracer movement supports the hy-
pothesis of convective forces behind molecular transport
within the human brain (Valnes et al., 2020). One im-
portant observation from gMRI is that enrichment of
tracer in the brain is highly associated with enrichment
in CSF spaces at the adjacent brain surface (Ringstad
et al., 2017; Eide and Ringstad, 2019). Delayed clear-
ance of tracer from subarachnoid CSF spaces would be
expected to result in delayed glymphatic clearance of
the tracer. Thus, impaired meningeal lymphatic clear-
ance may be a major determinant for impaired glym-
phatic function in iNPH. We recently provided evidence
of direct molecular efflux from subarachnoid CSF to
parasagittal dura (Ringstad and Eide, 2020), which may
be a bridging link between brain/CSF and the meningeal
lymphatic system.

Gadobutrol administered intrathecally distributes in the
CSF and the extra-vascular spaces of the brain as it in
principle does not cross the healthy BBB (Cheng, 2004).
Similarly, potential neurotoxic proteins from brain metab-
olism such as tau and some soluble amyloid-B isomers
are cleared along extravascular pathways (Jawhar et al.,
2011; Iliff et al., 2014). Tau has no known BBB trans-
porter. Some amyloid-B isoforms have BBB transporter
while the most toxic isoforms seem to clear via the extra-
vascular compartment (Rissman et al., 2012; Chai ef al.,
2020). Gadobutrol is a useful CSF tracer as it is a highly
hydrophilic compound, with an estimated hydraulic
diameter of less than 2nm (Ringstad et al., 2018). It is
expected to pass between the perivascular and interstitial
space through astrocytic endfeet gaps, which are about
20nm. The outer diameter of amyloid-p oligomers is as
well <20nm (Sakono and Zako, 2010). Therefore, even
though the gadobutrol molecule is small, clearance of this
molecule may reflect the clearance of endogenous metab-
olites such as amyloid-f and tau.

It is increasingly acknowledged that iNPH is a neurode-
generative disease (Hasan-Olive et al., 2019), and the
possible role of failure of glymphatic function in iNPH
was recently reviewed (Reeves et al., 2020). In animal
studies, impaired aquaporin-4 dependent glymphatic func-
tion caused delayed clearance of metabolites such as
amyloid-B (Iliff et al., 2012). Thus, it may be speculated
that impaired paravascular (or glymphatic) function in
iNPH is contributing to amyloid-B deposition in these
individuals. It is well established that iNPH show depos-
ition of amyloid-B and tau in a substantial proportion of
patients suggesting an overlap with Alzheimer’s disease in
one-third to half of the iNPH patients (Leinonen et al.,
2010). Characteristics of iNPH such as neurodegeneration
and toxic metabolite deposition indicate that iNPH may
even serve as a model disease of Alzheimer’s disease
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(Libard and Alafuzoff, 2019). Accordingly, delayed clear-
ance of toxic metabolites may be a crucial player behind
the neurodegeneration characterizing iNPH.

Traditional radiological biomarkers of CSF space anat-
omy in iNPH include Evans index (Brix et al., 2017), cal-
losal angle (Virhammar et al., 2014), DESH (Hashimoto
et al., 2010) and combinations thereof (Kockum et al.,
2018) that differentiate iNPH from non-iNPH subjects.
The ventricular reflux could be causative for ventricular
enlargement, and cranial displacement of ventricles with
reduced callosal angle and convexity block. We suggest
the combined impairment of glymphatic and meningeal
lymphatic function might be expected to result in
increased resistance to CSF flow and redistribution of
CSF, including redirection of CSF flow to ventricles (i.e.
ventricular reflux). Notably, the presence of iNPH disease
may not necessarily imply a shunt response. The
American-European criteria of iNPH (Relkin ez al., 2005)
state that even a patient fulfils the criteria of Probable
iNPH, it does not necessarily mean that the individual is
shunt-responsive. The guidelines also differentiate between
shunt-responsive and shunt non-responsive iNPH (Relkin
et al., 2005). However, since shunt is the only effective
treatment for iNPH, several additional tests have been
developed to predict shunt response, such as infusion
tests, temporary lumbar CSF drainage and ICP monitor-
ing (Marmarou et al., 200S5).

Since early 2000, we have performed overnight ICP
monitoring with determination of the MWA. The propor-
tion of clinical iNPH shunt responders among patients
with MWA above-defined thresholds (Eide and Sorteberg,
2010) is comparable with another approach, namely
extended lumbar drainage that predict shunt response
with comparable accuracy (Marmarou et al., 2005). The
rationale is that increased MWA provides an indirect
measure of impaired intracranial compliance (i.e. reduced
pressure-volume reserve capacity) (Eide and Sorteberg,
2007; Eide, 2016). Intracranial compliance is typically
impaired in states of compromised run-off of venous
blood (as in venous sinus thrombosis) or CSF (as in ob-
structive hydrocephalus), or impaired CSF runoff second-
ary to both impaired glymphatic and meningeal
lymphatic  function. Increased MWA, indicative of
impaired intracranial compliance, was accompanied by
abnormal CSF tracer dynamics (illustrated by an
increased degree of ventricular reflux and reduced clear-
ance from CSF and ERC) and was associated with
altered CSF space anatomy and an increasing degree of
neurodegeneration. Further studies are needed to decipher
whether altered compliance is a factor in neurodegenera-
tion or whether neurodegeneration may be instrumental
behind impaired compliance, the latter possibly due to a
less elastic brain (Fattahi et al., 2016).

The present study has some limitations that should be
noted. First, the iNPH and REF subjects differed in sev-
eral respects, as iNPH patients were older and with a
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different gender distribution. The reason is that gMRI is
invasive and performed as a research study of various
CSF circulation disorders, where one of them was iNPH.
A clinical indication for gMRI was therefore present in
all patients. Even though we included those subjects from
the entire REF cohort closest in age with iNPH, the age
differed significantly. As it has previously been reported
that molecular clearance is reduced with ageing (Zhou
et al., 2020), differences between iNPH and REF subjects
may to some extent be age-related. On the other hand,
this study primarily focused on the comparison of MRI
biomarkers and to which degree they differentiated iNPH
from REF subjects, incorporating age-adjusted logistic re-
gression analysis. We also compared the MRI biomarkers
with other measures including pulsatile ICP (overnight
MWA), which is less affected by age. However, we can-
not exclude that the increased age in iNPH subjects
explains some of the differences between iNPH and REF
cohorts. Future studies comparing age-matched individu-
als with iNPH are needed to clarify the impact of age.

A potential limitation is that we included the only iNPH
with shunt-response, i.e., definite iNPH. In the gMRI data-
base, there were no shunt-non-responders. We could there-
fore not compare iNPH shunt responders versus non-
responders. This is related to the very high degree of shunt
response with the selection tool we use. On the other
hand, the present study enabled comparison of individuals
with overnight MWA below or above established thresh-
olds that previously have been shown to efficiently differ-
entiate iNPH shunt responders from non-responders (Eide
and Sorteberg, 2010; Eide and Sorteberg, 2016).

Another obvious limitation is that the CSF tracer gado-
butrol, a gadolinium-containing MRI contrast agent, is
yet not approved for intrathecal use, but is, however,
used quite commonly at many centers for imaging work-
up of CSF leaks. In general, the use of MRI contrast
agents is used with caution due to reports of gadolinium
chelates found outside the BBB after intravenous use
(Kanda et al., 2014). In patient treatment, any risk
should be weighed against the potential benefit. With
high morbidity and S5-year mortality in iNPH (Jaraj
et al., 2017), efforts in the improved selection are justi-
fied, including ruling out those who would not benefit
from surgery, as the complication rate with shunting is
not negligible (Eide and Sorteberg, 2016). The safety pro-
file of intrathecal gadobutrol is good and comparable to
the on-label intrathecal administration of CT contrast
agents (Edeklev et al., 2019; Halvorsen et al., 2020).
Reports of retention in the brain after intravenous admin-
istration of macrocyclic contrast agents are rare
(Radbruch et al., 2017), and no evidence of retention
after intrathecal administration has been detected
(Ringstad et al., 2018). Furthermore, intravenous doses
(of typically 7.5-20ml) are also shown to readily leak
into CSF and circulate between the CSF and blood circu-
lation for weeks thereafter (Nehra et al., 2018).
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Conclusions

Use of intrathecal CSF tracer demonstrated ventricular
redistribution and impaired clearance of the tracer in
shunt-responsive (Definite) iNPH. We suggest this pri-
marily is caused by delayed glymphatic and meningeal
lymphatic clearance function, and impaired intracranial
compliance. The results may point to CSF molecular
clearance failure in other dementias, particularly
Alzheimer’s disease, which have a high overlap with
iNPH in tissue specimens. Minimally invasive diagnos-
tics of impaired CSF clearance, which would be of par-
ticular interest in the early stages of neurodegenerative
disease, may potentially also be utilized in other demen-
tia-related proteinopathies. Here, biomarkers from
gMRI added unique information of CSF dynamics and
clearance to previously established anatomical MRI bio-
markers in discriminating iNPH from reference patients
and may potentially be a more disease-specific and less
invasive alternative to other ancillary tests to identify
shunt-responsive iNPH. Further studies are required to
examine this.
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