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Highlights

e |diopathic normal pressure hydrocephalus is the leading cause of reversible dementia

e Diagnostic and prognostic structural and functional neuroimaging markers are missing



e Literature review and symptoms meta-analyses endorse new hypotheses formulation

e Salience and attention networks and rostro-caudal medial-prefrontal axis are involved

Abstract

Idiopathic normal pressure hydrocephalus (iNPH) is a prevalent reversible neurological disorder
characterized by impaired locomotion, cognition and urinary control with ventriculomegaly.
Symptoms can be relieved with cerebrospinal fluid drainage, which makes iNPH the leading cause of
reversible dementia. Because of a limited understanding of pathophysiological mechanisms,
unspecific symptoms and the high prevalence of comorbidity (i.e. Alzheimer’s disease), iNPH is largely
underdiagnosed. For these reasons, there is an urgent need for developing noninvasive quantitative
biomarkers for iNPH diagnosis and prognosis. Structural and functional changes of brain circuits in
relation to symptoms and treatment response are expected to deliver major advances in this
direction. We review structural and functional brain connectivity findings in iINPH and complement
those findings with iINPH symptom meta-analyses in healthy populations. Our goal is to reinforce our
conceptualization of iNPH as to brain network mechanisms and foster the development of new

hypotheses for future research and treatment options.

1. Introduction

Idiopathic Normal Pressure Hydrocephalus (iNPH) is a progressive and debilitating neurological disorder
characterized by gait impairments, cognitive decline and urinary incontinence with ventricles enlargement
at brain imaging (Gallia et al., 2006; Relkin et al., 2005; Williams and Malm, 2016). The disorder was first
described in 1965 by Saldmon Hakim, who reported three patients with symptomatic ventriculomegaly but
normal cerebrospinal fluid (CSF) pressure, and unexpected symptom reversal after CSF drainage (Hakim
and Adams, 1965; Wallenstein and McKhann, 2010). Since this initial description, iNPH has received
growing attention by the neurology and neuroimaging communities, representing the leading cause of
reversible dementia. According to a large population-based Swedish study, the prevalence of iNPH is
around 6% of adults older than 80 years (Halperin et al., 2015; Jaraj et al., 2014). However, iNPH clinical
presentation is unspecific and imaging features (i.e. ventriculomegaly) can be confused with subcortical
brain atrophy, leading to a possible underdiagnosis. At present, no quantitative clinical or neuroimaging

marker with diagnostic or prognostic value is available for iNPH, which urges a more detailed



characterization of the pathophysiological mechanisms and structural and functional brain-circuit changes

that underly symptoms’ appearance and reversal.

According to the international guidelines, the diagnosis of iNPH relies on the combination of brain imaging
and clinical features (Marmarou et al., 2005; Relkin et al., 2005; Williams and Malm, 2016). These include
evidence of communicating ventriculomegaly, normal-range CSF opening pressure (5 to 18 mmHg), and
presence of at least one out of the three iINPH symptoms. Radiological signs of iNPH are a positive Evan’s
index (a ventricular frontal horn ratio larger than 0.3 (Evans, 1942)); narrow sulci at the median brain
surface; enlarged Sylvian fissures and ventricular temporal horns; reduced callosal angle; presence of
periventricular hyperintensities. These features have been summarized in a radiological score that
correlates with symptoms and can be used for iNPH assessment in clinical practice (Kockum et al., 2018).
Despite these instruments, the diagnosis of iNPH remains challenging: iNPH symptoms are not specific and
can be found in other neurological disorders, such as Parkinson’s disease and progressive supranuclear
palsy (Allali et al., 2016; Jeppsson et al., 2019; Magdalinou et al., 2013). Moreover, iNPH is often associated
with comorbid neurological (e.g., Alzheimer’s disease) and non-neurological (e.g., arthritis) conditions (G.
Allali et al., 2018; Malm et al., 2013a; Pyykko et al., 2018). A task force appointed by the International
Society for Hydrocephalus and Cerebrospinal Fluid Disorders concludes that comorbidity in iNPH may
explain the variation in prognosis and post-operative outcomes among different hydrocephalus centers

(Malm et al., 2013b).

The treatment of iNPH is invasive and relies on the implant of a ventricular or lumbar shunt. Early treatment
tends to improve the outcome, which emphasizes the need for early diagnostic markers (Andrén et al.,
2014). Clinical improvement after shunt surgery has been registered in as low as 33%, but up to 84% of
cases, depending on the outcome assessment procedure (Kubo et al., 2008), the timing of assessment
(months, one year or later), and the selection criteria for treatment candidates through pre-surgical
prognostic tests (Giordan et al., 2018; Klassen and Ahlskog, 2011; Klinge et al., 2012; Pomeraniec et al.,
2016; Shaw et al., 2016; Toma et al., 2013). The latter include CSF infusion tests, quantifying the pre-surgical
absorptive capacity of the CSF system, and CSF drainage tests, evaluating short-term clinical changes after
an isolated CSF withdrawal with lumbar puncture (tap test) or multi-day drainage. iNPH prognostic tests
have reasonably high sensitivity (73-100% depending on the study), but very low specificity (16-42%) and,
therefore, poor accuracy in predicting surgery response (Halperin et al., 2015; Isaacs et al., 2019; Luikku et

al., 2016; Marmarou et al., 2005; Wikkelsg et al., 2013).

iNPH has been associated with multiple, reversible and irreversible neurobiological mechanisms (Keong et
al., 2016; Williams and Malm, 2016). Diffusion tensor imaging (DTI) and finite element simulations indicate

that ventricle enlargement leads to mechanical compression and stretching of periventricular brain tissues



(Hoza et al., 2015; Kim et al., 2015; Pefia et al., 2002; Siasios et al., 2016), accompanied by small blood-
vessels damages causing local ischemia and microbleeds. Arterial spin labeling (ASL) and positron emission
tomography (PET) show reduced cerebral blood flow in subcortical, frontal and temporal lobes, and
decreased subcortical metabolism (Keong et al., 2016; Tarnaris et al., 2009). Alterations of CSF production
and turnover can also contribute to iNPH pathophysiology: Altered CSF dynamics are associated with the
development of interstitial edema and poor clearance of neurotoxic compounds, leading to the
accumulation of redox products and pathogenic macromolecules (such as beta amyloid and tau peptides)
in brain tissues. Altogether, these mechanical, vascular and CSF-flow mechanisms are likely to induce both
reversible and long-term grey and white matter changes, affecting brain functions and ultimately
producing clinical symptoms. Nonetheless, the structural and functional consequences of these
pathophysiological mechanisms on large-scale brain circuits remain poorly understood and largely

unexplored.

Due to a limited understanding of pathophysiological mechanisms, convergent but unspecific diagnostic
criteria, the presence of neurological mimics, the high prevalence of comorbidities and the absence of
reliable predictors of shunt response, iNPH is currently largely underdiagnosed and undertreated (Halperin
et al., 2015; Jaraj et al., 2014). It is estimated that only 8% of subjects affected by iNPH receive disease-
specific surgical treatment (Halperin et al., 2015). The development of quantitative and accurate markers
for iINPH diagnosis and prognosis is therefore much needed. Such biomarkers should be non-invasive (likely
based on neuroimaging techniques), clearly relate to ongoing neurobiological processes, and link structural

brain changes to functional circuits and symptoms.

With the continuous development of advanced imaging (including resting-state and task-based functional
MRI (fMRI), source-level magnetoencephalography (MEG), electroencephalography (EEG), transcranial
magnetic stimulation (TMS) and diffusion weighted imaging (DWI)), image processing and data analysis
techniques, the last decades have seen an upsurge of neuroimaging studies investigating large-scale brain
circuits, both from a structural and a functional connectivity perspective, in normal and pathological
conditions including aging and dementia (Fornito et al., 2015; Griffa et al., 2013; Pievani et al., 2014; Preti
etal., 2017; Stam, 2014). In iNPH, symptoms cannot be ascribed to isolated neural regions but rather result
from the impaired interaction between multiple brain regions, calling for a circuit-level/brain-network
perspective of the disorder. The holistic conceptualization of the brain as a network of interconnected
regions can also favor the development of new hypotheses on the emergence, development and clinical
manifestation of brain disorders. For example, brain connectivity studies have offered important insights
into Alzheimer’s and Parkinson’s diseases, two of the most frequent comorbidities of iNPH, by recognizing
patterns of pathogenic spread through synaptically coupled brain networks (Greicius and Kimmel, 2012;

Raj et al., 2012; Zeighami et al., 2015). These patterns are able to predict disease evolution and prognosis,



and they offer a link between local neurobiological processes and large-scale effects. Considering the
current lack of iINPH diagnostic and prognostic markers, brain connectivity approaches appear to be an
important instrument for the investigation of this complex disorder, particularly in relation to functional
plasticity mechanisms and symptom reversibility. These analyses should build up on our current

understanding of iNPH affected brain circuits, which we discuss in this article.

In this review, we follow two complementary approaches to pinpoint the brain circuits involved in iNPH
pathophysiology and disentangle their role with respect to symptoms. We will first provide a timely and
thorough survey of studies investigating brain connectivity features in iNPH, both from a structural and a
functional perspective, including MRI (DWI, fMRI, structural MRI), EEG and TMS analyses. We will present
findings in relation to key questions of iNPH, such as iNPH (differential) diagnosis and association between
neuroimaging measures, symptoms and treatment response. Second, we will perform a set of meta-
analyses of task-based functional studies of healthy populations investigating the neural substrates of
locomotion, micturition and cognition (limited to executive function), which represent the three clinical
domains affected in iINPH. We will study the union and intersection of the identified brain circuits to
pinpoint possible “hubs of vulnerability” in iNPH. Establishing the brain circuits impaired in iNPH, in relation
to those associated with iNPH symptoms in healthy populations, reinforces our conceptualization of iNPH

and foster the development of new hypotheses for future research and treatment options.



2. Methods

This work includes two parts. In the first one, we present a thorough review of neuroimaging literature
investigating brain connectivity and functional features of iNPH. In the second part, we perform and
combine multiple meta-analyses of functional neuroimaging studies of iNPH symptoms to identify
candidate brain circuits vulnerable to iNPH pathophysiology. Related methodological aspects are reported

in this section.

2.1 Literature search and selection of studies

An extensive literature search of the PubMed database and articles screening were performed in October
2019, according to the PRISMA (Preferred Reporting Items for Systematic reviews and Meta-Analyses)
guidelines (Moher et al., 2009) (Figure 1). The papers’ selection was performed by two authors (AG, GA) in
parallel; no disagreement was present between the two authors. Three distinct queries were submitted:
(i) a combination of the terms ‘connectivity’ or ‘network’, and any combination of the terms ‘idiopathic’,
‘normal’, ‘pressure’, ‘hydrocephalus’ (which returned 29 articles); (ii) a combination of a functional
connectivity assessment technique (‘functional MRI’, ‘“fMRI’, ‘electroencephalography’, ‘EEG’,
‘magnetoencephalography’, ‘MEG’, “functional near infrared spectroscopy’, ‘fNIRS’, ‘transcranial magnetic
stimulation’, ‘TMS’, ‘positron emission tomography’, ‘PET’), and any combination of the terms ‘idiopathic’,
‘normal’, ‘pressure’, ‘hydrocephalus’ (which returned 303 articles); (iii) a combination of a structural
connectivity assessment technique (‘diffusion tensor imaging’, ‘DTI’, ‘diffusion weighted imaging’, ‘DWI’,
‘diffusion MRI’, ‘tractography’, ‘covariance’), and any combination of the terms ‘idiopathic’, ‘normal’,
‘pressure’, ‘hydrocephalus’ (which returned 53 articles). The outputs of the PubMed searches were
manually screened to exclude duplicates, single-patient case reports, studies investigating secondary or
obstructive NPH or pediatric hydrocephalus cases, reviews, and articles not written in English language.
Moreover, only studies satisfying the following criteria were included: (i) report original neuroimaging data
of subjects with probable, possible, definite or not otherwise specified iNPH, and (ii) report at least one
measure of brain connectivity or functional activation, such as statistical relationships between functional
signals, power spectral analysis of functional signals, TMS measures, inter-subject covariance of cortical
morphological features, brain network features, and/or tract-specific measures of white matter
microstructure (including tract-based spatial statistics (TBSS) analyses (Smith et al., 2006)). Region-of-
interest and voxel-based analyses with no tract-specific assessment were not included since no direct brain
connectivity information could be extracted. For a review of iNPH findings in region-of-interest studies and
other neuroimaging approaches (e.g., volumetry, metabolism, white matter lesions, CSF and cerebral blood

flow assessment) we refer to (Hoza et al., 2015; Keong et al., 2016; Siasios et al., 2016; Tarnaris et al., 2009).

2.2 ALE Meta-analyses



To identify candidate brain circuits vulnerable to iNPH pathophysiology, three activation likelihood
estimation (ALE) meta-analyses of task-contrast functional studies in healthy populations were performed.
An ALE meta-analysis determines the statistical convergence of the activation foci reported by different
studies (Eickhoff et al., 2009; Turkeltaub et al., 2002). Here, we considered studies investigating brain
activations related to the iNPH symptom triad: locomotion, micturition and cognition.

To be included in each meta-analysis, a study had to meet the following criteria: (i) contain task-contrast
functional analyses (fMRI, PET, SPECT) of healthy subjects only, and (ii) report positive activation loci
coordinates in MNI or Talairach space (Talairach coordinates were converted to MNI space (Lancaster et
al., 2007)). Study search was performed in the BrainMap database (http://brainmap.org) using Sleuth
v3.0.3 (Fox et al., 2005; Fox and Lancaster, 2002), and including additional works identified by the authors
or cited in recent, related meta-analyses (Boyne et al., 2018; Harvie et al., 2019), without the intention of
being exhaustive with respect to literature. We searched for the following task-contrasts: (i) actual or
imagined locomotion (e.g., walking, gait initiation, etc.) contrasted with a non-locomotion task (e.g.,
imagined standing or lying); (ii) micturition control (e.g., bladder filling or voiding, withholding urine, pelvic
floor contraction, etc.) contrasted with a control condition (e.g., pelvic floor relaxation or rest); (iii)
executive function quantified with the Eriksen flanker or modified flanker test (Eriksen and Schultz, 1979).
This test requires the subject to focus on a central visual stimulus (typically, an arrow) and to promptly
react to it while ignoring simultaneous and distracting, congruent or incongruent stimuli (e.g., lateral
arrows pointing in the same or different directions than the central one) (Diamond, 2013; Eriksen and
Schultz, 1979). The flanker is a relatively pure test that taps top-down regulation of attention, a core
process of executive control (Diamond, 2013; Jurado and Rosselli, 2007). Executive function is specifically
affected in iNPH and impairments appear early in the course of the disease (Picascia et al., 2016; Saito et
al., 2011).

Once a set of MNI coordinates was collected for each one of the three functional domains (locomotion,
micturition and cognition), the convergence of activation foci across experiments was assessed with
random-effect ALE meta-analyses using GingerALE v3.0.2 (Turkeltaub et al., 2012). Results from non-
independent contrasts (i.e., contrasts evaluated on the same or overlapping groups of subjects) were
grouped in the same experiment before running the ALE algorithm. Briefly, the ALE algorithm converts
each activation focus into a three-dimensional Gaussian probability distribution whose aperture depends
on the sample size of the experiment (Eickhoff et al., 2009). The probability distributions of all the foci
reported in a single experiment are then combined into a single Modeled Activation map representing the
maximum probability across foci. Finally, an ALE probabilistic map is computed over all the experiments by
taking the union probability of the Modeled Activation maps. An ALE map expresses the voxel-wise
convergence of activation foci across experiments, and its statistical significance is assessed non-

parametrically with a permutation procedure that assigns a p-value to each voxel. The p-value maps



obtained from the locomotion, micturition and cognition meta-analyses were thresholded at p < .001
(uncorrected), and clusters smaller than 100 mm?3 were discarded.

Finally, the union and intersection of the three ALE maps were estimated to identify candidate brain circuits
and ‘hot spots’ vulnerable to iNPH pathophysiology. The union map was computed as the union probability
of the thresholded ALE maps, i.e.,, p; =1 — H132=1(1 - p{‘), with p; union probability of voxel i across the
three functional domains, and p{‘ ALE value of voxel i in the thresholded ALE map k. The intersection (or
conjunction) maps were computed by taking the minimum statistic across ALE maps, which identifies
voxels where convergent activation was present for all the three (or two) functional domains. The centroids
of the intersection maps were anatomically labelled using the Talairach Daemon (Lancaster et al., 2000)
and associated to anatomical and behavioral keywords using the Neurosynth database (Yarkoni et al.,

2011).



3. Results

3.1 Part 1 - Structural and functional connectivity findings in iNPH

From the PubMed literature search and manual screening of the studies, 29 articles were included in this
review of brain connectivity and functional activity findings in iNPH (Table 1, Figure 1). 6 studies
investigated measures of functional connectivity in the brain as derived from EEG (n=1), fMRI (n=2) or TMS
(n=3), 5 studies analyzed EEG cortical power spectral or current source density features, and 1 study
investigated fMRI cortical activation during task execution. 16 articles dealt with white-matter connectivity
measures derived from DWI, and 1 article described grey matter volume covariance networks. The iNPH
cohorts included in the studies were fairly homogeneous in terms of age (mean and approximate
minimum-maximum age across studies: 75.4 (41-85) years for functional studies; 75.4 (65-86) years for
structural studies). Studies tended to include a slightly higher proportion of males than females (56.7% (44-
69%) for functional studies; 54.3% (30-70%) for structural studies).

We organize the review of the selected literature into thematic sections, with a particular attention to

neural circuits and brain networks.

3.1.1 Methods to assess brain connectivity

The term brain connectivity refers to the presence of a structural or functional relationship between two
neural regions, ranging from grey matter voxels to larger cortical, subcortical or cerebellar areas. A
structural connection defines the presence of a white matter bundle connecting two grey matter regions
and can be assessed using DWI and tractography algorithms. Different DWI sequences exist. While they all
probe the directions of water molecule diffusion in brain tissues -which are parallel to nervous bundles in
the white matter-, they differ in terms of MRI acquisition parameters, diffusion model assumptions, and
types of diffusion measures that can be computed (Hagmann et al., 2006; Tournier et al., 2011). The most
common DWI sequence used in this review is Diffusion Tensor Imaging (DTI) (Table 1). DTl assumes that
the local diffusion process is Gaussian and models it with a diffusion tensor (Bihan et al., 2001). Parameters
describing the elongation of the tensor (fractional anisotropy (FA)), the amount of water molecule
displacement along the main diffusion direction (axial diffusivity (Daxial)) Or in the plane perpendicular to
the main diffusion direction (radial diffusivity (Dragial)), and the mean amount of diffusion (mean diffusivity
(MD)) have been loosely related to white matter microstructural properties in healthy and pathological
conditions, including Alzheimer’s disease, Parkinson’s disease and iNPH (Alexander et al., 2007; Beaulieu,
2002; Hattori et al., 2011; Siasios et al., 2016). For example, an increased Dragial Can be interpreted as
myelination loss, edema, or increased axonal diameter, whereas Dayial has been associated with axonal
injury, axonal density and fiber orientation spread (Jones et al., 2013). DTl measures are non-specific and

fail to model crossing-fiber areas but are highly reproducible across studies. More advanced DWI



techniques disentangle the contribution of tissue microstructural properties to DWI scalars but require
longer MRI acquisitions. Among the methods adopted in this review, Diffusion Kurtosis Imaging (DKI)
(Fieremans et al., 2011; Jensen and Helpern, 2010), Free Water Imaging (FWI) (Pasternak et al., 2009), and
Neurite Orientation Dispersion and Density Imaging (NODDI) (Zhang et al., 2012) model the local diffusion
process with non-Gaussian and/or multi-factor equations that distinguish different microstructural
environments (intra-cellular, extra-cellular and CSF compartments). The scalar measures derived from
these models, such as the fiber orientation dispersion index (related to the local coherence of fiber
directions), diffusion kurtosis (associated with microstructural complexity), free water volume fraction (an
indicator of voxel-wise CSF contamination or interstitial edema), axonal water fraction (related to the
axonal density) provide a more accurate and interpretable description of the white matter microstructure.
The voxel-wise diffusion directions estimated from DWI data are fed to tractography algorithms to
reconstruct the white matter bundles connecting brain region pairs (Behrens et al., 2007). Once a bundle
has been delineated, the strength of the structural connection can be quantified with the average DWI
scalar measure computed along the tract (Tract-Specific Analysis (TSA)). Other MRI contrasts can be used
as well. For example, a study quantifies the connectivity strength as the average magnetization transfer
ratio along the tract, which is proportional to the myelin content (Jurcoane et al., 2014; Schmierer et al.,
2004). While TSA relies on prior hypotheses on tracts of interest, hypothesis-free connectivity analyses
investigate the whole-brain connectivity architecture (or connectome (Hagmann, 2005; Sporns et al.,
2005)), or the connectivity strength along the main white matter tracts’ skeleton (Tract-Based Spatial
Statistics (TBSS) (Smith et al., 2006)).

Functional connectivity is defined as statistical interdependencies between brain signals (e.g., fMRI, EEG
time series) recorded at two different grey matter locations (Friston, 1994) and represents patterns of
synchronization (or communication) in the brain (van den Heuvel and Hulshoff Pol, 2010). Functional
connectivity is impaired in multiple neuropsychiatric conditions, including neurodegenerative disorders
(Greicius, 2008; Stam et al., 2007). Methods quantifying functional connectivity rely on pair-wise amplitude
or phase relationships between signals (such as the linear correlation between two time series) or
multivariate technigues. Among the latter, Independent Component Analysis (ICA) decomposes a whole-
brain functional recording into a set of spatially independent maps with coherent temporal activity. Each
brain map and its associated time series represent a behaviorally meaningful resting state network whose
activation can be studied at the single-subject level using dual regression (Calhoun and Adali, 2006;
Nickerson et al., 2017). A particular technique probing functional connectivity is TMS, a non-invasive
method that stimulates excitatory synapses in the brain and can elicit muscular contractions through
corticospinal tract and callosal signaling (Pascual-Leone et al., 2000; Rothwell et al., 2009). By applying
different combinations of magnetic pulses, TMS is used to characterize intracortical connectivity (e.g.,

quantified by intracortical inhibition indexes in conditioning tests) and corticospinal tract excitability (e.g.,
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assessing the resting motor threshold -the minimum stimulus intensity to elicit a motor response- or the
central motor conduction time).

Besides functional connectivity, some of the reviewed articles investigated functional properties of
individual brain regions (Aoki et al., 2015, 2013; lkeda et al., 2015; Seo et al., 2014) (Table 1). EEG data are
classically analyzed by decomposing the signals into functionally distinct frequency bands (such as delta
(0.5-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (13-30 Hz), gamma (40-48 Hz)) and computing the relative
power content, its temporal variability (normalized power variance), or the current source density in each
frequency band (Hari and Puce, 2017). Alterations of resting-state cortical rhythms are a sign of
pathological aging. For example, slowing down of cortical oscillations (i.e., an increase of power content in
the lowest frequency bands) has been observed in Alzheimer’s disease and relates to the severity of
cognitive impairments (Babiloni et al., 2006). Although EEG power and current densities are not actual
measures of functional connectivity, they have been related to fMRI functional connectivity values (Chang
et al., 2013; Tagliazucchi et al., 2012) and functional network metrics (Demuru et al., 2020), suggesting a
link between power and connectivity dimensions.

Other forms of brain connectivity are the effective connectivity, where the directionality of neural
interactions is estimated from functional data with specific statistical models (Friston, 2011), and the
structural covariance, where the strength of a connection between two brain regions is defined as the
covariance of regions’ morphological properties (e.g., cortical volume) across a population (Seeley et al.,
2009). To our knowledge, no study investigated effective connectivity in iNPH. One study analyzed

structural covariance networks of iNPH patients and controls (Yin et al., 2018) (Table 1).

3.1.2 Structural connectivity features of iNPH

From a structural connectivity perspective, white matter characteristics differ between iNPH patients and
healthy older adults in periventricular, frontal and temporal brain circuits. These areas demonstrate
spatially distinct patterns of DWI metrics’ alterations, suggestive of multiple underlying neurobiological
processes and distinguishing iNPH from other neurodegenerative disorders.

The most consistent finding across studies is a microstructural alteration of the corticospinal tract (CST). In
the periventricular section of the CST, FA, MD and Dayial (but not Dragiar) are increased (Hattingen et al.,
2010; Hattori et al., 2011, 2012a; Jurcoane et al., 2014; Kamiya et al., 2016; Saito et al., 2019) and the
orientation dispersion index and diffusion kurtosis are decreased (Irie et al., 2017; Kamiya et al., 2017;
Nakanishi et al., 2013) (Table 1 — Structural connectivity studies). These effects may result from the
mechanical force exerted by the enlarged lateral ventricles onto the surrounding tissues. An increase of
FA, Daxial and orientation coherence would suggest a hyper-alignment and compression of the corticospinal
fibers in the periventricular area. On the other side, the upper section of the CST and the corpus callosum
show decreased FA and increased Dragial (but not Daxia) (Hattori et al., 2012a; Kamiya et al., 2016; Kang et

al., 2016a; Koyama et al., 2013; Saito et al., 2019), which may reflect a stretching and fanning of white
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matter fibers as a consequence of ventriculomegaly. However, few studies have directly investigated the
relationship between white matter microstructure and ventricle (or tract) morphometry. A single study
found a relation between periventricular Daxiai and ventricular volume in iNPH and healthy older adults
(Younes et al., 2019). A study highlighted a reduction of ventricular volume and an increase of
periventricular FA after CSF shunt surgery (Saito et al., 2019), but another study did not find any correlation
between the FA of different white matter tracts and the Evans’ index (Marumoto et al., 2012).

Besides tissue mechanical compression, other neurobiological mechanisms may contribute to the
observed, spatially heterogenous structural-connectivity alterations. Frontal white matter, fronto-thalamic
and fronto-parietal connections including the superior longitudinal fasciculus and the anterior thalamic
radiation show decreased FA and increased MD in iNPH (Kamiya et al., 2016; Kang et al., 2016a; Marumoto
et al., 2012; Saito et al., 2019), which could indicate neural degeneration, myelin impairments and/or
interstitial edema. A study using free water imaging found that the anisotropy decrease/diffusivity increase
in the anterior thalamic radiation were explained by changes of the free water volume fraction, suggesting
presence of interstitial edema (Saito et al., 2019). On the other side, normal values of the magnetization
transfer ratio indicate preserved myelin content in the periventricular CST (Jurcoane et al., 2014).

A single study investigated whole-brain network topological features of grey-matter volume covariance
networks in iNPH subjects and healthy controls (Yin et al., 2018) (Table 1 — Covariance network studies).
The study found higher global network modularity and network decentralization of functional hubs

including the insula, posterior cingulate and orbitofrontal cortices.

3.1.3 Functional connectivity and activity features of iNPH

Literature investigating iNPH with functional neuroimaging technique (fMRI, EEG, TMS), is relatively sparse.
Studies demonstrate functional connectivity alterations spanning multiple frequency scales and brain
circuits, including inter-hemispheric, frontal, occipital, default mode network (DMN) and motor network
connectivity, although findings are poorly consistent.

Functional connectivity values can be used to train machine learning algorithms and classify patients or
clinical dimensions (Richiardi et al., 2013, 2011). One whole-brain fMRI study fed a linear Support Vector
Machine classifier with functional connectivity values between 90 cortical regions, with the aim of
classifying iNPH patients and controls, or iNPH patients with different levels of gait, cognitive and urinary
symptoms (Ogata et al., 2017) (Table 1 - Functional connectivity and activity studies). Inter-hemispheric
connections (in particular, between precentral and postcentral gyri), temporal, and anterior/posterior
cingulate connections (part of the DMN (Greicius et al., 2003; Raichle, 2015)) contributed to the iNPH-
control classification. A second resting-state, hypothesis-driven fMRI study showed reduced DMN
connectivity in iNPH, with a particular involvement of the posterior cingulate cortex and the precuneus

(Khoo et al., 2016). A tendency towards iNPH functional dysconnectivity is confirmed at shorter temporal
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scales by an EEG study showing decreased occipital functional connectivity in the alpha frequency band
(Aoki et al., 2019).

EEG power and current density values are altered in iNPH. A slowing down of EEG signals in iNPH correlates
with increased CSF outflow resistance, although this effect may relate to the patients’ age (not tested)
(Sand et al., 1994). Beta-band temporal power variance in frontal brain regions is increased in iNPH (Aoki
et al., 2015). One study suggests that higher current source density after CSF tap test predicts positive
response to shunt surgery (lkeda et al., 2015), but another study did not find any EEG change after CSF tap
test (Sand et al., 1994).

Finally, three TMS studies investigated the excitability and conduction properties of the corticospinal motor
pathways (with single-pulse experiments) and intracortical inhibitory connectivity (with conditioning tests).
Results indicate that gait impairments in iNPH are not related to conduction impairments of the
corticospinal tract (Chistyakov et al., 2012; Jurcoane et al., 2014; Zaaroor et al., 1997). However, iNPH
patients show reduced corticospinal excitability and decreased intracortical inhibitory connectivity in
frontal and primary motor areas, suggesting a functional impairment of GABAergic and cholinergic neural

circuits (Chistyakov et al., 2012; Nardone et al., 2019).

3.1.4 iNPH symptom triad

Approximatively half of the studies included in this review investigated possible relationships between
iNPH neuroimaging outcomes and clinical symptoms (Table 1). Absence of reports may indicate negative
findings. Gait impairments were associated with structural alterations of the CST, corpus callosum and
frontal white matter, and functional alterations of inter-hemispheric, frontal, temporal, medial and parietal
connections. Brain circuits of gait and cognitive symptoms partially overlapped, but cognitive impairments,
as well as urinary symptoms, were also associated with DMN and fronto-subcortical dysconnectivity.
Importantly, the spatial location and direction of the effects were poorly consistent across studies, so that
it was not possible to univocally identifying the brain circuits of iNPH symptoms.

Gait impairment is the most common and earliest symptom of iNPH, and walking tests are fundamental
instruments to assess clinical responses to CSF drainage and shunt surgery. Higher MD and lower FA in the
CST, anterior thalamic radiation and corpus callosum have been associated with worst gait performances
in iNPH patients (Hattingen et al., 2010; Kang et al., 2016a; Koyama et al., 2013; Marumoto et al., 2012).
However, another study did not find any correlation between FA in the CST, anterior thalamic radiation or
fronto-temporal tracts, and gait impairments (Kang et al., 2016b). FA alterations in the CST are spatially
heterogeneous, with increased anisotropy in the periventricular area (lrie et al., 2017), decreased
anisotropy in the juxtacortical white matter (Saito et al., 2019), and normal values at the level of the
cerebral peduncle (Koyama et al., 2013). This heterogeneity, combined with differences in region-of-
interest selection, could underlie discrepancies across studies in terms of correlations between

neuroimaging and clinical measures. While early reports conceptually linked gait disturbances to pyramidal
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tract demyelination and axonal loss (Yakovlev et al., 1947), TMS studies contradict this hypothesis by
showing that patients responding to shunt surgery have normal CST conduction time from the motor cortex
to the lower limbs (Zaaroor et al., 1997). Gait symptoms have also been related to dysfunctions of
intracortical GABAergic and cholinergic inhibitory circuits in frontal motor areas (Chistyakov et al., 2012;
Nardone et al., 2019), and theta and alpha EEG power in the medial and the parieto-occipital cortical
regions (Aoki et al., 2013; Seo et al., 2014). One EEG study observed a relationship between gait
improvement after CSF tap test and decreased alpha power variance in frontal areas (Aoki et al., 2013).
Gait and cognitive performances are interrelated in iNPH (Miyoshi et al., 2005) as well as in normal aging
and neurodegenerative conditions (Morris et al., 2016; Valkanova and Ebmeier, 2017). Intracortical
inhibitory dysconnectivity and frontal loss of alpha power have been related to both gait and cognitive
impairments in the same studies (Aoki et al., 2013; Hattingen et al., 2010; Nardone et al., 2019). However,
others found correlations between structural or functional brain connectivity features and motor, but not
cognitive or urinary symptoms (Kang et al., 2016b; Koyama et al., 2013; Lenfeldt et al., 2008). Two resting-
state fMRI studies associated DMN and fronto-temporal functional dysconnectivity with cognitive and
urinary, but not motor symptoms (Khoo et al., 2016; Ogata et al., 2017).

Cognitive impairments correlate with white matter microstructural properties in fronto-subcortical
circuits: one study found that recovery of FA in the anterior thalamic radiation one year after shunt surgery
correlates with cognitive improvement (Saito et al., 2019). In probable iNPH patients, higher FA and
kurtosis -but not diffusivity- in fronto-parietal and fronto-subcortical connections correlates with better
cognitive performances (Kamiya et al., 2016).

Only two studies found a relationship between urinary incontinence and functional connectivity in the
cingulate, insula and frontal areas (Ogata et al., 2017; Seo et al., 2014). Absence of reports may be due to

difficulties in quantifying urinary symptoms.

3.1.5 Short- and medium-term plasticity mechanisms

Five functional and four structural neuroimaging studies investigated short- or medium-term brain
plasticity mechanisms in iNPH patients (Table 1). They compared neuroimaging features before and after
CSF tap test, external lumbar drainage, and/or shunt surgery, while differentiating responders from non-
responders (i.e., patients with or without post-treatment improvement in at least one symptom domain).
Structural connectivity changes in the CST track short- and medium-term plasticity mechanisms in relation
to treatment response. Functional studies identify short-term changes in the frontal motor area, but
negative and contradictory findings were also reported.

There was no short-term change of EEG resting-state connectivity or power content in iNPH patients after
CSF tap test (Aoki et al., 2019, 2013; Sand et al., 1994), although alpha power variance was decreased in
responders and tended to normalize in non-responders shortly after the test (Aoki et al., 2013). FMRI

activation of the SMA during finger tapping was increased after lumbar drainage only in patients with
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improvement of motor performances (Lenfeldt et al., 2008). This short-term plasticity effect was ascribed
to the reversal of subcortical chronic ischemia after CSF drainage, with consequent restoration of
periventricular pathways to and from the SMA (not tested in the study) (Lenfeldt et al., 2008). Medium-
term functional plasticity mechanisms may occur at the level of frontal inhibitory circuits: a TMS study
showed a normalization of Short Interval Intracortical Inhibition values one month after shunt surgery in
patients with gait improvement (Chistyakov et al., 2012).

Diffusion weighted imaging studies demonstrate long-/medium-term, and even short-term partial
reversibility of white-matter alterations after treatment. FA and Dyl in the periventricular corticospinal
tract tend to normalize (decrease) already few hours after CSF lumbar drainage (Jurcoane et al., 2014). A
similar effect is still visible few months and up to one year after shunt surgery in responders only (Kamiya
etal., 2017; Saito et al., 2019). A study reported increased FA in the corona radiata one year after CSF shunt
surgery in responders only (Kanno et al.,, 2017). These findings highlight the link between symptom
reversibility and white matter restoration through reversible neurobiological mechanisms, such as
mechanical decompression of white matter tracts and blood flow recovery in periventricular areas.

Early, reversible iNPH pathophysiological mechanism may be followed by progressive, non-reversible
processes leading to axonal loss and permanent damage. A study using advanced DW!I techniques found
decreased axonal density and increased fiber orientation coherence in the corticospinal tract in iNPH
patients compared to healthy controls (Kamiya et al.,, 2017). Months after CSF shunting, the fiber
orientation coherence tended to normalize, whereas the axonal density remained low, suggesting the
presence of both reversible and irreversible brain damages. A possible relationship between neuroimaging
findings and the duration of the pathology was not assessed in this study. Patients with impaired
corticospinal conduction time, suggestive of permanent neural loss or demyelination, do not respond to
shunt surgery (Zaaroor et al., 1997).

While several authors have investigated possible brain-connectivity predictors of treatment response, no
accurate and reproducible iNPH prognostic marker has been identified at present (Aoki et al., 2015, 2013;

Ikeda et al., 2015; Jurcoane et al., 2014; Kang et al., 2016b; Kanno et al., 2017; Seo et al., 2014).

3.2 Part 2 — Brain circuits of INPH symptoms

We performed three ALE meta-analyses of functional contrasts evaluated on healthy populations, and

directly related to iNPH symptoms, namely, locomotion, micturition and cognition (executive function).

The union and intersection of the ALE maps were then investigated to identify brain circuits likely

vulnerable to iNPH pathophysiology.

3.2.1 Locomotion
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22 experiments comprising 369 subjects and 45 contrasts were included in this meta-analysis and reported
526 activation foci for actual or imagined locomotion tasks. A complete list of the included reference and
a GingerALE-compatible text file with the MNI coordinates of activation foci are provided as supplementary
documents (SI1, Sl4). Demographic information for the studies included in the meta-analyses is reported
in SI5. Convergence of activation foci was found in 18 gray matter clusters located in frontal, cerebellar,
limbic and basal ganglia regions (Figure 2A). The largest cluster corresponded to the bilateral
supplementary motor areas (SMA), Broadman Area (BA) 6, with a predominant activation in the left
hemisphere. The following clusters (ordered by size and ALE probability values) were located in the bilateral
superior cerebellar vermis, anterior insula (aINS) (BA13), ventrolateral prefrontal cortex (VLPFC) (BA47),
right dorsolateral prefrontal cortex (DLPC) (BA9), left dorsal striatum (putamen), globus pallidus, and
thalamus. Smaller clusters were located in the right supramarginal gyrus, at the level of the temporo-
parietal junction, and in the right superior parietal lobule (BA7). The results of this meta-analysis are in line
with our knowledge of the central locomotion control system, which includes a fronto-subcortical-
cerebellar stream responsible for steady-state gait control, gait initiation and emotional reference, and a
cortical (SMA, primary motor cortex)-subcortical stream for adaptive locomotor control (Boyne et al., 2018;
Takakusaki, 2017). Moreover, temporo-parietal regions are responsible for the integration of bodily
information for locomotion adjustment, whereas the prefrontal cortex contributes to motor intention and

planning (Takakusaki, 2017).

3.2.2 Micturition

The meta-analysis of 17 studies, including 165 subjects, 27 contrasts and 299 foci, identified 21 clusters of
convergent functional activation related to micturition (SI2, SI4, SI5). The largest clusters involved regions
of the cerebellum, pons, midbrain (at the level of the red nucleus, mammillary body and substantia nigra),
thalamus (ventral posterior and lateral, medial dorsal nuclei), right putamen and bilateral aINS (BA13)
(Figure 2B). Frontal lobe activation converged medially in the SMA (BA6) and the left dorsal anterior
cingulate cortex (dACC) (BA32), and laterally in the prefrontal cortex (pars opercularis (BA44) and the
ventro-lateral prefrontal cortex (BA47)). The bilateral temporo-parietal cortices (BA40, BA22) were also
involved. The insula, prefrontal cortex, ACC and SMA have been implicated in the perception of bladder
fullness, sense of urinary urgency, and modulation of bodily arousal states and motivation linked to the
voluntary control of bladder voiding (Griffiths, 2015). Cortical signals to and from these regions are relayed

through to the spinobulbar micturition centers, which are as well part of the micturition ALE map.

3.2.3 Cognition (executive function)
This meta-analysis was restricted to a BrainMap database search for positive activation loci with
experiment paradigm class ‘Flanker’. The database search returned 17 studies including 252 subjects and

32 contrasts (SI3, SI4, SI5). The analysis of the 304 foci revealed highly symmetric activation convergence
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in the frontal and parietal lobes, involving the bilateral ACC (BA32, BA8), DLPC (BA9), superior parietal and
supramarginal cortices (BA7, BA40), and aINS (BA13), forming 11 significant clusters (Figure 2C). Executive
attention tests, such as the flanker, are known to predominantly activate the ACC, which has been linked
to conflict detection during information processing (van Veen and Carter, 2002). A fronto-parietal/cingulo-
opercular network including the DLPC, ACC, aINS and the superior parietal cortices is associated with

supervisory attentional control and top-down mechanisms in response to conflict (Li et al., 2017).

3.2.4 Relationship between iNPH circuits

The union probability map of the three meta-analyses is shown on a glass brain in Figure 2D. This map
represents grey matter and cerebellar areas that, in healthy subjects, are associated with at least one of
the three symptoms of iNPH. The union probability map involves the medial, frontal and temporal areas
including the SMA, ACC, aINS, DLPC and posterior parietal cortex. Implicated fronto-subcortical,
spinobulbar and cerebellar circuits span the lateral and ventral thalamus, the dorsal striatum, the pons and
the vermis.

We evaluated the intersection (minimum statistic conjunction) of meta-analytic ALE maps. Considering
that, according to the international guidelines, a patient with probable iNPH should present at least two
out of the three symptoms (Relkin et al., 2005), brain regions implicated in more than one meta-analysis
are likely to be vulnerable ‘hot-spots’ to iNPH pathophysiological mechanisms. Centroid MNI coordinates
of ALE map intersections are reported in Table 2. The intersection of the three ALE maps consists of a single
cluster in the left aINS (BA13), suggesting a prominent implication of this region in iNPH (Figure 3A). The
locomotion and executive function circuits intersect in the right DLPC (BA46) and medial frontal cortex. In
this region, areas associated with locomotion first, and higher-order function (flanker task) then, form a
posterior-to-anterior gradient of activation which spans the medial SMA and dACC (Figure 3B). The
locomotion and micturition networks overlap in the cerebellar culmen, bilateral aINS, SMA (BA6), left
putamen and right BA42 (part of the auditory cortex). Finally, the micturition and executive function
circuits intersect in the dACC (BA32). Regions specifically associated with individual symptoms include parts
of the cerebellum (bilateral anterior lobe and left tonsil, exclusively associated with gait), brainstem areas
(associated with micturition) and bilateral posterior parietal cortices (BA7, 39, 40, associated with

executive functions).
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4. Discussion

4.1 Brain circuits of iNPH: bridging literature and meta-analytic perspectives

iNPH is a poorly understood disorder with a high prevalence in the elderly population and difficult diagnosis
because of unspecific clinical symptoms, presence of comorbidities and lack of quantitative biomarkers.
The ventricle enlargement and compression of periventricular tissues may engender a cascade of harmful
events impacting large-scale brain circuits, ultimately causing locomotion, micturition and cognitive
impairments partially reversible after treatment. A restricted number of studies has investigated the
structural and functional connectivity features of iNPH and their changes in relation to symptoms and
treatment (Tablel). Structural connectivity analyses identify consistent and iNPH-specific patterns of white
matter alterations mainly in periventricular and frontal, but also in temporal and parietal areas, which tend
to normalize after treatment and to distinguish iNPH patients from those with comorbid disorders, such as
Alzheimer’s disease (AD). Correlations with clinical symptoms are present but discordant across studies.
Functional analyses are few and highly heterogeneous in terms of neuroimaging techniques and
connectivity measures. Although there is an association between functional features and iNPH clinical
manifestation, the available literature does not allow to draw major conclusions on affected functional
circuits. Isolated findings point out impairments of inter-hemispheric, posterior cingulate and frontal, but
also parietal, temporal and occipital functional measures. Direction of the effects (e.g., increased or
decreased functional connectivity and band power content), differences between treatment responders
and non-responders, and relationship with symptoms are inconsistent among studies.

The iNPH symptoms’ meta-analyses of brain functional activations in healthy populations indicate
frontoparietal-subcortical-cerebellar circuits as possible basins of vulnerability to iINPH pathophysiological
mechanisms (Table2, Figurel). The juxtaposition of the literature review and meta-analyses reinforces the

conceptualization of new hypotheses on iNPH brain circuits, which we develop in the following sections.

4.1.1 Salience and attention networks

INPH literature highlights convergent structural connectivity findings in the periventricular white matter
spanning motor pathways (corticospinal tract, corona radiata, superior thalamic radiation), homotopic
connections (corpus callosum), the fronto-subcortical loops (anterior thalamic radiation), the fronto-
parietal (superior longitudinal fasciculus), and the parieto-temporal (inferior longitudinal fasciculus)
circuits (Table 1). These structural alterations converge on the frontal lobe and tap multiple cortical and
subcortical regions. Among them, the anterior insula (aINS) emerges has a functional ‘hot spot’ of iNPH,
representing the intersection of locomotion, micturition and executive function meta-analyses (Figure 3A).
We note that the insula in general plays an integrative role in the brain, linking information from diverse
functional systems (Kurth et al., 2010) and representing a hub of central autonomic processing (Beissner

et al,, 2013).
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Although none of the hypotheses-driven studies included in this review specifically focused on the insula,
two whole-brain analyses indicated impaired structural and functional insula connectivity in iNPH (Ogata
et al., 2017; Yin et al., 2018). Ablation experiments in monkeys and in vivo DWI tractography in humans
show that insula projections traverse the corpus callosum, corona radiata, external capsule and
superior/inferior longitudinal fasciculus (Ghaziri et al., 2017; Uddin et al., 2017), in agreement with the
tracts demonstrating microstructural changes in iNPH.

Functionally, the aINS connects with the dorsal anterior cingulate cortex (dACC) and the dorsolateral
prefrontal cortex (DLPC) (Cauda et al., 2011; Chang et al., 2013), two regions that appear in iNPH literature
(Aoki et al., 2013; Kang et al., 2016b; Ogata et al., 2017) and are centrally implicated in iNPH symptom:s.
The dACC represents the intersection of the micturition and cognition meta-analyses, and together with
the aINS, it forms the salience network (Menon, 2015; Seeley et al., 2007). The DLPC contributes to the
locomotion and cognition meta-analyses and connects to the posterior parietal cortex through the superior
longitudinal fasciculus (implicated in iNPH (Jurcoane et al., 2014; Kamiya et al., 2016)), forming the central
executive and attention networks (Fox et al., 2006; Vossel et al., 2014).

Besides their relationship with iNPH symptoms triad, the implication of the salience and attention networks
is in line with additional behavioral traits of the disorder. Behavioral disturbances including apathy and
depression are highly prevalent in iNPH (Israelsson et al., 2016; Peterson et al., 2016). Apathy, a state of
decreased motivation affecting goal-oriented behavior, relates to gait impairments and predicts shunt
response in iNPH patients (Allali et al., 2017; G. Allali et al., 2018). Brain atrophy and hypometabolism in
cortical circuits involving the medial and dorsal prefrontal cortex (including dACC, DLPC and SMA) and the
dorsal striatum relate to apathy severity in AD and Parkinson’s diseases (PD) (Pagonabarraga et al., 2015).
Possible relationships between insula connectivity features and apathy in iNPH remain to be investigated.
We conclude that the salience network and fronto-parietal attentional/executive networks, with a
particular focus on the aINS, dACC and DLPC, might be particularly vulnerable to the iNPH pathophysiology

and deserve specific attention in future research.

4.1.2 Locomotion networks and cognitive control

Locomotion impairment is a core symptom of iNPH and many hypothesis-driven studies focused on the
corticospinal tract (CST). DWI properties of the CST are altered in iNPH compared to normal aging
(Hattingen et al., 2010; Saito et al., 2019) and tend to normalize after treatment (Jurcoane et al., 2014;
Kamiya et al., 2017; Kanno et al., 2017). However, the association between gait impairments and white
matter features is controversial and not specific to the CST (Kang et al., 2016b; Koyama et al., 2013).
Functional studies do not find main alterations of the motor network in iNPH (Aoki et al., 2019, 2015, 2013;
Khoo et al., 2016; Ogata et al., 2017; Seo et al., 2014); myelin content and neural excitability of the CST are
unaffected (Chistyakov et al., 2012; Jurcoane et al., 2014; Nardone et al., 2019; Zaaroor et al., 1997).
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These considerations suggest that structural and functional connectivity of the primary motor network is
not the only substrate of locomotion impairments in iINPH. Indeed, locomotion tasks engage cognitive
control, involving movement initiation (accomplished through prefrontal cortex and limbic circuits),
visuomotor information processing (posterior parietal and temporo-parietal cortices), executive functions
to guide future behavior (fronto-subcortical circuits), and postural control (basal ganglia and cerebellum)
(Bohnen and Jahn, 2013; Takakusaki, 2013). In normal and pathological aging (including iNPH) gait
performances are associated with executive decline (Beauchet et al., 2012; Miyoshi et al., 2005; Morris et
al., 2016) and locomotion increasingly relies on cognitive control, requiring a more widespread recruitment
of frontal areas (Hugenschmidt et al., 2014; Scala et al., 2019; Seidler et al., 2010). In parallel, frontal areas
are the main target of aging processes and become less efficient (Gunning-Dixon et al., 2009; Lustig et al.,
2003). It remains to be elucidated how ventriculomegaly interferes with these processes through damage
of periventricular tissues and fronto-subcortical tracts (Kang et al., 2016b; Saito et al., 2019).

One hypothesis is that, in order to compensate for brain alterations, iNPH subjects may recruit more neural
resources than healthy elderly, according to a posterior-to-anterior frontal gradient that parallels an
increasing complexity of executive control. A proposed cascade model conceptualizes higher-order control
(behavior selection and initiation) as a hierarchical process implemented by the medial and the lateral
prefrontal cortices, with more complex signals (sensorimotor to contextual to episodic control) arising from
successively more anterior regions (Koechlin and Summerfield, 2007; Kouneiher et al., 2009). This
progression is reflected in the union and intersection of the locomotion and executive function maps
derived from our meta-analyses, which defines a rostro-caudal axis from premotor/SMA to dACC areas
(Figure 3B). Future research should investigate functional activation during simple and complex imagined
locomotion tasks (Meulen et al., 2014) and functional and structural connectivity features along this rostro-

caudal axis, which might relate to the progression of iNPH pathology.

4.2 Brain connectivity changes in comorbid and mimic disorders

iNPH has a high prevalence of neurological comorbidities, the most frequent being AD with histological
findings present in around 40% of patients; comorbidities are an important predictor of treatment outcome
(Jang et al., 2018; Malm et al., 2013a). Moreover, iNPH symptoms are shared with other neurological
disorders, such as PD and progressive supranuclear palsy (PSP), which complicates iNPH diagnosis and
clinical management (Allali et al., 2016; Magdalinou et al., 2013; Malm et al., 2013a). Comparing structural
and functional connectivity features characterizing iNPH, comorbid and mimic disorders is therefore of
central interest.

In AD, both structural and functional connectivity alterations concentrate in the DMN, a resting-state
network comprising posterior cingulate/precuneus, posterior parietal, medial temporal/hippocampal and
medial prefrontal cortices (Greicius et al., 2003; Raichle, 2015). DMN hypoconnectivity and amyloid

deposition are already present in preclinical AD (Palmqvist et al., 2017; Pievani et al., 2014; Sperling et al.,
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2009) and predict cognitive decline in older populations (Tomasi and Volkow, 2012). One of the studies
included in this review found DMN hypoconnectivity in iNPH (Khoo et al., 2016), and medial components
of the DMN contribute to patient-control discrimination (Ogata et al., 2017). However, iNPH patients
included in the studies did not receive CSF or PET screening for amyloid deposition. One possibility is that
DMN impairments in iNPH relates to (amyloid) comorbid disorders, and future research should address
possible relationships between iNPH and proteinopathies (Manniche et al., 2019). The other possibility is
that DMN alterations in iNPH, AD and other neurodegenerative/vascular conditions have different
pathophysiological origins, which should be investigated with multi-modal studies including molecular and
functional imaging.

While the clinical presentation of AD differs from iNPH, other ‘mimic’ neurodegenerative disorders, such
as PD or PSP, share locomotion and behavioral traits with iNPH and diagnostic differentiation can be
challenging (Hoglinger et al.,, 2017). For example, in PSP cerebellar-thalamo-cortical dysconnectivity
features correlate with motor symptom severity and involve the SMA, premotor cortex and striatum
(Gardner et al., 2013; Pievani et al., 2014; Whitwell et al., 2011a, 2011b), indicating an overlap with brain
circuits implicated in iNPH. Similarly, structural and functional connectivity alterations in cerebellar,
parietal, precuneus and prefrontal cortices, superior longitudinal fasciculus, corpus callosum and
corticospinal tract correlate with gait impairments in PD (G Allali et al., 2018). Moreover, freezing of gait in
PD has been related to abnormal integration between motor and executive regions and altered functional
connectivity in the dorsal attention network (Maidan et al., 2019), suggesting a reorganization of the
systems devoted to the cognitive control of gait. Although the types of locomotion impairments in PD, PSP
and iNPH partially differ (Selge et al., 2018; Stolze et al., 2001), there could be a common tendency to
increasingly rely on frontal cognitive resources for locomotion, which has not been tested yet (see also
Section 4.1.2). Future researches should investigate possibly distinct brain connectivity substrates of gait
features, such as gait speed and temporal variability, to reinforce our comprehension of gait phenotypes
in iNPH, PD and PSP (Verghese et al., 2013).

With the aim of identifying neuroimaging features specific to iNPH, some studies directly compared iNPH
to other pathological populations, including AD and PD (Chistyakov et al., 2012; Hattori et al., 2012b, 2011;
Marumoto et al., 2012; Siasios et al., 2016; Younes et al., 2019). iNPH patients show a particular DWI
contrast of high fractional anisotropy and mean diffusivity in periventricular areas, and low fractional
anisotropy in frontal areas, a measure that could be used in the future to reinforce the robustness of iNPH
diagnostic criteria (Andersson et al., 2017). However, it is unlikely that a single neuroimaging feature could
serve as iNPH biomarker. New research lines focus on transdiagnostic approaches to characterize common
brain substrates of clinical and behavioral dimensions across diagnostic boundaries of neuropsychiatric
disorders (Douw et al., 2019; Xia et al., 2018). These approaches leverage multivariate statistical
techniques, such as partial least square or canonical correlation analysis, to jointly investigate multiple

sources of clinical and neuroimaging data (Krishnan et al., 2011; Meskaldji et al., 2016). Among the latter,
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new methods for brain networks construction based on cortical regions’ morphometric similarity mapping
and proteins’ deposition patterns could prove useful in the study of dementias (Ossenkoppele et al., 2019;
Seeley et al., 2009; Seidlitz et al., 2018). When applied to neurodegenerative disorders and large cohorts,
multivariate and multimodal techniques could serve to better characterize brain changes related to iNPH

symptoms and disentangle comorbidities.

4.3 Perspectives: Pathophysiological substrate of reversible and irreversible brain changes

A fundamental aim of iNPH neuroimaging research is to help distinguishing reversible from irreversible
neurobiological processes. The natural course of iNPH consists in symptom progression over time, and
timing of intervention is key to successful treatment (Andrén et al., 2014). Being able to place the patient
within a continuum of pathological evolution (similarly to PD staging (Braak et al., 2004)) on the basis of
the amount of irreversible brain damage could improve treatment selection. The investigation of multiple
diffusion-weighted magnetic resonance imaging (DWI) metrics, in combination with prognostic tests
(Marmarou et al., 2005) and functional neuroimaging could bring major advances in this direction.
Different neurobiological processes, including mechanical deformation of brain tissues in periventricular
areas, interstitial edema, small vessels disorders and neural loss have been implicated in iNPH
pathophysiology (Keong et al., 2016; Williams and Malm, 2016). These processes affect the white-matter
microstructure and can be probed with advanced DWI techniques, such as free water imaging and neurite
orientation dispersion density imaging among others (Pasternak et al., 2009; Zhang et al., 2012). These
techniques are nowadays compatible with clinical settings and allow quantifying biologically relevant
variables, e.g., axonal density, axonal diameter, fraction of unconstrained water and tract morphology
(Daducci et al., 2016; Panagiotaki et al., 2012; Winston, 2012). For example, one recent study assessed the
fiber orientation coherence and axonal density of the corticospinal tract before and after shunt surgery in
iNPH patients (Kamiya et al., 2017). The fiber orientation coherence tended to normalize after surgery,
indicating a decompression of the tract, but the axonal density remained impaired, suggesting irreversible
neural losses. Further multi-modal studies are required to link these changes to pathophysiological and
molecular pathways. For example, TMS has emerged as a promising technique to assess motor cortical
function in various neurodegenerative disorders and tracking their progression (Ahmed et al., 2018; Vucic
and Kiernan, 2017). The investigation of structural and functional properties of the motor
network/corticospinal tract with DWI and TMS may provide a fine-grain characterization of disease stages.
We can hypothesize that different brain circuits may be concerned by multiple neurobiological processes
in different proportions and at different moments over the evolution of the pathology, leading to spatially
and temporally heterogenous patterns of multi-contrast DWI changes in the white matter (Hattori et al.,
2012a; Kamiya et al., 2016). This feature is highly relevant for iNPH differential diagnosis and highlights the
importance of a circuit-level perspective for a better comprehension of reversible and irreversible

processes. For example, one may expect that early compression of nervous fibers in periventricular areas
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precede later irreversible neurodegeneration in the same and other brain areas. To appreciate these
changes, it is fundamental to achieve a robust and quantitative characterization of white matter circuits,
even where those circuits partially overlap in space. New DWI processing methods, such as microstructure-
informed tractography, higher-order diffusion models and tract-based morphometry, can disentangle the
microstructural properties of multiple nervous bundles passing through the same white matter voxels and
pinpoint tract-specific alterations (Girard et al., 2017; O’Donnell et al., 2009; Raffelt et al., 2017). These
methods have recently been used to characterize tract-specific patterns of white matter alterations in mild
cognitive impairment and AD (Mito et al., 2018). In iNPH, they could for example be used to extract
microstructural markers along the corticospinal tract in relation to the distance from the lateral ventricles

(Hattori et al., 2012a), which might relate to the progression of the pathology.

4.4 Perspectives: Functional characterization of iNPH networks

iNPH represents the leading cause of reversible dementia and, as such, it offers a unique opportunity to
study plasticity mechanisms and functional reorganization in the aging brain at the short and medium time
scales. The first structural brain changes after CSF drainage are likely to occur in periventricular areas
(Jurcoane et al., 2014; Kamiya et al., 2017; Kanno et al., 2017; Saito et al., 2019) and be accompanied by a
reorganization of neural communication patterns reflecting symptoms reversal. For example, white matter
diffusion measures in the corticospinal tract (Jurcoane et al.,, 2014) and supplementary motor areas
activation during finger tapping (Lenfeldt et al., 2008) tend to normalize already few hours after CSF
removal in patients responding to the intervention. Future research should extend these results by directly
relating neuroimaging measures of functional reorganization to specific clinical changes.

Current functional neuroimaging approaches quantify ‘static’ functional connectivity in the brain by
computing pair-wise signal relationships over functional recordings lasting several minutes, but they
disregard the temporal fluctuations of those interactions in time (Preti et al., 2017). The latter information
can be particularly relevant to the study of iNPH because it reveals short-term functional plasticity
mechanisms occurring during motor learning (Bassett et al., 2015, 2011), relates to cognitive and motor
impairments in AD and PD (Chen et al., 2015; Quevenco et al., 2017), and demonstrates higher accuracy in
diagnostic classification compared to ‘static’ functional connectivity approaches (Chen et al., 2017; de Vos
et al., 2018). Different methods have been recently proposed to quantify functional connectivity dynamics
(Calhoun et al., 2014; Hutchison et al., 2013; Preti et al., 2017), including sliding-window approaches and
single time-point analyses based on co-activation patterns, constrained deconvolution, Hilbert transform
or graph Laplacian operator (Glomb et al., 2019; Karahanoglu and Van De Ville, 2017; Liu and Duyn, 2013;
Tewarie et al., 2019). These methods decompose functional recordings into sequences of states and assess
their temporal characteristics and dynamic interactions.

A recent study using co-activation pattern analysis observed that reduced switching among functional

states correlates with motor symptom severity in the early stages of PD (Zhuang et al., 2018). Considering
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that locomotion control relies on the integration of information between motor, frontal and subcortical
networks (Figure 2A), future research should investigate whether and how the interactions between these
networks can be modulated by an external intervention that improves locomotion. For example, it would
be interesting to analyze the neural dynamics of motor and cognitive control using EEG portable devices
during motor-cognitive dual tasks (Kahya et al., 2019; Li et al., 2018), before and after shunting.

Dynamic functional connectivity analyses may also be relevant for the characterization of salience network
dynamics, a circuit likely implicated in iNPH pathophysiology. Salience network nodes, including the aINS,
are highly flexible and coordinate the switching between the default mode and central executive networks
(Sridharan et al., 2008; Uddin, 2015). These properties correlate with executive functions in healthy
subjects (Chen et al., 2016) and cognitive impairments in older adults (Chand et al., 2017). It is currently
unknown whether salience network dynamics are affected in iNPH and relate to cognitive improvement
after treatment; future researches should address this gap.

Finally, an important piece of research will be to relate brain functional changes to the underlying
architecture of white matter connections. Many of the studies included in this review conclude with the
hypotheses on the functional consequences of detected white matter alterations or, conversely, on the
structural substrate of functional connectivity changes. Testing these hypotheses requires specific
methodological settings and multimodal investigations. Recent advances in network science offer
appealing mathematical frameworks for the analysis of signals (e.g., fMRI, EEG data) living on graphs (white
matter structural connectivity networks), offering the possibility of studying the interplay between brain
structure and function under new perspectives. For example, multilayer network models retrieve recurring
patterns of brain activity propagation on the white matter network (Griffa et al., 2017). Signal processing
methods applied to the graph-domain (Shuman et al., 2013) identifies local and global brain signal
components with different degrees of alignment with respect to the underlying structural connectivity
architecture (Petrovic et al., 2019; Preti and Ville, 2019; Shuman et al., 2016). These approaches have
proved relevant for the investigation of cognitive flexibility, which is often reduced in patients with
neurological conditions (Huang et al., 2018). Further developments of statistical and dynamical models on
one side, and of mathematical network instruments on the other side, may help shaping a new integrated
understanding of the dynamical processes evolving on brain networks in general, and contribute to the

understanding of INPH mechanisms in particular.

4.5 Technical aspects and limitations

This perspective review focused on studies investigating brain connectivity alterations in iNPH and,
therefore, it was not aimed to provide a comprehensive survey of neuroimaging literature (to this end, we
refer to (Hoza et al., 2015; Keong et al., 2016; Siasios et al., 2016; Tarnaris et al., 2009)). The review
identified consistent findings across studies. However, it also pointed out several inconsistencies that can

be due to several factors. The methodological approaches substantially differ across studies, e.g., in the

24



way how regions of interest are selected or functional interactions are quantified, and the sample sizes are
relatively small, with an average of 20 iNPH patients included in each study. Moreover, despites the
elaboration of clinical and radiological guidelines, there is a lack of standardization and different healthcare
structures may comply with different criteria for diagnosis, treatment selection and patients’ inclusion in
clinical studies. Moreover, patients did not undergo molecular investigation for comorbid neurological
conditions, such as AD. For these reasons, the investigated samples might be heterogeneous across studies.
The number of functional neuroimaging studies is limited and the conclusions that can be drawn are
relatively limited at the moment. Only six studies investigated genuine functional connectivity features in
iNPH. Studies focusing on band power and current density have been included in the review to offer a
broader picture of functional analyses in iNPH. The lack of functional connectivity studies could be
explained by the methodological complexity or unpublished negative results. Future research should clarify
this aspect, particularly with respect to the characterization of functional plasticity mechanisms after
intervention.

The articles’ review was complemented by a set of meta-analyses of iNPH symptoms, limited to task-based
functional studies in healthy subjects only. Since the number of task-based investigations of iNPH clinical
dimensions is limited, it was not possible to perform the meta-analyses on iNPH patients. Subjects included
in the meta-analyses were on average younger than iNPH patients (SI5). Aging has been associated with
inefficient functioning of brain circuits and compensatory over-activation mechanisms, particularly in the
prefrontal cortex (Mirelman et al.,, 2017; Park and Reuter-Lorenz, 2009). The circuits’ union and
intersections identified in the meta-analyses could therefore be conservative when used to investigate
older populations. The inclusion of age-matched control groups in future circuit-based neuroimaging

studies remains of central importance.

5. Conclusions

We used two complementary approaches (literature review and symptoms meta-analyses) to unravel the
role of different brain circuits with respect to iNPH pathophysiology. These two perspectives add
compatible and complementary pieces of information to the conceptualization of iNPH connectopathy,
identifying the salience network, attentional networks and a rostro-caudal axis in the medial prefrontal
cortex as key circuits associated with iNPH and possible connectivity biomarkers of symptom dimensions.
In particular, our considerations conceptually link locomotion impairments in iNPH to frontal cognitive
control.

iNPH literature attests an important effort from both the neurology and neuroimaging communities to
identify quantitative markers for iNPH differential diagnosis and prognosis. The development of accurate

markers will require a better comprehension of the links between iNPH neurobiological processes and
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macroscale (multimodal) neuroimaging data, which can help disentangling reversible from irreversible
components of brain connectivity damages and staging the progression of the disease. We hope that a
growing effort from healthcare institutions and clinical research, combined with tailored methodological
development in the field of neuroimaging, will help us to further understand this complex disorder and

increase the prognostic reliability and treatment options.
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Table 1. Brain connectivity findings in idiopathic Normal Pressure Hydrocephalus.

Demographics

Study Sample of iNPH Imaging
patients
Functional connectivity and activity studies

(Aoki et al., . 78.0t6.0y
2019) 58 iNPH 57% M EEG
(Aoki et al., . 75.016.1y
2015) 18 iNPH 61% M EEG
(Aoki et al., 24iNPH 76.5£5.3y EEG
2013) 52 NC 54% M

23 p-iNPH

8 NC
(Chistyakov et 19 NCyoung 75.0£7.8y ™S
al., 2012) 9 patients 52% M

(peripheral

nerve disorders)

Brain connectivity
or activity
measure(s)

ICA dual-regression
scores

band power content,
NPV (electrode level)

band power content,
NPV (electrode level)

RMT, SICI

27

Main research
question(s) and
regions of interest

- iNPH pre/post-TT
(5 predefined RSNs)

- iNPH shunt
responders/non-
responders

(whole brain)

- iNPH pre/post-TT
- iNPH shunt (or TT)
responders/non-
responders

(whole brain)

- iNPH-NC
- iNPH pre/post-shunt

(CST; left motor area)

Key positive findings

e pre/post-TT alpha connectivity
changes in occipital, superior parietal,
HPC regions correlate with pre/post-TT
changes of gait parameters

e Tbaseline B NPV in right frontal,

temporal, occipital areas in
responders compared to non-
responders

19, Ty power in frontal/DLPC

channels after TT in non-responders
only

e pre/post-TT changes of NPV are
specific to responders (Yo NPV in
medial prefrontal cortex) and non-
responders (normalization of o NPV in
DLPC)

e pre/post-TT oo NPV decrease in frontal
areas correlates with improvement of
gait and cognitive scores when pooling
responders and non-responders

e | baseline RMT, SICl in iNPH compared
to NC, NCyoung, Other patients

o TRMT, SICI after shunt in iNPH with
gait improvements (assessment
performed 1 month after surgery)

o SICI post-shunt increase correlates
with gait improvements

Key negative findings

e no pre/post-TT change
of RSNs activity

e no differences of powe
spectral measure
between  responder
and non-responders

e no pre/post-TT powe
changes in responders

® no correlation
between pre/post-T
power and function:
score differences

e baseline RMT, SICI di
not predict post-shur
clinical improvement



(lkeda et al.,
2015)

(Khoo et al,
2016)

(Lenfeldt et al.,
2008)

(Nardone et al.,
2019)

(Ogata
2017)

et al,

(Sand et al,
1994)

25 s-iNPH

16 d-iNPH,;

15NC

11iNPH

20
20 NC

11 NC

11
13 NC

p-iNPH

iNPH

iNPH

77.245.1y
56% M

75.145.3y
44% M

72.1(63-82) y
64% M

73.6:8.1y
60% M

78.2+6.8y
45% M

64.4 (41-80)
54%

EEG

rsfMRI

fMRI

TMS

rsfMRI

EEG

CSD (source level)

ICA dual-regression
scores

cortical activation
during motor (finger
tapping and reaction
time) and cognitive
(memory and
attention) tasks

RMT, SAI

FC (linear correlation)

band power content
(electrode level)

28

-iNPH shunt
responders/non-
responders

(whole brain, pre- and
post-TT)

- INPH-NC
(DMN)

- iNPH pre/post-ELD

(cortical regions
associated with task
execution (SMA))

- iINPH-NC

(somatosensory
cortex)

- iNPH-NC

(whole brain)

- iNPH-NC

- iNPH pre-/post-TT
(occipito-parietal
region)

« TCSD in frontal and temporal areas in
shunt responders compared to non-
responders, from post-TT recordings
(but not from pre-TT recordings)

el DMN FC, with
involvement of the PCC

particular

o T activation of SMA during motor task
after ELD, associated with
improvement of motor performances

o T SAl (ie, lower inhibition of the
peripheral conditioned motor
response after TMS)

e in patients, larger SAI correlates with
worst gait and cognitive scores

e temporal pole, orbitofrontal, medial
frontal, SMA, HPC, INS FC and inter-
hemispheric FC contribute to iNPH/NC
classification

e higher 5, 3, a baseline power (ie, EEG
slowing) correlates with higher CSF
outflow resistance in iNPH

stronger DMN F
correlated with worst ¢
INPHGS, i-INPHGS an
FAB, but not with ¢
INPHGS scores

no improvement c
cognitive performance
after ELD (relate
cortical activatio
changes were no
addressed)

FC contains informatio
on the severity ¢
cognitive and urinar
symptoms, but not ¢
gait symptoms

no iNPH-NC baselin
EEG differences

no EEG changes after T
no relationshi
between EEG pre-/pos
TT changes and gait c
cognitive parameters



. 73.545.5y
(Seoetal.,2014) 26 p-iNPH 69% M
(zaaroor et al.,, 20iNPH 72.0 (49-82) y
1997) 16 NC 46% M

Structural connectivity studies

(Hattingen et 11 s-/p-iNPH
+

al., 2010) 10 NC 76&2Y

. ) 77.0£5.1
(Hattori et al., 20 p-iNPH 40‘;) I\i ¥
2012a) 20 NC 0

. 22 p-iNPH
(Hattori et al., 20 Elé 77.3t49y
2012b) 45% M

20 probable AD

EEG

TMS

DWI (DTI)

DWI (DTI)

DWI (DTI)

band power content
(electrode level)

CMCT

FA, MD

FA; Daxial, Dradial; MD

FA, tract morphology

29

- iNPH T
responders/non-
responders

(whole brain)

- iNPH-NC

- iNPH
shunting

pre-/post-

- iINPH-NC
(TBSS)

- iNPH-NC
(TBSS, TSA: CST)

- iNPH-AD-NC
(TSA: FNX)

e Ibaseline a2 power in right frontal,

central gyri, temporal regions in
responders compared to non-
responders

o higher 562 power in parietal and central
areas correlates with worst c-INPHGS;
higher 91 power in parietal and
occipital areas with worst g-INPHGS;
higher 1 power in frontal areas with
worst  i-INPHGS, when pooling
responders and non-responders)

¢ JCMCT (pre- and post-shunting) in
patients who did not improved gait
performance after shunting (4/20),
compared to NC

el FAin CC, TFAin periventricular CST
in iINPH compared to NC

e T MD in CC in iNPH compared to NC

e higher MD in CST correlates with worst
gait and cognitive scores in iNPH

e higher FA in CST correlates with better
gait and cognitive performance

. TFA, MD, Dayial in periventricular CST in
iNPH compared to NC

e LFA and TMD, Duga in €C and
juxtacortical frontal white matter in
iNPH compared to NC

e JFA in FNX in iNPH compared to NC
and AD

e FNX s stretched in the anteroposterior
direction in iNPH compared to NC and

e normal CMCT (pre- an

post-shunting) i
patients who improve
gait performance afte
shunting, compared t
NC

e no correlation betwee

CcC connectivit
measures and gait ©
cognitive scores



(Hattori et al.,
2011)

(Irie et al., 2017)

(Jurcoane et al.,
2014)

(Kamiya et al.,
2017)

(Kamiya et al.,
2016)

18 p-iNPH

19 NC

11 probable AD
11 probable PD

19 d-iNPH
12 NC

26 p-iNPH

10 NC

10 d-iNPH

14 NC

29 p-iNPH

14 NC

77.3+4.7y
39% M

76.0 (67-86) y
47% M

72.4 (65-82)y
69% M

75.35.1y
30% M

76.4+4.9
45% M

DWI (DTI)
DWI (DTI,
NODDI)
DWI (DTI),
MTR,

™S

DWI (DTI,
NODDI,
DKI)

DWI (DTI,
DKI)

FA; Daxial, Dradial

FA, MD, ODI, isotropic
volume fraction,
intra-cellular volume
fraction

FA, Daxial, Dradial, MD:
MTR,

central motor
conduction time

FA; Daxial, Dradial; MD:
AWFNODDI: ODINODDI;
AWFDKI: ODIDKI

FA' Daxial; Dradial: MD:
Kl

30

- iNPH-AD-PD-NC
(TSA: CST)

- iNPH-NC

(TSA: periventricular
CST)

- iNPH
responders/non-
responders

- iNPH pre/post-ELD

- iNPH pre/post shunt

ELD

(TSA: CST, SLF, motor
cortex)

- iNPH-NC
- iNPH pre/post-shunt

(TSA: periventricular
CST)

- iNPH-NC
(TBSS)

AD (»LFNX volume, diameter, TENX
length in iINPH)

o TFA, Dayiar in CST in iNPH compared to
NC, AD and PD (also when taking into
account the amount of ventricular
enlargement)

° ~LODI, intra-cellular volume fraction,

TFA, MD in CST in iNPH compared to
NC

e Thaseline Daya in CST in responders
and non-responders compared to NC

e {Dyyia in CST post-ELD compared to
baseline in responders only

° l«Daxm, FA in CST pos-shunt compared
to baseline in responders only
(without reaching the NC range)

e higher baseline Dual in CST predictS
better shunt outcome

(] i«baseline OD|DK|, OD|NOD[)|, TDaxia| in
iNPH compared to NC

. »L AWFnoppi in iINPH compared to NC:
this effect partially explains the
alterations observed in the other
diffusion metrics

L] TOD|DK|, OD|N0[)D|, J/Daxia| after shunt
(assessment performed 3 to 17
months after surgery)

o TFA in SLF, PLIC; {FA in CC, fronto-
parietal connections in iNPH
compared to NC

e TD.yal in internal capsule, TDygiar in
subcortical areas in inPH compared to
NC

no alterations of Dradic
in CST in  iNPI
compared to NC, Daxia
PD

no iNPH-NC difference
of isotropic volum
fraction

normal baseline centr:
motor conduction tim
in iINPH

no pre/post-ELD o
shunt changes of MT
or central mota
conduction time

no pre/post-shur
changes of AWFnopoi

no major correlation
were found betwee
Daxial, Dradial, MD an
cognitive scores



(Kang et
2016a)
(Kang et
2016b)
(Kanno et
2017)
(Koyama et
2013)
(Marumoto
al., 2012)

al.,

al.,

et

28 p-iNPH

28 AD

20 NC

54 p-iNPH

28 iNPH

24 p-iNPH
21NC

10 d-/p-iNPH

74.0£3.5y
68% M

74.1+4.7 y
70% M

75.8+4.8%
68% M

76.3+5.1y
50% M

73.9+2.2y

DWI (DTI)

DWI (DTI)

DWI (DTI)

DWI (DTI)

DWI (DTI)

FA, MD

FA; Daxial, Dradialr MD

FA, MD

FA

FA
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- INPH-AD
(TBSS)

- iNPH T
responders/non-
responders

(TSA: 20 fiber tracts)

- iNPH-NC
- iNPH  pre/post-
shunt, in shunt
responders and non-
responders

(TBSS)

- iNPH-NC
(TBSS)

- iNPH-PD

e ImeanKlin SLF, internal capsule, IFO,
ILF, CC, cingulum in iNPH compared to
NC

e higher FA and Kl correlate with better
cognitive  performance  (spatially
unspecific effect)

° ¢FA, TMD in anterior corona radiata,
CC, SLF, PTR, external capsule,
cerebellar peduncle in iINPH compared
to AD

e [ower FA in CC and external capsule
correlates with worst gait
performances

¢ T baseline FA, J Daxial, Dradiat, MD in
ATR, ILF, cingulum-HPC tract in
responders compared to non-
responders (tests did not survive
Bonferroni correction)

e higher FA in ATR, CST, ILF, IFO
correlates with less severe
Parkinsonian motor symptom

o Ibaseline FA, T™MD in cingulum, CC,
subcortical white matter, in
responders compared to NC

° TFA in corona radiata after shunt, in
responders only (assessment
performed 1 year after surgery)

e LFA in CC, apical part of CST in iNPH
compared to NC

e lower FA in CC correlates with worst
gait disturbances

o LFA in all tracts in iNPH compared to
PD (particularly in the frontal lobe)

e no correlations wer
found between DT
measures and INPHG
or classical ga
measures including th
TUG and 10 m walkin
tests

e no baseline FA, MI
differences in  nor

responders compare
to NC

e no pre/post FA, M
changes in nor
responders

no FA alterations in th
cerebral peduncle

® no correlation
between FA an
cognitive or urinar
impairments

® no correlation

between Evan’s inde



(Nakanishi et al.,
2013)

(Saito et al,
2019)

(Younes et al.,
2019)

18
10 NC

11
6 NC

9 iNPH
8 NC

9 iNPH
13 AD
20NC

PD

p-iNPH

Covariance network studies

(Yin et al., 2018)

33
33NC

p-iNPH

73.6 (65-84) y DWI (DTI,
DKI)

76.8t4.1y DWI (DTI,

33% M FWI)

77.218.6y

DWI (DTI)

65.519.0y SMRI

FA, Daxial, Dradial, MD,
Kl

FA' Daxial, Dradial; MD:
FW

FA: Daxial; Dradial: MD:
ventricular volume

structural covariance
of grey matter
volumes

32

(TSA based on DTI-81
atlas: ATR, Fmaj,
Fmin, CST, SLF)

- iNPH-NC

(TSA: periventricular
CST)

- iNPH-NC
- iNPH pre/post-shunt

(TBSS, TSA: ATR)

- iNPH-ALZ-NC
(TSA: STR, CST, DTT)

- iNPH-NC
(whole brain)

e lower FA in ATR correlates with
increased TUG time in both iNPH and
PD

e FA values in ATR contribute to iNPH/PD
discrimination in early clinical stages

° TFA, Daxial, MD in periventricular CST in
iNPH compared to NC

¢ Imean and axial Kl in periventricular
CST in iNPH compared to NC

o Thaseline Daxial, Dragial, MD, FW, LFA in
iNPH compared to NC (spatially
extended effect)

o Thaseline FA in periventricular CST in
iNPH compared to NC

e JFA, TDrdial in periventricular white
matter, PLIC, CC after shunt

« lventricle volume after shunt

e larger FA increase in ATR after shunt
correlates with larger improvement of
cognitive scores

e in NC, higher MD and Dy in STR, CST,
DTT correlates with larger ventricular
volume

e in iNPH, higher Daya in CST correlates
with larger ventricular volume

e in AD, higher FA in DTT correlates with
larger ventricular volume

T network modularity in iNPH

compared to NC

ol  betweenness centrality  of
orbitofrontal, INS, PCC, temporal
nodes in iINPH compared to NC

and tracts’ FAin iNPH o
PD

no alterations of Dradiz
or radial Kl i
periventricular CST

no correlation betwee
pre-/post-shunt
differences of Daxia
Dradial, MD, FW, an
neuropsychological
scores

no pre/post-shur
changes of diffusio
metrics in ATR

no iNPH/NC difference
of network path lengt
and clusterin
coefficient



SAMPLE - AD: Alzheimer’s disease; iNPH: idiopathic normal pressure hydrocephalus (d- definite, p- probable, s- possible or suspected), according to the International
iNPH Guidelines (Relkin et al., 2005) or Japanese Clinical Guidelines for iNPH (Mori et al., 2012); NC: normal control; PD: Parkinson disease.

DEMOGRAPHICS —y: years of age; M: males. When statistics were separately reported for distinct groups, pooled mean and standard deviation were computed (no
differences were reported between patient subgroups within single studies).

IMAGING - DWI: diffusion weighted imaging (general nomenclature, independent from the reconstruction and acquisition scheme); DTI: diffusion tensor imaging;
DKI: diffusion kurtosis imaging; EEG: electroencephalography; FWI: free water imaging; MTR: magnetization transfer ratio; NODDI: neurite orientation dispersion
and density imaging; rsfMRI: resting state functional MRI; sMRI: structural MRI; TMS: transcranial magnetic stimulation.

BRAIN CONNECTIVITY OR ACTIVITY MEASURES — AWF: axonal water fraction; CSD: current source density (Kamarajan et al., 2015); Daxiar: axial diffusivity; Dyadiar: radial
diffusivity; FA: fractional anisotropy; FW: fractional volume of free water; ICA: independent component analysis; KI: kurtosis index; MD: mean diffusivity; NPV:
normalized power variance; ODI: orientation dispersion index.

MAIN RESEARCH QUESTIONS — CMCT: central motor conduction time; ELD: external lumbar drainage; RMT: resting motor threshold; RSN: resting state network; SAI:
short latency afferent inhibition; SICI: short interval intracortical inhibition; TBSS: tract-based spatial statistics; TSA: tract-specific analysis; TT: CSF tap test.

KEY FINDINGS - FC: functional connectivity; INPHGS: iNPH grading scale, including a total score and symptom-specific scores (g-INPHGS for gait impairments, i-
INPHGS for urinary incontinency, c-INPHGS for cognitive impairments) (Kubo et al., 2008); RSN: resting state network; SC: structural connectivity; TUG: Timed Up
and Go test.

WHITE MATTER TRACT, GREY MATTER REGIONS AND BRAIN CIRCUITS - ATR: anterior thalamic radiation; CC: corpus callosum; CST: corticospinal tract; DMN: default
mode network; DLPC: dorsolateral prefrontal cortex; DTT: dentatothalamic tract (connecting the dentate nucleus in the cerebellum with the thalamus); Fmaj: forceps
major; Fmin: forceps minor; FNX: fornix; HPC: hippocampus; IFO: fronto-occipital fasciculus; ILF: inferior longitudinal fasciculus; INS: insula; PCC: posterior cingulate
cortex; PCUN: precuneus; PLIC: posterior limb of the internal capsule; SMA: supplementary motor area; SLF: superior longitudinal fasciculus; STR: superior thalamic
radiation (connecting the ventral thalamic nuclei with pre- and post-central gyri).
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Table 2.

Intersection of ALE maps for locomotion, micturition and cognition (executive functions tested with flanker

task). The intersections between pairs of, or all the three ALE maps were assessed as minimum statistic

conjunction and resulted in clusters of voxels representing the overlap between the maps. The table

reports, in the order: a cluster numerical identifier; the number of voxels in the cluster (voxel size 2x2x2

mm3, MNI152 space); the geometric centroid of the cluster in MNI152 coordinates; the lobe and

anatomical region according to the Talairach daemon; the main anatomical and behavioral dimensions

according to the Neurosynth database; the cytoarchitectonic Brodmann Area (BA) associated with the

centroid coordinates.

Clust. | #voxels Centroid Lobe
Locomotion AND Micturition AND Cognition

1 9 -34,18,4 left sub-lobar

Locomotion AND Micturition

1 63 0,-46,-10 @ bilateral cerebellum
2 18 42,20, -4 right frontal lobe

3 12 -34,18,4 left sub-lobar

4 11 -24,0,8 left sub-lobar

5 5 -36, 18, -4  left frontal lobe

6 3 38, 20,6 right sub-lobar

7 3 60, -34,20 | right temporal lobe

8 3 0,-12,62 bilateral frontal lobe

Locomotion AND Cognition

1 30 -36, 16, 6 left sub-lobar

2 8 42,36, 20 right frontal lobe
3 8 4,-2,60 right frontal lobe
4 1 44,32, 24 right frontal lobe

Micturition AND Cognition

1 23 2,10, 44 bilateral frontal lobe
2 22 -34, 20, 4 left sub-lobar
3 1 42,16, 10 right frontal lobe

Anatomical label

insula

culmen

inferior frontal gyrus
insula

putamen

inferior frontal gyrus
insula

superior temporal gyrus

medial frontal gyrus

insula
middle frontal gyrus
medial frontal gyrus

middle frontal gyrus

medial frontal gyrus

insula

inferior frontal gyrus

34

Neurosynth associations

insula (z 11.29),
goal (z12.9)

cerebellum (z 4.87),
serial processing (z 4.70)
anterior insula (z 11.22),
fear (z 10.91)

insula (z 11.29),
goal (z 12.92)

putamen (z 17.17),

movements (z 8.26)

anterior insula (z 13.92),
fear (z 17.25)

insula (z 11.17),
goal (z 8.12)

premotor cortex (z 7.44),

action observation (z 8.24)
supplementary motor cortex
(z 13.92), movement (z 9.65)

insula (z 11.52),
goal (z 11.22)
lateral prefrontal (z 6.44),
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Figure 1.

PRISMA flow chart (Moher et al., 2009) illustrating the articles’ selection process for the literature review.
This includes PubMed entries’ identification, screening, eligibility assessment and final selection. The
screening process was based on articles’ title and abstract screening: articles not written in English
language, brief letters or commentaries, case reports, pediatric hydrocephalus studies, non-human
hydrocephalus studies, clinical guidelines, reviews and articles including morphometric, volumetric, CSF
dynamics, cerebral perfusion, brain tissue viscoelasticity, brain tissue compliance, glucose metabolism,
amyloid or tau imaging, magnetic resonance spectroscopy or glymphatic imaging measures only (i.e., no
brain connectivity measures) were excluded. Full-length articles surviving the screening process were
assessed for eligibility: case reports, articles reporting DWI white matter properties based on regions of
interest -with no tractography or TBSS connectivity analysis-, and articles investigating tissue properties of

grey matter regions only (such as thalamic nuclei or hippocampi) were excluded.
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Figure 2.

Activation likelihood estimation (ALE) maps for task-based functional meta-analyses of (A) locomotion, (B)
micturition, and (C) cognition (executive function tested with flanker task). Thresholded ALE values (p <
.001, uncorrected) are overlaid to the MNI152 brain template; MNI152 coordinates of the represented
brain sections are reported below each map. D. Glass-brain representation of the union of the three ALE
maps, highlighting brain circuits likely to be vulnerable to iNPH pathophysiological mechanisms. SMA:

supplementary motor area; dACC: dorsal anterior cingulate cortex; DLPC: dorsolateral prefrontal cortex.
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Figure 3.

Clusters representing the overlap of the of the activation likelihood estimation (ALE) maps of locomotion
(red), micturition (yellow) and cognition (executive functions, blue). A. The three maps intersect in the left
anterior insula; the locomotion and micturition maps also intersect in the right anterior insula. B. The
locomotion and cognition maps intersect in the medial frontal cortex, extending posteriorly to anteriorly

from the medial SMA to the dACC; the locomotion and micturition maps overlap in the cerebellar
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