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Abstract

Normal pressure hydrocephalus (NPH) is an intracranial disease characterized by an abnormal
accumulation of cerebrospinal fluid (CSF) in brain ventricles within the normal range of
intracranial pressure. Most NPH in aged patients is idiopathic (iNPH) and without any prior history
of intracranial diseases. Although an abnormal increase of the CSF stroke volume (hyper-dynamic
CSF flow) in the aqueduct between the third and fourth ventricles in iNPH patients has received
much attention as a clinical evaluation index, biomechanical effects of this flow on iNPH
pathophysiology are poorly understood. This study aimed to clarify the potential biomechanical
effects of hyper-dynamic CSF flow through the aqueduct of iNPH patients using magnetic
resonance imaging-based computational simulations. Ventricular geometries and CSF flow rates
through aqueducts of 10 iNPH patients and 10 healthy control subjects were obtained from
multimodal magnetic resonance images, and these CSF flow fields were simulated using
computational fluid dynamics. As biomechanical factors, we evaluated the wall shear stress on
the ventricular wall and the extent of flow mixing, which potentially disturbs the CSF composition
in each ventricle. The results showed that the relatively high CSF flow rate and large and irregular
shapes of the aqueduct in iNPH resulted in large wall shear stresses localized in relatively narrow
regions. Furthermore, the resulting CSF flow showed stable cyclic motion in control subjects,
whereas strong mixing during transport was found through the aqueduct in patients with iNPH.
These findings provide further insights into the clinical and biomechanical correlates of NPH

pathophysiology.
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1 Introduction

Cerebrospinal fluid (CSF) fills brain ventricles and subarachnoid spaces and enables
homeostatic transport of nutrients and hormones (May et al., 1990). Abnormal accumulation of
CSF in the ventricles within normal ranges of intracranial pressure is called normal pressure
hydrocephalus (NPH; Marmarou et al., 2005) and causes multiple dysfunctions, such as cognitive
impairment, gait disturbance, and urinary incontinence (Mori et al., 2012). In particular,
idiopathic NPH (iNPH) is a major form of NPH observed in aged patients without prior history of
intracranial disease. Because of its association with aging and cognitive dysfunction (Nakajima et
al., 2021), the etiology and pathophysiology of iINPH have received much attention from medical

(Zhangyang et al., 2020) and biomechanical (Linninger et al., 2016) researchers.

Hyper-dynamic CSF flow in the aqueduct (the flow pathway through the third and fourth
ventricles) has been widely reported in phase-contrast magnetic resonance imaging (PCMRI)
studies of iINPH patients as a part of disease progression (Bradley et al., 1996; Scollato et al., 2008;
Shanks et al., 2019). CSF flow in the aqueduct is pulsatile and bidirectional, synchronizing with
cerebral arterial expansion during the cardiac cycle (Bradley et al., 1996; Brinker et al., 2014;
Enzmann et al.,, 1993). However, characterization of hyper-dynamic CSF flow through the
aqueduct has been limited to a clinical diagnostic index, and the associations of biomechanical

effects with intracranial homeostasis and pathophysiology are poorly understood.

This study considered two biomechanical effects of the hyper-dynamic CSF flow through the
aqueduct in iNPH patients. The first is an abnormal mechanical stimulus against the ependymal

cells lining the aqueduct lumens. Since malfunction of the motile cilia of the ependymal cells
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occurs during hydrocephalus (Lechtreck et al., 2008; Shook et al., 2014), greater CSF flow may
result in a physiologically inappropriate mechanical stimulus on the ependymal cells and affect
their functions (Yamada et al., 2021). The second biomechanical effect is an abnormal mixing of
CSF between third and fourth ventricles through the aqueduct. The CSF contains proteins and
signaling molecules in the form of actively released neuroactive substances (Nicholson, 1999;
Skipor and Thiery, 2008), which are mainly produced by the epithelium of the choroid plexus
located in each ventricle (Damkier et al., 2013): the CSF composition varies among the ventricles
in normal conditions (Cavanagh et al., 1983; Lun et al., 2015; Zappaterra et al., 2007). Abnormal
mixing of CSF compositions has been observed in the ventricular and subarachnoid spaces
(Ringstad et al., 2017) and lumbar and ventricular regions (Puy et al., 2016) in iNPH patients.
These abnormalities in CSF flow and the chemical environment of the CSF have been associated
with depression, cognitive dysfunction, and nervous system disorders (Attier-Zmudka et al.,
2019; Bothwell et al., 2019; Seo et al., 2021). These findings suggest that mixing of CSF through
aqueducts disturbs the individual CSF compositions of the third and fourth ventricles and is
associated with pathologic conditions. We therefore hypothesized that hyper-dynamic CSF flow
through the aqueduct has potential biomechanical effects on intracranial homeostasis.
Understanding these effects may link characteristic CSF flow profiles observed in clinical practice

with existing biomechanical knowledge regarding iNPH pathophysiology.

This study aimed to clarify the biomechanical effects of hyper-dynamic CSF flow through the
cerebral aqueduct between the third and fourth ventricles of iNPH patients by combining MRI
measurements and computational simulations. Subject-specific ventricle geometries and

aqueduct flow rates were acquired from T2-weighted MRI and four-dimensional (4D) flow MRI
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measurements, respectively, of 10 iNPH patients and 10 healthy controls. Based on these data,
computational fluid dynamics simulations of CSF flow in the ventricles of each patient were
conducted. The mechanical effects of normal CSF flow and CSF flow mixing on the ventricle were

analyzed using the CSF flow velocity field obtained from computational simulations.

2 Materials and Methods

2.1 Study participants

Participants included 10 iNPH patients (six male, four female; age range, 61-83 y; iNPH1-
iNPH10) diagnosed following the Japanese clinical guidelines for iNPH (Nakajima et al., 2021) and
10 healthy controls (seven male, three female; age range, 22—47 y; controll—control10) who
received treatment at the Department of Neurosurgery, Shiga University of Medical Science
Hospital in 2018-2021. Inclusion criteria for iNPH patients and healthy controls are described in
Supplementary 1. The study was approved by the Institutional Review Boards of Shiga University
of Medical Science (No. R2019-227) and Osaka University (No. R2-1). Patients were included after

they gave oral and written informed consent.

Image acquisition was performed for each subject using a 3-T MRI scanner (Discovery MR
750W, GE Healthcare, Milwaukee, WI, USA). Three-dimensional velocity-encoded data were
obtained using the 4D flow MRI sequence with 5 cm/s velocity encoding (0.7813 mm x 0.7813
mm x 1.0 mm) and eight phases of the cardiac cycle were reconstructed. Furthermore, to
construct patient-specific geometries of the brain ventricles, we used volumetric data obtained
from a T2-weighted sequence (0.8 mm x 0.8 mm x 0.8 mm). Measurement details are shown in

Supplementary 2.
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2.2 Image processing

Ventricle geometries were extracted from T2-weighted MRI data and reconstructed as a set
of triangular surfaces using Mimics (Version 23; Materialize Inc., Yokohama, Japan). Table 1
shows basal geometric properties of the aqueduct and ventricles in all patients, in which the
measurement protocol is shown in Supplementary 3. Representative geometries of controls and
iNPH patients are shown in Fig. 1(A) and (B), and variations in the aqueduct cross-sectional area
are summarized in Fig. 1(C). In controls, the aqueduct cross-sectional area monotonically
decreased from the fourth to the third ventricle and ranged from 1.67 to 39.0 mm?Z. In contrast,
the corresponding area in iNPH patients had a local minimum near the center of the aqueduct
and relatively large variation ranging from 2.34 to 46.8 mm?. The absolute minimum aqueduct

diameter was 1.46 mm and 2.32 mm in controls and iNPH patients, respectively.

Next, the time course of the CSF flow rate through the aqueduct was obtained using 4D flow
MRI. Aliasing artifacts and eddy-current-based phase offsets were eliminated following the
methods used in our previous study (Yavuz llik et al., 2022). To consider the characteristic

features of CSF flow in the aqueduct, we computed the Reynolds number (Re=pUD/ ) and

1
Womersley number (W0 = D(a)p/,u)E ) as non-dimensional indices, where pis the density, s is

the viscosity, U is average velocity through the aqueduct cross-section, @wis the circular frequency
of oscillatory flow in the aqueduct calculated from the cardiac cycle, and D is the equivalent
diameter of the aqueduct cross-section. Following experimental data, we defined p =
1x103 kg/m3 and = 1x1073 Pa-s (Bloomfield et al., 1998). Validities of the 4D flow MRI data was

confirmed in Appendix 1.
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2.3 Numerical simulation

CSF domains were spatially discretized using first-order tetrahedral elements with a base mesh
size of 0.7 mm and three layers of boundary prism layer elements using ICEM CFD (Version 2021
R2; ANSYS Inc., Canonsburg, USA). The mesh size independency test was conducted as noted in
Supplementary 4. The CSF was modeled as an incompressible Newtonian fluid based on existing
experimental data (Bloomfield et al., 1998). We modeled the CSF flow as being driven by arterial
pulsations without CSF production because the influence of CSF production is relatively small over
this time scale (Bradley, 2015). On the basis of this assumption, we expressed CSF flow as a
transient volume change in the lateral ventricles (LVs) equivalent to the aqueduct flow rate. Thus,
CSF flow was expressed by the equation of continuity and incompressible Navier—Stokes equation

in arbitrary Lagrangian—Eulerian form for moving-wall boundary problems, given by
V-v=0, (1)
p(OV+V-VV)=-Vp+ Vv, (2)

where v is the velocity vector, V is the advection velocity in the arbitrary Lagrangian—Eulerian
coordinates, and p is the pressure. These equations were spatially discretized in a finite element
manner using a streamline upwind Petrov—Galerkin formulation (Bazilevs et al., 2012) and
computed by fractional step method. Computational details are briefly introduced in

Supplementary material 5.

Regarding computational conditions, we set prescribed moving-wall boundary conditions on
the LV surface. The LV motion was simplified by assuming isotropic volume expansion and

contraction, and the rate of the LV volume change was set to the aqueduct flow rate measured
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using 4D flow MRI (Fig. 2(A)), following Sweetman et al. (2011). Uniform displacement was
assigned on each LV surface node and its direction was set to unit surface normal. Cut-sections of
the foramen of Magendie and foramen of Luschka were set to a fixed pressure boundary
condition of 0 Pa. The time increment was set to 1 x 1073 s to satisfy a Courant—Friedrichs—Lewy
number < 0.15. Computational simulations were conducted through four cardiac cycles for each

subject. In section 3, we show results from the fourth cardiac cycle unless otherwise noted.
2.4 Evaluation indices

First, we evaluated spatial distributions of wall shear stress (WSS) on the aqueduct surface
at the time of maximum CSF flow rate from the third to fourth ventricles to consider mechanical

stimulus associated with the hyper-dynamic CSF flow. Following previously described methods,

1
WSS was computed in each element using the shear stress tensor E,u(VvT +Vv) and surface

unit normal (Sotelo et al., 2015). Next, we evaluated CSF flow mixing through the aqueduct using
massless particle tracers. The tracers were positioned at intervals of 0.25 mm along the aqueduct
with respect to each direction in Cartesian coordinates, and their motions were tracked through

20 cardiac cycles. Particle motions were expressed using the flow velocity vector v, given by

dx.

oy , (3)
dt

where X; is the position vector of the particle i. Eq. (3) was iteratively solved using the fourth-

order Runge—Kutta method. For quantitative evaluation of the mixing using these particle tracers,

we computed the mix-norm (Mathew et al., 2005) adjusted for discrete particle mixing as

described by Arzani et al. (2014). The mix-norm is a multi-scale mixing index that assesses the
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mixing extent and ranges from zero (not mixed) to one (completely mixed). A brief definition and
computation of the mix-norm are shown in Appendix 2 for completeness. To compute the mix-
norm, the approximate shape of the aqueduct was defined from the reconstructed surface as a
domain between the third and fourth ventricles with a diameter less than twice the minimum
diameter. Differences in the anatomical and physical data between iNPH patients and control

subjects were assessed statistically using the Mann—Whitney U test (SciPy v1.6.2 software;

https://scipy.org/).

3 Results

Figure 2(A) shows the time courses of CSF flow rate (A) in the agueduct on 4D flow MRI. Flow
from the fourth to the third ventricle was deemed positive and the cardiac cycle was considered
to start at early systole. The flow rate showed a pulsatile motion with a negative value in systole
and a positive value in diastole. The maximum flow rate in iNPH patients was approximately
three-fold higher than that in controls (p < 5 x 10-3). Figure 2(B) and (C) showed the maximum Re
and Wo. Significant differences of these both numbers were found between iNPH patients (Re:
58.0 + 27.6, Wo: 0.86 + 0.14) and controls (Re: 13.7+8.3, Wo: 1.50 + 0.32) (Re: p < 1 x 103 and

Wo: p<5x10%).

Figure 3 shows WSS spatial distributions on the aqueduct surface in representative control
and iNPH cases (iNPH2, controll). WSS magnitudes were almost constant in controls (Fig. 3(A)),
whereas high WSS values were found in relatively narrow domains in iNPH (Fig. 3(B)). For
guantitative comparisons of these tendencies, we computed WSS distributions along the

longitudinal direction of the aqueduct. The average WSS magnitude ranged from 8 to 25 mPa in
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controls, whereas that in iNPH patients was approximately three-fold higher and ranged from 23
to 78 mPa (p = 1.7x10°3). Furthermore, spatial variations of the WSS magnitude in iNPH patients
were 5—-6-fold larger than those in controls, and stresses were localized in the center region with
relatively narrow cross-sections. CSF stroke volumes and peak WSS magnitudes are summarized

in Supplementary 6.

The CSF mixing states in the aqueduct were analyzed using massless particle tracing through
20 cardiac cycles. Figure 4 shows representative snapshots of the particle tracer distributions
from the initial state to fourth cardiac cycle in the agqueduct in controll and iNPH2. In controls,
the particle tracer showed a slight but steady cyclic motion (Supplementary 7). In contrast, in
iNPH patients, relatively strong mixing with particle transfers between ventricles through the

aqueduct was found (Supplementary 8).

Figure 5 illustrates the particle tracer distributions in all subjects after 20 cardiac cycles. The
particle distribution remained almost the same as that in the initial setting in all controls, while
the distribution in iNPH patients showed notable variety and mixing, especially in iNPH2 and
iNPH8. In these cases, particle tracers were cyclically moved following CSF convection
synchronized with the cardiac cycle and gradually drifted from their initial positions. Particles
located in the third ventricles reached the fourth ventricle through the aqueduct within 20
cardiac cycles, and vice versa. We computed the mix-norm in each subject for the quantitative
evaluation of the CSF mixing state from particle tracers in the aqueduct. Figure 6 shows the time
courses of the mix-norm in the aqueduct in all participants. In the controls, the mix-norm
moderately increased and remained under 0.5 in all cases even after 20 cardiac cycles. In contrast,

iNPH patients tended to have a steep increase and wide patient-specific variation of the mix-

10
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norm from 0.2 to 0.9 after 20 cardiac cycles. The median values of the mix-norm after 20 cardiac
cycles were 0.314 and 0.523 in controls and iNPH patients, respectively, and these values were

significantly different (p =7 x 1073).

4 Discussion

The hyper-dynamic CSF flow through the aqueduct between third and fourth ventricle is
widely known as a part of iNPH progression (Scollato et al., 2008), while these the biomechanical
effect of the hyper-dynamic CSF flow remains unclear. To address this issue, this study
investigated CSF flow dynamics through the aqueduct in iNPH patients and control subjects using
MRI-based computational simulations. MRI showed that iNPH patients have characteristic
properties, including large ventricles, as summarized in the clinical guideline (Nakajima et al.,
2021), and a relatively high CSF flow rate (Fig. 2), consistent with existing clinical reports (Bradley,
2015). Based on these MRI measurements, the CSF flow dynamics in each patient were
determined using computational simulations, and biomechanical properties, such as wall shear

stress and flow mixing, were evaluated.

To consider the size of the mechanical stimulus associated with the CSF flow enhancements,
we evaluated the peak WSS on the aqueduct surface. Although WSS analyses on the aqueduct
surface have been performed using images from 4D flow MRI (e.g., Yamada et al., 2020, 2021),
there are strong severe concerns about their accuracy because of limitations in spatial resolution
and use of eddy-current-based offsets to measure small flow velocities (Wentland et al., 2010),
which needs appropriate offset eliminations (e.g., Yavuz llik et al., 2022) to address the above

concerns and obtain reasonable WSS profiles. The obtained results showed that iNPH causes not

11
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only approximately 3-fold larger base WSS values compared with control subjects but also 5—6-
fold larger WSS variations (Fig. 3) associated with the geometric alteration shown in Fig. 1. These
differences indicate that ependymal cells on the aqueduct surface are exposed to abnormal local
mechanical stimuli in iNPH. Because the relatively large WSS causes damage to the ependymal
cells with loss of the motile cilia and this damage associates with pathologic events (Shook et al.,
2014), the characteristic mechanical stimulus in iNPH patients may induce further pathologic

states in ventricular environments.

Hyper-dynamic CSF flow in iNPH patients, observed using PCMRI, significantly impacted flow
dynamics associated with CSF flow mixing. In controls, the effects of CSF convection were
moderate (Re = 30), and the CSF flow profile had spatially uniform properties in the longitudinal
direction. These moderate flow characteristics resulted in stable cyclic flow during pulsatile
motion (Fig. 5). In contrast, the CSF flow in iNPH patients showed convection-dominant (Re =
100) and non-negligible unsteady (Wo = 2) profiles. Enhancement of the CSF mixing in the
aqueduct associated with iNPH progression, as demonstrated in this study, has clinical and
pathophysiological implications. Associations between CSF flow and neurological diseases have
recently attracted attention from a biochemical perspective (Attier-Zmudka et al., 2019;
Bothwell et al., 2019; Puy et al., 2016; Seo et al., 2021) and suggested associations between
characteristic CSF flow alterations in iNPH patients and mixing of the CSF composition (Puy et al.,
2016). Clinical studies reported that hyper-dynamic CSF flow through the aqueduct was
associated with iNPH progression (Scollato et al., 2008) and this stabilization related to surgical
outcomes (Shanks et al., 2019). Furthermore, MRI measurements of CSF flow dynamics using

contrast agents revealed CSF mixing between the ventricle and subarachnoid space in iNPH

12
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patients (Ringstad et al., 2017) and CSF flow stasis in the ventricle after shunt surgery (Kawaguchi
etal., 2011). The obtained results are consistent with these clinical observations and thus indicate
the significance of CSF flow dynamics in iNPH patients in CSF flow mixing from a fluid mechanics
perspective. Therefore, we suggest that enhancement of the CSF mixing in the aqueduct in iNPH
patients is not only a diagnostic criterion but also a possible factor that induces neurological

symptoms associated with iNPH progression.

This study has three main limitations. First, the number of participants and their sex and age
distributions were limited. However, because geometric and CSF flow differences between iNPH
patients and controls were consistent with prior measurements (Bradley et al., 1996; Bradley,
2015), we believe the limited data did not critically affect the qualitative findings of our study.
Nevertheless, further consideration using large population data should be conducted to provide
a more comprehensive understanding of CSF flow characteristics. Second, this study considered
CSF flow dynamics synchronized with cardiac pulsation measured using 4D flow MRI without
considering other factors, such as respiratory motion, motile cilia, net CSF flow, and aqueduct
wall motions. CSF flow measurements using other modalities have highlighted the influence of
respiratory motion(Yamada et al., 2013), although the extent of its effect on CSF flow in the
aqueduct remains controversial (Sincomb et al., 2020). Moreover, in vivo measurements of CSF
dynamics using model animals showed motile cilia of ependymal cells present on the ventricle
surfaces drive CSF flow (Faubel et al., 2016; Shook et al., 2014) to compartmentalize the CSF
within individual ventricles (Olstad et al., 2019). Nevertheless, it remains unknown whether these
findings from experimental studies in small animals can accurately model CSF pathophysiology in

human ventricles (Ringers et al., 2020). In particular, global CSF flow in the ventricles can be
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considered to be dominantly driven by the pulsatile motion related to the heartbeat, and the role
of the motile cilia seems to be localized in the near-wall flow field (Siyahhan et al., 2014). Further
investigations regarding the possible effects of motile cilia on CSF flow and mixing could address
the above question. In addition, net CSF flow through the aqueduct was not treated in this study
because it considered CSF flow over a relatively short period of at most 20 cardiac cycles.
Nevertheless, the net flow may affect the long-term CSF mixing states observed in biochemical
studies. Lastly, since the aqueduct wall motion cannot be detected in MRI with the voxel size of
the sub-mm scales, we assumed the aqueduct wall as rigid in computation. Although we believe
these effects are secondary on qualitative tendencies, wall motion may affect quantitative values,
especially the WSS, and subscale flow characteristics as well as primally cilia. Third, because of
limitations in spatiotemporal resolution, background noise, and artifacts in the 4D flow MRI, we
used the total CSF flow rate as a computational condition and did not assess the spatiotemporal
flow velocity map directly. Although 2D PCMRI with multiple slices can increase the
spatiotemporal resolution, we used 4D flow MRI because it can effectively detect complex CSF
movements in all three spatial directions in a limited scan time. Temporal resolution was limited
by the actual MRI scan time, which was chosen to minimize patient burden. The measurement
CSF flow profiles showed significant differences between controls and iNPH patients, consistent
with current understanding (Bradley, 2015), and thus we believe that the limited temporal
resolution did not affect the conclusions of this study. To address this issue, data assimilations
using MRI data (e.g, Otani et al., 2022) may be capable to obtain CSF flow characteristics in the

entire ventricles rather than just through the aqueducts.
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In conclusion, this study investigated the biomechanical effects of the hyper-dynamic CSF flow
through the aqueduct in iNPH patients using MRI-based computational simulations. CSF flow
fields in the ventricles in 10 healthy controls and 10 iNPH patients were computed and
mechanical stimuli and flow mixing states were evaluated. The obtained results demonstrated
that iINPH causes high WSS values in relatively narrow regions of the aqueduct and significantly
enhances the CSF flow mixing between ventricles. These findings suggest that hyper-dynamic CSF
flow in iNPH results in significantly different fluid dynamical properties in the aqueduct in iNPH
patients compared with healthy individuals and thus provide further insight into clinical and

biological correlates of iNPH pathophysiology.

Appendix 1. Spatiotemporal validities of the 4D flow MRI

Validities of spatiotemporal resolution of 4D flow MRI data were confirmed from
following two investigations. First, we evaluated spatial continuity of CSF flow rate through the
aqueduct, as a validation of the spatial resolution. Time courses of the CSF flow rate during a
cardiac cycle were extracted on representative four cross-sectional planes of the aqueduct and
these average and standard deviation were evaluated in a control subject (control8) and an iNPH
patient (iNPH8), as representatives (Fig. A1(A)). Standard variations were at most 5% of the
average in both two cases, and thus we confirmed that the MRI data using in this study has
acceptable spatial continuities of the CSF flow rate through the aqueduct. Next, we evaluated
the net CSF flow and the CSF stroke volume through the aqueduct, as a validation of temporal
resolution. Fig. A1l (B) shows the box plots of the net CSF flow and stroke volume through the

aqueduct in one cardiac cycle in all healthy controls and iNPH patients. The net CSF flow volume
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in controls and iNPH patients were 0.43+0.46 pl and 1.95+1.48 pl, respectively, and were at most
10% or less of this CSF stroke volume. Because the net CSF flow are negligibly small comparing to
the stroke volume (Bradley et al., 1996), these results are consistent with existing physiological
knowledge. From these validation studies, we concluded that the MRI data using in this study has

appropriate qualities to obtain the CSF flow rate through aqueducts.

Appendix 2. Definition and computation of the mix-norm

The mix-norm is an established multiscale measure of mixing (Mathew et al., 2005). In the

original definition, the mix-norm in the case of a one-dimensional torus

$'=[0,1] is obtained by integrating the square of the average values of the function

c:S' >R over a dense set of subsets contained in S*. First, the mean value of ¢ within the

interval s (0,1) around p €[0,1] is given by

d(e.p.s) = [ Te00u(ex), @)

where 4 is the Lebesgue measure. The mix-norm ¢(C) is defined as the L* norm of the

function d(c, p,s) averaged with respectto p and S, such that

1

o(c,s) =[ [d*C, p,s)ﬂ(dp)J : (5)

and then

16



346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

¢(c)=[ [ qf(c,s)u(ds)J : (6)

This definition was generalized to a multi-dimensional torus following a straightforward process

(Mathew et al., 2005).

Arzani et al. (2014) used the mix-norm to evaluate the extent of discrete particle mixing

in the domain of interest I" from time t to t+ At. First, they divided the domain I into

equally-spaced subdomains T, (SJ-) given by

Ns;
FzUri(Sj)l (7)

where st is the total number of subdomains and s; is the particular length scale used to form

them. The function c, (Sj,At) was defined as the percentage of remaining particles in the

region of interest in a finite time, such that

N
c (s, t+At)=—24 8
(5, LAY = (®)

in out

where N, and N_, are the number of particles in Fi(sj) at time t+At while inside and

out

outside, respectively, at time t. Following the definitions in Egs. (1)—(3), the mix-norm can be

computed as the root mean square of ¢, as in the original definition. In the present study, we
considered four different length scales to define s;, which divided the aqueduct into 2, 4, 8, or

10 subdomains.
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Table 1 Basal geometric properties of all subjects (Left ventricle: LV, Third ventricle: 3V, Fourth

ventricle: 4V). Evans index is used to evaluate ventriculomegaly, and hydrocephalus is defined

as > 0.3 (Nakajima et al., 2021).

LV volume

3V volume

4\ volume

Case [mi] [mi] [mi] Evans index
controll 374 1.6 2.6 0.276
control2 27.4 14 1.6 0.254
control3 18.3 1.1 1.6 0.240
control4 18.9 1.3 2.2 0.249
control5 19.6 1.0 1.7 0.259
control6 10.8 1.3 1.9 0.221
control7 17.2 1.5 1.9 0.255
control8 243 0.7 1.4 0.270
control9 7.2 0.8 0.9 0.236
control10 16.7 0.9 14 0.225

iNPH1 138.8 4.3 2.5 0.373

iNPH2 104.4 3.9 2.6 0.329

iNPH3 99.7 4.5 3.5 0.329

iNPH4 104.6 6.4 25 0.301

iNPH5 61.7 24 1.6 0.301

iNPH6 71.9 4.0 1.9 0.318

iNPH7 152.5 6.0 4.7 0.384

iNPH8 165.9 5.0 4.2 0.342

iNPH9 114.2 4.1 4.4 0.332
iNPH10 83.5 4.8 2.2 0.373
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Fig. 1. Geometries of the cerebral ventricles of a healthy control (A) and an idiopathic normal
pressure hydrocephalus (iNPH) patient (B), reconstructed from T2-weighted magnetic resonance
images, and the cross-sectional area of the cerebral aqueduct (mean + S.D.) along its length (C)
in healthy controls (red line) and iNPH patients (blue line).

LV: lateral ventricle, 3V: third ventricle, 4V: fourth ventricle.
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Fig. 2. Time course of the cerebrospinal fluid (CSF) flow rate through the aqueduct (A) in healthy

controls and iNPH patients (mean + S.D.). Maximum Reynolds number on the cross-sectional

plane in the aqueduct (B) and associated Womersley number (C). A Mann—-Whitney U test was

used to compute p values.
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589  Fig. 3. Wall shear stress distributions on the cerebral aqueduct wall in a representative healthy
590 control (A) and iNPH patient (B), and wall shear stress distributions in the aqueduct (mean £S.D.)
591 along its length (C) in healthy controls (red line) and iNPH patients (blue line). The definition of

592  the coordinate is the same as that in Fig. 1 (C).
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Fig. 4. Time course of the three-dimensional particle tracer distributions in the cerebral aqueduct
in a representative healthy control (top) and iNPH patient (bottom) in the left-side view. The
color of the particle tracer is set according to its initial position. Videos of the time course are

shown in Electronic supplementary material 7 (control) and 8 (iNPH).
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Fig. 5. Three-dimensional particle tracer distributions in the cerebral aqueduct after 20 cardiac

cycles in healthy controls (top) and iNPH patients (bottom) in the left-side view.
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Fig. A1 (A) Time courses of the cerebrospinal fluid (CSF) flow rate (mean + S.D.) among four cross-

sectional planes in the aqueduct in a representative control (red) and an iNPH patient (blue) and

(B) box plots of net CSF flow volume and stroke volume for a cardiac cycle in all healthy controls

(left) and iNPH patients (left).
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