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Abstract

Purpose The cerebral ventricles deform in a non-uniform fashion in response to increased CSF volume and/or pressure in
hydrocephalic syndromes. Current research is focused on volumetric analyses, while topological analysis of ventricular surfaces
remains understudied. We developed a method of quantitatively modeling the curvature of ventricular surfaces to analyze
changes in ventricular surfaces in normal pressure hydrocephalus (NPH) and Alzheimer's disease (AD), using the left frontal
horn as an example.

Methods Twenty-one patients with NPH were recruited from our institution, and 21 healthy controls (HC) and patients with
Alzheimer’s disease (AD) were identified from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database. On T1-weighted
fine-cut magnetic resonance sequences, 3D Slicer was used to segment the left frontal horn. Next, the mean curvatures at a set of points
on the ventricular surface were determined. The frontal horns were scaled and centered into normalized volumes, allowing for pooling
across the study subjects. The frontal horn was divided into superolateral, superomedial, inferolateral, and inferomedial surfaces, and
locoregional mean curvatures were analyzed. Statistical comparisons were made between NPH, AD, and HC groups.

Results Significant differences in the mean curvature of lateral surfaces of the ventricles distinguished patterns of distortion
between all three cohorts. Significant flattening of the superomedial surface discriminated NPH from HC and AD. However,
significant rounding of the inferomedial surface compared to controls was a distinguishing feature of NPH alone.

Conclusion NPH ventricles deform non-uniformly. The pattern of surface distortion may be used as an additional tool to
differentiate between these hydrocephalic conditions.

Keywords Normal pressure hydrocephalus - NPH - Hydrocephalus - Morphology - Topology - Curvature - ADNI

Introduction

The cerebral ventricle can be regarded as a deformable fluid
vessel. Periventricular structures of varying degrees of com-
pliance constrain the ability of the ventricle to deform in re-
sponse to an increase in cerebrospinal fluid (CSF) volume
and/or pressure. Information about parenchymal compliance
and pressure on adjacent structures can be inferred from the
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pattern of locoregional deformation of specific ventricular
segments. Conventionally, the degree of hydrocephalus is
quantified using two-dimensional indices such as the Evans’
index and callosal angle, which have utility in the diagnosis of
normal pressure hydrocephalus (NPH), with some capacity
for prediction of shunt responsiveness [1, 2, 3, 4]. Two-
dimensional indices, with or without volumetric analyses,
have been the focus of previous studies of ventricular enlarge-
ment in hydrocephalus; quantitative changes in ventricular
morphology have remained understudied [4, 5, 6, 7].

While the ventricles are initially able to accommodate an
increase in CSF volume with little increase in pressure, the
ventricular system eventually exhausts its capacity for disten-
sion, resulting in surface distortion. This deformation has been
observed to occur in a non-uniform manner, with certain seg-
ments of the ventricular system more deformable than others.
The non-uniform deformation of the ventricles may therefore
cause variable distortion in the overlying subcortical
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structures. In our previous work, we have demonstrated that
an “at-risk” model of white matter injury, comprising six key
regions-of-interest, can demonstrate at least three concurrent
and distinct patterns of injury in NPH [8]. The differing pat-
terns of injury likely reflect the neuroanatomical arrangement
of white matter fibers, and their proximity to the ventricles,
i.e., to the risk of distortion due to progressive
ventriculomegaly.

In the cerebral mantle, the appearance of mechanical stress-
es has also been thought to account for the phenomenon of
diaschisis, i.e., that sudden neurophysiological or function
changes in the brain can occur in areas remote to the brain
lesions inciting such changes. In a study of a patient who
developed a transient hemispatial neglect syndrome following
surgical drainage of a large right frontotemporal arachnoid
cyst, Pena et al. used a combination of finite element analysis
and positron-emission tomography imaging to demonstrate
that substantial shear and compressive stress concentrations
with hypoperfusion were found in the parietal lobe, suggestive
of brain deformation with the appropriate clinical sequelae [9].
Such dramatic findings of clinical changes with surgical inter-
vention are rare but reported throughout the management of
arachnoid cysts and disorders of CSF circulation.
Nevertheless, in NPH and other chronic hydrocephalic syn-
dromes, to our knowledge, the surface topology of the ven-
tricular system has not been characterized.

In this study, we aimed to describe a method of quantifying
the surface curvature of the ventricles using a semi-automatic
segmentation technique. We applied this technique to evaluate
the difference in ventricular morphology, using the left frontal
horn as an example, between patients with NPH compared to
those with Alzheimer’s disease (AD) and healthy controls.

Methods
Data source

Twenty-one patients who met published criteria for probable
or possible NPH [10], and were undergoing extended CSF
drainage, were recruited prospectively from our institution.
They had pre-intervention magnetic resonance imaging
(MRI) scans. All NPH patients had ventriculomegaly with
Evans’ index >0.30 or bicaudate index >0.25, and had one
or more features of the NPH triad of gait disturbance, cogni-
tive impairment, and urinary incontinence. Some of them had
overlay from other neurodegenerative conditions but did not
meet diagnostic criteria for Alzheimer’s and Parkinson’s dis-
eases, and/or had limited response to treatment. The study was
approved by the National Healthcare Group Domain Specific
Review Board (Ref 2014/00838) and the SingHealth
Centralised Institutional Review Board (Ref 2016/2627).
Informed consent was obtained from all participants, or their
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legal representatives when applicable. T1-weighted baseline
scans for 21 healthy controls (HC) and 21 patients with AD
were retrieved from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) database (adni.loni.usc.edu). These HC and
AD subjects were randomly selected for comparison with the
NPH group, with similar ages across the cohorts (NPH: mean
71,SD 6; AD: mean 73, SD 9; HC: 73, SD 3). AD patients had
mild AD, meeting NINCDS-ADRDA criteria for probable
AD and a Clinical Dementia Rating of 0.5 or 1.0 [11, 12,
13]. The ADNI was launched in 2003 as a public-private
partnership, led by Principal Investigator Michael W.
Weiner, MD. The primary goal of ADNI has been to test
whether serial magnetic resonance imaging (MRI), positron-
emission tomography (PET), other biological markers, and
clinical and neuropsychological assessment can be combined
to measure the progression of mild cognitive impairment
(MCI) and early Alzheimer’s disease (AD).

NPH participants were scanned in a 3T scanner (Ingenia,
Philips Medical Systems, Best, Netherlands). Three-
dimensional axial T1-weighted imaging with sensitivity
encoding (SENSE) was acquired (TR = 7.3 ms, TE = 3.3
ms, flip angle = 8°, FOV = 256 x 256 mm, voxel size = 1.0
x 1.0 x 1.0 mm). Participants unable to undergo scans at 3T
due to safety concerns were scanned at 1.5T at equivalent
specifications. ADNI, AD, and HC participants were scanned
in a 3T MRI scanner (GE Healthcare, Philips Medical
Systems, or Siemens Healthcare, depending on the ADNI
scanning site). MRI scanning protocols for each scanner mod-
el are available online (http://adni.loni.usc.edu/methods/
documents/mri-protocols/).

Ventricular segmentation

Ventricular segmentation was performed using a semi-
automatic method in the open-source 3D Slicer software
[14]. In brief, segmentation was performed on 1-mm fine-cut
T1-weighted sequences. The ventricles were segmented using
a combination of threshold-based identification of voxels with
CSF-intensity signal, followed by manual editing and refine-
ment of segments. For each patient, the left frontal horn was
isolated. In this study, the frontal horn was defined as the
region of the lateral ventricle anterior to the foramen of
Monro.

Surface modeling

We followed a previously described method of representing
biological surfaces derived from imaging as a triangular mesh-
work of points [15, 16]. Briefly, the geometric relationships
between the points are modeled with a mesh of tessellating
triangles each formed from three adjacent points (or vertices).
Next, a custom program created in the Python language
(Python Software Foundation, Wilmington, DE) was used to


http://adni.loni.usc.edu/methods/documents/mri-protocols/
http://adni.loni.usc.edu/methods/documents/mri-protocols/

Neuroradiology

compute the mean curvature of the ventricular segments for
each point on the surface. The program utilized the open-
source module, vtkplotter [17]. The .s# files generated from
the 3D Slicer were imported into the Python software for
further processing and analysis.

Ventricles were normalized by scaling the left frontal horns
to the volume of an average left frontal horn in a healthy
control (HC). Next, the surface of the ventricle was
downsampled to approximately 2000 points (with a small
rounding error) using an algorithm based on a quadric error
measure; briefly, the algorithm reduces the number of points
representing a surface iteratively while seeking to minimize
the deviation from the original surface (“quadric error mea-
sure”) and thereby preserving the original curvature [18].
Downsampling standardized all ventricular surfaces to the
same number of points (vertices) to enable comparisons, as
well as smoothened the ventricular surfaces to minimize local
irregularities and imaging artifacts.

Curvature analysis

The method of curvature analysis was inspired by published
works on cardiac ventricular analysis [15, 16, 19]. Curvature
is defined as the reciprocal of the radius of the best fitting
circle for a specified segment of an arc, with a dimension of
length '

Mean curvature, H, of a smooth surface is geometrically
defined as [20, 21, 22]:

1 on
H =51 "w(0)d0, «

: curvature along a specific angle (0)

A positive curvature denotes a convex surface, whereas a
negative curvature denotes a concave surface. A flat surface
has zero mean curvature. The larger the magnitude, the sharp-
er the curvature. Using triangular mesh approximation (Fig. la
and b) [23], the differential surface geometry can be simplified
to discrete Euclidean geometry by taking the scaled average of
all dihedral angles between two adjacent triangular faces
around a vertex (illustrated in Fig. 1¢c). This is mathematically
defined by [20, 24]:
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where Hgge (i) = rie length of edge(i) x dihedral angle(i),
n = number of edge neighbors

The mean curvature, with a unit of cm ™', was then normal-

ized by scaling to the average volume of the frontal horn as
determined from the HC cohort. This eliminated the effect of

volume differences between individuals and enabled the
pooling of measurements from different individuals.

Each frontal horn was divided into four quadrants—
superolateral (SL), superomedial (SM), inferolateral (IL),
and inferomedial (IM)—for regional analysis (Fig. 2). The
quadrants were determined by two bisecting planes, one
bisecting the superior and inferior compartments into two
equal volume segments, and one bisecting the medial and
lateral compartments into two equal volume segments. This
methodology was chosen as a simple and easily reproducible
way to subsection the frontal horn which could be automati-
cally performed by the program. The posterior surface was
truncated (the last 0.05 cm was excluded from analyses) as it
represented an artificial boundary generated during segment
generation between the frontal horn and the rest of the lateral
ventricle.

Pilot simulation tests with spheres and ellipsoids

In order to check the validity of the program, pilot tests were
performed on simple geometric shapes, namely spheres and
ellipsoids.

The first test was performed to visualize the behavior of
how mean curvature changed with volume normalization
(Fig. 3). Three spheres of different radii (1 cm, 2 ¢cm, and 3
cm) and three ellipsoids belonging to different geometric clas-
ses (a prolate, an oblate, and a tri-axial ellipsoid) were used;
for the latter, radii were varied between 1 cm, 2 ¢cm, and 3 cm
to achieve the above geometric configurations. Volume-
normalized variants of the six shapes above were generated,
by scaling to the volume of a sphere with a 1-cm radius.
Volumes computed from the mesh (mesh volume) were com-
pared to the actual geometric volume calculated mathemati-
cally. All figures were standardized to be represented by 1000
point coordinates. The mean curvature distributions along
these surfaces were then represented by box-and-whisker
plots (Fig. 4).

The second test was to verify the stability of mean curva-
ture distribution to the reduction in the number of point coor-
dinates representing the surface (i.e., the mesh density). Violin
plots were used to visualize the mean curvature distributions
(Fig. 5). Wireframe diagrams and reconstructed surface dia-
grams were presented to visualize the effect of reducing mesh
density on surface curvature measurement.

Curvature ratio (R)

The relative degree of curvedness between the ventricle in
disease conditions (NPH, AD) can be expressed as a ratio
relative to the mean curvature in the HC cohort. We termed
this the curvature ratio, R. Therefore, Rypy is defined as me-
dian H in the NPH cohort divided by the median H in the HC
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Fig. 1 Representation of left ventricle. a Three-dimensional graphical
visualization of the left frontal horn in one of the NPH patients. The mean
curvature (normalized) at each point is represented by a color spectrum
from red (a convex curvature of 5 units) to blue (a concave curvature of
—5 units). White denotes a flat mean curvature at the respective local
regions (a curvature of 0 unit). b In order to simplify graphical rendering
and computation of mean curvatures, the ventricular surfaces are repre-
sented by a series of points in a three-dimensional Cartesian space. In

cohort. Similarly, Rap is defined as median H in the AD
cohort divided by the median H in the HC cohort.

Statistical analysis

The Python language was used to implement the image anal-
ysis and statistical analysis modules. The mean curvatures
were pooled across all patients within their respective groups
(that is, HC, NPH, and AD), and represented by box-and-
whisker plots. Curvature values of more than 10 cm ! (ie.,
corresponding to the curvature of small circles with radii <1
mm) were excluded as they were likely contour artifacts with

Fig. 2 Ventricular surfaces are
divided into four quadrants. The
regional surfaces are named:
superomedial (SM; green),
superolateral (SL; blue),
inferomedial (IM; red), and
inferolateral (IL; yellow). The
quadrants were constructed by the
intersection of two planes, one
dividing the superior and inferior
segments into two regions with
equal volumes, and one dividing
the medial and lateral segments
into two regions with equal 5
volumes. Regional analysis was

performed for each of the four v
quadrants
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addition, spatial relations between these points are represented by a mesh
of'tessellating triangles, each created by adjoining three adjacent points. ¢
An illustration of how mean curvatures were calculated, using a dome as
an example. The dihedral angle () is the angle between the normal vector
of the two neighboring triangular faces (f; and f;). A vertex (v) is
surrounded by a variable number of triangular planes, and the arithmetic
mean of all edge (e) curvatures around the vertex estimates the mean
curvature at the vertex

no biological significance. The Mann-Whitney U test with
Bonferroni adjustment was used to compare curvature distri-
butions between the groups. Statistical significance was de-
fined as p < 0.05.

Results

The left frontal horns of 21 HC, 21 NPH, and 21 AD patients
were analyzed. For this pilot study, clinical characteristics
were not evaluated.
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Fig. 3 Validation of the calculations of volume and curvature parameters
using test spheres and ellipsoids. Volumes were measured as mesh
volume (mesh not shown) and compared to geometric volume
calculated mathematically. Spheres of different radius were used: 1 cm
(sphere 1;s1), 2 cm (sphere 2; s2), and 3 cm (sphere 3; s3). For a sphere of
radius of 1 c¢m, the mean curvature is (1/1 cm) = 1 cm ! and is by
definition uniform throughout the entire surface. Ellipsoids can be

described by specifying the radius in each of the three cardinal planes
(x, v, 2). Ellipsoid 1 (prolate; el) has two short axes and one long axis,
ellipsoid 2 (oblate; e2) has one short axis and two long axes, and ellipsoid
3 (tri-axial; €3) has three axes of different radii. With volume normaliza-
tion, the shapes (spheres: sln, s2n, s3n; ellipsoids: eln, e2n, e3n) are all
standardized to a volume of 1 cm’, with the same number of point coor-

Mean curvature (H) values of test spheres and ellipsoids
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Fig. 4 After scaling mean curvature values to a normalized volume (sIn to s3n, eln to e3n), the pattern of distribution of mean curvature (/) remained
unchanged, demonstrated by the constant shape of the corresponding box-plots. Naming conventions as in Fig. 1
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Fig.5 Effects of mesh density on frequency distribution of mean curvatures. The frequency distributions of mean curvatures remain generally preserved
with reducing number of point samples, until there are too few points to accurately represent a shape, as in the case of 50 points

Mesh

Surface

Pilot tests (Fig. 3). Before volume normalization, the mean curvatures for
the 1-cm, 2-cm, and 3-cm-radius spheres were 1 cm™! (e, 1/1
Spheres and volume-normalized spheres cm), 0.5 cm™! (i.e., 1/2 cm), and 0.33 cm™! (i.e., 1/3 cm) respec-
tively. Following volume normalization to that of a 1-cm-radius
The mesh volumes of sphere and ellipsoids showed minor un-  sphere, all spheres had mean curvature values of 1 cm™' (Fig. 4).

derestimation as compared to mathematically calculated volumes ~ For the ellipsoids, volume normalization did not alter the

FHC AD)
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Fig. 6 Mean curvature frequency distribution of left frontal horn of a healthy control (HC) subject and that of a normal pressure hydrocephalus (NPH)
subject. All volumes had been normalized to the volume of the average left frontal horn derived from the HC group (3.9 cm®)
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distribution pattern of its surface curvature, evidenced by the
preserved shapes of the box-and-whisker plots (Fig. 4).

Effect of mesh density

Mesh density was determined by the number of point co-
ordinates (vertices) representing a surface. Simulations
with decreasing mesh density with an ellipsoid showed
stability of the surface curvature distribution, although
once the number of vertices became too small to accurate-
ly represent a shape, the surface curvature distribution be-
came significantly altered (Fig. 5).

Comparisons between HC, NPH, and AD
Volumes

NPH subjects had a larger frontal horn (median: 20.5 cm?)
than HC subjects (3.9 cm’; p <0.001) and AD subjects (5.0
cm’; p < 0.001) (Fig. 6). Volumetric analysis failed to differ-
entiate AD from HC (p = 0.77).

Mean surface curvature (H)

NPH subjects had an overall more rounded frontal horn than
HC subjects (median H 1.035 cm ! versus 0.924 cm !, re-
spectively; p < 0.001) (Fig. 6). AD patients also had a more
rounded frontal horn than HC subjects (median / 0.976 cm ™'
versus 0.924 cm ', respectively; p < 0.001), although the dif-
ference was smaller in magnitude than that between HC and
NPH.

Representing the respective distributions in the scatterplot
with the volume as an additional dimension (Fig. 7), the NPH
group was clearly identifiable as a distinct cluster, with higher
median A and volume (as per Fig. 6). The difference was more
subtle between AD and HC cohorts: 13 of the 21 HC patients
had a median H below approximately 1 cm ™" in the HC co-
hort, versus only 7 of the 21 patients in the AD group.
Interestingly, for the AD and HC groups, as the ventricular
volume increased, the median H also increased (i.e., the ven-
tricles became rounder). By contrast, this positive correlation
was not observed for NPH ventricles.

Regional curvature analysis

For the superolateral surface, both NPH and AD patients had
rounder surfaces (median # 1.034 cm ' and 0.856 cm™ ' re-
spectively) than HC subjects (median H0.764 cm ™ '; p < 0.001
and p < 0.001 respectively) (Fig. 8). NPH patients had a
rounder superolateral surface than AD patients (p < 0.001).

For the superomedial surface, NPH patients exhibited a
flattening of curvature in this region as compared to HC sub-
jects (H 0.686 cm ™' versus 0.798 cm™ ', p < 0.001). There was
no difference between AD and HC subjects (4 0.783 cm ™'
versus 0.798 cm™', p = 1.00). NPH patients had a flatter
superomedial surface than AD patients (p < 0.01).

For the inferolateral surface, both NPH and AD patients
had rounder surfaces (median 7 1.102 cm™ ! and 0.914 cm™!
respectively) than HC subjects (median H 0.788 cm ™ '; p <
0.001 and p < 0.01 respectively). NPH patients had a rounder
inferolateral surface than AD patients (p < 0.001).

For the inferomedial surface, NPH patients had rounder
surfaces (median H 1.032 cm™ ") than HC subjects (H 0.93
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Volume, ¢cm?

Fig. 7 The distribution of mean curvature against volume. The normal pressure hydrocephalus (NPH), Alzheimer’s disease (AD), and healthy control
(HC) cohorts are identifiable as distinct clusters based on their curvature-volume characteristics
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Fig. 8 The mean curvature of the
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cm b p < 0.01). There was no difference between AD and HC
subjects (p = 0.07) or between NPH and AD patients (p = 1.00).

Curvature ratios (R)

Overall, the frontal horns in both NPH and AD were more
rounded than HC subjects, by 12% (Rxpu 1.12) and 6% (Rap
1.06) respectively (Table 1).

In NPH, the lateral surfaces (i.e., superolateral and
inferolateral) increased in mean curvature by 35% and 40%
(Rnpy 1.35 and 1.40), respectively, as compared to those in
HC subjects. The inferomedial surface increased in mean cur-
vature by only 11% (Rnpy 1.11). There was a flattening of the
superomedial surface by 14% (Rnpy 0.86) (Table 1).

In AD, the lateral surfaces also became more rounded as com-
pared to HC subjects, although not to the same extent as NPH
(Rnpu 1.12 and 1.16). As mentioned above, there was no differ-
ence in the curvature of the medial surfaces between AD and HC.

Discussion
In this pilot study, we profiled the surface mean curvature of
the left anterior horn and compared the pattern of distortion in

healthy controls, patients with normal pressure hydrocepha-
lus, and those with Alzheimer’s disease. The ventricle
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deforms unevenly, due to anatomical constraints from
periventricular structures with differing compliance. Since
CSF pressure within the ventricle equilibrates across the com-
partment, differences in curvature directly translate to differ-
ences in tissue distortion in the surrounding structures—a gen-
tle curvature, in principle, distributes this distortion across a
larger area, whereas a sharp curvature focuses the distortion
over a small area. In our study, there was a rounding of the
superolateral, inferolateral, and inferomedial surfaces, and a
flattening of the superomedial surface, in those with
ventriculomegaly, as compared to normal subjects. We found
that significant differences in the mean curvature of lateral

Table 1 Median mean curvature (H) values in HC, NPH, and AD
groups. The curvature ratios (R) were defined as the ratio of median H
in NPH (Rnpy) and AD (Rap) compared to the median A in HC subjects;
it is a measure of relative “roundedness” of the surface in diseased state as
compared to a normal state

Median HHC Median HNPH Median HAD RNPH RAD

Overall 0.924 1.035 0.976 1.12 1.06
Superolateral  0.764 1.034 0.856 135 1.12
Superomedial 0.798 0.686 0.783 0.86 0.98
Inferolateral ~ 0.788 1.102 0914 140 1.16
Inferomedial  0.930 1.032 0.970 .11 1.04
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surfaces (rounding of superolateral and inferolateral quad-
rants) were able to distinguish patterns of ventricular distor-
tion between all three cohorts. Significant flattening of the
superomedial surface was able to discriminate between co-
horts of NPH compared to healthy controls and AD respec-
tively. However, significant rounding of the inferomedial sur-
face compared to controls was a distinguishing feature of NPH
cohorts alone.

Normal pressure hydrocephalus

In NPH, we found that the frontal horn predominantly dilated
laterally. This manifested in the rounding of the lateral surfaces,
by 35% (superolaterally) and 40% (inferolaterally) as quantified
through our analysis. On the superomedial surface, there was a
flattening of curvature, and here represent the topographical
equivalent to tight high convexity and acute callosal angles, both
well-described findings in NPH [2, 3, 25].

It remains to be evaluated whether the degree of rounding
correlates with clinical outcomes and other parameters, and
more studies are in progress. A positive correlation between
the mean curvature (after volume normalization) and volume
was seen for AD and HC frontal horns. For NPH, the mean
surface curvature remained relatively constant even with in-
creasing ventricular volume (Fig. 7). One explanation could
be that as the ventricles progressively dilate in NPH, white
matter tracts are first to be stretched as the ventricles distort
and become rounder. However, after maximal rounding of the
ependyma of the ventricles, further distortion becomes trans-
mitted to deep grey matter, which would likely be less com-
pliant than the white matter microstructure. This differential
pattern of ventricular dilatation may partly explain the wide
spectrum of clinical manifestations of NPH as well as the
spectrum of reversibility of neural injuries. Further work is
required to test this hypothesis.

Alzheimer’s disease

In AD, ventricular dilatation is a result of general cortical atrophy.
We estimated that the frontal horns of AD were, on average, 6%
more rounded than that of normal subjects. As compared to the
normal subject, only the lateral surfaces were more rounded,
while there was no difference in the medial surfaces. This was
consistent with the mechanism of cortical atrophy driving
ventriculomegaly, resulting in the expansion of ventricles
lateralward, in the direction of the atrophied cortices.

Curvature ratio (R)

The ventricle distends to a varying degree along different sur-
faces, owing to different compliance of the periventricular paren-
chyma. Using curvature analysis, the “roundedness” of a surface,
relative to normal condition, could be quantified using an index

like the proposed curvature ratio, R. R greater than 1 indicates
relative rounding of the surface in a diseased state as compared to
normal “healthy” individuals, whereas R lesser than 1 indicates
relative flattening of the surface in a diseased state.

Anatomical correlates

We conjecture that the described topographical differences could
broadly represent two types of abnormalities in the
periventricular parenchyma: neural stretching and structural
compression.

Periventricular white matter abnormalities have been well-
described in NPH [26]. Diffusion tensor imaging (DTI) and
tractography could be correlated to topological changes to
confirm the relationship between ventricular surface distortion
and white matter tract deformation. With regards to structural
compression, for example in NPH, reduction in the volume
and perfusion of the caudate nucleus and thalamus had been
reported [27, 28]; the integrity of surrounding structures may
be determined by both the degree of volumetric change and
the pattern of differential curvature distortion produced in the
evolution of progressive ventriculomegaly. Ventricular distor-
tion could conceivably precede caudate and thalamus atrophy,
and abnormal patterns of progressive distension could have
prognostic implications for the trajectory of the disease.

Strengths and limitations

Our methodology utilized open-source software, based on 3D
Slicer and Python-based modules. This enables reproducibility
and transparency. All ventricles were volume-normalized, elim-
inating volume differences as a confounding factor. The descrip-
tion of surface topology may be superior to volumetric analysis
as a tool to distinguish between cohorts of NPH versus normal
aging and neurodegeneration. Further work has been planned,
including the correlations with a more comprehensive examina-
tion of ventricular morphology, further segmentation of ventric-
ular anatomical segments, and volumetric assessment of subcor-
tical and cortical changes, to better examine the differential ca-
pacity for ventricular segments to deform in hydrocephalus.
Various potential sources of measurement error could have
been introduced. Firstly, our method of ventricular segmenta-
tion was a semi-automated process; CSF-intensity voxels
were first automatically identified, followed by manual exclu-
sion of extraventricular CSF spaces that were falsely included
during initial processing. The latter commonly included, for
instance, the cisternal spaces in the regions of the sella turcica,
pre-lamina terminalis cistern, quadrigeminal cistern, and cis-
tern of the velum interpositum. However, these regions were
not examined in this pilot study involving the frontal hom, a
relatively consistent area to segment. Inter-operator variability
in segmentation was possible but minimized by the use of a
descriptive standard operating protocol of steps undertaken for
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quality assurance, based on pilot testing. Additionally, surface
modeling using approximate point coordinates and triangulated
mesh, although a well-described technique that has been used in
medical imaging processing in other fields [15, 16, 19], could
result in subtle inaccuracies and underestimation of the volume,
although based on pilot testing the discrepancies were insignifi-
cant. Other options to approximate curvature would include (1)
local surface fitting techniques to reconstruct a surface, such as
fitting a quadratic polynomial function to point coordinates [29,
30]; however, this would be computationally inefficient with
minimal increase in accuracy, (2) tensor-based methods by cal-
culating the average of curvature tensors over small areas [31,
32], although significant errors had been reported with this tech-
nique. To minimize the introduction of cumulative measurement
errors, we restricted our analyses to the left frontal horn in this
study. Further work is needed to extrapolate our findings to other
topological segments of the ventricles.

Future directions

Future studies should correlate these findings to clinical param-
eters and outcomes, as well as to radiological findings from other
modalities of analysis. With regards to surgical shunting, topo-
graphical changes in ventricular curvature may offer a more sen-
sitive measure than changes in CSF volume in predicting the
response to shunting. Future studies should be conducted to eval-
uate the correlation between volumetric and linear measurements
(such as Evan’s index, bicaudal ratio, callosal angle) and topo-
graphical measurements. We believe the two methodologies to
be complementary. Differential patterns of surface distortion,
evaluated through standardized regional topographical analyses,
may provide more granularity and supplement the traditional
volumetric and linear indices in best describing ventricular mor-
phology. Subtle morphological changes not otherwise detectable
with linear indices and volumetric analysis could be a potential
biomarker for correlation to neurological recovery, although it
would still depend on other factors such as the structural integrity
of deep nuclei and white matter tracts. Lastly, this technique
could be considered a measure of hydrocephalic dilatation, which
may or may not be specific to the condition of NPH. It may be
possible to extend the technique to interrogate other conditions
with a deformational difference in hydrocephalic patterns, such
as differences in pediatric and adult post-hemorrhagic deforma-
tion and other forms of brain atrophy, to determine whether
differences are due to hydrocephalus alone or specific to unique
deformational changes with NPH.

Conclusion
NPH ventricles deform non-uniformly, and the pattern of sur-

face distortion may be used as an additional diagnostic tool to
differentiate between these hydrocephalic conditions. The

@ Springer

surface topology may have important clinical correlates and
further study could be done to further characterize this.
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