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Abstract

Objective: The aims of the study were to measure the cerebrospinal fluid (CSF) volumes in the lateral ventricle, high-
convexity subarachnoid space, and Sylvian fissure region in patients with idiopathic normal-pressure hydrocephalus
(INPH) and Alzheimer's disease (AD), and to evaluate differences in these volumes between INPH and AD groups and
healthy controls.

Methods: Forty-nine INPH patients, 59 AD patients, and 26 healthy controls were imaged with automated three-
dimensional volumetric MRI.

Results: INPH patients had larger lateral ventricles and CSF spaces of the Sylvian fissure region and smaller high-
convexity subarachnoid spaces than other groups, and AD patients had larger lateral ventricles and CSF spaces of the
Sylvian fissure region than the control group. The INPH group showed a negative correlation between lateral ventricle
and high-convexity subarachnoid space volumes, while the AD group showed a positive correlation between lateral
ventricle volume and volume for CSF spaces of the Sylvian fissure region. The ratio of lateral ventricle to high-convex-
ity subarachnoid space volumes yielded an area under the curve of 0.990, differentiating INPH from AD.

Conclusions: Associations between CSF volumes suggest that there might be different mechanisms between INPH
and AD to explain their respective lateral ventricular dilations. The ratio of lateral ventricle to high-convexity subarach-
noid space volumes distinguishes INPH from AD with good diagnostic sensitivity and specificity. We propose to refer
to this ratio as the VOSS (ventricle over subarachnoid space) index.

Keywords: Idiopathic normal-pressure hydrocephalus, Cerebrospinal fluid space, Magnetic resonance imaging,
Alzheimer’s disease

Introduction
Idiopathic normal-pressure hydrocephalus (INPH) is a
treatable neurologic disorder characterized by ventricular
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dilatation (Evans’ index > 0.3), normal cerebrospinal fluid
(CSF) pressure at lumbar puncture, and a symptom triad
of cognitive impairment, gait disturbance, and urinary
dysfunction [1]. Ventriculomegaly is the distinctive mor-
phologic characteristic of INPH.

Alzheimer’s disease (AD) is the most frequent cause
of dementia in the elderly. While ventriculomegaly is the
primary morphologic characteristic of INPH, it is also
seen in AD [2]. AD patients show diffuse cerebral atro-
phy, which leads to secondary ventricular enlargement.
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Further, cerebral atrophy as a consequence of aging can
extend ventricular dilatation. In clinical situations, gait
disturbance additionally is well known to be frequent in
AD [3].

INPH with non-obstructive ventricle enlargement can
be difficult to differentiate from AD with ex vacuo ven-
tricular enlargement based on standard MRI findings
alone [1]. And the diagnosis of INPH is complicated by
the variability that exists in its clinical presentation and
course [1]. Nevertheless, the diagnosis of INPH is also
important because INPH is regarded as a reversible neu-
rodegenerative disease. As a result, additional tests for
differential diagnosis are often necessary.

Tightness in high-convexity and medial subarachnoid
spaces, which is most noticeable on coronal MRI sec-
tions, is a well-known feature of INPH [4]. As a conse-
quence, high-convexity tightness has been suggested as
an alternative imaging feature to discriminate INPH from
AD [2]. The imaging characteristics of ventriculomegaly,
high-convexity tightness, and Sylvian fissure dilation
has been called “disproportionately enlarged subarach-
noid space hydrocephalus” (DESH) [2]. The usefulness
of DESH in distinguishing INPH from other neurologic
diseases has been noted in several studies [2]. However,
evaluating DESH on MRI images can be difficult for less-
experienced physicians. The qualitative nature of this
visual interpretation has been suggested to be the major
drawback for its use clinically [5]. In general, automated
volumetric measurements are more objective and reliable
and can provide exact measurements of regional brain
volume in comparison with visual interpretations [6].

There have been three studies about volumetric meas-
urements of CSF spaces, including the lateral ventricles,
high-convexity subarachnoid space, and CSF spaces of
the Sylvian fissure region in INPH patients; however,
these studies only included 11, 12, or 19 INPH partici-
pants, respectively [7-9]. One of these studies used a
manual delineation method for volumetric analysis [7].
However, manual tracing of ROI on successive brain
slices is time-consuming and can include substantial
errors during measurement [8]. Two of these reported
that voxel-based morphometry (VBM)-based CSF space
analysis can be used to determine the characteristic
alteration of the CSF space in INPH patients [8, 9]. How-
ever, they examined only two CSF space volumes, as they
combined the lateral ventricle and Sylvian fissure area in
one volume and the high-convexity subarachnoid space
in another. And a previous study with 29 INPH patients
reported that the ratio between the two-dimensional
areas of the Sylvian fissure and the subarachnoid space at
the vertex was a reliable tool to easily quantify DESH on
computed tomography scans of patients with suspected
INPH, but they did not examine AD patients [5].
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In this study, we investigated the volumes of key CSF
spaces (i.e., the lateral ventricles, high-convexity suba-
rachnoid space, and CSF spaces of the Sylvian fissure
region) utilizing an automated three-dimensional volu-
metric approach in 3 groups: (1) INPH patients with
a positive response to a CSF tap test (CSFTT), (2) age-
matched AD patients, and (3) healthy controls. The aims
of the study were to evaluate differences in CSF space vol-
umes among the 3 groups and to investigate relationships
between lateral ventricle volume, volume for high-con-
vexity subarachnoid space, and volume for CSF spaces of
the Sylvian fissure region in INPH and AD patients. Since
dilated lateral ventricles and high-convexity tightness
often occur together in INPH, we investigated a ratio of
the two for distinguishing INPH from AD.

Methods

Participants

INPH patients who visited the Center for Neurodegener-
ative Diseases of Kyungpook National University Chilgok
Hospital, South Korea, from June 2013 to March 2017
were prospectively recruited. The INPH diagnosis was
made using Relkin et al. criteria [1]. A lumbar tap remov-
ing 30-50 ml of CSF was done on each INPH patient.
After the CSF tap, patients were re-evaluated with the
Korean-Mini Mental State Examination (K-MMSE), the
INPH Grading Scale (INPHGS), and the Timed Up and
Go Test (TUG). Gait changes were evaluated multiple
times over 7 days following the tap, and changes in cog-
nition and urination were evaluated at 1 week. CSFTT
response was defined using these 3 major scales [10].
INPH patients who had a positive response to the CSFTT
according to the Japanese guidelines for INPH were
enrolled [10].

AD patients and healthy controls were chosen ran-
domly from our hospital and were matched to INPH
patients according to age. AD was diagnosed using McK-
hann et al. criteria [11]. The criteria for healthy controls
were as follows: normal neurological status on examina-
tion; no active neurological, systemic, or psychiatric dis-
orders; and the ability to function independently. Global
cognition of healthy controls was also assessed using the
K-MMSE.

MRI imaging acquisition

MRI data were obtained using a 3.0 T system (GE Dis-
covery MR750, GE Healthcare). Three-dimensional
T1-weighted, sagittal, and inversion-recovery fast spoiled
gradient echo (IR-FSPGR) MRI images of the whole
head, designed to optimally discriminate between brain
tissues (sagittal slice thickness 1.0 mm, no gap, TR=38.2
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ms, TE=3.2 ms, flip angle 12°, matrix size 256 x 256 pix-
els, and field of view =240 mm), were acquired.

Image analysis

In order to define an unbalanced distribution of the
CSF spaces, the following image preprocessing steps
were applied. At first, the MR images in native space
were registered into the International Consortium for
Brain Mapping (ICBM) 152 symmetric template using
a linear transformation and corrected for intensity non-
uniformity artifacts [12, 13]. Secondly, we removed all
unnecessary parts of the MR image including the skull,
extracranial tissue, cerebellum, and brainstem by an
automated brain extraction algorithm [14], and an artifi-
cial neural network classifier was applied to identify cer-
ebral tissues into gray matter (GM), white matter (WM),
and CSF [15]. Partial volume levels, MRI intensity-mix-
ing at the tissue interfaces due to the finite resolution of
the imaging device, were estimated and corrected using a
trimmed minimum covariance determinant method [16].

We adopted the graph cuts algorithm combined with
an atlas-based segmentation to define the lateral ventri-
cle, which would use a priori information for the follow-
ing graph cuts algorithm [17]. A manually drawn lateral
ventricle on the ICBM 152 symmetric template was used
to define the lateral ventricle from individual data using
nonlinear registration [17]. It provided a priori informa-
tion for the graph cuts algorithm as foreground seeds,
which was used to find a global minimum of energy
function with minimum cut/maximum flow algorithms
on the graph [17]. The definition of initial seeds was fur-
ther elaborated by incorporating an estimation of partial
volume probabilities at each voxel [17]. After graph cut
computation, the segmentation result was finely post-
processed by a morphological opening to reduce over-
and under-segmented parts [18].

The Talairach coordinate system has a proportional
grid based on stereotaxic spaces and consists of the tes-
sellation of the brain into sectors of 1056 cells [19]. These
cells enable defining particular regions or anatomical
structures for selecting homologous cells and be useful
for inter-subject comparisons. Before dividing into the
proportional grid, all data were aligned to a stereotaxic
space to be set the anterior commissure (AC) and the
posterior commissure (PC) that lay on a straight horizon-
tal line, the so-called AC-PC line [20]. We overlaid the
Talairach grid onto each brain image in stereotaxic space.
Previously described approaches were used to define
regions of interest (ROIs) in the high-convexity area and
in the Sylvian fissure region [21]. Briefly, the extreme
top, bottom, left, right, anterior, and posterior edges of
the eroded image were determined, and they defined the
edges of the Talairach bounding box [21]. In the anterior
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to posterior direction, four equal divisions were created
anterior to the AC and posterior to the PC [21]. The
region between the AC and PC was divided into three
equal sections [21]. From superior to inferior, the brain
was divided into eight equal divisions above the AC-PC,
and into four equal divisions below the AC-PC [21]. Each
of the left and right hemispheres was divided into four
equal sagittal regions [21]. Coordinates defined below
were expressed relative to the Talairach reference planes
as the number of grid coordinates [e.g., VPC(— 2) =two
vertical grid lines posterior to the PC] [21].

High-convexity area

The inferior-superior extent of this region is from
AC-PC(+3) to AC-PC(+8). This region extends sagit-
tally from the midline (M) to M(£1 sagittal grid divi-
sions). The anterior-posterior extent of this region is
from vAC(+ 1) to vPC(0).

Sylvian fissure region

The inferior-superior extent of this region is from
AC-PC(— 2) to AC-PC(+ 3). The medial border is defined
by M(£2). The lateral border is defined by M(+4). The
anterior-posterior extent of this region is from vAC(+ 2)
to vPC(— 1).

The amount of CSF in the high-convexity area and Syl-
vian fissure region was estimated from the CSF-classified
map limited by each cell (Fig. 1). In addition to this pro-
cedure, the largest connected component labeling opera-
tion was applied to the estimation of CSF in the Sylvian
fissure region in order to remove false positives [17]. For
volumetric measurement, extracted CSF images were
inversely registered into each native space. And then,
normalization of the regional CSF volumes by intracra-
nial volume (ICV) was applied to compensate for inter-
individual variability in brain morphology and total head
size, which was obtained by an automated brain extrac-
tion algorithm in the preprocessing step. Normalized
CSF space volumes were expressed as ratios of ICV.

Statistical analysis

R version 4.0.3 (https://www.r-project.org) was used for
statistical analysis. The CSF space volumes of the INPH,
AD, and control groups were compared by analysis of
variance or Kruskal-Wallis tests, followed by Tukey’s
post-hoc analysis. Pearson’s correlations were employed
to investigate relationships between lateral ventricle vol-
ume and volume for high-convexity subarachnoid space
and volume for CSF spaces of the Sylvian fissure region
in patients with INPH and AD. Diagnostic accuracy of
the lateral ventricle volume/high-convexity subarach-
noid space volume ratio in distinguishing INPH from AD
was calculated using area under the curve, sensitivity,
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3 Individual CSF volumes
of ROIs

Individual CSF image

ROls for high-convexity subarachnoid space and CSF spaces of the Sylvian fissure region

Fig. 1 The processes to investigate volume of CSF spaces, including the high-convexity subarachnoid space and CSF spaces of the Sylvian fissure
region. Individual CSF images were segmented from 3D-T1-weighted images. Two regions of interest (ROIs) were created for the high-convexity
area (blue) and Sylvian fissure region (red), and these ROIs defined by Talairach grid divisions were shown in the ICBM 152 stereotaxic space

specificity, and cutoff levels obtained using receiver oper-
ating characteristic (ROC) curves. Statistical significance
was set at P<0.05.

Results

We enrolled 49 patients with INPH, 59 patients with AD,
and 26 healthy controls. Patients and controls are char-
acterized in Table 1. There were no significant age differ-
ences between the three groups.

The results of volume measurement are summarized
in Table 2. Box plots with individual data points for all
subjects in each of the three clinical groups are illustrated
in Fig. 2 for the normalized volumes for lateral ventricles,
high-convexity subarachnoid space, and CSF spaces of

Table 1 Characterization of patients and controls at baseline

the Sylvian fissure region. The mean volumes of lateral
ventricles and CSF spaces of the Sylvian fissure region
in the INPH group were significantly larger than in the
other two groups. The mean volumes of lateral ventricles
and CSF spaces of the Sylvian fissure region in the AD
group were also significantly larger than in the control
group. The mean volume of high-convexity subarach-
noid space in the INPH group was significantly smaller
than in the other two groups. There were no significant
differences in high-convexity subarachnoid space volume
between the AD and control groups.

The INPH group showed a significant negative corre-
lation between normalized lateral ventricle volume and
normalized volume for high-convexity subarachnoid

Characteristics Controls (n=26) INPH (n=49) AD (n=59)
Age, year, mean £+ SD 71.7+4.1 735454 71.7+8.1

Male gender, number (%) 10 (38.5) 30(61.2) 14 (23.7)
Education, year, median (IQR) 12.0 (6.0-16.0) 9.0(6.0-12.0) 6.0 (6.0-12.0)
Duration of symptoms, year, median (IQR) 2.0(1.0-4.0) 2.5(1.0-3.0)
K-MMSE, median (IQR) 27.0 (26.0-29.0) 21.0(17.0-25.0) 19.0 (15.0-22.0)

Data are presented as mean =+ SD for normally distributed variables and median (25-75th percentile, IQR) for non-normally distributed variables

INPH idiopathic normal-pressure hydrocephalus, AD Alzheimer’s disease, SD standard deviation, IQR interquartile range, K-MMSE Korean version of Mini-Mental State

Examination
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Table 2 Results of measurement of the normalized CSF space volume
Region Controls INPH AD Statistical comparison
(n=26) (n=49) (n=59) INPH AD versus controls INPH versus AD
versus
controls
Lateral ventricle? 0.018 (0.015-0.024) 0.074 (0.066-0.085) 0.026 (0.020-0.034) P<0.001 P<0.001 P<0.001
High-convexity subarachnoid 0.005 (0.004-0.006) 0.002 (0.001-0.003) 0.005 (0.004-0.007) P<0.001 P=0.499 P<0.001
space®
CSF spaces of the Sylvian fissure 0013 (0.012-0.015) 0.022 (0.018-0.026) 0.017 (0.015-0.020) P<0.001 P<0.001 P<0.001
region®
Data are presented as median (25-75th percentile, IQR) for non-normally distributed variables
Normalized volume = (regional volume)/(intracranial volume)
2 Significant intergroup difference with Kruskal-Wallis analysis (P <0.001)
INPH idiopathic normal-pressure hydrocephalus, AD Alzheimer’s disease, IQR interquartile range
P <0.001 P <0.001 P<0.001
P<0.001 P<0.001 P<0.001
P<0.001 P=0.499 P <0.001
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Fig. 2 Box and whisker plots of the normalized volumes for lateral ventricles, high-convexity subarachnoid space, and CSF spaces of the Sylvian
fissure region for three groups. Normalized CSF space volumes were expressed as regional volume/intracranial volume

space (r = — 0.406, P=0.004), whereas no correlation
between these two measures was found in the AD group
(r = 0.068, P = 0.607) (Fig. 3). The AD group showed a
significant positive correlation between normalized lat-
eral ventricle volume and normalized volume for CSF
spaces of the Sylvian fissure region (r=0.557, P<0.001),
whereas no correlation between these two measures was
found in the INPH group (r = — 0.208, P=0.152) (Fig. 3).

The average lateral ventricle volume/high-convexity
subarachnoid space volume ratio of the INPH group was
74.385+80.591 and the average lateral ventricle vol-
ume/high-convexity subarachnoid space volume ratio
of the AD group was 5.742+3.404 (mean = standard
deviation), a significant difference (P<0.001). The ROC
curve showed that a cutoff score of 11.714 on the lateral

ventricle volume/high-convexity subarachnoid space
volume ratio yielded the highest sensitivity and specific-
ity with regard to differentiating patients with INPH and
AD (Fig. 4). Moreover, the area under the ROC curve was
0.990, indicating that this ratio had an excellent discrimi-
nant ability.

Discussion

The findings of our study were as follows: (1) INPH
patients had larger lateral ventricles and CSF spaces in
the Sylvian fissure region and significantly smaller high-
convexity subarachnoid spaces than other groups, and
AD patients had larger lateral ventricles and CSF spaces
in the Sylvian fissure region than the control group; (2)
the INPH group showed a significant negative correlation



Han et al. Fluids and Barriers of the CNS (2022) 19:66 Page 6 of 9
r =-0.406 r=-0.208
.P=0.004 .P= 0.152
o o
0.125 1 ° r=0.068 0.125 r=0.557
P =0.607 P <0.001
o °
° °
0100{ * ° 0.100 1 ' ¢
© o
1] ° [} @
o o
5 5
S S
Q ()
0 o
=] =)
S 0.075- S 0.075-
> >
© ©
3 g
T o
o o
8 2
© ©
E 0050 E 0.050-
[) = o)
= =2
° ® *
©
T ]
o o o
®e 0® o °* . et
i Y L 4
0.025 8 ° o 0 0.025
©
9 . :o P
L 0.. Y L °
0.000 0.002 0.005 0.008 0.010 0.020 0.030
Normalized volume for high-convexity Normalized volume for CSF spaces of the
subarachnoid space Sylvian fissure region
Fig. 3 Relationship between normalized lateral ventricle volume and normalized volume for high-convexity subarachnoid space and normalized
volume for CSF spaces of the Sylvian fissure region in patients with INPH and AD. Normalized CSF space volumes were expressed as regional
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between lateral ventricle volume and high-convexity sub-
arachnoid space volume, while the AD group showed a
significant positive correlation between lateral ventricle
volume and volume for CSF spaces of the Sylvian fis-
sure region; and (3) the ratio of lateral ventricle volume
to high-convexity subarachnoid space volume was sig-
nificantly different between INPH and AD groups, and a
ROC curve cutoff score of 11.714 yielded high sensitivity
and specificity for differentiating INPH and AD patients
with an area under the ROC curve of 0.990, indicating
excellent discriminatory ability.

Regarding lateral ventricular expansion, our results
match previous studies that report INPH patients gen-
erally have the largest expansion in that area compared

to AD patients and healthy controls. In INPH patients,
CSF volume was significantly increased in the ventricles,
including lateral, third, and fourth ventricles, in compari-
son with AD patients [7]. Average ventricular volume,
including lateral and third ventricles, in INPH patients
was greater than the average ventricular volume in both
AD patients and healthy controls [22]. The AD group
had greater lateral ventricular enlargement in compari-
son to controls [23]. That INPH patients also showed
the largest CSF spaces of the Sylvian fissure region is an
expected result since a previous study has also shown
similar results [7]. In addition, INPH patients demon-
strated a significant surface expansion primarily in the
superior portion of the bilateral lateral ventricles, which



Han et al. Fluids and Barriers of the CNS (2022) 19:66

Area Under the Curve = 0.990
o |
[e0]
g
©
2z °
=
.‘%
C
[
0 <
pg
N
o
o |
o
T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
1 - Specificity
Fig. 4 Receiver operating characteristic (ROC) curve in classifying
INPH patients and AD patients using lateral ventricle volume/
high-convexity subarachnoid space volume ratio

are surrounded by the medial frontal lobe and the high
convexity of the frontal and parietal regions [24]. And
INPH patients had significantly thicker cortices than
controls in high convexity areas of the parietal, frontal,
and occipital regions [25], which may be due to reactive
gliosis [25], known to occur commonly in hydrocephalus
[26]. The core process of reactive gliosis is related to cel-
lular hypertrophy, which may be connected to astrocyte
proliferation [27], so we cautiously suggest these as pos-
sible mechanisms to explain our finding of a significantly
smaller high-convexity subarachnoid space in INPH
patients.

The negative correlation between lateral ventricle vol-
ume and high-convexity subarachnoid space volume in
INPH patients, as suggested above, might be explained
by cortical thickening around the high convexity area and
expansion in the superior portion of the lateral ventricles,
which in turn may cause a reduction in the high-convex-
ity subarachnoid space. The positive correlation between
lateral ventricle volume and volume for CSF spaces of the
Sylvian fissure region may be explained by the type of lat-
eral ventricular dilation in AD patients, hydrocephalus
ex vacuo, which is due to atrophy. Medial temporal lobe
atrophy is a central characteristic of AD and is one of the
first changes seen in the brains of AD patients [28]. And
it is well-known that temporal lobe atrophy can also be
assessed by evaluating the size of the Sylvian fissure [29].
Atrophic changes to the brain parenchyma in these areas
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can allow for correspondingly larger CSF spaces in these
areas. So the mechanisms explaining these correlations
may be quite different between AD and INPH patients,
but further studies are needed to investigate these find-
ings and any exact underlying mechanisms that may be
involved.

The ratio of lateral ventricle to high-convexity suba-
rachnoid space volumes was markedly different between
INPH and AD groups. Possibly combining the biomark-
ers into a ratio might eliminate confounding factors,
such as inter-individual differences, or they might reflect
pathological processes more efficiently as a ratio, as was
suggested by several studies on CSF amyloid-p and CSF
tau [30]. Therefore, it also seemed reasonable to compute
the ratio of lateral ventricle volume to high-convexity
subarachnoid space volume. We suggest the term “VOSS
index” (for the ratio of lateral ventricle to high-convexity
subarachnoid space volumes), where “VOSS” is an acro-
nym for “ventricle over subarachnoid space” Further
studies with larger study populations and various statisti-
cal tools would be needed to establish this index as a neu-
roimaging biomarker to distinguish INPH from AD.

The advantages of image-processing approaches
applied here are as follows. First, the segmentation meth-
odology including partial volume effect correction that
defines extraventricular CSF has allowed us to correctly
examine CSF volumes in specific ROIs. Further, each MR
imaging was transformed separately into a standardized
stereotaxic space, that is, an ICBM 152 template, and we
subsequently used the proportional Talairach grid coor-
dinates to define ROIs for the high-convexity area and
Sylvian fissure region in this stereotaxic space. A com-
mon automated approach to ROI analysis is to spatially
normalize each participant’s structural brain image to a
template brain image and determine ROIs with an atlas
[31]. Second, we used an automated lateral ventricle seg-
mentation method with a graph cuts algorithm combined
with a morphological opening and an atlas-based seg-
mentation. This method reduces user bias by introducing
atlas-based segmentation results as a starting model for
the graph cuts algorithm [18]. Further, the estimation of
the partial volume effect of each tissue can help to define
an initial model for graph cuts more accurately [18]. The
effect of a morphological opening is to take away small
features within the image. Therefore, a morphological
opening was also introduced to limit false results from a
graph cuts approach [18]. In general, a manual definition
of ROIs is highly time-consuming and labor-intensive,
and it relies on expertise; as a result, it carries the risk of
inter-experimenter variability [31]. Further, while some
regions of the brain can be reliably defined, other regions
do not have clear anatomical landmarks and as a result



Han et al. Fluids and Barriers of the CNS (2022) 19:66

may be more difficult to differentiate [31]. The combi-
nation of the techniques that we describe might thus be
useful for detecting morphologically distinctive features
of the CSF spaces in INPH patients.

All INPH patients were selected in consecutive order
from a prospectively enrolled INPH registry at our hos-
pital. A limitation of this study is that we did not include
INPH patients with a negative CSFTT response. We did
this to enhance diagnostic certainty of INPH with the
CSFTT. INPH patients with a negative CSFTT response
were more likely to have other cerebral comorbidities
[32]. A second limitation was that we did not determine
AD-specific biomarkers in this study. In addition, AD
pathology could not be determined in the INPH patients.
CSF failure to eliminate possible toxic metabolites can
result in amyloid peptide accumulation in AD or INPH
patients [33]. CSF stasis in INPH patients may also show
AD-like patterns of brain atrophy [34]. However, we also
think that there might be justification for utilizing auto-
mated volumetric measures of the CSF spaces including
lateral ventricles, high-convexity subarachnoid space,
and CSF spaces of the Sylvian fissure region in a large
study of patients with INPH. A third limitation was that
we did not compare the advantages of the image-pro-
cessing approaches applied here over classical volumetric
techniques like the manual tracing method. Nevertheless,
a lack of a gold standard for CSF content assessment can
prevent obtaining a definitive conclusion regarding the
value of different CSF segmentation techniques [35]. Our
findings encourage future studies with larger study popu-
lations, including other neurodegenerative diseases such
as vascular dementia and atypical parkinsonism (e.g.,
progressive supranuclear palsy), and the ratio of lateral
ventricle to high-convexity subarachnoid space volumes
to investigate the possibility of utilizing an automated
three-dimensional volumetric analysis as an imaging
marker to discriminate INPH from its mimics. The diag-
nostic accuracy of imaging features in INPH has mainly
been investigated in comparison to healthy controls or
patients with AD [36]. The neurological symptoms in AD
often present differently than in INPH [36]. Rather, vas-
cular dementia and atypical parkinsonism such as pro-
gressive supranuclear palsy often present with symptoms
that can resemble INPH and enlarged cerebral ventricles,
and can be challenging differential diagnoses [36].

In conclusion, this study provided an automated three-
dimensional volumetric approach to evaluate CSF spaces.
Lateral ventricle and high-convexity subarachnoid space
volumes were negatively correlated in INPH patients, while
lateral ventricle and Sylvian fissure region CSF volumes
were positively correlated in AD patients. These associa-
tions between CSF volumes suggest that there might be dif-
ferent mechanisms between INPH and AD to explain their
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respective lateral ventricular dilations. The ratio of lateral
ventricle to high-convexity subarachnoid space volumes
distinguished INPH from AD with good diagnostic sensi-
tivity and specificity. We propose to refer to this ratio as the
VOSS index. These findings may have implications for dif-
ferential diagnosis between INPH and AD.
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