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Abstract
Background and Purpose As magnetic resonance imaging (MRI) signs of normal pressure hydrocephalus (NPH) may
precede clinical symptoms we sought to evaluate an algorithm that automatically detects this pattern.
Methods A support vector machine (SVM) was trained in 30 NPH patients treated with ventriculoperitoneal shunts and
30 healthy controls. For comparison, four neuroradiologists visually assessed sagittal MPRAGE images and graded them
as no NPH pattern, possible NPH pattern, or definite NPH pattern.
Results Human accuracy to visually detect a NPH was between 0.85 and 0.97. Interobserver agreement was substantial
(κ= 0.656). Accuracy of the SVM algorithm was 0.93 and AUROC 0.99. Among 272 prespecified regions, gray matter
and CSF volumes of both caudate, the right parietal operculum, the left basal forebrain, and the 4th ventricle showed the
highest discriminative power to separate a NPH and a no NPH pattern.
Conclusion A NPH pattern can be reliably detected using a support vector machine (SVM). Its role in the work-up of
asymptomatic patients or neurodegenerative disease has to be evaluated.

Keywords Support vector machine · Artificial intelligence · Machine learning · CSF shunt · Normal pressure
hydrocephalus

Abbreviations
CSF Cerebrospinal fluid
DESH Disproportionately enlarged subarachnoid space

hydrocephalus
GM Gray matter
HC Healthy controls
NPH Normal pressure hydrocephalus
SVM Support vector machine
THC Tight high convexity
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Introduction

Normal pressure hydrocephalus (NPH) is a brain disorder
in which excess cerebrospinal fluid (CSF) accumulates in
the subarachnoid and ventricular spaces. It is defined as in-
creased CSF volume without continuous elevation of the
intracranial pressure, whereas the complete pathomecha-
nism is still unclear [1]. A resulting ventricular enlarge-
ment can disrupt and damage surrounding brain tissue, lead-
ing to gait disturbance, urinary incontinence and dementia,
a constellation known as Hakim triad [2]. The NPH has an
overall prevalence of 10.2–31.4/100,000, with an increase
to 5900/100,000 in the population of patients older than
80 years [1] and is therefore of high health care relevance.

In some cases, NPH is caused by other brain disorders
such as a tumor, head injury, hemorrhage, infection or in-
flammation. Yet in most cases, the cause of excess fluid
remains unknown. Studies indicate that the development of
NPH underlies a prolonged process since radiographic find-
ings show volumetric changes 3 or more years before the
onset of clinical symptoms [3].

Despite ongoing efforts, neither the pathophysiology of
NPH nor the mechanics of the improvement after standard
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treatment with surgical CSF shunting are completely under-
stood. The diagnosis of NPH is dependent on several clini-
cal and radiological factors and is complicated by a variable
degree of symptom presentation as well as neurodegener-
ative comorbidities [4]. Given the elusiveness of the dis-
ease, successful treatment with clinical improvement after
shunting can be considered a reliable confirmation of the
diagnosis, although 20–40% of CSF shunted patients do not
significantly benefit [5].

Imaging used for the diagnosis of neurodegenerative dis-
eases serves two functions: it should reveal treatable causes
and contribute to the etiological differentiation of primary
dementia disorders [6]. Treatable diseases such as tumor
and subdural hematoma are underlying causes in less than
5% of patients with neurodegenerative symptoms, while
nonocclusive hydrocephalus (including NPH) is more com-
monly found [7, 8].

In imaging, the most reliable sign for detecting NPH
is a disproportional enlargement of the ventricles and the
Sylvian fissure (disproportionately enlarged subarachnoid
space hydrocephalus, DESH) in comparison to the con-
stricted CSF spaces in the high convexities of the brain [9].
While ventriculomegaly is commonly found in studies as
a sensitive but nonspecific NPH sign, the tight high convex-
ity (THC) is highly specific [10]. Another parameter used
in clinical routine is the callosal angle, which is decreased
in patients with NPH [11]. In a recent study, the classifica-
tion of THC using an automated machine learning approach
showed an excellent performance with an AUROC of up to
0.99 (false negative �2%, false positive �5%) [12]. This
high AUROC was achieved by selecting the most discrim-
inate single regions, which are the left and right posterior
callosomarginal fissures.

The aim of this study was to implement a machine learn-
ing tool that automatically identifies NPH-typical MRI fea-
tures (NPH pattern) on routinely acquired MRI sequences.

Methods

Patients: presurgical MRI scans of 30 NPH patients, who
had been treated with a ventriculoperitoneal shunt were ret-
rospectively compared to an age and gender-matched group
of 30 healthy controls (HC). Surgery had been performed
between 2010 and 2017, and patients re-evaluated several
times after shunt implantation thereafter. We screened our
neurosurgical database retrospectively for patients first time
receiving a CSF shunt due to a NPH between 2010 and
2017. As a second step, we included those having under-
gone 3D T1-weighted MRI scans.

Readings: two senior (26 and 19 years of experience)
and two junior neuroradiologists (4 and 2 years of experi-
ence) independently assessed the presence of a NPH pattern

on a 3D sagittal magnetization prepared rapid acquisition
gradient recalled echo (MP-RAGE) sequence with isotropic
voxels (1× 1× 1mm3). They were asked to assess imaging
features, such as the DESH sign, THC and small callosal
angle and to finally grade them on a 3-point scale (0= no
NPH pattern, 1= possible NPH pattern, 2= definite NPH
pattern). Anonymized imaging data of patients and controls
were shown in a randomized order. In addition, MRI reports
were retrospectively reviewed whether NPH features were
described or the condition was dismissed, e.g. as unspecific
ventriculomegaly.

Machine learning: for NPH identification, a linear sup-
port vector machine (SVM) was employed [13]. A SVM
is a supervised machine learning tool in which a single
case is grouped to one of two categories (here: NPH pat-
tern—no NPH pattern). Groups of 30 NPH patients and
30 HC each were taken to train the algorithm, making it
a non-probabilistic binary linear classifier. The NPH pa-
tients and HC are thus mapped as points in a multidimen-
sional space, so that both groups are separated by a clear
gap that is as wide as possible. New cases are then mapped
into that same space and predicted to belong to a cate-
gory of “NPH pattern” or “no NPH pattern”. We used T1-
weighted MP-RAGE scans with features being constructed
based on SPM (Statistical Parametric Mapping) 12 segmen-
tation and normalization procedures [14, 15]. Gray matter
(c1-map) and CSF (c3-map) segmentations were warped
into the MNI (Montreal Neurological Institute) space (us-
ing modulation of gray value by the Jacobian of the warp)
and smoothed by full width half max 3× 3× 3mm, similar
to what is done for usual voxel-based morphometry anal-
yses [16, 17]. The volume of gray matter (GM) and CSF
of 272 regions defined in a probabilistic brain atlas (http://
www.neuromorphometrics.com/) were extracted as a direct
input into the SVM (MATLAB 2018a, standard parame-
ter setting). Fivefold cross-validation was performed. The
SVM results are given as a prediction score from 0 to 1.
An example for an analysis is displayed in Fig. 1.

Statistical analysis: SVM performance was compared to
human ratings in terms of correctly predicting NPH cases.
Standard metrics for binary classification such as accuracy,
sensitivity, specificity and negative prediction value were
calculated. A receiver operating characteristic (ROC) anal-
ysis displayed sensitivity and specificity of SVM in identi-
fying NPH patients. Interobserver agreement was assessed
by Fleiss’ κ [18].

Results

A total of 30 patients were included in the NPH group and
30 HC served as control group. Clinical characteristics are
displayed in Table 1.
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Fig. 1 Support vector machine
(SVM) results showing ab-
normal gray matter (GM) and
cerebrospinal fluid (CSF) re-
gions superimposed in color on
a normal pressure hydrocephalus
(NPH) patient’s (82, male) in-
dividual 3D T1-weighted brain
MRI in serial sections from cau-
dal to cranial (increase of CSF
volume in red to yellow, and
decrease of GM volume in dark
to light blue). On the left color
bars indicate the corresponding
z-scores. SVM analysis came to
a prediction score of 0.94. Ad-
ditionally, representative brain
slices (from left to right: coro-
nary, parasagittal right and left,
axial close to the convexity)
are presented in the top row
with a typical disproportionately
enlarged subarachnoidal space
hydrocephalus (DESH) sign in
this specific NPH case (top left)

Patients were clinically re-evaluated directly after and 3
months after surgery (mean 57 days). One patient was lost
in follow-up and another patient died after surgery (after
initial NPH symptom reduction) due to acute respiratory
distress syndrome. After shunting, 20 patients (of 28 pa-
tients evaluated in follow-up) showed a marked improve-
ment of NPH symptoms. In two patients, improvement was
unclear, six patients did not benefit.

Human readings are displayed in Table 2. Junior raters
assigned a “no NPH” pattern in three and six NPH patients,
and senior raters in one and two patients, respectively. An

example of a “probable NPH” pattern not identified by the
junior raters is given in Fig. 2. Interobserver reliability was
substantial with a κ-value of 0.656 (p<0.001).

SVM performance: with a prediction score of 0.42, ac-
ceptable performance was achieved with one false negative
and three false positive results. Human readings and SVM
results are compared in Table 3. In the one false negative
NPH case (prediction score of 0.37), a “no NPH pattern”
was observed by all human readers. This patient had pre-
sented with gait disturbance and dementia and improved
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Table 1 Patient characteristics

Patients (n= 30) Healthy controls
(n= 30)

Age
(years)

75.8 (range 67–86) 72.9 (range
65–84)*

Sex
(male)

20 (66.7%) 20 (66.7%)**

Clinical
presen-
tation

Gait disturbance 30 (100%) –

Cognitive de-
cline

22 (73.3%)

Urine inconti-
nence

18 (60%)

Full Hakim triad 14 (46.7%)

Gait disturbance
only

2 (6.7%)

Follow-
up

No benefit after
shunting

6 (of n= 28)
(21.4%)

–

Population characteristics for the dataset used in this study. Summaries
are given as count (percent)
Groups were not different in terms of age *(p= 0.11) and sex **(p= 1)

upon shunt implantation. The ROC (Fig. 3) shows the SVM
reliably identified all NPH patients with an AUROC of 0.98.

With respect to the discriminative power of the 272 re-
gions defined in the probabilistic brain atlas, the following
5 regions served best to separate NPH and healthy controls:
right caudate, right parietal operculum, left basal forebrain,
left caudate and 4th ventricle (Fig. 4).

Table 2 Individual ratings of the human readers

Rater 1 (Senior) Rater 2 (Senior) Rater 3 (Junior) Rater 4 (Junior)

“No NPH pat-
tern”

2 (6.7%) 1 (3.3%) 6 (20%) 3 (10%)

“Possible NPH” 6 (20%) 6 (20%) 5 (16.7%) 7 (23.3%)

“Definite NPH” 22 (73.3%) 23 (77.7%) 19 (63.3%) 20 (66.7%)
Healthy
controls

No NPH pat-
tern

27
(90%)

No NPH pat-
tern

27
(90%)

No NPH pat-
tern

30
(100%)

No NPH pat-
tern

29
(97%)

Possible NPH 3 (10%) Possible NPH 3 (10%) – – Possible NPH 1 (3%)

Total amount (percentage)
NPH normal pressure hydrocephalus

Table 3 Statistics

Possible and definite “NPH pattern” Rater 1 (Senior) Rater 2 (Senior) Rater 3 (Junior) Rater 4 (Junior) SVM

Accuracy 0.92 0.93 0.9 0.93 0.93

Sensitivity 0.93 0.96 0.83 0.91 0.90

Specificity 0.90 0.91 1.0 0.96 0.96

NPV 0.93 0.97 0.8 0.9 0.90

Performance of human reading and SVM in detection of NPH patients
NPH normal pressure hydrocephalus, SVM support vector machine, NPV negative predictive value

Discussion

A NPH pattern can be reliably detected by a SVM algo-
rithm processing 3D T1-weighted datasets which are rou-
tinely acquired in many of our patients with neurological
complaints.

The NPH patients in our cohort had typical clini-
cal symptoms and ages, and a reasonable number were
shunt responders. Although more males than females were
treated, we consider our cohort as a typical NPH cohort [5,
19, 20].

In almost all NPH patients, even junior neuroradiologists
correctly identified a definite NPH pattern. Of note is that
the readers in this study were trained to identify a NPH
pattern and knew patients had received a CSF shunt due to
NPH. Nevertheless, in only 19 of the 30 NPH patients the
NPH pattern had been described in the initial MRI reports.
Here, an SVM-aided diagnosis may significantly change
clinical management. Considering the accuracy of 0.93 and
the AUROC of 0.98, SVM is suited for clinical practice.
Given the high prevalence of NPH in old patients, one may
presume an increase of NPH pattern reports. As the radi-
ological features may precede clinical symptoms the auto-
matic detection during the asymptomatic stage could help to
prevent dementia and associated costs in these patients [3,
21]. Other groups have already focused on automated NPH
detection. Unspecific ventricular enlargement was success-
fully detected in computed tomography (CT) imaging [22]
and machine learning was used to determine most discrim-
inate regions in patients who had been identified by ra-
diologists as having a NPH pattern [12]. In contrast, we
compared the performance of an SVM against human read-
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Fig. 2 a SVM analysis as described in Fig. 1. Volume changes are pronounced in the right Sylvian fissure, but definite CSF volume increase in
the ventricles is missing. Nevertheless, SVM analysis assigned a prediction score of 0.96. b–f Representative images of the same patient (74 male)
displaying a tight high convexity (b), widening of the right Sylvian fissure (arrows in c, e), dilatation of the third ventricle mimicking a Colibri
sign (arrow in d) and a callosal angle of 103° (angle in f). Note that the callosal angle in NPH is typically <90°. Both junior raters assessed “no
NPH pattern”, both senior raters a “probable NPH pattern”

Fig. 3 The receiver operating characteristic (ROC) curve displays the
performance of the support vector machine (SVM) in terms of identi-
fying normal pressure hydrocephalus (NPH) patients

ings in terms of how reliably NPH patients can be identified
in MRI and surpassed the accuracy of others who differen-
tiated NPH, vascular cognitive disease and HC using sulcal
patterns [23] or a 3D convolutional ladder network in the

differentiation of NPH, Alzheimer’s dementia and HC [24].
Zhang et al. described a similar approach on CT imaging
with a comparable group (27 NPH patients and 34 HC) and
reached acceptable sensitivity, too [25]. A strength of this
approach is that it does not focus on a single region but
uses the overall pattern of GM and CSF spaces. The SVM
showed both caudate, the right parietal operculum, the left
basal forebrain, and the 4th ventricle as most discriminative
of 272 regions to separate a NPH and a no NPH pattern.
That caudate and the parietal operculum have altered CSF
volumes sounds reasonable. The CSF volume changes of
the (left) basal forebrain, however, likely also occur to the
atypical configuration of the CSF spaces.

Concerning false positives, two HC were considered to
have a definite NPH pattern by both senior raters and the
SVM. This number matches the estimated prevalence of
a NPH pattern in this age group [3, 21].

Another goal of imaging is to identify possible shunt
responders. The SVM prediction score could not differen-
tiate between responders and non-responders. Prediction of
shunt responsiveness is difficult as it depends on multiple
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Fig. 4 Depiction of the regions with the highest power to separate a NPH (normal pressure hydrocephalus) and a no NPH pattern among the 272
prespecified regions. The discriminative power of the regions is plotted with respect to GM (grey matter; red) and CSF (cerebrospinal fluid, blue)

factors, such as evolution of clinical symptoms, duration
since symptom onset, and likely requires a larger study
group as retrospective data were not detailed enough [6];
however, it has already been shown that individual NPH
features, such as the callosal angle or THC correlate with
the outcome [26, 27] so that futile shunting and its compli-
cations could be prevented.

Despite the low number of patients and the retrospec-
tive data collection this single-center proof of concept study
shows that NPH patients can be automatically detected with
a high accuracy similar to human ratings. This detection is
helpful as a NPH pattern often interferes with voxel-based
morphometry to detect region-specific atrophy [28]; how-
ever, use needs to be confirmed by a larger and more struc-
tured data assessment. In this context, the comparison of
the SVM prediction score with a recently published visual
imaging score (iNPH Radscale) would be worthwhile [29].
In the iNPH Radscale, eight features such as the Evans in-
dex, narrow sulci, Sylvian fissures, focally enlarged sulci,
widths of temporal horns, callosal angle, and periventricu-
lar hypodensities are visually assessed and converted into
points from 0 to 12. Excluding white matter hypodensities
the former features are likely to be “considered” by the
SVM approach as it processes GM and CSF probability
maps in 272 regions.

Conclusion

Considering the high prevalence of normal pressure hydro-
cephalus (NPH) in old patients and rising numbers of MRI
scans in this group, one can presume an increased inci-
dence of a NPH pattern. Since the NPH pattern may precede
clinical symptoms, automatic detection during a presymp-
tomatic stage could be a promising tool for an early diagno-
sis. Trained machines such as the presented support vector
machine (SVM) might simplify diagnosis with no apparent
loss of reliability compared to human performance.
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