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Abstract

To assess automated volumetric analysis as a potential presurgical diagnostic tool or as a method to potentially shed light on
normal pressure hydrocephalus (NPH) pathophysiology. MRI imaging according to our protocol was performed in 29 NPH
patients, 45 non-NPH (but suspected) patients and 15 controls. Twenty patients underwent a second MRI 3 months after
ventriculoperitoneal (VP) shunt surgery. All structures relevant to NPH diagnosis were automatically segmented using commer-
cial software. The results were subsequently tested using ANOVA analysis. Significant differences in the volumes of the corpus
callosum, left hippocampus, internal globus pallidus, grey and white matter and ventricular volumes were observed between
NPH group and healthy controls. However, the differences between NPH and non-NPH groups were non-significant. Three
months after, VP shunt insertion decreased ventricular volume was the only clearly significant result (p value 0.0001). Even
though a detailed volumetric study shows several significant differences, volumetric analysis as a standalone method does not

provide a simple diagnostic biomarker, nor does it shed a light on an unknown NPH aetiology.
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Introduction

Normal pressure hydrocephalus (NPH) was first described
in 1964 by Hakim [1] as ventriculomegaly with normal
cerebrospinal fluid (CSF) pressure during lumbar punc-
ture. Typical presentation is characterized by the triad of
gait disturbance, mental deterioration and urinary inconti-
nence. Unlike other types of dementias with similar symp-
toms and findings, NPH is treatable with CSF diversion,
by means of ventriculoperitoneal (VP) or ventriculoatrial
shunt placement. It is estimated that there are approxi-
mately 2 million people in Europe and 700,000 in the
USA that may have the diagnosis of NPH [19]. Only a
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few percentage of these patients receive a proper diagno-
sis and treatment. Shunt surgery significantly prolongs life
and adds quality-adjusted life years [45]. Unfortunately,
the procedure is also burdened with a significant compli-
cation rate [13]. Despite the considerable surgical treat-
ment, very little is known about NPH aectiology itself.
This is compounded by the ambiguity of available diag-
nostic tests.

In current practice, functional testing predominates: The
spinal tap test, external lumbar drainage or lumbar infusion
test [40]. These tests can achieve high predictive accuracy
[25], but they are painful and associated with rare, but poten-
tially serious complications [12]. Standard CT and MRI scans
are equally good for assessing the basic radiological signs
associated with NPH [24], such as Evan’s index, callosal an-
gle, tight high convexity, focal sulcal dilation and dilated
Sylvian fissures. The listed parameters are definitely predic-
tive of shunt responsiveness [38] but are not sufficiently sen-
sitive and specific. Some clinical symptoms can be explained
by the compression of periventricular white matter and the
corpus callosum. Diffusion tensor images (DTI) show chang-
es in mean diffusivity and fractional anisotropy in the poste-
rior limb of the internal capsule, the hippocampus and the
fornix. Even though the reported specificity and sensitivity
of DTT are high, the technical difficulty along with the absence
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of a standardized protocol limits its broad utilization [39].
Frequently observed CSF flow void phenomenon in the
aqueductal region has directed research towards CSF dynam-
ics. Aqueductal stroke volume measured on phase-contrast
MRI shows promising results, but the examination is techni-
cally demanding and hardware dependent [8, 36].

It is likely that the key to understanding NPH lies in the
ability to correlate novel neuroimaging tools with clinical bio-
markers [22]. In our study, we focused on volumetric changes
in the subcortical grey and white matter structures since their
altered function may have origins in the respective morpho-
metric changes. Recently introduced voxel-based morphome-
try enables precise volumetric measurements with the help of
automatic segmentation software, such as FSL [20] and SPM
[4]. In this study, we used Anatomical Mapping Ver. 1.1,
Brainlab AG. Our goal was to evaluate volumetry as a poten-
tial presurgical diagnostic tool or as a method potentially shed-
ding light on the NPH pathophysiology.

Patients and methods
Participants

Between September 2016 and October 2019, 92 patients were
referred to the Department of Neurosurgery and
Neurooncology of the Central Military Hospital with suspi-
cion of NPH. All patients suffered gait disturbance and at least
one of the other two typical symptoms: mental deterioration or
urinary incontinence. The gait disturbance was evaluated
using the Dutch Gait Scale [6, 33]. All patients underwent
profound examination by a neuropsychologist: Wechsler
Memory Scale III, Mini Mental State Examination, Verbal
Fluency test, Trial Making Test, Rey-Osterrieth Complex
Figure Drawing Test, Beck Depression Inventory and others
[10]. During these tests, six patients were removed from the
group because they were diagnosed with another type of de-
mentia (5 cases of Alzheimer’s and 1 case of Parkinson’s
disease). Prior to being referred to our department, all patients
had undergone standard MRI imaging and showed
ventriculomegaly (Evans’ index greater than 0.3). All patients
underwent lumbar infusion (modified Katzmann’s test, [21].
After finishing the test, lumbar drainage was performed with
the same needle and cerebrospinal fluid was drained for 120 h.
Shunt insertion was indicated to all patients with positive lum-
bar infusion test (resistance to outflow above 12 mmHg/ml/
min) and showed at least 15% improvement in Dutch Gait
Scale after the lumbar drainage. Part of the examination pro-
cess was a detailed MRI imaging, including a study protocol.
Images were reviewed by a radiologist and 9 patients had to be
excluded because of coincidental other major pathology: is-
chemic, tumorous or post-traumatic lesions. Three additional
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patients were removed because of major movement artefacts
preventing automatic segmentation.

The final study group comprises 74 patients—29 patients
from this cohort were diagnosed as NPH after completing all
the tests, 45 patients did not meet the criteria (in this article,
this group is called non-NPH). Furthermore, 15 healthy con-
trols underwent the MRI imaging protocol to compare with
both groups. The age and sex characteristics of all groups are
presented in Table 1.

Ventriculoperitoneal shunt was inserted to NPH patients,
using OSV II Smart valve (Integra Neurosciences®). Three
months after the procedure, the NPH patients underwent same
neuropsychological and gait disturbance testing as prior to the
surgery and MRI imaging according to the study protocol. We
were able to completely examine 20 patients (4 people refused
further controls, 1 MRI was not readable due to motion
artefactss and 4 patients have not reached 3 months after the
surgery). We observed at least 15% improvement in the Dutch
Gait Scale in all patients who completed the 3 months control.

MRI imaging protocol

All the MRI images were performed on a 3T GE Signa HDx
or GE Discovery 750w MR imaging system (GE Medical
Systems, Milwaukee, WI) in the Central Military Hospital,
Prague. Standard 8-channel (Signa HDx) or 32-channel
(Discovery 750w) head coil was used. Beyond the standard
brain MRI protocol, the examination included high-resolution
3D T1 BRAVO and 3D T2 Cube PROMO sequences.
Parameters of the 3D T1 BRAVO were the following: TR
10 ms, TE:4 ms, matrix 256 x 256, FOV 25.6 X 25.6 c¢m, flip
angle 13°, in-plane resolution 1 x 1 mm? and slice thickness
I mm, and of the 3D T2 Cube PROMO sequence: TR
3000 ms, TE 125 ms, ETL 130, matrix 288 x 288, FOV
25.6 x25.6 cm, in-plane resolution 0.8 x 0.8 mm? and slice
thickness1.2 mm.

Segmentation
Anatomical Mapping Ver. 1.1 as part of Brainlab Elements

software was used for automatic segmentation of high-
resolution MRI images. All structures were manually checked

Table 1  The age and sex distribution among study groups
Characteristic NPH patients Non-NPH patients Controls
No. of patients 29 45 15

Age 73.6+1.6 745+£2.2 71.4+6.6
No. of men 19 33 9

No. of women 10 12 6

Pct. of men 65.5% 73.3% 60.0%
Pct. of women 34.5% 26.7% 40.0%
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for accuracy with no major adjustments needed. We have suc-
cessively measured volumes of both white and grey matter,
internal and external capsule, corpus callosum, hippocam-
pus, amygdala, caudate nucleus, putamen, internal and
external globus pallidus, thalamus, periaqueductal grey
and three ventricles. The fourth ventricle was later manu-
ally removed from the ventricular system measurement in
the level of the cerebral aqueduct because its volume is
not related to NPH diagnosis [17]. Pictures from the seg-
mentation process are presented in Fig. 1.

Statistical analysis

Comparisons of continuous variables were made using one-
way ANOVA or ¢ tests for repeated measures. Subsequent
testing after ANOVA was performed using Fisher LSD test.
Comparisons of categorical variables were done using chi-
square test. In all cases, a p value of less than 0.05 was con-
sidered significant. All computations were performed using
STATISTICA 13.5 software. Radar graphs were produced in
OriginPro 2015 software.

Results

Our study cohort consisted of 74 patients with suspicion of
NPH and 15 age-matched healthy controls. After completing
all the tests, 29 patients were diagnosed with NPH and
underwent ventriculoperitoneal shunt insertion. Average age

Fig. 1 Autosegmentation
process: a segmentation of basal
ganglia, b segmentation of all
selected structures, ¢ 3D
ventricular model, d 3D cerebrum
model

in the NPH group was 73.6 = 1.6, in the non-NPH group 74.5
+2.2 and in the control group it was 71.4+ 6.6 years. There
were 19 men and 10 women in the NPH group, 33 men and 12
women in the non-NPH group and 9 men and 6 women in the
control group (Table 1). Measured volumes of the selected
structures in these three groups are presented separately for
men and women in Tables 2 and 3, respectively.

Diagnostic volumetry

In this part of the study, we compared normalized volumes
(counted to the cerebral volume) of selected structures in NPH
patients before surgery to non-NPH group of suspected pa-
tients without other known neurodegenerative disease and to
healthy age-matched controls. The results are presented in
Table 4 with highlighted significant differences.

There were statistically significant differences in the
volumes of the left hippocampus, the corpus callosum,
the left internal globus pallidus, the white and grey matter
(Figs. 2 and 3) and in the ventricular volume (Fig. 4)
when both groups were compared to healthy volunteers.
Relative volumes of subcortical structures are depicted in
Fig. 5. The differences between NPH and non-NPH
groups were minimal and not significant.

Volumetric changes after shunt insertion

In 20 patients, we managed to get clinical and graphical
follow-up 3 months after the shunt surgery. In this group,
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Table 2  The raw structural volumes in ccm measured in men in all groups

Structure Mean NPH SD - NPH Mean non-NPH SD - non-NPH Mean controls SD - controls
Cerebrum 953.65 92.31 926.00 95.21 907.52 58.24
Hippocampus left 3.49 043 323 0.34 2.96 0.27
Hippocampus right 3.73 0.47 3.61 0.48 3.29 0.35
Internal capsule left 5.55 0.66 522 0.61 5.11 0.36
Internal capsule right 5.51 0.51 527 0.70 5.14 0.30
Corpus callosum 9.44 1.63 8.55 1.36 7.35 1.07
Temporal lobe left 85.03 9.76 81.59 9.23 78.40 545
Temporal lobe right 86.87 8.53 83.85 8.97 83.24 6.03
Amygdala left 1.79 0.15 1.74 022 1.55 0.18
Amygdala right 1.87 0.21 1.86 0.26 1.62 0.14
External capsule left 0.82 0.11 0.79 0.12 0.76 0.06
External capsule right 0.83 0.12 0.82 0.10 0.76 0.05
Putamen left 4.58 0.78 4.39 0.65 4.18 0.43
Putamen right 4.59 0.66 442 0.59 424 0.44
Globus pallidus int left 0.66 0.11 0.65 0.09 0.67 0.09
Globus pallidus int right 0.67 0.09 0.67 0.10 0.66 0.08
Globus pallidus ext. left 1.33 0.17 1.29 0.18 1.23 0.16
Globus pallidus ext. right 1.33 0.16 1.29 0.18 1.27 0.15
Thalamus left 5.86 0.99 5.56 0.67 5.52 0.47
Thalamus right 5.94 1.18 5.68 0.81 5.79 0.47
White matter 454.45 51.62 430.44 54.76 402.89 33.15
Grey matter 464.19 52.12 460.92 57.41 471.88 31.99
Caudate nucleus left 436 0.72 4.05 0.75 3.82 0.48
Caudate nucleus right 4.48 0.61 425 0.87 398 0.46
Periaqueductal grey 0.26 0.06 0.27 0.06 0.26 0.04
3 ventricles 143.94 33.23 125.42 36.70 51.26 22.41

there were 12 men and 8 women. Again both measure-
ments were normalized to cerebral volume. The results are
shown in Table 5.

Changes in both ventricular (Fig. 6) and cerebral vol-
ume and right putamen were statistically significant. The
change in the volume of the corpus callosum was on the
verge of significance. Relative volumes of subcortical
structures are depicted in Fig. 7.

Discussion

In this study, we present comprehensive volumetric as-
sessment of parenchymal structures in NPH patients both
in an attempt to find a new reliable diagnostic biomarker
and to enlighten the actiology of NPH. Recent develop-
ment of voxel-based morphometry and automatic seg-
mentation software enabled simultancous measurement
of a larger number of key structures. We observed basic
intracranial compartments such as ventricular volume
and grey and white matter. However, previous studies
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proved no or minimal predictive value of volumetric as-
sessment of the listed structures [27, 30]. From the NPH
perspective, the most important white matter structures
are the internal and external capsules and the corpus
callosum. The internal capsule has combined roles both
in psychiatric and movement disorders. Bilateral volume
reductions of anterior limb were observed in first-episode
psychosis subjects [41]. Posterior limb compression af-
fects gait due to corticospinal tract compression.
Fractional anisotropy in the posterior limb of the internal
capsule compared with healthy controls and other types
of dementia is significantly higher [23]. External capsule
microstructure correlates with socially desirable behav-
iour due to connectivity between the prefrontal cortex
and the striatum [3]. Another structure that plays an im-
portant role in neurodegenerative diseases is the corpus
callosum. Previous studies have shown significant corpus
callosum atrophy in both Alzheimer’s disease and mild
cognitive impairment [48]. Previously, a minor but sig-
nificant left-sided hippocampal volume decrease associ-
ated with cognitive decline was observed [37] and
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Table 3 The raw structural volumes in ccm measured in women in all groups

Structure Mean NPH SD - NPH Mean non-NPH SD - non-NPH Mean controls SD - controls
Cerebrum 827.80 78.13 818.97 78.05 863.43 84.30
Hippocampus left 2.86 0.19 2.88 0.24 2.86 0.34
Hippocampus right 3.17 3.17 3.09 3.09 3.17 3.17
Internal capsule left 4.52 0.66 4.73 0.61 5.03 0.65
Internal capsule right 4.80 0.71 4.86 0.56 5.15 0.63
Corpus callosum 7.13 0.78 6.97 1.89 6.18 0.55
Temporal lobe left 70.11 6.30 71.03 8.23 74.20 11.14
Temporal lobe right 74.60 5.86 71.84 7.31 79.82 9.73
Amygdala left 1.51 0.21 1.41 0.19 1.67 0.27
Amygdala right 1.63 0.24 1.50 0.19 1.67 0.32
External capsule left 0.69 0.15 0.68 0.09 0.71 0.10
External capsule right 0.69 0.11 0.71 0.11 0.73 0.10
Putamen left 371 0.62 391 0.71 3.92 0.64
Putamen right 3.78 0.53 4.01 0.84 4.02 0.60
Globus pallidus int left 0.58 0.06 0.58 0.08 0.68 0.08
Globus pallidus int right 0.60 0.08 0.60 0.08 0.07 0.71
Globus pallidus ext. left 1.11 0.14 1.16 0.18 1.24 0.18
Globus pallidus ext. right 1.14 0.15 1.20 0.15 1.27 0.15
Thalamus left 5.14 0.89 4.88 0.56 5.56 0.68
Thalamus right 5.33 0.70 5.19 0.56 5.52 0.54
White matter 386.88 34.32 372.53 47.90 386.07 45.67
Grey matter 411.08 48.24 417.69 41.24 446.13 37.09
Caudate nucleus left 3.60 0.54 3.55 0.65 3.49 0.28
Caudate nucleus right 3.95 0.75 3.81 0.77 3.58 0.31
Periaqueductal grey 0.24 0.06 0.22 0.05 0.23 0.03
3 ventricles 128.43 35.59 93.73 34.52 51.20 28.75

amygdala volume is supposed to be associated with anx-
iety and irritability in Alzheimer’s disease [32]. The bas-
al ganglia are associated with both voluntary motor
movements and cognition. The putamen plays a known
role in Alzheimer’s disease due to amyloid deposits in
the early stage of the disease process [7]. Its volume
reduction correlates with impaired cognitive function
[9]. The caudate nucleus is responsible for adaptable
goal-directed behaviour [16] and the right caudate vol-
ume is associated with cognitive performance in older
adults [5]. The pallidum plays an essential role in walk-
ing performance in elderly patients, probably through its
involvement in the cortico-striato-pallido-thalamo-cortical
circuit [11]. Pallidal volume was identified as the stron-
gest correlate of walking performance in cases of multi-
ple sclerosis [28]. Thalamic lesions were observed in
cases of cognitive impairment. Left-sided thalamic le-
sions were observed in the vascular dementia patients
and right-sided lesions in patients who did not meet the
criteria for dementia. Left thalamic lesions are supposed
to affect both verbal memory and language [42].

Volume of various structures and NPH triad
Gait

NPH gait is characterized by short steps with reduced step
height, impaired dynamic equilibrium accented during turning
and reduced speed of walking [26]. The gait pattern is some-
times characterized as “glued to the floor” or “magnetic” [14].
Reasons may be due to the impairment of cortico-basal
ganglia-thalamo-cortical loops and hippocampi [2]. Our study
has shown decreased volume of left internal globus pallidus,
left hippocampus and white-matter compared with controls
which might contribute to the NPH gait presentation.

Neuropsychology

NPH patients present with alteration of working memory, at-
tention, learning, processing and psychomotor speed, execu-
tive, visuospatial and visuoconstructional functions [18].
Memory is presented by delayed recall and recognition [29]
and is less severely impaired compared with AD [47]. NPH is
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Table 4 The comparison of normalized structural volumes among NPH, non-NPH groups and healthy controls

Structure Mean NPH SD - NPH Mean non-NPH SD - non-NPH Mean controls SD - controls  p value
Hippocampus left 0.0036 0.0004 0.0035 0.0003 0.0033 0.0003 0.0180
Hippocampus right 0.0039 0.0004 0.0039 0.0004 0.0037 0.0004 0.1645
Internal capsule left 0.0057 0.0005 0.0057 0.0004 0.0057 0.0005 0.9461
Internal capsule right 0.0058 0.0005 0.0058 0.0005 0.0058 0.0006 0.9429
Corpus callosum 0.0095 0.0013 0.0091 0.0018 0.0077 0.0009 0.0018
Temporal lobe left 0.0877 0.0064 0.0878 0.0049 0.0861 0.0042 0.5663
Temporal lobe right 0.0909 0.0041 0.0898 0.0041 0.0920 0.0045 0.1907
Amygdala left 0.0019 0.0002 0.0018 0.0002 0.0018 0.0002 0.6078
Amygdala right 0.0020 0.0002 0.0020 0.0002 0.0018 0.0002 0.1142
External capsule left 0.0009 0.0001 0.0009 0.0001 0.0008 0.0001 0.9499
External capsule right 0.0009 0.0001 0.0009 0.0001 0.0008 0.0001 0.2318
Putamen left 0.0047 0.0007 0.0048 0.0007 0.0046 0.0007 0.7631
Putamen right 0.0047 0.0006 0.0048 0.0007 0.0047 0.0007 0.8003
Globus pallidus int left 0.0007 0.0001 0.0007 0.0001 0.0008 0.0001 0.0408
Globus pallidus int right 0.0007 0.0001 0.0007 0.0001 0.0008 0.0001 0.0923
Globus pallidus ext. left 0.0014 0.0001 0.0014 0.0001 0.0014 0.0002 0.7848
Globus pallidus ext. right 0.0014 0.0001 0.0014 0.0001 0.0014 0.0001 0.6473
Thalamus left 0.0062 0.0009 0.0060 0.0005 0.0062 0.0004 0.4306
Thalamus right 0.0063 0.0010 0.0062 0.0006 0.0064 0.0004 0.5781
White matter 0.4736 0.0262 0.4619 0.0319 0.4448 0.0136 0.0066
Grey matter 0.4900 0.0253 0.5011 0.0315 0.5190 0.0130 0.0050
Caudate nucleus left 0.0045 0.0005 0.0044 0.0006 0.0042 0.0006 0.2003
Caudate nucleus right 0.0047 0.0005 0.0046 0.0007 0.0043 0.0006 0.1477
Periaqueductal grey 0.0003 0.0001 0.0003 0.0001 0.0003 0.0000 0.8524
3 ventricles 0.1516 0.0300 0.1299 0.0395 0.0587 0.0308 < 0.0001

a subcortical dementia [46] and decrease in volumes of stria-
tum, hippocampus, thalamus and nucleus accumbens has been
previously described [31] compared to healthy controls. We

Fig. 2 Comparison of relative

volumes of white matter among

NPH, non-NPH and control

groups
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have observed decreased volume of left hippocampus and left
internal globus pallidus compared to healthy controls and nu-
cleus accumbens was not segmentated in our study. Striatum
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is linked to the frontal cortex and lesions to the connections
can cause executive dysfunction, impaired motivation, apathy
and personality changes [43]. Interesting study found decrease
in the cerebral blood flow in normal appearing and
periventricular white matter, the lentiform nucleus and global
parenchyma of NPH shunt responders or non-responders pre-
operatively compared to healthy controls with no significant
changes between responders and non-responders [51]. These
changes may precede atrophy [34], but it is not clear how or
whether it is related to volumetric alterations in NPH patients.
Lastly, prevalence of another comorbid neurodegenerative
disease is high, profound neuropsychologic assessment
contributed on the selection of shunt candidates.

Mean non-NPH Mean NPH Mean controls

Prospective studies with autopsy-proven NPH with ab-
sence of other neurodegenerative disease may bring other
results [40]; however, this study was dedicated on predic-
tion shunt-responsiveness mainly and we did not found

differences between NPH and non-NPH groups.
Urinary incontinence

Lower urinary symptoms are frequent in people older than
60 years. Typically, these symptoms in NPH patients result
from the impairment of micturition centers above the pontine
level and manifest as detrusor overactivity and later as urge
incontinence [35]. An fMRI study on the role of suprapontine

Fig. 4 Comparison of relative 018

volumes of ventricles among

NPH, non-NPH and control o146

groups '
0.14

0.08

3 ventricles - relative volume
o

0.04

0.02

Mean non-NPH Mean NPH Mean controls
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Fig. 5 Comparison of relative
volumes of subcortical structures
among NPH, non-NPH and con-
trol groups

Periaqueductal grey
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Internal capsule left
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Globus pallidus ext left

brain structures involved in voiding control has shown that
medial prefrontal cortex, basal ganglia and cerebellum are

-l- Mean NPH
-®- Mean non-NPH
A- Mean controls

Internal capsule right

Thalamus left

Caudate nucleus left

Corpus callosum

Amygdala right

External capsule right

Putamen right

Globus pallidus int right

Globus pallidus ext right

Thalamus right

Caudate nucleus right

involved in the control of micturition, parietal cortex and lim-
bic system are involved in inhibitory voiding control

Table 5 The comparison of normalized structural volumes of NPH patients before and 3 months after VP shunt surgery

Structure Mean preop SD - preop Mean 3M SD - 3M p value
Cerebrum - absoulute volume [ccm] 903.9 103.5 892.6 103.9 0.0469
Hippocampus left 0.0036 0.0004 0.0035 0.0003 0.3756
Hippocampus right 0.0038 0.0003 0.0037 0.0004 0.3359
Internal capsule left 0.0056 0.0005 0.0057 0.0005 0.0609
Internal capsule right 0.0057 0.0005 0.0058 0.0005 0.4139
Corpus callosum 0.0094 0.0014 0.0087 0.0016 0.0591
Temporal lobe left 0.0877 0.0068 0.0878 0.0058 0.8442
Temporal lobe right 0.0897 0.0038 0.0898 0.0046 0.9183
Amygdala left 0.0018 0.0002 0.0018 0.0002 0.8171
Amygdala right 0.0019 0.0002 0.0019 0.0002 0.7535
External capsule left 0.0009 0.0001 0.0009 0.0001 0.7936
External capsule right 0.0008 0.0001 0.0009 0.0001 0.1068
Putamen left 0.0047 0.0008 0.0048 0.0007 0.2842
Putamen right 0.0047 0.0006 0.0049 0.0006 0.0389
Globus pallidus int left 0.0007 0.0001 0.0007 0.0001 0.1749
Globus pallidus int right 0.0007 0.0001 0.0007 0.0001 0.1240
Globus pallidus ext. left 0.0013 0.0001 0.0014 0.0001 0.1510
Globus pallidus ext. right 0.0014 0.0001 0.0014 0.0001 0.7675
Thalamus left 0.0062 0.0011 0.0061 0.0012 0.5709
Thalamus right 0.0063 0.0011 0.0064 0.0015 0.3018
White matter 0.4694 0.0243 0.4672 0.0308 0.7732
Grey matter 0.4940 0.0228 0.4952 0.0294 0.8686
Caudate nucleus left 0.0044 0.0005 0.0044 0.0006 0.9470
Caudate nucleus right 0.0047 0.0005 0.0046 0.0006 0.3743
Periaqueductal grey 0.0003 0.0000 0.0003 0.0001 09151
3 ventricles 0.1495 0.0312 0.1276 0.0326 0.0001
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mechanism and right hemisphere seems to be more dominant
in these mechanisms [50]. Periaqueductal grey has a para-
mount role in the control of micturition and its role in NPH
symptoms has been suggested for MRI evaluation [49].
Proximity of some of the centers or the connecting pathways
to the ventricular system may be the reason of urinary incon-
tinence in NPH [44].

There are few volumetric studies of NPH. In the past, man-
ual segmentation by drawing regions of interest on imaging
and subsequent volume calculation was needed. This process
was very time-consuming with questionable accuracy. During
the past two decades, voxel-based morphometry has changed
the accuracy and difficulty of this process. Steadily evolving
technology has enabled automated, easy-to-use and time-

Fig. 7 Comparison of relative
volumes of subcortical structures

Pre-surgery 3m after surgery
efficient segmentation of several structures simultaneously.
Nevertheless, the vast majority of published studies are deal-
ing with one or just few of the crucial structures. However, in
our study, we are evaluating volumes of all relevant structures
in every patient at once, which significantly extends the pos-
sibilities of statistical comparison.

Firstly, we have assessed volumetry as a diagnostic tool for
NPH suspected patients. All structures mentioned above were
measured both in NPH and non-NPH group and compared to
healthy control. Statistically significant difference in ventricular
volume was confirmed (p value < 0.000001). The difference in
white and grey matter was also significant, with p value 0.007
for white matter and 0.005 for grey matter. However, the differ-
ence between the NPH and non-NPH group was minimal and
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the groups were overlapping. Furthermore, we have observed
significant differences in the corpus callosum (p value 0.002),
left hippocampus (p value 0.02) and left internal globus pallidus
(p value 0.04). Again the difference was mainly compared to
control group, whereas compared to non-NPH group it was
minimal. Moreover, we have observed larger corpus callosum
and hippocampal volume in the NPH group than in the healthy
controls, which is in contrast to published data [48]. All ob-
served significant differences were between the NPH suspect
group (NPH and non-NPH) and healthy controls. Within the
NPH suspect group, where the only difference between NPH
and non-NPH was the positivity in functional testing and re-
sponse to lumbar drainage, the volumetric differences were rath-
er negligible. Our data contradict the routine use of volumetry in
NPH diagnostics.

The statistical analysis of changes in structural volumes
3 months after the VP shunt surgery showed expected signif-
icant changes in ventricular (p value 0.0001) and cerebral
volumes (p value 0.05). The volume of right putamen signif-
icantly increased (p value 0.04). This finding could be ex-
plained with better drainage of right hemisphere due to the
routine placement of ventricular catheter into the right lateral
ventricle. This hypothesis is supported by other findings of
right-sided structural enlargement, even though these were
not statistically significant. All in all, this part of the study
does not reveal possible NPH aetiology.

The main limitation of the present study is the limited num-
ber of patient controls in 3 months (20/29). It was caused both
by a low compliance of some patients and motion artefacts on
either preoperative or postoperative images. Only patients with
a good quality of both scans were enrolled to the study. Another
limitation is the certain inaccuracy of the segmentation process
in the case of large ventricles observed by some authors [15].

Conclusion

A detailed volumetric study of NPH patients in both
presurgical diagnostics and after VP shunt insertion shows
several significant differences. According to our findings,
volumetry as a standalone method fails to provide a simple
diagnostic biomarker, nor does it shed a light on an unknown
NPH aetiology.
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