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Abstract

Aims: There are very few detailed post-mortem studies on idiopathic normal-pressure hydrocephalus (iNPH) and
there is a lack of proper neuropathological criteria for iNPH. This study aims to update the knowledge on the
neuropathology of iNPH and to develop the neuropathological diagnostic criteria of iNPH.

Methods: We evaluated the clinical lifelines and post-mortem findings of 29 patients with possible NPH. Pre-
mortem cortical brain biopsies were taken from all patients during an intracranial pressure measurement or a
cerebrospinal fluid (CSF) shunt surgery.
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Results: The mean age at the time of the biopsy was 7018 SD years and 74+7 SD years at the time of death. At
the time of death, 11/29 patients (38%) displayed normal cognition or mild cognitive impairment (MCl), 9/29
(31%) moderate dementia and 9/29 (31%) severe dementia. Two of the demented patients had only scarce neu-
ropathological findings indicating a probable hydrocephalic origin for the dementia. Amyloid-B (AB) and hyper-
phosphorylated t (HPT) in the biopsies predicted the neurodegenerative diseases so that there were 4 AB posi-
tive/low Alzheimer’s disease neuropathological change (ADNC) cases, 4 AB positive/intermediate ADNC cases, 1
AB positive case with both low ADNC and progressive supranuclear palsy (PSP), 1 HPt/PSP and primary age-re-
lated tauopathy (PART) case, 1 AB/HPt and low ADNC/synucleinopathy case and 1 case with AB/HPt and high
ADNC. The most common cause of death was due to cardiovascular diseases (10/29, 34%), followed by cerebro-
vascular diseases or subdural hematoma (SDH) (8/29, 28%). Three patients died of a postoperative intracerebral
hematoma (ICH). Vascular lesions were common (19/29, 65%).

Conclusions: We update the suggested neuropathological diagnostic criteria of iNPH, which emphasize the rig-
orous exclusion of all other known possible neuropathological causes of dementia. Despite the first 2 probable
cases reported here, the issue of “hydrocephalic dementia” as an independent entity still requires further con-
firmation. Extensive sampling (with fresh frozen tissue including meninges) with age-matched neurologically

healthy controls is highly encouraged.
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Introduction

Normal pressure hydrocephalus (NPH) has a
classic triad of clinical symptoms: impaired cogni-
tion, urinary incontinence and gait disturbance [1].
NPH is considered idiopathic (iNPH) in the absence
of known predisposing factors such as neurotrauma
or hemorrhage [1, 2]. The surgical insertion of a
shunt in order to bypass cerebrospinal fluid (CSF)
usually eases the symptoms [3], but unfortunately
the improvements often decline over the years [4].
A considerable number of the patients with iNPH
seem to develop cognitive impairment, eventually
reaching dementia, commonly due to concomitant
Alzheimer’s disease (AD), frontotemporal lobar de-
generation (FTLD), vascular degeneration, or com-
pellingly due to iNPH by yet unknown neurodegen-
erative mechanisms [5, 6]. In the Norwegian popula-
tion, the prevalence of iNPH is estimated to be ap-
proximately 22 cases per 100,000 people [7] and it
is more common in the older age groups [8]. Recent
studies reporting familiar aggregation indicate that
iNPH may be an independent neurodegenerative
disorder that potentially has its own specific molec-
ular biological basis and etiology [9]. In a study of 10
patients — 9 of whom are included in this study — it
was shown that signs of other diseases such as AD,
corticobasal degeneration (CBD) and vascular le-
sions can be identified in the post-mortem brains of

the patients suspected to have NPH [10]. The num-
ber of detailed post-mortem studies on iNPH is very
small and there is a lack of defined and universally
accepted neuropathological criteria for iNPH. The
Kuopio NPH Registry (http://www.uef.fi/nph) con-
sists of data on the patients with presumed NPH.
They underwent intraventricular pressure (ICP)
monitoring together with right frontal cortical biop-
sies from 1991 up until 2010. From 2010 onwards,
the shunt surgery has included the cortical brain bi-
opsy. This study contains 29 patients with full post-
mortem neuropathological examinations and with
clinical follow-ups after the procedures with the bi-
opsies.

Materials and methods
Kuopio NPH registry

The Neurosurgical Department of Kuopio Uni-
versity Hospital (KUH) alone provides full-time acute
and elective neurosurgical services for the KUH
catchment population in Eastern Finland. The medi-
cal evaluation of the KUH Neurosurgery for possible
NPH has contained a clinical examination by a neu-
rologist and a neurosurgeon, a computed tomogra-
phy (CT) or a magnetic resonance imaging (MRI)
scan, and a 24-h ICP monitoring together with a right
frontal cortical biopsy up until 2010. In 2010, a 3-
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step prognostic test protocol was launched. First,
CSF tap tests are performed on all patients with sus-
pected NPH, where at least a 20% improvement in
the gait speed in a 10-m walk is considered a positive
result. In the second phase, those with negative tap
tests undergo lumbar infusion tests, where a con-
ductance of < 10 is considered a positive result. In
the third step, the participants with negative find-
ings in both of the tests mentioned above undergo a
24-h monitoring of the ICP or undergo a shunt sur-
gery based on a clinical and radiological evaluation.
Brain biopsies are acquired from the patients who
undergo the ICP monitoring or the CSF shunt surgery
[11]. Kuopio NPH Registry includes (i) the clinical
baseline and the follow-up data and (ii) other hospi-
tal diagnoses, medications and the causes of death
from the national registries, as well as the autopsy
findings. In this study, NPH is defined as a state with
the typical clinical and imaging findings, and it is clas-
sified as iINPH when no predisposing factors are
found. The shunt response may be present or ab-
sent.

Basic study cohort

From 1991 up until 2017, 879 patients with
possible NPH had been studied with the diagnostic
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protocol described above including the right frontal
cortical biopsies.

Final study cohort

The construction of this study is outlined in
Figure 1. The patients in this study cohort were fol-
lowed up until their deaths. All clinical data available
from the hospitals in the KUH catchment area was
collected. Overall, 565 patients had died and 92 of
them were autopsied, 29 of whom had had a full
neuropathological examination. Out of the 29 pa-
tients, 23 were shunted according to the diagnostic
procedure. The development of the clinical symp-
toms was documented by neurologists, general
practitioners, or both. The Mini-Mental State Exam-
ination (MMSE) was tested on 26 patients at the
baseline. All available data was re-evaluated by 2
neurologists subspecialized in memory disorders (A.
M. K. or H. S.), blinded for the cortical biopsy and the
autopsy findings. Dementia was diagnosed accord-
ing to the Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition (DSM-IV) criteria
[12]. The cognitive status was evaluated at the time
of the biopsy and retrospectively at the time of
death and classified as normal, mild cognitive im-
pairment (MCI), moderate or severe dementia (bed-
ridden).

Eastern Finnish population of approximately 900,000 inhabitants

879 patients with possible NPH with follow-up

|

473 not autopsied (84 %)

565 deceased (64 %) —)
92 autopsied (16 %) —

63 with neuropathology not available (68 %

l

29 patients with possible NPH
and neuropathological examination

Figure 1. Flow chart of
879 consecutive patients
with possible NPH.

NPH = normal pressure
hydrocephalus.
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Radiological evaluation

All available CT and MRI scans were re-evalu-
ated separately by 2 experienced neuroradiologists
(A.S.andR. V.), blinded for the biopsy and the neu-
ropathological findings. In the incongruent evalua-
tions, a consensus reading was performed. Cortical
and subcortical (lacunar) infarctions and cerebral
white matter changes (WMCs) were especially
looked for. The WMCs were categorized according
to the modified Fazekas scale: no WMC (grade 0),
punctuate (grade 1), early confluent (grade 2) and
confluent (grade 3) [13].

Biopsy

The biopsy procedure has been described pre-
viously [14]. Briefly, 1 to 3 cylindrical right frontal
cortical brain biopsies of 1-3 mm in diameter and 1-
8 mm in length were obtained with biopsy forceps
or a needle before inserting the intraventricular
catheter for the 24-h ICP monitoring or the shunt.
The samples were fixed in buffered formalin over-
night and then embedded in paraffin.
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Apolipoprotein E genotyping

DNA was extracted and the apolipoprotein E
(APOE) genotypes were determined as described
previously [15].

Autopsies and the neuropathological examina-
tion

The main findings and the causes of death were
assessed from the original autopsy reports. The
brains were stored in 10% buffered formaldehyde
for at least 1 week before being cut into 1-cm-thick
coronal slices and assessed macroscopically by a
neuropathologist. The brain specimens were taken
from 16 standard regions and embedded in paraffin.
The included brain regions were: the frontal cortex,
the temporal cortex, the cingular gyrus at the level
of the mammillary bodies, the parietal cortex, the
motor cortex, the occipital cortex, the anterior and
the posterior hippocampus with the entorhinal cor-
tex, the basal forebrain including the amygdala, the
striatum, the thalamus, the midbrain, the pons, the
medulla, the cerebellar vermis and the cortex [16].
Additional samples were taken if necessary for the
diagnostics.

Antigen Clone Company Pretreatment Chromogen Dilution

HPt AT8 Innogenetics, Ghent, Belgium None DAB 1:500

p62 Ick 3 BD Biosciences Pharmingen, Franklin ACat 120°Cin Romulin AEC  1:1000

ligand Lakes, NJ, USA 0.01 mol/I CB pH 6.0

Amyloid-B 6F/3D Dako 80% FA 6h DAB 1:100

a-synuclein KM51 Novocastra ACin CB 80% 120°CFA  Romulin AEC  1:1000
5 min

TDP43 2E2-D3  Abnova ACin aqua, 120°Cand Romulin AEC  1:1000

FA 5 min

Table 1. Immunohistochemistry.

HPt = hyperphosphorylated t, TDP43 = transactive response DNA-binding protein 43, AC = autoclave, CB = citrate buffer,
FA = formic acid, DAB = 3-3’-diaminobenzidin, AEC = 3-amino-9-ethylcarbazole (Biocare Medical).
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Histology and immunochemistry

The 7-um sections were deparaffinized and re-
hydrated through the standard procedures. All sec-
tions were stained by using haematoxylin-eosin
(H&E) and a selection of the sections also with im-
munohistochemical (IHC) methods. The antibodies
used are described in Table 1. Shortly after the pre-
treatment, the sections were incubated with normal
goat serum for 30 min at room temperature to block
non-specific reactions. After unmasking the epitope,
the antibodies were added to the dilution. The sec-
tions were then incubated overnight at 4 °C. During
the next day, the sections were incubated with a bi-
otinylated second antibody for 30 min, followed by
streptavidin enzyme conjugate (LABSA Zymed La-
boratories, South San Francisco, CA, USA) for 30 min
at room temperature. The reaction products were
visualized by using 3-amino-9-ethyl-carbazole (AEC)
or 3-3’-diaminobenzidin (DAB). All immunostained
sections were counterstained with Harris’ haema-
toxylin, dehydrated, and mounted in DePex (BDH
Chemicals, Hull, UK). An Amyloid-p (AB) staining was
performed on the biopsies and 5 neuroanatomical
regions (the frontal cortex, the hippocampus, the
basal forebrain including the amygdala, the substan-
tia nigra and the cerebellar cortex). Hyperphosphor-
ylated tau (HPt) was performed on the biopsies and
5 neuroanatomical regions (the temporal cortex, the
occipital cortex, the anterior and the posterior hip-
pocampus and the basal forebrain including the
amygdala). An a-synuclein staining was performed
on the biopsies and 7 neuroanatomical regions (the
cingular gyrus, the parietal cortex, the posterior hip-
pocampus, the substantia nigra, the pons, the me-
dulla oblongata and the basal forebrain including
the amygdala). Transactive response DNA-binding
protein 43 (TDP43) was used on the biopsies and the
posterior hippocampal sample. P62 was used on se-
lected cases. All sections were evaluated with light
microscopy by an experienced neuropathologist
(T.R., J.R.). The pathology observed while applying
the IHC techniques was assessed as described earlier
[17-22]. In the biopsy samples, HPt was classified as
being present or absent and the type of the specific
lesions was noted. The AB pathology was classified
as being present in mild, moderate or extensive ex-
tent, and the vessel wall positivity was noted, sug-
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gesting cerebral amyloid angiopathy (CAA). Alz-
heimer’s disease neuropathological change (ADNC)
was assessed according to the National Institute on
Aging—Alzheimer's Association (NIA-AA) criteria
[23].

The statistical methods

SPSS Statistics (version 22.0 SPSS Inc., Chicago,
IL, USA) was used for all statistical analyses. Spear-
man’s rank correlation coefficient was used for cor-
relating AB in the biopsies and the autopsies.

Ethical issues

The study was approved by the Ethics Commit-
tee of the Hospital District of Northern Savonia. All
patients recruited after 2008 provided a written in-
formed consent. Patient treated in neurosurgery
prior to that, were studied according to the permis-
sions from the Finnish National Supervisory Author-
ity for Welfare and Health, and the Finnish Ministry
of Social Affairs and Health.

Results

Demographics: The patient demographics, the
clinical findings including the brain imaging and the
cortical biopsies, are described in Table 2. More
than half of the patients were female (17/29, 59%).
The mean age at the time of the biopsy was 7018 SD
(standard deviation) years and 7417 SD years at the
time of death. The patients with clinically severe de-
mentia died at the average age of 7645 SD years. The
age at death did not differ between the cognitively
normal/MCI or the moderately demented patients.
The follow-up time from the brain biopsy to the au-
topsy was 47444 SD months, ranging from less than
1 month to 165 months.

Clinical findings: At the time of the clinical
work-up and the cortical biopsy, the leading symp-
tom was gait difficulty in 75% of the subjects with
normal cognition or MCI (n=20). In the moderately
demented group, half of the subjects (n=3/6) pre-
sented with cognitive impairment as the leading
symptom, followed by gait difficulty (n=2) and trem-
ors (n=1). In the severely demented group, 2 out of
the 3 patients presented with cognitive impairment
and 1 with gait difficulty as the leading
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Cognition at n Sex Leading MMSE AB (n) | HPt(n) | iNPH (n) | Shunt/ Infarcts WMC Neurological Cardiovascular
the time of symptom (n) meantSD shunt CT/MRI CT/MRI (n) | diagnosis diagnosis
biopsy response (n)
Normalormild | 20 | M7 Gait difficulty 23+5 4/20 0/20 14/20 19/15 1 cortical | PV: Psychiatric disorders, | HTA (13/20),
cognitive F13 (15) grade 1, 9/20 (6/20), schizophrenia | CHD (9/20), T2D
impairment Cognitive 2 lacunar | NA (2/20) (2/20), AD-type (7/20)
(mcl) impairment (5) grade 1, dementia (2/20)
1lacunar | Deep:
grade 2 8/20
NA(4/20)
Moderate 6 M 2 Cognitive 15+4 3/6 1*/6 3/6 3/2 1 cortical | PV:5/6 AD (3/6), psychiatric HTA (3/6),
dementia F4 impairment (3) grade 2, NA (1/6) disorders (2/6) T2D (2/6)
Gait difficulty 2 lacunar
(2) (grades 2 | Deep:5/6
Tremor (1) and 1) NA (1/6)
Severe 3 M 3 Cognitive 915 3/3 2/3 0/3 1/0 - PV:1/3 “Rapidly progressing | HTA (2/3)
dementia impairment (2) dementia”, non-
Gait difficulty Deep: 2/3 specific dementia
(1)

Table 2. Patient characteristics at the time of the biopsies and the final clinical diagnoses.

* No amyloid-R.

MMSE = Mini-Mental State Examination, AB = Amyloid-B, HPt = hyperphosphorylated t, iNPH = idiopathic normal pressure hydrocephalus, CT = computerized tomography, MRI = magnetic
resonance imaging, WMC = white matter change (Fazekas grade [13] at least 1), PV = periventricular, NA = not available, AD = Alzheimer’s disease, HTA = arterial hypertension, CHD =
coronary heart disease, T2D = type 2 diabetes.
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symptom. In this study, iNPH is defined as a state in
which the clinical findings, the imaging and the post-
mortem findings are typically consistent with NPH,
the predisposing factors are excluded, and the
shunting procedure has been performed with a pos-
itive shunt response. Idiopathic NPH was seen in
70% of the subjects with normal cognition or MCI
and 33% of the clinically demented subjects. Sec-
ondary NPH (sNPH) was seen in 3/20 (15%) of the
subjects in the group with normal cognition or MCI.

The most common clinical diagnosis was hyper-
tension (18/29, 62%), present in all groups. Other
common clinical diagnoses were coronary heart dis-
ease, type Il diabetes (T2D), AD, psychiatric disor-
ders, cancer and asthma. Two of the patients in the
group with normal cognition or MCI had clinically
cognitive impairment related to alcohol, 1 patient
presented with parkinsonism and 1 with epilepsy.
Regarding the psychiatric morbidities, 1 patient had
a history of schizoaffective disorder, 2 patients had
schizophrenia and 2 had a long history of psychiatric
symptoms and 1 of maniac episodes. No specific
neuropathological findings were seen in this group.

Shunting: One patient in the group with normal
cognition or MCI was not shunted and 15/19 (79%)
of the shunted patients had positive responses. In
the moderately demented group, 3/6 of the patients
were shunted and 2 of them responded positively.
One patient in the severely demented group (1/3)
was shunted without a response.

Imaging: Radiologically, cortical and lacunar in-
farctions were found in the normal or MCl and the
moderately demented groups. The findings are sum-
marized in Table 2. The infarctions were of grades 1
and 2. Both periventricular and deep white matter
changes were present in all groups. The changes
ranged from grades 0 to 3.

Cortical biopsies: AB aggregates were seen in
10 patients: 4/20 (20%) in the group with normal
cognition or MCl, 3/6 (50%) and 3/3 (100%) in the
moderately and the severely demented groups, re-
spectively. HPt was not seen in the group with nor-
mal cognition or MCI. One patient in the moderately
demented group had HPt immunopositive lesions
(without AB) and 2 out of the 3 patients in the se-
verely demented group had HPt positivity. Promi-
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nent HPt pathology was seen upon the neuropatho-
logical examinations in all the 3 cases with HPtin the
biopsies. The presence of AB in the biopsies corre-
lated with the extent of AB (Thal phase) [22] defined
at the neuropathological examinations (Spearman’s
p 0.775, P=0.01).

At the time of death, 11/29 patients (38%) dis-
played normal cognition or MCl, 9/29 (31%) moder-
ate dementia, and 9/29 (31%) severe dementia. The
causes of death are described in Table 3. The most
common cause of death was due to cardiovascular
diseases (10/29, 34%), followed by cerebrovascular
diseases (n=5/29, 17%) or acute subdural hematoma
(SDH) (3/29, 10%), pneumonia (5/29, 17%) and met-
astatic carcinoma (4/29, 14%). Two patients died of
postoperative intracerebral hematoma (ICH) indi-
cating the 0.2% (2/879) risk of fatal ICH, related to
the combined procedure of the brain biopsy and the
insertion of the intraventricular catheter in the NPH
population.

Cause of death Without With n %
dementia dementia

Cardiovascular 5 5 10 34

Cerebrovascular 2 4 6 21

or subdural

hematoma

Pneumonia 0 5 5 17

Metastatic 0 4 4 14

neoplasia

Intracerebral 2 0 2 7

hematoma

Alcoholism with 1 0 1 3

liver cirrhosis

Traumatic 1 0 1 3
29 100

Table 3. Causes of death.

Neuropathology: The neuropathological find-
ings are described in Table 4. Enlarged ventricles
were seen to variable degrees in all cases. The neu-
ropathological examination revealed that in the
group with normal cognition or MCI, almost half
(5/11, 45%) of the patients had cerebrovascular ath-
erosclerosis and more than a half (5/9, 55%) of the
moderately demented patients had notable cere-
brovascular atherosclerosis. All of the severely de-
mented patients had cerebrovascular atherosclero-
sis to variable degrees. One patient in the least cog-
nitively affected group had a ruptured basilar artery
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Cognitive n | Sex | Ageat | Brain CAA (n) | APOE Neurodegenerative lesions Cerebrovascular Other cerebrovascular
status at death £ | weight (g) pathology contributing
death (SD) ADNC Non-ADNC to cognitive status
Normal or 11 | M3 | 7319 1413+19 1/11 10/11 Low (3/11) PART 6/11 Cerebrovascular Postoperative ICH (2/11)
mild cognitive F8 €3/3 (8/10) Intermediate (1/11) | PSP 1/11 atherosclerosis 5/11
impairment €4/3 (1/10) High - Infarct(s) 4/11 Acute SDH (1/11)
(mc1) €3/2 (1/10)
1NA
Moderate 9 M5 | 73+7 1428+17 2/9 3/9 Low - PART 4/9 Cerebrovascular Acute SDH (4/9)
dementia F4 €4/3 (2/3) Intermediate (3/9) atherosclerosis (5/9)
€3/3(1/3) High - Infarct(s) (2/9)
Severe 9 [ M4 | 76%5 1349+19 | 4/9 2/9 Low (4/9) PART 2/9 Infarct(s) 4/9
dementia F5 €3/3 (1) Intermediate (1/9) CBD 1/9 Cerebrovascular
€4/4 (1) High (1/9) PSP 1/9 atherosclerosis (9/9)
AB 1/9
Synucleinopathy 1/9

Table 4. Post-mortem neuropathological findings.

CAA = cerebral amyloid angiopathy, APOE = apolipoprotein E, NA = not available, ADNC = Alzheimer’s disease neuropathological change (NIA-AA [24]), PART = primary age-related
tauopathy, PSP = progressive supranuclear palsy, CBD = corticobasal degeneration, Ap = Amyloid-f deposition, ICH = Intracerebral hematoma, SAH = subarachnoidal hematoma,
SDH = subdural hematoma.
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Neuropathological findings in NPH Previous pooled studies Cabral 2011  Magdalinou 2013  Del Bigio 2014  McCarty 2019 Present study
(reviewed by Leinonen et al. 2012)

Total number of cases 40 9 4 28 1 post-mortem 29
Idiopathic NPH 55% NA 0% 18% Yes 58%
Cortical atrophy 43% No 45%
Meningeal thickening 64% Yes 60%
Subependymal gliosis 60% Yes 77%
Periventricular white matter 60% 48%
demyelination
Vascular changes 76% 33% 75% 65%
AD-changes 48% 89% No 48%

Table 5. Neuropathological findings in NPH.

NPH = normal pressure hydrocephalus, NA = not available, AD = Alzheimer’s disease.
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aneurysm resulting in subarachnoid hemorrhage
(SAH), 1 had SDH and 1 patient had a hippocampal
infarct. In the moderately demented group, 4 out of
the 9 patients had acute SDH and 75% of these were
traumatic in origin, and 1 patient had traumatic SAH.
In the severely demented group, 1 patient had a
multifocal metastatic (including meninges) carci-
noma explaining the dementia, and 1 patient a tem-
poral cavernoma with an ipsilateral hippocampal in-
farct. Multifocal brain infarcts sufficient to be caus-
ative for the cognitive decline were seen in 3 pa-
tients, 2 demented (occurred after the shunting pro-
cedure) and 1 with MCI (occurred during the year of
death). In these patients, small lacunar infarctions
were seen in the CT during the evaluation prior to
the ICP measurement or the shunting. Gliosis in the
subependymal region was seen in all cases to varia-
ble degrees and at least mild meningeal thickening
was seen in 60% of the patients. The most common
secondary findings are summarized in Table 5,
among the pooled findings from previous literature
reviewed in 2012 [10].

For ADNC evaluation, NIA-AA criteria were
used [23]. Four of the subjects with normal cognition
or MCI had ADNC and 6 had primary age-related
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tauopathy (PART) of Braak Stage Il at maximum.
One patient with low ADNC had also progressive su-
pranuclear palsy (PSP). In the moderately demented
group, 3 had intermediate ADNC and 4 had Braak |
PART. In the severely demented group, 6 patients
had ADNC and 2 had PART. In addition, single cases
of PSP, CBD, a-synucleinopathy and AR depositions
of Thal stage 3 (without HPt) were displayed. Cere-
bral amyloid angiopathy (CAA) was seen in 1 out of
the 11 subjects with normal cognition or MCI, 22%
of the moderately demented patients and 44% of
the severely demented patients.

The APOE genotype was found in 15/29 pa-
tients. At the time of biopsy, in the group with nor-
mal cognition or MCI, 8/10 (80%) had genotype
€3/3, 1 €3/4 and 1 £€2/3. Among the moderately de-
mented patients, 2/3 (67%) had the £€3/4 and 1 had
the €3/3 genotype. In the group of the severely de-
mented patients, 1 had €3/3 and 1 €4/4 genotype.

Neuropathological WMCs in the form chronic
vascular type were seen to a variable extent and did
not correlate to the cognitive status.

In Figure 2, we describe a model for the neuro-
pathological evaluation of the NPH cases.

Suspected NPH

!

Study medical history and imaging studies in detail. Is there a predisposing factor (meningitis, neurotrauma, haemorrhage)?

!

After systematic macroscopic evaluation, take samples from at least 16 regions and brain coverings.
Ideally, half of the brain should be stored deep frozen for molecular studies.

l

Examine the samples and apply IHC (at least AB, HPt, TDP43, a-synuclein) to detect known neurodegenerative diseases.
p62 can be used as a screening antibody. Look for typical secondary NPH changes.

! !

! !

A neurodegenerative disease
Sufficient to explain the
cognitive state

No predisposing factor(s)
Dual pathology (i.e.iINPH+AD)

No predisposing factors
Neurodegenerative
diseases excluded

Predisposing factor(s) identified

!

! !

iNPH with dual pathology

iNPH and "hydrocephalic dementia”

sNPH with or without

dual pathology

Figure 2. Our suggested model for neuropathological evaluation of NPH cases.

(i/s)NPH = (idiopathic/secondary) normal pressure hydrocephalus, IHC = immunohistochemistry, AB = Amyloid-B, HPt = hyperphosphory-
lated T, TDP43 = transactive response DNA-binding protein 43, AD = Alzheimer’s disease.
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We present examples of radiological and post-
mortem sectional findings in Figure 3. Table 6 is the
case-by-case representation of the patients. Two
subjects with disproportionate neuropathological
findings to the degree of cognitive impairment at
death are highlighted, representing cases of proba-
ble “hydrocephalic dementia”.

Discussion

Hakim and Adams [24] described the clinical
triad of NPH, including the gait difficulty, the cogni-
tive decline and the urinary incontinence, more than
50 years ago. Due to its relative rarity, iNPH is still a
rather poorly understood disease and the number of
studies with full systematic neuropathological ex-
aminations is limited. In this study, we describe the
post-mortem findings in 29 patients with presumed
NPH. Idiopathic NPH differs from most neurodegen-
erative diseases presenting with dementia, as the
symptoms can be alleviated surgically [3, 25]. Idio-
pathic NPH mostly affects the elderly population.

Hanninen et al
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Figure 3. Radiological and post-
mortem sectional findings. a:
coronal MRI demonstrating
ventricular enlargement pre-
shunting, b: same case post-
mortem section after shunting
(time interval 2 years), c: coro-
nal MRI demonstrating ventric-
ular enlargement pre-shunt-
ing, d: intracerebral hematoma
after the shunting procedure
(time interval 3 months).

The median age of the patients studied here at the
time of the diagnosis is comparable to previous
studies [7, 26]. In this study, all patients were fol-
lowed from the time of the shunting or the ICP mon-
itoring up until their deaths, and cortical biopsies
were taken from all subjects during the operation.
Overall, in previous studies, the neuropathological
findings have been reported to be highly variable
and no specific findings of “hydrocephalic demen-
tia” have been described up to date [10, 27, 28]. Del
Bigio describes 5 patients with iNPH, 3 with sNPH
and 20 patients in whom the ventriculomegaly could
not be explained by the other disease processes
identified. Neuropathologically, these groups did
not differ [2].

The classical Hakim’s triad is only seen in full in
50% of the NPH cases [1]. In our study, gait difficulty
was the most common leading symptom in the
group with normal cognition or MCI. In the moder-
ately demented group, half of the subjects pre-
sented clinically with cognitive impairment as
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Cognition at Sex Leading MMSE AB HPt NPH Shunt / Infarcts wMmC G Cognition at Age at Brain CAA APOE ive lesions Cerebrovascular Other cerebro-
the time of symptom type shunt CT/MRI CTor MRI diagnosis death death weight ADNC Non-ADNC pathology vascular lesions
biopsy response Periventicular/ (8) contributing to
deep cognitive status
Normal, F Gait difficulty N/A - - - +/- - 2/0 Schizophrenia Stroke Normal 71 1565 2 N/A Intermediate - Hippocampal B
schizophrenia infarct
Normal F Gait difficulty 29 - - iNPH +/+ - 0/0 NPH, psychiatric Hypertension, Normal 57 1230 0 N/A - - - -
symptoms T2D
Normal F Gait difficulty 25 - - iNPH +/+ N/A N/A AD-type symptoms, NPH mcc Moderate 85 1245 0 €3/3 - PART Atherosclerosis Subdural
dementia Braak | hematoma
Normal M Gait difficulty 26 - - iNPH +/+ - 1/1 NPH Hypertension, MmcCl 68 1400 0 €3/3 - PART Braak | - Subdural
hypercholesterole hematoma
mia
mcCl F Gait difficulty 9 (late) - - - +/- N/A N/A Undefined dementia mcc Severe 70 1310 0 N/A - AB Thal 3 Temporal Diffuse ischemic
dementia cavernoma, lesions, diffuse
ipsilateral white matter
hippocampal gliosis
infarcts
mcl F Gait difficulty, 26 - - iNPH +/+ - 2/2 NPH MCC, Moderate 75 1395 0 N/A - PART Braak | Multifocal infarcts, -
cognitive hypertension dementia diffuse ischemic
impairment lesions
mcl M Gait difficulty 25 - - iNPH +/+ - 3/0 TIA, ICH, bipolar affective MCC, MmcCl 74 1430 0 N/A - PART Braak | Multifocal infarcts -
disorder hypertension including
hippocampus
mcl M Gait difficulty N/A - - iNPH +/+ - 3/3 Basilar artery aneurysm MCC, MmcCl 69 1780 0 N/A - PART - SAH from ruptured
hypertension Braak | basilar aneurysm
mcl F Cognitive 16 + - - - - 2/2 - TIA mcl 79 1250 0 €3/3 Low PSP Atherosclerosis Postoperative ICH
impairment
mcCl F Cognitive 29 - - iNPH +/- - 2/2 NPH MCC, chronic AF, McCl 73 1575 0 €3/3 - PART Braak 3 Diffuse ischemic Postoperative ICH
impairment dyslipi i neuronal changes
mcCl F Gait difficulty 29 - - iNPH +/+ - 0/0 NPH, vertigo, psychiatric Hypertension MmcCl 84 1235 0 N/A - PART Atherosclerosis, -
symptoms Braak | diffuse ischemic
lesions
mcl F Cognitive 23 - - iNPH +/- - 3/3 NPH McCC, mcl 90 1255 0 €3/3 Low - Atherosclerosis, -
impairment hypertension diffuse ischemic
lesions
MCI ™M Gait difficulty 23 - - SNPH +f+ B 0/0 NPH, epilepsy, alcohol- Hypertension Moderate 70 1680 0 €3/2 - - Atherosclerosis -
related dementia, dementia
vertigo, fainting, mania
mcl M Cognitive 24 - - sNPH +/+ - 0/0 Alcohol-related - Moderate 61 1680 0 €3/3 - PART Braak | Atherosclerosis Subdural
impairment dementia, delirium, dementia hematoma + SAH
seizures
mcl M Cognitive 25 - - iNPH +/+ - 1/1 NPH MCC, chronic AF, Moderate 72 1380 0 €3/3 - PART Braak | Atherosclerosis =
impairment congestive heart dementia
failure,
hypertension
mcl M Gait difficulty 20 - - iNPH +/+ - 3/N/A NPH, schizophrenia, mild Hypertension Moderate 66 1570 0 N/A - - = Subdural
disability dementia hematoma
MmcCl F Gait difficulty 24 - - iNPH +/+ Right 2/2 - Hypertension, AF MmcCl 75 1595 0 €3/3 PART Braak Il Atherosclerosis -
cerebellum
MCI F Gait difficulty 24 + - sNPH +/+ - 1/0 Schizoaffective disorder - MCI 66 1230 0 £4/3 Low - - -
mcl F Gait difficulty, 23 + - iNPH +/+ - 3/3 Parkinsonism, apraxia, Hypertension, Severe 74 1220 1 N/A Low - Multifocal infarcts -
urinary delusions mcc dementia
incontinence
MmcCl F Gait difficulty 21 + - iNPH +/+ - 1/0 NPH, AD Hypertension, Moderate 82 1215 1 N/A Intermediate - Occipital infarct -
mcc dementia
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Cognition at Sex Leading MMSE AB HPt NPH Shunt / Infarcts wMmcC gt i i Cardit Cognition at Age at Brain CAA APOE ive lesions Cerebrovascular Other cerebro-
the time of symptom type shunt CT/MRI CT or MRI diagnosis death death weight ADNC Non-ADNC pathology vascular lesions
biopsy response Periventicular/ (g) contributing to

deep cognitive status
Moderate F Gait difficulty 20 - B iNPH +/+ B 3/3 Hypokinesia, apraxia, Hypertension Severe 81 1140 0 N/A - CBD -
dementia apathy, ocular movement dementia PART Braak |
disorder

Moderate F Gait difficulty 17 + - - - - 3/3 AD Hypertension Severe 82 1435 3 N/A Intermediate
dementia dementia
Moderate F Cognitive 14 + - - - Ipsilateral 3/3 Mixed dementia Hypertension Severe 75 1210 0 £3/3 Low - Cortical infarct,
dementia impairment thalamus dementia Atherosclerosis
Moderate F Cognitive N/A + - - - Left 1/1 AD, bipolar disorder - Moderate 77 1350 3 €4/3 Intermediate - Atherosclerosis
dementia impairment temporal dementia

and

cerebellum,

right

corona

radiata
Moderate M Cognitive 14 - + iNPH +/- - 2/1 NPH, AD Aortic stenosis, Severe 73 1270 0 N/A - PSP + PART Braak
dementia impairment multiple myeloma dementia I
Moderate M Tremor 10 + - iNPH +/+ - N/A Parkinsonism, delusional AF, Moderate 72 1340 0 £4/3 Intermediate - Subdural
dementia disorder hypercholesterole dementia hematoma

mia

Severe M Cognitive 5 + - sNPH +/- - 2/1 Rapidly progressing - Severe 70 N/A 0 N/A Low - Multifocal infarcts
dementia impairment dementia NAS dementia
Severe M Cognitive 14 + + - - - 0/1 Multifactorial dementia Hypertension Severe 75 1720 2 £3/3 Low Synucleinopathy Atherosclerosis
dementia impairment dementia Braak Il
Severe M Gait difficulty 7 + + - - N/A 0/0 NPH Hypertension Severe 80 1490 2 €4/4 High
dementia dementia

Table 6. Case-by-case representation of the patients. Probable NPH-dementia subjects are highlighted. + = Yes, - = No.

MCI = mild cognitive impairment, MMSE = Mini-Mental State Examination, AR = amyloid-B, HPt = hyperphosphorylated t, N/A = not available, (i/s)NPH = (idiopathic/secondary) normal
pressure hydrocephalus, CT = computed tomography, MRI = magnetic resonance imaging, WMC = white matter changes (Fazekas grades [13]), AD = Alzheimer’s disease, TIA = transient
ischemic attack, ICH = intracerebral hematoma, T2D = type 2 diabetes, MCC = morbus cordis coronarius, AF = atrial fibrillation, CAA = cerebral amyloid angiopathy, APOE = apolipoprotein E,
ADNC = Alzheimer’s disease neuropathological change, PART = primary age-related tauopathy, PSP = progressive supranuclear palsy, CBD = corticobasal degeneration, SAH = subarachnoid
hemorrhage, ICH = intracerebral hemorrhage.
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the leading symptom and in the group of the se-
verely demented patients, cognitive symptoms were
more common than gait difficulty or incontinence.
Previous studies have shown that more than 20% of
the initially shunt-responsive iNPH patients develop
AD later in life [5, 10]. The outcome of the shunting
is more favorable if the procedure is done at the ear-
lier stages of the disease [29, 30]. Therefore, the
candidates for the shunting procedure need to be
carefully selected as comorbid AD can make the
shunting outcome less favorable [5, 31]. The corre-
lation of AP seen in the biopsies and the overall AR
load justify the use of the biopsies in the clinical eval-
uation, although many neurodegenerative diseases
generally cannot be ruled out by examining a small
cortical biopsy representing a small fraction of the
brain tissue. However, HPt in the biopsies predicted
the neuropathological diagnosis of tauopathy or AD.
Clinically, it is especially important to rule out other
types of dementia in patients with cognitive impair-
ment as the leading symptom [32]. The shunting
procedure itself may results in complications such as
postoperative ICH. In our study cohort, the neuropa-
thological examination revealed that 2 patients had
PSP and 1 CBD. In previous studies, it has been
shown that PSP and Parkinson’s disease can clini-
cally mimic iNPH [28, 33]. In this study, the most
common neuropathological finding in the demented
group was ADNC or early AD/PART, followed by mul-
tifocal infarcts. In the study published by Del Bigio
and coworkers [34], significant co-morbidity was
frequent in NPH. It is noteworthy that mixed diagno-
ses and co-pathologies are common especially in the
elderly age groups [35]. McCarty et al. pointed out
that a feature of NPH, disproportionately enlarged
subarachnoid-space hydrocephalus (DESH), is often
misdiagnosed as cortical atrophy [36].

In a recent study, it was shown that schizophre-
nia occurs 3 times more frequently among the iNPH
patients when compared to the general population
in Finland [37]. Studies using different imaging mo-
dalities have revealed that there are several pro-
gressive structural changes in the brains of the pa-
tients suffering from schizophrenia. The most com-
mon findings are the enlargements of the lateral
ventricles and the reduction of the grey matter vol-
ume [38, 39] and the smaller hippocampi [40]. At the
microanatomical level, various cytoarchitectural al-
terations such as a decreased number of neurons
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and increased neuronal densities in various neu-
ronal populations have been reported [41]. In our
study, we did not use a stereological methodology
to quantify the cytoarchitectural alterations. Over-
all, our cases with comorbid psychiatric diseases did
not differ from the other NPH cases.

Among our study subjects, acute SDH was a rel-
atively common cause of death. One possible expla-
nation for this is that gait disturbance is common in
NPH and this might lead to falls resulting in SDH. An-
other explanation may be that the CSF shunt can be
arisk factor for SDH [42]. It should also be noted that
atrophic brains may be more prone to develop SDH.
Three of the patients in this study died of postoper-
ative ICH, indicating the 0.2% (2/879) risk of fatal ICH
related to the combined procedure of the brain bi-
opsy and the insertion of the intraventricular cathe-
ter in the NPH population.

Previous studies have shown that iNPH pa-
tients often have cardiovascular and cerebrovascu-
lar diseases [10, 43-45]. In a recent study by Is-
raelsson and coworkers, it was shown that iNPH pa-
tients are more prone to vascular risk factors such as
dyslipidemia and obesity [46]. In functional imaging
studies, cerebral blood flow has been shown to be
reduced in people with iNPH [47, 48]. In our study
cohort, cerebrovascular atherosclerosis was a com-
mon finding to variable degrees and cardiovascular
diseases were the most common cause of death.
Cerebral infarcts were seen in all groups, and some
of these were multifocal, suggesting that dementia
could be attributed to these lesions in some cases,
i.e. representing “vascular dementia.”

The etiology and the pathophysiology of iNPH
are still poorly understood. The components of the
NPH clinical triad are likely to result from subcortical
disconnections and disrupted axons. This differs
from white matter damage in pediatric hydrocepha-
lus where axonal stretch and local ischemia occur in
a simple tissue environment. Secondary changes oc-
cur in the neuronal cell bodies and at the synaptic
level, but the neurons are viable. The CSF shunting
may reverse the dysfunction up to some degree, but
the axonal damage cannot be restored [34, 49]. The
subependymal gliosis and the fragmented ependy-
mal lining seen in most of the cases in this study to
variable extents may be reactive changes to the
chronically increased CSF pressure, rather than
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causative alterations. Similarly, the white matter
rarefaction may result from the CSF leakage into the
brain tissue and white matter changes are common
in vascular pathologies in any case. Another com-
mon finding was the meningeal thickening. This can
be a secondary alteration to the edema caused by
chronic hydrocephalus or the result of mild menin-
gitis in the past, among other possible etiologies.
The meningeal tissue assessed here represents only
a fraction of the whole meninges and therefore,
there is a risk of sampling bias. There has been a re-
cent interest in the role of the disrupted glial-lym-
phatic, the “glymphatic circulation” in iNPH [50, 51].
Aquaporin 4 (AQP4) may be one of the key mole-
cules involved in the glymphatic system [52]. How-
ever, the concept of the CNS glymphatic system is
currently evolving and needs to be studied further
[53]. A recent study by Eide and Hansson revealed
that astrogliosis is common in the cortical iNPH bi-
opsies and that the expression of AQP4 and dystro-
phin protein 71 is reduced in the astrocytic peri-
vascular endfeet [54]. The expression of the peri-
vascular AQP4 water channel has been shown to be
altered in the iNPH patients [55]. Other interesting
structures possibly involved in iNPH are the ependy-
mal cilia [56-58]. However, the number of studies
assessing these structures is very limited. The CSF is
mostly produced by the choroid plexuses and flows
through the arachnoid villi and the granulations into
the blood. It has been suggested that the chronic in-
crease in the ICP causes the downregulation of the
CSF regulation [59]. In this study, we did not study
these structures in detail, but hypothetically the
function of these structures could be altered in iNPH
patients and therefore should be further studied.

Our study has several strengths and limitations.
The cases selected for this study presented with clin-
ically presumed NPH. First of all, we have studied
only selected cases (only 29 out of the 565 deceased
were available for the neuropathological examina-
tion) and therefore, there is a risk of selection bias.
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However, to the best of our knowledge, this is the
most comprehensive study of its kind in the litera-
ture. The cognitive status of the patients at death
was retrospectively assessed based on the clinical
records and there is a chance that this could be bi-
ased. However, it is unlikely that cases with full-
blown dementia were missed. Another strength is
the availability of the follow-up data with the corti-
cal biopsies.

In conclusion, in this study we report the neu-
ropathological findings on NPH in a post-mortem se-
ries, which is the largest to the best of our
knowledge. The neuropathological diagnostic crite-
ria of iNPH are still lacking, and despite the first
probable cases reported here, the issue of “hydro-
cephalic dementia” as an independent entity still re-
quires further confirmation. The neuropathological
findings in our cohort of possible NPH patients were
highly heterogeneous, which is in line with previous
literature. Esiri and Rosenberg have recommended
that the principal goal in the neuropathological
work-up in hydrocephalic dementia is the exclusion
of the defined entities [60]. Here, we described a
model for the neuropathological evaluation of the
NPH cases. Future studies may eventually reveal
that iNPH belongs to the family of “proteinopathies”
with the dysfunctional protein yet to be discovered.
The use of more extensive sampling (with fresh fro-
zen tissue including meninges) than in the protocol
used here and the use of age-matched healthy con-
trols is highly encouraged. Special interest should be
directed towards the demented patients with neu-
ropathological findings disproportionate to the clin-
ical presentation.
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