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ABSTRACT:

Idiopathic normal pressure hydrocephalus (iNPH) is a rare clinical syndrome appearing as
gait disturbances, cognitive impairment and urinary incontinence in the aged population.
Brain imaging shows dilated ventricles, although the mean cerebrospinal fluid pressure is
normal. The treatment is a shunt surgery. This thesis aimed to investigate the usefulness of
the various radiological markers in the diagnostics and prediction of shunt response; the
relationship between radiological markers and mortality; and the associations between
intracranial pressure (ICP) and radiological findings, brain biopsies, and shunt surgery
outcome in iNPH. The study population was derived from the Kuopio University
Hospital’s NPH registry, which included patients (n=73-477) suspected to have iNPH who
were referred for further examinations.

INPH was more likely to occur in patients with disproportionality between the
suprasylvian and Sylvian subarachnoid spaces than in those without disproportionality,
making it the most feasible radiological marker for iNPH. Additionally, temporal horns
were narrower in patients with iNPH than in non-NPH patients. Brain ventricles were
larger [i.e. higher Evans’ index (EI)] in non-NPH than iNPH patients. However, the
radiological findings were not associated with the shunt response.

INPH-related radiological markers (increased EI, sulcal disproportionality, and focally
dilated sulci) were associated with a high mean ICP. More severe disproportionality was
also associated with ICP B waves. These associations support the value of these markers in
diagnostics and suggest that they are potentially related to the pathogenesis of iNPH.
Lesser atrophy of the medial temporal lobe was also associated with more frequent ICP B
waves. Additionally, our results suggested that elevated pulse wave amplitude might be
associated with brain amyloid accumulation. The mean ICP and mean ICP pulse wave
amplitude were not associated with the shunt response.

A novel result of our study was that the radiological findings related to iNPH were not
associated with survival. However, the radiological findings related to AD and vascular
degeneration were predictive of a high all-cause mortality. These findings suggest that
there should be more focus on vascular degeneration and vascular risk factors when
treating iNPH patients.

This thesis shows that the traditional radiological markers of iNPH have an important
role in the iNPH diagnostics, but radiological features of atrophy and vascular
degeneration should also be considered in the diagnostics of iNPH. More studies are
needed in considering the prediction of the shunt response and the overall prognosis.

National Library of Medicine Classification: WB 142, WB 379, WL 203, WL 300, WM 220, WN 21, WT 155
Medical Subject Headings: Hydrocephalus, Normal Pressure; Radiology; Intracranial Pressure; Subarachnoid
Space; Temporal Lobe; Cerebrospinal Fluid Shunts; Neuroimaging; Brain; Biopsy; Alzheimer Disease;
Dementia, Vascular; Prognosis; Mortality; Finland
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TIIVISTELMA:

Idiopaattinen (itsesyntyinen) normaalipaineinen hydrokefalus eli vesipdisyys (iNPH) on
harvinainen sairaus, joka ilmenee kavelyongelmina, kognitiivisina vaikeuksina ja virtsan
pidatyskyvyttomyytend idkkailla. Aivojen kuvantamisessa ndhdddn aivokammioiden
laajeneminen, vaikka aivo-selkdydinnesteen keskipaine on normaali. Hoito on
sunttileikkaus. Tamén vditostutkimuksen tavoitteena oli tutkia radiologisten 16ydosten
hyodyllisyytta diagnostiikassa ja sunttivasteen ennustamisessa iNPH:ssa. Lisdksi
tavoitteena oli selvittdd radiologisten 10yddsten yhteys kuolleisuuteen ja kallonsisdisen
paineen sekd radiologisten 10ydosten, aivobiopsioiden ja sunttivasteen viliset yhteydet.
Tutkimusaineisto perustui Kuopion yliopistollisen sairaalan NPH-rekisteriin, joka koostuu
potilaista (n=73-477), joilla oli epailty iNPH:ta ja jotka oli kutsuttu jatkotutkimuksiin.

Potilailla, joilla oli Sylviuksen wuurteen ja sen vylapuolisten kortikaalisten
aivoselkdydinnestetilojen vélinen epasuhta, iNPH oli todenndkoisempi kuin niilld, joilla
epdsuhtaa ei ollut. Lisdksi, temporaalisarvet olivat kapeammat kuin ei-NPH potilailla.
Aivokammiot olivat suuremmat [Evansin indeksi (EI)] ei-NPH potilailla kuin iNPH
potilailla. Radiologiset 16ydokset eivit kuitenkaan olleet yhteydessa sunttivasteeseen.

INPH-tautiin liittyvat kuvantamisloydokset (suurentunut EI, kortikaalisten aivo-
selkdydinnestetilojen epasuhta tai paikallinen laajentuminen) olivat yhteydessd korkeaan
kallonsisédiseen paineeseen. Voimakkaampi epasuhta oli lisaksi yhteydessa kallonsisdisen
paineen B-aaltoihin. Ndma yhteydet tukevat ndiden radiologisten 16ydosten arvoa
diagnostiikassa ja viittaa niiden olevan yhteydessa iNPH:n patogeneesiin. Sisemman
ohimolohkon vahdisempi atrofia oli my0s yhteydessd suurempaan B-aaltojen
esiintyvyyteen. Kallonsisdisen pulssipaineen kohoaminen saattaa olla myos yhteydessd
amyloidin kertymiseen aivoihin. Kallonsisdisen paineen keskiarvolla tai pulssipaineen
amplitudilla ei ollut yhteyttd sunttivasteeseen.

Uusi havainto oli, etteivat iNPH-tautiin liittyvat radiologiset 16ydokset olleet yhteydessa
kuolleisuuteen. Alzheimerin tautiin ja verisuoniperdiseen aivorappeumaan liittyvat
kuvantamisloydokset puolestaan ennustivat korkeaa kuolleisuutta. Nain ollen
verisuoniperdisen aivorappeuman ja verisuonitautien riskitekijoihin pitédisi kiinnittaa
huomiota iNPH potilaita hoidettaessa.

Tama vaitostutkimus osoittaa, ettd perinteisilla iNPH kuvantamisloydoksilld on tarkea
rooli iNPH diagnostiikassa, mutta myos aivoatrofian ja verisuoniperdisen aivorappeuman
radiologiset 16ydokset pitdisi ottaa huomioon. Lisatutkimuksia tarvitaan, jotta voitaisiin
paremmin ennustaa iNPH potilaiden sunttivastetta ja taudinkulkua.

Luokitus: WB 142, WB 379, WL 203, WL 300, WM 220, WN 21, WT 155
Yleinen Suomalainen asiasanasto: hydrokefalia; radiologia; kuvantaminen; diagnostiikka; aivot; aivo-
selkdydinneste; biopsia; Alzheimerin tauti; dementia; kuolleisuus; Suomi
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There’s a lot more going on outside this box.
-James De La Vega
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1 Introduction

In hydrocephalus, excess cerebrospinal fluid (CSF) accumulates within the brain, usually
leading to enlarged brain ventricles. Hydrocephalus is divided into two groups: obstructive
(non-communicating) and communicating type. In obstructive hydrocephalus, the pathway
of the cerebrospinal fluid flow is blocked, e.g. due to a tumor, cyst, or haemorrhage,
whereas there is no visible obstruction in communicating hydrocephalus. Normal pressure
hydrocephalus (NPH) is a subtype of communicating hydrocephalus. Instead of there being
a blockage, the CSF reabsorption is disturbed.

NPH is a neurodegenerative disorder, which occurs mainly in the aged population.
Hakim and Adams discovered NPH in 1965 (6). NPH presents itself as enlarged brain
ventricles, mainly normal CSF pressure, and manifests classically in a symptom triad,
which includes gait disturbance, cognitive decline, and urinary incontinence (6). At least
one of these symptoms is always present in NPH (7). However, similar symptoms also exist
in several other neurodegenerative diseases, such as Alzheimer’s disease (AD), Parkinson’s
disease (PD), and vascular dementia (VAD). In addition, NPH is often accompanied by
these or other neurodegenerative disorders as comorbidities, making the diagnostics
complex.

In idiopathic NPH (iNPH) there is no known etiological cause, unlike in secondary NPH
(sNPH), which happens due to e.g. subarachnoid hemorrhage, trauma, or meningitis for
why it occurs. INPH is a rare disease, and reported incidence is approximately 3.6 cases per
year per 100 000 inhabitants over the age of 50 (8). Notably, unlike in other common
neurodegenerative disorders, dementia as a symptom can be reversed in iNPH. The
treatment is a shunt catheter insertion, which leads the CSF away. Approximately 50-80%
of the iNPH patients benefit from shunting (9,10).

Brain and its CSF compartments are usually evaluated on computed tomography (CT) or
magnetic resonance imaging (MRI) scans. MRI is currently considered to be the primary
imaging method of dementia (7). The most frequently used radiological marker in iNPH is
called Evans’ index describing the ventriculomegaly (7,11). Numerous radiological markers
have previously been suggested for the diagnostics of iNPH and the prediction of the shunt
response, but these markers have seldom been compared against each other.

Despite having the name of “normal pressure hydrocephalus,” intracranial pressure
(ICP) is occasionally increased in iNPH and can be measured only invasively.
Simultaneously, a brain biopsy can be acquired, which might help in differential
diagnostics (12). In addition to the CSF hydrodynamic dysfunction, it has been suggested
that VAD is related to the pathophysiology of iNPH (13). Diabetes is a potential risk factor
for iNPH, and hypertension and other vascular risk factors are also overrepresented in
iNPH (13). Several studies have found that e.g. the radiological markers related to VAD are
prognostic of mortality (14,15). However, iNPH-related radiological findings have not been
previously investigated regarding mortality.

The aim of this thesis was to investigate the role and value of certain previously reported
radiological markers for diagnostics, prediction of mortality and shunt response in iNPH.



Additionally, the associations of ICP with the radiological markers, brain biopsy findings,
and shunt response were studied.



2 Review of the literature

2.1 DEFINITION OF IDIOPATHIC NORMAL PRESSURE HYDROCEPHALUS
(INPH)

INPH is defined as an idiopathic syndrome occurring in the aged population, in which the
main symptoms are gait disturbance, cognitive deterioration, and urinary dysfunction. The
patients have no known preceding or predisposing disorders that might have influenced
the CSF circulation, which is impaired in iNPH. Further, the brain ventricles are enlarged
(ventriculomegaly), while ICP is usually within the normal range (5-18 mmHg). Despite the
previously published Japanese (11) and International (American-European) guidelines (7)
for the diagnosis and treatment of iNPH, there is no absolute consensus regarding the
diagnosis or the treatment.

2.2 EPIDEMIOLOGY

Of all dementias, the prevalence of potentially reversible dementia is 4-9% (16-18), of which
all types of NPH constitutes 12% in the geriatric population (16). The estimates of the
incidence and prevalence of iNPH vary widely in studies, because of inconsistent
diagnostic criteria, selection of the study population, and different study designs. Incidence
of iNPH is relatively rare but increases with age.

The NPH incidence in a multicenter hospital-based study in Amsterdam was 0.22/100
000 per year (19). The incidence of iNPH in Norwegian population-based study was 5.5/100
000 (20) with the incidence of shunt surgery 1.09/100 000 per year (21). A longitudinal 10-
year follow-up study in a rural area of Northern Japan in a 70-year-old community-based
population estimated a larger incidence of iNPH, at 120/100 000 per year (22). A study
based on insurance claims reported an incidence of 1.08/100 000 per year in Germany (23).
In a systematic review of the literature, Martin-Laez et al. reported an incidence of <1 case
/100 000 inhabitants per year for the entire population, and 3.6/100 000 per year in people
>50 years old (8). A recent Swedish study reported the incidence of shunt surgery to be
2.2/100 000 per year for iNPH (24). The incidence for iNPH in the Finnish population has
been reported to be 1.84/100 000 per year and 14.65/100 000 per year in patients over 70
years old (25).

In a nationwide Japanese hospital-based survey, the overall prevalence of iNPH was
10.2/100 000 and in people >60 years old the prevalence was 31.4/100 000 (26).
Approximately half of all the patients in the Japanese cohort were shunted. In other reports,
the prevalence of possible iNPH with MRI support in the elderly in Japan has been around
500-2 900/100 000 (27-29). A hospital-based study in Norway found a prevalence of 21.9/100
000 (20). In a Swedish population-based study, the prevalence was 200/100 000 in people 70-
79 years old, 5 900/100 000 in people >80 years old, but only 8% of those patiens were
shunted (30). The prevalence of iNPH in a systematic review was 1 300/100 000 in >65-year-
old patients (8).



Undeniably, the incidence and prevalence estimates vary greatly and only a small part of
the patients receive a shunt treatment, which suggests that iNPH might be an
underdiagnosed, misdiagnosed and undertreated condition because of the very non-
specific symptoms.

2.3 PATHOPHYSIOLOGY

2.3.1 Production and circulation of the cerebrospinal fluid

CSF provides buoyancy for the brain, compensates for the blood volume changes during
the cardiac cycle, removes waste products from the brain, and spreads hormones and
molecular signals (31). CSF is produced mostly by the choroid plexus in the brain
ventricles, especially the lateral ventricles, partly by the ependymal cells, and a small
amount is dribbled from the brain through the perivascular spaces i.e. the Virchow-Robin
spaces (particularly through the periarterial spaces), or the arterial smooth muscle layer, to
the subarachnoid spaces (SAS) (31,32).

CSF circulates in and around the brain and the spinal cord. From the main location of the
CSF production, the lateral ventricles, CSF travels first into the third ventricle through the
interventricular foramina (foramina of Monro) and then into the fourth ventricle through
the cerebral aqueduct (32). After that, CSF flows into the central canal of the spinal cord, or
into the cisterna magna of the subarachnoid space through the two lateral apertures
(foramina of Luschka) and one medial aperture (foramen of Magendie) (32). In SAS, CSF
encircles the brain and the spinal cord, and is absorbed into the sinus sagittalis superior and
other venous sinuses via the arachnoid villi located in the SAS of the brain (32). The
traditional view of the CSF circulation is presented in Figure 1. A small part of CSF passes
through the cribriform plate (perineural pathway) to the nasal mucosa, entering the
peripheral capillary or lymph, and also through the arachnoid villi located in the origins of
the spinal nerves, and then enters the blood or lymph (31). The perivascular spaces
(Virchow-Robin spaces) surrounding the veins lead the fluid out of the parenchyma. These
spaces can also be a route for the CSF outflow and it is called the “glymphatic” system,
which may drain into the lymph nodes in the neck or veins leading out of the brain (31,33).
The arterial smooth muscle layer may also play a role in the clearance of amyloid beta (Af3)
(31). In one study a magnetic resonance encephalography (MREG) was used to propose
three distinct mechanisms for the CSF pulsations in the glymphatic system, ie. 1)
respiratory, 2) cardiac, and 3) low frequency vasomotor tone induced pulsations (34). Based
on the recent studies on mice, it seems that there are actual lymphatic vessels in the dura
mater through which the interstitial fluid and some CSF is probably absorbed from the SAS
through the arachnoid mater (35,36). It is plausible that a similar lymphatic vasculature
exists in the human dura mater as well, at least around the superior sagittal sinus (37).

Normally, the CSF production rate is approximately 500 ml in a day although the total
volume of the CSF spaces is around 150 ml, meaning that CSF is renewed more than three
times a day (32). In healthy adults, the CSF flow through the aqueduct varies with the
cardiac cycle. During systole, CSF moves towards the spinal canal, and back towards the
brain ventricles during diastole (31).

Increased production and/or decreased absorption of CSF can cause hydrocephalus.
Moreover, there are reports that there is a reverse of the CSF net flow in communicating



hydrocephalus through the aqueduct (from fourth to third ventricle), suggesting a
significant exit route of CSF from the lateral and third ventricles and also CSF production
outside of the choroid plexuses, such as the blood-brain barrier in the cortical parenchyma
(31). On the contrary, Bradley has suggested that in the early stages of iNPH there is a
hyperdynamic CSF flow and twice the volume is passed outwards through the aqueduct
compared with healthy aged subjects, and this flow decreases when the atrophy of
ventricles progresses (33).

Figure 1. The traditional view of the CSF circulation. Adapted from (38).

2.3.2 Suggested theories
The underlying mechanisms in the development of iNPH remain controversial. INPH is
commonly considered to be a multifactorial disorder with associated disturbed CSF
dynamics. The pathophysiological findings in iNPH include ventricular enlargement (6),
disproportionally enlarged SAS (39), leptomeningeal fibrosis and thickening (11),
inflammation of the arachnoid granulations (11), ependymal disruption (11), subependymal
gliosis (11), multiple infarctations (11), AD-related pathological changes (senile plaques and
neurofibrillary tangles) (11), increased CSF pulse pressure (40), reduced cerebral blood flow
(41), increased resistance to CSF reabsorption (42), alternative routes of CSF absorption (43),
reduced SAS compliance (44), and hyperdynamic aqueductal CSF flow (45). A recent study
suggested that astrogliosis and decreased expression of aquaporin-4 and dystrophin 71
could also be linked to iNPH (46).

AD-related changes are often seen in the brain biopsies of iNPH patients (12). Silverberg
et al. proposed that iNPH and AD have originally the same mechanism: the CSF circulation
is disturbed and toxic metabolites, such as AP, accumulate in the brain of iNPH and AD



patients (47). Later, Silverberg et al. conducted a prospective, randomized, double-blinded,
placebo-controlled trial, investigating if macromolecule clearance from the central nervous
system would slow the dementia progression in patients with probable AD (48). Based on
their study findings, patients with any stage of AD do not benefit from shunting since it
does not slow the dementia progression (48). In AD, a reduction of the CSF production and
the accumulation of AP (especially in meninges and choroid plexus) leads to an increased
resistance to the CSF outflow (47). Yet, in iNPH, an increased resistance to the CSF outflow
leads to a slightly elevated CSF pressure (enlarging the brain ventricles), which reduces the
CSF production and the clearance of toxins (47). Notably, increased CSF outflow resistance
has also been linked to normal aging (47).

It has been reported that iNPH patients have larger head sizes (49,50) and larger
intracranial volumes than controls (51), suggesting benign external hydrocephalus (BEH) in
infancy to be a precursor of iNPH (52). It has been suggested that this concerns only a
subgroup of iNPH patients, because of a standard normal distribution curve of head
circumference in iNPH (53). Additionally, it is known that white matter changes (WMC) are
common in iNPH. Altogether, this so called “two hit theory,” suggested by Bradley states
that immature arachnoid villi cause decreased CSF resorption and increased resistance to
CSF outflow, leading to slightly enlarged ventricles, convexity SAS, and head size in
infancy because of open sutures (52). Thus, CSF is forced to flow more through the
extracellular space of the brain parenchyma to ensure sufficient CSF resorption (e.g.
through the venous Virchow-Robin spaces via the aquaporin-4 (33)). This makes the CSF
circulation equilibrium from the ventricles to the SAS to be more dependent on this parallel
pathway (52). In early adulthood, the arachnoid villi do probably not mature completely,
and the brain ventricles continue to be slightly enlarged (52). In late adulthood, however,
WMC appear and disturb this parallel CSF pathway by increasing the resistance to the
extracellular CSF flow and decreasing the CSF resorption, forcing the brain ventricles to
enlarge even further, which eventually initiates iNPH symptoms (52).

It has been suggested that a subgroup of iNPH patients harbor a genetic predisposition
towards developing the condition (54). A Japanese study found a segmental copy number
loss of the SFMBT1 gene (in 4 of the 8 patients with possible iNPH or asymptomatic
ventriculomegaly and iNPH features on MRI), which is expressed in choroid plexus,
ependyma, and blood vessels, potentially causing dysfunction to the CSF circulation (55).
Same copy number loss of the SFMBT1 gene was later found in definitive, shunt-responsive
iNPH patients with no family history of iNPH, suggesting that variations in this gene might
expose people to iNPH along with other risk factors (56).

It has been proposed that reduced cerebral blood flow and ischemia could be the cause
of iNPH (41). Decreased cerebral perfusion due to aging and other risk factors
(atherosclerosis, hypertension, diabetes) cause deep WMC (57). These changes may
decrease periventricular tensile strength, causing ventricular enlargement, which presses
on the cortical veins and could make the CSF flow hyperdynamic, causing further shear
stress near the periventricular areas (57). However, Bateman has contradicted this theory
because there are patients with a high cerebral blood flow, and the ischemic changes could
be secondary to iNPH (58). Instead, Bateman suggests that aging reduces the craniospinal
and venous compliance, which increases the venous pressure, especially in the superficial
veins (58). This in turn further reduces the craniospinal compliance and increased venous
pressure, leading to decreased CSF absorption through the arachnoid granulations (58).



This theory also fits with the arterial pulse wave theory, because when the cortical vein
compliance is reduced, the arterial pulse pressure may affect the brain tissue and the CSF
pressure wave in central areas of the brain more easily. According to Bateman, the pulse
waves cause deep WMC that further decrease the compliance of the brain by amplifying
the effect of the pulse waves (59). Notably, this theory also disagrees with the “two hit
theory,” in which the WMC are one of the causes of iNPH. As one can see, the
pathophysiological mechanisms underlying iNPH remain highly debated.

Shunting is proposed to relieve the symptoms by increasing the compliance, thus
reducing the venous pressure and increasing the CSF reabsorption (58). At same time,
shunting decreases the pulse pressure, which decreases the stress on the nerves in the
periventricular area and improves the blood flow (60). Bradley proposes that shunting
decreases the parenchymal absorption of the CSF in the ventricles as well (60).

2.4 DIAGNOSIS

2.4.1 Diagnostic criteria

The diagnostic criteria for iNPH according to the International (7) and Japanese (11)
guidelines are presented in Table 1. The diagnosis is made based on clinical history, brain
imaging, physical findings, and specific physiological tests. Based on these, the
International guidelines classify the possibility of iNPH into “probable,” “possible,” and
“unlikely”, and the Japanese guidelines classify iNPH pre-operatively into “probable” and
“possible,” and post-operatively into “definite.”

INPH usually manifests as a symptom triad, which consists of gait disturbances (occur
usually first) cognitive impairment, and urinary incontinence (9). Usually, the symptoms
progress slowly (9). Ventricle enlargement should be present, and is typically measured
with Evans’ index (EI) on CT or MRI (7,11). In addition, the Japanese guidelines emphasize
the radiological finding of disproportionally enlarged subarachnoid space hydrocephalus
(DESH) where sulci and SAS are narrowed in the high convexity (11). Another key
difference between the guidelines is in the ages the symptoms are assumed to begin (60 vs.
40 years). Moreover, according to the Japanese guidelines, the iNPH diagnosis becomes
definite if the symptoms improve after the shunt surgery (11).



Table 1. Diagnosis of idiopathic normal pressure hydrocephalus (iNPH) according to the
International vs. Japanese guidelines. Adapted from Relkin et al. 2005 (7) and Mori et al.

2012 (11).
International guidelines Japanese guidelines
Possible Symptoms Begin at any age after childhood Age =60 years
iNPH Subacute or indeterminate onset
Duration <3 months or indeterminate
Not clearly progressive
Previous brain event such as mild head Ventricular dilation causing preceding
trauma or other conditions may be diseases not obvious
present in the patients' history but
must not be causally related in the
clinicians' judgement
May coexist with other neurological, Symptoms not entirely explained by
psychiatric, or general medical other diseases
disorders but must not be entirely
attributable to these disorders in the
clinicians' judgement
Either incontinence and/or cognitive More than one symptom of a triad
impairment without gait disturbance, or
gait disturbance or dementia
Imaging Hydrocephalic ventricular enlargement Ventricular enlargement i.e. Evans'
associated with either a sufficient index >0.3
severity of the cerebral atrophy, or
structural lesions influencing the
ventricular size
Possible iNPH with MRI support:
narrowed sulci and subarachnoid
spaces over the high
convexity/midline (DESH) on MRI
with fulfilling criteria for possible iNPH
Physiology Opening pressure measurement not
available, or pressure outside the range
required for probable iNPH
Probable Symptoms Age >40 years Age 260 years
iNPH

Insidious onset

Corroborated with proper informant
Minimum duration 3-6 months
Progression over time

No evidence of known causes of sNPH

No other conditions explaining the
symptoms

Gait disturbance and at least one other
symptom from the triad

For gait disturbance, at least two of the
following should be present and not
entirely attributable to other
conditions: decreased step height,
length, or walking speed, increased
trunk sway during walking, widened
standing base, toes turned outward
during walking, retropulsion, en bloc
turning, impaired walking balance

Ventricular dilatation causing
preceding diseases not obvious

Symptoms not entirely explained by
other diseases

More than one symptom of a triad

Continued on the next page.



Table 1. Continued.

International guidelines

Japanese guidelines

Probable
iNPH

Symptoms For cognition, impairment and/or

decrease in the cognitive performance

screening instrument, or at least two of

the following present, not entirely
attributable to other conditions:
psychomotor slowing, decreased fine
motor speed or accuracy, difficulty
dividing/maintaining attention,
impaired recall, executive dysfunction,
behavioral/personality changes

For urinary continence, either one of
the following: episodic/persistent
urinary incontinence not attributable to
primary urological disorders, persistent
urinary incontinence, urinary and fecal
incontinence, or any two of the
following must be present: urinary
urgency, urinary frequency despite
normal fluid intake, or nocturia
Ventricular enlargement not entirely
attributable to cerebral atrophy or
congenital enlargement

At least one supportive feature:

Imaging

temporal horn enlargement not entirely

attributable to hippocampus atrophy,

callosal angle >40°, evidence of altered

brain water content, or an
aqueductal/fourth ventricular flow void
on MRI

No macroscopic obstruction of the CSF
flow

Physiology CSF opening pressure 5-18 mmHg (70-
245 mmH;0) in a lumbar puncture or a

comparable procedure

Supportive Symptoms
features

Imaging &
Physiology

Smaller ventricle size on imaging
before the symptoms

Delayed clearance of the radiotracer
over the convexities after 48-72 hours
on the radionuclide cisternogram

Ventricular enlargement i.e. Evans'

index >0.3

See "Physiology" below*

CSF pressure <200 mmH;0 and
normal CSF content

*0One of three following: narrow sulci
and subarachnoid spaces in
convexity/midline (DESH) when gait
disturbance present, symptom
improvement after a CSF tap or
drainage test

Emphasis on the variety of gait and
balance disturbances (small stride,
shuffle, instability during walking,
increased instability when turning),
especially when the most prevalent
symptom. Followed by cognitive
impairment, especially seen in
cognitive tests, and by urinary
problems.

Slow progression

Other possible neurological diseases
are mild

Enlargement of the Sylvian fissures
and basal cisterns

Cerebral blood flow measurement is
useful for differentiating the diagnosis
from other dementias

Continued on the next page.
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Table 1. Continued.

International guidelines Japanese guidelines

Supportive Imaging & Increased ventricular flow rate on cine

features Physiology MRI or other technique
Decreased periventricular perfusion not
altered by acetazolamide on a SPECT-
acetazolamide challenge

Unlikely Symptoms No symptom of the triad

iNPH Symptoms explained by other causes

Imaging No ventriculomegaly

Physiology Signs of increased intracranial pressure
Definite Improvement of symptoms after the
iNPH shunt surgery

2.4.2 Clinical symptoms

INPH is typically characterized by a symptom triad. All three symptoms are not mandatory
for the diagnosis of iNPH (61). Firstly, the most prominent symptom is usually symmetrical
gait and balance impairment (61). The transitional movements and gait initiation might be
difficult, there might be shuffling, tripping, falling, poor foot clearance, multistep turns and
instability, and retropulsion or anteropulsion (62). Finally, gait becomes broad-based, glue-
footed, slow, and short stepped (61). Upper motor neuron findings are usually not present
(62). Postural and locomotor reflexes might be disturbed even though there are no primary
sensorimotor deficits (62).

Secondly, cognitive impairment is due to frontal subcortical dysfunction reflected as
troubles with everyday activities (61,62). Still, psychometric tests might remain normal at
an early stage (61). Some of the symptoms that may occur include psychomotor slowing,
apathy, lack of motivation, impaired concentration, daytime sleepiness, short-term memory
impairment, and decrease in fine motor speed (61,62). Suitable tests for the assessment of
subcortical dementia are for example the grooved pegboard test, the digit span test, the
trail-making A/B test, the Stroop test, and the Rey auditory-verbal learning test (61).

The last symptom of a triad, increased urinary frequency, then urgency, and later
incontinence, is due to detrusor hyperactivity and impaired central inhibitory control (61).
INPH patients are typically aware of their incontinence (62).

2.4.3 Radiological imaging

In order to set an iNPH diagnosis, radiological imaging, i.e. CT or more preferably MRI,
must be performed. Ventricular enlargement is usually measured with EI, which is the
most established radiological marker in iNPH (Figure 2. A). EI is defined as the ratio
between the maximal width of the frontal horns of the lateral ventricles and the maximal
inner diameter of the skull (63). A value of >0.30 is considered to reflect ventriculomegaly
(7,11). El is higher in men than in women and increases with age but does not usually reach
the value of 0.3 (64). Moderate or even strong correlation between EI and the ventricular
volume has been found (65,66). However, it has been suggested that EI may not sufficiently
estimate the ventricular volume since the value may vary depending on the level of the
scan section used (65,66). Nevertheless, the EI value of >0.33 is related to the dilation of the
frontal horns, and therefore this higher value has been suggested to define
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ventriculomegaly (66). A more recent study suggested a cutoff value of 20.32 for EI to
diagnose iNPH (67). The frontal and occipital horn ratio (defined as the average of the
maximum frontal and occipital horn width divided by the same diameter of the cranium as
with the EI) did not describe ventriculomegaly better than EI (66). It is controversial
whether the ventricular reduction after shunting is essential in order for a patient to have a
positive respond to the shunt surgery, since some studies show association between
reduced ventricle size and the shunt response (68-70), and in other studies there is no such
association (71-73). Neither is there association of change in EI and a three-day CSF
drainage (74).

Z-Evans index (Z-El), defined as the maximum z-axial length of the frontal horn, located
between the roof and the bottom of the larger lateral ventricle to the maximum cranial z-
axial length at the base of the posterior end of the foramen of Monro, has been recently
proposed to describe ventricular enlargement better than EI (75). This is because
ventriculomegaly seems to be directed more towards the vertical axis (z-axis) than the
transverse axis (x-axis) based on volumetric analyses (75). Besides, Z-EI was associated with
a tap test response (75).

The modified cella media index (mCMlI), a ratio of the maximal width of the body of the
lateral ventricles to the maximal intracranial width measured at the same level (Figure 2. B),
has been reported to correlate with the automatically calculated ventricle size, suggesting it
might be feasible for the evaluation of the ventricular size (76). Later, Bao et al. showed an
excellent correlation between the ventricular volume and the mCMI in iNPH patients, the
correlation being superior to the EI (77). The brain ventricles in visual evaluation have been
reported to be more dilated in iNPH than in AD (78) and VAD (39).

Originally, callosal angle (CA) was found to be an NPH marker on
pneumoencephalography (79) but is currently measured on 3D MRI. CA is defined as the
angle between the lateral ventricles measured on a coronal plane perpendicular to the
anteroposterior commissure line at the level of the posterior commisure (Figure 2. C and D)
(80). A smaller angle reflects a greater ventricular size and enlarged Sylvian fissures (80).
CA is smaller (<90°) in iNPH than in AD or normal controls (80), and a small angle is also
associated with shunt responsiveness (81). Even simplified CA on MRI without 3D also
seems to differentiate iNPH from other neurodegenerative diseases (82). A recent study
showed that CA and EI combined differentiate the NPH patients from those who do not
have NPH with good accuracy (67).

The dilatation of the temporal horns of the lateral ventricles is one of the earliest signs of
hydrocephalus along with perceived ventricle dilatation (78). The maximal widths of the
temporal horns (WTH) are measured on the axial plane (Figure 2. E) (83). Rounded (unlike
in AD) and dilated temporal horns are often present in iNPH (84) and have been associated
with the shunt response (83,85). However, enlarged temporal horns are also reported to be
a helpful marker in distinguishing AD from healthy subjects (1-5). Besides, in order to tell
AD apart from iNPH, perihippocampal fissures (enlarged in AD) seem to be a valuable
supplementary marker (78). Additionally, a medial temporal lobe atrophy graded with
Scheltens score (0-4) is fundamental in differentiating AD from iNPH (Figure 2. F) (86).
Furthermore, a global brain atrophy progression supports the AD diagnosis as well (87).
One study that used the volumetric analysis showed that decreased cortical thickness, i.e.
the surrogate for cortical atrophy, in combination with the smaller ventricular volume
supports AD instead of iNPH (88).
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Unlike in AD, in iNPH the superior convexity and the medial SAS are often narrowed
(Figure 2. G) (39,89). Despite this high convexity tightness, some iNPH patients have
occasional occurrences of focally dilated (isolated) sulci (FDS) over the superior convexity
(Figure 2. F and H) or the medial SAS (39,90,91). When the lower CSF spaces are examined,
a dilatation of the Sylvian fissure in addition to the ventriculomegaly can be seen (Figure 2.
F and I) (39). Altogether, this is often referred to as the disproportionally enlarged
subarachnoid space hydrocephalus (DESH), where the lower CSF spaces are enlarged, and
the upper CSF spaces are narrowed (Figure 2. F) (92), also referred to as the “suprasylvian
block” (39). This is a hypothesized phenomenon, in which the CSF flow is impaired over
the suprasylvian SAS, although there is no visible block in the brain imaging (39). DESH
has been found to predict the shunt outcome (85,93), and the Japanese iNPH guidelines
suggest classifying iNPH based on DESH. Despite the high positive predictive value, the
DESH sign has a low negative predictive value (94). In other words, patients without DESH
can still have a shunt responsive iNPH (94).

Another method to assess and quantify DESH, the SILVER index — a ratio between the
area of the Sylvian fissure and the area at the vertex, has been presented, but it does not
predict the shunt outcome (95).

WMC seen on CT and even better on MRI (white matter hyperintensities) (96) are
frequent and more pronounced in iNPH than in healthy individuals (Figure 3. A and B)
(97), but these changes also appear during normal aging and in many pathological
conditions as well (98). WMC on T2- and T2-FLAIR (fluid-attenuated inversion recovery)
MR images are caused by increased water content, which is thought to be a result of the
demyelination and leakage of plasma and the lack of drainage of the interstitial fluid (99).
Apart from normal aging, periventricular and deep WMC can be caused by chronic
ischemia or iNPH-associated edema (100-102). WMC are graded with the Fazekas scale
(periventricular WMC: 0=no, 1="caps” or pencil-thin lining, 2=smooth “halo”, 3=irregular
periventricular hyperintensity extending into the deep white matter; and deep WMC: 0=no,
1=punctate foci, 2=beginning confluence, 3=large confluent areas) (103). It has been
discussed that hypertension might be the connecting factor between iNPH and WMC (91).
WMC are not used in the diagnostics of iNPH and their appearance should not be a
hindrance for the shunt surgery (102,104).

The flow void phenomenon, a sign of increased CSF flow (signal loss) in the aqueduct
seen on T2-weighted MRI, is due to the pulsatile motion of CSF (Figure 3. C). During
systole in the cardiac cycle, the brain extends inward and pushes the CSF antegrade toward
the fourth ventricle and during the cardiac cycle diastole, the flow is retrograde (105,106).
The flow void phenomenon was originally associated with better shunt response in older
MRI studies (45,105). However, this discovery was later disputed (106-108). Still, the flow
void may be useful in diagnostics when other clinical findings are indicative of iNPH
(85,106-108).

Compared to AD and VAD, patients with iNPH showed no difference in the size of the
basal cisterns (Figure 3. D-F) (39).

Currently, different softwares offer ways to perform volumetric analyses instead of
manual linear measurements. For instance, a manual measurement of the intracerebral and
intraventricular volumes in the QBrain software (version 2.0, Midis Medical Imaging
Systems, Leiden, the Netherlands) takes approximately 30 minutes, which is too long for a
clinical practice (66), making the linear measurements still the easiest and fastest way to
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evaluate the intracerebral compartments. Additionally, it has been shown that several
linear ventricle measurements correlate with the volume of the brain and are reliable
(77,109,110). In the volumetric studies, regarding the diagnosis and the differential
diagnosis, the results have been promising but are not yet part of the current clinical
practice (111,112).

It needs to be highlighted that single measurements are rarely used alone for the
diagnosis. Instead, the overall evaluation of the patients’ situation (and the brain images) is
what determines the treatment.
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Figure 2. The radiological markers used in iNPH and differential diagnostics. A. Evan’s index =
a/b. B. Modified cella media index = c/d. C and D. Callosal angle 60°, coronal and sagittal
planes, T13D 3-T MRI. The angle is measured on a coronal plane (C) perpendicular to the
anterior commissure (AC) - posterior commissure (PC) line at the level of the PC (D). E.
Enlarged temporal horns, axial T13D 1.5-T MRI. F. Disproportionally enlarged subarachnoid
spaces (severe); enlarged Sylvian fissures (*) and lateral ventricles, and tight high convexity.
Medial temporal lobe atrophy on both sides marked by circles, Scheltens scores 2 on the
patient’s left and 1 on the right side. Focally dilated sulcus on the right (arrow). T13D 3-T MRI.
G. Narrowed sulci over the high convexity, CT. H. Focally dilated sulci (arrows), CT. I. Severely
dilated Sylvian fissures (arrows), CT.
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Figure 3. The radiological markers used in iNPH and the differential diagnostics. A.
Periventricular and deep white matter hyperintensities, beginning confluence on the Fazekas
scale, axial T2 FLAIR 1.5-T MRI. B. Brain stem white matter hyperintensities, beginning
confluence, axial T2 TIRM (turbo inversion recovery magnitude) 1.5-T MRI. C. Aqueductal flow
void (arrow), axial T2 1.5-T MRI. D. Mildly enlarged quadrigeminal basal cistern marked by
circle, axial T1 1.5-T MRI. E. Mildly enlarged supracellar basal cistern marked by circle, axial T1
1.5-T MRI. F. Mildly enlarged infrapontine cistern marked by circle, axial T1 1.5-T MRI.
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2.4.4 Intracranial pressure (ICP) measurements and other tests of the cerebrospinal fluid
(CSF) dynamics

In iNPH, disturbed CSF circulation results in occasional increases of ICP. Invasive ICP
measurement that lasts at least 24 hours offers the most accurate information about daily
pressure fluctuations, daily mean pressure and pulse pressure values (113). The
measurement can be performed through the lumbar SAS, intraventricular cavity,
parenchyma, or epidural space (11). On the negative side, such monitoring is extremely
resource-demanding and taxing for the hospital staff and the patient. However, a
simultaneous brain biopsy may further assist in the differential diagnosis and the
prognostic evaluation of patients with suspected iNPH (12,114,115).

The ICP A waves (plateau waves), B waves (rhythmic oscillations, slow waves), and C
waves (small rhythmic oscillations) were first described by Lundberg in cases with
intracranial lesions and intracranial hypertension of other origin in 1960 (Figure 4) (116).
Similar waves can be seen in iNPH (117). During a Lundberg A wave, the ICP is elevated,
being over 50 mmHg for 5 to 20 minutes, resulting in a vasodilatation, and reflected in
decreased compliance, low cerebral perfusion pressure and blood flow (ischemia) (118).
During a B wave, the ICP is lower than in an A wave, i.e. <50 mmHg (116), and a B wave
lasts 20 seconds to 3 minutes (117). The B waves are considered to be caused by rhythmic
cerebral blood volume oscillations affecting the ICP due to low craniospinal compliance
(117). Underlying reasons for these oscillations might be respiratory changes and occasional
increases of CO, the brain-stem rhythm, the speed of the blood pressure reduction, and the
reduction in the cerebral perfusion pressure (117). The amplitude of the C waves is <20
mmHg, and a C wave lasts for 7.5-15 seconds (116). The C waves are considered to be
related to variations of the systemic arterial blood pressure (Traube-Hering’'s) waves (116).
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Figure 4. A sketch of the A, B, and C waves of ICP.
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Close to the upper limit of normal pressure (ca. 18 mmHg) baseline ICP (119,120),
increased frequency of B waves (occur usually during sleep (120), >15% of time), and
increased pulse pressure amplitude (40,121-123) (>9mmHg) (124) might predict the shunt
response (11). A markedly elevated ICP points to other diagnosis than iNPH (11). However,
there are also conflicting reports regarding the baseline ICP (125,126), and the frequency of
B waves in the prediction of the shunt response (126,127).

The relationship between the ICP measurements and the radiological findings have not
been well-established in iNPH. DESH was found to be a useful primary test in predicting
the shunt response, but if no DESH sign is found, an invasive test (e.g. ICP measurement) is
indicated for additional information (93).

Several other techniques for measuring the CSF dynamics (in addition to the CSF
pressure measurement) are used to improve the diagnostic evaluation. For example, CSF
removal and resistance to the CSF outflow tests are commonly used. The CSF removal tests
through the lumbar puncture consist of a spinal tap test (i.e. 30-70 ml CSF removal, can be
repeated for 2-3 days), and external lumbar drainage (ELD) (i.e. 150-200 ml CSF removal for
2-7 days), the latter of which is performed if the tap test remains negative (61). These tests
simulate a shunt placement and are considered positive if the patient’s symptoms improve
(96). The tap test is more specific (60-100%) than sensitive (50-80%), meaning that a patient
with a negative tap test can still benefit from shunting (96). ELD instead has high positive
and negative predictive value, but the major dreaded risk is a bacterial meningitis that
occurs in 2-3% of the patients (96). Lastly, the CSF infusion test is used to discover features
describing intracranial compliance, such as resistance to the outflow (Rout) (which increases
in iNPH) and its inverse, conductance (96). The infusion test is performed by infusing a
Ringer lactate though a spinal needle and recording the CSF pressure though another
spinal needle at the same time (96). The accuracy of Rout depends on the method used (128).
Rout increases the accuracy of the diagnosis when the tap test is negative (128). It is used
everywhere else but the United States (96).

2.4.5 Other suggested tests for the iNPH diagnostics

Cisternography is nowadays considered not to bring additional benefits into the
diagnostics because it does not improve the diagnostic accuracy (128). The cerebral blood
flow measurements have been proposed for diagnostics, but there is no current clinical use
for them (91). Several CSF biomarkers have been suggested for diagnostics, but a high level
of evidence is still missing (11).

2.4.6 Differential diagnosis
The iNPH mimicking symptoms are common in the aged population due to a variety of
other more common causes than iNPH. In addition, the brain ventricles are enlarged in
over one-fifth of the normal aged population (129), making the differential diagnosis more
challenging. Clinically the most important conditions in the differential diagnostics are AD,
VAD, and PD. Other possible disorders are for example spinal stenosis, bladder instability,
enlarged prostate, peripheral neuropathy, degenerative arthritis, hypothyroidism,
frontotemporal dementia, Lewy Body Dementia, progressive supranuclear palsy and other
Parkinson-plus syndromes (62,130).

The majority of iNPH patients have gait disturbance as a first, or at least the worst
symptom (62,131). In AD, the gait problems occur at a later stage. Instead, cognitive
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impairment (especially impaired episodic memory in typical AD or visuospatial and
visuoperceptual skills in posterior cortical atrophy) (11) is more disabling than in iNPH
(132). Medial temporal lobe atrophy supports the AD diagnosis (86). Compared to PD,
iNPH patients walk with a widened base, the walking does not improve with
environmental or verbal cueing, and patients do not response to levodopa (131).

Those patients with only cognitive impairment or urinary incontinence should be
evaluated for other conditions first, before suspecting iNPH (62,96). Those with gait
problems and incontinence, but without the cognitive impairment should be evaluated for
spinal cord disorders first (62,96). Patients with acute reason for hospitalization should be
evaluated and treated for other causes (96). INPH evaluation and testing should be done
during a stable stage, after other disorders have been excluded or treated (62,96).

In addition to recognizing cerebral atrophy, brain imaging is helpful for example in
excluding obstructive hydrocephalus (e.g. aqueductal stenosis and tumours) and vascular
dementias (e.g. Binswanger’s disease) (132). For the diagnosis of VAD, the brain imaging
must show signs of a relevant cerebrovascular disease i.e. multiple large vessel infarcts, a
single strategically placed infarct, multiple basal ganglia and white matter lacunar infarcts,
or periventricular white matter lesions (133).

Another disease that resembles iNPH is a longstanding overt ventriculomegaly in adults
(LOVA) (134). In LOVA, the head circumference is more than 2 standard deviations above
the 98" percentile, suggesting a compensated hydrocephalus and head enlargement has
started before the cranial sutures have fused in childhood (134). However, the symptoms
begin to show later in life as hydrocephalus becomes decompensated, with decreased
intracranial compliance and relatively high ICP dynamics. LOVA presents often with
aqueductal stenosis and endoscopic third ventriculostomy is the suggested primary
treatment rather than shunting (134).

Finally, it has to be remembered that the shunt surgery relieves mainly iNPH-related
symptoms. Unresponsiveness to the shunt surgery may indicate another disease than
iNPH.

2.4.7 Comorbidities
Comorbidities impair the prognosis of iNPH and are thereby important to recognize (130).
Because WMC related to the white matter ischemia are often present in the brain images of
iNPH patients, iNPH has been suggested to share same pathophysiology as vascular
diseases and even to be a subgroup of vascular dementia (13,135,136). Hospital-based, case-
controlled studies have shown that vascular risk factors such as hypertension and diabetes
mellitus are common in iNPH patients and the most common iNPH comorbidities with
them are cerebrovascular and cardiovascular diseases (135,137). However, in a population-
based study, diabetes and coronary artery disease were as frequent in iNPH suspects as in
the control population, but this result might be falsely negative due to the small number of
iNPH patients and thus, due to the lack of statistical power (135). Supportively, in the same
study, diabetes was associated with ventricular enlargement in people not fulfilling the
iNPH criteria. It is not known if the treatment of the vascular risk factors would increase
the life expectancy in iNPH patients or even postpone or prevent iNPH.

After the wvascular risk factors and diseases, other common comorbidities are
neurodegenerative disorders, AD in particular (130,137). AD-related pathology (neuritic
plaques and neurofibrillary tangles) has been seen in the brain biopsies of iNPH patients
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(114,138). Indeed, AD has been suggested to have the same pathophysiology as iNPH (47).
AD does not always reduce the chance of a favourable outcome, but it may have an effect
on the brain’s recovering capacity (139). However, contrary results regarding the shunt
outcome of iNPH-AD patients have also been published (114).

Other possible brain-originated neurodegenerative comorbidities are for example PD,
dementia with Lewy bodies, and frontotemporal dementia (130). Other common
comorbidities are e.g. musculoskeletal conditions, urinary problems, and psychiatric
disorders (130).

2.5 TREATMENT AND OUTCOME

2.5.1 Natural course and mortality

The natural course of iINPH has not been properly investigated. Patients are usually
straightforwardly shunted despite the lack of studies supporting the shunt surgery over
non-shunting, resulting in a lack of knowledge of the long-term outcomes in untreated
patients. However, recently an observational population-based study showed that those
with untreated probable iNPH had an increased risk of mortality (140). In asymptomatic
individuals or those with possible iNPH, the risk of dementia, but not mortality, was
increased, but these patients were younger and the statistical power was probably too low
to compare mortality (140). Also, the authors state that based on their study it is unclear
whether shunting reduces mortality and that further studies are needed (140). Additionally,
after shunting the quality of life improves according to some studies (141,142).

Other previous studies on the natural history of the untreated iNPH patients have
shown that the symptoms (cognition, gait, urinary incontinence) worsen over time (143-
147). Again, however, in Andren et al. study, the patients in the delayed iNPH shunting
group (iNPHbpenyed) were significantly older than the iNPH patients that were shunted
earlier (iNPHeany) (144). The symptoms changed inconsistently, in some patients even
without shunt minor improvement was found, but mostly deterioration (144,147).
However, when treated, there was no difference in the improvement after the shunting of
iNPHbelayea compared to iNPHeany group (although the stage of the iNPH symptoms had
progressed further in iNPHbpelayed), which emphasizes the reversible feature of iNPH (144).

Shunted iNPH patients tend to die 2.5-3.3 times more likely than healthy controls
(148,149), typically due to vascular causes (12,148-150).

2.5.2 Shunt surgery

Currently, the main treatment for INPH is surgical, in which a shunt is inserted into the
brain ventricles or lumbar space, which leads the CSF away into the atrium or peritoneum
[ventriculoatrial, ventriculoperitoneal, or lumboperitoneal shunt (VA shunt, VPS, LPS)]
(11). A shunt catheter is a flexible tube that has proximally a one-way valve, which is
usually adjustable (61,96). For the diagram presenting a shunt, see Figure 5.

Endoscopic third ventriculostomy (ETV) has commonly been used for treating
obstructive hydrocephalus (151,152). Alternatively, it is also possible to perform an ETV in
this subgroup of patients with non-obstructive, communicating hydrocephalus (iNPH) by
perforating the floor of the third ventricle (153), which leads the CSF into the SAS and
restores the pulsatility of the cerebrum (151). Supposedly this surgery helps if there is a
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functional block in the aqueduct (151). Contrary views have also been presented
considering the ETV in iNPH (11,61).

Evidence of the benefits of the shunt surgery compared to non-shunting is still limited.
Studies investigating the response to placebo (sham), preoperative CSF tests and surgery
would be of a great value in providing information about the patient selection to shunting
(154). However, there is some evidence from small randomized controlled (inactive
shunt/postponement) trials (104,155,156), and observational evidence that symptoms
progress without the shunt (145).
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Figure 5. The shunt placement. Adapted from (157).

A recently published open-label randomized trial showed that the shunt surgery might
be useful for iNPH (155). There were two treatment groups, and in the control group the
shunt surgery was postponed by 3 months. However, this study was performed with
lumboperitoneal shunts, which are not commonly used in Europe, with a relatively small
participant number of 93 patients, and there was a high risk of serious adverse events (22%)
(155).

During 2008-2011, two British neurosurgeons (Toma A.K. and Watkins L.D.) tried to
conduct a randomized double-blinded surgical trial with an inactive shunt valve as control
(3 months) but managed to recruit only 14 patients (156,158). Toma A K. et al. published a
study on the natural history of iNPH in 2011, indicating that shunting leads to a better
outcome and that a treatment delay is harmful (145), and at the same time the original
randomized trial was terminated (158). Nevertheless, the analysis in the succinct letter
shows that the walking speed of the patients with low opening pressure valve improved
significantly compared with the patients with high opening pressure valve (156).
Unfortunately, no article has been published regarding the entire investigation. Another
randomized double-blinded controlled trial (open vs. closed shunt for 3 months) in 2011
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found that symptomatic iNPH patients with widespread WMC and no obvious CSF
dynamic disturbances improved after the VPS surgery (104).

Frequency of the overall favourable shunt response varies from 31% to 96%
(10,19,102,123,124,143,155,159-165), depending on the definition of iNPH (shunt surgery
criteria), shunt response, and in what manner and how soon the shunt response is assessed
or measured. In a systematic review, Hebb and Cusimano found the shunt response to be
even as low as 29% (161). In recent years, however, the shunt outcome has improved (10).
Overall, the shunt surgery seems to relieve the symptoms and is associated with a better
outcome in most iNPH patients (143,162). Gait is most likely to improve, cognitive
impairment and urinary incontinence mitigate as well, but to a lesser extent (11,166).
However, recent studies have shown that iNPH may cause irreversible dementia even if
shunting takes place (167).

Every surgery has its risks; thus, the benefits of a surgery must be presumably higher
than the risks of adverse events. Possible complications of a shunt surgery are shunt
infection, shunt malfunction, subdural and intracerebral haematoma, subdural hygroma,
epilepsy, intra-abdominal complications, cardiopulmonary and renal problems (168-170).
The complication rate was 8.2% in a systematic review of the shunt surgery outcome (10).
Shunt surgery is nowadays considered to be safe and beneficial when iNPH patients are
selected accurately and carefully (10,150,171,172). VPS is most commonly used in Europe
(155), but both the VA shunt and the LPS have been suggested as an alternative primary
treatment (155,170,173,174). Compared to the VPS surgery, the LPS surgery has a relatively
high shunt failure rate (175). Prospective studies have shown that there is not much
difference in the improvement after the shunting between the VPS vs. VA shunt (150), or
the VPS vs. LPS (175). However, randomized controlled trials comparing the VPS vs. LPS,
the VPS vs. VA shunt, and the VA shunt vs. LPS are missing.

2.5.3 Outcome predicting factors

Numerous functional and physiological prognostic tests and other factors have been
suggested for predicting the outcome of an iNPH surgery (7). For radiological markers, the
DESH sign has been reported to indicate the shunt response (85,176,177), and similar
results have been found considering a small CA (81,85), high-convexity tightness (178),
wide WTH (83,85), and flow void in the cerebral aqueduct (105). Contrary results
considering the high-convexity tightness (85) and the flow void have also been published
(85,106-108). Virhammar et al. also found that dilated Sylvian fissure, focal bulging of the
roof of the lateral ventricles, enlarged 3™ ventricle, WMC, or FDS did not predict the shunt
response (85). Since EI has been used as the inclusion criteria in the iNPH studies, the shunt
response predicting feature cannot be determined easily. Nevertheless, EI has been
reported to not be associated with the shunt response (166). Decrease of the ventricular size
postsurgically does not predict the shunt response either (71,73).

Ventriculomegaly in aged patients without a prior stroke or dementia have been
associated with higher mortality (179). Features of the DESH have been associated with
higher mortality than enlarged ventricles or normal MRI, but there was no comparison
within the iNPH patients and the sample size was small (180). WMC are associated with
higher mortality in both the general population and the high-risk groups (14). The WMC in
the brain stem are also associated with a poor clinical outcome in the poststroke population
(181). The WMC have been connected to vascular diseases, but despite that even the iNPH
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patients with extensive WMC have benefitted from shunting (85,102,104,182), and the
current view is that WMC cannot be used to predict the outcome (11,183). In addition to the
WMC, especially microbleeds predicted a higher mortality in a memory clinic population,
whereas the association with atrophy was not as clear (15). Cerebral atrophy may be
present in iNPH patients (11). Medial temporal lobe and general atrophy have been
associated with poor prognosis in various non-iNPH populations (15,184-187). Shunt
surgery has still been reported to sometimes be effective in a mild or moderate cortical
atrophy (73).

A patient can respond to shunting even if there is only one symptom of the triad present
(11). Especially those patients with a full triad (159) but also those with gait impairment as
the main symptom (166,188), only a slight degree of dementia (164), and shorter duration of
the symptoms (164,166,188,189) have had a better shunt outcome. There are also studies
with contrary results regarding the symptom duration (73,144,159). In some studies,
comorbidity has been inversely (114,189,190), and younger age and female gender directly
associated with a favourable shunt outcome (191). Contradictory results about age have
also been published (159,162).

Measurements of the peak flow velocity and the stroke volume of the CSF, CSF tap test
and continuous drainage have predicted the shunt response (11). Contradictory results are
published considering the CSF outflow resistance, the high baseline ICP and the frequent
presence of the ICP B waves, but the CSF outflow conductance, and increased CSF pulse
pressure amplitude with decreased latency of the ICP pulse wave (from the valley to the
peak) are reported mostly in shunt-responsive patients (11).
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3 Aims of the study

The main aim of this thesis was to investigate the role of radiological findings in iNPH.

The specific aims of the studies were:

1. To discover which of the multiple previously-studied radiological markers are the
most useful in the diagnostics of iNPH and to study if they can predict the shunt
response. (Study I)

2. To study the associations between the ICP measurements and the radiological
markers, the brain biopsy results, and the shunt surgery outcome. (Study II)

3. To examine the relationship between the radiological markers and mortality in
iNPH. (Study III)
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4  Methods

4.1 KUOPIO NPH REGISTRY

4.1.1 Study population

All the patients of Studies I-1II were from The Kuopio University Hospital (KUH) NPH
registry (www.uef.fi/nph), which was started in 1991 and includes patients from four
central hospitals of Middle and Eastern Finland. The patients were primarily examined by
neurologists. All registered patients were suspected to have NPH and had one to three
symptoms of the NPH-symptom triad (gait disorder, cognitive impairment, and/or urinary
incontinence) in the neurological assessment and ventriculomegaly (Evans’ index 20.3) on a
CT and/or MRI of the brain. Further examinations to confirm the NPH diagnosis were
carried out by neurosurgeons. The KUH NPH registry consists of the data collected
retrospectively of the clinical characteristics at the baseline and follow-up appointments,
and includes brain biopsy findings, ICP measurements, medications, radiological findings,
anamnestic information of other diseases, and causes of death. Formation of the substudy
populations is presented in Figure 6.

4.1.2 Brain biopsy
All patients that underwent the ICP measurement and/or the shunt surgery received a right
frontal 12-mm burr hole, approximately 3 cm from the midline and close to the coronal
suture of the skull under the local anesthesia and sedation. One to three cylindrical cortical
brain biopsies (2-5 mm diameter, 3-7 mm length) were obtained from the hole with forceps.
Paraffin-embedded biopsy samples were sectioned (7 um) and stained with
hematoxylin-eosin. The sections were immunostained with monoclonal antibodies directed
at AP and hyperphosphorylated tau (HPt) as described previously (192). A
neuropathologist histologically classified the immunoreactivity of all the samples for A
and HPr (present or absent).
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4.1.3 ICP measurement and shunting

After obtaining the brain biopsy, a catheter (an ICP measurement or a shunt) was planted
through the burr hole into the right lateral ventricle. An arterial blood pressure
measurement system was used to measure the ICP and an in-house registration and
analysis software was used. The entire measurement was performed in a horizontal
position. The mean ICP and the mean pulse wave amplitude were measured for each
patient with the reference point on the level of the forehead. Continuous waveforms were
digitized at a 1-kHz sampling frequency and analyzed with an in-house software. The
cardiac beat-induced pressure waves were averaged over 6-s time intervals, and the mean
pulse wave amplitude and the mean ICP wave amplitude for each 6-s interval were
computed. With these mean values, the mean pressure values over a 24-h period were
calculated (193). The presence of A waves (116) (yes or no) and the frequency of B waves
(117) (none, <10%, 10-30%, >30%) were evaluated visually. We detected no Lundberg A
waves.

Until 2010, the indications besides the EI >0.3 and the iNPH symptoms for the shunt
were: 1) a baseline ICP that remained continuously >10 mmHg; if the baseline ICP
remained <10 mmHg the indications were: 2) multiple B waves that comprised >30% of the
pressure waves in the 24-h ICP monitoring or 3) the presence of any A waves (167,194).
After 2010, the indications besides the EI >0.3 and the iNPH symptoms for the shunt
surgery were a positive tap test, or if negative, a positive infusion test. If the infusion test
was also negative, some patients were still shunted based on a clinical assessment.

Based on the ICP measurement results, patients of Study I (n=390) were classified as
having probable iNPH (n=229) or unlikely iNPH (non-NPH, n=161). A total of 218 patients
were shunted based on ICP monitoring and clinical evaluation. Eleven probable iNPH
patients did not undergo the shunt operation due to advanced comorbid dementia (n=5),
death before shunting (n=1), decline of the clinical condition due to comorbidity (n=4), or
declining the shunt surgery (n=1).

Between 2008 and 2010, altogether 75 patients of The KUH NPH registry had 24-h ICP
monitoring data available and collected into the registry in addition to other clinical
evaluations and brain imaging. Two of these patients with sNPH were excluded from
Study II. The shunt surgery was performed on 52 patients.

In Study III (n=477), the shunt surgery was performed on 305 (64%) patients. Five
patients were not shunted although the main cause of death was iNPH, because one patient
declined the shunt surgery, one died before the shunting, and three patients were in poor
general health.

For the present Studies I-III, shunt revisions were performed for 22-25% of the shunted
patients. Second, third, and fourth revisions were performed for 6-8%, 1-2%, and 0.3-2% of
the shunted patients, respectively (Study I-III). Mainly the VPS were placed. Only three VA
shunts were placed in revision. No LPS were used. Until 2010, a fixed pressure valve with
an anti-siphon device was used. After 2010, a programmable valve with an anti-siphon was
used.
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4.1.4 Shunt response

The response to a shunt (no change or deterioration vs. improvement) was determined by
evaluating the patient’s memory, gait and urinary continence at the outpatient clinic and
two to three months after the shunt surgery. Other clinical data was obtained from the
patient records. The patients were then followed up by the local neurologist, general
practitioner, or geriatrician. The shunt response status was updated if the patient’s
symptoms were relieved after the revision.

4.1.5 Comorbidities

Clinical data, including comorbidities such as heart disease, hypertension, and diabetes
were collected retrospectively from the patient records. If a patient had coronary heart
disease, atrial fibrillation, other significant arrhythmia, or chronic heart insufficiency, a
heart disease was considered to be present.

4.1.6 Causes of death

The main causes of death were determined from the official death certificates provided by
Statistics Finland (12) (Table 5). Stroke (n=36) and other cerebrovascular diseases (n=15) as
the main causes of death were combined into one group (total n=51) for the statistical
analyses. Of the stroke deaths, 10 were haemorrhagic strokes (5 intracerebral haemorrhage,
3 subarachnoid haemorrhage, 2 other), 6 were ischemic strokes, 10 unknown strokes, and
10 late effects of stroke. The 15 deaths related to cerebrovascular diseases were vascular
cognitive impairment due to chronic subcortical vascular changes or a stroke in any area of
brain. A total of 294 patients (62%) died during the Study III follow-up (median 5.6 years).

4.1.7 Ethical considerations

The KUH Research Ethics Committee (Study I-III), the Finnish National Supervisory
Authority for Welfare and Health, and the Finnish Ministry of Social Affairs and Health
(Study I, III) approved the KUH NPH registry studies. Informed consents were obtained
from the patients in Study II. The studies were conducted in accordance with the
Declaration of Helsinki.

4.2 RADIOLOGICAL EVALUATION

4.2.1 General description

CT and MRI were performed in five hospitals from 1991 to 2012. Due to this, a variety of
imaging protocols and scanners were used. The CT and MRI images were retrospectively
evaluated by a neuroradiologist by using a structured form on a Sectra-PACS workstation
(IDS7, version 15.1.20.2, Sectra AB, Linkoping, Sweden). A trained medical student
measured certain radiological measurements. If both the CT and MRI scans were available,
the MRI was evaluated.

Only CT scans were available preoperatively for 268 (69%), 23 (32%), 295 (62%), only
MRI for 56 (14%), 19 (26%), 74 (16%) and both CT and MRI scans for 66 (17%), 31 (42%), 108
(23%) patients, in Studies I, II, and III respectively.

In Study I, of the 218 shunted patients, 33 patients had no follow-up images at the time
of the radiological evaluation, because either imaging was not performed (n=12) or imaging
studies performed outside of the KUH were not accessible (n=21). The time interval
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between the shunt surgery and the postoperative follow-up image was on average 1.5 years
(SD £2.2).

For Study II, the primary CT and MRI scans were performed before the ICP
measurements (median 3.7 months, IQR 0.0 to 6.2 months).

4.2.2 Visual evaluations
The visual evaluation of the size of the lateral ventricle, the Sylvian fissures and the basal
cisterns (all: normal, mildly enlarged, moderately enlarged, or severely enlarged) was
performed (CT or MRI) (Table 1) (39). Superior convexity and the medial SAS (decreased,
normal, or mildly enlarged) (39) and the disproportionality between the Sylvian and
suprasylvian SAS (no, mild, or severe) were also evaluated (CT or MRI). The presence of
FDS (yes or no) (CT or MRI) (39) and the aqueductal flow void (yes or no, Study I: n=120,
Study III: n=180, good quality MRI required) (105) were documented. The medial temporal
lobe atrophy (Study I: n=80, Study II: n=50, Study III: n=181) was assessed on the coronal
T1-weighted MR images by using the Scheltens score (86). The WMC in the periventricular
and deep white matter (Study I: n=346) were evaluated with the Fazekas scale both on MRI
and CT (103), and the T2 hyperintensities in the brain stem (Study I: n=62, Study III: n=212)
by using a similar evaluation.

Certain radiological markers (superior convexity/medial SA spaces, periventricular/deep
WMC) and categories of radiological markers were combined to create larger groups for the
statistical analyses and illustrative purposes.

4.2.3 Measurements

The ventricular size was measured by using EI, mCMI, and the WTH (measured with a 0.1
mm accuracy) were measured on CT or MRI, and the CA on MRI (Figure 2.) (Table 1)
(63,76,80,83). EI was defined as the ratio between the maximal width of the frontal horns of
the lateral ventricles and the maximal inner diameter of the skull. MCMI was defined as the
ratio of the maximal width of the cella media (i.e. the central part of the lateral ventricles)
and the maximal inner diameter of the skull at the same level on an axial plane. The CA
was measured between the lateral ventricles through the posterior commissure on a coronal
plane perpendicular to the anterior commissure-posterior commissure line visualized on a
sagittal plane, from a three-dimensional T1-weighted multiplanar reconstruction sequence
MRI (Study I: n=55, Study III: n=100). The WTH were measured on an axial plane and their
mean was computed.

4.3 STATISTICAL ANALYSES

The differences in the means between the groups were analyzed with a t-test or ANOVA
for the continuous variables, and Fisher’s exact test was used for the categorical variables.
Pearson’s correlation coefficients are reported for the correlations. The BMI and the mean
WTH were log-transformed for the t-tests, ANOVA, and Pearsons correlations (Study I).
The categories of a multilevel radiological marker that had fewer than five (Study I) or
three (Study II) subjects were combined for the statistical analyses. For the repeated
measures, associations between the categorical variables were analyzed by using Bowker’s
test, and for the continuous variables by using a paired t-test (Study I). Multivariate binary
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logistic regression analysis was used to study the associations of the radiological markers
with an iNPH diagnosis (Study I). Logistic regression models were adjusted for gender,
age, and imaging method (MRI/CT) (Study I). The explanatory variation of the model was
tested by using the Nagelkerke’s pseudo R? (Study I).

In Study II, the backward and forward stepwise linear regression modeling was used to
find the most suitable model for predicting the mean ICP by including only the variables
(excluding the shunt status) which were significantly associated with the mean ICP in the
univariate analyses.

For the statistical analyses in Study III, twelve missing BMI were filled in with the mean
BMI of the study population. The follow-up in Study III was conducted until death or the
end of 2015. The Cox regression model was used to study the associations between the
radiological markers and mortality, with adjustments for BMI, age, gender, imaging
method (CT [n=295] or MRI [n=182]), shunt status, hypertension, diabetes, and heart
disease. The Schoenfeld residuals were plotted against time to verify the proportional
hazards assumption. For illustrative purposes the Kaplan-Meier survival curves and the
respective log-rank P-values were calculated. For illustrative purposes the categories were
used as continuous linear variables. The sensitivity analyses were made by adjusting the
Cox regression models additionally for a mini-mental state examination (MMSE) score
(n=366) or the main symptom (n=372). The shunted and non-shunted groups were also
analysed separately.

In Study III, all radiological markers which were separately associated (P<0.10) with
mortality were included in a combined model to determine which ones were independently
associated with mortality. To compare the hazard ratios (HR) of two different models with
a different number of participants and adjustments statistically, a bootstrap analysis was
used with 5000 cycles during the calculation. In every cycle, a ratio of HRadjusted/HRcrude was
calculated. The confidence interval (2.5% and 97.5% percentiles) and the P-value for this
ratio was then determined.

The P-values of <0.05 were considered statistically significant. The IBM SPSS Statistics 19
(Study I) and 23 (Study II and III) softwares were used for the statistical analyses. In Study
III, the bootstrap analysis was completed with an R software (version 3.2.5).
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5 Results

5.1 GENERAL BASELINE CHARACTERISTICS

The general characteristics at the baseline are presented in Tables 2-4 (Studies I-III). In
Studies I-1I, the patients were divided into three groups: no shunt, no shunt response, and
shunt responsive. In Study III, two groups were used, shunted and non-shunted. There was
no difference in the gender distribution between the studied groups in all studies. In
Studies I and III that had the larger populations, no difference regarding the ages between
the groups was found. Of the shunted patients, 83-84% had favourable response in Study I-
III (Figure 6).

5.1.1 Study I
There was no difference between the right and left WTH, thus the mean WTH was used in
the further analyses. Also, no difference was found between the left and right medial
temporal lobe atrophy that was evaluated visually with the Scheltens scores, thus only the
left medial temporal lobe scores were used in the analyses. Preoperative EI correlated with
mCMI (r=0.78, P<0.001) and the mean WTH of the lateral ventricles (r=0.50, P<0.001).

No significant interactions were found between the imaging methods (MRI and CT) and
the radiological markers in relation to the iNPH diagnosis or the shunt response in the
logistic regression models of Study I adjusted for gender, imaging method, and age.

5.1.2 Study II
Gait impairment was the main symptom more frequently in the shunt responsive group
than in the no-shunt group (70% vs. 29%, P=0.005; Table 3). No difference was discovered in
the symptom duration or the other symptoms (gait/cognition/incontinence) among the
three groups. BMI was higher in the shunt responsive than the non-responsive group
(P=0.033). The shunt responsive patients were younger than the patients with no shunt
response (P=0.049). The patients without shunt response showed more AD-related brain
biopsy findings (A{+, HPt+) than the patients responsive to shunt (56% vs. 12%, P=0.014).
No correlation was found between the mean ICP pulse wave amplitude and the mean
ICP. The more B waves there were, the higher the mean ICP was (P<0.001), but there was
no association the with mean pulse wave amplitude. There was no difference in the mean
ICP pulse wave amplitude among the studied groups. The mean ICP correlated with the
BMI (r=0.24, P=0.042; Figure 7). A higher B wave frequency (P=0.017) was associated with
gait impairment as the main symptom. Age, gender, BMI, gait disturbance, impaired
cognition, urinary incontinence, symptom duration, and brain biopsy were not associated
with B waves.

5.1.3 Study III

Cognitive impairment was the main symptom more frequently in the non-shunted than in
the shunted patients (42% vs. 24%, P<0.001) in Study III. Gait impairment as the main
symptom was more frequently noted in the shunted group than in the non-shunted group
(52% vs. 18%, P<0.001).
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There was no difference in the occurrences of heart diseases between the shunted and
non-shunted groups. Hypertension (54% vs. 34%, P<0.001) and diabetes (27% vs. 13%,
P<0.001) were more frequent in the shunted group. The BMI (P<0.001) and the MMSE
scores were higher in the shunted group (P<0.001).

Disproportionality between the Sylvian and suprasylvian SAS (P<0.001), decreased
superior convexity/medial SAS (P<0.001), larger Sylvian fissures (P<0.001), enlarged basal
cisterns (P<0.001), presence of FDS (P<0.001), smaller EI (P=0.016) and mean WTH (P=0.010)
were more common in the shunted group than in the non-shunted group. There was no
difference between the other investigated radiological markers (size of the lateral ventricles,
periventricular/deep or brain stem WMC, Scheltens score, aqueductal flow void, CA or
mCMI) among the studied groups.

Mortality was higher in the non-shunted than the shunted patients (83% vs. 50%,
P<0.001). The median time to death was 4.9 years for the shunted patients and 3.8 years for
the patients without a shunt. Specific causes of death are presented in Table 5.
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Table 2. The baseline characteristics of the study population (Study I).

Gender
BMI (kg/m?2)

Female

Age at the ICP monitoring (y)

Imaging method

Main symptom

Lateral ventricle

Sylvian fissure

Superior medial
subarachnoid
space

Superior convexity
subarachnoid
space

Basal cistern

Disproportionality
between the
Sylvian and
suprasylvian
subarachnoid
spaces

Focally dilated sulci

Periventricular
white matter
changes

Deep white matter
changes

Brain stem white
matter changes

Atrophy of the left
medial temporal
lobe (Scheltens
scores)
Aqueductal flow
void

Callosal angle (°)
Evans’ index

MRI

CT

Gait

Cognition

Other

Normal / mildly enlarged
Moderately enlarged
Severely enlarged
Decreased / normal
Mildly enlarged
Moderately enlarged
Severely enlarged
Decreased

Normal / mildly enlarged

Decreased
Normal

Decreased / normal
Mildly enlarged
Moderately / severely
enlarged

No

Mild
Severe

No

Yes

No

"Caps” or pencil-thin
lining

Smooth "halo”
Irregular periventricular
hyperintensity extending
into the deep white
matter

No

Punctate foci
Beginning confluence

Large confluent areas
No

Punctate foci / beginning
confluence

0/1

2

3/4

No
Yes

Modified cella media index
Mean width of the temporal horns (mm)

No shunt Shunt p-

No shunt response responsive |

(n=172) (n=36) (n=182) value

81 (47) 17 (47) 101 (55) NS

26 +4.0 28 5.1 28 5.0 0.041

72 10 74 9.1 72 £7.3 NS

47 (27) 9 (25) 66 (36) NS
125 (73) 27 (75) 116 (64)

28 (17) 14 (40) 94 (54) <0.001

69 (42) 10 (29) 39 (22)

67 (41) 11 (31) 41  (24)

46 (27) 9 (25) 42  (23) NS
114 (67) 25 (69) 131 (72)

11 (6) 2 (6) 9 (5)

68 (40) 9 (25) 36 (20) <0.001

75 (44) 16 (44) 78 (43)

26 (15) 10 (28) 60 (33)

2 (1) 1 (3) 8 (4)
109 (64) 29 (81) 163 (90) <0.001

62 (36) 7 (19) 19 (10)

86 (50) 23 (64) 134 (74) <0.001

85 (50) 13 (36) 48 (26)

154 (91) 30 (86) 141 (78) 0.003

15 (9) 4 (11) 34 (19)

0 (0) 1 (3) 6 (3)

62 (36) 7 (19) 22 (12) <0.001

78 (46) 13 (36) 64 (35)

30 (18) 16 (44) 95 (52)

119 (72) 18 (51) 91 (51) <0.001

47 (28) 17  (49) 89 (49)

32 (19) 5 (14) 39 (22) NS

51 (30) 9 (25) 53 (29)

42 (25) 10 (28) 51 (28)

43  (26) 12 (33) 37 (21)

38 (25) 8 (25) 47  (29) NS

42  (28) 5 (16) 49 (30)

30 (20) 8 (25) 34 (21)

40 (27) 11 (34) 34 (21)

17 (81) 6 (100) 29 (83) NS

4 (19) 0 (0) 6 (17)
2 (8) 4 (67) 16 (33) 0.003

12 (48) 1 (17) 26 (53)

11 (44) 1 (17) 7 (14)

5 (11) 0 (0) 14 (21) NS

40 (89) 9 (100) 52 (79)

67 £19 69 =*10 62 <15 NS
0.39 +0.08 0.38 +0.06 0.38 +0.04 NS
0.39 +0.07 0.39 +0.05 0.39 +0.05 NS

8.5 *4.4 7.5 £2.4 7.3 £2.5 0.021

Means £ SD or n (%) are presented. ANOVA or Fisher's exact test were used to calculate the P-values. NS; non-

significant (P>0.05).
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Table 3. The baseline characteristics of the study population (Study II).

Shunt No shunt No shunt P-value P-value
responsive response (n=21) Shunt No shunt
(n=43) (n=9) respon- vs. Shunt
sive vs. respon-
No sive
response
Gender Female 23 (53) 7 (78) 10 (48) NS NS
Age at the ICP- 73.4%£5.5 78.0+9.1 72.7+9.3 0.049 NS
measurement (y)
BMI (kg/m?2) 28.1+5.3 26.7+ 5.8 25.1+3.8 NS 0.033
Mean ICP (mmHg) 4.0 £1.8 3.0+1.2 2.1+1.4 NS <0.001
Mean ICP pulse wave 4.8+1.6 4.1+1.1 4.8+1.5 NS NS
amplitude (mmHg)
A waves of ICP No 43 (100) 9 (100) 21 (100) NS NS
B waves of ICP (% of ~ No 0 (0) 0 (0) 1(5) NS <0.001
time) <10% 0 (0) 0 (0) 11 (52)
10-30% 4(9) 0 (0) 6 (29)
>30% 39 (91) 9 (100) 3 (14)*
Main symptom Gait 30 (70) 7 (78) 6 (29) NS 0.005
Cogpnition 11 (26) 2 (22) 13 (62)
Other 2 (5) 0 (0) 2 (10)
Gait disturbance Yes 43 (100) 9 (100) 20 (95) NS NS
Impaired cognition Yes 29 (67) 7 (78) 18 (86) NS NS
Urinary incontinence Yes 35 (81) 8 (89) 13 (62) NS NS
Symptom duration (y) 2.5+1.8 1.8+1.1 2.2+1.6 NS NS
Follow-up time (y) 5.4+1.2 4.5+1.9 3.6+£2.2 NS <0.001
Frontal cortical biopsy: AB+HPT+ 5(12) 5 (56) 6 (30) 0.014 NS
beta-amyloid and AB+HPT- 18 (43) 1(11) 5 (25)
hyperphosporylated tau AB-HPT- 19 (45) 3(33) 9 (45)
(-/+) **
Mean width of the 8.0+£2.9 7.7+3.8 9.1+2.3 NS NS
temporal horns (mm)
Evans’ index 0.39+0.04 0.36+0.04 0.38+0.05 NS NS
Superior medial Narrowed 40 (93) 6 (67) 12 (57) NS 0.001
subarachnoid space Normal/mildly 3(7) 3(33) 9 (43)
enlarged
Superior convexity Narrowed 29 (67) 4 (44) 5 (24) NS 0.001
subarachnoid space Normal/mildly 14 (33) 5 (56) 16 (76)
enlarged
Disproportionality No 3(7) 3(33) 8 (38) 0.043 <0.001
between the Sylvian Mild 11 (26) 3(33) 11 (52)
and suprasylvian Severe 29 (67) 3(33) 2 (10)
subarachnoid spaces
Sylvian fissure Normal 4 (9) 2 (22) 6 (29) NS NS
Mildly enlarged 16 (37) 5 (56) 10 (48)
Enlarged 17 (40) 2 (22) 5 (24)
Severely 6 (14) 0 (0) 0 (0)
enlarged
Focally dilated sulci No 22 (51) 8 (89) 18 (86) NS 0.012
Yes 21 (49) 1(11) 3 (14)
Basal cisterns Normal 18 (42) 5 (56) 13 (62) NS NS
Mildly enlarged 19 (44) 3(33) 8 (38)
Enlarged/severe 6 (14) 1(11) 0 (0)
ly enlarged
Periventricular white No 3(7) 2 (22) 7 (33) NS 0.035
matter changes "Caps” or 18 (42) 1(11) 4 (19)
pencil-thin lining
Smooth "halo” 16 (37) 3(33) 6 (29)
Irregular 6 (14) 3(33) 4 (19)

periventricular
hyperintensity
extending into
the deep white
matter

Continued on the next page.
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Table 3. Continued.

Deep white matter No 6 (14) 3 (33) 5 (24) 0.012 NS
changes Punctate foci 21 (49) 0 (0) 6 (29)

Beginning 10 (23) 3 (33) 7 (33)

confluence

Large confluent 6 (14) 3(33) 3(14)

areas
Atrophy of the left 0 2 (6) 0 (0) 0 (0) NS 0.021
medial temporal lobe 1 7 (21) 3 (60) 1(8)
(Scheltens scores) 2 19 (58) 2 (40) 4 (33)

3 5 (15) 0 (0) 4 (33)

4 0 (0) 0 (0) 3 (25)

Means + SD or n (%) are presented. T-test or Fisher's exact test were used to calculate the P-values. The patients
were followed up from the ICP measurement day until death or the end of the year 2014. *Three patients were not
shunted despite fulfilling the shunting criteria, because of severe dementia, patient declining the operation, or death.
**Two cases with hyperphosphorylated tau (HPT) but no amyloid beta (AB) in the brain biopsy excluded from the
Fisher’s exact test. ICP, intracranial pressure. NS, non-significant (P>0.05).
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No shunt Shunted
(n=172) (n=305) P-value
Gender Female 82 (47.7) 168 (55.1) NS
Age during the preoperative imaging (years) 72.37 £9.88 72.75 +£7.77 NS
BMI (kg/m?2) 26.14 +4.01 27.71 +£4.66 <0.001
Preoperative MMSE 19 +5 22 5 <0.001
Main symptom Gait 29 (18.0) 109 (51.7) <0.001
Cognition 68 (42.2) 50 (23.7)
Other 64 (39.8) 52 (24.6)
Imaging method MRI 45 (26.2) 137 (44.9) <0.001
CT 127 (73.8) 168 (55.1)
Hypertension Yes 59 (34.3) 164 (53.8) <0.001
Diabetes mellitus Yes 22 (12.8) 82 (26.9) <0.001
Heart diseases (atrial Yes 51 (29.7) 97 (31.8) NS
fibrillation/other
arrhythmia/chronic heart
failure/coronary heart
disease)
Lateral ventricle Normal/mildly enlarged 43 (25.0) 77 (25.2) NS
Moderately/severely 129 (75.0) 228 (74.8)
enlarged
Sylvian fissure Decreased/normal 66 (38.4) 64 (21.0) <0.001
Mildly enlarged 75 (43.6) 128 (42.0)
Moderately/severely 31 (18.0) 113 (37.0)
enlarged
Superior convexity/medial Decreased 113 (65.7) 264 (86.6) <0.001
subarachnoid spaces Normal/mildly enlarged 59 (34.3) 41 (13.4)
Basal cistern Decreased/normal 154 (89.5) 236 (77.4) 0.001
Mildly/moderately/severely 18 (10.5) 69 (22.6)
enlarged
Disproportionality between No 61 (35.5) 45 (14.8) <0.001
the Sylvian and . Yes 111 (64.5) 260 (85.2)
suprasylvian subarachnoid
spaces
Focally dilated sulci No 122 (70.9) 164 (53.8) <0.001
Yes 50 (29.1) 141 (46.2)
Periventricular/deep white No 30 (17.4) 49 (16.1) NS
matter changes Punctate foci/beginning 98 (57.0) 181 (59.3)
confluence
Large confluent areas 44  (25.6) 75 (24.6)
Brain stem white matter No 39 (75.0) 114 (71.3) NS
changes Yes 13 (25.0) 46 (28.8)
Temporal medial lobe 0-1 2 (5.1) 24 (16.9) NS
atrophy (Scheltens scores) > 18 (46.2) 72 (50.7)
3-4 19 (48.7) 46 (32.4)
Aqueductal flow void No 5 (11.1) 20 (14.8) NS
Yes 40 (88.9) 115 (85.2)
Callosal angle (°) 63 14 62 *14 NS
Evans' index 0.40 +0.08 0.38 +0.04 0.016
Mean width of the temporal horns (mm) 8.49 £4.36 7.55 +2.61 0.010
Modified cella media index 0.40 +0.07 0.39 +0.05 NS

Values are mean £ SD or n (%). T-test or Fisher’s exact test were used to calculate the P-values. NS, non-

significant (P>0.05).
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Table 5. Causes of death of the study population (n=477).

No shunt (n=172) Shunted (n=305)

Heart diseases 20 (14) 35 (23)
Cerebrovascular disease and stroke 26 (18) 25 (16)
Malignant neoplasm 12 (8) 13 (9)
Infection 11 (8) 7 (5)

Injury 5(4) 7 (5)

Dementia 43 (30) 25 (16)
iNPH 5 (4) 14 (9)
Other/not known 20 (14) 26 (17)

Causes of death of the study population. Values are n (%). There was a significant difference in the causes of
deaths between the groups (Fisher P=0.037). Two causes of death are not known due to unfinished autopsies.
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Figure 7. Scatterplot demonstrating the association of the mean ICP (mmHg) with the BMI. The
correlation was calculated with Pearson’s correlation.

5.2 RADIOLOGICAL FINDINGS AND INPH DIAGNOSIS (STUDY I)

The non-NPH group showed a higher EI (0.40+0.08 vs. 0.38+0.04, P=0.039) and a greater
mean WTH (8.6+4.4 vs. 7.3+2.5 mm, P=0.007) than the iNPH group. There was association
between the iNPH diagnosis and enlarged Sylvian fissures (P<0.001), decreased superior
medial (P<0.001) and superior convexity SAS (P<0.001), enlarged basal cisterns (P=0.006),
disproportionality between the Sylvian and suprasylvian SAS (P<0.001), FDS (P<0.001), and
left medial temporal lobe atrophy (P=0.003) in the univariate analyses (Fisher’s exact test).
Visually evaluated ventricle size, mCMI, aqueductal flow void, CA or periventricular, deep
or brain stem WMC were not associated with the iNPH diagnosis. These results are also
presented in Table 6.

The variables associated with the iNPH diagnosis (excluding Scheltens scores due to
n=80) were included in a combined logistic regression model adjusted for age, gender, and
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imaging method (MRI/CT) (Table 7). Only the disproportionality (P=0.001) between the
Sylvian and suprasylvian SAS and the decreased superior medial SAS (P=0.016) were
associated with the iNPH diagnosis in this model. The mean WTH was almost significantly
associated with the diagnosis (P=0.057).

After the nonsignificant variables were excluded, only the disproportionality of the SAS
and the mean WTH remained statistically significant (Table 8). The R? (coefficient of
determination) of the final model was 0.20. When Scheltens scores of the left medial
temporal lobe atrophy were added to the model (n=80), it was not associated with the iNPH
diagnosis.

Table 6. The univariate logistic regression for the specific radiological parameters and the iNPH diagnosis.

n OR 95% CI P-value
Dby e e S and g 2m @ai-asy <000
Superior medial subarachnoid space 389 0.19 (0.11 - 0.33) <0.001
Sylvian fissure 389 1.92 (1.44 - 2.56) <0.001
Superior convexity subarachnoid space 389 0.38 (0.24 - 0.59) <0.001
Focally dilated sulci 381 2.36 (1.51 - 3.68) <0.001
Atrophy of the left medial temporal lobe 80 0.26 (0.11 - 0.59) 0.001
:f:;l width of the temporal horns (per 1 389 0.90 (0.84 - 0.96) 0.002
Basal cistern 385 2.50 (1.34 - 4.68) 0.004
Evans’ index (per 0.1) 390 0.72 (0.50 - 1.02) 0.065
Aqueductal flow void 120 0.54 (0.17 - 1.66) NS
Deep white matter changes 346 0.91 (0.75 - 1.11) NS
Brain stem white matter changes 62 0.57 (0.12 - 2.66) NS
Callosal angle (per 10°) 55 0.87 (0.58 - 1.31) NS
Periventricular white matter changes 384 0.95 (0.77 - 1.16) NS
Modified cella media index (per 10°) 390 0.92 (0.64 - 1.32) NS
Lateral ventricles 389 1.06 (0.72-1.58) NS

Logistic regression was used to calculate the odds ratios (OR) and the 95% confidence intervals (CI) for the various
radiological markers in association with the idiopathic normal pressure hydrocephalus diagnosis (59% of all patients).
The radiological markers were analysed separately. Categories in the multinominal categorical values are in increasing
order, i.e. the ORs below 1 mean inverse association and the ORs over 1 mean positive association. Adjustments are
made for gender, imaging method (MRI or CT), and age. To simplify, the ORs are calculated by using the categorical
variables as continuous, and for the continuous variables the scale is presented in parenthesis. Disproportionality is
defined as the disproportion between the suprasylvian and Sylvian subarachnoid spaces. NS; non-significant (P>0.05).
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Table 7. Non-NPH (n=153) versus iNPH (n=222) in the multivariate logistic regression.

n OR 95% CI P-value
Sylvian fissure 375 NS
Decreased / normal 109 1 - -
Mildly enlarged 162 0.86 (0.46 - 1.64) NS
Moderately enlarged 94 0.89 (0.37 - 2.11) NS
Severely enlarged 10 0.80 (0.12 - 5.24) NS
Superior medial subarachnoid space 375 -
Decreased 289 1 - -
Normal / mildly enlarged 86 0.25 (0.08 - 0.77) 0.016
Superior convexity subarachnoid space 375 -
Decreased 233 1 - -
Normal 142 1.56 (0.77 - 3.16) NS
Basal cistern 375 NS
Decreased / normal 317 1 - -
Mildly enlarged 51 1.19 (0.55 - 2.56) NS
Moderately / severely enlarged 7 - - NS
Disproportionality between the Sylvian and
suprasylvian subarachnoid spaces 375 0.001
No 87 1 - -
Mild 151 1.26 (0.39 - 4.07) NS
Severe 137 4.43 (1.11 - 17.7) 0.035
Focally dilated sulci 375
No 224 1 - -
Yes 151 0.82 (0.46 - 1.48) NS
Evans’ index 375 2.01 (0.01 - 353) NS
Mean width of the temporal horns (mm) 375 0.91 (0.83 - 1.00) 0.057

Binary logistic regression adjusted for gender, imaging method (MRI/CT), and age was used to calculate the odds
ratios. The included variables were separately associated with the iNPH diagnosis. For 15 patients some data was
missing for the regression analysis. iNPH, idiopathic normal pressure hydrocephalus; NPH, normal pressure
hydrocephalus; NS, non-significant (P>0.05).

Table 8. Non-NPH (n=159) vs. iNPH (n=227) in the logistic regression.

n OR 95% CI P-value
Disproportic_)n between the Sylvian and suprasylvian 386 <0.001
subarachnoid spaces
No 90 1 - -
Mild 155 2.57 (1.44 - 4.59) 0.001
Severe 141 7.50 (4.00 - 14.1) <0.001
Mean width of the temporal horns (mm) 386 0.91 (0.84 - 0.98) 0.014

Binary logistic regression adjusted for gender, imaging method (MRI/CT), and age was used to calculate the odds
ratios. The model is the final result of the exclusion of all insignificant (P>0.05) variables that were included in Table 7.
For 4 patients some data was missing for the regression analysis. iNPH, idiopathic normal pressure hydrocephalus;
NPH, normal pressure hydrocephalus.
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5.3 RADIOLOGICAL FINDINGS AND SHUNT OUTCOME (STUDY I)

No radiological marker could predict the shunt response (Table 9). Expectedly, EI
decreased significantly after the shunt surgery (-0.02+0.04, P<0.001, n=180). Change in EI
was not associated with the shunt response. Patients with an enlargement of suprasylvian
cortical sulci after the surgery had shunt response more often than patients without it (OR
3.9, CI 95% 1.6-9.4, P=0.003, n=179). However, among the patients with an enlargement of
cortical sulci, ventricles (EI) were decreased more in size compared with the patients whose
sulci size was unchanged after the surgery (-0.02+0.04 vs. -0.00+0.04, P=0.023, n=175).

Table 9. The univariate logistic regression for the specific radiological parameters and the shunt response.

n OR 95% CI P-value
ety between e Sy oy im Qw222 s
Superior medial subarachnoid space 218 0.43 (0.16 - 1.15) NS
Sylvian fissure 218 1.22 (0.75 - 2.02) NS
Superior convexity subarachnoid space 218 0.61 (0.28 - 1.34) NS
Focally dilated sulci 215 1.13 (0.53 - 2.37) NS
Atrophy of the left medial temporal lobe 55 1.10 (0.18 - 6.88) NS
r::)n width of the temporal horns (per 1 218 0.96 (0.82 - 1.12) NS
Basal cistern 216 1.29 (0.50 - 3.33) NS
Evans’ index (per 0.1) 218 1.00 (0.44 - 2.27) NS
Aqueductal flow void 75 0 (0 - >100) NS
Deep white matter changes 196 0.79 (0.56 - 1.12) NS
Brain stem white matter changes 41 >100.00 (0 - >100) NS
Callosal angle (per 10°) 42 3.46 (0.51 - 23.29) NS
Periventricular white matter changes 216 0.77 (0.54 - 1.10) NS
Modified cella media index (per 10°) 218 0.80 (0.35-1.79) NS
Lateral ventricles 218 1.10 (0.52 - 2.32) NS

Logistic regression was used to calculate the odds ratios (OR) and the 95% confidence intervals (CI) for the various
radiological markers in association with the shunt response (83% of shunted patients). The radiological markers were
analysed separately. Categories in the multinominal categorical values are in increasing order, i.e. the ORs below 1
mean inverse association and the ORs over 1 mean positive association. Adjustments are made for gender, imaging
method (MRI or CT), and age. To simplify, the ORs are calculated by using the categorical variables as continuous, and
for the continuous variables the scale is presented in parenthesis. Disproportionality is defined as the disproportion
between the suprasylvian and Sylvian subarachnoid spaces. NS; non-significant (P>0.05).

5.4 RADIOLOGICAL FINDINGS AND ICP MEASUREMENTS (STUDY II)

Significant associations with B waves are shown in Table 10. Less atrophy of the medial
temporal lobe was associated with more frequent B waves (P=0.018). Of radiological
markers related to iNPH only narrowed superior medial (P=0.003) and convexity SAS
(P=0.004) and more severe disproportionality between the Sylvian and suprasylvian SAS
(P=0.001) were associated with B waves. Other radiological markers (mean WTH, Sylvian
fissure, FDS, basal cisterns, El, periventricular or deep WMC) were not associated with B
waves.
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Table 10. Associations with the B waves of ICP.

B waves (of time) P-value B
No <10% 10-30% >30% waves

Main symptom Gait 0 (0) 2 (18) 6 (60) 35 (69) 0.017

Cognition 1(100) 7 (64) 4 (40) 14 (28)

Other 0 (0) 2 (18) 0 (0) 2(4)
Superior medial subarachnoid Narrowed 0 (0) 5 (45) 8 (80) 45 (88) 0.003
space Normal/mildly 1 (100) 6(55) 2 (20) 6 (12)

enlarged
Superior convexity subarachnoid Narrowed 0 (0) 1(9) 7 (70) 30 (59) 0.004
space Normal/mildly 1 (100) 10 (91) 3 (30) 21 (41)

enlarged
Disproportionality between the No 1 (100) 6 (55) 1 (10) 6 (12) 0.001
Sylvian and suprasylvian Mild 0(0) 5(45) 4(40) 16(31)
subarachnoid spaces Severe 0(0) 0(0) 5(50) 29(57)
Atrophy of the left medial 0 0 (0) 0 (0) 0 (0) 2 (6) 0.018
temporal lobe (Scheltens scores) 1 0 (0) 0 (0) 1 (14) 10 (29)

2 0 (0) 2 (29) 5(71) 18 (51)

3 0 (0) 3 (43) 1(14) 5 (14)

4 1(100) 2 (29) 0 (0) 0 (0)

Values are n (%). Fisher's exact test was used to calculate the P-values. Only significant (P<0.05)
associations with B waves are presented. ICP, intracranial pressure.

Increased mean ICP was associated with increased disproportionality (P=0.014; Figure 8)
and the presence of FDS (P=0.047; Figure 9). Additionally, there was a tendency between
the association of high ICP with more frequent narrowing of the superior convexity SAS
(P=0.064), and with more frequent enlargement of the basal cisterns (P=0.061). High EI was
correlated with a high mean ICP (r=0.26, P=0.025; Figure 10
in the shunt responsive patients (r=0.36, P=0.017). The radiological markers were not
associated with the ICP pulse wave amplitude.
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Figure 8. Boxplot of the relationships of the mean ICP (mmHg) and the disproportionality
between the Sylvian and suprasylvian subarachnoid spaces. ANOVA was used to calculate the P-
values.
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Figure 9. Boxplot of the relationships of the mean ICP (mmHg) and focally dilated sulci. T-test
was used to calculate the P-value.
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Figure 10. Scatterplot demonstrating the association of the mean ICP (mmHg) with Evans’
index. Correlation was calculated with Pearson’s correlation.

Stepwise linear regression showed that only disproportionality (P=0.005) and EI
(P=0.013) were significant in predicting the mean ICP. These two markers explained 16% of
the variation in the mean ICP. Each increase to a higher level of disproportionality was
associated with a 0.75 mmHg (CI 95%: 0.23-1.26 mmHg) elevation in the mean ICP.
Similarly, a 0.1 increase in EI was associated with a 1.18 mmHg (CI 95%: 0.26-2.09 mmHg)
elevation in the mean ICP.
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5.5 ICP MEASUREMENTS AND BRAIN BIOPSY (STUDY II)

Cortical brain biopsies with positive AP findings were associated with a high mean ICP
pulse wave amplitude (P=0.032; Figure 11). There was no association with the mean ICP.
There was no difference in the mean ICP or the ICP pulse wave amplitude between the HPt
positive and HPt negative patients.

ANOVA P=0.032

6.0+ -T-

t-test P=0.057

Mean ICP pulse wave amplitude (mmHg)

U ——

t-test P=0.016

T T T
AB+HPT+ AB+HPT- AB-HPT-
Frontal cortical brain biopsy

Figure 11. Boxplot of the mean ICP pulse wave amplitude (mmHg) and the frontal cortical brain
biopsy groups. T-test or ANOVA was used to calculate the P-values. AB, amyloid beta; HPT,
hyperphosphorylated tau.

5.6 ICP MEASUREMENTS AND SHUNT OUTCOME (STUDY II)

The mean ICP was higher in the shunt responsive patients than in the non-shunted (4.0+1.8
vs. 2.1+1.4 mmHg, P<0.001) (Figure 12). No significant difference in the mean ICP between
the non-responsive and shunt responsive patients was found. More ICP B waves were
found in the shunt responsive patients (P<0.001) than the non-shunted patients.

0.0 ANOVA P<0.001

8.0 2 t-test P<0.001
= t-test NS
I
[4
E
% 2.0+

0 °

2.0

T T T
Shunt resp No resp Neo shunt

Figure 12. Boxplot of the relationship of the mean ICP (mmHg) and the shunt status. T-test or
ANOVA was used to calculate the P-values.
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5.7 RADIOLOGICAL FINDINGS AND MORTALITY (STUDY III)

5.7.1 Radiological features and overall mortality

Associations of the radiological markers with mortality in the entire population are shown
in Table 11. The unadjusted and adjusted model for age, gender, imaging method, BMI,
hypertension, diabetes, shunt status and heart diseases resulted in similar associations. The
brain stem WMC (P<0.001) and the periventricular/deep WMC (P<0.001) were associated
with increased mortality. Wide WTH (P<0.001) and high Scheltens scores (P=0.003) were
also associated with increased mortality. Other investigated radiological features were not
associated with mortality. Model 2 (Table 11) was further adjusted for the MMSE as a
sensitivity analysis. Significant associations remained between mortality and Scheltens
scores, periventricular/deep WMC, and brain stem WMC, but the association with the
WTH lost significance (HR=1.02 per 1 mm, P=0.429, n=366). Likewise, as a sensitivity
analysis, model 2 (Table 11) was adjusted for the main symptom, but the results remained
the same.

In addition, all the radiological markers associated (P<0.1) with mortality in the
univariate analysis (Table 11) were included in the combined Cox regression model (Table
12). In this model (Table 12), only the brain stem WMC (P=0.026) and the Scheltens scores
3/4 (P=0.035) were significantly associated with mortality. Bootstrapping was used to
compare the results of the combined model with the univariate analyses. No significant
differences were found in the HRs of any radiological markers between the combined
model and the univariate model in the Cox regression. The univariate analyses and the
combined model were further adjusted for the MMSE scores, and the bootstrapping
showed that there were no significant changes in the HRs for any of the radiological
markers.

Mortality was also analysed separately in the non-shunted and shunted patients (Figure
13 and 14) and these Kaplan-Meier survival curves were quite similar in both groups.
Considering only the shunted patients, the associations of the radiological markers and
mortality in the univariate analyses remained similar to the entire population (Table 13). In
the non-shunted group, the associations of the radiological markers with mortality in the
univariate analyses were slightly weaker than in the shunted patients or the entire study
population group, but in the same direction (Table 14).
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Table 11. The Cox regression between mortality and the radiological markers for the entire study population

(n=477).

Unadjusted model 1

Model 2

n P-value HR (CI 95%) P-value HR (CI 95%)
Focally dilated sulci 477 0.482 0.92 (0.73-1.16) 0.409 0.90 (0.70-1.15)
Disproportionality between the Sylvian and 477 0.399 0.89 (0.68-1.17) 0.166 0.82 (0.61-1.09)
suprasylvian subarachnoid spaces
Superior convexity/medial subarachnoid 477 0.339 1.15 (0.87-1.52) 0.350 1.15 (0.86-1.54)
spaces
Lateral ventricle 477 0.710 1.05 (0.80-1.38) 0.582 1.08 (0.82-1.42)
Sylvian fissure 477 0.414 0.284
Sylvian fissure, mildly enlarged 203 0.873 0.98 (0.74-1.29) 0.150 0.81 (0.61-1.08)
Sylvian fissure, moderately/severely enlarged 144 0.232 0.83 (0.61-1.13) 0.179 0.80 (0.58-1.11)
Basal cisterns 477 0.168 0.78 (0.55-1.11) 0.543 0.89 (0.61-1.30)
Temporal medial lobe atrophy (Scheltens 181 0.001 0.003
scores)
Temporal medial lobe atrophy (Scheltens 90 0.065 2.43 (0.95-6.22) 0.069 2.46 (0.93-6.49)
scores), 2
Temporal medial lobe atrophy (Scheltens 65 0.002 4.55 (1.77-11.67) 0.002 4.61 (1.73-12.30)
scores), 3-4
Periventricular/deep white matter 477 <0.001 <0.001
changes
Periventricular/deep white matter 279 0.007 1.62 (1.14-2.30) 0.116 1.34 (0.93-1.93)
changes, punctate foci/beginning
confluence
Periventricular/deep white matter 119 <0.001 2.65 (1.82-3.86) <0.001 2.01 (1.36-2.97)
changes, large confluent areas
Brain stem white matter changes 212 <0.001 2.21 (1.46-3.35) <0.001 2.70 (1.67-4.36)
Aqueductal flow void 180 0.197 0.67 (0.36-1.23) 0.322 0.72 (0.37-1.38)
Evans' index per 0.1 477 0.991 1.00 (0.82-1.21) 0.795 1.03 (0.83-1.28)
Modified cella media index per 0.1 477 0.781 0.97 (0.79-1.19) 0.240 1.14 (0.92-1.41)
Callosal angle (°) per 10° 100 0.248 1.00 (1.00-1.00) 0.485 1.00 (1.00-1.00)
Mean width of the temporal horns per 1 477 0.004 1.04 (1.01-1.07) <0.001 1.06 (1.03-1.09)

mm

Total 294 (62%) of the patients died during the median follow-up time of 5.58 years. Unadjusted model 1 includes the
radiological markers individually. Model 2 is adjusted for gender, age, imaging method, BMI, hypertension, diabetes, shunt
status, and heart diseases. The significant p-values (P<0.05) are bolded.
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Table 12. The Cox regression between mortality and the significant radiological markers in the combined
model in the entire study population (n=175%).

n P-value HR (CI 95%)
Periventricular/deep white matter changes 175 0.289
Periventricular/deep white matter changes, punctate foci/beginning 121 0.944 1.042 (0.33-3.26)
confluence
Periventricular/deep white matter changes, large confluent areas 39 0.440 1.625 (0.47-5.57)
Mean width of the temporal horns per 1 mm 175 0.218 1.065 (0.96-1.18)
Brain stem white matter changes 175 0.026 1.899 (1.08-3.34)
Temporal medial lobe atrophy (Scheltens scores) 175 0.065
Temporal medial lobe atrophy (Scheltens scores), 2 90 0.170 2.139 (0.72-6.33)
Temporal medial lobe atrophy (Scheltens scores), 3-4 60 0.035 3.437 (1.09-10.81)

Total 70 (40%) of the patients died during the median follow-up time of 5.42 years. All presented radiological markers
were included in the same model. Adjustments were made for gender, age, imaging method, BMI, hypertension,
diabetes, shunt status, and heart diseases. Only the radiological markers significantly associated with mortality (P<0.1)
in the univariate analyses were included in this combined model. The significant p-values (P<0.05) are bolded. *Data is
incomplete because the brain stem white matter changes and the temporal medial lobe atrophy could not be evaluated
from all radiological images.

Table 13. The Cox regression between mortality and the radiological markers for the shunted patients
(n=305).

Unadjusted model 1 Model 2

n P-value HR (CI 95%) P-value HR (CI 95%)
Focally dilated sulci 305 0.999 1.00 (0.73-1.38) 0.335 0.85 (0.60-1.19)
Disproportionality between the Sylvian and 305 0.977 0.99 (0.63-1.58) 0.216 0.74 (0.46-1.19)
suprasylvian subarachnoid spaces
Superior convexity/medial subarachnoid 305 0.734 1.09 (0.67-1.76) 0.202 1.38 (0.84-2.27)
spaces
Lateral ventricle 305 0.771 1.06 (0.72-1.55) 0.926 0.98 (0.66-1.45)
Sylvian fissure 305 0.952 0.542
Sylvian fissure, mildly enlarged 128 0.754 1.07 (0.70-1.63) 0.270 0.78 (0.51-1.21)
Sylvian fissure, moderately/severely 113 0.849 1.04 (0.67-1.62) 0.430 0.83 (0.52-1.32)
enlarged
Basal cisterns 305 0.898 0.97 (0.63-1.49) 0.646 0.90 (0.56-1.44)
Temporal medial lobe atrophy 142 0.028 0.007
(Scheltens scores)
Temporal medial lobe atrophy (Scheltens 72 0.139 2.08 (0.79-5.49) 0.026 3.14 (1.14-8.62)
scores), 2
Temporal medial lobe atrophy 46 0.012 3.52 (1.32-9.40) 0.002 5.18 (1.84-14.62)
(Scheltens scores), 3-4
Periventricular/deep white matter 305 <0.001 0.010
changes
Periventricular/deep white matter changes, 181 0.065 1.57 (0.97-2.52) 0.088 1.53 (0.94-2.50)
punctate foci/beginning confluence
Periventricular/deep white matter 75 <0.001 2.80 (1.67-4.68) 0.003 2.23 (1.31-3.81)
changes, large confluent areas
Brain stem white matter changes 160 <0.001 2.68 (1.58-4.53) <0.001 3.52 (1.95-6.38)
Aqueductal flow void 135 0.459 0.76 (0.36-1.58) 0.824 0.92 (0.43-1.96)
Evans' index per 0.1 305 0.824 1.04 (0.74-1.47) 0.823 1.04 (0.72-1.50)
Modified cella media index per 0.1 305 0.710 0.94 (0.68-1.30) 0.648 1.09 (0.77-1.54)
Callosal angle (°) per 10° 87 0.537 1.00 (1.00-1.00) 0.545 1.00 (1.00-1.00)

Mean width of the temporal horns per 305 0.002 1.10 (1.04-1.17) <0.001 1.14 (1.06-1.22)
1 mm

Total 152 (50%) of the patients died during the median follow-up time of 5.87 years. Unadjusted model 1 includes the
radiological markers individually. Model 2 is adjusted for gender, age, imaging method, BMI, hypertension, diabetes, and
heart diseases. The significant p-values (P<0.05) are bolded.



Table 14. The Cox regression between mortality and the radiological markers for the non-shunted patients

(n=172).

Unadjusted model 1

Model 2

n P-value HR (CI 95%) P-value HR (CI 95%)
Focally dilated sulci 172 0.564 1.11 (0.78-1.59) 0.590 0.88 (0.61-1.28)
Disproportionality between the Sylvian and 172 0.392 1.17 (0.82-1.66) 0.682 0.93 (0.64-1.34)
suprasylvian subarachnoid spaces
Superior convexity/medial subarachnoid spaces 172 0.284 0.82 (0.58-1.18) 0.977 0.99 (0.69-1.44)
Lateral ventricle 172 0.554 1.12 (0.76-1.65)  0.494  1.15(0.77-1.73)
Sylvian fissure 172 0.949 0.613
Sylvian fissure, mildly enlarged 75 0.767 1.06 (0.73-1.52) 0.423 0.86 (0.59-1.25)
Sylvian fissure, moderately/severely enlarged 31 0.998 1.00 (0.62-1.62) 0.397 0.80 (0.48-1.34)
Basal cisterns 172 0.384 0.75 (0.39-1.43) 0.418 0.76 (0.38-1.49)
Temporal medial lobe atrophy (Scheltens scores) 39 0.164 0.066
Temporal medial lobe atrophy (Scheltens scores), 18 0.927 - 0.914 -
2
Temporal medial lobe atrophy (Scheltens scores), 19 0.921 - 0.904 -
3-4
Periventricular/deep white matter changes 172 0.009 0.089
Periventricular/deep white matter changes, 98 0.072 1.61 (0.96-2.69) 0.273 1.37 (0.78-2.40)
punctate foci/ beginning confluence
Periventricular/deep white matter changes, 44 0.003 2.33 (1.34-4.05) 0.039 1.87 (1.03-3.37)
large confluent areas
Brain stem white matter changes 52 0.083 1.85 (0.92-3.70) 0.181 2.03 (0.72-5.74)
Aqueductal flow void 45 0.118 0.42 (0.14-1.25) 0.234 0.41 (0.09-1.80)
Evans' index per 0.1 172 0.345 0.89 (0.71-1.13) 0.813 0.97 (0.73-1.28)
Modified cella media index per 0.1 172 0.794 0.97 (0.76-1.24) 0.491 1.10 (0.84-1.44)
Callosal angle (°) per 10° 13 0.182 1.00 (1.00-1.01) 0.084 1.02 (1.00-1.04)
Mean width of the temporal horns per 1 mm 172 0.778 1.01 (0.97-1.04) 0.155 1.03 (0.99-1.07)

Total 142 (83%) of the patients died during the median follow-up time of 4.27 years. Unadjusted model 1 includes the
radiological markers individually. Model 2 is adjusted for gender, age, imaging method, BMI, hypertension, diabetes, and

heart diseases. The significant p-values (P<0.05) are bolded.
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Figure 13. Kaplan-Meier curves for survival according to the different radiological markers that
were associated with mortality in Table 3. In the left panel the curves are for the shunted
patients. In the right panel the curves are for the non-shunted patients.
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Figure 14. Kaplan-Meier curves for survival according to the different radiological markers that
were associated with mortality in Table 3. In the left panel the curves are for the shunted
patients. In the right panel the curves are for the non-shunted patients. Mean width of the
temporal horns was divided into two groups according to the median (7.5 mm).
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5.7.2 Radiological features and main causes of death

The Scheltens scores were associated with death from heart diseases (P=0.008, HR=3.67 per
category, CI95% 1.41-9.59) and iNPH (P=0.046, HR=6.10 per category, CI95% 1.03-36.12) as
the main causes of death, but not for example with a cerebrovascular disease and stroke or
dementia as the main causes of death. There was a tendency for an association between the
periventricular/deep WMC and iNPH as the main cause of death (no vs. large confluent
areas; P=0.053, HR=8.15, CI95% 0.97-68.24). The brain stem WMC were associated with a
cerebrovascular disease and stroke (P=0.007, HR=6.25, CI95% 1.66-23.57) and heart diseases
(P=0.018, HR=3.35, CI95% 1.23-9.12) as the main causes of death. The WTH was associated
with a cerebrovascular disease and stroke (P=0.030, HR=1.08 per 1mm, CI95% 1.01-1.16) and
dementia (P=0.016, HR=1.08 per 1mm, CI95% 1.01-1.15) as the main causes of death.
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6 Discussion

6.1 RADIOLOGICAL MARKERS ARE ASSOCIATED WITH THE INPH
DIAGNOSIS BUT NOT WITH THE SHUNT RESPONSE

6.1.1 Main findings

The feasibility of several radiological features in the diagnostics of iNPH was compared
against each other in terms of how well they predict iNPH in patients. We found that nine
different radiological markers were associated with the diagnosis of iNPH. However, only
the visually evaluated disproportionality between the Sylvian and suprasylvian SAS and
the WTH were significantly related to the iNPH diagnosis in the final, adjusted, combined
model. No radiological marker predicted the short-term shunt response. Shunt response
was seen more frequently in subjects whose cortical sulci size increased after the shunt
operation.

6.1.2 Radiological markers and iNPH diagnosis

The disproportionality between the Sylvian and suprasylvian SAS, and the mean WTH
could be reliably evaluated in both MRI and CT. Our results support previous studies
indicating that disproportionality is the most useful radiological feature in diagnosing
iNPH (39,85,177). The suprasylvian SA block is considered to cause the disproportionality
(39). FDS, enlarged Sylvian fissures and basal cisterns, and decreased superior medial and
convexity SAS were separately associated with the iNPH diagnosis, but these associations
disappeared when the disproportionality was taken into account. The most obvious reason
for that is that they are probably a part of the same phenomenon as the disproportionality,
in other words by a suprasylvian block (39).

The lack of medial temporal lobe atrophy and lower EI were associated with the
diagnosis of iNPH in the univariate analyses but after the disproportionality was
considered they were not significant. The evaluation of the hippocampal volume was
possible only in 80 subjects; therefore, the result may have been overrun by a far stronger
association of disproportionality (R? 0.18). Contrary to the expectations, EI was lower in the
iNPH group than in the non-NPH group (7). Furthermore, decreased WTH was associated
with the diagnosis of iNPH even after the disproportionality was taken into account.
Previously, the ventricular size has been reported to be larger in iNPH than in AD (78).
These two unexpected results might be explained by the patient selection in this study
(EI>0.3) and the lesser atrophy in the iNPH group than the non-NPH group. A previous
study found that increased rather than decreased WTH predicts the shunt response in the
iNPH patients (85). Increased WTH is stated to be an accurate marker in differentiating AD
(suggested cutoff value of 5.3 mm in CT) from healthy controls (1-5). The WTH represents
the temporal atrophy in AD, while in iNPH it may reflect the enlargement of the ventricular
size. In all, we suggest that the WTH is smaller in iNPH than AD, and this possibly explains
the different results in the studies in which the subjects with AD are excluded. Thus, the
clinical signs and symptoms as well as the results of other diagnostic measures should be
considered when interpreting the WTH and EIL
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INPH was associated with the disproportionality and with the WTH rather strongly.
However, it has to be kept in mind that these findings can only support the iNPH diagnosis
and they do not distinguish iNPH from the other neurodegenerative diseases (130). The R?
was only 0.20 in the final model, emphasizing the necessity of other complementary
diagnostic measures in iNPH.

WMC are often seen in iNPH. The deep and periventricular WMC can be the result of
iNPH-associated edema (102) or chronic ischemia (100,101). We found no association of the
WMC with the diagnosis of iNPH or the shunt response, which agrees with the previous
study (104). This suggests that the WMC do not differentiate iNPH from other
comorbidities, such as VAD. Concerning the markers evaluated only in MRI, the
aqueductal flow void and the CA were not associated with the diagnosis of iNPH in this
study. Indeed, the aqueductal flow void is present relatively frequently even in healthy
controls (80).

6.1.3 Radiological markers and shunt response

The radiological markers of this study did not predict the shunt response. For instance, our
findings regarding the WTH and the disproportionality of the SAS are not entirely in
agreement with the previous findings by Virhammar ef. al., who stated them to predict the
shunt response (85). Although we did not discover a significant association with the shunt
response, the CA was the smallest in the shunt responsive patients, and this tendency is in
agreement with the results of Virhammar et. al. The predictive value of the radiological
findings in earlier studies (81,85) could be accredited to the use of more sensitive
measurements of the shunt response (for example detailed cognitive evaluation and gait
speed) than the routine clinical evaluation used in our study. Moreover, the limited number
of non-responders, which reflects a good patient selection for shunting, could also explain
the negative results in the current study.

In line with a prior study, a ventricular size reduction after a shunt operation was not in
association with the shunt response (71). Nevertheless, the patients with a postoperative
cortical sulcal enlargement tended to show a clinical shunt response more often than the
patients without it. Hypothetically, this suggests that when the shunt surgery affects the
suprasylvian block, i.e. the state in which the CSF flow into the suprasylvian space is
limited (39), it is more likely that the patient improves after the shunt surgery. This
association could also be attributed to the well-preserved compliance of the brain tissue in
some patients. Therefore, we suggest that the enlargement of the cortical sulci could be a
radiological finding of the shunt response.

6.2 ASSOCIATIONS OF THE ICP WITH THE RADIOLOGICAL MARKERS,
BRAIN BIOPSY AND THE SHUNT SURGERY OUTCOME

6.2.1 Main findings

As far as we know, we were the first to study the associations of radiological markers, brain
biopsy findings and shunt surgery outcome in combination with the 24-h ICP
measurements in patients with suspected iNPH. Increased disproportionality between the
Sylvian and suprasylvian SAS, the presence of FDS, and high EI were associated with
increased mean ICP. Less medial temporal lobe atrophy, more narrowed superior medial
and convexity SAS, and more severe disproportionality were associated with the ICP B
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waves. Increased mean ICP pulse wave amplitude was associated with the AD-related
brain biopsy findings.

6.2.2 ICP and radiological findings

Increased EI and the disproportionality between the Sylvian and suprasylvian SAS, which
are the most relevant radiological iNPH markers, were associated with an elevated ICP.
This is likely due to a high ICP causing expansion in the ventricles, basal cisterns, and
Sylvian SAS. In conjunction with a suprasylvian SA block, this leads to a diminished
superior SAS (39), which are also used in the disproportionality evaluations. Furthermore,
the superior convexity SAS and FDS, which are a part of to the suprasylvian block
phenomenon, tended to be associated with increased ICP.

In a study by Kim et. al. (195) there was no significant correlation between the ventricle
indices and the CSF opening pressure in the lateral ventricle, which was measured during
the shunt operation in patients with NPH or other communicating hydrocephalus.
Nevertheless, it is noteworthy that the reported correlation coefficient between EI and the
CSF opening pressure (r=0.20) was close to that we found in our study (r=0.26 between EI
and the mean ICP). Moreover, in the same study the CSF opening pressure correlated
nearly significantly with the ventricular index (r=0.25) (195). The relatively weak
correlations could be attributed to the brain atrophy that could also cause the enlargement
of the ventricles without elevating the ICP. Indeed, in our study, the correlations were
stronger between the mean ICP and EI in the shunt responsive patients (r=0.36) than in the
whole study population, since the shunt responsive patients are likely to have a lesser
degree of atrophy. In another earlier study, there was an inverse correlation between the 24-
h ICP measurement and EI (196). However, the contradictory result might be explained by
the far younger study population that even included children, and the different types of
hydrocephalus included, with much higher ICP levels and shorter duration of the
symptoms than in our study (196). Still, our results are in agreement with these two
previous studies, suggesting that the radiological markers cannot be used to predict the ICP
in a clinical setting, due to the rather weak associations and discrepant results. However,
our results imply that these radiological findings could be directly linked with the iNPH
pathophysiology.

6.2.3 ICP and brain biopsy findings

A favourable shunt outcome has been associated with increased mean ICP pulse wave
amplitude. Increased pulse wave amplitude is suggested to be characteristic for iNPH, and
it could result from decreased compliance in patients who have increased mean ICP
(40,197). In the present study, the shunt response could not be predicted by the mean pulse
wave amplitude. In the all three groups, the ICP pulse wave amplitude was relatively high
[shunt responsive (4.8 mmHg), non-responsive (4.1 mmHg), and no shunt group (4.8
mmHg)], while in the study by Eide and Sorteberg (123), the cut-off for increased pulse
wave amplitude was 4 mmHg [shunt responsive (5.7 mmHg), non-responsive (3.6 mmHg),
and no shunt group (3.7 mmHg)]. Due to technical variations, the exact ICP values are not
entirely comparable between different studies. For instance, our sampling frequency was
ten times higher; an intraventricular catheter with a fluid column and a pressure sensor to
measure the intra-arterial blood pressure was used. Our zero level was on the forehead but
the actual pressure in the ventricle is lower than that. Some of the prior studies have used
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an intraparenchymal sensor with a different zeroing protocol. Small variations in the mean
ICP and the mean ICP pulse wave amplitude pressure values could be caused by these
technical differences. Additionally, the ICP pulse wave amplitude was not used as a
selection criterion for the shunt operation in our study.

The mean ICP was higher in the shunt responsive patients and they had more B waves
than the non-shunted. Since the ICP and B waves were used as criteria for shunting, these
results were expectable. No significant differences in the mean ICP or the frequency of B
waves between the non-responsive and shunt responsive patients were found.

Only cortical brain biopsy findings were associated with the mean ICP pulse wave
amplitude. This result was not expected, because there was an association between the
increased mean pulse wave amplitude and the AD-related biopsy findings (Ap+). Despite
the fact that AD is a frequent comorbidity in the iNPH patients (130), there was no
association of the pulse wave amplitude with the medial temporal lobe atrophy. There
exists a hypothesis that the intracranial artery and the CSF pulsations might be linked to the
development of both NPH and AD (198). In an experimental rat model, there was
association between the kaolin-induced hydrocephalus and the amyloid accumulation,
which supports the aforementioned theory, which could explain our unexpected result
(199). Additionally, an earlier study found that the expression of genes regulating the
amyloid processing in the brain was altered in the iNPH patients compared to the non-
demented controls (192). Thus, it is possible that the amyloid pathology is related to both
iNPH and AD.

6.2.4 Neurodegeneration and shunt outcome

The brain biopsy findings related to AD, i.e. AB and HPt, were more frequent in the non-
responsive patients than in the patients with shunt response. This result is logical, since the
shunt surgery has little effect on the cognitive decline, whether it is a result of iNPH or
especially of AD (147). In addition, the patients with shunt response had less progressed
medial temporal lobe atrophy than the patients with no shunt. Our results are in line with a
prior study which reported that the patients with only iNPH had better shunt outcomes
than the iNPH patients with AD (200). On the contrary, the deep and periventricular WMC
were frequent in the patients with shunt response, indicating that the WMC should not
prevent shunting (102). The WMC might also be at least partly related to the CSF leakage
into the brain parenchyma in iNPH, and thus, do not necessarily indicate vascular
degeneration.

6.3 RADIOLOGICAL FEATURES OF INPH IN RELATION TO MORTALITY

6.3.1 Main findings

To our knowledge, this was the first study to investigate the association between the
various radiological markers and mortality in patients suspected to have iNPH. The
radiological findings related to AD (temporal lobe atrophy) and vascular degeneration
(WMC) were associated with high mortality. However, the classical iNPH markers, e.g. EI
and the disproportionality between the Sylvian and suprasylvian SAS, did not predict
mortality.
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6.3.2 Radiological markers and mortality

The traditional iNPH markers were not associated with all-cause mortality. The lack of
associations was consistent across the models; the non-shunted group, the shunted group
and the sensitivity analyses showed the same result of non-existing associations. It is
possible that either the shunting diminishes the associations between the iNPH-related
markers and mortality, or these markers lack prognostic value when it comes to survival. In
the previous studies e.g. disproportionality, CA, and high convexity tightness are associated
with the shunt response (81,85,178). Besides, Akiguchi et. al. suggested that the DESH
features could be associated with mortality (180), but we found no indication of association
between the disproportionality and the risk of increased mortality. This might be explained
by the rather small study population that Akiguchi et. al. had, consisting only of 8 DESH
patients, and Akiguchi etf. al. did not compare mortality with the non-DESH iNPH patients.
Based on our results, the iNPH-related markers cannot be used to predict mortality in the
iNPH patients, but this result still needs to be confirmed in future studies.

WMC were associated with high all-cause mortality, which was expected based on the
previous studies (14,15,179,185,201-206) where the WMC were also associated with
mortality from cerebrovascular and cardiac diseases (14,185,202,207-212). However, in our
study such associations were not found between the periventricular/deep WMC and
specific causes of death. Instead, there was a trend between mortality from iNPH and the
periventricular/deep WMC. It is possible that especially the periventricular WMC might be
caused by iNPH. It has been proposed that the penetration of the CSF into the brain tissue
due to the occasional increase of the intraventricular pressure might cause the WMC
(periventricular oedema from transependymal resorption), which might explain the
association with all-cause mortality besides the cardiovascular cause (102). Moreover, it has
been suggested that the WMC (in the first place) may trigger iNPH (52). Therefore, the
iNPH patients with WMC should also be shunted, as recommended earlier (104).
Nevertheless, the brain stem WMC were associated with mortality from cerebrovascular
and cardiac diseases, which is in line with a previous report discussing pontine
hyperintensities being associated with poor clinical outcome, although that study did not
find an association with mortality (181).

Wider WTH and medial temporal lobe atrophy were associated with high mortality in
our study. This could naturally be attributed to dementia predicting death. In the model
adjusted additionally with the MMSE, high Scheltens scores were still associated with
mortality. This agrees with other studies on various populations with general atrophy and
medial temporal lobe atrophy (15,184-187). Interestingly, in our study the Scheltens scores
were associated with mortality from iNPH and heart diseases but not dementia, and wide
WTH was associated with mortality from cerebrovascular disease and dementia. It is
possible that these markers also reflect the ventricular size enlargement due to iNPH aside
from the atrophy. In line with our results, Akiguchi et. al. reported higher Scheltens scores
in the iNPH patients than in the patients with ex vacuo ventricular dilatation (1.25 vs. 0.34)
(180).

Based on our findings, we also suggest that in the patients suspected to have iNPH, the
cardiovascular risk factors should also be taken into account since the radiological markers
which predicted mortality were also related to cardiovascular mortality. 39% of the shunted
patients had a cardiac or cerebrovascular disease as the cause of death and it is suggested
that e.g. hypertension and type 2 diabetes are risk factors of iNPH (13). An increased risk of
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dementia and death has been found in the non-shunted iNPH patients compared with aged
controls without hydrocephalus (140). However, it is clear that shunting is not the only
treatment needed for patients with iNPH and the risk factors for vascular diseases and
other comorbidities should be treated.

6.4 STRENGTHS AND LIMITATIONS

The strength of this thesis is the fairly large study population. Several previously reported
radiological markers were assessed and many analyses were performed including
additional cortical brain biopsy findings, 24-h ICP measurements, comorbidities, and
mortality data. Both MRI and CT images were included, representing the clinical practice.
The study population was quite homogenous since only patients with suspected iNPH
were included. Non-shunted patients, i.e. controls, were not healthy controls but patients
with similar symptoms and findings as in the iNPH patients. Therefore, the study design
reflected the clinical setting and provides important results concerning this subgroup of
patients who suffer from cognitive decline and ventriculomegaly.

Furthermore, all-cause mortality is a non-biased estimator of prognosis and our data was
extremely reliable concerning the cause and the time of death with a relatively long follow-
up time (median 5.6 years).

As a limitation, the imaging was performed with a variety of MRI and CT scanners and
imaging protocols because of the long period of time and the multiple hospitals being
involved. Also, we lacked automatically computed data of the brain volumes. We partially
lacked MRI data which limited the analysis for Scheltens scores, brain stem WMC, flow
void and callosal angle.

The studies were performed retrospectively. That may be a possible source of bias.
Despite the fact that the radiological images were evaluated blind in regard to other patient
data, it was clear whether the patient was shunted or not since all images were evaluated in
the same software, where all the imaging data of one patient was available at the same
time. Also, we could not determine whether the ICP pulse wave amplitude was increased
before or after the amyloid accumulation since the ICP measurement and the brain biopsy
were performed concurrently. Due to the retrospective setting, we also lacked some of the
important data such as systematically assessed MMSE scores.

The study population of Study II, especially the number of non-responsive patients was
rather small. Shunt responsiveness was defined as the alleviation of the symptoms and was
assessed only a short period (two to three months) after the shunting. Unfortunately, we
did not have more objective and sensitive measures, which could partly explain the null
results related to the shunt response. Over half of the study population received a shunt.
The shunt operation could have modulated the results. However, adjusting for the shunt or
stratifying the population according to the shunt status did not seem to have a noticeable
effect on the results (Study III).

Finally, this thesis could not define the exact mechanisms for the observed associations.
This thesis could not provide any clinically relevant cut-off values for the radiological
markers that separate healthy people or non-NPH patients from the iNPH patients.
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6.5 PROPOSED OUTLINE OF INPH PATHOGENESIS

Based on this thesis, and earlier studies and pathophysiological theories
(11,39,40,44,47,52,54,55,57,58,213-215), we present the following simplified theory on the
pathogenesis of iNPH and how it results in the radiological findings (Figure 15). INPH is
most likely a multifactorial disease. Predisposing and triggering factors include anatomical
differences in the CSF absorption, genetic variations or mutations, lifestyle factors,
comorbidities, aging, and probably other causes yet to be uncovered. These factors increase
resistance to the CSF outflow, decreased compliance of the brain, appearance of the WMC,
and accumulation of toxic metabolites. The WMC disturb the parallel CSF pathways which
leads to a slightly elevated CSF pressure and increased CSF pulse pressure. This causes
hyperdynamic CSF flow directed towards the cortical areas and causes shear stress around
the brain ventricles, which enlarges them, and at the same time leads to the collapse of the
cortical veins. Increased resistance of the cortical veins further decreases the absorption of
the CSF at the convexity. In this stage, the symptomatic iNPH presents, and the features
related to a suprasylvian block appear in the brain imaging (disproportionality between the
suprasylvian and Sylvian SAS). It is also likely that comorbidities increase the likelihood of
the symptomatic iNPH and may also be connected to the pathogenesis of iNPH, especially
AD and VAD. Thus, signs of the comorbidities can often be seen in the brain imaging.
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7 Conclusions and future perspectives

In conclusion, in patients suspected to have iNPH, the visually evaluated
disproportionality between the suprasylvian and Sylvian SAS evaluated both in MRI and
CT images was the most useful radiological marker in the diagnostics of iNPH in this large
NPH registry study group. Possibly, narrower WTH in conjunction with the
disproportionality may strengthen the diagnosis of iNPH to some extent. In the future, it
would be crucial to study the possibilities of the automatic volumetry to measure the
disproportionality and implement it into the clinical practice.

In our NPH registry, the brain stem WMC and the periventricular/deep WMC, and signs
of the medial temporal lobe atrophy predict all-cause mortality. However, traditional iNPH
markers such as EI, ventricular size, and disproportionality between the Sylvian and
suprasylvian SAS do not predict mortality.

No preoperative radiological marker was useful in the prediction of the shunt response.
Shunt responsiveness was associated with the enlargement of the cortical sulci after the
shunt surgery.

Higher EI and sulcal disproportionality were associated with increased ICP, which
suggests that these radiological signs are potentially linked to the iNPH pathogenesis.
However, these associations were relatively weak, which confirms that these features
cannot be used to predict the mean ICP or the ICP pulse wave amplitude in a clinical
practice. Finally, the AD-related biopsy findings were related to a high pulse wave
amplitude, which suggested that the CSF pulsatility, rather than the ICP alone, might be
related to the increases in the amyloid accumulation. The possibility of the accumulation of
AD-related proteins in iNPH needs be studied further.

This thesis shows that the traditional radiological markers of iNPH have an important
role in the iNPH diagnostics, but radiological features of atrophy and vascular
degeneration should also be considered in the diagnostics of iNPH, and not only in the
differential diagnostics. Besides EI, disproportionality strengthens the diagnosis of iNPH.
Our results do not change the current recommendations in the diagnostics of INPH. More
studies are needed in considering the prediction of the shunt response and the overall
prognosis. Our findings suggest that we should focus more on the vascular degeneration
and the vascular risk factors. It would also be interesting to study whether more intensive
treatment of hypertension, hypercholesterolemia, diabetes and antithrombotic therapy in
the iNPH patients would have effect on mortality and the quality of life. Additionally,
studies investigating the pathophysiology of iNPH are still needed.
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MARIA KOJOUKHOVA

Idiopathic normal pressure hydrocephalus
(iNPH) is a rare clinical syndrome appearing
as gait disturbances, cognitive impairment
and urinary incontinence in the aged popu-
lation. This thesis shows that iNPH-related
radiological markers, such as the Evans’index
and the disproportionality between the supra-
sylvian and Sylvian subarachnoid spaces, are
valuable in the diagnostics of iNPH but not
in predicting survival or the shunt response.
White matter changes and the radiological
findings related to atrophy were predictive of
high mortality in iNPH.
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