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ABSTRACT

Background: Idiopathic normal pressure hydrocephalus (iNPH) is a potentially
reversible but underdiagnosed condition in older adults. Population-based data on
disease incidence and progression remain limited. This thesis aimed to estimate the
prevalence, incidence, and six-year progression of iNPH in a population-based cohort
of 70-year-olds; evaluate the predictive value of vascular risk factors (VrFs), clinical
symptoms, and MRI findings for iNPH development; and propose reference values
for morphological and volumetric imaging markers.

Methods: Papers I and I were cross-sectional studies including 791 participants
from the Gothenburg H70 Studies (examined 20142016, mean (SD) age 71 (0.3),
who underwent clinical assessments and brain MRI. Gait, balance, cognition, and
urinary continence were assessed, and iNPH was diagnosed using modified
International Guidelines (IG). Paper I estimated iNPH prevalence and Paper I1
assessed the diagnostic performance of 12 imaging markers, including Evans’ index
(EI), z-EI, brain per ventricle ratios (BVRac, BVRpc), sulcal compression, Sylvian
fissure enlargement, callosal angle, and diameters of the temporal horns, third and
fourth ventricles, midbrain, and pons. Corresponding volumetric measurements were
obtained using FreeSurfer. Paper III was a longitudinal follow-up (2019-2022) at
age 77 (0.8), with repeated clinical and MRI assessments in 467 participants from
baseline and 90 newly examined (n=557 at age 77). Participants were classified as
possible iNPH, asymptomatic iNPH, radiologic iNPH with isolated symptoms, or
non-iNPH. Analyses included prevalence, incidence, and predictive modelling.

Results: At age 71, the prevalence of possible and asymptomatic iNPH was 1.5%
each; by age 77, this increased to 2.9% and 2.3%, respectively. Paper II proposed
reference values and found z-EI and BVR to be more strongly associated with lateral
ventricular volume than EI. The six-year incidence of possible and asymptomatic
iNPH was 4.8 and 1.9 cases per 1,000 person-years, respectively. z-EI, BVRac, and
callosal angle were the strongest radiologic predictors of iNPH. Most VrFs were not
associated with iNPH, though higher BMI increased iNPH risk. Radiological changes
often preceded symptoms; during follow-up, 43% of asymptomatic iNPH and 67% of
radiologic iNPH with isolated symptoms progressed to symptomatic iNPH.

Conclusions: iNPH is more common than previously recognized in this age group,
with radiological signs often preceding symptoms, underscoring the need for early
detection. Population-based reference values were established, and novel markers
such as z-EI and BVR showed potential for improving diagnostic accuracy. These
findings offer new insights into iNPH epidemiology and support refinement of
diagnostic criteria.

Keywords: Idiopathic normal pressure hydrocephalus, epidemiology, prevalence,
incidence, MRI, population-based, imaging markers, aging
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SAMMANFATTNING PA SVENSKA

Idiopatisk normaltryckshydrocefalus (iNPH) dr en neurologisk sjukdom som drabbar
dldre och kdnnetecknas av gang- och balanssvérigheter, kognitiv nedséttning och
urininkontinens. Trots tillgdnglig behandling forbises tillstandet ofta, vilket innebar
att ménga patienter forblir obehandlade. For att béttre forstd hur vanligt iNPH &r och
hur sjukdomen utvecklas 6ver tid kravs befolkningsbaserade epidemiologiska studier.

Syftet med denna avhandling var att undersoka forekomsten (prevalens) av iNPH vid
71 och 77 ars élder, samt att kartldgga nyinsjuknande (incidens) och sjukdomsférlopp
over sex ar. Vidare undersoktes om kliniska symtom, vaskuldra riskfaktorer och
radiologiska bildmarkorer kunde forutsidga eller dka risken for sjukdomsutveckling.
Avhandlingen syftade ocksa till att utvdrdera den diagnostiska formagan hos olika
bildmarkorer och att ta fram befolkningsbaserade referensvarden for bade nya och
etablerade sadana.

Arbetet bygger pa tre delstudier baserade pa data fran de befolkningsbaserade H70-
studierna i Goteborg. Delarbete I och II var tvérsnittsstudier ddr 791 systematiskt
utvalda 71-aringar undersdktes med bade kliniska tester (géng, balans, minne och
urininkontinens) och magnetkameraavbildning av hjdrnan. Tolv iNPH-relaterade
bildmarkdrer méttes pa samtliga deltagare, och motsvarande hjarnvolymer
berdknades automatiskt med datorprogrammet FreeSurfer. Delarbete 111 var en
uppfoljning sex &r senare, dir totalt 557 personer deltog vid 77 ars alder — 467 som
dven varit med vid 71 ars alder och 90 som tillkom vid uppf6ljningen. Samma
kliniska och radiologiska undersékningar upprepades vid uppfoljningen. Deltagarna
delades in i fyra grupper: iNPH, asymtomatisk iNPH (radiologisk iNPH utan
symtom), radiologisk iNPH med enstaka symtom, samt de utan iNPH.

Vid 71 ars alder hade 1,5 % iNPH och lika stor andel asymtomatisk iNPH. Sex ar
senare hade prevalensen o6kat till 2,9 % for iNPH och 2,3 % for asymtomatisk iNPH.
(Delarbete I och IIT) Dessa resultat dr hogre n i tidigare studier och pekar pa att
sjukdomen ar vanligare &n man tidigare trott, samt att forekomsten dkar med aldern.

1 Delarbete II foreslogs befolkningsbaserade referensvirden for bade etablerade och
nya bilddiagnostiska métt. De nyare matten, bland annat z-Evans’ Index och brain
per ventricle ratio som pé olika sétt méter ventrikelstorlek, visade starkare samband
med hjdrnans ventrikelvolym &n traditionella matt som Evans’ index, vilket tyder pa
att de kan vara mer traffsdkra vid diagnos.

Sexarsincidensen for iNPH och asymtomatisk iNPH var 4.8 respektive 1.9 fall per
1,000 personér. 43% av dem med asymtomatisk iNPH och 67 % av dem med
radiologisk iNPH och enstaka symtom vid 71 ars alder utvecklade fullt
symptomgivande iNPH pa 6 ar. Detta visar att strukturella hjarnfordndringar ofta
foregar symtomutveckling, vilket understryker vikten av tidig upptackt. Av de

vil



vaskuléra riskfaktorer som studerades var det endast ett hogre BMI som visade ett
statistiskt betydelsefullt samband med 6kad sjukdomsrisk. (Delarbete III)

Sammanfattningsvis visar avhandlingen att iNPH &r vanligare dn tidigare antagits, att
sjukdomen ofta foregds av radiologiska fordndringar innan symtom upptrader, och att
nya bildmarkdrer kan forbéttra diagnossikerheten. Fynden bidrar till 6kad kunskap
om iNPH:s epidemiologi och stddjer behovet av mer traffsdkra diagnoskriterier.
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1 BACKGROUND

1.1 ANATOMY AND PHYSIOLOGY OF THE
CSF CIRCULATION

Cerebrospinal fluid (CSF) is a clear, colorless fluid that bathes the brain and
spinal cord, playing a vital role in protecting and maintaining the central
nervous system (CNS). In adults, the total CSF volume is approximately 150
mL, with a continuous production rate of around 20 mL per hour, amounting to

about 500 mL daily.>*

CSF has both mechanical and metabolic functions. Mechanically, it acts as

a shock absorber, cushioning the brain against external trauma while

also reducing its effective weight, thereby minimizing stress on nerve roots and
blood vessels. Additionally, it helps accommodate intracranial volume
fluctuations that occur with each heartbeat and respiratory

cycle.’ Metabolically, it contributes to homeostasis by transporting nutrients,
hormones, and growth factors, while also clearing metabolic waste—
particularly during sleep, when clearance of neurotoxic byproducts is

enhanced.* ¢

Traditionally, the choroid plexus within the ventricular system has been
considered the primary site of CSF production, accounting for 70-75% of CSF
production, with the remainder derived from the ependymal wall, brain

parenchyma, and interstitial fluid.* More recent hypotheses, however, argue
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that extrachoroidal sites may play a larger role, with the choroid plexus

providing only partial support to CSF production.’

CSF dynamics includes both convective and pulsatile components. Convective
flow is a pressure-driven, unidirectional movement from the ventricles to
absorption pathways, created by hydrostatic gradients between the choroid
plexus (higher pressure) and arachnoid granulations (lower pressure). In
contrast, pulsatile flow is bidirectional and linked to cardiac and respiratory
cycles. Arterial pulsations are thought to generate baseline oscillations, while
respiratory pressure shifts contribute larger fluctuations. Inspiration usually
promotes cranial CSF movement and expiration caudal flow, though both
directions can occur depending on venous return. The relative contributions of

cardiac and respiratory drivers remain incompletely understood.’

CSF flow follows a structured pathway, beginning in the lateral ventricles,
passing through the foramina of Monro into the third ventricle, and then
flowing through the aqueduct of Sylvius into the fourth ventricle. From there, it
exits via the foramina of Magendie and Luschka, entering the subarachnoid
cisterns. Once in the subarachnoid space, CSF circulates over the cerebral

convexities and along the spinal canal.*

Traditionally, CSF absorption has been thought to occur mainly through cranial
arachnoid granulations draining into the dural venous sinuses.”

However, several parallel routes have now been identified, including cranial
meningeal lymphatics in the dura mater, perineural pathways along cranial
nerve sheaths and the nasal cribriform plate leading to cervical lymphatics, and

spinal absorption via arachnoid granulations and spinal meningeal lymphatics.’

2
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Figure 1. Schematic representation of the traditional view of CSF flow
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Reproduced from OpenStax,
https://cnx.org/contents/FPtK 1zmh@8.25:fEI3C80t@10/Preface, Licensed under CC BY
4.0, https://commons.wikimedia.org/w/index.php?curid=30147960

The glymphatic system, described in 2012, has reshaped concepts of cerebral waste
removal, functioning as a brain-wide clearance network comparable to the peripheral
lymphatic system. It facilitates the entry of CSF from the subarachnoid space into the
perivascular spaces surrounding arteries—known as Virchow-Robin spaces—driven
by arterial pulsations and further supported by respiratory movements and CSF
pressure gradients.®!° From there, CSF enters the brain’s interstitial space through
aquaporin-4 (AQP4) water channels, which are concentrated on the endfeet of
astrocytes lining these perivascular spaces.®!® AQP4 enables the exchange between

CSF and interstitial fluid (ISF), promoting convective clearance of solutes such as

3



Clara Constantinescu

amyloid-B (AB) and tau from the brain parenchyma.!® ! These solutes are ultimately
directed along perivenous routes and drained via meningeal lymphatic vessels into

the cervical lymph nodes.?

The glymphatic system is most active during sleep, when interstitial spaces expand
and resistance to fluid movement decreases, thereby enhancing solute clearance.® '°
In contrast, wakefulness suppresses glymphatic transport, and aging may further
diminish its function through loss of AQP4 polarization and reduced arterial
pulsatility, both of which impede CSF-ISF exchange.'® Glymphatic dysfunction is
increasingly recognized as a contributing factor in a wide range of neurological
disorders—including stroke, neurodegenerative diseases, traumatic brain injury, and
hydrocephalus—Ilikely due to impaired clearance of neurotoxic waste products and

disrupted brain homeostasis.” '°

1.2 CLASSIFICATION OF HYDROCEPHALUS

Hydrocephalus refers to a diverse group of disorders characterized by abnormal CSF
dynamics, leading to ventricular enlargement and brain tissue distortion.' It can affect

individuals of all ages, but chronic forms are particularly common in older adults.

Traditionally, hydrocephalus is classified into two main types: non-communicating
(obstructive) and communicating (non-obstructive). In obstructive hydrocephalus,
CSF flow is blocked within the ventricular system, often at narrow passages such as
the cerebral aqueduct or foramina. This blockage may be caused by intraventricular
lesions (e.g., tumors, hemorrhage, congenital malformations) or external compression
of the foramina from space-occupying masses. Obstructive hydrocephalus can arise

acutely or develop over time, is frequently associated with elevated intracranial
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pressure (ICP) and can arise at any age."® Elevated intracranial pressure is the
primary driver of symptoms in acute obstructive hydrocephalus, typically presenting
with nausea, vomiting, headache, drowsiness, and reduced consciousness;
papilledema may also be observed. In severe instances, sudden pressure increases can
result in rapid neurological decline or death. In children and young adults, significant
ICP elevation may occur with only modest ventricular enlargement.® In adults,
obstructive hydrocephalus may present at older age as a chronic disease with slow

progression of symptoms, e.g., in idiopathic aqueductal stenosis.

Communicating hydrocephalus, on the other hand, involves impaired CSF absorption
or, less commonly, CSF overproduction, despite unobstructed flow within the
ventricular system. Unlike obstructive hydrocephalus, ICP is typically normal or less
elevated in communicating forms. The underlying dysfunction is traditionally
attributed to impaired CSF absorption at the level of the arachnoid granulations,
particularly in secondary normal pressure hydrocephalus (sNPH).!* '* sNPH may
arise following conditions such as subarachnoid hemorrhage, meningitis (bacterial or
aseptic), or leptomeningeal carcinomatosis.' In the absence of a known cause, it is

considered iNPH.> 718 Table 1.

Both chronic obstructive and communicating forms of hydrocephalus in adults can
produce similar symptoms: gait and balance disturbances, cognitive decline, and
urinary urgency and incontinence. Additional features such as hypersomnia and
attentional deficits have also been reported, particularly in chronic obstructive cases.
In partial obstructions, patients may remain largely asymptomatic despite
considerable ventricular dilation visible on imaging.?

Collectively, these nonacute forms are often grouped under the term chronic

hydrocephalus in adults (CHiA)."
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Table 1. Overview of hydrocephalus classification and causes

Non-communicating (Obstructive)
Hydrocephalus

Communicating Hydrocephalus

1. Blockage at key ventricular sites:

- Foramen of Monro: Most often due to
colloid cysts, but tumors or adhesions
can also obstruct flow.

- Cerebral aqueduct: Congenital forms
include aqueductal webs or stenosis.
Acquired causes include tumors,
vascular malformations, adjacent
hemorrhage, or infections (e.g.,
meningitis, ventriculitis).

- Fourth ventricular outlets: May be
affected by cerebellar infarcts, posterior
fossa tumors, hemorrhage, or
inflammation.

- Foramen magnum: Obstruction may
result from congenital anomalies such as
Chiari malformation,
osteochondrodysplasia, metabolic
disorders, or developmental

1. Impaired CSF absorption due to:
- Subarachnoid hemorrhage

- Bacterial or aseptic meningitis

- Leptomeningeal carcinomatosis

abnormalities.

2. Other causes of obstructive 2. Without CSF absorption
hydrocephalus: blockage:

- Intraventricular hemorrhage - Idiopathic normal pressure
- Enlarged Virchow-Robin spaces in the ~ hydrocephalus

midbrain

- Acute hydrocephalus after
decompression at the craniovertebral
junction

- CSF overproduction (rare), e.g.,
choroid plexus papilloma or
carcinoma, diffuse villous hyperplasia,
or choroid plexus cysts.

3. Other conditions with large
ventricles

- Hydrocephalus ex vacuo (due to
cerebral atrophy), colpocephaly
(ventricular enlargement due to loss of
surrounding brain tissue)

Abbreviations: CSF = Cerebrospinal fluid

Adapted and paraphrased from: Barkhof F, Jiger HF) Thurnher MM, Rovira A, eds. *Clinical
Neuroradiology: The ESNR Textbook*. Springer; 2019. doi: 10.1007/978-3-319-68536-6



Clara Constantinescu

A recent systematic review concluded that the present classification system for CHiA
lacks consistency and clinical utility and proposed a new clinical classification
system for CHiA, grouping conditions based on age at onset, clinical characteristics,
and presumed etiology.!® Within this framework, seven major clinical entities are
recognized: (1) Hakim disease (iNPH), the best-characterized form, presenting with
progressive gait and/or balance disturbances, cognitive decline, and urinary
symptoms; (2) early midlife hydrocephalus, typically affecting individuals in their
40s—50s and characterized by symptoms of raised intracranial pressure; (3) Late
midlife hydrocephalus, occurs later in life with symptoms similar to iNPH, but often
includes headache, visual symptoms, and may be associated with a larger head
circumference, reflecting an underlying congenital component (4) secondary CHiA,
developing after identifiable events such as subarachnoid hemorrhage, head trauma,
or meningitis, and presenting with symptoms similar to iNPH; (5) compensated
hydrocephalus, describing patients with ventriculomegaly but either no symptoms or
stable, nonprogressive symptoms; (6) genetic hydrocephalus, associated with specific
genetic variants affecting CSF dynamics; and (7) transitioned hydrocephalus,
referring to adults treated for hydrocephalus during childhood who continue to

require follow-up into adulthood."

This thesis focuses specifically on iNPH, and for consistency, the term iNPH will be
used throughout. However, future efforts may favor the broader adoption of "Hakim
disease," a designation that avoids outdated assumptions about intracranial pressure

that originated before reliable measurement techniques and normative reference

values were established.
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1.3 HISTORY OF INPH

iNPH was first identified in 1965 by the Colombian neurosurgeon Salomén Hakim 2"
21 He described a group of patients who exhibited ventricular enlargement, as
observed through pneumoencephalography, yet maintained normal ICP. These
individuals presented with a distinct triad of symptoms: gait disturbances, cognitive
decline, and urinary incontinence. Hakim’s research focused on CSF hydrodynamics,
suggesting that ventriculomegaly in iNPH resulted from increased mechanical stress
on brain tissue, despite normal CSF pressure. Importantly, lumbar puncture and
ventriculoatrial shunting were found to significantly alleviate symptoms, reinforcing
the role of CSF circulation abnormalities in the disorder.??

The condition was later named normal pressure hydrocephalus (NPH) and further
classified into sSNPH and iNPH. Today, iNPH accounts for approximately 50% of all
NPH cases.

1.4 PATHOPHYSIOLOGY OF INPH

The pathophysiology of iNPH remains incompletely understood. While it is widely
accepted that the condition arises from a combination of contributing factors and
interconnected mechanisms, the exact biological processes that drive disease onset,

progression, and symptom reversibility are still being unraveled.

1.4.1.1 DISTURBANCE OF CSF DYNAMICS

A common hypothesis suggests that iNPH stems largely from disruptions in CSF
dynamics, particularly involving impaired absorption of CSF,* and increased CSF

pulsatility.>*
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Increased CSF Pulsatility

iNPH patients exhibit reduced intracranial compliance and increased CSF pulsatility,
reflecting abnormal pressure fluctuations within the ventricular system.

Increased CSF pulsatility may result from stiffened arteries and reduced intracranial
compliance, both common in aging and small vessel disease. As arterial pulsations
are less effectively dampened, more force is transmitted into the CSF spaces—
particularly across the aqueduct—Ileading to exaggerated, bidirectional flow. This

creates a hyperdynamic CSF state that may contribute to ventricular dilation.?> 2

One parameter used to evaluate CSF dynamics is aqueductal stroke volume (ASV),
measured using phase-contrast MRI, which measures the average amount of CSF
passing through the cerebral aqueduct during the cardiac cycle. Studies have shown
increased ASV in iNPH patients compared to controls® ¢ and other dementia cases,”’

making it a possible marker for both diagnosis and differential diagnosis.

The net direction of CSF flow is often reversed in iNPH—flowing from the fourth
ventricle back toward the third and lateral ventricles—unlike the craniocaudal flow
seen in healthy individuals.?® This reversal promotes transependymal CSF migration
into the surrounding white matter,” potentially contributing to periventricular edema
and ventricular enlargement. Importantly, these flow abnormalities often normalize

after shunting, reinforcing their role in disease pathophysiology.?
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Impaired CSF Drainage and Increased Outflow Resistance (Rouw)

Impaired CSF absorption is often implicated in iNPH and is commonly reflected by
elevated Rou (resistance to outflow).’® Rou is a measure of how difficult it is for CSF
to drain out of the intracranial space. It is calculated by assessing the relationship
between CSF pressure and its outflow rate.

An increased Rou indicates greater resistance to CSF outflow, which can contribute
to fluid accumulation and ventricular enlargement. Lower Row indicates easier CSF
absorption, which is generally not associated with hydrocephalus.

Rout has been historically used to predict which patients may benefit from shunt

surgery,” though its role in iNPH diagnosis and management remains debated.

Structural abnormalities within CSF drainage pathways have been observed in some
iNPH patients,’' though not consistently.?> A study comparing venous outflow in
iNPH patients versus healthy controls found markedly reduced venous drainage in
iNPH,* attributed to sinus stenosis and increased venous pressure.** Elevated venous
pressure can hinder CSF absorption at the superior sagittal sinus, potentially

exacerbated by retrograde jugular flow.%

To compensate for poor CSF absorption, the brain may increase transependymal
absorption, in which CSF is redirected into perivascular white matter. This process,
however, may contribute to white matter changes and disease progression.3® 37 Thus,
ventricular enlargement in iNPH is likely driven by a combination of high CSF
pulsatility and impaired drainage, further worsened by elevated venous pressure and

reduced intracranial compliance.’® 3
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Aging and CSF Dynamics

It is important to consider age-related changes in CSF physiology. CSF production
and absorption naturally decline with age, while intracranial compliance decreases,
and venous pressure increases.’® Studies show that Rout increases with aging, and that
up to 25% of healthy older adults exhibit elevated Rou values,* *° complicating its
interpretation in iNPH diagnosis. Additionally, some patients with low Rou still
improve after shunt surgery,*! highlighting that other mechanisms beyond Rou likely
contribute to iNPH pathology.

1.4.1.2 THE ROLE OF VASCULAR DISEASE

Vascular pathology is increasingly recognized as a contributor to iNPH. Multiple
studies, including a large systematic review and meta-analysis, have shown that
vascular risk factors (VrF)—such as diabetes mellitus, overweight, coronary heart
disease, peripheral vascular disease, and hypertension—are significantly more
common among individuals with iNPH and are associated to an increased risk for
iNPH.**** In contrast, no consistent associations have been found with smoking or
alcohol use.** The frequent observation of vascular white matter changes in iNPH

patients further supports a vascular component in the pathogenesis.*> 3

Arterial hypertension is overrepresented in iNPH patients.*> 444647 Both systolic
blood pressure and pulse pressure—the difference between systolic and diastolic
pressure—are associated with ventricular enlargement.*® Higher pulse pressure has
also been linked to increased CSF volume, greater white matter lesion burden, and
cognitive decline.*”* Altered arterial hemodynamics during systole may disturb CSF
pulsations due to increased systolic strain and reduced brain compliance, ultimately

impairing the transmission of normal pulsatile flow, contributing to ventricular
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enlargement, periventricular edema, and mass effect. These changes are thought to
contribute to reduced cerebral blood flow (CBF), particularly in periventricular
regions, leading to compression of small blood vessels, reduced perfusion and
oxygen delivery, and focal ischemia, which may compromise subcortical neural
circuits. These alterations may disrupt cerebral homeostasis and contribute to

progressive neurological dysfunction in iNPH.*’

Small vessel disease is also thought to play a role in iNPH pathogenesis. White
matter lesions (WMLs), commonly associated with VrFs,* 3 small vessel disease
and ischemia,’! are found more frequently in iNPH patients than in healthy

42,45,52

controls. These lesions have been linked to subcortical symptoms such as gait

t>3>—core clinical

disturbances, urinary incontinence, and cognitive impairmen
features of iNPH. Additionally, cerebral microbleeds, which occur at a higher rate in

iNPH patients,’* may further indicate underlying small vessel pathology.

Diabetes mellitus may contribute to iNPH pathophysiology by promoting glymphatic
system dysfunction, neuroinflammation, and small vessel damage.** Moreover,
overweight may increase lumbar CSF pressure, and contribute to impaired venous
return, potentially disturbing CSF dynamics and contributing to ventricular
enlargement.*> 3¢ Obesity has been associated with vascular and neurodegenerative
changes, including reduced cerebral blood flow, gray matter alterations, and
microangiopathy, but further studies are needed to clarify its mechanisms and

potential role in iNPH.*

However, these microcirculatory and metabolic changes appear to be at least partially

57,58

reversible. WMLs can diminish postoperatively, and perfusion studies have

shown partially reversible blood flow reductions, particularly in periventricular and
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frontosubcortical areas.’*! Both the reduction of WMLs*’>*® and improvements in

blood flow®! correlate with the degree of clinical enhancement after surgery.

1.4.1.3 GENETIC FACTORS

While iNPH is still considered a sporadic disease, accumulating evidence suggests a
familial link in iNPH, with up to 16% of patients reporting relatives with confirmed
or suspected iNPH,®? pointing to a possible genetic component. Recent genetic
studies have pointed to multiple biological pathways that may contribute to iNPH,
including ciliary dysfunction, vascular damage, neuroinflammation, and
neurodegeneration.®

Several genes have been implicated, particularly those linked to abnormalities in
ciliary structure and function. One study identified a segmented loss of the SFMBT1
gene — involved in chromatin regulation and potentially in cilia-related processes — as
a possible risk factor for shunt-responsive iNPH.%* A later study in a European cohort
confirmed the deletion was more common in iNPH than in controls, but found no
association with shunt response.®

A loss-of-function in CFAP43, a gene associated with ciliary and flagella-function,
was found to be associated with familial iNPH, and knockout experiments of that
gene in mice produced a hydrocephalus phenotype with cilia motility defects.®
Another study identified two loss-of-function deletions in the CWH43 gene through
whole-exome sequencing.’’ These mutations were present in 15% of the 53 iNPH
patients analyzed. In mouse models, these deletions resulted in ventriculomegaly,

impaired gait and balance and reduced ependymal cilia.®’

A large genome-wide association study of 1,522 NPH patients and more than

451,000 controls identified six genetic loci located near genes involved in the blood—
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brain barrier (BBB) and the blood—cerebrospinal fluid barrier, which were also linked

to iNPH.%®

1.4.1.4 GLYMPHATIC SYSTEM

Dysfunction of the glymphatic system—the brain’s pathway for clearing waste—has
increasingly been recognized as a key pathophysiological factor in several
neurological and neurodegenerative diseases.®” " Additionally, factors commonly
associated with iNPH, including aging,”' hypertension’? and diabetes,”® have also
been linked to impaired glymphatic function, further highlighting its potential

relevance in the disease process.

MRI studies using intrathecal contrast administration have demonstrated reduced
glymphatic flow in iNPH, suggesting a potential link between impaired clearance
mechanisms and the clinical manifestations of the disease.? 77 This dysfunction is

likely driven by several interconnected factors.

One major contributor is probably arterial stiffness and loss of vascular compliance.
Normally, the pulsations of blood vessels help drive the movement of cerebrospinal
and interstitial fluids through the glymphatic system, facilitating the removal of
metabolic waste. However, as arteries stiffen, this pulsatile force diminishes, leading
to stagnation of interstitial fluid and inefficient clearance. This disruption may also
contribute to the retrograde flow of subarachnoid CSF, where instead of draining
properly, CSF is pushed back into the ventricular system due to increased resistance

along glymphatic pathways.'*
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Studies using diffusion tensor imaging along the perivascular space (DTI-ALPS)—a
technique that indirectly assesses glymphatic function by tracking interstitial fluid
movement along perivascular spaces—also support the presence of glymphatic
impairment in iNPH. Patients with iNPH show significantly lower DTI-ALPS index
compared to healthy controls.”® 7’ Notably, those who experience clinical
improvement after lumboperitoneal shunt surgery often demonstrate an increase in

the DTI-ALPS index—a change not seen in non-responders.” 78

Another potential mechanism underlying glymphatic dysfunction in iNPH is

the reduced expression of AQP4 channels. Studies have reported decreased AQP4
expression in iNPH patients,” 3 mirroring findings in Alzheimer’s disease (AD),
where impaired AQP4 function has been associated with toxic protein accumulation
and cognitive decline.®"> %2 Similarly, in iNPH, glymphatic impairment may result in

the buildup of neurotoxic waste products, contributing to neurological dysfunction.'*

1.4.1.5 IMPAIRED CEREBRAL BLOOD FLOW

Multiple studies have highlighted that patients with iNPH exhibit reduced CBF in
several functionally important brain areas, implying that vascular dysfunction plays a
significant role in the disease. For example, recent imaging studies using MRI- and
CT-perfusion, '*O-water positron emission tomography combined with coregistered
MRI for anatomical region of interest definition, and arterial spin-labeling MRI have
shown that, compared to healthy individuals of the same age, iNPH patients exhibit
diminished CBF in various brain regions, including the periventricular white matter

85,86

(PVWM),¥85 basal ganglia,®® nucleus lentiformis,®**> thalamus,®> % and basal

medial frontal cortex.®® In some cases, global reductions in CBF have also been
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observed.®* # 36 These findings support the view that the broad clinical features of

iNPH may stem from impaired perfusion across multiple neural systems.'

The extent and location of blood flow reduction may correspond to the variety and

severity of symptoms. For instance, urinary dysfunction, commonly seen in iNPH, is
often linked to detrusor overactivity, which may result from disrupted frontal lobe or
basal ganglia activity.”- 3% Similarly, gait disturbances—a hallmark of the disorder—

have been associated with CBF reductions in the basal ganglia.'* 3886

However, the precise mechanisms leading to hypoperfusion in the deep gray matter
and PVWM are not yet fully clarified. Suggested contributing factors include
compression of deep arteries, impaired venous outflow, disturbed autoregulation, and
periventricular fluid redistribution related to transependymal flow, which may

influence perfusion either individually or collectively.'*

While shunting appears to enhance CBF in patients with clinical improvement
following surgery,*® ® the underlying mechanisms driving these improvements
remain unclear. Increases in CBF following shunt surgery have been reported in
multiple regions, including the PVWM,°"$ 0 thalamus,°' supplementary motor
area,’’ medial frontal cortex,”” brainstem,” and globally.'* However, findings across

studies vary, which may in part reflect differences in imaging techniques used.'*

1.4.1.6 IMPAIRED BLOOD BRAIN BARRIER

The BBB plays an important role in maintaining CNS homeostasis, shielding the
brain from toxins, pathogens, and inflammation while allowing essential nutrients to

pass.” Several studies have shown that the BBB is compromised in iNPH. Biopsy
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samples from iNPH patients reveal distorted and thickened basement membranes
and degenerating pericyte processes,” leading to increased permeability and a

weakened BBB.!*

One study demonstrated fibrinogen extravasation—a marker of BBB disruption— in
all iNPH patients examined, compared to only a minority of reference subjects with
other neurological disorders.”® This accumulation was associated with elevated glial
fibrillary acidic protein (GFAP),?® indicating reactive astrogliosis, which may reduce
brain compliance and disrupt CSF dynamics.'* Both fibrin deposition and astrogliosis
correlated with decreased AQP4 expression, suggesting a link between BBB
dysfunction and glymphatic impairment.'# %697

These pathological changes may all play a role in the damage of the BBB in iNPH.

1.5 CLINICAL CHARACTERISTICS

iNPH primarily affects older adults and develops gradually. The hallmark features
include gait and balance difficulties, cognitive decline, and urinary dysfunction,
commonly referred to as the iNPH symptom triad or Hakims triad. However, this
term can be misleading, as only about half of patients exhibit all three symptoms,”
while others experience just one or two, and as there are other symptoms not covered
by the triad such as upper limb motor dysfunction.? Furthermore, these symptoms
are common in aging populations and frequently overlap with other medical

conditions, making diagnosis challenging.
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1.5.1.1 GAIT AND BALANCE

Gait disturbances are often the earliest and most prominent symptom in iNPH,
typically becoming the primary concern for both patients and their families. The gait
is generally described as hypokinetic, wide-based, and shuffling, with a noticeable
reduction in step height and cadence, as well as outward rotation of the toes.”” ' In
some cases, freezing of gait, similar to what is observed in Parkinson’s disease (PD),
may occur.'"!

A common feature is retropulsion, i.e. the tendency towards a backward-leaning
posture.'” Balance and postural issues appear to stem from a backward displacement
of the center of pressure — the point beneath the feet where the body’s weight is
centered during standing and walking — as well as impaired vertical visual
perception.'® In addition, patients with iNPH often exhibit a general slowing of
movements, which affects not only gait but also tasks involving the upper limbs and
trunk control.'™ Gait and balance difficulties often occur together and can be
challenging to distinguish.'> However, both sets of symptoms contribute to impaired
mobility, leaving many patients exposed to an increased risk of falls and reduced

confidence in their movements.'?

1.5.1.2 COGNITION

Cognitive impairment in iNPH is characterized by frontal-subcortical dysfunction,
which comprises inattention, apathy, reduced psychomotor speed and mental agility,
and impairments in memory and executive functions.!% 17

According to the organic psychiatry classification,'®® iNPH often begins with
astheno-emotional disturbances (AED), which include symptoms like fatigue, poor
concentration, memory difficulties, irritability, and emotional instability. These may

progress to an emotional-motivational disorder (EMD), marked by apathy, emotional
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blunting, and loss of drive, or to a somnolence-sopor-coma syndrome (SSCD),
characterized by a global slowing of emotional, cognitive, motor, and motivational
functions. EMD and SSCD frequently occur together.! ' After shunt surgery,
symptom recovery typically follows the reverse pattern, with SSCD symptoms often
responding most favorably.’® !

Compared to patients with Alzheimer’s disease (AD) — the most common
neurodegenerative cognitive disorder — individuals with iNPH generally exhibit
milder impairments in memory and orientation, although the two conditions may
overlap.''?

Cognitive function tends to improve after surgery,''> however, evidence suggests that
even after surgery, individuals with iNPH do not fully regain cognitive abilities
comparable to healthy peers of the same age.!””- 1% 113 While vascular comorbidities
are associated with worse neuropsychological performance,'’ they do not appear to

influence the degree of cognitive improvement following surgery.''*

1.5.1.3 URINARY INCONTINENCE

Urinary symptoms are common in iNPH, typically presenting as neurogenic bladder
dysfunction.®® ''>117 [n the early stages, patients often experience increased urgency
and frequency, which may progress to urinary incontinence and, in severe

cases, fecal incontinence.!

Despite being a core feature of iNPH, urinary symptoms are often underrecognized,
possibly due to their overlap with cognitive impairments. Additionally, bladder
dysfunction is widespread in the general aging population, making it challenging to

distinguish iNPH-related symptoms from those caused by other conditions.
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1.5.1.4 SYMPTOM EVALUATION

A multitude of scoring systems have been created to evaluate symptom severity and
diagnose iNPH.!'"®12! The lack of a unified diagnostic tool complicates comparisons
between studies. One commonly used measure is the modified Rankin Scale
(mRS),'?> 123 originally designed to assess disability following stroke. While
frequently applied in iNPH research,’® 2+-126 it lacks specificity for the condition’s

hallmark symptoms.

In Japan, the iNPH Grading Scale (iNPHGS)'?” is commonly used and has
demonstrated good interrater reliability and construct validity.'?° It rates gait
disturbance, cognitive impairment, and urinary incontinence on a scale from 0 to 4,

including options for subjective symptoms to capture early-stage iNPH.

Hellstrom et al. introduced a dedicated iNPH outcome scale that evaluates four key
symptom domains: gait, balance, cognition, and continence.!'” Each domain is
assessed through specific tests, observations, or self-reports, with scores converted
into a 0—100 scale, where 100 represents the performance level of healthy adults aged
70-74. The final composite iNPH score is calculated by averaging the domain scores,
with gait weighted twice as heavily as the other domains. Many of the variables used
in this scale have also been incorporated into the Swedish Hydrocephalus Quality

Registry.

1.6 DIAGNOSIS OF INPH

Diagnosing iNPH requires a comprehensive and multidisciplinary approach
involving clinical evaluation, imaging, and, when applicable, CSF analysis. Two

major diagnostic guidelines are currently in use, the Japanese Guidelines and the
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International Guidelines (see Chapter 1.6.1.1),"? and practices may vary across
medical centers. The diagnostic process includes a detailed history to assess
symptom progression and exclude secondary causes such as trauma or infection.
Clinical evaluation should cover cognitive, gait, balance and urinary symptoms,
ideally involving both a neuropsychologist and a physiotherapist to ensure thorough
assessment. Brain imaging—preferably MRI—is essential to identify characteristic
radiological features of iNPH. A lumbar puncture is typically performed to confirm
normal intracranial pressure (5—18 mmHg) and to assist in differential diagnosis

through CSF analysis.

1.6.1.1 DIAGNOSTIC GUIDELINES

Two main diagnostic guidelines are used for iNPH: the International Guidelines (IG)
! and the Japanese Guidelines (JG).? Both classify cases as "probable” and "possible"
based on clinical and radiological criteria, while the JG also include a "definite"
category, referring to patients who respond to shunt surgery (see Table 2). All studies
in this thesis follow the IG, which were published in 2005 and have not been updated
since. In contrast, the JG have undergone three revisions, most recently in 2021.2

The two different diagnostic guidelines are outlined in Table 2.

21



Clara Constantinescu

Table 2. Summary of International and Japanese Guidelines for iNPH diagnosis'2

Classification

IG — Possible iNPH

IG — Probable iNPH

Symptoms required

>1 of gait disturbance,
cognitive decline,
urinary incontinence

Gait disturbance +>1 of
cognitive decline or
urinary incontinence

Clinical and contextual
criteria

Subacute or unclear
onset; any age; duration
<3 months or uncertain;
not clearly progressive;
not entirely attributable
to other conditions

Insidious onset after age
40; duration >3—-6 months;
progressive; no better
explanation

Imaging criteria

EI>0.3; no CSF
obstruction; atrophy or
structural lesions may
explain findings

EI> 0.3 not fully
explained by atrophy; no
CSF flow obstruction and
>1 of:

* Enlarged temporal horns
not entirely caused by
hippocampal atrophy

* Callosal angle > 40°

* Altered periventricular
water content not
attributable to
arteriolosclerosis or
demyelination

* Flow void in aqueduct or
4th ventricle

Supplementary tests

CSF pressure

Unavailable or outside
probable range

5-18 mmHg (70-245
mmH-0)
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Classification JG — Possible iNPH JG — Probable JG -
iNPH Definite
iNPH
Symptoms >2 of clinical triad (gait Meets possible
required disturbance, cognitive iNPH criteria
decline, urinary incontinence)
Clinical and Clinical symptoms not Meets possible Objective
contextual explained by other iNPH criteria symptom
criteria neurological or non- improvement
neurological disease, after shunt
Preceding diseases possibly surgery
causing ventricular dilation
(including subarachnoid
hemorrhage, meningitis, head
injury,
congenital/developmental
hydrocephalus, and
aqueductal stenosis) are not
obvious; >60 years of age
Imaging EI> 0.3 or EI <0.30 with: DESH (neuroimaging
criteria « CA <90° features of narrowing of
e 7-El > 0.42 the sulci anfi
CBVRatAC lovel < 1.0 | Juberachnoidel space
*BVR at PC level < 1.5 convexity/midline
surface) + gait
disturbance (small
stride, shuffling gait,
instability during
walking, increased
instability turning)
or see
supplementary test
Supplementary Positive CSF tap test
test and/or positive ELD
CSF <200 mm H-0 and
pressure/content normal CSF content

Abbreviations: AC = anterior commissure; BVR = brain per ventricle ratio; CA = callosal angle; CSF =
cerebrospinal fluid; DESH = disproportionately enlarged subarachnoid space hydrocephalus; EI =
Evans’ Index; ELD = extended lumbar drainage; IG = International iNPH Guidelines; JG = Japanese
iNPH Guidelines; PC = posterior commissure; z-EI = z-Evans’ Index
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1.6.1.2 CSF BIOMARKERS IN INPH

CSF biomarkers play an important role in distinguishing iNPH from other
neurological disorders with overlapping symptoms.'?® 122 All amyloid precursor
proteins, including AB-38, AB-40, and AB-42, which regulate neuronal growth,
repair, and synaptic function, are reduced in iNPH.!?3 139-132 Tay protein, a marker
of cortical neuronal damage, remains normal or slightly decreased,

whereas neurofilament light protein (NFL), an indicator of axonal damage,

and monocyte chemoattractant protein-1 (MCP-1), linked to astroglial activation,

are moderately elevated.'?% 129 131,133

A distinct biomarker profile—characterized by low AB-40, low total tau (t-tau), and
elevated MCP-1—has demonstrated high sensitivity and specificity in
differentiating iNPH from other cognitive and movement disorders such as AD,

vascular dementia (VD), PD, and multiple system atrophy (MSA).'?

Although several studies have explored the relationship between CSF biomarkers and
shunt responsiveness in iNPH, no single marker has demonstrated sufficient
predictive value for clinical use.'?! Some group-level differences have been
observed—for example, higher phosphorylated tau (p-tau) and t-tau levels in non-
responders,'** or elevated neurogranin in responders'*> — but findings remain
inconsistent. A recent meta-analysis concluded that only lumbar CSF p-tau and t-tau
levels were significantly higher in non-responders, while other biomarkers, showed

no predictive value.!*
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1.7 NEUROIMAGING

Imaging advancements have significantly improved the diagnosis and management
of iNPH. Initial, available techniques introduced in the early to mid-20" century such
as pneumoencephalography—which involved injecting air into the CSF to visualize
the ventricles on skull radiographs—and In-111 cisternography, which assessed CSF
flow by detecting ventricular reflux without CSF flow over the convexities, were

invasive and limited by low accuracy and high false-positive rates.

Since the 1990s, MRI and CT have become the primary imaging modalities for
evaluating ventricular enlargement, identifying features suggestive of iNPH,
excluding other diagnoses, and monitoring postoperative outcomes. MRI is generally
preferred for its superior soft tissue contrast and its ability to evaluate CSF flow
dynamics, PVWM changes, and brain morphology without radiation exposure.>? 137
139 However, it may be contraindicated in patients with non-MR-compatible
pacemakers or poorly tolerated due to claustrophobia. In such cases, CT serves as a
faster, more accessible, and cost-effective alternative. '** CT also offers higher spatial

resolution than MRI (due to smaller pixel size), making it especially useful for

detecting structural abnormalities such as ventriculomegaly.

In clinical practice, non-contrast CT is typically performed within 24 hours post-
shunt insertion to confirm placement and exclude complications such as hemorrhage.
Follow-up MRI, conducted around three months postoperatively, is paired with
clinical evaluation to assess response and detect potential issues. For patients with
adjustable shunts, X-rays are used before and after MRI to confirm valve settings,

which can change if exposed to a magnetic field.
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1.8 IMAGING FEATURES IN INPH

Radiological markers for iNPH should be objective, reproducible, and clinically

useful. Many markers have been evaluated for their ability to distinguish iNPH from

141-145 126, 146-150

healthy controls and other conditions, and to predict shunt outcomes,

but findings remain inconsistent. Although some markers show diagnostic!#!-14% 151
and prognostic potential, ¢ 4714 imaging alone cannot reliably predict outcomes,

and the absence of typical features should not be used to exclude patients from

Surgery.ISO, 152,153

Recently, a standardized scoring system has been introduced. The iNPH Radscale'**

combines seven imaging findings into a composite score to aid iNPH identification

and follow-up. This tool is increasingly used in clinical practice.

Novel imaging markers such as the z-Evans’ Index (z-EI) and the brain-to-ventricle
ratio (BVR) at the anterior (AC) and posterior commissure (PC) levels have been
proposed to outperform the traditional Evans’ Index (EI) in detecting
ventriculomegaly due to iNPH.> '*° While EI remains the only direct marker of
ventriculomegaly included in the IG, the latest JG now recognize z-EI as superior for
diagnosing iNPH.? However, these advances have yet to be adopted in clinical

practice or reflected in updated IG.

Emerging automated and Al-based imaging techniques, such as 3D U-Net

segmentation and multimodal convolutional neural networks,'®

offer promising tools
for improving the accuracy and consistency of iNPH diagnosis. These methods
enable fully automated, objective evaluation of key radiological features—such as
disproportionately enlarged subarachnoid space hydrocephalus (DESH), including

ventricular dilation, Sylvian fissure enlargement, and tight sulci in the high

26



Clara Constantinescu

convexities—which are currently assessed subjectively in routine clinical practice,

potentially leading to diagnostic variability.

Reference values for conventional imaging markers (for example (e.g.) EI), newer
indices (e.g. BVR and z-EI) and volumetric brain measurements remain scarce,
which restricts their wider use in clinical decision-making and diagnostic evaluation.
The following section outlines key imaging markers currently used or proposed in

the evaluation of iNPH.

1.8.1.1 EVANS’ INDEX

The EI, introduced in 1942, is a widely used measure for assessing ventriculomegaly.
It is calculated by dividing the maximum width of the anterior horns of the lateral
ventricles by the maximum inner skull diameter on the same imaging slice.
Traditionally, a normal EI ranges from 0.20 to 0.25, with values of 0.25-0.30
indicating early or questionable enlargement, and >0.30 signifying definite
ventriculomegaly.'’

However, the clinical utility of this threshold has been debated. While the EI is
effective in detecting ventriculomegaly, it lacks specificity in identifying its
underlying cause. An EI >0.30 is not exclusive to iNPH; it is also seen in other types
of hydrocephalus, as well as in conditions such as atrophy in AD.'*!- 18 Additionally,
the EI is influenced by age and sex, with higher values more commonly observed in
men and older individuals, leading some researchers to propose age- and sex-specific
normal ranges.'>* Despite these considerations, the threshold of >0.30 remains the

standard for defining ventriculomegaly in both IG' and JG.2

Studies examining the relationship between EI and ventricular volume (VV) have
yielded mixed results. While some research suggests that EI has limited predictive

value for VV,'® others report a strong correlation between the two.'®!
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1.8.1.2 DILATION OF TEMPORAL HORNS AND THIRD
VENTRICLE

Temporal horn and third ventricle enlargement are additional indicators of
ventriculomegaly. Widening of the temporal horns can occur in cases of medial
temporal lobe atrophy as well as in hydrocephalus.! > Temporal horn dilation
resulting from hydrocephalus is characterized by a rounded and blunt appearance, in
contrast to the sharp, triangular shape seen in other conditions, and typically shows
normal hippocampal volume, as suggested by normally sized parahippocampal
fissures.'®* 14 Third ventricle expansion, particularly when accompanied by

downward displacement of the ventricular floor or elevation of the corpus callosum,

165 164

also suggests hydrocephalus rather than atrophy.
Dilated temporal horns, rather than a dilated third ventricle, has been shown to
significantly predict favorable outcomes following shunt placement.!?® Conversely,
another recent study found that a smaller third ventricle diameter was associated with

a positive shunt response. !

As with the EI, measurements of these structures can vary depending on imaging
modality and image slice angulation and are not definitive indicators of iNPH.
However, bilateral temporal horn enlargement—when not due to atrophy—is
considered a supportive imaging feature in the IG, although no cut off value is

presented.!

Reference values for both temporal horn and third ventricle dimensions in the general
population remain poorly defined, and standardized diagnostic thresholds are
limited.'®* The Radscale'* defines temporal horn enlargement from 4 mm generating

1 scale point and >6mm generating 2 scale points.
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1.8.1.3 Z-EVANS’ INDEX AND THE BRAIN PER VENTRICLE
RATIO

In iNPH, lateral ventricular expansion is thought to occur predominantly in the
cranio-caudal (z-axis) rather than lateral (x-axis) direction.'** '35 158 This has led to
the proposal of imaging markers that better capture this pattern of ventricular

enlargement,> > 155 and their incorporation into the latest revision of the JG.?

One such marker, the z-El, is calculated by dividing the height of the frontal horns of
the lateral ventricles in the z-axis by the midline skull diameter. With a proposed
cutoff value of 0.42, the z-EI has been suggested as a superior diagnostic measure

compared to the traditional EI threshold of >0.3 for diagnosing iNPH.!*® This

measurement is illustrated in Figure 4 (see Methods section).

Another promising set of markers, the BVR is measured at the AC and PC by
dividing the maximum brain width above the lateral ventricles by the maximum
lateral ventricle width on coronal reference planes. BVR at the AC and PC levels has
demonstrated high accuracy in distinguishing iNPH (including cases with AD) from
both AD and healthy controls, with suggested cutoff values of <1.0 at the AC and
<1.5 at the PC for iNPH.% 44

Despite their potential, these markers lack population-based reference values,

underscoring the need for further validation to improve routine clinical use.

1.8.1.4 CALLOSAL ANGLE

As the ventricles dilate, the surrounding brain parenchyma is displaced superiorly

toward the skull. However, the rigid falx cerebri maintains the position of midline
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structures while compressing adjacent brain tissue. This distortion leads to a key
radiological finding in iNPH: a narrow callosal angle, observed in the coronal plane
between the roof of the lateral ventricles.!*!- 167

The callosal angle, measured between the inner walls of the lateral ventricles at the
level of the PC in the coronal plane, is widely used to differentiate iNPH from other
conditions.” 141 188 A cutoff of 90°—first proposed by Ishii et al.—is the most widely
accepted threshold and has shown high diagnostic accuracy,'*' although no general

consensus on the optimal threshold exists.!

Proper measurement in a plane perpendicular to the anterior-posterior commissure

line is essential,'*!- 18 as deviations can significantly impact results.'4® 134

While the IG cite a callosal angle greater than 40° as a supportive feature for iNPH,
this value is likely an error,' as normal callosal angles typically range from 90° to
120°.'%! Postoperative increases in callosal angle have been observed after shunting,

169 though studies disagree on its predictive value for treatment outcomes. '26- 148 150

1.8.1.5 WHITE MATTER LESIONS

WMLs are a frequent imaging finding in iNPH," 2 3 170

occurring more extensively
in affected patients than in healthy controls.*> These changes manifest in two distinct
regions: periventricular white matter lesions (PWMLs), located near the ventricles,

and deep white matter lesions (DWMLSs), found in the deeper white matter.'”!

WDMLs are frequently associated with VrFs and are generally considered a
consequence of microvascular ischemic injury.*®3% 52 In iNPH, PWMLs are also

likely caused by periventricular edema, driven by a hydrostatic pressure gradient that
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promotes trans-ependymal CSF accumulation in the PVWM.? Thus, WMLSs in iNPH

probably arise from a combination of pathophysiological processes.’> %8
WMLs have been linked to less favorable outcomes following shunt surgery in
iNPH, "> and some studies report that PWMLs may decrease after shunt surgery,

with reductions correlating with clinical improvement.*®

While WMLs may support the diagnosis of iNPH, they are not specific enough to

170, 175 often

confirm it or rule out other conditions. VD, a key differential diagnosis,
presents with similar features—ventricular enlargement, impaired gait and cognition,
and widespread WMLs. Differentiating between WMLs due to small vessel disease,
as seen in VD and WMLs in iNPH remains challenging.'® A recent study reported
that PWMLs and DWMLs showed overlap between iNPH and VD, and thus could

not alone reliably be used distinguish the two conditions.!*

1.8.1.6 DESH

A mismatch in the width of cortical CSF spaces, where the high convexity sulci and
medial subarachnoid spaces are compressed while the Sylvian fissures are dilated is
typical in iNPH.? °% 138 This finding, in combination with ventricular enlargement,
forms a pattern known as DESH,? which is a key diagnostic feature in the JG. Some
consider DESH to be the hallmark feature of iNPH.!”® The combination of Sylvian
fissure widening and narrowed sulci over the vertex is believed to result from
disrupted CSF flow within the subarachnoid space.!*® Additionally, focal dilation of

138, 150, 154,177, 178

cortical sulci, can also be present in iNPH, and it probably arises from

2,138,178

a similar underlying CSF flow disturbance as the one causing DESH.
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DESH has been associated with a positive shunt result,'?® '* however shunt-
responsive iNPH can occur without DESH, meaning the absence of DESH does not

rule out the potential benefit of shunting, 46 150 179, 180

1.8.1.7 INFRATENTORIAL STRUCTURES

Research on midbrain morphology in iNPH has produced mixed results.'8!"'#2 iNPH
has been shown to cause enlargement of the entire ventricular system, including the

third and fourth ventricles in addition to the lateral ventricles.'>% 7

Several studies have reported reduced midbrain dimensions in iNPH patients. One
MRI-based study found that the anteroposterior midbrain diameter was smaller in
individuals with iNPH compared to healthy controls, and that this reduction
correlated with the severity of gait disturbances.'®® Similarly, a separate study noted a
reduction in total brainstem cross-sectional area in iNPH patients compared to
healthy controls.'3* One CT based study found increased anteroposterior and lateral
midbrain diameters following shunt surgery in iNPH patients who showed gait
improvement. 2

However, Hiraoka et al. reported no postoperative changes in midbrain size and

found no correlation between midbrain width and gait impairment. '8!

There is considerable morphological overlap between iNPH and other mimicking
disorders, and regarding the brainstem, particularly progressive supranuclear palsy
(PSP).!8187 Most comparative studies have focused on midbrain differences between
iNPH and PSP, with recent evidence suggesting that the sagittal midbrain area is a
more reliable differential diagnostic marker than the traditional Hummingbird sign.'®’
However, both the hummingbird sign and sagittal midbrain area show considerable
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overlap at the individual level, meaning that PSP should only be suspected once other
imaging signs of iNPH have been excluded.!'®” The Hummingbird sign, refers to the
sagittal profile of the brainstem in PSP, where severe midbrain atrophy combined
with a preserved pons creates the appearance of a bird with a beak projecting
anteriorly and a upwardly concave transition zone from the beak to the head.!8® 1%
One study found that iNPH patients had significantly smaller midbrain diameters and
lower midbrain-to-pons diameter ratios than neurological controls, but larger than
those with PSP, however none of the investigated markers demonstrated high
combined sensitivity and specificity for differentiating iNPH from PSP.!%

Another study found that the MR Parkinsonism Index (MRPI), midbrain-to-pons
ratio, and sagittal midbrain area all failed to reliably distinguish iNPH from PSP.'%
MRPI is a composite imaging metric that incorporates the area of the midbrain and
pons as well as the widths of the superior and middle cerebellar peduncles, originally
developed to differentiate PSP from other parkinsonian syndromes by capturing

characteristic midbrain and peduncular atrophy.'*! 192

In summary, while brainstem morphology may differ between iNPH and healthy
individuals, there is substantial overlap between iNPH and disorders such as PSP.
Further research is needed to clarify the role of brainstem imaging in the diagnosis

and differentiation of iNPH.

1.8.1.8 THE RADSCALE

The iNPH Radscale'** is a radiological assessment tool designed for both CT and
MRI, providing a structured evaluation of morphological features associated with
iNPH. It has demonstrated effectiveness as a diagnostic screening tool, accurately

differentiating iNPH from asymptomatic individuals.!”® The scale integrates key
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radiological signs outlined in both major diagnostic guidelines,? offering a
comprehensive approach to identifying structural changes linked to iNPH. A

summary of these features are shown in Figure 2.

Figure 2. Imaging markers included in the Radscale, with cut-off levels for each parameter

Evans’ index

0=<025
1=>025-0.3
2=>03

Narrow Sulci

0 = Normal
1 = Parafalcine
2 =Vertex

Sylvian Fissures

0 = Normal
1 = Enlarged

Focally enlarged sulci

0 = Not present
1 = Present

Temporal horns

0=<4mm
1=4-<6mm
2=>6mm

Callosal angle

0=>90°
1=90° ->60°
2=260°

White matter lesions

0 = Not present
1 = Punctate
2 = Confluent areas

Reproduced with permission from Dr. Karin Kockum
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1.8.1.1 RADIOLOGICAL CHANGES IN THE HEALTHY AGING
BRAIN

Several imaging markers relevant to iNPH also change as part of normal aging. EI
increases with age,'®* and ventricular enlargement generally appears earlier in men
than in women.'?® Additionally, hippocampal atrophy increases with age, leading to

196, 197

temporal horn dilation, while WMLSs become more prevalent.'*®

1.8.1.2 DEVELOPMENT OF RADIOLOGICAL FEATURES OF
INPH OVER TIME

In iNPH, ventricular size and shape are thought change progressively, early
compression of the high-convexity sulci — often regarded as the first radiological
sign of DESH — is followed by ventriculomegaly that typically begins with frontal
horn widening, extends to the parieto-occipital and temporal horns, and eventually

involves the third and fourth ventricles. 19> 199200

The early, asymptomatic phase of iNPH, characterized by hydrocephalic ventricular
enlargement, remains poorly understood. Japanese researchers introduced the term
"AVIM" (asymptomatic ventriculomegaly with features of iNPH on MRI),?! defined
as the presence of DESH without neurological symptoms, to describe this preclinical

stage.

While several Japanese studies have examined the progression of iNPH from
preclinical radiological changes, data outside Japan remain scarce.

A population-based Japanese study found AVIM in 1% of individuals aged 61-72,
with 0.4% of those with initially normal ventricles developing AVIM within eight

years.?%! In a separate community-based 10-year follow-up of a cohort of 70-year-
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olds, AVIM prevalence was 1.1% at baseline and increased to 1.4% at age 80.22
When the same cohort was re-examined 16 years later, 62.5% of those with AVIM
had progressed to iNPH.2%

Similarly, Jaraj et al. reported that 45% of patients with possible iNPH or
asymptomatic ventricular enlargement progressed to probable iNPH over a median of
11.5 years.?** These findings suggest radiological markers of iNPH may precede

clinical symptoms by years.

1.9 DIFFERENTIAL DIAGNOSIS AND
COMORSBIDITIES

Distinguishing iNPH from other conditions with similar clinical or radiological
features is essential for accurate diagnosis. VD is a key differential, as its symptoms
can partially mimic iNPH. However, symptom overlap also occurs with
neurodegenerative diseases such as AD, PD, MSA, Lewy body dementia (LBD),
PSP, and stroke. Non-neurological conditions, including musculoskeletal disorders,
peripheral neuropathy, myopathy, spinal stenosis, psychiatric illnesses, and urinary

disorders like cystitis or prostatic hypertrophy, must also be considered.'”®

VrFs, vascular disease and comorbidities are more common in iNPH patients than in

the general population,*> #* 205 suggesting a possible role in its pathogenesis.'*

44,207

Hypertension,*? 4 206-208 diabetes mellitus,** *° hyperlipidemia, obesity,*

46,207,208 and arteriosclerotic cerebrovascular disease*® occur at

ischemic heart disease,
higher rates in iNPH compared to healthy controls. Approximately 24% of iNPH

cases are associated with VrFs.* These associations are supported by a recent meta-
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analysis, which identified hypertension, diabetes mellitus, coronary artery disease,
peripheral vascular disease, and overweight as significant risk factors for iINPH.*3
The overall impact of cerebrovascular disease on treatment outcomes remains
debated. Some studies suggest that patients with radiological signs of ischemic
cerebrovascular disease respond less favorably to treatment.!’ 173

By contrast, other studies indicate that patients with extensive radiological signs of
cerebrovascular disease may still benefit from shunting, that such findings are not
predictive of outcome following treatment, and that vascular comorbidity does not

negatively influence long-term results.’® 125 170. 174

1.10 SUPPLEMENTARY TESTS

Among the supplementary tools used to support the diagnosis of iNPH, the CSF tap
test (TT) and extended lumbar drainage (ELD) are commonly employed to help
predict responsiveness to shunt surgery.*!- 2%

The TT involves withdrawing about 50 mL of CSF via lumbar puncture, followed by
symptom evaluation before and after the procedure.?!? Although evaluation methods
and timing vary between centers, it can be reliably done at any point within 24 hours
and should be repeated if no initial improvement is seen.”'' ELD, in contrast,

continuously drains CSF through an intrathecal catheter over 72 hours.?'

A systematic review from 2016 found that the TT had a high positive predictive
value (PPV) of 73-100%, but a low negative predictive value (NPV) of 18-50%,
indicating that patients with a negative result may still benefit from shunting.?'3 A
2021 meta-analysis of ELD reported PPVs ranging from 88—100% and NPVs from
36-100%, with summary estimates of 90% for both (PPV: CI 65-100%, NPV: CI

48-100%.>'* However, the wide confidence intervals reflect uncertainty due to small
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and heterogeneous studies. While both tests can help identify likely responders, their
limited ability to reliably exclude shunt candidates has contributed to a shift toward
using clinical and radiological criteria alone to guide treatment decisions.> >'* This
has led to a broader, more inclusive approach to diagnosis and treatment, reducing
the risk of denying effective therapy to patients who might otherwise have been

excluded.

1.11 TREATMENT

Shunt surgery remains the only evidence based treatment for iNPH,!* and has
demonstrated favorable outcomes in multiple studies.!!'* 2! The procedure is cost-

effective?! 219

and leads to significant symptom improvement in up to 80% of
cases.!!*215:220 Postponing surgical intervention has been associated with more than a

twofold increase in mortality risk.??!

Types of Shunt Procedures

Several surgical techniques exist to divert CSF, the most widely used approach is the
ventriculoperitoneal (VP) shunt,??® where a catheter diverts CSF from the lateral

ventricles to the peritoneal cavity.

Alternatively, ventriculoatrial (VA) shunts direct CSF into the right atrium of the
heart,”?® while lumboperitoneal (LP) shunts, commonly used in Japan, reroute CSF
from the spinal canal to the peritoneal cavity.??> Although other configurations have

been explored, they remain less common in clinical practice.??*
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Complications and Technological Advances

Shunt-related complications necessitating shunt revision have been reported in 13—
31% of cases, with the majority arising during the first postoperative year.!?>213
Issues such as subdural hematomas, intracerebral hemorrhage or stroke, shunt

catheter blockages, infections, and malpositioning are the most common
complications, though these do not typically impact long-term outcomes.'?% 21224

Additional possible complications include over-drainage headaches and seizures.??

Advances in shunt technology, particularly the adoption of programmable valves
with antisiphon or antigravity components, have lowered drainage-related
complications and reduced the need for reoperation. A recent systematic review and
meta-analysis reported that revision rates declined from ~31% in pre-2005 cohorts to
~12% in 2005-2017, with overall revisions across studies averaging ~16%, and
programmable valves showing markedly fewer revisions (~12%) than fixed-pressure

valves (~32%)?2* 22

Clinical Outcomes and Long-Term Benefits

Although the effectiveness of shunt surgery in iNPH has occasionally been
questioned due to a lack of randomized controlled trials (RCTSs), ethical concerns
likely limit such studies—since withholding an established and effective treatment is
difficult to justify. A recent Cochrane review identified four RCTs on shunting in
iNPH and concluded that, despite limited data, there is moderate-certainty evidence
that CSF shunting improves gait and reduces disability.??® A recent double-blind,
randomized, placebo-controlled trial, which enrolled 99 drainage-responsive iNPH

patients and compared open-shunt versus placebo shunt settings, further confirmed
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these findings by demonstrating significant 3-month improvements in gait and

balance, though effects on cognition and continence were limited.??’

Numerous clinical studies have consistently shown that shunt surgery in iNPH leads
to improvements in core symptoms.

Two large Japanese studies, SINPHONI and SINPHONI-2, assessed the outcomes of
shunt surgery in iNPH.%*222 In SINPHONI, 69% of patients treated with VP shunts
improved by at least one level on the mRS, and 77% improved on the INPHGS at one
year post shunt. In SINPHONI-2, which compared immediate versus 3 month
delayed LP shunting, 65% of those who received early surgery improved by at least

one mRS point after three months, compared to only 5% in the delayed group.???

A Swedish study demonstrated that 40% of patients improved by at least one mRS
point within 2—4 years post-surgery, and 60% reported better overall health up to six
years after the procedure.'?’ In a study of 143 iNPH patients, 73% improved by >5
points on the iNPH scale within a median of 5 months after surgery, and an
additional 19% showed smaller improvements or remained stable, resulting in 92%
either improving or remaining stable postoperatively.??

A 2013 systematic review evaluated short- and long-term outcomes up to 2010,
comparing earlier studies with more recent ones to highlight temporal trends. The
review found increasingly favorable results over time, with the most recent studies
demonstrating improvement rates of 81% at 3 months, 82% at 1 year, and 73%

beyond 3 years after surgery.?!®

Survival and Disease Progression

Without surgical intervention, iNPH progresses, leading to worsening disability and

higher mortality rates compared to the general population.?** 22122 However,
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patients who respond well to shunt surgery have survival rates similar to the general

population, reinforcing the lifesaving potential of timely diagnosis and treatment.?*°
Cost-effectiveness

The cost-effectiveness of shunt surgery in iNPH, which restores function and reduces
long-term care costs, has been well-documented. A Swedish study reported an
incremental cost-effectiveness ratio (ICER) of €7.500 per quality-adjusted life year
(QALY) gained, based on an average increase of 1.7 QALY post-surgery.2!”

1.12 EPIDEMIOLOGICAL STUDIES —
METHODOLOGICAL CONSIDERATIONS

Epidemiological studies are essential for understanding how diseases emerge,
progress, and vary across populations. With epidemiological methods we can
estimate incidence and prevalence, explore potential etiological factors, evaluate the
effectiveness and safety of treatments or preventive strategies and explore
associations between exposures and health outcomes.

Epidemiological studies are broadly categorized as observational or experimental;
this thesis is based on observational epidemiological methods, including both cross-
sectional and longitudinal cohort study designs. The cross-sectional design allows for
the estimation of prevalence and the exploration of associations at a single point in
time, while the cohort design enables longitudinal follow-up to assess incidence and
progression over time. Together, these complementary approaches provide insights
into the distribution and natural history of iNPH. A key strength of population-based

epidemiological studies is their use of representative samples, which allows for more
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accurate estimates of disease occurrence in the general population. This contrasts
with hospital-based studies, which include only individuals who have sought care
and received a diagnosis, potentially underestimating true prevalence. Although
observational designs cannot prove causality, they are well suited for studying

disease frequency, risk factors, and long-term outcomes in population-based settings.

11211 EPIDEMIOLOGICAL CONCEPTS

Key epidemiological measures include prevalence and incidence. Prevalence is the
proportion of a population with a particular condition of interest at a given time.
Prevalence is determined by dividing the number of individuals affected (cases) by

the total number of individuals in the population being studied.?'

# people with disease at specific timepoint
Total # of people in the population at that specific timepoint

Prevalence =

Incidence reflects the rate of new cases within a specific timeframe. There are two
different measures that are used in this regard: cumulative incidence and incidence

rate.

The cumulative incidence is defined as the total number of new cases that emerge

over a period in a population at risk at the beginning of the interval.

# new cases of disease (outcome) during specified timeperiod
# of people in source population at risk

Cumulative incidence =
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The incidence rate describes how quickly new cases of a disease occur in a
population, expressed as cases per unit of person-time. Person-time combines the

number of individuals at risk with the length of time they are observed.?!

# new cases during observation period
total person — time at risk

Incidence rate =

Another essential concept is risk, which estimates the probability of a health event
occurring within a certain timeframe in a specific population.
Relative risk (RR) compares the probability of an event occurring in an exposed

group to that in an unexposed group.?*?

Risk in exposed group

Relative Risk = Risk in unexposed group

An RR of 1.0 indicates no difference in risk between the two groups, while a value
greater than 1.0 suggests an increased risk in the exposed group. Conversely, an RR
below 1.0 indicates a lower risk in the exposed group, suggesting a possible

protective effect of the exposure.

Other essential terms include morbidity and mortality rates, indicating a disease’s

overall health impact and fatality risk.

1.12.1.2 PREVALENCE AND INCIDENCE OF INPH

The table below summarizes reported prevalence, and incidence estimates of iNPH

233

based on studies included in a recent review,>” along with a few additional studies

published later that met similar methodological criteria. The review included only
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observational studies that reported rates in the general population or large defined
catchment areas, using clinical and/or radiological diagnostic criteria—excluding
studies relying solely on imaging findings. Studies focusing exclusively on clinical
subgroups (e.g., individuals with dementia or parkinsonism) or reporting only
surgical incidence were also excluded. While many of the included studies were
population-based, a few were based on hospital or registry data.

Truly population-based estimates are still scarce and mainly originate from studies
conducted in Japan and Sweden. Moreover, most studies report prevalence and
incidence across broad age intervals, whereas few have provided estimates at a single

defined age.
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Table 3. Overview of key studies examining the prevalence and incidence of iNPH
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Author Year/Country Design Study Diagnostic Prevalence Incidence
participants criteria
Marmarou®* | 2007/USA Retrospective | Cases were Symptoms, Total
identified CT/MRI, prevalence:
Hospital retrospectively IT/ELD 6.7%
based by reviewing
patient records Complete
from four symptom triad:
nursing homes 7.5%
in Southeast
Virginia, based Gait
on the presence disturbance +
of a gait incontinence:
disorder 14.7%
combined with
either Gait
dementia, disturbance +
urinary dementia: 9.4%
incontinence,
or both.
The population
included 147
individuals
aged <85y
Brean®’ 2008/Norway Prospective A media IG Probable Probable iNPH
campaign was iNPH incidence rate:
Population- launched to Total 5.5/100,000
and hospital- raise awareness prevalence: person-years
based among the 21.9/100,000
public and [0.0219%)] Possible iNPH
primary 50-59y:3.3/ incidence rate:
healthcare 100,000 7.3/100,000
providers, [0.0033%)] person-years
urging them to 60-69 y: 49.3/
refer potential 100,000
iNPH cases to [0.0493%)]
the 70-79 y: 181.7
neurological /100,000
department in [0.1817%)]
the Vestfold >80y: 93.3/
region 100,000
[0.0933%]
Hiraoka®* 2008/Japan Retrospective | In 1996, 170 JG Total iNPH
individuals prevalence:
Population- underwent 2.9%
based MRI scans and
neurological Prevalence

assessments.
Participants
were chosen

AVIM: 0%
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from a group of
240 people
randomly
selected in

1992 from the
2,352 residents,
aged 65 and
older, who had
participated in

an earlier
survey,
representing
93.5% of the
elderly
population of
Tajiri
Iseki?! 2009/Japan Prospective Between 2000 | JG Total
and 2004, all prevalence
Population residents aged Possible
based 61 and 70-72 in iNPH:
Takahata and 0.51%
Sagae were
invited to Total
undergo brain Prevalence:
MRI. Of the AVIM: 1%
1,142 eligible
participants,
790 (69.2%)
accepted
Palm*’ 2009/Iceland Retrospective | A total of 858 Symptoms + | Gait
individuals MRI impairment
Population- from a cohort plus one
based designed to additional
study symptom, with
cardiovascular the highest
disease in those quartile of
born between ventricular
1907 and 1935 volume, was
in Reykjavik found in 71 of
were examined 858
between 2002 individuals:
and 2004. 8.3%
Tanaka®* 2009/Japan Retrospective | From a JG Total
previous a prevalence
Population population- Possible
based based cohort of iNPH:
1654 persons, 1.4%

497 agreed to
participate with
brain MRI and

65-74 y: 0.4%
>75y:2.7%
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were included
in the study

Total
prevalence
AVIM: 0.8%

Klassen and
Ahlskog®’

2011/USA

Retrospective

Hospital
based

Using the
Mayo Clinic
medical
records linkage
system,
investigators
retrospectively
identified
Olmsted
County,
Minnesota
residents who
underwent
invasive
diagnostic
procedures for
suspected NPH
between 1995
and 2003,
based on H-
ICDA codes (n
=411)

Symptoms,
CT/MRI,
Tap test

Incidence rate:
3.74/100,000
person-years

Jaraj™®

2014/Sweden

Retrospective

Population-
based

Out of 3,246
individuals
from earlier
studies on the
elderly
Swedish
population,
2,182
participated,
and 1,238
(38.1%) agreed
to undergo a
CT scan

1G

Total
prevalence
Probable
iNPH: 2.1%

70-79 y: 0.2%

>80 y: 5.9%

Iseki*®

2014/Japan

Prospective

Population-
based

Total 70-year-
old population
of Takahata
(n=350),
enrolled in
2000 and
recalled in
2006 and 2008-
2010 (age 80)

G

Cumulative
prevalence
Probable
iNPH:

Year 2000
70y:0.37%

Year 2010
80y: 1.42%

iNPH
incidence rate:
>70y:
120/100,000
person-years

AVIM
incidence rate:
>70y:
130/100.00
person-years
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Cumulative
prevalence
AVIM:
Year 2000:
1.1%

Year 2010:
1.4%

Lemcke

241

2016/Germany

Retrospective

Hospital-
based

A total of
7,507,537
individuals
insured at the
same insurance
company from
2008 to 2012
were included

Medical
records, ICD
codes

Estimated
Prevalence
iNPH:
0.01%

B 1 r242

2016/USA

Retrospective

Hospital-
based

Between 1990
and 2015,
2.001 adults
(aged >18
years)
diagnosed with
hydrocephalus
were identified
through
retrospective
review of
clinical
records.
Patients were
included
regardless of
etiology, and
data were
analyzed for
demographic
patterns across
different
hydrocephalus
subtypes

Medical
records,
institutional
database

Mean
incidence rate
NPH:
1.8/100,000
person-years

Martin-
Laez*®

2016/Spain

Prospective

Population-
based and
hospital based

Between 2003
and 2012,
residents of
Cantabria with
symptoms
suggestive of
iNPH were
referred to the
region’s only
neurosurgical

1G

Crude
incidence rate
(total
population):
3.3/100,000
person-years

Incidence rate
per age
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department as
part of a
prospective
incidence
study. A total
of 293 patients

group/100,000
person-years
65-69 y: 7.9
70-74y: 12.9
75-79 y: 31.0
80-84 y: 18.7

were evaluated >85y: 8.0
Kuriyama®* 2017/Japan Retrospective | Nationwide JG Total
epidemiologica population:
Hospital- 1 survey, 4220 10.2/100,000
based hospitals were [0.0102%)]
randomly
selected of >60y:
which 42,7% 31.4/100.00
agreed to [0.0314%)]
partake
Pyyks™® 2018/Finland Retrospective | Possible NPH Clinical Incidence rate:
cases were symptoms, 0.8-4.5/100,000
Hospital retrospectively | MRI/CT, person-years
based identified at the | intracranial
Kuopio pressure Mean
University monitoring incidence rate
Hospital Total
neurosurgery population:
unit based on 1.84/100,000
clinical person-years
suspicion, 1-3
typical Incidence rate
symptoms, and per age
supportive group/100,000
imaging persons/year:
findings pop=>70y:
14.65/100,000
person-years
Andersson**® | 2019/Sweden Prospective In 2014, 1,000 | Modified IG | IG total
residents aged and JG prevalence:
Population- 65+ from 3.7%
based Jémtland were
invited to JG total
participate in prevalence:
an iNPH 1.5% iNPH
prevalence with MRI
study. Of these, support
673 (67.3%) or definite
completed a iNPH

questionnaire,
and a subgroup
underwent
clinical and
radiological
evaluations for

<80 y:3.8%
>80 y: 0.8%
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diagnosis based
on IG and JG

Iseki®®

2022/Japan

Prospective

Population-
based

In 2000, 271
community-
dwelling 70-
year-olds from
Takahata,
Japan, were
enrolled in a
population-
based cohort
study.
Participants
underwent
repeated
clinical
assessments
and brain MRI
over 16 years
to track the
development of
iNPH based on
JG

G

Probable
iNPH total
prevalence
age 86: 7.7%
AVIM age 86:
1.9%

Fang™”

2025/China

Prospective

Population-
based

Between 2018
and 2022,
1.838 retired
adults aged 60+
from Shanghai
were invited;
1,491 (response
rate: 81.1%)
participated
with clinical
assessments
and brain
imaging.
Suboptimal
probable iNPH
(s-probable
iNPH) was
diagnosed
based on IG
criteria, using
clinical
symptoms and
imaging
criteria (DESH
or Radscale
thresholds)

Modified 1G
(s-probable
iNPH),
DESH score,
Radscale
score

Crude
prevalence of
s-probable
iNPH using
DESH score
>6:

3.09%

Crude
prevalence of
s-probable
using
Radscale
score >7
2.62%
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Table 3. Summary of epidemiological studies on idiopathic normal pressure
hydrocephalus (iNPH), including study design, setting, diagnostic criteria, and
reported prevalence and incidence. Prevalence estimates reflect either total iNPH
or specific diagnostic subtypes (e.g., probable, possible, or AVIM—asymptomatic
ventriculomegaly with features of iNPH). Prevalence estimates are shown both in
the original epidemiological units (e.g., per 100,000) and, where applicable, as
approximate percentages of the population to facilitate comparison across studies.
Incidence rates are presented as the number of new cases per 100,000 person-
years. Where necessary, values originally reported per 1,000 persons-year have
been converted to maintain consistency. Mean, crude, and age-specific rates are
shown according to original study definitions.

Abbreviations: AVIM = Asymptomatic ventriculomegaly with imaging features of iNPH; CT =
Computed tomography; DESH = Disproportionately enlarged subarachnoid space hydrocephalus; ELD
= External lumbar drainage; IG = International iNPH Guidelines; IT = Infusion test; JG = Japanese
iNPH Guidelines; LP = Lumboperitoneal; MRI = Magnetic resonance imaging; mRS = Modified

Rankin Scale; NPH = Normal pressure hydrocephalus; s-probable iNPH = suboptimal probable iNPH;
VP = Ventriculoperitoneal

1.12.1.3 INCIDENCE OF SHUNT SURGERY

iNPH incidence estimates and data on shunt surgery rates suggest that the condition
is significantly underdiagnosed and undertreated.'?* 202 233. 235. 248 I Sweden, the
incidence of shunt surgery for iNPH increased significantly between 2004 and 2011,
from 1.2 to 3.4 surgeries per 100,000 person-years, with a mean of 2.2 £ 0.8.'%* In
Norway, the corresponding rate was slightly lower, at 1.09 per 100,000 person-years
in 2002-2006.2* Despite this upward trend in Sweden, the majority of individuals

with iNPH still remain undiagnosed and untreated.'**
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1.121.4  THE INFLUENCE OF DEMOGRAPHIC FACTORS
ON INPH PREVALENCE AND INCIDENCE

Findings on sex differences in iNPH prevalence are mixed. While population-based
studies from Sweden and Japan found no statistically significant differences, they
observed a trend toward higher prevalence in men.23® 24%-246 In contrast, a Spanish
and a Chinese study reported a significantly greater incidence and prevalence
respectively among men.?* 247 Disparities among hospitalized patients suggest that
besides gender, also socioeconomic and racial factors—including income and
healthcare access—may influence detection rates of iNPH.>** Undisputed is, that

iNPH prevalence increases with age, 202 235 240, 243, 246,247

ranging from 3.3 per
100,000 in those aged 50-59 to 8.9% in individuals over 80,224 though estimates

vary across studies.

11211 DISPARITIES IN DIAGNOSTIC GUIDELINES

As highlighted by a recent review article,?** there is a significant variability in study
methodologies, which complicates efforts to consolidate data on the prevalence and
incidence of iNPH. The two most commonly applied guidelines—the International
and Japanese—differ significantly in their diagnostic definitions including cut-off
thresholds for imaging markers, which can lead to substantial discrepancies in
reported rates. In one study both the International and Japanese diagnostic criteria
were applied to the same population, revealing a 40.5% difference in prevalence.
Many more individuals were classified as having probable iNPH when using the IG
compared to the JG.2*® As shown in Table 3, a population-based study from China

similarly demonstrated a wide variation in prevalence depending on the inclusion and
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diagnostic criteria used, highlighting how methodological choices and diagnostic

frameworks can significantly influence reported rates.?*’
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2 AIM

This thesis explores the prevalence, incidence, and progression of iNPH within a
large, population-based cohort. It further aims to identify clinical and imaging
predictors of iNPH development and evaluate the frequency and diagnostic

performance of related radiological markers.
The specific aims of the included studies were as follows:

I. To determine the prevalence of iNPH and its associated radiological features in a
population-based cohort of 71-year-olds, and to examine the relationship between

MRI markers and clinical symptoms

II. To investigate sex differences and the diagnostic value of 12 iNPH-related MRI
markers and associated brain volumetrics, establish reference values for these
imaging markers, and assess their associations with symptomatology in a population-

based sample
II1. To determine the 6-year incidence of iNPH and its prevalence at age 77, evaluate

the predictive value of baseline clinical and imaging characteristics, and examine the

longitudinal development of iNPH
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3 STUDY POPULATION AND
METHODS

3.1 GOTHENBURG H70 BIRTH COHORT
STUDIES

The studies included in this thesis are based on data from the Gothenburg H70 Birth
Cohort Studies (H70),2%! a series of large, multidisciplinary, population-based
longitudinal studies focused on aging and its impact on health. These studies involve
residents of Gothenburg, Sweden, aged 70 and older. The first cohort of 70-year-olds
was examined in 1971, and since then, seven additional cohorts have been assessed,
each beginning with a baseline examination at age 70.

The H70 studies include comprehensive evaluations of physical and mental health,
incorporating physical examinations, blood tests, electrocardiograms (ECG), brain
imaging, and anthropometric measurements. Data on psychosocial factors and
cognitive function are also collected. For this thesis, data were utilized from the H70
cohort born in 1944,%! with the most recent examinations conducted in 2022.
Participants in the H70 studies are systematically selected based on birth date to
ensure the sample is representative of Gothenburg's older adult population.
Individuals were excluded if they had died or emigrated before the study began, were
unable to speak Swedish, or could not be contacted. Recruitment involved mailing
information about the study and a consent form, followed by telephone outreach to
invite participation. Examinations were conducted either at an outpatient clinic or, for

those unable to attend, in the participant’s home."!
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3.2 STUDY POPULATION

Papers I and I1 utilized cross-sectional data from the 1944 cohort, collected between
2014 and 2016 when participants had an average age of 71 years (+0.34 years). A
detailed description of the sample and examination methods can be found in the
works of Rydberg Sterner and Ahlner et al.*! A total of 1,667 residents of
Gothenburg, Sweden, born in 1944 on dates ending in 0, 2, 5, or 8 were invited to
participate. Of these, 1,203 individuals (559 men and 644 women) participated,
yielding a response rate of 72%. Among the participants, 412 individuals either
declined the MRI examination or had contraindications for MRI. As a result, a total
of 791 individuals (377 men and 414 women), accounting for 65.8% of the total
sample, also underwent structural brain MRI.23"-252 This subgroup served as the study

sample for the analyses presented in Papers I and I1.

Paper I utilized longitudinal data from the same cohort, extending baseline findings
with a follow-up examination. In 2019, all 75-year-olds born in 1944 on the same
recruitment dates as the baseline study and residing in Gothenburg were invited.
Additionally, surviving baseline participants who had moved away, as well as
individuals who had either declined baseline participation or relocated to Gothenburg
after the baseline study, were included to ensure a representative sample of 75-year-
olds.

A total of 1,460 individuals were invited, with 902 undergoing clinical examinations
between 2019 and 2022 (61.8% response rate). Among these, 557 participants (270
men and 287 women) also underwent structural brain MRI.

For the analyses in Paper 11, all participants who partook with brain MRI at follow-
up were included. This comprised 467 individuals (248 women, 219 men) who

participated in both baseline and follow-up assessments, along with 90 individuals
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who participated only at follow-up. The latter group included those who had either
declined baseline participation or moved to Gothenburg after the baseline study. The
mean (SD) age at follow-up was 77 years (+0.78), with a mean follow-up time of 5.8

years (+0.69). Figure 3 provides an overview of participant inclusion and exclusion.
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Figure 3. Flow Chart of Study Participants at Baseline and Follow-up including excluded
participants

Baseline (age 71)
Brain MRI + clinical assessment
n=791
Lost to follow-up:
Emigrated (n =4)
- Died before examination (n = 40)
" No contact established (n = 14)
Excluded due to technical reasons (n = 2)
Refused a new examination (n = 124)
Refused MRI or had contraindication (n = 140)
Follow-up (age 77) New eligible participants (age 77)
Brain MRI + clinical assessment Brain MRI + clinical assessment
n=90
n =467
v
Total study sample
n=>557 h

Data reproduced from Constantinescu et al. (2025), “Idiopathic Normal Pressure Hydrocephalus: Incidence,
Prevalence, and Progression in a Large Population-Based Cohort of Older Adults”, Neurology Open

Access, https://doi.org/10.1212/WN9.0000000000000035. Published by Wolters Kluwer Health. Licensed under
CC BY-NC-ND, https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en
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3.3 RADIOLOGICAL DATA

3.3.1.1 MORPHOLOGICAL IMAGING MARKERS

MRI scans were conducted using 3.0-T Philips Achieva systems. For data used in
Papers I and II, scanning took place between 2014 and 2016 using the standard
Achieva system. For Paper 111, imaging was performed between 2019 and 2022
using the upgraded Achieva dStream model (Philips Medical Systems, Best, the
Netherlands). All participants were examined using a protocol that included T1-
weighted, T2-weighted, fluid-attenuated inversion recovery (FLAIR), T2*, and
diffusion-weighted sequences. For the purposes of Papers I-II1, only the T1 and

FLAIR sequences were utilized for radiological evaluations.

T1-weighted images were acquired with sagittal slices at an isotropic resolution of
1.0 mm, repetition time (TR) of 7.2 ms, echo time (TE) of 3.2 ms, a field of view
(FOV) of 255 x 256 mm?, acquisition matrix of 250 x 250, and a flip angle of 9°. The
FLAIR sequence was obtained with 2.0-mm isotropic sagittal slices, TR of 4,800 ms,
TE of 280 ms, an inversion time of 1,650 ms, FOV of 250 x 250 mm?, acquisition
matrix of 250 x 237, and a flip angle of 90°.

The imaging data were processed and analyzed using the open-source software 3D
Slicer (version 4.11.20210226 for Windows, available at www.slicer.org). T1-
weighted images were reoriented aligning transaxial images parallel to a line

connecting the AC and PC and coronal images perpendicular to it.
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A total of 12 morphological imaging markers were assessed on T1-weighted images
through a standardized visual evaluation protocol on all participants at baseline and

follow-up.

The EI was calculated by dividing the largest width of the frontal horns of the lateral
ventricles by the maximum internal diameter of the skull on the same slice. The
bilateral measurements of the largest diameters of the temporal horns were obtained

from transaxial images, and their average was recorded for further analysis.

Similarly, transaxial images were used to assess the widest diameter of the 3™
ventricle, which was measured in millimeters at the center of the 3" ventricle.

The callosal angle was measured on coronal images at the level of the PC.
Additionally, the BVR was determined on coronal slices at the levels of both the AC
(BVRac) and the PC (BVRrc). Each BVR was calculated as the maximum vertical
distance between the roof of the lateral ventricle and the inner skull and divided by
the maximum vertical distance of the lateral ventricle on the same side. The z-EI was
calculated as the ratio between the maximum vertical distance of the frontal horns of
the lateral ventricles and the maximum cranial vertical distance along the midline on

coronal slices at the AC level.

Compression of the cortical sulci was assessed using both coronal and transaxial
images above the lateral ventricles and dorsal of the foramen of Monro, e.g.
evaluating cranial fronto-parietal cortex. Compression was identified by the absence
of visible CSF within the sulci and was categorized as follows: 0 for normal or
widened sulci, 1 for mild compression (parafalcine sulci involvement), and 2 for
severe compression (obliteration of both parafalcine and high convexity sulci). For
statistical purposes, the grading scale was simplified to a dichotomous variable,

where compression was classified as present if graded >1.
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The dilation of the Sylvian fissures was evaluated on both coronal and transaxial
images at the level of the thalamus and lentiform nucleus. The width of the Sylvian
fissures was compared with nearby sulci, and the degree of dilation was rated for
each side as follows: 0 for normal/narrow, 1 for mild/moderate dilation, and 2 for
significant dilation. For statistical analyses, dilation was recorded as present if either

side was graded >1.

In the mid-sagittal plane, measurements of the maximum anterior-posterior (A-P)
diameters of the pons and fourth ventricle were performed perpendicular to a
reference line along the posterior pons. Similarly, the largest A-P diameter of the
midbrain was measured in millimeters on a mid-sagittal slice, perpendicular to a
reference line along the cerebral aqueduct. Figure 4 shows measurements of all

imaging markers measured at baseline and follow-up.

PVWM changes were assessed on original, non-reformatted FLAIR images

following the modified Fazekas scale.'>*
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Figure 4: Morphological imaging markers measured at baseline and follow-up on all participants

Figure 4. 1. Evans’ Index (A/B), 2. z-Evans’ Index (E/C), brain per ventricle ratios (D/E) at
anterior commissure and posterior commissure levels, 3. temporal horn width (F), 4. third ventricle
width (G), 5. callosal angle (H), and 6. midbrain (I), fourth ventricle (J), and pons (K)

Data reproduced from Constantinescu et al. (2024) “MRI markers of idiopathic normal pressure hydrocephalus in a
population study with 791 participants: Exploring reference values and associations”, The Neuroradiology Journal.
https://doi.org/10.1177/19714009241303132. Published by SAGE Publications. Licensed under CC BY 4.0,
https://creativecommons.org/licenses/by/4.0/
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3.3.1.2 RELIABILITY TESTING

To ensure the reliability of imaging marker evaluations, both inter-rater and intra-
rater agreement were assessed on baseline MRI examinations. Inter-rater reliability
was evaluated by comparing the assessments of a medical doctor and a senior
neuroradiologist, who independently analyzed the above described 12 imaging
markers on 20 participants’ T1-weighted images. To test the intra-rater reliability the
medical doctor re-analyzed the same images after a 14-day interval. The results
demonstrated strong inter-rater reliability, with intra-class correlation coefficients
(ICCs) ranging from 0.77 to 0.99 for continuous variables. Similarly, intra-rater
reliability was high, with ICCs exceeding 0.74 for all continuous measures.

For nominal variables, complete agreement (100%) was observed for both inter- and
intra-rater assessments. Due to the consistent nature of the test and retest data,

Cohen’s kappa could not be calculated, as the statistic requires variability in the data.

3.3.1.3 RADIOLOGICAL DEFINITIONS

The radiological criteria for iINPH used in this thesis were based on the IG, with the
following adjustments: First, a callosal angle of less than 90° was applied as an
indicative criterion.'*' Second, temporal horn enlargement was defined as a mean
width of > 6 mm.!** Third, due to the unavailability of flow-sensitive sagittal T2
imaging, the presence of aqueductal or fourth ventricular flow voids was not
assessed. Instead, the aqueduct was deemed patent if imaging showed normal
morphology of the aqueduct, no signs of downward displacement of the third
ventricle floor, no apparent obstruction at the level of the aqueduct or the fourth

ventricle.
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Across all papers included in this thesis radiologically probable iNPH was thus
defined as follows (Table 4):

Table 4. Definition of radiologically probable iNPH

Group Radiologically probable iNPH according to
modified International Guidelines (IG)
Definition Both a and b:
a. EI[>0.3

b. No discernible CSF flow obstruction

And at least one of the following:

1. Enlargement of the temporal horns
(> 6 mm) not entirely attributable to
hippocampus atrophy

2. Periventricular signal changes not
attributable to microvascular
ischemic change or demyelination

3. Callosal angle < 90°

Abbreviations: CSF = cerebrospinal fluid, EI = Evans’ Index, IG = International iNPH Guidelines,
iNPH = idiopathic normal pressure hydrocephalus, mm = millimeters, MRI = magnetic resonance
imaging

Data reproduced from Constantinescu et al. (2023), Prevalence of Possible Idiopathic Normal Pressure
Hydrocephalus in Sweden: A Population-Based MRI Study in 791 70-Year-Old Participants,
Neurology, https://doi.org/10.1212/WNL.0000000000208037, Published by Wolters Kluwer Health.
Licensed under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/; Constantinescu et al. (2024),
MRI markers of idiopathic normal pressure hydrocephalus in a population study with 791 participants:
Exploring reference values and associations, The Neuroradiology Journal,
https://doi.org/10.1177/19714009241303132, Published by SAGE Publications. Licensed under CC BY
4.0, https://creativecommons.org/licenses/by/4.0/; Constantinescu et al. (2025), “Idiopathic Normal
Pressure Hydrocephalus: Incidence, Prevalence, and Progression in a Large Population-Based Cohort
of Older Adults”, Neurology Open Access, https://doi.org/10.1212/WN9.0000000000000035.
Published by Wolters Kluwer Health. Licensed under CC BY-NC-ND,
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en

Further radiological subgroup classifications specific to each paper are detailed

below to clarify differences in methodology and subgrouping criteria.
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Paper 1

Radiologically probable iNPH was diagnosed according to the previously described
criteria. A more comprehensive classification, termed radiologically holistic probable
iNPH (radiologically /-probable iNPH), was established by integrating the modified
IG definition of radiologically probable iNPH with features of DESH and the
Radscale criteria. To account for the potential influence of cerebral atrophy on
ventricular enlargement, cortical and regional brain atrophy were assessed using the

254 and medial

global cortical atrophy (GCA) scale,”? posterior atrophy (PA) scale,
temporal atrophy (MTA) scale.'”® Additionally, the brainstem and cerebellum were
visually examined to rule out conditions such as PSP and cerebellar MSA. The
presence and extent of lacunar and lobar infarcts were analyzed in relation to

ventricular enlargement.

Participants were assigned to one of four radiological subgroups representing

progressively more specific criteria for iNPH:

e A.Reference group: E1<0.3

e B. EI> 0.3 without other radiological features characteristic of iNPH

e C. Radiologically probable iNPH: as defined above, but not meeting the
holistic criteria for Group D

e D. Radiologically #-probable iNPH: fulfilling both criteria for
radiologically probable iNPH and holistic classification criteria assessed by

an experienced neuroradiologist, both defined above
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Paper 11
e Radiologically probable iNPH: as defined above
e Reference group: EI <0.3 and/or EI > 0.3 without other radiological
features characteristic of iNPH i.e. did not meet criteria for radiologically

probable iNPH

Paper 111
e Radiologically probable iNPH: as defined above

e Non-iNPH: EI <0.3 and/or EI > 0.3 without other radiological features
characteristic of iNPH i.e. did not meet criteria for radiologically probable

iNPH

3.3.1.4 VOLUMETRIC BRAIN MRI MEASUREMENTS

Beyond the assessment of morphological imaging markers, Paper II also included
volumetric analysis of key brain structures. These measurements were obtained by
Professor Eric Westman’s research group at the Karolinska Institute, using T1-
weighted 3D MRI data processed with FreeSurfer version 7.2
(https://surfer.nmr.mgh.harvard.edu/) via the HiveDB platform. All MRI datasets
included in the volumetric analysis were of sufficient quality for automated

segmentation and passed post-processing quality control.

Although FreeSurfer generates volumetric data for a wide range of brain regions,
only the volumes of structures considered relevant to iNPH were included in the
analyses. These (reported in milliliters, mL) were: left and right lateral ventricles,
inferior lateral ventricles, third and fourth ventricles, posterior corpus callosum,

brainstem, and total intracranial volume (TIV). To adjust for individual variation in
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head size, all above mentioned raw volumes were also normalized to TIV using the
residual method, as described by Voevodskaya et al.>*® In brief, normalized volumes

were computed as:
VOlumeadjustedi = VOlumerawi - B(ICVrawi - ICVmeam)

where f is the slope of the linear regression of raw volumes on intracranial volume
acv.

This method effectively removes the correlation between regional brain volume and

ICV, enabling group comparisons that are independent of head size.

Both raw and TIV-adjusted volumes were used in the analyses in Paper 1.

3.4 CLINICAL EXAMINATIONS

All clinical assessments included in this study were conducted as part of the original
H70 cohort data collection by trained external research personnel—primarily nurses,
physiotherapists, and medical doctors—affiliated with the H70 research group. These
tests were pre-specified and standardized across participants, and neither the author
of this thesis nor the current research team was involved in selecting or administering
the tests at the time of data collection. Consequently, the scope of available clinical
variables was determined in advance. From this broad set of clinical data, variables
most relevant to iNPH were identified. This selection process was carried out in
collaboration between the author, two senior consultants and professors in neurology,
a medical doctor, the H70 principal investigator (a professor in psychiatry), and,

where appropriate, a clinical neuropsychologist. Tests were chosen based on their
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clinical relevance and ability to mirror the evaluations typically used in iNPH
diagnostics. In some cases, variables were combined or modified to construct

summary indices that better reflected the symptom domains of iNPH.

In the following section, each selected clinical variable is presented in more detail,
along with the rationale for its inclusion and how it was operationalized in the

context of this study.

3.4.1.1 ASSESSMENT OF CLINICAL SYMPTOMS AND
DEFINITIONS

Gait and balance were evaluated by either physiotherapists or trained research nurses.
Gait disturbances were assessed in two ways: (1) visually, through observation of
walking patterns, with disturbances classified as none, mild, or severe, and (2)
quantitatively, by timing a 30-meter walk at a self-selected pace, with results
recorded in seconds. For this study gait impairment was considered present if
walking time exceeded the group mean by more than one standard deviation (SD) —
based on the results of the study population — and/or if the visual assessment
indicated mild or severe disturbance.

Balance was measured using the one-leg static balance test.”° Participants attempted
to stand on one leg for a maximum of 30 seconds, with three trials conducted for
each leg. The best performance across trials was recorded. Impaired balance was

defined as a score below the group mean minus one SD.

Cognitive function was assessed using the Mini-Mental State Examination

(MMSE),*” administered by a psychiatric nurse or physician. Cognitive impairment
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was defined as an MMSE score lower than 26 and/or below the group mean minus

one SD.

Urinary incontinence was determined through self-reports. Participants were
considered incontinent if they reported symptoms such as frequent urgency leading to
involuntary urination, occasional leakage onto clothing, the need for medical aids
like pads or catheters, or the use of a uridome.

Based upon the principles of the Hellstrom scale,'!”

a composite iNPH symptom
score was developed to integrate gait, balance, cognitive function, and continence
assessments. Each domain was standardized to a 0-100 scale, with 0 indicating the
worst performance and 100 the best. The standardization scoring is detailed in
Appendix Table Al. Gait was weighted twice as heavily as the other domains, and the

composite score was calculated using the formula:

(2 x Gait + Cognition + Balance + Continence) / Number of available domains

This score is referred to as the iNPH index in Paper II and the iNPH scale in Paper
1I; in this thesis, it will be consistently termed the iNPH scale.

3.4.1.2 ASSESSMENT OF VASCULAR RISK FACTORS AND
VASCULAR DISEASES

VrFs and disease data were collected at baseline through physical exams, medical
histories, and proxy interviews conducted by research nurses or psychologists.

Information on past and current conditions, medications, and hospital admissions was
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obtained. Physical assessments included blood pressure (measured after five minutes
of seated rest in the right arm), weight, height, blood sampling, and ECG analysis

coded using the Minnesota Code.

Stroke history was gathered via interviews and verified with the National Patient
Register (NPR), which contains ICD-10-SE coded diagnoses for hospital and
outpatient care. The evaluated VrFs included myocardial infarction, stroke, angina
pectoris, atrial fibrillation, heart failure, hypertension, diabetes,
hypercholesterolemia, smoking, BMI, and alcohol consumption. Detailed definitions

and diagnostic criteria are in Appendix Table A2.

3.5 DEFINITIONS OF INPH IN PAPERS I-lll

Paper I-111

iNPH was diagnosed based on IG criteria, combining radiologically probable iNPH
with gait and/or balance disturbances, plus either cognitive decline, urinary
incontinence as defined above, or both. This definition was consistently applied
across all studies. CSF opening pressure was not measured, as it was not included in
the H70 study protocol. As the iNPH definition used did not fully align with IG
standards, participants meeting radiological and clinical criteria for iNPH were

referred to as having “possible iNPH” throughout papers I-111.
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3.5.1.1 SUBGROUPS BASED ON COMBINED
RADIOLOGICAL AND CLINICAL FINDINGS ACROSS
PAPERS

Paper I:
In paper I, the same participants were analyzed from different perspectives. Thus, the
same individuals may appear in multiple subgroups depending on the classification

approach, outlined below.

All participants who fulfilled criteria for radiologically probable iNPH were divided

into three subgroups based on clinical presentation:

O Possible iNPH: as outlined above

¢ Asymptomatic INPH: Met criteria for radiologically probable iNPH
according to modified IG without any clinical symptoms of iNPH

¢ Radiologic iNPH with isolated symptoms: Met criteria for radiologically
probable iNPH according to modified IG but showed only isolated
symptoms, insufficient to fulfill the complete clinical criteria for iNPH per

IG

In a separate analysis, all participants with possible iNPH were compared

with those who did not meet criteria for possible iNPH, i.e. non-iNPH:

¢ Non-iNPH: Did not meet criteria for possible iNPH (i.e. including those
with asymptomatic iNPH and radiologic iNPH with isolated symptoms)

71



Clara Constantinescu

Paper 11:
¢ Possible iNPH: as outlined above
¢ Non-iNPH: Did not meet criteria for possible iNPH (i.e. including those
with asymptomatic iNPH and radiologic iNPH with isolated symptoms)

Papers I111:

O Possible iNPH: as outlined above

¢ Asymptomatic iINPH-RFO (radiologic features only): Met criteria for
radiologically probable iNPH according to modified IG without any clinical
symptoms of iNPH

¢ Radiologic iNPH with isolated symptoms: Met criteria for radiologically
probable iNPH according to modified IG but showed only isolated
symptoms, insufficient to fulfill the complete clinical criteria for iNPH per
(€]

¢ Non-iNPH: Did not meet criteria for radiologically probable iNPH
according to modified IG

Terminology Note:

The subgroup referred to as asymptomatic iNPH in Paper I and asymptomatic iNPH-
RFO (radiologic features only) in Paper III were defined using the same criteria. The
terminology was adjusted in Paper 1] at the request of a reviewer. For consistency
and clarity, this group will henceforth be referred to as asymptomatic iNPH when

discussing both Paper I and Paper I1 in this thesis.
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3.5.1.2 EXCLUSION OF SECONDARY CAUSES OF
HYDROCEPHALUS

To differentiate idiopathic NPH from secondary forms, we cross-referenced
participants with the Swedish NPR, which captures diagnoses from both hospital
admissions and specialized outpatient care using ICD-10-SE codes. Individuals with
a documented history of severe head trauma, meningitis, or subarachnoid
hemorrhage within one year prior to inclusion were considered to have potential
secondary hydrocephalus and were therefore not eligible for classification as iNPH.
No participants meeting the diagnostic criteria for iNPH had any of these

exclusionary conditions, and consequently, no cases were removed on this basis.
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4 STATISTICAL METHODS

Descriptive statistics were used to summarize epidemiologic data and were presented

as mean with standard deviation or median with interquartile range.

Prevalence was calculated as the proportion of cases among study participants
(Papers I and III). Cumulative incidence was determined as the proportion of new
possible iNPH or asymptomatic iNPH cases during the follow-up period, while
incidence rates were calculated using Poisson regression, incorporating person-time
as the offset. Person-time was calculated from baseline to follow-up, and incidence
rates were expressed as new cases per 1,000 person-years. Incidence rate ratios

(IRRs) were calculated to compare incidence rates between groups (Paper I1l).

Poisson regression was also used to estimate the relative risk (RR) of developing
iNPH based on baseline radiological markers or clinical findings, with RRs and 95%

confidence intervals (CIs) reported per unit change in markers or clinical data.

The Shapiro-Wilk test confirmed that data were not normally distributed, and as a
result, nonparametric tests were applied in all studies. The Mann-Whitney U test was
used for comparing continuous variables between two groups (Papers I and II), and
the Fisher exact test was applied to assess differences in proportions and binary
variables with small subgroups or complete/near complete outcome separation.
Associations between variables were examined using Spearman’s rank correlation

(Paper I).

Inter- and intra-rater reliability for continuous variables were assessed using the
intra-class correlation coefficient. Receiver operating characteristic (ROC) analysis
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was employed to evaluate the predictive performance of clinical and radiological
markers, with area under the curve (AUC) values used to assess diagnostic accuracy

and Youden’s index applied to identify optimal cutoff points (Papers II and III).

Across all studies, statistical tests were two-sided, with significance set at p < 0.05.
Analyses were conducted using SPSS software: version 28.0 for Paper I and version

29.0 for Papers Il and III (SPSS Inc., Chicago, IL).
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5 ETHICAL APPROVALS

All studies were approved by the Regional Ethical Review Board in Gothenburg.
Dnr: 006-14, 869-13; 2019-01585. Informed consent was obtained from participants
or their relatives when cognitive impairments prevented direct consent. Participants
were informed of their right to withdraw at any time, with the assurance that their

data would be deleted upon request.
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6 RESULTS

6.1 PAPER | - PREVALENCE OF INPH

The prevalence of iNPH in this population-based sample of 71-year-olds was 1.5%.
Stratified by sex, the prevalence was 2.1% in men (95% CI: 1.0-4.3) and 0.97% in
women (95% CI: 0.3-2.6). Although the condition appeared more common in men

(67% of cases versus 33% in women), the difference was not statistically significant.

11% of participants had an EI above 0.3 without other characteristic radiological
markers of iNPH, 3.7% met the IG criteria for radiologically probable iNPH, while
1.4% were classified as radiologically 4-probable iNPH.

In total, 5.1% of participants exhibited radiological features suggestive of iNPH,
while the prevalence of asymptomatic iNPH was 1.5% and the prevalence of
radiologic iNPH with isolated symptoms was 2%. Of those fulfilling criteria for
radiologically probable iNPH according to IG, 7.5% had DESH.

Applying the h-probable radiological criteria together with the IG clinical criteria
yielded an estimated iNPH prevalence of 0.63%.

The relationship between iNPH symptoms and radiological findings is outlined in

Table 5.
In summary, possible iNPH was present in 1.5% of 71-year-olds. An additional 3.5%

showed radiological features without meeting full clinical criteria, indicating a

potential preclinical phase. These findings suggest that iNPH and its early
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radiological markers may be more common than previously recognized in this age

group.

Table 5. Comparison of Radiological and Clinical Findings Between the Reference
Group and Various Radiological Subgroups

A. B. Evans’ C. D. Combined
Reference  Index > Radiologically Radiologically Radiologically
Group 0.3 Probable iNPH h-Probable Probable &
(Evans’ Without (n=29) iNPH Radiologically
Index Other (n=11) h-Probable
<0.3) iNPH iNPH
(n=661) Findings (n =40)
(n=90)
Men, % 43.9% 65.6%** 69%%* 73% 70%**
[95% CI] [40.1-47.8] [54.7-75.1] [49.0-84.0] [39.3-92.7] [53.3-82.9]
Evans' Index, 0.26 0.32 0.32 0.35 0.33
mean (SD) (0.027) (0.02)** (0.018)** (0.026)** (0.025)**
[95% CI] [0.256-0.260] [0.315 [0.313-0.326] [0.334-0.369] [0.320-0.336]
-0.323]
MMSE, mean 29 29 28 26 28
(SD) [95% CI] ) ) (1.8)* (5)* (3)*
[29-29] [29-29] [28-29] [23-29] [27-29]
Gait and/or 19.7% 33.3% 41.4% 45.5% 42.5%
Balance (130/660) (30/90)* (12/29)* (5/11)% (17/40)*
Disturbance [16.8-23.0] [24.0-44.1] [24.1-61.0] [18.1-75.4] [27.4-59.0]
t
% (/N) [95%
cl
Cognitive 10.6% 10% 24.1% 45.5% 30%
Impairment, (70/660) (9/90) (7/29)* (5/11)* (12/40)**
% (/N) [95% [8.4-13.3] [5.0-18.6] [11.0-43.9] [18.1-75.4] [17.1-46.7]
c1
Urinary 26.6% 20% 41.4% 45.5% 42.5%
Incontinence, (176/658) (18/89) (12/29) (5/11) (17/40)*
% (/N) [95% [23.4-30.3] [12.7-30.3] [24.1-61.0] [18.1-75.4] [27.4-59.0]
1]

Abbreviations: iNPH = idiopathic normal pressure hydrocephalus; MMSE = Mini-Mental State
Examination; n = number with symptom; N = total in group.

Tp <0.1vs. reference; * p <0.05 vs. reference; ** p <0.01 vs. reference

Data reproduced from Constantinescu et al. (2027)§Prevalence of Possible Idiopathic Normal Pressure
Hydrocephalus in Sweden: A Population-Based MRI Study in 791 70-Year-Old Participants, Neurology,
https://doi.org/10.1212/WNL.0000000000208037. Published by Wolters Kluwer Health. Licensed under
CC BY 4.0, https://creativecommons.org/licenses/by/4.0/.
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6.2 PAPER Il - MRI MARKERS OF INPH

Significant differences between all morphologic imaging markers except the
diameter of the pons were observed between individuals classified as having

radiologically probable iNPH and those in the reference group (p < 0.001). Table 6.

Volumetric measurements that passed quality control were available for 770
participants. Reference values for morphological and volumetric imaging markers in
those with radiologically probable iNPH and the reference group are outlined in

Tables 6 and 7, respectively.
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Table 6. Comparison of morphological imaging markers between radiologically probable
iNPH and the reference group

Variable Reference 95% CI1 Radiologically 95% CI AUC
Group probable
(n=751) iNPH
(n=40)
EI, median IQR)  0.27 0.26-0.27 0.32%%3% 0.31-0.33 0.95] *%*
(0.25-0.29) (0.31-0.35)
Temporal 2.10 2.05-2.20 6.15%** 3.45-7.05 0.891%%*%*
Horn Mean, (1.55-2.90) (3.45-8.20)
median (IQR),
mm
Callosal 120.0 119.0-120.9 97 4(*** 89.4-104.9 0.857*%*
Angle, median (112.7-127.2) (85.3-110.0)
(QR),°
z-El, median 0.28 0.28-0.28 0.35%%*%* 0.33-0.36 0.893%%#%*
(IQR) (0.26-0.31) (0.33-0.38)
Third 5.30 5.20-5.50 9.25%*% 8.40-11.10 0.886%***
Ventricle (3.80-7.10) (8.00-11.50)
Width, median
(IQR), mm
BVRAC, median ~ 1.69 1.66-1.72 1.15%** 1.05-1.27 0.883*%%*
(IQR) (1.48-1.90) (1.02-1.33)
BVRpc, median ~ 2.66 2.60-2.76 1.60%*** 1.46-1.7 0.891%%*%*
(IQR) (2.24-3.27) (1.36-1.97)
Midbrain 12.20 (11.70-  12.20-12.30 ] 55%*:* 11.40-12.00 (7] ] ***
Maximum 12.80) (11.15-12.20)
Diameter,
median (IQR),
mm
Pons 23.79 22.70-  23.60-23.90 2330 22.60-2420  (.589
Maximum 24.70) (22.00-24.50)
Diameter,
median (IQR),
mm
Fourth 10.40 10.30-10.60 1] .45%s%* 10.70-12.00  (.666%**
Ventricle (9.30-11.50) (10.25-12.65)
Maximum
Diameter,
median (IQR),
mm
Compression  7/751 3-14 8/40%** 4-14 0.595
of Sulci (n/N)
Enlarged 19/751 12-29 14/40%** 9-20 0.662*
Sylvian
Fissure
(Right/Left)
(n/N)

Abbreviations: AUC = area under the curve; BVRac = brain per ventricle ratio at the anterior commissure;
BVRpc = brain per ventricle ratio at the posterior commissure; CI = confidence interval; EI = Evans’ Index;
iNPH = idiopathic normal pressure hydrocephalus; §0R = interquartile range (25th-75th percentiles); mm =
millimeters; N = total number of individuals in the group; n = number of individuals with the reported
feature; z-EI = z-Evans’ Index

*p < 0.05 vs. reference; **p < 0.01 vs. reference; ***p < 0.001 vs. reference

Data reproduced from Constantinescu et al. (2024) “MRI markers of idiopathic normal pressure
hydrocephalus in a population study with 791 participants: Exploring reference values and associations”,
The Neuroradiology Journal. https://doi.org/10.1177/19714009241303132. Published by SAGE
Publications. Licensed under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/
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Table 7. Comparison of volumetric measurements between radiologically probable iNPH
and the reference group

Variable Reference IQR 95% Radiologically IQR 95% A Volume
Group (VRaw; Cl Probable (VRaw;  CI Difference
(n=735) vNorm) (Raw;  iNPH (n=35) vNorm)  yRaw;  (Radiologically
Median vNorm) Median (vRaw; vNorm) probable iNPH
(VRaw; vNorm) ’ Vs R?ference),
vNorm) Median
Left + Right 208,316 21 Cis 70.5%%%; G A0T8S
Lateral @52 o 001 @65 (565
Ventricles, 54.8) 33.0) 70.6 67.6)
mL
Left + Right 1.1; 1.2 0.8-2.5); (1.1 3 [k D kR (2.2 2.7- 2.0;1.5
. (0.9-2.4) 1.2); 6.1); 3.6);
Inferior (1.1-12) (19:39)  (2.232)
Lateral
Ventricles,
mL
Third 1.7: 1.7 (1329; (16 2.7k, D gk (21 @3- 1.0;0.7
. (1.4-2.8) 1.7); 4.1); 3.4);
Ventricle, mL (1.7-1.8) (1.93.1)  (22-3.2)
Fourth 1.8;1.8 (1.5-29; (1.7 2. 2%k, D Dkk (1.9- (22- 0.4;0.4
. (1.5-2.8) 1.8); 3.8); 2.7);
Ventricle, mL (1.7-1.8) (1.7-27)  (2.0-2.5)
Brainstem, 20.9;21.1 (194 207- 211, 19.1%%* (185  (197- 02,20
mL 25.1); 21.1); 25.2); 21.7);
(19.9- (21.0- (17.6- (18.1-
24.0) 21.2) 20.1) 19.9)
Total 3451366 G5k 700w ok TR 4AT326
Ventricular 294, (355 69. 2% 47 (639,
CSF, mL 61.6) 37.5) 78.7) 73.9)
Estimated 1483.8; (1381.4- (1468.7-  1669.3***, NA  (1480.5-  (1592.0-  185.5
Total NA 1776.8) 1496.7) 2006.1)  1711.6)
Intracranial
Volume, mL
Posterior 1.0; 1.0 Eg-g':gii (10(»;? 1.1; 1.1 (1042? (1‘1(;5 0
Corpus o (0.9-1.0) 09:12)  (1.05-

Callosum, mL

1.1)

Abbreviations: CI = confidence interval; CSF = cerebrospinal fluid; iNPH = idiopathic normal pressure hydrocephalus;
IQR = interquartile range (25th—75th percentiles); vRaw = raw volumes; vNorm = volumes normalized to intracranial

volume.

**P <0.01, ***P < 0.001.
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Lateral ventricle volumes exhibited a stronger correlation with z-EI, BVRac, and
BVRpc compared to EI (rs > 0.818 versus 0.68) (Table 8). The optimal cut-off values
for identifying radiologically probable iNPH were 0.32 for z-El, 1.36 for BVRac, and
1.83 for BVRec (Figure 5).

Clinical symptoms showed at most a moderate association with the imaging markers
analyzed. Amongst those fulfilling criteria for radiologically probable iNPH, wider
temporal horns were moderately associated with poorer performance on immediate
and delayed recall tests (rs = —0.486 and —0.434; p <.01), while smaller pontine
width and reduced brainstem volume were each associated with a greater number of
falls in the past year (rs = —0.409 and —0.414; p <.05). In addition, total intracranial
volume was modestly correlated with urinary incontinence (rs =—0.416; p <.05).
Remaining clinical symptoms demonstrated only weak associations with structural
imaging or volumetric data (rs < 0.4), and the iNPH scale score showed minimal
correlation with both morphological and volumetric measures (rs < 0.21). See

appendix of Paper II.
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Table 8. Correlations between morphological imaging markers and volumetric
measurements

Morphological Volumetric rs viNorm rs vRaw

imaging marker measurement

El Left + right lateral 0.539%** 0.68%**
ventricle (mL)

Temporal horns (Left + right inferior 0.607%** 0.700%**

mean, mm lateral ventricle)/2
(mL)

Callosal angle, ° Total ventricular CSF ~ -0.197%** -0.318%**
(mL)

Callosal angle, ° Posterior corpus 0.177%** 0.177%**
callosum (mL)

Callosal angle, ° Left + right lateral -0.175%** -0.298***
ventricle (mL)

z-E1 Left + right lateral 0.699%** 0.824***
ventricle (mL)

BVRAc Left + right lateral -0.680%*** -0.818***
ventricle (mL)

BVRpc Left + right lateral -0.707%** -0.835%**
ventricle (mL)

Third ventricle Third ventricle (mL) 0.809%** 0.9117%**

width, mm

Fourth ventricle Fourth ventricle (mL)  0.808%** 0.813%**

width, mm

Midbrain maximum  Brainstem (mL) 0.381*** 0.350%**

diameter, mm

Pons maximum Brainstem (mL) 0.571%** 0.611%**

diameter, mm

Abbreviations: BVRac = brain per ventricle ratio at the anterior commissure; BVRpc = brain per ventricle
ratio at the posterior commissure; CI = confidence interval; EI = Evans’ Index; rs = Spearman’s rank
correlation coefficient; TIV = total intracranial volume; vNorm = volume normalized to TIV; vRaw = raw
volume; z-EI = z-Evans’ Index.

Note: All correlations are statistically significant at p <.001

Data reproduced from Constantinescu et al. (2024) “MRI markers of idiopathic normal pressure
hydrocephalus in a population study with 791 participants: Exploring reference values and associations”, The
Neuroradiology Journal. https://doi.org/10.1177/19714009241303132. Published by SAGE Publications.
Licensed under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/
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Figure 5. ROC curves of EI, z-EI, BVRac, and BVRec for identifying radiologically
probable iNPH. Black dots mark optimal thresholds.
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Abbreviations: BVRac = brain per ventricle ratio at the anterior commissure; BVRpc = brain per ventricle
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In summary, individuals with radiologically probable iNPH showed significant
differences in nearly all morphological and volumetric imaging markers compared to
the reference group. Novel markers such as z-EI and BVR demonstrated stronger
correlations with ventricular volume than EI, and several imaging features were

moderately associated with clinical symptoms.

6.3 PAPER Ill - PREVALENCE, INCIDENCE
AND PROGRESSION OF INPH

Over a 6-year follow-up period, 13 of 465 participants with known baseline status
who underwent follow-up MRI developed possible iNPH, corresponding to an
incidence rate of 4.8 per 1,000 person-years (95% CI: 2.8-8.3). An additional 5 of
455 participants with known baseline status developed asymptomatic iNPH,
corresponding to an incidence rate of 1.9 per 1,000 person-years (95% CI: 0.8-4.5).

At follow-up (mean age: 77 years, SD 0.78), the overall prevalence of possible iNPH
was 2.9% (16/557; 95% CI: 1.8-4.6), with a higher prevalence among returning
participants (3.2%) compared to newly recruited individuals (1.1%) i.e. participants
only partaking at follow-up. Asymptomatic iNPH was present in 2.3% (13/557; 95%
CI: 1.4-4.0), including 1.3% of returning and 7.8% of newly recruited participants.
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The prevalence of asymptomatic iNPH was significantly greater among men.
Although men also showed numerically higher cumulative incidence, incidence rates,
and overall prevalence of possible as well as higher incidence of asymptomatic

iNPH, these differences did not reach statistical significance (Table 9).

Table 9. Differences in prevalence, cumulative incidence, incidence rates stratified by sex in persons with
possible and asymptomatic iNPH

Sex Possible Possible Possible Asymptomatic  Asymptomatic  Asymptomatic
iNPHi iNPH ¥ iNPH* iNPHI iNPH T+ iNPHY
Prevalence = Cumulative  Incidence Prevalence Cumulative Incidence Rate,
%, (n/N) Incidence Rate, %, (n/N) Incidence 95% CI)
95% CI) %, (95% 95% CI) (95% CI) %, (95% CI)

CI)

Men 4.10, (11/270)  3.70 (1.9-7.1) 6.40 4.44 (12/270) 1.9 (0.7-4.8) 3.32 (1.26-8.76)
(2.29-7.15) (3.24-12.62)  (2.56-7.61)

Women 1.74, (5/287) 2.00 (0.9-4.6) 3.451.45-  0.35, (1/287) 0.4 (0.1-2.3) 0.70 (0.10-4.92)
(0.75-4.01) 8.22) (0.06-1.95)

Abbreviations: CI = confidence interval; iNPH = idiopathic normal pressure hydrocephalus; IRR = incidence rate ratio; n/N =
number of cases over total number of individuals in the group.

Prevalence, cumulative incidence, and incidence rates are presented with 95% confidence intervals (CI). Incidence rates are
reported per 1,000 person-years. Between sex comparisons:

For possible iNPH, the incidence rate was lower in women (IRR = 0.54, 95% CI: 0.18-1.62; p = 0.27).

T For asymptomatic iNPH, the incidence rate was also lower in women (IRR = 0.21, 95% CI: 0.02—-1.86; p = 0.16).

i Prevalence differences between sexes were non-significant for possible iNPH (p = 0.81), but significant for asymptomatic
iNPH (p=0.001).

11 Differences in cumulative incidence between sexes were not statistically significant for possible iNPH (p = 0.31) or
asymptomatic iNPH (p = 0.11), based on Fisher’s exact test. 36

Data reproduced from Constantinescu et al. (2025), “Idiopathic Normal Pressure Hydrocephalus: Incidence, Prevalence, and
Progression in a Large Population-Based Cohort of Older Adults”, Neurology Open

Access, https://doi.org/10.1212/WN9.0000000000000035. Published by Wolters Kluwer Health. Licensed under CC BY-NC-
ND, https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en

The subgroup name has been changed from ‘Asymptomatic iNPH-RFO’ in the published table to ‘Asymptomatic iNPH’ for
consistency with this thesis.
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The strongest baseline radiological predictors of iNPH development over 6 years
were BVRac, z-El, and callosal angle (AUC: 0.90-0.93, p <0.001) (Table 10).
Higher scores on the iNPH scale and stronger balance performance were linked to a

significantly reduced risk of future iNPH. (Table 11).

Most VrFs were not significant predictors of the development of iNPH at follow-up,
but a higher baseline BMI was associated with an increased risk of progression

toward iNPH (Table 11).
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Table 10. Predictive performance of significant baseline imaging markers: relative risk, AUC, optimal
cut-offs, sensitivity, specificity.

Imaging marker  Unit of Relative AUC Optimal  Sensitivity, Specificity,
increase  Risk 95% cutoff (%) (%)
95%CIH) C)
EI 0.01 1.43%%* 0.86 0.29 85 80

(1.30-1.57) (0.80-0.93)

z-E1 0.01 1.35%*%* 0.90 0.31 100 76

(1.22-1.49) (0.86-0.95)

BVRac 0.1 0.60 *** 0.90 1.49 100 74

(0.51-0.70) (0.85-0.95)

BVRec 0.1 0.82 0.85 22 92 73

(0.77-0.88) (0.76-0.92)

Callosal angle,° 1 0.91 *** 0.93 112 100 78

(0.89-0.93) (0.89-0.97)

Third ventricle 1 1.58 *** 0.83 6.75 85 72

width, mm
(141-1.78)  (0.74-0.91)

Temporal horn 1 1.78 *#* 0.83 2.28 92 59
width, mm
(1.49-2.13) (0.74-0.93)

Enlarged 1 9.76%** 0.33 NA NA NA
Sylvian fissure, (3.41-27.87) (0.16-0.51)

right and/or left

(yes/no)

Abbreviations: AUC = area under the curve, BVRac = brain to ventricle ratio at the anterior commissure, BVRpc = brain
to ventricle ratio at the posterior commissure, CI = confidence interval, EI = Evans’ Index, NA = not applicable due to a
nonsignificant ROC analysis, z-EI = z-Evans’ Index

#xxp <0001

Data reproduced from Constantinescu et al. (2025), “Idiopathic Normal Pressure Hydrocephalus: Incidence, Prevalence,
and Progression in a Large Population-Based Cohort of Older Adults”, Neurology Open

Access, https://doi.org/10.1212/WN9.0000000000000035. Published by Wolters Kluwer Health. Licensed under CC BY-
NC-ND, https://creativecommons.org/licenses/by-ncgg4.0/deed.en



Clara Constantinescu

Table 11. Predictive performance of significant baseline clinical characteristics: relative risk, AUC,
optimal cut-offs, sensitivity, specificity.

Clinical Relative AUC Optimal  Sensitivity, Specificity,

characteristic Risk 95% CI) cut-off (%) (%)
(95% CI)

iNPH scale score 0.96** 0.71 94.5 85 70
(0.94-0.99) (0.59-0.84)

One-leg static 0.92%** 0.71 20.5 58 87

balance test, s
(0.87-0.96) (0.53-0.88)

BMI, kg/m? 1.14%** 0.71 274 69 74
(1.06-1.23) (0.57-0.86)

Abbreviations: AUC = area under the curve; BMI = body mass index; CI = confidence interval; iNPH = idiopathic normal
pressure hydrocephalus
**p < 0.01; ***p < 0.001

Data reproduced from Constantinescu et al. (2025), “Idiopathic Normal Pressure Hydrocephalus: Incidence, Prevalence,
and Progression in a Large Population-Based Cohort of Older Adults”, Neurology Open

Access, https://doi.org/10.1212/WN9.0000000000000035. Published by Wolters Kluwer Health. Licensed under CC BY-
NC-ND, https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en
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As shown in Figure 6, among the 13 newly diagnosed possible iNPH cases with
available baseline data, 62% (8/13) developed possible iNPH despite not meeting
radiological criteria for iINPH at baseline, while 38% (5/13) already displayed
radiological features of iNPH prior to follow-up.

Within this latter group, 60% (3/5) were asymptomatic, and 40% (2/5) had isolated
symptoms at baseline.

Over the follow-up period, 43% of those with asymptomatic iNPH and 67% of those
with radiologic iNPH and isolated symptoms progressed to a full possible iNPH
diagnosis (Figure 6). Reasons for non-participation at follow-up are depicted in Table

12.

In Paper 111, the incidence of possible iNPH over a 6-year follow-up period was 4.8
per 1,000 person-years, and 2.9% of 77-year-olds met criteria for possible iNPH at
follow-up. Radiological changes often preceded symptoms, and novel imaging
markers such as z-EI, BVRac, and callosal angle were strong baseline predictors of
iNPH. Higher BMI increased the risk, while better balance and higher iNPH scale

scores at baseline were associated with lower risk of future iNPH.
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Baseline at age 71
2014-2016
(n=791)

Figure 6. Progression and prevalence of possible and asymptomatic iNPH from baseline to follow-up

Follow-up at age 77
2019-2022
(n=3557)

Possible iINPH
n=12 (1.5%)

Possible INPH
n=16 (2.9%)

Radiologic iNPH with
isolated symptoms
n=16(2.0%)

Radiologic iNPH with
isolated symptoms
n=18 (3.2%)

Asymptomatic INPH
n=12 (1.5%)

Asymptomatic iNPH
n=13 (2.3 %)

Non-iNPH
n=751 (95.0%)

Non-iNPH
n=310 (91.6%)

Figure 6. Transitions between diagnostic subgroups from baseline (age 71) to follow-up (age 77). This
figure illustrates changes in diagnostic subgroup classification over a 6-year period among participants
who completed both baseline and follow-up assessments. Arrows indicate the number of individuals (n)
who transitioned from one subgroup to another, with different colors representing transitions into different
diagnostic categories. Only participants who participated in both assessment rounds are shown with
transition paths; individuals lost to follow-up are not included. The boxes at each time point display the
full cross-sectional cohort at age 71 and age 77, respectively, including participants who were examined in
only one of the two assessment rounds.

Abbreviations: iNPH = idiopathic normal pressure hydrocephalus; n = number of individuals

Data reproduced from Constantinescu et al. (2025), “Idiopathic Normal Pressure Hydrocephalus: Incidence, Prevalence, and
Progression in a Large Population-Based Cohort of Older Adults”, Neurology Open

Access, https://doi.org/10.1212/WN9.0000000000000035. Published by Wolters Kluwer Health. Licensed under CC BY-NC-ND,
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en

The subgroup name has been changed from ‘Asymptomatic iNPH-RFO’ in the published figure to ‘Asymptomatic iNPH’ for
consistency with this thesis.
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Table 12. Reasons for exclusion from follow-up in different baseline subgroups

Reason for Non- Radiologic Asymptomatic Possible
exclusion iNPH iNPH with iNPH iNPH
(n=751) isolated (n=12) (n=12)
symptoms
(n=16)

Died before study

21 2 0 3
start, n
Emigrated before

4 0 0 0

study start, n
Declined, n 114 3 3 4
Refused MRI or had

131 5 2 2
contraindication, n
Died during study, n 11 2 0 1
No contact

14 0 0 0
established, n
Excluded due to
technical MRI 1 1 0 0
reasons, 1
Participated with

455 3 7 2
brain MRI, n

Abbreviations: MRI = magnetic resonance imaging; iNPH = idiopathic normal pressure hydrocephalus;
n = number of individuals

Data reproduced from Constantinescu et al. (2025), “Idiopathic Normal Pressure Hydrocephalus: Incidence, Prevalence, and
Progression in a Large Population-Based Cohort of Older Adults”, Neurology Open
Access, https://doi.org/10.1212/WN9.0000000000000035. Published by Wolters Kluwer Health. Licensed under CC BY-NC-
ND, https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en
The subgroup name has been changed from ‘Asymptomatic iNPH-RFO’ in the published table to ‘Asymptomatic iNPH’ for
consistency with this thesis.
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6.4 AN OVERVIEW OF THE KEY FINDINGS
FROM THIS THESIS

e  The prevalence of possible iNPH in this population-based sample was 1.5%

at age 71, increasing to 2.9% at age 77

e The incidence rate of possible iNPH over the 6-year follow-up period was
4.8 per 1,000 person-years, and 1.9 per 1,000 person-years for asymptomatic
iNPH

e The prevalence of possible iNPH at ages 71 and 77 was higher than in
previous population-based studies with corresponding age-specific estimates,

and the incidence rate surpassed all earlier estimates

e  Although not statistically significant, both the prevalence and incidence of

possible iNPH were higher in men than in women

e  We propose population-based reference values for morphological imaging

markers and brain volumetrics for persons with and without iNPH
e  The novel imaging markers z-EI and BVR, not included in the IG, correlate
more strongly with lateral ventricular volumes than EI, and z-EI and BVRac

outperform EI in predicting iNPH

e Radiological changes often precede symptom onset and are strong indicators

of future development of symptomatic iNPH
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7 DISCUSSION

7.1 PREVALENCE OF INPH AND
PRECLINICAL INPH

In Paper I, we reported a prevalence of possible iNPH of 1.5% among 71-year-
olds—a higher rate than previously observed in this age group. By follow-up at age
77 (Paper IlI), prevalence had nearly doubled to 2.9%. Prevalence was higher in men

at both time points, although the difference was not statistically significant.

Estimates of iNPH prevalence in individuals aged 60 and older range from 0.031% to
8.9%.233:246 This variability is largely driven by differences in imaging methods, age
group inclusion, and diagnostic criteria as demonstrated by Andersson et al., who
showed that using the IG nearly doubles prevalence estimates compared to the JG.24
Additionally, differences in research methodologies and participant selection
strategies likely also contribute to the variability of reported prevalence rates.

201-203, 246

Population-based studies have been both prospective and retrospective,?*®

238,240 with some being specifically designed for detecting iNPH,?%% 246 while others
were originally intended for investigating aging or other neurological or cognitive
disorders.201-202.238. 240 QOther prevalence studies were based on door-to-door
surveys,?® or clinical material,>*>2*, and prevalence has also been summarized in

systematic reviews.??% 25% 260

Most earlier studies examined broad age bands rather than single-year cohorts.
Among individuals aged >80, Swedish population-based studies have reported

prevalence rates between 5.9% and 8.9%,24%-246 while a recent Japanese study found a
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prevalence of 7.7% at age 86.23 Our findings suggest that even among those in their
70s, iNPH is more prevalent than earlier estimates suggest and that prevalence

increases substantially with age.

While Andersson et al. reported a 2.1% prevalence in those aged 65—79, the absence
of age-specific breakdowns limits direct comparison. Moreover, their reliance on
self-reported symptoms may have introduced selection bias.?*® Conversely, Jaraj et
al. reported only 0.2% in 70—79-year-olds using CT-based imaging.>** Our higher
prevalence may partly reflect improved radiological detection, due to reangled MRI
images in all planes offering measurements of the callosal angle and more detailed

delineation of PWMLs.

Similar discrepancies are seen internationally. A prospective, population-based
Japanese study of individuals aged 61 or 70-72 reported a 0.5% prevalence of
possible iNPH,*! while other Japanese studies found rates between 0.37% and 7.7%
in persons aged >65 years.20%-203:236.238 Crogs-country comparisons are complicated
by the more inclusive diagnostic thresholds of the IG versus the more restrictive JG,
particularly the requirement for DESH in the latter.!” Differences in symptom

definitions across frameworks may also influence prevalence estimates.

Our study also highlights a substantial subgroup with preclinical iNPH, defined as
individuals meeting imaging criteria without fulfilling full clinical diagnostic
thresholds. At age 71, 3.5% of participants fell into this category (1.5%
asymptomatic iNPH, 2% radiologic iNPH and isolated symptoms) (Paper I). By age
77 (Paper IlI), the prevalence of asymptomatic iNPH had increased to 2.3% —
nearly twice that reported in 80-year-olds in a previous population-based study,>*

and more than double the 1.1% prevalence found in a large volumetric study of

individuals aged >65 years.?®! It also exceeds the 0.97% prevalence of asymptomatic
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hydrocephalic ventricular enlargement reported by Jaraj et al. in a cohort with a mean
age of 74.7 years.2*

Variations in diagnostic criteria, imaging techniques, and symptom thresholds likely
explain much of the differences in reported prevalence. The higher prevalence of
iNPH and asymptomatic iNPH observed in our study may be explained by the use of
MRI rather than CT, the application of broader IG diagnostic criteria instead of the
more restrictive JG, and a thorough clinical assessment protocol; together, these
factors likely increased case detection compared to earlier studies.

It remains uncertain whether true population differences exist, influenced by genetic,
environmental, or healthcare factors. While additional large-scale epidemiologic
studies are needed, the findings of this thesis support growing evidence that iNPH
may be more common than previously thought, with many individuals in a
radiologically detectable but clinically silent phase, which opens pathways for early

detection and potential disease prevention.

7.2 INCIDENCE OF INPH AND PRECLINICAL
INPH

The observed incidence of 4.8 cases per 1,000 person-years was four times greater

than in a previous community-based study,?*?

partly due to the broader diagnostic IG
criteria applied in our study. However, even when re-analyzing our data using JG
criteria, incidence remained elevated at ~2.2 per 1,000 person-years, reinforcing the

idea that iNPH is more common than traditionally recognized.

Hospital-based studies reported even lower incidence rates, ranging from 1.8 to 15.2

per 100,000 person-years, >3 20 likely due to their reliance on symptomatic patients

96



Clara Constantinescu

seeking care and retrospective chart reviews. In contrast, the prospective, population-
based design of the studies in this thesis enabled detection of cases independent of

healthcare contacts and of mild cases that otherwise might have gone undetected.

We also observed an incidence of 1.9 cases per 1,000 person-years for asymptomatic
iNPH, slightly exceeding the 1.3 per 1,000 person-years reported by Iseki et al. for
AVIM.? This supports the view that iNPH frequently begins as a subclinical

condition and underscores the importance of early identification.

Accurate estimates of disease burden are essential for resource planning and may
support the introduction of monitoring programs in at-risk populations. Our findings
also indicate that current diagnostic frameworks may fail to capture early-stage
iNPH. The imaging markers z-EI, BVRac, and BVRpc demonstrated stronger
associations with ventricular enlargement (Paper II) than EI, and both z-EI and
BVRac demonstrated superior predictive performance for identifying iNPH
compared to the traditionally used EI. If these more sensitive markers were
incorporated into updated diagnostic IG criteria, the estimated prevalence of both
symptomatic and asymptomatic iNPH may be even higher than reported in this

thesis.
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7.3 COMPARISON OF INPH PREVALENCE
AND OTHER NEURODEGENERATIVE
DISEASES

The incidence of possible iNPH in our study (4.8 per 1,000 person-years) suggests
that iNPH may be as common as, or possibly more common than, other major
neurodegenerative disorders. For comparison, the incidence of AD is ~4 per 1,000
person-years in individuals aged 65-74,2°% 2% PD ranges from 1-2 per 1,000 over age
65,74 and VD incidence has been reported to be 0.94 per 1,000 person-years in
persons aged 75-79.2%5 Despite its similar or higher incidence, iNPH remains far less
recognized, although it is the only reversible form of neurodegenerative dementia.
None of the persons with iNPH identified in this study had received shunt surgery at

follow-up.

The cost-effectiveness of shunt surgery for iNPH has been well-established, with an
ICER of €7,500 per QALY gained.?!” In comparison, Lecanemab, a new anti-
amyloid therapy for AD, costs €24,640 per patient annually,?*®

from €241,554 to €263,327 per QALY 267268 This stark contrast emphasizes the

with an ICER ranging

significantly higher cost per patient of Lecanemab compared to one-time shunt

surgery for iNPH.

With an aging population, iNPH prevalence and incidence are expected to rise
further, and as diagnostic criteria improve—possibly including the novel imaging
markers proposed in this thesis—alongside expanded follow-up programs, the true
incidence and prevalence may be even higher than currently estimated. Given its
comparatively low treatment cost and potential for significant functional recovery,

increasing awareness, early diagnosis, and intervention is critical.
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7.4 WHY |S PREVALENCE OF INPH RAPIDLY
INCREASING WITH INCREASING AGE?

Epidemiological studies, including the findings presented in this thesis, consistently
demonstrate that the prevalence of iNPH increases with age. While the exact
mechanisms linking aging and iNPH remain unclear, several age-related alterations

in brain structure, CSF circulation, and vascular function may play a role.

As individuals age, the motile cilia on ependymal cells—which help propel CSF
through the brain's ventricular system—may become structurally and functionally
impaired. In iNPH, age-related increases in CSF stroke volume and oscillatory shear
stress at the cerebral aqueduct are proposed to disrupt normal ciliary beating, causing
cilia shedding and loss of ependymal cell coverage. This loss may impair CSF

circulation and contribute to ventricular enlargement.?®

The glymphatic system, which facilitates waste clearance from the brain, becomes
less efficient with age due to structural and functional changes,?’® including reduced
CBEF, arterial stiffness, and diminished pulsatility.?®%>’! These age-related alterations
in glymphatic function may contribute to the accumulation of metabolic waste in the
brain and contribute to the development of iNPH. These effects might be further
compounded by poor sleep quality, especially a decline in slow-wave sleep, which is
crucial for glymphatic activity. Beyond age 65, both sleep quality and duration

decrease markedly.?6% 270272

Age-related reductions in craniospinal compliance may elevate venous pressure in
superficial veins such as the sagittal sinus. This, in turn, can impair CSF resorption

and initiate a positive feedback loop of worsening compliance and ventricular
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dilation, contributing to the development of iNPH.* Finally, aging is accompanied
by an increase in VrFs such as hypertension,?”* diabetes,?”*2’* and atherosclerosis.?’
As VrFs are associated with the development of iNPH,* they may represent an
important pathway through which aging contributes to the onset and progression of

the disease.

In summary, aging likely contributes to iNPH through a combination of mechanical,
vascular, and clearance-related changes in the brain, all of which may act
synergistically to promote disease onset and progression, increasing disease

prevalence in the elderly.

With advancing age, both the prevalence of iNPH and the overall burden of

comorbidities increase.'”

Many of these comorbid conditions can mimic or obscure
the classic iNPH symptom triad, making diagnosis challenging in both clinical and
epidemiological contexts. Common neurological mimics are PD, LBD, PSP and AD

all of which become more prevalent with age,?6% 277-27

and may present with
overlapping features. Urinary incontinence, secondary to other factors than iNPH, is
also highly prevalent in older adults, particularly stress incontinence among women

and urge incontinence in men. 2% 281

Additional age-related conditions such as osteoarthritis, spinal stenosis, peripheral
neuropathy, and the side effects of polypharmacy—especially sedatives and alpha-
blockers—can contribute to mobility, gait, and balance impairments that may either

resemble or exacerbate iNPH symptoms.

In summary, aging not only increases the risk of developing iNPH but also raises the
likelihood of coexisting or mimicking disorders. This represents a key limitation of

this thesis and reflects a broader challenge in diagnosing and managing iNPH in
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older adults. Comorbidities can complicate clinical presentation, hinder diagnostic
accuracy, and influence treatment outcomes. Addressing these complexities requires
a multidisciplinary approach that considers both the specific condition and the

broader health status of each individual.

7.5 PROGRESSION OF INPH

In this thesis, we observed a substantial risk of progression among individuals with
early radiological signs of iNPH. Over six years, 67% of those with radiologic iNPH
and isolated symptoms who attended follow-up developed possible iNPH. Among
asymptomatic individuals, 43% progressed to symptomatic iNPH, corresponding to
an estimated annual progression rate of 7.2%—higher than rates reported in previous

population-based studies.?"!- 203204

For example, a population-based study found an estimated ~3% annual progression
rate from asymptomatic hydrocephalic ventricular enlargement to probable iNPH.2*
Another community-based study reported that 2 of 8 individuals with asymptomatic
iNPH features developed symptoms over 4-8 years. This translates to an estimated
annual progression rate of approximately 3—6%.%%!

In contrast, a hospital-based multicenter study reported a higher annual progression
rate of approximately 11% over three years, defining AVIM as the presence of iNPH

radiological features without any objective or subjective iNPH symptoms.?$?

As discussed earlier, differences in diagnostic criteria, imaging methods, and

symptom thresholds likely contribute to variability across studies, with stricter
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radiological thresholds (e.g., DESH requirement in the JG) potentially

underestimating early disease.

Our findings strengthen the concept that asymptomatic iNPH represents a preclinical
stage of iNPH with significant risk of progression. The high conversion rates suggest
that radiological changes often precede symptom onset, and that imaging markers are
strong predictors of neurological decline. Current diagnostic frameworks may

capture iNPH at later stages, underscoring the need for earlier detection.

Untreated iNPH typically follows a course of gradual deterioration in gait, balance,
and cognition, with symptoms eventually becoming only partially reversible. Early

shunt surgery improves outcomes??’ and reduces mortality,??!

while delayed
treatment is associated with doubled mortality risk.??! Recognizing early disease is

therefore important.

In line with the disease model proposed by Andrén et al.,>*® an optimal treatment
window may exist: a phase where symptoms are sufficiently burdensome to justify
surgery but before irreversible damage occurs. Although this window is not yet well-
defined, our findings suggest that asymptomatic or mildly symptomatic individuals
with radiological signs should be considered at high risk and may benefit from closer

clinical surveillance.

We recommend structured clinical monitoring of individuals with incidental
radiological findings of iNPH. Such monitoring should include regular assessments
of gait, balance, cognition, and continence to detect early signs of progression. To
our knowledge, no formal surveillance protocols currently exist in routine

Scandinavian clinical practice. Incorporating such follow-up could facilitate earlier
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diagnosis and referral, improving the chances of successful intervention before the

onset of irreversible decline.

7.6 RADIOLOGICAL FEATURES IN INPH AND
THEIR ASSOCIATION WITH CLINICAL
SYMPTOMS

As expected, individuals with possible iNPH had an EI > 0.3, temporal horn
widening and/or a callosal angle < 90°, in line with the IG' and previous results.!?
150 However, these findings must be interpreted cautiously, as participants

were selected based on these same radiological features, introducing circular
reasoning. Enlargement of the third and fourth ventricles was also consistently
observed in persons with possible iNPH, supporting prior evidence of infratentorial
involvement.'** 77 In addition, reduced midbrain diameter in possible iNPH
compared to non-iNPH, together with the association between brainstem volumes
and fall history in our volumetric analyses (Paper 1), highlights a potential
contribution of brainstem structures to disease pathophysiology, in concordance with
previous findings.!8% 183,283

Clinical features such as postural instability and freezing of gait have been linked to
dysfunction of the pedunculopontine nucleus in the mesencephalic tegmentum in PD,
and these same clinical features are also observed in iNPH.?#3-2% Prior studies
reporting reduced midbrain size in iNPH compared to controls and increased
midbrain diameter post-operatively suggest that the mesencephalic locomotor region

contributes to gait and balance disturbances,'$% 133
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associated with pontine micturition centers.'!” 283287 The mechanisms behind these
brainstem alterations remain uncertain, but proposed explanations include ventricular

183,288 a5 well as

enlargement causing mechanical compression or midbrain atrophy,
impaired perfusion.®> ?®3 Imaging studies showing postoperative increases in
brainstem diffusion and perfusion correlating with clinical improvement indicate that
these changes may be at least partly reversible.”> Although clarifying the precise role
of the brainstem in iNPH pathophysiology is beyond the scope of this thesis, our
findings, together with prior evidence, support the involvement of infratentorial

structures in the pathophysiology of iNPH.

In Papers II and 111, DESH was present in only 7.5% and 17% of individuals with
radiological iNPH, respectively — considerably lower than reported in earlier
studies.”® 13917 180 Thyig aligns with earlier findings indicating that many individuals
with iNPH present with absent or incomplete DESH features,'>* 7% 189 and therefore

should not be excluded from diagnosis or treatment based on DESH criteria alone.

This thesis presents population-based reference values for a wide range of established
and emerging iNPH imaging markers, including z-EI and BVRac, both now included
in the JG.? These markers better predicted iNPH development than EI (Paper I111),
which has known limitations—being age-, sex-, and ethnicity-dependent and elevated
in various other conditions. In fact, 16% of the total cohort in Paper [ had an EI >
0.3, similar to the rate reported in another recent population-based study,?*’
underscoring its low specificity. Of course, it is worth noting that z-EI and BVR may

also be influenced by sex, age, and possibly ethnicity, underscoring the value of

providing sex-specific reference values from a population-based sample.

Current diagnostic practice is hindered by inconsistent and outdated criteria, along

with a lack of consensus on radiological and clinical assessment tools. A global
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revision of diagnostic guidelines is needed, with standardized definitions and the
inclusion of more sensitive imaging markers —such as z-EI and BVR—or potentially
an updated version of the Radscale'>* that integrates these markers to better capture

z-axis ventricular enlargement.

Automated or semi-automated volumetric analysis of ventricular and sulcal

156__could be a valuable addition

structures—potentially enhanced by Al-based tools
to updated diagnostic guidelines, contributing to a more objective, accurate and
potentially faster assessment of imaging features. These methods can detect small but
clinically significant changes in ventricular volume, often missed by visual
inspection, and have shown stronger associations with clinical improvement than
traditional imaging or CSF markers,!3!: 28% 2%

However, broader clinical implementation of volumetric CSF analysis requires
normative reference values that account for age, sex, and population differences, and
span healthy individuals, iNPH patients, iNPH patients with comorbid AD, and those
with related disorders to enable differential diagnosis. In Paper II, CSF system
volumes differed significantly between sexes, and our proposed z-EI and BVR cut-
offs diverged from current guidelines,” likely reflecting the younger age of our study
cohort. Together, these results underscore the need for diagnostic frameworks that
incorporate demographic variability to ensure more accurate and equitable case

identification.

Gait disturbance was more frequent among individuals with an EI > 0.3, and all
clinical symptoms occurred more often in those with radiologically probable iNPH
(Paper I). Ventriculomegaly alone in individuals with gait or balance issues may
represent an early radiological sign of iNPH in some cases. Paper II further

demonstrated significant associations between imaging markers and symptoms, such
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as temporal horn width and memory performance (rs = —0.486 and —0.434, p <.01),
and pontine width, brainstem volume, and fall history (rs =—0.409 and —0.414, p <
.05). The baseline iNPH scale score also predicted iNPH development, reinforcing
the association between radiological findings and symptoms (Paper III).
Nevertheless, most correlations between radiological markers and symptoms

were weak to moderate, consistent with previous studies, 4% 1%

although some have
reported slightly stronger clinical-imaging links.'** This variability likely reflects

the heterogeneous symptom presentation in iNPH.

While MRI markers remain important for identifying iNPH, our results highlight the
need to balance radiological findings with clinical judgment to avoid excluding

symptomatic patients who may benefit from treatment.

7.7 VASCULAR FACTORS IN INPH

The involvement of vascular pathology and VrFs in the development of iNPH has
been increasingly supported in the literature.*”** In line with this, we found that
higher baseline BMI was associated with an elevated risk of developing iNPH. This
relationship could plausibly involve altered CSF dynamics and impaired cerebral
venous return from elevated intra-abdominal pressure, *® and BMI has also been
related to higher lumbar CSF pressure in iNPH.* Furthermore, studies in otherwise
healthy populations report that obesity is associated with reduced CBF, structural
brain changes, and small-vessel disease; these changes have been suggested to result
from processes such as neuroinflammation, mitochondrial dysfunction, and hormonal

dysregulation, which might contribute to neurodegeneration and cognitive
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impairment.**Alternatively, higher BMI might reflect early-stage disease, where

decreased physical activity precedes the appearance of radiological changes.

Although no other VrFs or vascular diseases were significantly associated with
incident iNPH, likely due to the small number of cases, short follow-up, and binary
variable categorization which may have limited the granularity needed to detect
meaningful associations. Several risk factors and vascular diseases—including
hypertension, hyperlipidemia, diabetes mellitus, stroke, myocardial infarction,
alcohol risk consumption and smoking—were more frequent among those who
developed possible iNPH compared to non-iNPH (Paper I1I), suggesting a possible
trend toward increased vascular burden.

The prevalence of these risk factors in our possible iNPH group exceeded that
reported in a previous population-based study*? and was broadly consistent with
findings from another cohort.** While these associations did not reach statistical
significance, they support the hypothesis that vascular mechanisms may contribute to
iNPH pathophysiology, and highlight the need for larger, longitudinal studies with

more detailed risk factor profiling to clarify potential causal relationships.

7.8 NON-DESH INPH

Hashimoto et al reported a high prevalence and strong predictive value of DESH for
shunt response, however these findings were likely influenced by inclusion bias, as
patients already exhibiting DESH features were selected and no NPV was
presented.”® More recent studies have presented mixed results, with DESH
prevalence ranging widely from 22% to 96%.%% 130 179. 180.291-293 A recent systematic

review reported a pooled prevalence of 44%, with moderate diagnostic performance
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(sensitivity 59%, specificity 66%) and poor negative predictive value (41%)** —

further adding to evidence that many patients improve after shunt surgery despite the

absence of DESH.!50: 179, 180

Several studies have shown that a substantial proportion of iNPH patients exhibit no
or only partial features of DESH.!3% 179 180, 199.295 Incomplete DESH is commonly

199, 295 and it

defined as the presence of one or two of the three classic components,
has been proposed to be a preclinical form of DESH.!” However, its prevalence and
diagnostic utility remain unclear, particularly because distinguishing incomplete
DESH from age-related brain atrophy can be challenging.? One study reported that
among shunted patients, 18% had incomplete DESH, 59% had no DESH, and only
23% exhibited the full DESH pattern'”—underscoring the variability in radiological

presentations of iNPH.

In our cohort, only 7.5% and 17% (Papers I and I1I, respectively) of individuals with
radiological signs of iNPH exhibited complete DESH, and 32% had tight high-
convexity sulci (THC) (Paper III). While the complete DESH pattern is not always
present in clinical practice, a total absence of DESH features is also uncommon.
Most patients present with some, but not all, features of DESH and often in
combination with some degree of atrophy. In our clinical experience, the presence of
THC, to at least some extent, is the most specific and informative feature for
distinguishing iNPH from pure cortical atrophy, and is often central to clinical

diagnosis.

The holistic definition of radiological iNPH (Radiologically /-probable iNPH) used
in Paper I likely reflects the diagnostic approach of practicing neuroradiologists at
our clinic. The classification was based on a combined assessment including

radiologically probable iNPH per IG, the presence of DESH, and Radscale scoring.
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The contribution of atrophy to ventricular enlargement was assessed using standard
visual rating scales, lacunar and lobar infarctions were noted in relation to ventricular
size and brainstem and cerebellar inspection ruled out PSP and cerebellar MSA.
Overall, among those classified as radiologically #-probable iNPH, the average
Radscale score was 8. Complete DESH was present in 36% (4/11) of radiologically
h-probable iNPH cases in Paper [ and in 28% (8/29) in Paper 1II (data not shown).
While this definition may be the most specific for iNPH, as shown in Paper I, it may
be overly stringent and risk excluding cases that could benefit from treatment—

similar to the limitations associated with DESH.

Adding to this perspective, Iseki et al. proposed two developmental subtypes of
iNPH: a THC-preceding type, where sulcal narrowing appears before
ventriculomegaly, and a ventricular enlargement—preceding type, in which
ventricular enlargement occurs first, typically without DESH features such as
widened Sylvian fissures or basal cisterns.?”* They speculated that the ventricular
enlargement—preceding type may involve cortical or subcortical atrophy prior to the
onset of CSF distribution abnormalities and may therefore respond less favorably to
shunt treatment.?”> Another study suggested that narrowing of medial and high-
convexity sulci is the earliest change in DESH development.?’® These findings
support the notion that DESH may evolve gradually over time, suggesting that some
patients classified as non-DESH could later develop the full pattern if followed
longitudinally. In this thesis, among the eight participants who developed iNPH
during follow-up and had no signs of the condition at baseline, only one showed
early ventricular enlargement at baseline. This individual did not go on to develop
DESH, and no cases displayed THC prior to the onset of iNPH (data not shown)
(Paper III).
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Taken together, these findings suggest that while DESH-related features are
diagnostically helpful, they should not be required for treatment eligibility. Overly
strict definitions risk missing treatable cases, while the specificity of current IG
criteria for iNPH may be suboptimal. Whether non-DESH iNPH constitutes a distinct
entity and how it differs from DESH-positive or incomplete-DESH cases remain
open questions for future research, as addressing this lies beyond the scope of this
thesis. However, we propose that future diagnostic frameworks aim for a balanced
approach—recognizing the presence of one or more DESH features as supportive,

especially THC, and incorporating structured tools such as Radscale!>*

scoring or
imaging markers of caudo-cranial ventricular expansion. This would likely align
more closely with real-world diagnostic practice, allowing for improved accuracy

without excluding patients who could benefit from intervention.

7.9 ETHICAL CONSIDERATIONS

This thesis is based on a wide range of data, including physical examinations, ECG,
MRI brain imaging, interviews, blood samples, and data from the NPR. The data

collection process involved several ethical considerations.

Examinations in the H70 studies were extensive and often required a full day to
complete. To accommodate participants, especially those with physical or cognitive
limitations, home visits and split sessions over multiple days were offered. Special
adjustments were also made for individuals with dementia to ensure the process was
manageable and minimally stressful. While invasive procedures such as blood
sampling posed minor discomfort, MRI imaging adhered to standard healthcare

safety protocols.
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A significant ethical consideration relates to incidental findings from lab tests or
imaging. Abnormal findings, determined independently by the H70 study
investigators and without the involvement of the author of this thesis, were
communicated to participants by the H70 investigators. Participants requiring further
evaluation were referred to primary healthcare providers, and, with their consent,

results were shared with their regular healthcare providers.

Incidental findings, particularly from brain MRI, raise complex ethical challenges.
This issue is especially relevant to this thesis, as the detailed evaluation of brain MRI
was a major focus of the work. On one hand, disclosing such findings may cause
unnecessary worry and stress, especially if the findings are unlikely to affect
participants’ health. On the other hand, withholding this information could prevent
participants from seeking timely medical care, potentially leading to worsened health
outcomes. Navigating these competing concerns requires careful consideration of the

potential risks and benefits of disclosure.

During the process of this thesis, 26 individuals were identified with both clinical and
radiological findings consistent with iNPH, along with multiple additional persons
with radiological iNPH without clinical symptoms or with isolated clinical
symptoms. None of these individuals had received treatment for iNPH, as evidenced
by the absence of shunts at baseline or follow-up. Additionally, while reviewing MRI
images for the papers in this thesis, the senior neuroradiologist identified several
incidental findings that had not been previously detected or disclosed to participants.
As a result, these findings had not been referred for further evaluation, raising

important ethical considerations.

Disclosing findings from MRI performed 810 years earlier (Papers I and II) might

offer limited benefit, as delayed diagnoses may result in poorer treatment outcomes

111



Clara Constantinescu

or render treatment infeasible, potentially causing unnecessary stress without
improving health. However, in Paper III, where the MRIs were more recent,
disclosure was considered crucial, as timely intervention could improve outcomes for

both participants diagnosed with iNPH and those with other incidental findings.

To address these challenges, the author, together with the principal investigators of
the H70 studies and the thesis supervisors, plans to inform participants with possible
iNPH of their findings. We plan to invite these individuals for an assessment at the
iNPH clinic at Sahlgrenska University Hospital in Gothenburg to determine their
eligibility for treatment. Additionally, other incidental findings on brain MRI,
identified by the authors but not previously reported to participants, will also be
communicated to them if deemed necessary. Key incidental findings beyond possible

iNPH or radiologic iNPH with isolated or no symptoms are summarized in Table 13.
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Table 13. Incidental findings on brain MRI at baseline and/or follow-up

Incidental Finding Incidental Included in
finding reported Follow-up
in original
radiological
report

Meningioma No Yes

Meningioma Yes Yes

Corpus pineale cyst Yes Yes

Pituitary adenoma No No

Arachnoid cyst Yes No

Meningioma (mass Yes Yes

effect)

Arachnoid cyst Yes No

Corpus pineale cyst No Yes

Meningioma Yes No

Arachnoid cyst Yes Yes

Frontal horn lesion No (deceased) No

Nasal polyp No No

Large No (deceased) No

supraclavicular node

Aqueduct stenosis Yes (deceased) Yes

Intrasellar Yes Yes

expansivity

Large arachnoid cyst  Yes No

with mass effect

Meningioma (with Yes Yes

mass effect)

Meningioma (pons Yes Yes

angle)

Mastoid cell/middle Yes (deceased) No

ear densification

Multiple No No

subcutaneous lesions

(epidermoid cysts)

Meningioma Yes Yes

Non-expansive No (deceased) Yes

skeletal lesion
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7.10 STRENGTHS AND LIMITATIONS

Strengths

This study has several important strengths. A key strength of this study is its
prospective, population-based design, which minimizes selection bias and enhances
the external validity of our findings by including a large number of participants from
the general population. While hospital-based or referral-based studies often focus on
symptomatic individuals who seek medical care or meet criteria for treatment, our
design allows us to capture a broader, more representative sample—including
preclinical and milder cases that are probably frequently missed in clinical settings.
This reduces the risk of underreporting and likely provides a more accurate estimate
of disease prevalence and incidence in the general population.

Clinical evaluations were conducted by trained health professionals using a
combination of neurological examinations, standardized tests, self- and proxy-
reports, and health registry data. This comprehensive, multi-source approach
improved diagnostic accuracy and minimized the risk of misclassification.

All MRI scans were independently reviewed by two investigators, including a
neuroradiologist who made the final iNPH diagnosis, ensuring high diagnostic
reliability. The use of high-resolution MRI further enhanced the accuracy of case
identification. Access to longitudinal data from the same cohort is another notable
advantage, providing insight into disease progression.

An additional methodological strength was the use of evidence-based radiological
cut-offs, defined a priori to reflect current clinical practice. Although this approach
diverged from the IG'—which have not been updated since 2005 and lack
standardized thresholds for key imaging markers—it was grounded in recent
literature and aimed at improving diagnostic precision. For example, the IG do not

clearly define temporal horn enlargement. Thresholds of >4 mm and >6 mm have
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been proposed, with higher thresholds offering greater diagnostic specificity.!** We
adopted the more conservative >6 mm threshold to minimize the risk of over
diagnosing individuals with borderline findings. This was further complemented by
the use of MTA scoring in all participants to help distinguish hydrocephalus-related
changes from age-related atrophy.'?® Similarly, we applied a callosal angle cut-off of

141,154 {1

< 90°, now widely accepted and used in both research and clinical settings,
contrast to the >40° threshold cited in the 1G,' which lacks a supporting reference
and is likely erroneous. Collectively, these methodological refinements strengthen

the validity and reliability of our radiological assessments.

Limitations

A key limitation of this study concerns the diagnosis of iNPH. Although international
consensus criteria were applied, several clinical assessments lacked specificity, and
alternative causes of symptoms were not systematically excluded. The core
symptoms of iNPH—gait disturbance, cognitive impairment, and urinary
incontinence—are common and often non-specific in older adults, overlapping with a
range of other neurological and non-neurological conditions. While additional
diagnostic tools such as CSF biomarkers, drainage tests, infusion studies, or
advanced imaging techniques (e.g., Fluorodeoxyglucose Positron Emission
Tomography) can aid in distinguishing iNPH from clinical mimics in a clinical
setting, such evaluations were not available in this population-based study. More
detailed assessments and systematic exclusion of mimicking conditions would likely
have improved diagnostic precision. Consequently, these limitations may have led to
both underestimation—by missing subtle or atypical cases—and overestimation,
through potential misclassification of individuals whose symptoms were due to other

causes.
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Nonetheless, the associations observed between radiological features and clinical
symptoms, particularly among those classified with possible iNPH, lend support to
the validity of our diagnostic approach. Moreover, the radiological assessments were
performed by a senior neuroradiologist with extensive experience, who likely had the
ability to distinguish iNPH from certain mimics, such as AD and PSP, based on
characteristic imaging features. However, comorbid neurodegenerative diseases
cannot be fully excluded and may have influenced the classification of some cases,

potentially affecting the accuracy of our incidence and prevalence estimates.

Another methodological limitation was that imaging markers were measured by a
non-radiologist. However, the measurements were based on well-defined anatomical
landmarks, and inter-rater reliability with an experienced neuroradiologist was high
across all variables. Furthermore, the final radiological diagnoses were made
independently by a senior neuroradiologist blinded to clinical data, minimizing
observer bias. Although distinguishing iNPH from atrophy and vascular pathology is
inherently challenging, assessments were based on established criteria and reflect

standard diagnostic practice.

As with many observational studies, this study is subject to selection bias due to
voluntary participation. Individuals who underwent MRI were generally healthier—
having higher education levels, better cognitive performance, and lower rates of
dementia—than those who declined MRI and were excluded from the analyses. More
broadly, in the H70 studies, it is likely that healthier-than-average 70-year-olds are
more willing to take part in the H70 study protocol, further contributing to selection
bias. These factors may limit the generalizability of the findings to the wider older
adult population. However, while this introduced bias, it likely resulted in an

underestimation of both iNPH prevalence and incidence.
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Another important limitation is the relatively high loss to follow-up, which may have
introduced attrition bias in the longitudinal analyses. Participants with more
advanced disease may have died, declined further participation, or been unable to
attend follow-up, resulting in a follow-up sample that was likely healthier than the
baseline population. This selective attrition reduces the ability to assess disease
progression and limits the evaluation of the predictive value of baseline imaging
markers, particularly among individuals with early or subclinical signs of iNPH. The
lack of cause-of-death data also limits conclusions about iNPH-related mortality.
Collectively, these factors may have contributed to an underestimation of the true
disease burden and progression risk, and reduced the precision and generalizability of

incidence estimates.

Participants were not assessed by neurologists, which may have introduced
diagnostic imprecision, especially in those with mild or atypical symptoms.
However, this reflects typical clinical practice, where iNPH is often first identified by
non-specialists. Although symptom definitions were broad, only individuals meeting
both clinical and radiological criteria were classified as having possible iNPH. The
co-occurrence of typical symptoms and imaging features in this group supports the

attribution of symptoms to iNPH.

Additional limitations include the lack of lumbar opening pressure measurements and
aqueductal flow void assessment, which were not included into the study protocol.
However, no participants showed imaging signs of raised intracranial pressure or
obstructive hydrocephalus. NPR data were also unavailable at follow-up, limiting the
ability to identify secondary causes of hydrocephalus. Despite this, follow-up
imaging revealed no signs of new secondary pathology, and FLAIR and T1-weighted

sequences showed no suggestive abnormalities.
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Another limitation of this study was missing data in one or more clinical domains
(e.g., gait, balance, cognition, or continence) for a subset of participants. Although
individuals with sufficient data to evaluate iNPH clinical criteria were included and
classified accordingly, those with incomplete data were categorized as non-iNPH
rather than excluded entirely. This approach reduced the risk of selection bias but
may have introduced misclassification bias, particularly if missingness was non-
random. For instance, frailer participants or those with more pronounced symptoms
may have been less likely to complete certain tests, potentially leading to an
underestimation of iNPH prevalence and symptom burden. Furthermore, although
the composite iNPH score was calculated as the mean of available domains, missing
data in one or more domains may still have reduced the sensitivity of the score to
capture the full extent of clinical impairment—potentially attenuating associations

with imaging markers or other outcomes.

Volumetric MRI data were not available for all participants, which limited the
precision of ventricular volume estimates across subgroups. A consistent challenge
throughout the project was the relatively small number of individuals with
radiological signs of iNPH, both at baseline and among incident cases during follow-
up. This limited statistical power, increased the risk of type II errors, and reduced the
precision of incidence and risk factor estimates. However, such limitations are
inherent to population-based studies, where the number of individuals with a specific

condition cannot be controlled.

To address these limitations, future studies should include larger and more diverse
populations, extended follow-up periods, and even more refined clinical assessments.
Such efforts are essential to improve the accuracy of prevalence and incidence
estimates, define robust imaging reference values, and enhance our understanding of

the natural progression and early development of iNPH.
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8 FUTURE ASPECTS

The findings of this thesis, highlighting the high prevalence and incidence of iNPH,
preclinical iNPH and the risk of progression to symptomatic disease, underscore the
need for improved early detection, monitoring, and intervention strategies. The
elevated incidence observed suggests that earlier studies may have underestimated
the true disease burden, particularly among individuals in the early or asymptomatic

stages.

Future research should focus on refining and harmonizing diagnostic criteria for
iNPH. Differences between current frameworks contribute to variability in
prevalence estimates and complicate comparisons across studies. A unified,
internationally accepted diagnostic standard—covering both clinical assessments and

imaging thresholds—is essential to improve diagnostic precision.

In addition, genetic and environmental influences—including vascular comorbidities,
lifestyle factors, and regional differences in healthcare access—should be further
explored to better understand variability across cohorts and inform preventive

strategies.

Longitudinal studies are needed to better define the natural history of preclinical
iNPH and to assess whether early intervention already in preclinical stages could
improve outcomes, as indicated by a recent study.?*” Performing surgery in
asymptomatic individuals remains ethically complex, emphasizing the importance of
exploring non-invasive preventive strategies such as targeting modifiable risk factors

such as hypertension and diabetes in at-risk individuals.
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In parallel, advances in imaging offer new opportunities for earlier diagnosis. The
volumetric results presented in this thesis demonstrate that quantitative brain
measures can distinguish early iNPH changes. Segmented volumetric assessments of
ventricles, Sylvian fissures and sulci, possibly assisted by Al represent a promising
development toward rapid and standardized evaluation of iNPH imaging features,
with the potential to automate the detection of characteristic patterns and differentiate
iNPH from other neurodegenerative diseases. However, broader clinical adoption
still requires further validation. International collaboration will be essential to gather
sufficient training and validation data and to ensure generalizability across diverse

populations.

Given that many iNPH patients do not exhibit DESH, expanding diagnostic criteria
to include a broader range of radiological features could improve case identification.
Imaging markers such as z-EI, BVRac, and BVRec, which show strong correlation
with ventricular enlargement and iNPH progression, should be considered for
inclusion in diagnostic and screening protocols to enhance early detection and risk
stratification.

Closer monitoring of asymptomatic individuals with radiological iNPH features may
help identify those at highest risk of progression, ultimately refining screening

strategies and guiding clinical decision-making.

Overall, future efforts should aim to establish unified diagnostic frameworks,
integrate volumetric imaging and Al-based tools into clinical practice, and identify
individualized risk profiles for earlier and more precise intervention. Such advances
could fundamentally shift the management of iNPH toward prevention and early
treatment, improving outcomes for patients with this underrecognized, but treatable,

condition.
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APPENDIX

Table A1 Standardization scores for clinical measures included in the iNPH scale

Domain Test / Measure Range or Category iNPH Scale Score
Gait 30-meter walk <25 seconds 100
(mean: 23.57s, SD: 5.13)
2627 seconds 90
28-29 seconds 80
3031 seconds 70
32-33 seconds 60
34-35 seconds 50
36-39 seconds 40
40-48 seconds 30
49-58 seconds 20
59-81 seconds 10
> 81 seconds 0
Cognition MMSE >25 100
(mean: 28.96, SD: 1.54)
24 90
23 80
22 70
21 60
20-19 50
18-17 40
16-15 30
14-13 20
12-11 10
<11 0
Balance One-leg stance, best of > 25 seconds 100
right/left
(mean: 25.95s, SD: 7.66)
24-25 seconds 90
22-23 seconds 80
20-21 seconds 70
18-19 seconds 60
1617 seconds 50
14-15 seconds 40
12-13 seconds 30
1011 seconds 20
8-9 seconds 10
< 8 seconds 0
Urinary Self-reported symptoms and No symptoms (answered 100
Incontinence aids used “No” to all questions)
Occasional incontinence or 75
urgency
Frequent incontinence or 50
urgency
Use of medication or 25
incontinence aids
Use of both medication 0
and aids

Abbreviations: iNPH = idiopathic normal pressure hydrocephalus; MMSE = Mini-Mental State Examination;
SD = standard deviation.
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Table A2 Definition of vascular risk factors and vascular diseases evaluated at baseline

Vascular risk factor or vascular disease evaluated

Definition

Myocardial infarction

Myocardial infarction was defined through self-report, the NPR
(ICD10-SE 121-123, 124.1, 125.2, 125.6), or major or moderate Q
waves on ECG (MC 1.1-1.2, excluding 1.2.6 and 1.2.8).

Stroke

The diagnosis of symptomatic stroke was based on self-reported
or proxy-reported stroke symptoms, alongside data from NPR,
coded with relevant ICD10-SE codes (160-161, 162.9, 163.0—
163.5,163.8, 163.9, 164, 169.0-169.1, 169.3-169.4).

Angina Pectoris

Angina pectoris was defined through self-report or based on
ROSE criteria.

Atrial fibrillation

Atrial fibrillation was based on self-report, ECG (MC 8-3),and
the NPR (ICD10-SE: 148).

Heart failure

Heart failure was defined through self-report or the NPR (ICD10-
SE111.0,113.0, 113.2, 150).

Hypertension Hypertension was defined as present medical treatment for
hypertension, systolic blood pressure >150 mm Hg, or diastolic
blood pressure >90 mm Hg>*®

Diabetes Diabetes mellitus was defined as present treatment with insulin

or antidiabetic drug, fasting glucose >7.0 mmol/L, or nonfasting
glucose >11.1 mmol/L.
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Hypercholesterolemia Hypercholesterolemia was defined as present treatment with
lipid-lowering medication, total cholesterol >6.2 mmol/L, low-
density lipoprotein cholesterol >4.1 mmol/L, triglycerides >5.6
mmol/L, or high-density lipoprotein cholesterol <I1.0 mmol/L in
men or <1.3 mmol/L in women.?*’

Smoking status Smoking was based on self-report and defined as never smoker,
past smoker or current smoker. For analysis, data was converted
into a dichotomous variable categorized as never smoker or
past/current smoker.

Body mass index Body mass index (BMI) was defined as weight in kilograms
divided by the square of height in meters.

Alcohol risk consumption Alcohol risk consumption was defined according to the National
Institute on Alcohol Abuse and Alcoholism guidelines as >98 g
alcohol/wk>® based on self-reported consumption during the last
month.

Abbreviations: BMI = body mass index; ECG = electrocardiogram; HDL = high-density lipoprotein; ICD10-SE =
International Classification of Diseases, 10th Revision, Swedish version; LDL = low-density lipoprotein; MC = Minnesota
Code; mmol/L = millimoles per liter; NPR = National Patient Register; ROSE = Rose Angina Questionnaire criteria.

Data reproduced from Constantinescu et al. (2025), “Idiopathic Normal Pressure Hydrocephalus: Incidence, Prevalence,
and Progression in a Large Population-Based Cohort of Older Adults”, Neurology Open
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NC-ND, https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en
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