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“Since the initial publication of the chart of the electro-

magnetic spectrum, humans have learned that what they 

can touch, smell, see, and hear is less than one-millionth of 

reality.” 
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Sic Parvis Magna 

  



2 
 

 



3 
 

Preface 

“The blue brain” – 2022 

Depicting nature is one of the main purposes of science. We are, however, 

confined to maps, metaphors, and pixelated pictures of the objects and 

phenomena we study. The cover illustration is a beaded image of the brain, 

reminiscent of the first computed tomography (CT) scan. The pixelated brain also 

hints of my interest in video games. Piecing together a meaningful representation 

is a creative process, and a little playfulness helps. When constructing represen-

tations, the resolution of pixels, dots, or data-points will determine the accuracy 

and the use of beads demonstrates this. 

A trained eye will recognize some structures of the brain, and there are cues 

illustrating that that this is an idiopathic normal pressure hydrocephalic brain. 

Or are there? A way to measure sure would be nice. 

The colors resemble those found on a CT image; the imaging method used in this 

thesis. Except for the blue used to represent the cerebrospinal fluid (CSF) 

encapsulating the brain and filling its voids. The CSF dynamics have been 

neglected but contemporary findings have reinvigorated interest in its function.  

You’ll notice drops of water at the bottom of the figure, emphasizing the 

connection to water. Permanent drainage of surplus CSF is the current treatment 

for iNPH. 

There are, however, some invisible aspects of this image. The neuropsychological 

signs do not show up on an image and other methods are needed to capture and 

quantify the symptoms, something this thesis addresses. 
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Abstract 

BACKGROUND: Idiopathic normal pressure hydrocephalus (iNPH) is typically 

manifested in people over 65 years. The condition of gait disturbances, 

incontinence, and cognitive dysfunction can be reversed in up to 80% of the cases 

by ventricular shunting. Early diagnosis and treatment are important for best 

results. Little is known of the progression of the disorder and prospective 

population-based studies are scarce. Neuropsychological testing and standar-

dized brain imaging of signs of iNPH are essential to detect and define the 

progression. The aims of this thesis were to develop a radiological iNPH scale, 

examine how morphological features relate to symptoms of iNPH, investigate if 

dual-task testing (e.g., walking and talking) is helpful in detecting iNPH, and 

monitor developing symptoms over two years. 

METHOD: The studies include 168 participants (median [range] age 73  [66–92]) 

at baseline (2014/2015) and 104 participants (age 75 [68–91]) at follow-up 

(2016/2017) from the general population. Computed tomography (CT) was used 

for brain imaging and different neuropsychological tests of executive- and motor 

function, memory, and dual-tasking. 

RESULTS: We found seven morphological features related to iNPH and 

constructed a scoring scale. The total score correlated with clinical symptoms (r 

= -0.40, p <.001). All core symptoms were associated to wider temporal horns (p 

<.01), motor and executive function to narrow callosal angle (p <.05), and 

incontinence to larger Evans’ index (p <.05). Participants with iNPH walked 

slower (p <.001) and stopped walking while talking more frequently (p = .044). 

Participants who developed iNPH during the study worsened more on the 

Radscale (effect-size [ES] -0.60), gait (ES -0.55), and declarative memory (ES -

0.37). 

DISCUSSION: The Radscale can be used to identify morphological features 

related to symptoms of iNPH. One important feature was the temporal horns, 

that were associated with all main clinical features in iNPH. Furthermore, 

difficulties walking while recalling a previous event, worsening of gait and 

memory could potentially be signs of developing iNPH. Taken together, we found 

that worsened declarative memory and expanding ventricular space surrounding 

the hippocampus were noticeable signs of iNPH in this prospective, population-

based study. This knowledge could potentially be helpful in recognizing iNPH in 

older adults. 
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Abbreviations 

 

 

AD Alzheimer’s disease 
AEG American-European guidelines 
CA Callosal angle 
CBF Cerebral blood flow 
CERAD Consortium to Establish a Registry for Alzheimer’s Disease 
CSF Cerebrospinal fluid 
CT Computed tomography 
DAT Dopamine reuptake transporter 
DESH Disproportionally enlarged subarachnoid space hydrocephalus 
DMN Default mode network 
DT Dual-task 
DTI Diffusion tensor imaging 
EF Executive functions 
EI Evans’ index 
ES Effect size 
FAB Frontal Assessment Battery 
FTD Frontotemporal dementia 
GPT Grooved pegboard test 
ICP Intracranial pressure 
iNPH Idiopathic normal pressure hydrocephalus 
JG Japanese guidelines 
MMSE Mini-mental State Examination 
MRI Magnetic resonance imaging 
PD Parkinson’s disease 
PFC Pre-frontal cortex 
PSP Progressive supranuclear palsy 
RAVLT Rey auditory verbal learning test 
SWWT Stops walking while talking 
TH Temporal horns 
TMT Trail Making Test 
TUG Timed up-and-go test 
VaD Vascular dementia 
VP shunt Ventriculoperitoneal shunt 
WML White-matter lesions 
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Sammanfattning på svenska 

Bakgrund och syfte 

Idiopatisk normaltryckshydrocefalus (iNPH) kännetecknas av försämrad kon-

troll av urinblåsan, nedsatt gång- och balansförmåga samt kognitiva svårigheter 

som minnesstörning och apati. På datortomografi kan man se förändringar på 

hjärnans form med vidgade vätskefyllda hålrum. Tillståndet uppstår gradvis och 

symptomen förvärras ju längre tid som har gått. Tidig upptäckt och behandling 

är viktigt för att minska lidande och öka chanserna för förbättring. 

I takt med att jordens befolkning blir äldre kommer iNPH vara ett växande 

problem då tillståndet som regel uppstår efter 60 års ålder. Så många som 2–3% 

av befolkningen över 65 år uppfyller kraven för en trolig iNPH och det blir fler 

med ökad ålder.  

Man beskrev iNPH i mitten av 1960-talet men många frågor kvarstår. Troligtvis 

ligger rubbningar i likvor-dynamiken bakom sjukdomen och man har sett att 

olika kardiovaskulära sjukdomar ökar risken för att utveckla iNPH. För att 

upptäcka och förstå hur iNPH utvecklas krävs fördjupad kunskap och bra 

utvärderingsmetoder. 

Syftet med avhandlingen var att beskriva neuropsykologiska symptom och hur 

dessa relaterar till morfologiska förändringar i hjärnan och utvecklas över tid vid 

misstänkt iNPH. Avhandlingen består av fyra delarbeten, se sidan 8. 

Metod och studiedeltagare 

Alla deltagare rekryterades från en större epidemiologisk studie om iNPH. Efter 

urval och bortfall ingick 168 deltagare i delarbete I och II. Vid två-

årsuppföljningen genomgick 95 deltagare testning av simultankapacitet (del-

arbete III) och 104 deltagare ingick i en långtidsuppföljning i delarbete IV. 

Alla deltagare genomgick en datortomografi av hjärnan och klinisk 

undersökning. I den neuropsykologiska bedömningen ingick det test av exekutiv 

funktion, minne, och motorik. 
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Resultat 

I delarbete I kunde vi påvisa att personer med höga poäng på den nya skalan 

för gradering av morfologiska tecken på iNPH också hade mera symptom av 

iNPH. 

I delarbete II kom vi fram till att radiologiska mått som vida temporalhorn var 

associerat till gångstörning, försämrad kognition och urinträngning. Vinkeln 

mellan sidoventriklarna var relaterad till sämre exekutiv funktion och gång-

störning. Högre Evans’ index var associerat med nedsatt blåsfunktion. 

I delarbete III visade vi att de med iNPH oftare slutade att gå under samtal och 

att även äldre utan iNPH får nedsatt gånghastighet när man samtidigt gör en 

muntlig uppgift. 

I delarbete IV kunde vi visa att de som utvecklade iNPH under tiden för studien 

fick mer utpräglade tecken på iNPH på hjärnavbildningen och försämrad 

gångförmåga, men även sämre minnesfunktion. 

Slutsats 

Den radiologiska skalan var användbar för att gradera strukturella förändringar 

i hjärnan som är vanliga vid iNPH. Ett särskilt viktigt tecken var vida temporal-

horn som omsluter hippocampus. Hippocampus är en del i hjärnan som är viktig 

för minnet. Vi fann att det var svårare för de med iNPH att prata om något som 

nyligen hade hänt samtidigt som man gick. Försämrat minne under studiens gång 

var också ett tecknen hos de som utvecklade iNPH. Exekutiva svårigheter 

framhävs ofta vid iNPH, men våra fynd framhäver vikten av att även inkludera 

minnessvårigheter när man utvärderar eller misstänker iNPH. För att upptäcka 

detta krävs neuropsykologiska metoder som fångar bredden av kognitiva 

svårigheter vid iNPH. 
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Introduction 

Assessing psychological functions goes back to the roots of psychology as a 

modern science. James, Ebbinghaus, Wundt, and others defined and established 

psychology as a scientific endeavor in the latter half of the 18th century by 

quantifying psychological functions such as memory and attention (Carpenter, 

2005; Spearman, 1904a). 

Neuropsychology is the study of the relationship between neurology and 

psychological functions (Lezak et al., 2012). Localizing regions and networks in 

the brain involved in e.g., memory and language is related to the structure of the 

brain i.e., the morphology of the brain. 

Understanding the neuropsychological effects of morphological changes of the 

brain has a long history (Thiebaut de Schotten et al., 2015). The localization and 

mapping of affected brain regions has traditionally been done with extensive 

neuropsychological assessment, whereas neuropsychological assessment and 

brain imaging techniques are used in tandem today (Luria, 1980; Squire & 

Schacter, 2003).  

As the global population is growing older the need for better understanding of 

neurocognitive disorders increase as well (Olshansky et al., 2009). Longitudinal, 

population-based studies can be helpful in gaining knowledge of the ageing 

population with regards to how, when, and to what extent symptoms occur (Szklo, 

1998). 

Idiopathic normal pressure hydrocephalus (iNPH) is a progressive syndrome 

affecting older adults (Relkin et al., 2005). Central to the disorder are the 

morphological changes following a progressive expansion of the ventricles in the 

brain, deteriorating cognition, as well as worsened gait and incontinence (Mori et 

al., 2012; Nakajima, Yamada, Miyajima, Ishii, et al., 2021; Relkin et al., 2005). 

With an ageing population, recognizing this treatable, most likely under-

diagnosed, disorder is of great importance (Andersson et al., 2019; Toma et al., 

2013). 

In this thesis, morphological signs and neuropsychological functioning are 

explored in a population-based sample of older adults. We developed a scale for 

scoring morphological features, investigated how morphological features relate 

to symptoms, evaluated how walking and talking affects performance in iNPH, 

and investigated how signs of iNPH develops over time. 
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Background 

The history of idiopathic normal pressure hydrocephalus – 

Hakim’s legacy  

In 1964, Colombian neurosurgeon Salomón Hakim described three cases 

representing “the paradoxical combination of symptomatic hydrocephalus and 

normal cerebrospinal fluid (CSF) pressure” in his thesis (p. 4 in Hakim, 1964). 

The thesis later became the foundation for an article published in 1965 where the 

normal pressure hydrocephalus syndrome was presented internationally (Hakim 

& Adams, 1965). Two of the cases, a 16-year-old boy and a 43-year-old man, had 

been involved in vehicle accidents. The third case was a 52-year-old man with 

signs of hydrocephalus without a known cause (Hakim, 1964). Three other cases 

of “symptomatic occult hydrocephalus” were presented in The New England 

Journal of Medicine in 1965 (Adams et al., 1965). One patient, a 62-year-old man, 

had developed hydrocephalus caused by a cyst in the third ventricle. The other 

patients, a 63-year-old and a 66-year-old female, developed hydrocephalus 

without a known cause. In all cases, the patients recovered from their symptoms 

with ventricular shunting (Adams et al., 1965; Hakim, 1964). 

Hakim noticed that the intracranial pressure (ICP) was normal, defined as an 

opening CSF pressure below 180 mm of water (mmH2O) (Hakim & Adams, 1965).  

Hakim’s hypothesis was that even though the measured pressure is within normal 

limits; the force exerted on the parenchyma rises in relation to the increasing 

exposed ventricular area following Pascals law (Force = Pressure × Area; the 

“balloon model”). The “balloon model” was not meant as a causal explanation for 

the clinical outcome, rather disturbances in the CSF dynamics are likely to cause 

the ventricular expansion in iNPH (Hakim et al., 1976; Malm & Eklund, 2006). 

FIGURE 1. Dr. Salomón Hakim, originator of iNPH, explaining intracranial pressure. 

Image retrieved from (Pedro et al., 2019) under Creative Common Attribution Licensing 

(CC BY). 
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The original cases presented by Hakim included secondary hydrocephalus (i.e., 

non-congenital with a known cause such as a traumatic brain injury) and iNPH. 

Today, iNPH is defined as a progressive, communicating hydrocephalus typically 

manifested in people over 60 years with the core symptoms of gait disturbances, 

incontinence, and cognitive impairment (Nakajima, Yamada, Miyajima, Ishii, et 

al., 2021). 

The etiology of iNPH remains to be identified (idiopathic means ‘unknown cause’) 

and there are several potential contributing factors to the development of iNPH.  

Hopefully, as understanding of the etiology increases the “I” in iNPH will have 

played its part. 

Introducing cerebrospinal fluid dynamics 

Great progress has been made the last decade in understanding CSF dynamics 

(Hutton et al., 2021). The brain is surrounded by and filled with CSF, and over 

the course of 24hrs the total amount of CSF (~150 ml) is replaced 3–4 times 

(Hutton et al., 2021). CSF is produced in the choroid plexus situated within the 

two lateral ventricles, the third, and the fourth ventricles. The CSF then circulates 

to the subarachnoid space and is reabsorbed in the arachnoid granulations. In 

addition to serve as a mechanical shock-absorber for the brain, the CSF is 

involved in clearing waste products from the brain (Hutton et al., 2021). 

 
FIGURE 2. The cerebrospinal fluid and ventricles of the brain. Reprinted from Trends in 
Neurosciences, 39(9). How do meningeal lymphatic vessels drain the CNS? 581–586, 
(Raper et al., 2016). Copyright (2016), with permission from Elsevier. 
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The question of how waste products are disposed from the brain has been a puzzle 

for a long time, as illustrated by the following remark (Cushing, 1914):  

Are there lymph channels in the brain, and if not how does the central nervous 

system dispose of its products of tissue waste? (p. 3 in Cushing, 1914) 

Progress in answering Cushing’s question has been made with the discovery of a 

lymphatic system in the brain (Aspelund et al., 2015; Iliff et al., 2012; Louveau et 

al., 2015). Iliff et al. (2012) proposed to name this the glymphatic system (glia + 

lymphatic). One suggestion on how the glymphatic system works is that arterial 

pulsations push the CSF into the parenchyma along the arterial walls. Then water 

is transported by aquaporin-4 channels at the vascular astroglia end-feet, clearing 

fluid and waste products (e.g., amyloid β) through capillaries and meningeal 

lymphatic vessels (Iliff et al., 2012; Mestre et al., 2020).  

 

FIGURE 3. Schematic presentation of the glymphatic system. CSF enters the brain along 

the arteries.  Water is transported via aquaporin-4 channels at the astroglia end-feet and 

continues into the capillaries and lymphatic vessels. The figure is a modified reprint 

under Creative Common Attribution Licensing (CC BY) (Natale et al., 2021).   

But what role does the glymphatic system play in iNPH? One study found delayed 

glymphatic clearance in iNPH with a peak accumulation of tracer contrast 24hrs 

after injection and the authors argue that a reduced glymphatic efflux may be a 

part of the etiology in iNPH (Ringstad et al., 2017).  
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A different imaging study without injecting contrast found evidence for less 

effective CSF clearance in the periventricular areas and this was interpretated as 

a reduced glymphatic clearance, possibly contributing to the pathology behind 

iNPH (Bae et al., 2021). There can be many potential contributing factors to 

reduced glymphatic clearance. Pathological changes in arterial pulsatility, 

microvascular injuries, reduced venous drainage, and astrogliosis are some 

suggested mechanisms (Soldozy et al., 2021). 

However, a recent extensive review of the glymphatic system addresses some 

shortcomings in the glymphatic hypothesis of CSF flow (Hladky & Barrand, 

2022). In summary, the author argues that there has been too much focus on flow 

in the glymphatic model, and that the current evidence does not support that 

there is a strong enough flow through the parenchyma. Rather, they argue that 

the slower process of diffusion is the main driver behind how solutes and fluid 

passes the brain parenchyma (Hladky & Barrand, 2022). Still, there are 

arguments for an active flow, as passive diffusion would be too slow according to 

computational models of CSF transport (Hornkjøl et al., 2022). 

Since iNPH develops over time this might indicate that the pathophysiological 

process behind also progresses slowly (Tully & Ventikos, 2011). There are several 

potential factors behind this progress; decreased absorption of the arachnoid 

villi; increased outflow resistance; increased cerebral stiffness; and more; 

creating an imbalance in the coupling between the blood vessels, CSF, and brain 

tissue influencing the allostasis of the fluid dynamics in the brain (Aunan-Diop et 

al., 2021; Dombrowski et al., 2009; Malm & Eklund, 2006; Tully & Ventikos, 

2011). 

Genetics of iNPH 

Around 10–16% of iNPH patients also report having relatives with iNPH, 

suggesting that the majority do not have a family history of iNPH (Bräutigam et 

al., 2019). Arguably, there is a caveat. These numbers could be imprecise as iNPH 

may be underdiagnosed and as so unknown even to family members. A recent 

study found a damaging deletion in the CWH43 gene among 15% of iNPH 

patients (n = 53) and they could replicate the associated deletion in a mouse 

model (Yang et al., 2021). The gene expression was associated with abnormalities 

in the choroid plexus and ependymal cells, increased ventricles, and gait 

disturbances in the modified mice (Yang et al., 2021). These findings implies that 

there may be a genetic component, but that other factors are behind the etiology 

as well. 
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Risk factors for developing iNPH 

Cerebrovascular disease is common in iNPH (Boon et al., 1999). Hypertension 

and a history of stroke or transient ischemic attack were identified as a risk factors 

for developing  iNPH in a large population-based study from Sweden (Jaraj et al., 

2016). Another study retrospectively assessed the vascular risk factors in a large 

sample of shunt patients (Israelsson et al., 2017). They found that hyperlipidemia, 

diabetes, and obesity were significantly associated to iNPH. Also, iNPH patients 

with cardiovascular risk factors performed worse on neuropsychological tests 

compared to iNPH patients without cardiovascular risk factors (Hellström et al., 

2007). The strong relationship between vascular risk factors and iNPH have led 

some authors to suggest that iNPH could be a sub-category to vascular dementia 

(VaD) (Israelsson et al., 2017). 

Prevalence and incidence of iNPH 

The disorder has an estimated prevalence of about 0.2–4% in the general 

population above 65 years and rises to 2–9% at the age of 80 years and older 

(Andersson et al., 2019; Iseki et al., 2014; Jaraj et al., 2014). An annual incidence 

of 120/100 000 has been found for adults 70 and 75 years old (Iseki et al., 2014; 

Razay et al., 2019). 

One study investigating the prevalence of iNPH in a memory clinic found that 

15% had iNPH, only surpassed by Alzheimer’s disease (AD; 22%) and mild 

cognitive impairment (MCI; 45%) (Razay et al., 2019). Paradoxically, the current 

diagnostic criteria for cognitive disorder in the DSM–5 does not mention iNPH 

as a specifier equal to AD, VaD, frontotemporal dementia (FTD), etcetera (APA, 

2013). 

Differences in prevalence and incidence may arise from different diagnostic 

criteria and study design, but what is certain is that the prevalence increases with 

age (Andersson et al., 2017, 2019; Brean & Eide, 2008; Iseki et al., 2022; Jaraj et 

al., 2014). Knowledge and awareness of iNPH is only going to be more important 

in the future given the increasing longevity of the global population (Iseki et al., 

2014; Janssen, 2016). 

Diagnosing iNPH 

The discovery of iNPH is quite new compared to related conditions such as 

congenital hydrocephalus, first mentioned in a medical context by Hippocrates 

(466–377 BCE), or AD discovered in 1906 (Alzheimer’s Association, 2017; 

Aschoff et al., 1999).  
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Brain imaging has an important role in the discovery and diagnosis of  iNPH. The 

imaging techniques used by Hakim were pneumoencephalography and angio-

graphy (Hakim, 1964). In pneumoencephalography CSF is substituted with a 

matching volume of air to reveal the ventricular cavities on x-ray images, a 

method first pioneered by Walter Dandy in 1918 (Dandy, 1918; Shorvon, 2009). 

In angiography, a contrast agent is injected in the blood vessels to enhance 

visibility on x-ray images. Angiography was introduced in 1927 by António Egaz 

Moniz, who later was awarded a Nobel prize in medicine for his work on frontal 

lobectomy (Shorvon, 2009). The development of brain imaging techniques and 

ICP measuring laid the foundation for an attentive clinician to discover iNPH 

(Hakim, 1964). 

Currently, iNPH is mainly diagnosed by clinical and radiological examinations. 

There are two different diagnostic standards and both include the typical triad of 

clinical symptoms (i.e., gait disturbance, incontinence to some degree, and 

cognitive decline) in combination with ventricular dilation (Mori et al., 2012; 

Nakajima, Yamada, Miyajima, Ishii, et al., 2021; Relkin et al., 2005). Diagnosing 

according to the American-European guidelines (AEG) or the Japanese guide-

lines (JG) can result in different outcome with a higher prevalence for the AEG, 

making comparisons between studies and clinical practice difficult (Andersson et 

al., 2017, 2019). The two diagnostic guidelines grade the manifestation of iNPH. 

The grading is similar but differs to some degree, see TABLE 1. There is a need for 

a standardized, clinically relevant diagnostic method to counter this problem.  

The guidelines does not define strict diagnostic test protocols, except for some 

radiological features such as the Evans’ index as a measure of ventriculomegaly, 

and cut-off limits for opening CSF pressure (Nakajima, Yamada, Miyajima, Ishii, 

et al., 2021; Relkin et al., 2005). There are exceptions for to the use of opening 

CSF pressure when doing population-based studies in the second edition of the 

JG (JG2nd) and we followed these recommendations in our studies (Mori et al., 

2012).  

A recommended measure of cognitive function in the guidelines is the Mini-

mental State Examination test (MMSE) (Folstein et al., 1975; Mori et al., 2012; 

Nakajima, Yamada, Miyajima, Ishii, et al., 2021; Relkin et al., 2005). 

Gait in iNPH is typically recognized with a wide stance, short steps, and 

“magnetic” shuffle. Some suggested tools to assess gait are the timed-up-go test 

(TUG) and/or other short walking tests (Nakajima, Yamada, Miyajima, Ishii, et 

al., 2021). Gait difficulties can also be rated according to the iNPH grading scale 

(INPHGS; see Nakajima, Yamada, Miyajima, Ishii, et al., 2021). 
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Self-rating or caregivers information can be used to assess symptoms of 

incontinence (Nakajima, Yamada, Miyajima, Ishii, et al., 2021; Relkin et al., 

2005). The degree of incontinence varies from urgency to combined urinary and 

fecal incontinence. 

TABLE 1. Main criteria from the different diagnostic guidelines. 
Guidelines Possible iNPH Probable iNPH 

AEG1 

Ventriculomegaly 
Triad traits: 
- Gait disturbances or 
dementia alone 
- Incontinence or cognitive 
impairment without gait 
disturbances 

Ventriculomegaly (EI >0.30) 
Opening CSF <245 mmH2O  
Triad traits: 
 -Gait disturbances and; 
   - Cognitive decline and/or 
   - Symptoms of incontinence 

JG2 

Ventriculomegaly (EI >0.30) 
Triad traits: 
- More than one 

Ventriculomegaly (EI >0.30, DESH) 
Opening CSF <200 mmH2O 
Triad traits: 
- Gait disturbances and; 
   - Cognitive decline and/or 
   - Symptoms of incontinence 

Note: No other condition should explain the manifested symptoms. It is categorized as 

Unlikely iNPH if there is no ventriculomegaly or less symptoms needed for Possible 

iNPH. AEG = American-European Guidelines; JG = Japanese guidelines; EI = Evans’ 

index; DESH = Disproportionately enlarged subarachnoid space hydrocephalus.  1 Relkin 

et al., 2005; 2  Mori et al., 2012. 

Lumbar drainage of a 20–50 ml of CSF, also known as the tap-test, is the most 

common predictive test for shunt candidates but the high number of false 

negatives is risking exclusion of potential shunt-responsive patients (Nakajima, 

Yamada, Miyajima, Ishii, et al., 2021; Nakajima, Yamada, Miyajima, Kawamura, 

et al., 2021; Thavarajasingam et al., 2021). Also, intracranial pressure 

monitoring, extended lumbar drainage, and infusion tests are recommended 

methods for predicting potential shunt responders (Thavarajasingam et al., 

2021).  

Differential diagnosis 

iNPH is difficult to diagnose as the symptoms are common in older adults (Graff-

Radford & Jones, 2019). Also, clinical features as well as radiological findings in 

other disorders can resemble iNPH (Nakajima, Yamada, Miyajima, Ishii, et al., 

2021; Relkin et al., 2005). For instance, progressive supranuclear palsy (PSP) and 

longstanding overt ventriculomegaly in adults (LOVA) have some common 

morphological changes like enlargement of the third and lateral ventricles 

(Nakajima, Yamada, Miyajima, Ishii, et al., 2021; Quattrone et al., 2021).  
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TABLE 2 is an attempt at demonstrating some of the challenges in diagnosing 

iNPH given the overlap in symptoms between different disorders. There are other 

sources for even more widespread overviews (e.g., Table 2.3 in Relkin et al., 

2005). Many factors can contribute to how the symptoms manifests. Time-of-

onset, progression (e.g., motor dysfunction typically starts before cognitive 

symptoms in Parkinson’s disease (PD), and vice versa for AD), and co-morbidity 

are some factors adding to the difficulties. Interestingly, there are also arguments 

for a more integral view to the diagnostic criteria as the overlap in associated 

features are common. E.g., that parkinsonism represents a fourth diagnostic 

character in iNPH or that iNPH is a type of VaD (Israelsson et al., 2017; Mostile 

et al., 2022). 

TABLE 2. Conceptual presentation of possible overlap in symptom domains.  

Diagnosis Motor Memory Executive Incontinence 

iNPH +++ ++ +++ ++/+++ 

AD +/++ +++ ++/+++ +/++ 

PD +++ +/++ +/++ +/++ 

VaD +/++ ++/+++ ++/+++ +/++ 

FTD +/++ +/++ +++ + 

MDD +/++ ++ +++ + 

The domains above are negatively affected in the following common disorders in older 

adults: iNPH = Idiopathic normal pressure hydrocephalus; AD = Alzheimer’s disease; 

PD = Parkinson’s disease; VaD = Vascular dementia; FTD = Frontotemporal dementia; 

MDD = Major depressive disorder; +++ = Prominent feature; ++ = Often present; + = 

Also possible. 

Biomarkers and details on how the symptoms manifest can assist correct 

diagnosis even though many disorders share similar traits. For example, one 

study found that lower levels of AD biomarkers in the CSF (tau-proteins and APP-

derived proteins) were shown to discriminate iNPH from healthy controls, VaD, 

PD, AD, PSP, and FTD (Jeppsson et al., 2019). Imaging features can also be useful 

in differential diagnosis e.g., the callosal angle (CA) and EI was helpful in 

distinguishing between iNPH and PSP (Quattrone et al., 2021). And better 

memory, but worse executive function, have been found in iNPH compared to AD 

(Ogino et al., 2006). A better insight in the traits of iNPH in the general 

population could potentially be useful in identifying the correct diagnosis. 
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Cognitive development in the ageing population 

Concepts of  what normal ageing is among the general population may also affect 

what kind of symptoms patients seek health-care for, and they may potentially 

leave out relevant information (Morgan et al., 1997; Vethanayagam et al., 2017). 

There are also individual differences in how the ageing process unfolds, with both 

genetic and environmental factors affecting the outcome (Nyberg et al., 2020). 

Furthermore, the trajectories for how different cognitive domains develop also 

differ e.g., processing speed starts to decline earlier than episodic memory, 

whereas vocabulary can deteriorate decades later, and alertness may decrease 

before inhibitory control (Nyberg et al., 2020; Veríssimo et al., 2021). There can 

also be sex differences in how healthy older adults develop cognitively, with 

women being more resilient to decline in several cognitive domains including 

language, psychomotor speed, executive function, and memory retrieval 

(McCarrey et al., 2016). An extensive review on cognitive ageing is presented in 

Nyberg et al. (2020) and recommended for the interested reader.  

An introduction to neuropsychology 

Before moving on to the specific neuropsychological aspects of iNPH, an 

introduction to the study of neuropsychology is presented. The quest for 

understanding psychological functions is not new, and the brain have been 

regarded as relevant to better understand the “mind” for a long time. Looking 

back in time, Hippocrates did this and even Descartes to some extent with his 

theory for the pineal gland as the point of connection between the psyche and 

soma (Damasio, 2001; Kandel et al., 2012). Still, Descartes argued that the mind 

is an immaterial entity, not confined to a physical body (Damasio, 2001). 

However, the mind-body dilemma is resolved by acknowledging that psycho-

logical functions are the result of bodily states (Damasio, 2001): 

It is possible to conceive of mind states as biological phenomena, which means 

that they are material, physical, and have a definable spatial and temporal 

extension (p. 194 in Damasio, 2001).  

One can learn more about psychological functions by studying how variations in 

bodily states, more specifically the brain, affects the observable behavior. A 

historical case of such an investigation is that of the railway worker Phineas Gage. 

In 1848, he had an accident where his left frontal lobe was pierced by a metal rod 

(Thiebaut de Schotten et al., 2015).  
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He survived the accident, but his personality was changed forever as he went from 

being a diligent worker to behave in socially unacceptable ways with severe loss 

of impulse control (Thiebaut de Schotten et al., 2015). The case with Gage was a 

starting point for studies on the frontal lobes and localization of behavioral-brain 

correlates (Thiebaut de Schotten et al., 2015). Consequently, the outcome of a 

brain damage could be studied to learn more about how the brain works. 

Aleksandr Romanovich Luria (1909-1977) , a student of Lev Vygotskij and one of 

the most influential neuropsychologists, did extensive work on patients with a 

variety of head injuries. Many of his patients were soldiers from WW-II and he 

developed methods to systematically assess the different behavioral and cognitive 

effects caused by the damages they had contracted in battle (Luria, 1980). His 

work at the Burdenko Institute of Neurosurgery in Moscow led him to critique 

what he called “narrow localizations” of functions which focused on finding 

specific loci for specific functions (Luria, 1980).  

For instance, speech relies on a several of functional systems. It involves orofacial 

motor control, regulating breathing, the recollection of words, ordering the words 

into grammatical correct sentences, inhibitory control to socially adapt to the 

situation, etcetera. 

Furthermore, Luria argued that the brain is structured in a hierarchical way, with 

three functional units (Luria, 1973). The first unit includes the limbic system and 

subcortical regions. This unit is well connected to the neocortex and is involved 

in memory and regulating the cortical tone. The second unit, encompassing the 

occipital-, parietal-, and temporal lobes, is also involved in memory, and sensory 

integration. This unit is governed by the principal of lesser modal specificity and 

increasingly functional lateralization going from the posterior regions and for-

wards. The third unit covers the frontal lobes, involved in the execution of motor 

performance, planning, and regulation of behavior. 

Following Luria, it is the orchestration of hierarchical functional systems that is 

behind cognitive activity and behavior (Luria, 1980). A continuation of this view 

can be found in e.g., explaining the memory systems (Tulving, 1985): 

An operating component of a system consists of a neural substrate and its 

behavioral or cognitive correlates. Some components are shared by all systems, 

others are shared only by some, and still others are unique to individual systems 

(p. 386 in Tulving, 1985). 
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It has become evident that several structures of the brain are involved in various 

cognitive functions, with a differentiation in how the specific structure contribute 

to the system. Provoking or testing a system is a good way to find its weaknesses 

(Pashler, 1994). Neuropsychological testing is done by administering tasks that 

can provoke different cognitive systems. Allegorically, conducting a neuropsycho-

logical assessment is like tugging a chain to identify what chains are connected to 

each other, identify weak links, or see if a link in the chain is broken. To add some 

complexity to this metaphor, one has to consider that the brain consists of 100 

billion interconnected nerve cells, making a lot of “chains” (Kandel et al., 2012). 

 

FIGURE 4. Some of the main features of the brain. The figure is an adaptation from 

“Clinical neuroscience: an illustrated colour text” (Johns, 2014) with permission from 

Elsevier. 

Neuropsychological dysfunction in iNPH 

The combination of what most likely are several pathological processes with a 

systemic impact on the brain still resulting in a somewhat distinct symptomatic 

presentation is fascinating. Some cognitive functions with special relevance in 

iNPH are presented here. The interested reader may consult Lezak et al. (2012) 

for a comprehensive book on neuropsychological assessment at large. 

The cognitive deficits in iNPH is often referred to as a frontosubcortical 

dysfunction (Iddon et al., 1999; Nakajima, Yamada, Miyajima, Ishii, et al., 2021; 

Niermeyer et al., 2020). The frontal lobes are intimately associated with executive 

functions (EF), albeit not synonymous (Miyake et al., 2000).  
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The cortical functions are reliant on intact white-matter and studies have found 

that frontal white-matter integrity is lower in iNPH (Eleftheriou et al., 2020; 

Lenfeldt et al., 2011; Lundin et al., 2011; Tullberg et al., 2002). Eleftheriou et al. 

(2020) suggests that positive shunt-response is related to the frontal white-

matter and a reversible thalamocortical circuit dysfunction in iNPH.  

There is much interest in the role of the prefrontal cortex (PFC) and cingulate 

cortex in EF, but other regions such as parietal regions and the subcortical basal 

ganglia are also involved in EF (Friedman & Miyake, 2016; Garavan, 2002). EF is 

an umbrella term and Miyake et al. (2000) could identify three sub-functions: 

inhibition, shifting, and updating. Inhibition is defined as the ability to override 

inappropriate responses, regulate behavior, and control attention by focusing on 

relevant information. Updating is the ability to hold and continuously revise 

information in the working memory. Switching is the ability to rapidly adapt to 

changing task-demands and mental sets (Friedman & Miyake, 2016; Miyake et 

al., 2000). 

Apathy is frequently reported in iNPH (Nakajima, Yamada, Miyajima, Ishii, et al., 

2021; Relkin et al., 2005). Albeit not present in all cases, a prevalence of 70% has 

been noted (Nakajima, Yamada, Miyajima, Ishii, et al., 2021). Apathy in iNPH has 

also been described as a dysexecutive function defined by a state of decreased 

motivation, lack of initiative, and less goal-directed behavior (Allali et al., 2018). 

There have been efforts to combine the so called “hot” emotionally influenced 

cognitions with “cold”, emotion-deprived cognitions and behavioral regulation 

(Hofmann et al., 2012; Roiser & Sahakian, 2013). Goal-directed behavior and 

motivation is more typically associated with “hot” cognition, whereas flexibility 

and shifting are “cold” cognitions (Hofmann et al., 2012). Interestingly, Hofmann 

et al. (2012) argues that the ability to change goal is associated with the executive 

sub-function shifting in the multifactorial model of executive functions (Miyake 

et al., 2000).  

Furthermore, there are three frontosubcortical pathways related to executive 

dysfunction in iNPH: a dorsolateral prefrontal circuit relating to attention and 

planning, an anterior cingulate circuit related to apathy, and an orbitofrontal 

circuit related disinhibition (Bonelli & Cummings, 2007). The orbitofrontal 

circuit also connects the visceral sensory pathways to the cortex involved in the 

urinary voiding mechanism, in addition to the medial PFC, parahippocampal 

complex, and the dorsal anterior cingulate cortex (Griffiths, 2015). 

Brain studies on incontinence in iNPH have shown that reduced CBF in the PFC 

was related to severe urinary dysfunction and that incontinence ratings 

correlated with CBF in the anterior cingulate cortex after shunting (W. Huang et 

al., 2022; Sakakibara et al., 2008). 
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PFC regions and EF have also been associated with dual-tasking (DT) (Belluscio 

et al., 2021; Doi et al., 2013). DT is defined as performing two tasks in tandem 

with the rationale that the increasing cognitive demand “pushes” the cognitive 

system to a greater extent (Pashler, 1994). Miyake et al. (2000) included a DT test 

in their seminal paper and found that it was not individually related to the three 

subfunctions, but likely reliant on several subfunctions serving an overarching 

complex EF task. An everyday example of DT is walking and talking, and this 

seemingly automated task can pose an increased demand on cognitive resources.  

A prominent assumption behind the limitations in DT is related to restricted 

working memory capacity (Baddeley, Della Sala, Papagno, et al., 1997; Katus & 

Eimer, 2019). DT might therefor be useful in expanding neuropsychological 

testing (Armand et al., 2011; Baddeley, Della Sala, Gray, et al., 1997; Baddeley et 

al., 2001; Della Sala et al., 1995). Conversely, DT is not specifically mentioned in 

the core neuropsychological test literature and therefore of interest to examine 

more (i.e., Lezak et al., 2012; and Strauss et al., 2006).  

Studies have shown that older adults are more negatively affected by DT than 

younger adults (Belluscio et al., 2021; Tomporowski & Audiffren, 2013). Stopping 

walking to talk is related to cognitive decline, and older adults who stops walking 

while talking (SWWT) are more at risk of falling (Beauchet et al., 2009; Lundin-

Olsson et al., 1997). The incidence of falling is higher in patients with iNPH and 

they are more afraid of falling compared to matched controls, but shunt surgery 

can reduce number of falls and relieve some fear of falling (Larsson et al., 2021). 

Also, screening iNPH after falling is recommended, as one study from Japan 

showed that 19% of 235 older fallers had iNPH (Oike et al., 2021). The possibility 

of DT assessment in iNPH is further investigated in this thesis. 

Functions typically associated with the basal ganglia and the neurotransmitter 

dopamine corresponds well with the symptomatology found in iNPH; that is 

executive functions, motor control, and memory. A volumetric study on the basal 

ganglia and subcortical deep grey matter structures found that smaller caudate 

nuclei, thalamus, putamen, pallidum, hippocampi, and nuclei accumbens were 

associated with iNPH compared to healthy controls (Peterson et al., 2019). Other 

than structural measures, improved striatal dopamine reuptake transporter 

(DAT) density in the caudate nuclei and improved gait was found after shunt-

surgery (Todisco et al., 2021).  

Also, the DAT deficiency was stronger associated with the caudate nuclei in iNPH 

compared to PD, with reduced DAT in the putamen being more associated with 

PD (Pozzi et al., 2021). Hence, normalizing the caudate nuclei and endogenous 

dopamine levels are potentially a part of the restoring effect after shunting 

(Todisco et al., 2021). 
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Memory impairment is one of the cognitive disturbances found in iNPH 

(Collignon et al., 1976; Hellström et al., 2007; Xiao et al., 2022). It is ack-

nowledged that we have different memory systems, categorized in non-

declarative (implicit) and declarative (explicit) memory (Squire & Schacter, 

2003; Squire & Zola-Morgan, 1991). Declarative memory is the “conscious re-

collection of facts and events” (p. 1381) divided into semantic memory concerning 

facts, and episodic memory concerning personal events (Squire & Zola-Morgan, 

1991).  

Episodic memory encompasses the encoding, storage, and retrieval of personal 

events (Tulving, 2002). There are several regions involved in episodic memory 

e.g., frontal and parietal regions (Nyberg, 2017). However, the hippocampi seems 

to have a special role in declarative memory, and could potentially integrate the 

regions of the brain that form episodic memories (Squire & Zola-Morgan, 1991; 

Teyler & Rudy, 2007). For instance, the loss of episodic memory and atrophy of 

the temporal lobes typical in AD provides an indication of the connection between 

the hippocampi and episodic memory (Scheltens et al., 1992). Studies have also 

found that decreased hippocampal volume in iNPH was related to worse episodic 

memory performance (Golomb et al., 1994; Peterson et al., 2019). 

Assessment in iNPH 

Clinical assessment is used in diagnosing iNPH, evaluating tap-test, and outcome 

of shunt surgery. One test recommended for screening the general cognitive 

function in iNPH mentioned earlier is the MMSE (Folstein et al., 1975; Lezak et 

al., 2012; Nakajima, Yamada, Miyajima, Ishii, et al., 2021; Relkin et al., 2005). It 

is relevant for comparisons with other studies and for its familiarity among 

clinicians but has low sensitivity for MCI, especially in higher functioning adults 

(Lezak et al., 2012). 

Another common test of cognitive functioning used in iNPH is the Frontal 

Assessment Battery (FAB) (Dubois et al., 2000; Nakajima, Yamada, Miyajima, 

Ishii, et al., 2021). Where the MMSE investigates different cognitive aspects 

(orientation, memory, visuo-construction, and language) the FAB focuses on 

verbal and manual executive tasks, designed as a bed-side test of “frontal lobe 

dysfunction” (Dubois et al., 2000).  

Interestingly, traces of Luria’s work can be found in the FAB. The motor 

programming task is one of Luria’s test for investigating the motor function of the 

hand (Dubois et al., 2000; Luria, 1980). Testing executive functions is most 

relevant with regards to the frontosubcortical deficits in iNPH. However, a test-

battery including a broader spectrum of cognitive functions would be preferable 

given the variation in cognitive dysfunction found in iNPH (Picascia et al., 2015). 
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One recommended test in AD research is the CERAD (Consortium to Establish a 

Registry for Alzheimer's Disease) test-battery (Fillenbaum et al., 2008; Welsh et 

al., 1994). The cognition part of the CERAD consists of different tests: the MMSE; 

Clock Drawing Test; Verbal Fluency; 15-item Boston Naming Test; Word List 

Learning, Recall, and Recognition; Constructional Praxis, and Delayed 

Constructional Praxis (Nerg et al., 2021). The use of CERAD is not established in 

Sweden but a recent study from Finland compared iNPH, AD, and MCI using the 

CERAD (Fillenbaum et al., 2008; Nerg et al., 2021). Nerg et al. (2021) found that 

the iNPH group did better on language and memory retention and the AD group 

did better on executive tests compared to iNPH. 

The iNPH symptom scale 

A test-battery serving the aims for this thesis should include several cognitive 

domains and be sensitive to changes. The iNPH symptom scale was developed to 

have clinical relevance in assessing symptom severity in iNPH (Hellström et al., 

2012b). The iNPH symptom scale includes four domines (Gait, Balance, 

Incontinence, and Neuropsychology), has been proven useful in evaluating iNPH 

patients, and can measure changes in function among iNPH patients (Hellström 

et al., 2012a, 2012b). 

Selection for included items in the iNPH symptom scale was based on the authors 

clinical experience, available literature, and anatomical hypothesis (Hellström, 

2011). The tests included in the Neuropsychology domain were tried in a 

European multicenter study, and they found the tests to be suitable for the clinical 

population. Furthermore, receiver operator curve analysis showed that the 

neuropsychological tests had a discriminative capability with an area under the 

curve in the range of >0.86–0.95 compared to healthy individuals (Hellström et 

al., 2012a). 

The iNPH symptom scale includes both ordinal data and continuous variables. 

Each result is transformed into a score from 0–100. Zero can be given if the par-

ticipant fails the task. Composite scores for Neuropsychology and Gait are 

calculated by dividing the total score for each domain by number of tests (four for 

Neuropsychology and three for Gait). The formula for the Total score follows: 

2 × 𝐺𝑎𝑖𝑡 + 𝑁𝑒𝑢𝑟𝑜𝑝𝑠𝑦𝑐ℎ𝑜𝑙𝑜𝑔𝑦 + 𝐵𝑎𝑙𝑎𝑛𝑐𝑒 + 𝐶𝑜𝑛𝑡𝑖𝑛𝑒𝑛𝑐𝑒

5 (𝑜𝑟 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑣𝑎𝑙𝑖𝑎𝑏𝑙𝑒 𝑑𝑜𝑚𝑎𝑖𝑛 𝑠𝑐𝑜𝑟𝑒𝑠)
 

The Gait domain is weighted more in the Total score based on the importance of 

gait disturbances in iNPH. A score of 100 is considered normal, and lower scores 

represent gradually worse performance (Hellström et al., 2012b). 
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We chose the iNPH symptom scale in our studies as it encompasses the core 

clinical features and can be used to assess changes in symptom severity of iNPH 

(Hellström et al., 2012b; Tullberg et al., 2018). It also offers tools to evaluate 

several cognitive traits and more detailed neuropsychological assessment com-

pared to e.g., the FAB. 

 TABLE 3. Tests and ratings used in the iNPH symptom scale. 
iNPH domains 

Neuropsychology Gait 
Tests: 

Manual dexterity: 
Grooved pegboard test (GPT) 
Range: >600 – <79 s 
 
Declarative memory:  
Rey auditory verbal learning test (RAVLT) 
Range: <11 – <44 words  
 
Executive function:  
Stroop Color and Interference 
Color, range: >300 – <68 s 
Interference, range: Fail – <132 s 
 

Test: 
10-m free paced walking 
Time, range: >27 – <8.75 s  
Steps, range: >40 – <15.5 
 

Rating from observations: 
100. Normal 
86. Slight disturbance 
71. Wide-based gait with sway 
57. Tendency to fall, foot corrections 
43. Walking with cane 
29. Bi-manual support 
14. Aided 
0. Wheelchair 

Balance Incontinence 
Rating from observations: 

100. Stands independently >30 s on one 
foot 
83. Stands independently <30 s on one foot 
67. Stands independently with the heels 
together >30 s 
50. Stands independently with the heels 
together <30 s 
33. Stands independently with the feet 
apart >30 s 
17. Stands independently with the feet 
apart <30 s 
0. Unable to stand without assistance 

Rating from best informant: 
100. Normal 
80. Urgency without incontinence 
60. Infrequent incontinence without 
napkin 
40. Frequent incontinence with napkin 
20. Bladder incontinence 
0. Bladder and bowel incontinence 

APPENDIX 1 shows the transformation for continuous variables from the Neuropsy-
chology domain to the corresponding iNPH symptom scale value. 
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Brain imaging in iNPH 

As previously mentioned, brain imaging is central to the diagnosis of iNPH. We 

targeted some features known in the literature as candidates for the new 

radiological scale for iNPH (hereon after noted as the “Radscale”). Even though 

the following features have been mentioned in relation to iNPH, there were no 

unified, standardized scale to assess features associated with iNPH.  

Evans’ index 

The Evans’ index (EI) was introduced in 1942 and originally applied on 

pneumoencephalography and still continues to be used as a general measure of 

ventriculomegaly (Evans, 1942; Nakajima, Yamada, Miyajima, Ishii, et al., 2021). 

Examples of the EI can be seen in FIGURE 5. 

 

FIGURE 5. Examples of the EI on CT-scans. The left side shows a normal EI, and the right 

side shows ventriculomegaly. The short lines are the maximum width of the frontal 

horns, and the long lines measure the inner diameter of the scull. Thicker white lines have 

been added for clarity. Images are from the study material. 

The EI is measured by dividing the distance between the frontal horns of the 

lateral ventricles by the inner width of the cranium at the same level. Normal 

values of the EI fall between 0.20 and 0.25, and values above 0.30 indicate ven-

triculomegaly according to Evans’ (1942) original paper. The EI has a prominent 

role in iNPH, as an EI >0.30 is an obligatory marker of ventriculomegaly in the 

AEG and JG2nd (Mori et al., 2012; Relkin et al., 2005). 
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Subarachnoid spaces 

One indication of ventriculomegaly due to hydrocephalus in contrast to atrophy 

is the narrow sulci over the vertex with wide Sylvain fissures (Hashimoto et al., 

2010). These features in combination with ventriculomegaly are named DESH 

(disproportionately enlarged subarachnoid space hydrocephalus) (Kitagaki et al., 

1998; Mori et al., 2012). See FIGURE 6 for examples of DESH. 

 
FIGURE 6. DESH features on coronal T-1 weighted magnetic resonance imaging (MRI). 

The arrows indicate enlarged Sylvian fissures, the asterisks enlarged ventricles, and the 

oval circles encompass narrow sulci at the vertex. The figure is a reprint from 

(Hashimoto et al., 2010) under Creative Common Attribution Licensing (CC BY). 

Callosal angle 

Enlargement of the ventricles can expand the roof of the lateral ventricle 

upwards, making the callosal angle (CA) sharper (Ishii et al., 2008). The angle is 

measured between the lateral ventricles on a coronal image through the posterior 

commissure, perpendicular to the anterior/posterior commissure plane (Ishii et 

al., 2008). A cut-off <90 degrees has been suggested for iNPH (Ishii et al., 2008). 

See FIGURE 7.  

 
FIGURE 7. A normal callosal angle (CA) on the left side and a pathological sharp angle 

(<90 degrees) on the right image. CT-scans from our study material. 
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Temporal horns 

The width of the temporal horns (TH) of the lateral ventricles have been 

suggested as a relevant radiological sign in imaging of iNPH (Kojoukhova et al., 

2015; Tans, 1979). The maximal width of the TH is measured in the axial plane 

(Kojoukhova et al., 2015). Examples of the TH can be seen in FIGURE 8. 

 

 
 

 

 
 

FIGURE 8. Maximum width of the temporal horns (TH) on an axial plane on CT-scans. 

Normal image on the left and enlarged TH found in iNPH on the right side. Thicker white 

lines added for clarity. Images from our study material. 

White-matter lesions  

White-matter lesions (WML) on imaging of iNPH can encompass both sub-

cortical ischemia and periventricular edema. The pathophysiology of the 

periventricular edema is believed to be caused by transependymal CSF dis-

positions (Kockum, 2020). WML cannot be distinguished from ischemia on CT 

(Kockum, 2020). Hence, WML on CT can also be an indication of non-specific 

white-matter pathology (Jaraj et al., 2016). See FIGURE 9 for examples of WML 

on CT and MRI. 
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FIGURE 9. Examples of periventricular white-matter lesions (WML) on two radiological 

modalities. Left column are images on CT and the right column from MRI. The WML are 

less visible on CT on the upper row (a), compared to the lower row (c), whereas MRI 

shows WML more clearly (b and d). The images were supplied by Karin Kockum MD PhD 

and used with explicit permission. 

Surgical treatment of iNPH 

Treatment is possible with the insertion of a shunt redirecting surplus CSF out of 

the ventricular system. Shunting has a good outcome with symptom reduction in 

58–86% of the cases (Klinge et al., 2012; Shaw et al., 2016; Sundström, Malm, et 

al., 2017; Toma et al., 2013). Improvements on cognition, notably executive 

functions and memory, have been found after shunting but the effects may 

manifest later than for other symptoms e.g., gait (Büyükgök et al., 2021; 

Duinkerke et al., 2004; Hellström et al., 2008).  

Time to treatment is important and studies have found that a waiting-time of 

three months from diagnosis to surgery can reduce the benefits (Andrén et al., 

2014; Chidiac et al., 2021). Treatment can normalize mortality and increase the 

functional independence (Andrén et al., 2020, 2021; Klinge et al., 2012; 

Sundström, Malm, et al., 2017). Shunt surgery is a cost-effective treatment, with 

the potential to further decrease healthcare expenses (Tinelli et al., 2021; Tullberg 

et al., 2018). 
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There are, however, some risks involved in surgery. One study investigating 7 199 

ventriculoperitoneal (VP) shunt procedures for iNPH in the USA during 2013–

2015 found that the most common cause for readmission were mechanical fault 

with the shunt (30 days post-op / 90 days post-op; 16% / 12%), post-op infection 

(10% / 7%) and subdural hematoma (6% / 16%) (Koo et al., 2021). A large study 

from Sweden also found that subdural hematoma is a prevalent complication 

(10%) but it did not affect the survival negatively (Sundström, Lagebrant, et al., 

2017).  

Male sex, antiplatelet medication, and lower opening pressure at surgery have 

been associated with increased risk of subdural hematoma after shunt surgery 

(Gasslander et al., 2020). Cardiovascular risk factors are prevalent in iNPH but 

have not been found to increase the complications after surgery, and were 

associated with small negative effects on long-term outcome (Andrén et al., 2018; 

Jaraj et al., 2016).  

Physical exercise has been recommended as part of the rehabilitation after shunt 

surgery and led to better recovery in balance (Rydja et al., 2021). The mechanisms 

behind positive shunt response is not fully understood but increased cerebral 

perfusion, improved dopamine reuptake,  and a restored thalamocortical circuit 

are some suggestions (Eleftheriou et al., 2020; W. Huang et al., 2022; Todisco et 

al., 2021). 
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Aims 

Longitudinal, population-based studies on iNPH are lacking. This thesis 

addresses how neuropsychological functions in iNPH relate to morphological 

features in the brain, manifest during dual-tasking, and develop over time in 

older adults from the general population. The following aims were included in 

this thesis: 

Paper I   
-to develop a standardized radiological scoring scale for morphological features 
in iNPH. 

Paper II  
-to investigate how certain morphological features included in the Radscale 
related to typical symptoms in iNPH. 

Paper III  
-to investigate effects of dual-tasking in iNPH and evaluate if it is helpful in 

detecting iNPH. 

Paper IV  
-to investigate the development of symptoms and neuropsychological functioning 

in iNPH and before diagnosis over a 2-year period.  
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Materials and Methods 

Study population 

A questionnaire was sent out to 1 000 people 65 years or older living in Jämtland 

Härjedalen, Sweden. The number of questionnaires was based on a power 

calculation from a pilot study and other prevalence studies (Andersson et al., 

2019). The survey contained seven yes-or-no questions regarding symptoms 

related to iNPH (e.g., “My feet feel stuck to the floor when I walk”, “I have trouble 

maintaining attention for a period”). See APPENDIX 2 for the complete survey.  

Out of the 334 individuals that reported less than two symptoms on the 

questionnaire, 51 randomly chosen participants were invited to partake in the 

study. Those who reported gait difficulties plus one more symptom were invited 

(n = 166). 

FIGURE 10. Selection flow-chart at baseline. Original figure in paper I. Reprinted with 

permission from John Wiley and Sons, license number 5332921217208. 
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Participants with known causes of the symptoms were excluded (e.g., MS, brain 

tumor, spinal stenosis). After exclusion and drop-out, 117 of those who reported 

having two or more symptoms were included. Finally, we ended up with 168 

participants in paper I and II. FIGURE 10 shows the selection flow-chart for 

baseline participants.  

The participants were reinvited to take part in a follow-up study after two years. 

At the time of reinviting, 16 had deceased and 25 declined to participate. The final 

sample in paper IV was 104 and 95 in paper III. The reason for the lower 

number in paper III was that nine participants with Unlikely iNPH had different 

variations of the test protocol and served as pilots for the final DT protocol. See 

FIGURE 11 for details. 

FIGURE 11. Selection flow-chart at follow-up. Sixteen participants had deceased before 

follow-up. Thirteen of the 23 participants lost at follow-up were excluded based on 

conditions severely affecting gait and/or cognition (e.g., Alzheimer’s disease, hip-

surgery, cancer, visual impairment, spinal stenosis, and secondary hydrocephalus). 

Three declined neurological examination, three had incomplete neuropsychological tests, 

and two declined imaging. Two participants underwent shunt surgery after 2014/15. 

Nine participants were pilots for the new DT protocol and none of the pilots had iNPH. 
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Diagnostic considerations 

As mentioned in the background there are different diagnostic guidelines for 

iNPH (Mori et al., 2012; Nakajima, Yamada, Miyajima, Ishii, et al., 2021; Relkin 

et al., 2005). We followed the JG2nd in our studies for this thesis. The AEG can be 

less specific than the JG2nd in identifying iNPH and the third edition of the JG was 

published after data collection (Andersson et al., 2017; Nakajima, Yamada, 

Miyajima, Ishii, et al., 2021).  

The JG2nd encompasses Unlikely, Possible, Possible with MRI support, Probable, 

and Definite iNPH (Mori et al., 2012). According to the JG2nd guidelines “Definite 

iNPH” is confirmed with a positive shunt-response. The diagnosis “Probable 

iNPH” requires fulfilment of all criteria for “Possible iNPH” and additional 

invasive testing supporting shunt surgery. “Possible with MRI support” requires 

all clinical features associated with “Possible” iNPH with the addition of the 

radiological DESH features. The “Possible” category specifies debut age (60 yr or 

older), EI >0.30, at least two of three affected symptom domains (gait, cognition, 

incontinence), and that clinical features and ventricular expansion cannot be 

completely explained by other conditions (e.g., subarachnoid hematoma or 

known neurological disorder). 

The radiological features of DESH were included for investigation. However, we 

did not divide in subgroups e.g., “iNPH +/- DESH” as it likely would result in 

group-sizes less suited for statistical analyses. The Radscale also adds the benefit 

of grading the morphological signs, hence having DESH features would increase 

the Radscale score without dichotomizing the participants into smaller sub-

groups. It is also possible to have positive shunt response without the presence of 

DESH (Agerskov et al., 2019; Kojoukhova et al., 2015). 

The aim of the study was not to identify shunt responders. Furthermore, we chose 

not to include invasive tests, hence the category “Probable iNPH” was not used. 

Some participants went on with more extensive assessment outside of this study 

if deemed appropriate for their care.  

There is a balance in being too strict or inclusive when diagnosing. We concluded 

that fulfilling Possible iNPH according to the JG2nd was suitable to our aims 

(Andersson et al., 2017; Mori et al., 2012). It should therefore be noted that iNPH 

in this thesis included Possible and Probable iNPH. The final diagnosis was 

decided by an experienced neurologist specialized in iNPH. 
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Rating scales 

We assessed disability with the modified Rankin scale (mRS). The scale goes from 

no symptoms rated zero, to severe disability requiring constant care and attention 

rated five (Quinn et al., 2008). Signs of depression were assessed with the 

Geriatric Depression Scale (GDS-15). The GDS-15 consists of 15 yes-or-no 

questions related to symptoms of depression. A score of >4 has an estimated 

sensitivity of 0.87 and specificity of 0.83 for identifying depression in a mixed 

older population (Kørner et al., 2006). 

Brain imaging 

The participants underwent a non-contrast enhanced CT of the brain within six 

months of the neuropsychological testing. The protocol in paper I, II, and 

baseline in paper IV (Philips Ingenuity 2013, 128 channels) was 120 kV, 400 

MaS, rotation time 0.5 s with a pitch of 0.4, generating a slice thickness of 0.6 

mm with 4 mm reconstructions in three planes. 

Non-contrast CT was repeated at follow-up (GE MD Optima CT540) included in 

paper III and paper IV, generating the same slice thickness and re-

constructions as the images from baseline. The same PACS system was used and 

the image quality for both scanners was assessed by an experienced neuro-

radiologist to ensure that longitudinal comparisons were suitable (Kockum, 

2020). Targeted radiological markers have previously been described under the 

heading “Brain imaging in iNPH” (p. 28). 

Neuropsychological testing 

The Swedish version of the MMSE was used to screen general cognitive per-

formance. Five cognitive domains are covered in the test: orientation; memory; 

attention; language; and visual construction; with a total score of 30 points. 

MMSE includes 11 subitems: orientation to time and place (5 p each), immediate 

memory registration (repeat three words, 3 p), attention (serial-7 subtraction, 5 

p), recall the three forementioned words (3 p), naming two items in the room (2 

p), repeating one sentence (1 p), follow a 3-step command (3 p), reading one 

word (1 p), writing a complete sentence (1 p), and copying two overlapping 

pentagons (1 p) (Folstein et al., 1975). 

We used the iNPH symptom scale for measuring symptom severity in papers I-

IV (Hellström et al., 2012b). Continence, Balance, and Gait are rated, with the 

addition of 10-m walking for Gait, see TABLE 3 (p. 27). On the 10-m walking test 

the participants were asked to walk at a normal pace and stopped after 10-m. 

There were no visual cues guiding the path or severe distractions while walking 

(e.g., loud noises or others walking by). Time (seconds) and steps were counted.  
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On the Grooved Pegboard Test (GPT; Lafayette Instrument Co., Lafayette, IN, 

USA) the participants put small, grooved, metal pins in 25 holes. Each pin must 

be rotated in the correct position to fit. Time (seconds) was noted for both hands 

and the best time was included for analysis (Hellström et al., 2012b; Lezak et al., 

2012). The GPT measures manual dexterity and eye-hand coordination (Lezak et 

al., 2012). 

The Rey Auditory Verbal Learning Test (RAVLT) used in the iNPH symptom scale 

is a modified Swedish version of the original French version (Rey, 1941). On the 

Immediate condition the participants listened to a list with 15 nouns presented 

five consecutive times and the total number of correct words recalled was noted. 

The Immediate condition is included in the symptom scale. On the Delayed 

condition the participants were asked to recount the list of words after 30 

minutes, without cues or knowing in advance that they will be asked again (Lezak 

et al., 2012). Delayed recall was added at follow-up. The RAVLT is a test of 

declarative memory (Cremona et al., 2020). 

The iNPH symptom scale also includes a Swedish version of the Stroop test 

(Stroop, 1935). In the first condition (Color), the participants  named the color of 

a square e.g.,   . On the second condition (Interference), the 

participants were asked to say the printed color of a word. However, the words 

themselves were different color words e.g., green, red, yellow, and blue. Each 

condition had 100 items on separate pieces of A4-paper, and time to complete 

(seconds) was noted. The test assesses aspects of executive functions e.g., 

inhibition, selective attention, and top-down behavioral control (Harrison et al., 

2005). A personal introduction and training on the iNPH symptom scale was 

given by neuropsychologist Per Hellström PhD, the main author of the scale. 

We added the Timed up-and-go test (TUG) in papers I-III (Podsiadlo & 

Richardson, 1991). The test is frequently used in testing gait in iNPH (Nakajima, 

Yamada, Miyajima, Ishii, et al., 2021; Relkin et al., 2005). On the TUG the 

participants sat on a chair without arm support, stood up, walked three meters, 

turned, walked back, and sat down. Time (seconds) and number of steps were 

counted. The TUG measures gait and balance (Podsiadlo & Richardson, 1991). 

Tests of verbal fluency are considered good measures of executive functioning 

and helpful in assessing neurocognitive disorders and were added to paper III 

(Strauss et al., 2006; Troyer et al., 1998). Semantic and phonemic fluency were 

assessed. The semantic task consisted of saying as many words as possible from 

a certain semantic category (Strauss et al., 2006). Things you find at home or in 

a grocery store were used in our study. Semantic categories everyone is exposed 

to often was chosen to minimize effects of education (personal communication).  
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The participants were asked to say as many things as possible starting with the 

letter F and A, except persons, places, and numbers, on the phonemic tasks. All 

correct words were noted in 15 s intervals during a total of 60 s. 

We also added DT conditions for paper III. The DT conditions were normal 

conversation during walking, and verbal fluency during 10-meter walking at free 

pace (Allali et al., 2018; de Hoon et al., 2003). The conversation took place on the 

way from the waiting room to the examination room. Observations of participants 

stopping walking were noted during all DT conditions. This was inspired by the 

observations that older adults who SWWT have an increased risk of falling in the 

near future and could be a possible sign of cognitive deterioration (Lundin-Olsson 

et al., 1997). Time (seconds) and number of words were noted during verbal DT 

fluency. 

Additional tests added to the follow-up study in paper IV were the Trail Making 

Test (TMT) and digit-span, both tests of EF (Lezak et al., 2012). The TMT consists 

of two conditions. First, on the less demanding TMT A the participants traced 

numbers increasing from one to 24 on a A4-paper. Secondly, on the TMT B the 

line tracing alternates between increasing numbers and letters in alphabetic 

order from the number one to the letter L on a A4-paper. The test was initially 

presented in 1938 as the Partington’s Pathway Test and later adopted and 

renamed the TMT by the US Army during WW-II  (Partington & Leiter, 1949; U. 

S. Army, 1944). It has since become a staple in testing EF (Lezak et al., 2012; 

Tombaugh, 2004). 

On the digit-span task, the participants were asked to repeat the numbers read 

out loud. Forward digit-span started with three digits and maxed out at nine 

digits. Backwards digit-span started with two digits and maxed out at eight. On 

the backwards task the participant must say the numbers in reverse order. Two 

consecutive failed trials ended the task. The digit-span task was made for this 

study, but there are plenty of different versions e.g., in the Weschler-scales (Lezak 

et al., 2012). The test protocol is available in APPENDIX 1. 

There are some evidence of affected visuospatial function in iNPH but it is 

estimated to account for only a small portion of the total neuropsychological 

impairment (visuospatial 6%; episodic memory 42%; executive function 52%) 

(Saito et al., 2011). Also, one important feature we wanted to include in our 

method was the ability to measure change over time. Saito et al. (2011) did not 

find a significant change in visuospatial function after shunt surgery (albeit a 

tendency), but an improvement on the FAB and TMT A. Therefore, tests for 

visuospatial function were left out in our studies. 
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TABLE 4. List of neuropsychological tests included and corresponding paper. 
Domain Baseline Follow-up 

Motor function   

Grooved pegboard test† I, II, IV III, IV 

Timed up-and-go test I, II  III 

10-meter walking† I, IV III, IV 

Trail Making Test A - IV 

Memory   

RAVLT Immediate recall† I, II, IV III, IV 

RAVLT Delayed recall - IV 

Executive function   

Stroop Color and Interference† I, II, IV III, IV 

Trail Making Test B - IV 

Digit-span forward and backward - IV 

Verbal fluency - III 

Dual-task   

Conversation while walking - III 

Verbal fluency during 10-m walking - III 

† = Included in the iNPH symptom scale (Hellström et al., 2012b); Roman numerals = 

Papers I–IV; RAVLT = Rey auditory verbal learning test. 

Statistics 

Normal distribution was investigated using Q-Q plot, histogram, boxplot, and the 

Shapiro-Wilk test of normality. Descriptive statistics were presented with mean 

and standard deviation (SD) if parametric methods were used and median and 

interquartile range (IQR) for non-parametric methods. Distribution of sex was 

investigated with the Chi-square test in paper I–IV.  

Paper I 

Linear regression analyses were used to find association between radiological 

measures and symptoms of iNPH. Pearson’s, Spearman’s, and point-biserial 

correlation coefficients were calculated between the Radscale (Total score and 

sub-items) and the iNPH symptom scale (Hellström et al., 2012b; Spearman, 

1904b). The Bonferroni method was used to correct for multiple comparisons. 

Inter-rater agreement between the two radiologists assessing the images was 

controlled with kappa statistics for categorical data, and intraclass correlation 

coefficients for ordinal and continuous data. 

Paper II 

In paper II we used adjusted multiple linear regression to investigate the 

association between the neuropsychological results and morphological features 

for continuous variables. The Spearman’s correlation coefficient was used for 

ordinal data. 
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Paper III 

The Fischer’s exact test was used to test for differences between categorical 

variables. The Mann-Whitney U and Kruskal-Wallis tests were used for 

comparisons between independent groups, and the Wilcoxon signed rank and 

Freidman tests for dependent groups. The Bonferroni method was used to correct 

for multiple comparisons. 

Paper IV 

Like in paper III, we used the Mann-Whitney U test and Kruskal-Wallis test for 

comparisons between independent groups, and the Wilcoxon signed rank test for 

dependent groups. The Bonferroni method was used to correct for multiple 

comparisons. We also calculated the non-parametric effect size (ES) r to in-

vestigate the magnitude of change between baseline and follow-up. We followed 

Cohen’s grading of ES i.e., large = 0.5;  medium = 0.3; and small = 0.1 (Fritz et 

al., 2011). 

Statistical analyses were conducted using IBM SPSS Statistics v.25, v.28 (IBM 

Corp., Armonk, NY, USA), and Microsoft Excel 365 version 2205 (Microsoft, 

Redmond, Washington, USA). Level of statistical significance was p <.05 and 

investigated with two-tailed tests. 

Ethical considerations 

Special precaution must be taken when dealing with vulnerable groups like 

people with cognitive deficits to ensure that they are well informed. Some 

participants in our studies could potentially have cognitive deficits and everyone 

were given a text in plain Swedish explaining the background, procedures, and 

aims. The participants were given ample time to read, ask questions, and discuss 

any issues with the investigators or significant others. All participants gave their 

written consent. 

There were no rewards for participating, but travel-expenses were reimbursed, 

and a light refreshment (“fika”) was provided during the clinical assessment.  

The study was approved by the Regional Ethical Review Board in Umeå (Dnr 

2014/180-31 and Dnr 2017-167-32M) and the Radiation Protection Committee 

(2014-10-03 and 2017-04-24). 
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Results 

The final study sample in paper I and II consisted of 168 participants with an 

even distribution of sex (75 males and 93 females, χ2(1) = 1.93, p = .165). TABLE 5 

shows the descriptive statistics from paper I and II. 

TABLE 5. Descriptive statistics for participants in paper I and II. 
 n M (SD) Md (IQR) 

Age yr 168 75 (7) 73 (70–79) 

MMSE score 167 27 (3) 28 (26–29) 

mRS score 167 2 (1) 2 (1–3) 

iNPH Total score 168 78 (18) 82 (67–92) 

Motor function    

TUG time s 167 12 (6) 11 (9–13) 

TUG steps 167 16 (6) 15 (13–18) 

GPT s 132 95 (35) 86 (71–110) 

Memory    

RAVLT 
Immediate† 

165 30 (10) 30 (24–37) 

Executive 
function 

   

Stroop C s  163 79 (26) 73 (64–87) 

Stroop I s  155 163 (60) 150 (123–188) 

Imaging    

Radscale score 168 3 (2) 2 (1–4) 

EI score 168 0.29 (0.04) 0.29 (0.27–0.32) 

TH mm 168 4 (2) 3 (3–4) 

CA degrees 168 113 (16) 115 (105–124) 

M = Mean; SD = Standard deviation; Md = Median; IQR = Interquartile range; MMSE 
= Mini-mental state examination; mRS = Modified Rankin scale; TUG = Timed-up-go 
test; GPT = Grooved pegboard test; RAVLT = Rey auditory verbal learning test; Stroop 
C/I = Stroop Color/Interference; EI = Evans’ index; TH = Width of the temporal horns; 
CA = Callosal angle. † = Number of words. 

Paper I 

The aim of the first study was to develop a radiological scale to measure 

morphological traits of iNPH. We identified seven radiological features that were 

related to the total iNPH symptom score on simple linear regression analyses 

(Kockum et al., 2018). We also performed tests for non-parametric correlations 

for each potential marker to be included in the Radscale. The correlation 

coefficients were recalculated with non-parametric statistics for this thesis to 

confirm the results from the linear regression analyses in paper I. See TABLE 6 

for results. 
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The final features of the Radscale were the EI, TH, CA, WML, narrow sulci, focally 

enlarged sulci, and Sylvian fissures. Each feature was rated zero, one, or two, 

except the Sylvian fissures, and focally enlarged sulci that were rated zero or one, 

giving a possible total score on the Radscale of 12. See FIGURE 12 (p. 44) for a 

complete imaging atlas. 

TABLE 6. Simple linear regression analysis and non-parametric correlations 
between the Total iNPH symptom score and features in the Radscale. 

Radscale 
feature 

R2 B (95% CI) p r† p 

Total score  0.3 -3.9 (-4.8 – -3.0) <.001 -0.40 <.001 
EI 0.1 -8.0 (-11.7 – -4.3) <.001 -0.25 <.001 
TH 0.3 -12.1 (-15.3 – -8.9) <.001 -0.44 <.001 
CA 0.1 -15.0 (-22.5 – -6.7) <.001 -0.15 .057 
WML 0.1 -10.0 (-13.9 – -6.1) <.001 -0.31 <.001 
Focally 
enlarged sulci 

0.1 -19.4 (-27.4 – -11.4) <.001 -0.38†† <.001 

Sylvian fissures 0.1 -13.9 (-20.0 – -7.8) <.001 -0.33†† <.001 
Narrow sulci 0.1 -8.0 (-12.8 – -3.3) <.001 -0.21 .006 

EI = Evans’ index; TH = Width of the temporal horns; CA = Callosal angle; WML = White 

-matter lesions; CI = Confidence interval; † = Spearman’s rho; †† = Point-biserial. 

Significant p-values in bold. 

The CA had a tendency towards a significant correlation on the Spearman’s rho. 

However, the CA is rated from zero to two on the Radscale and only one 

participant was rated with two points. After changing that score to one point and 

performing a point-biserial correlation, the result was rpb = -0.22, p = .005. In 

conclusion, results from the linear regressions and non-parametric correlations 

confirmed an association between the features on the Radscale and Total iNPH 

symptom score. 

There was a good interrater reliability on intraclass correlation for the EI (0.97), 

CA (0.92), TH (0.74). Kappa values for the WML (0.85) and Sylvain fissure (0.65) 

also showed good interrater reliability. Results were somewhat less in agreement 

for the narrow sulci and focally enlarged sulci with kappa values of 0.40 and 0.35 

respectively.  

Paper II 

In paper II we wanted to investigate how neuropsychological functioning related 

to specific morphological features related to iNPH (Lilja-Lund et al., 2020). We 

focused on the continuous measures TH, CA, and EI. We found that the width of 

the TH were related to TUG (p <.01), RAVLT (p = .006) and Stroop Interference 

(p <.01) on age-adjusted multiple linear regression analyses. Incontinence also 

correlated with the width of the TH (rs = 0.17, p = .025).  



44 
 

 

 
FIGURE 12. Image-atlas for the Radscale as presented in paper I. Reprinted with 
permission from John Wiley and Sons, license number 5332921217208.  
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The CA was associated with number of steps on the TUG (p = .038) and time on 

Stroop Interference (p = .019) on the adjusted multiple linear regression analyses. 

We did not find any association with narrow CA and incontinence (rs = -0.02, p = 

.769).  

The EI correlated to symptoms of incontinence (rs = 0.16,  p = .035) but was not 

associated to neuropsychological measures in the multiple regression analyses.  

Age was associated with all neuropsychological measures (p <.01) on the multiple 

regression analyses except for Stroop Color (p = .579). Age was also correlated 

with symptoms of incontinence (rs = 0.30,  p <.001). See TABLE 7 for results from 

the multiple linear regression analyses. 

TABLE 7. Results from the adjusted multiple linear regression analyses in paper 
II showing the association between outcome on neuropsychological tests and 
different morphological features. 

DV TH CA EI Age Multiple regression 

 β SE β SE β SE β SE R2 adj SE p 

TUGt .28 0.3 -.13 0.1 .03 13.3 .22 0.2 .22 5.5 <.001 

TUGs .33 0.3 -.15 0.1 -.10 11.4 .27 0.1 .26 4.7 <.001 

GPT .11 2.2 .07 0.2 .06 83.1 .42 0.5 .22 31.1 <.001 

RAVLT -.25 0.6 .12 0.1 -.12 21.9 -.19 0.1 .22 9.0 <.001 

Stroop C .28 1.6 -.15 0.1 .01 59.3 .05 0.3 .12 24.1 <.001 

Stroop I .25 3.7 -.18 0.3 .09 134.9 .17 0.7 .21 53.5 <.001 

DV = Dependent variables; TH = Width of the temporal horns; CA = Callosal angle; EI = 
Evans’ index; SE = Standard error; TUG t/s = Timed-up-go test time/steps; GPT = 
Grooved pegboard test; RAVLT = Rey auditory verbal learning test; Stroop C/I = Stroop 
Color/Interference. Significant p-values are in bold.  

Paper III 

In paper III we wanted to compare how DT interference affected performance 

in iNPH (Lilja-Lund et al., 2022). Descriptive statistics for the iNPH group (n = 

20) and Unlikely group (n = 84) are shown in TABLE 8. We found that the iNPH 

group SWWT more frequent during conversation (10% SWWT) compared to the 

Unlikely group (0% SWWT; Fisher’s exact test, p = .044). However, SWWT 

occurred equally during the DT fluency tasks. Fifteen percent in the iNPH group 

stopped during semantic and phonemic DT fluency vs. 9% and 24% respectively 

for the Unlikely iNPH (ns). 
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TABLE 8. Descriptive statistics for the participants in paper III and IV. 
 iNPH Unlikely†  χ2 p 

n (female)   20 (45%) 84 (57%) 0.96 .327 

 Md (IQR) Md (IQR) U  

Age yr 80 (75–83) 74 (72–78) 493 .004 

Education yr 9 (7–13) 10 (7–12) 774 .582 

MMSE score 27 (26–28) 27 (26–28) 805 .831 

mRS score 3 (2–3) 2 (1–2) 507 .004 

GDS-15 score 2 (0–3) 1 (0–2) 647 .101 

Radscale score 4 (3–5) 2 (1–3) 305 <.001 

iNPH Total score 74 (67–81) 90 (81–95) 301 <.001 

Md = Median; IQR = Interquartile range; MMSE = Mini-mental state examination; mRS 

= Modified Rankin scale; GDS-15 = Geriatric Depression Scale. P-values in bold are 

significant. † There were 75 Unlikely iNPH in paper III who did the DT tasks, but the 

descriptive results were almost identical when including the 9 pilots as shown here. The 

exact results for the 75 who did the DT tests are available in Table 1 in paper III. 

Both groups had a DT cost on walking speed during verbal fluency. The iNPH 

group worsened during sematic (z = -3.1, p = .002) and phonemic fluency (z = -

3.9, p <.001), as did the Unlikely group (z = -7.3, p <.001; and z = -7.4, p <.001 

respectively). The two groups did not statistically differ on the DT fluency tasks, 

but the iNPH group had a slower walking time on 10-m walking only and 

produced fewer words during seated semantic fluency. See TABLE 9 for details. 

TABLE 9. Descriptive statistics of single- and dual-tasks and Mann-Whitney U 
tests of group differences in paper III. 

 Possible (n = 20) Unlikely (n = 75)   
Dual-task Md (IQR) Md (IQR) U p 

Semantic 10-m s 14 (12–17) 12 (9–17) 555 .074 

Phonemic 10-m s 16 (14–17) 13 (10–20) 557 .077 

Semantic fluency† 8 (6–11) 8 (6–10) 736 .894 

Phonemic fluency† 6 (4–7) 5 (4–6) 662 .414 
Single-task     

10-m walking s 10 (10–12) 9 (8–10) 337 <.001 

Semantic fluency† 18 (13–22) 22 (17–27) 503 .024 

Phonemic fluency† 9 (6–12) 10 (7–13) 649 .352 

Md = Median; IQR = Inter quartile range. † = Number of words. P-values in bold are 
significant. 
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Paper IV 

The aim of paper IV was to follow the development of symptoms in iNPH and 

before diagnosis over a two-year period. Median (IQR) time to follow-up was 25 

(23–26) months. Two participants changed diagnosis from iNPH to Unlikely, and 

eight changed from Unlikely to iNPH. Ninety-four participants kept their original 

diagnosis from baseline to follow-up. TABLE 8 (p. 46) shows the descriptive 

statistics for the iNPH group (n = 20) and the Unlikely group (n = 84) at follow-

up. Analyses of dropouts showed that those who did not participate at follow-up 

were older and had iNPH more frequently, see TABLE 10. 

TABLE 10. Descriptive statistics and comparisons between dropouts after baseline 
and participants at follow-up in paper IV. 

 Dropouts Follow-up χ2 p 
n (female) 51 (55%) 104 (55%) 0.01 .991 
Unlikely / iNPH 65% / 35% 87% / 13% 9.96 .002 
 Md (IQR) Md (IQR) U  
Age yr 75 (70–83) 73 (70–78) 2125 .044 
Radscale 3 (1–5) 2 (1–3) 2007 .012 
iNPH Total score 69 (51–86) 87 (75–94) 3897 <.001 

Md = Median; IQR = Interquartile range. P-values in bold are significant. 

We compared three groups based on diagnosis at baseline and follow-up; those 

who remained diagnosed as iNPH (n = 12), those who developed iNPH (n = 8;), 

and those who remained diagnosed as Unlikely (n = 82). Descriptive statistics 

and results from the Kruskal-Wallis test for baseline results are presented in 

TABLE 11 (p. 48), and TABLE 12 (p. 49) shows the results from follow-up. 
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TABLE 11. Baseline descriptive statistics and Kruskal-Wallis tests for groups 
based on diagnosis at baseline and follow-up. From paper IV. 

 
Remained 

 iNPH 
Developed 

iNPH 
Remained 
Unlikely 

χ2(2) p 

n (female) n = 12 (33%) n = 8 (63%) n = 82 (57%) 2.63 .266 
 
 

Md (IQR) Md (IQR) Md (IQR) H(2)  

Age yr 78 (72–83) 79 (73–81) 72 (70–76) 8.33 .016 
Education yr 9 (7–10) 11 (8–17) 10 (7–12) 2.13 .345 
MMSE 29 (26–9) 29 (27–30) 28 (27–30) 0.16 .923 
mRS score 2 (1–2) a 1 (1–2) 1 (0–1) 10.51 .005 
Radscale 5 (3–6) a 2 (1–3) 2 (1–3) 20.84 <.001 
iNPH Total 75 (67–81) a 86 (74–88) 91 (80–95) 13.40 .001 

iNPH 
domain 

     

Neuropsy. 71 (59–79) a 84 (63–97) 83 (78–93) 10.80 .005 
Gait 77 (71–89) a 94 (88–97) 95 (86–100) 8.57 .014 
Balance 83 (67–83) 83 (83–100) 83 (83–100) 5.37 .068 
Incont. 60 (40–80) a 60 (60–95) 100 (60–100) 9.54 .008 

Motor 
function 

     

10-m s 10 (9–10) 9 (8–9) 9 (7–10) 5.20 .074 
10-m steps 17 (16–18) 16 (14–17) 15 (14–17) 4.91 .086 
GPT s 94 (86–115) a 91 (71–115) 80 (68–91) 8.21 .016 

Memory      
RAVLT 
Immediate 

26 (19–30) a 34 (28–42) b 34 (27–38) 9.35 .009 

Executive 
function 

     

Stroop C s 81 (63–86) 65 (62–87) 69 (61–81) 2.09 .352 
Stroop I s 153 (133–227) 135 (118–219) 139 (115–159) 3.47 .176 

Md = Median; IQR = Interquartile range; MMSE = Mini-mental state examination; mRS 

= Modified Rankin scale; TUG = Timed-up-go test; GPT = Grooved pegboard test; 

RAVLT = Rey auditory verbal learning test; Stroop C/I = Stroop Color/Interference. 

Bold p-values are significant. Significant post-hoc: a = Remained  iNPH vs. Remained 

Unlikely; b = Remained iNPH vs. Developed iNPH; c = Developed iNPH vs. Remained 

Unlikely. 
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TABLE 12. Follow-up descriptive statistics and Kruskal-Wallis tests for groups 
based on diagnosis at baseline and follow-up. From paper IV. 

 
Remained  

iNPH 
Developed 

iNPH 
Remained 
Unlikely 

  

 n = 12 n = 8 n = 82   
 
 

Md (IQR) Md (IQR) Md (IQR) H(2) p 

MMSE 27 (25–28) 27 (26–29) 27 (26–28) 0.27 .874 
mRS score 2 (1–2) a 1 (0–2) 1 (0–1) 9.38 .009 
Radscale 5 (3–6) a 4 (2–5) c 2 (1–3) 21.02 <.001 
iNPH Total 71 (67–76) a 80 (63–87) 89 (80–95) 20.72 <.001 

iNPH 
domain 

     

Neuropsy. 71 (58–84) a 84 (59–97) 85 (73–93) 6.86 .032 
Gait 73 (59–81) a 85 (65–92) 95 (85–100) 17.83 <.001 
Balance 75 (67–83) a 83 (83–96) 83 (83–100)  11.40 .003 
Incont. 60 (40–80) a 80 (45–80) 100 (75–100) 11.28 .004 

Motor  
function 

     

10-m s 10 (10–11) a 10 (9–12) 9 (8–10) 14.80 <.001 
10-m steps 17 (16–20) a 15 (15–17) 15 (14–16) 14.03 <.001 
GPT s 101 (84–132) a 97 (70–119) 86 (72–100) 6.22 .045  
TMT A s 35 (29–43) a 28 (23–35) 29 (23–36) 3.92 .141 

Memory      
RAVLT 
Immediate 

27 (20–29) a 31 (23–41) 34 (27–38) 6.71 .035 

Delayed 3 (1–5) a 5 (3–7) 5 (4–8) 6.52 .038 
Executive 
 function 

     

TMT B s 140 (83–204) a 72 (56–86) 79 (60–130) 6.63 .036 
DS forward 6 (4–6) 6 (5–7) 6 (5–6) 1.97 .373 
DS back. 3 (2–4) 4 (4–4) 4 (3–5) 6.14 .047 
Stroop C s 76 (67–90) 66 (62–86) 68 (60–77) 3.83 .148 
Stroop I s 145 (134–196) 131 (113–213) 132 (115–166) 3.45 .178 

Md = Median; IQR = Interquartile range; MMSE = Mini-mental state examination; mRS 
= Modified Rankin scale; TUG = Timed-up-go test; GPT = Grooved pegboard test; TMT 
A / B = Trail making test A/B; RAVLT = Rey auditory verbal learning test; DS 
forward/back. = Digit-span forward/backward; Stroop C/I = Stroop Color/ 
Interference. Bold p-values are significant. Significant post-hoc: a = Remained iNPH vs. 
Remained Unlikely; b = Remained iNPH vs. Developed iNPH;  c = Developed iNPH vs. 
Remained Unlikely. 

 
 
 
  



50 
 

We then wanted to investigate the development over time and evaluate the effect 

size of the change. The results are presented in TABLE 13. 

TABLE 13. Wilcoxon signed rank test and effect size comparing results at baseline 
and follow-up. From paper IV. 

 Remained iNPH Developed iNPH Remained Unlikely 
 n = 12 n = 8 n = 82 
 z p ES r z p ES r z p ES r 
MMSE -2.6   .010   -0.52 -2.4   .016   -0.61 -5.4   <.001   -0.42 
mRS  -1.7   .188   -0.34 -1.7   .250   -0.43 -1.3   .243   -0.10 
Radscale -0.8   .410   -0.16 -2.4   .016   -0.60 -2.9   .004   -0.22 
iNPH Total -1.0   .170   -0.21 -2.1   .039   -0.53 -0.6   .560   -0.05 

iNPH 
domain 

   

Neuropsy. -1.0   .361   -0.20 -1.4   .312   -0.35 -0.6   .561   -0.05 
Gait -2.3   .020   -0.47 -2.2   .031   -0.55 -0.3   .794   -0.02 
Balance -0.5   .781   -0.11 -0.8   .625   -0.19 -0.9   .423   -0.07 
Incont. -0.3   .999   -0.06 -0.5   .999   -0.11 -0.2   .990   -0.01 

Motor 
function 

   

10-m s -2.4   .012   -0.50 -2.5   .008   -0.63 -0.3   .764   -0.02 
10-m steps -1.6   .132   -0.32 -2.4   .016   -0.60 -3.5   <.001   -0.27 
GPT -0.8   .438   -0.17 -1.0   .406   -0.24 -3.6   <.001   -0.28 

Memory    
RAVLT 
Immediate 

-0.2   .869   -0.04 -1.5   .172   -0.37 -0.0   .983   0.00 

Executive 
function 

   

Stroop C -0.6   .609   -0.11 -0.8   .453   -0.21 -1.3   .213   -0.10 
Stroop I -1.0   .380   -0.19 -2.4   .016   -0.60 -0.5   .626   -0.04 

ES = Effect size; MMSE = Mini-mental state examination; mRS = Modified Rankin scale; 

RAVLT = Rey auditory verbal learning test; GPT = Grooved pegboard test. The 

descriptive statistics for baseline results are presented in TABLE 11 (p. 48) and TABLE 12 

(p. 49)  for follow-up results. Bold p-values are significant. 
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Discussion 

As the global population is growing older, more knowledge on disorders affecting 

older adults is important from an individual, as well as a societal standpoint. 

INPH is a treatable syndrome affecting older adults and therefore important to 

identify early (Andrén et al., 2014; Nakajima, Yamada, Miyajima, Kawamura, et 

al., 2021). There is a knowledge-gap regarding iNPH in older adults from the 

general population, especially in understanding the development and 

manifestation of neuropsychological functions and related morphological 

changes of the brain. This thesis addresses how neuropsychological functions in 

iNPH relate to morphological features of the brain, manifest during dual-tasking, 

and develop over time in community dwelling older adults.  

Measures of morphological signs of iNPH 

We identified seven radiological measures characteristic for iNPH and developed 

a scale for evaluating morphological features in iNPH: the Radscale. A higher 

total score corresponded to more symptoms of iNPH. Continuous radiological 

measures from paper I; the TH, EI, and CA, were included for more detailed 

analyses in paper II. 

The quantitative measures on the Radscale had a high inter-rater reliability, but 

lower for the more subjective scorings. The use of CT could potentially have 

contributed to this and other imaging techniques like MRI can provide finer 

resolution and more details. However, there were no major significant differences 

when comparing Radscale scores based on CT and MRI from the same individuals 

with the exception for WML (Kockum et al., 2019). 

The Radscale has since its publication been evaluated and used in clinical 

practice. Our group found that the Radscale had a high sensitivity and specificity 

when differentiating between asymptomatic older adults and older adults with 

iNPH (Kockum et al., 2020). One study found that the Radscale could not identify 

positive tap-test responders (Laticevschi et al., 2021). However, the Radscale 

showed moderate discrimination for shunt-responders and the authors argued 

that the Radscale on its own is insufficient for predicting shunt-responsive 

patients (Carlsen et al., 2021). Hence, other clinical assessment tools are 

necessary in addition to the Radscale.  

Our scale had seven radiological measures of morphological features, see FIGURE 

12 (p. 44). Interestingly, Fällmar et al. (2021) found that a shorter version of the 

Radscale with only four features; CA, EI, focally enlarged sulci, and enlarged 

Sylvian fissures, could match the original Radscale on sensitivity and specificity 
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in a material including among other iNPH, AD, VaD, and healthy controls. Future 

studies will have to demonstrate if a shorter, revised version is better overall. 

The caudate nuclei and Evans’ index 

One of the central radiological measures of morphology in iNPH is the EI and is 

considered a main feature of ventriculomegaly (Mori et al., 2012; Relkin et al., 

2005). Interestingly, we could only find a correlation between EI and symptoms 

of incontinence, and not motor- or cognitive performance in paper II. 

The periventricular location of the caudate nuclei in the frontal horns of the 

lateral ventricles, where the obligatory EI is measured, and relation to the 

dopaminergic system were some reasons why the EI was chosen as a target for 

our analysis. The intention was to use the EI as a surrogate marker for 

dysfunction in the caudate nuclei but other methods such as e.g., position-

emission tomography with D2/D3 tracers, functional MRI, or shape analyses 

could have been better suited to assess the function of the caudate nuclei 

(Macfarlane et al., 2015; Todisco et al., 2021). 

Another aspect concerning EI is the use of a strict cut-off according to the 

diagnostic guidelines. Two participants changed diagnostic status from iNPH to 

Unlikely at follow-up in paper IV since they got an EI below the diagnostic cut-

off. This is not completely unexpected considering that some variations in 

measurements between sessions can happen, but it also illustrates a challenge in 

setting a fixed diagnostic criteria in a progressive disorder. Variations in 

estimates can occur since the EI is sensitive to the location of which plane it is 

measured, and volumetry has been argued to be a better alternative (Ryska et al., 

2021; Toma et al., 2011). Also worth mentioning is the fact that the suggested 

threshold of an EI >0.30 to denote ventriculomegaly can be problematic as 

healthy older adults may have even larger EI (Ambarki et al., 2010). 

Furthermore, a large EI could be a delayed sign of ventricular expansion since the 

EI expands to a lesser degree than another measure i.e., the TH, in response to 

secondary NPH (Missori et al., 2022). A proposed alternative to the EI is the “z-

Evans’ Index”, defined as the maximum z-axial length of the frontal horns to the 

maximum cranial z-axial length (Ryska et al., 2021; Yamada et al., 2015). In 

conclusion, the EI did not correspond to many symptoms despite being regarded 

as an obligatory feature in iNPH, and other measures needs to be considered 

when evaluating iNPH.  
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Memory, hippocampi, and wide temporal horns 

We found that gait, cognition, and incontinence were related to widening of the 

TH in paper II. One assumption behind the interest for the TH was the proximity 

to the hippocampi. For instance, Peterson et al. (2019) found that the volume of 

the hippocampi were smaller compared to healthy controls, and increased 

significantly after shunt surgery in iNPH.  

The hippocampi are intimately connected to declarative memory, a part of the 

neuropsychological symptoms in iNPH (Squire & Zola-Morgan, 1991; Xiao et al., 

2022). We showed in paper II that reduced memory measured with the RAVLT 

Immediate was related to wider TH after adjusting for age. In paper IV we found 

that those who had iNPH at baseline and those who developed iNPH were of the 

same age. However, those whose diagnose worsened had better memory at 

baseline. This difference disappeared at follow-up meaning that those who 

developed iNPH had a greater decline in episodic memory, approaching a 

memory function closer to those having had iNPH since baseline. 

Episodic memory addresses the recollection of recent events, and the topic for the 

conversation during the DT observation in paper III was how they had traveled 

to the hospital. SWWT was more frequent during this task for the iNPH group. 

Also, we found that the iNPH group had worse performance on semantic single-

task fluency, but not phonemic single-task fluency in paper III. Interestingly, 

the hippocampi are more involved in semantic fluency, and the frontal lobes are 

more engaged in phonemic fluency (Glikmann-Johnston et al., 2015; Tupak et al., 

2012). 

A sidenote here addressing the definition of what memory system the RAVLT 

targets. Albeit being considered a test of episodic memory, some argues that it is 

a test dependent on semantic memory (Cremona et al., 2020; Strauss et al., 

2006). Regardless, the RAVLT is a test of declarative memory, and as so reliant 

on the hippocampi (Simons & Spiers, 2003; Squire & Zola-Morgan, 1991). 

Hence, widening of the ventricular cavity surrounding the hippocampi, and a 

decrease in declarative memory were emerging signs of iNPH. A recent 

investigation of iNPH patients from the UK showed improved memory after tap-

test, but not on executive tests (Cray et al., 2022). Another study found that 

improvements in declarative memory was more prominent than improvements 

in executive functions after shunting (Duinkerke et al., 2004). This could indicate 

that declarative memory might recover faster than other cognitive functions, such 

as processing speed, but this needs to be assessed in more detail (Cray et al., 

2022). 
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Taken together, our findings suggest the need to emphasize declarative memory 

functions as an important aspect of the neuropsychological signs in iNPH, and 

not only frontosubcortical dysfunctions. 

We also found that more symptoms of incontinence were correlated to wider TH 

in paper II. The parahippocampal complex could be involved in the voiding 

mechanism, but the relevance of the hippocampal structure in micturition control 

remains somewhat speculative (Griffiths, 2015). 

Concerning gait, increased TH volumes have been associated with worse gait 

performance in older adults without hydrocephalus (Annweiler et al., 2014). Our 

results in paper II also showed a relationship with wider TH and worse walking 

speed and increasing number of steps on the TUG. 

Wide TH can also be indicators for AD (Frisoni et al., 2002). In fact, AD is 

important to consider as an alternative diagnosis to iNPH as there are similarities 

in the clinical manifestation. A biochemical CSF profile with low concentrations 

of tau and  amyloid precursor proteins in combination with elevated levels of 

monocyte chemo-attractant protein have been shown to differentiate between 

iNPH and other neurocognitive and movement disorders such as AD and PD 

(Jeppsson et al., 2019). However, the presence of AD does not automatically rule 

out iNPH (Azuma et al., 2019). There are some evidence that shunting can have 

a positive effect even when AD is present, except for memory improvements 

(Kazui et al., 2016). Discerning if reduced hippocampal volumes or wide TH are 

caused by atrophy or ventricular expansion requires accounting for several 

morphological features such as the CA, narrowing of the superior parietal sulci, 

and dilated Sylvain fissures (Kim et al., 2021). These are features included in the 

Radscale from paper I as well. 

To summarize, ventricular expansion surrounding the hippocampi were 

associated with all three major symptom domains, and reduced declarative 

memory was related to developing iNPH. Arguably, widening of the TH was a 

prominent sign of iNPH, even more so than the EI. 

Executive functions, cingulate cortex, and the callosal angle 

Another important morphological measure in iNPH is the CA (Ishii et al., 2008; 

Virhammar et al., 2014). We found that the CA was associated with the Total 

iNPH symptom score in paper I. In the more detailed analysis of specific 

symptoms in paper II we found that the CA was associated with number of steps 

on the TUG, and time on the Stroop Interference test after adjusting for age. This 

is in line with the literature in support of the relevance of the CA in iNPH (Fällmar 

et al., 2021; Ishii et al., 2008; Mataró et al., 2006; Park et al., 2021; Pyrgelis et 
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al., 2022; Virhammar et al., 2014). A review comparing the diagnostic 

performance of the CA and EI found better specificity for the CA than EI (93% 

compared to 86%) (Park et al., 2021). Furthermore, recent studies have found 

that the CA sub-score from the Radscale can be of value in predicting positive tap-

test and shunt responders (Fällmar et al., 2021; Pyrgelis et al., 2022). 

Measuring the degrees of the CA reveals the upwards expansion of the brain, 

which is also related to DESH (Skalický et al., 2021). Arguably, there is a me-

chanical impingement of the commissural fibers of the rostrum, the genu, and 

body of the corpus callosum connecting the left and right frontal lobe, and motor- 

and sensory areas in hydrocephalus1 (Jinkins, 1991). The thickness of the genu of 

the corpus callosum has been associated with gait disturbances in older adults 

and the forementioned impingement could potentially be part of the pathology 

behind the manifest gait disturbance (Brodoefel et al., 2013; Jinkins, 1991). 

The cingulate cortex is situated above the corpus callosum in the medial part of 

the brain, see FIGURE 4 (p. 22). Hence, a narrow CA and upwards expansion could 

hypothetically affect functions related to the cingulate cortex (Skalický et al., 

2021). The cingulate cortex is engaged in micturition control, and one study 

found increased CBF in the cingulate cortex and improved scores for continence 

post-shunting (W. Huang et al., 2022). But our hypothesis that this relationship 

could be measured using the CA did not come to fruition as we did not find an 

association between the CA and signs of incontinence in paper II. One potential 

contributing factor to this could be the way incontinence is assessed, which is 

somewhat imprecise as it is based solely on subjective ratings.  

However, a narrower CA was associated with reduced speed on the Stroop 

Interference after adjusting for age in paper II. The anterior cingulate cortex and 

control networks have been associated with the Stroop Interference task in 

multiple studies (Botvinick et al., 2004; Braver et al., 2001). Hence, the result 

showed some indirect support for the potential involvement of the cingulate 

cortex in a related neuropsychological task. 

Conversely, results on the Stroop Interference in the follow-up study in paper 

IV did not reveal any significant differences between the groups. This could have 

been affected by the dropout between baseline and follow-up. The dropouts were 

older and had iNPH more frequently compared to the participants at follow-up.  

  

 
1 Jinkins (1991) does not use the term iNPH, but the cases he refers to indicates iNPH. 
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Still, the negative result on the Stroop Interference in paper IV is interesting 

given the focus on executive dysfunction in iNPH and highlights the nuanced 

spectrum of cognitive deficits. Those who developed iNPH during the study had 

milder cognitive symptoms in general compared to those already having iNPH at 

baseline. 

In paper IV we found that those who remained diagnosed with iNPH had 

significantly more difficulties with attentional shifting measured with the TMT B, 

and that there was a tendency for a shorter backwards digit-span. Unfortunately, 

these tests were only included at follow-up and comparisons from baseline could 

not be performed. Interestingly, one study found that poor performance on the 

TMT B was a sign for later developing iNPH (Engel et al., 2021). This was not 

mimicked in our study as those who developed iNPH did not perform worse on 

the TMT B at follow-up, only those who remained diagnosed as iNPH from 

baseline. This discrepancy could potentially be caused by the different follow-up 

time. Follow-up time in Engel et al. (2021) was between three to five years 

compared to two years in our study, and results on the TMT B was in fact lower 

for those having had iNPH for at least two years in paper IV. 

It is important to consider motor-functioning when interpreting the TMT. The 

TMT A is less depended on EF but assesses visual scanning and eye-hand 

coordination whereas the TMT B adds executive components, notably shifting 

(Strauss et al., 2006). Performance on the TMT A did not differ in paper IV. 

Arguably, the difference on the TMT B between those who remained diagnosed 

as iNPH and those who either remained Unlikely or developed iNPH represents 

a difference in executive functioning. Also, a time proportional to 3:1 (TMT 

B:TMT A) has been considered a sign of more difficulties on complex tasks, which 

fits the performance of those having had iNPH since baseline (Strauss et al., 

2006). Contrary, those who developed iNPH or remained as Unlikely had a 

performance ratio closer to 2:1 which is considered within a normal range 

(Strauss et al., 2006). 

Conversely, the TMT B has been suggested to be too difficult to use in iNPH, but 

we could use the it in our sample (Kubo et al., 2007). Hence, patients not able to 

execute the TMT B have possibly declined considerably. This could have been the 

case in Kubo et al., (2007) as the participants in their study had a mean MMSE 

score of 22 and a FAB score of 10. 

Apathy has been mentioned as an executive dysfunction, and is typical in iNPH 

(Allali et al., 2018; Nakajima, Yamada, Miyajima, Ishii, et al., 2021). Interestingly, 

a pilot study found improved CBF in the bilateral anterior cingulate cortex and 

right caudate nucleus in iNPH patients with reduced apathy after shunting 

(Kanemoto et al., 2015). However, the participants in our studies did not show 
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obvious signs of apathy during the clinical assessment e.g., they responded to 

questions without latency, took instructions well, and had a normal body 

language. Also, ratings on the GDS-15 were not in the clinical range. This is not 

to say that apathy is irrelevant as there is a risk of selection bias; persons affected 

by apathy or depression are probably less likely to make the effort to participate, 

especially considering the long travel distances in our region. 

All in all, there seems to be a trend with increasingly more executive dysfunction 

in iNPH. Interestingly, one executive sub-function might be more relevant in this 

trajectory i.e., shifting. Also, dysfunction related to callosal impingement, and the 

anterior cingulate cortex were found in our studies, but with some mixed results. 

The progressive nature of iNPH and potential selection bias are some factors that 

could have influenced our results. 

Dual-tasking in iNPH 

One method for clinical assessment not much investigated in iNPH is the use of 

DT testing, something we investigated in paper III. There were few studies on 

DT and iNPH at the time of planning and data acquisition for this project and 

most studies on DT in iNPH have focused on evaluating the effects of tap-testing 

(Allali et al., 2013, 2017; Armand et al., 2011; Schniepp et al., 2017). No other 

study on DT in iNPH have been done on a population-based material to the best 

of our knowledge. 

Investigating DT effects in iNPH seemed relevant as two of the three affected 

diagnostic domains coincides during everyday dual-tasking. Performing 

cognitive tasks while navigating in the world is taxing, and is hypothesized to 

prompt prioritization of cognitive resources (Beauchet et al., 2009; Pashler, 

1994). This is potentially why older adults having cognitive impairments more 

frequently SWWT (Beauchet et al., 2009; Lundin-Olsson et al., 1997).  

Lundin-Olsson et al. (1997) found that older adults who SWWT more often had 

fall-accidents. SWWT has since their seminal study been suggested as a potential 

clinical DT test (Yogev-Seligmann et al., 2008). Our goal for paper III was not 

to register the incidence of fall-accidents however, but to see if DT was helpful in 

identifying iNPH. We wanted to include SWWT as clinicians have reported this 

phenomenon in the clinic (personal communication). Some desirable aspects of 

observing SWWT during conversation were the ease of implementation with no 

requirements of advanced gait measuring, and the possibility to observe cognitive 

function without a dedicated assessment session. 
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We found a higher frequency of SWWT in those with iNPH during the 

conversation on the way from the waiting room to the examination room. The 

conversation was about a recent event: how they got to the hospital. Albeit the 

frequency for SWWT was 10% in the iNPH group and none in the Unlikely group, 

this was based on two individuals in the iNPH group and caution must be taken 

into consideration regarding the significance. We did not find any difference in 

SWWT on the verbal DT fluency tasks since the Unlikely group also stopped 

comparatively as frequent. 

A note on SWWT is hearing, as this potentially might interfere. Those who 

stopped did not indicate any hearing issues and stopped walking to talk, not to 

listen. Stopping-to-listen (or turning-down-the-radio-to-drive-in-the-city) might 

be another test for limited DT capacity.  

Both the iNPH and the Unlikely group reduced their pace and word production 

during phonemic DT fluency compared to semantic DT fluency. Activation in the 

PFC has been associated with gait speed during DT (Doi et al., 2013; Harada et 

al., 2009). And the phonemic fluency task engages the PFC more than semantic 

fluency, indicating that this might be related to the decreased performance on the 

phonemic DT fluency tasks (Tupak et al., 2012). However, functional near- 

infrared spectroscopy would be needed to observe this.  

Other studies have shown that DT affects older adults more than younger adults 

(Ruffieux et al., 2015; Verhaeghen et al., 2003). Both groups in our study had a 

DT cost on the fluency tasks. Hence, a recommendation for DT studies on older 

adults would be to include seemingly easy tasks to minimize floor effects. The 

variation in DT difficulty e.g., ranging from normal conversation to phonemic 

fluency, was helpful in this regard. 

The participants walked in a straight line during the DT fluency in our study, and 

the variable we adjusted was verbal behavior. It is, however, not only the 

complexity of the cognitive task during DT that affects gait, but also how 

challenging the path is. For instance, other studies found that PFC oxygenation 

was affected differently depending on if it was a straight or curved path, or if the 

environment was more challenging (Belluscio et al., 2021; Lin & Lin, 2016). 

To summarize, SWWT was equally frequent during the semantic and phonemic 

DT fluency task for both groups, but the iNPH SWWT more often when asked to 

recount a recent event. The DT cost seen on walking speed might be related to 

limitations related to the PFC, but other methods is needed to further investigate 

this.  



59 
 

Motor functions and gait in iNPH 

Gait disturbance is often considered one of the most prominent signs of iNPH 

(Agerskov et al., 2018; Nakajima, Yamada, Miyajima, Ishii, et al., 2021). The 

characteristic gait is recognized with shortened step length, wide stance, and low 

step height. Walking in this way affects gait speed and number of steps needed to 

walk a specified distance, which is why walking tests are mandatory in testing for 

iNPH (Nakajima, Yamada, Miyajima, Ishii, et al., 2021). We used 10-m walking 

and the TUG test in our studies.  

As presented in paper III, the iNPH group walked slower compared to the 

Unlikely group when no extra cognitive effort was needed. Interestingly, this 

meant that 10-m walking was better suited to identify iNPH than the combination 

of 10-m walking and fluency tasks, which posed a challenge for the Unlikely group 

as well. And in paper IV we found that deteriorated gait during the time of the 

study was only related to iNPH.  

Motor functions of the upper extremities can also be affected in iNPH and a test 

of manual dexterity, i.e., the GPT, is included in the iNPH symptom scale 

(Hellström et al., 2012b; Nowak & Topka, 2006). Problems with upper 

extremities can also be seen in symptoms resembling PD. Another study from our 

group on the same participants investigated signs of parkinsonism using the 

motor examination from Unified Parkinson’s Disease Rating Scale (Molde et al., 

2017). They found a correlation between total iNPH symptoms and parkins-

onism, except for resting tremor (Molde et al., 2017).  

Those who had iNPH diagnosed at baseline in paper IV had a slower time on the 

GPT compared to those who remained diagnosed as Unlikely. Still, those who 

remained as Unlikely had a decrease in manual dexterity at follow-up, but the 

iNPH group continued to perform worse. Hence, poor performance on the GPT 

was observed in iNPH, but even those without iNPH performed worse after two 

years. 

Some challenges in assessing signs of iNPH 

Studying the association between morphological features and the potential 

neuropsychological outcome involves many unknowns but have been inves-

tigated in this thesis with some success. However, Baddley et al. (1997) offers a 

sobering reminder: 

…factors produced by factor analysis are statistical realities but psychological 

fictions (p. 61-62 in (Baddeley, Della Sala, Gray, et al., 1997). 
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Also, to restrict a cognitive model or function to a specific anatomical feature 

would be counterproductive, as a model can be useful without being bound to 

specific neural correlates and therefor capable of accommodating a broader 

spectrum of underlying functions (Baddeley, 1996).  

Nevertheless, factor analysis and other statistical methods for correlation have 

been applied in defining psychological constructs for more than a 100 years, and 

have helped introduce concepts such as general intelligence, the g-factor, the 

Cattell-Horn-Carroll model of cognitive abilities, and the multifactorial model of 

EF (Jewsbury et al., 2016; Miyake et al., 2000; Spearman, 1904a, 1904b).  

And, as Luria and others have demonstrated, there can be revealing lessons about 

how the brain works by engaging in systematic assessment of brain-behavior 

correlates, and efforts to quantify and delineate cognitive concepts in replicable 

manners have been done successfully for e.g., the multifactorial model of EF 

(Friedman & Robbins, 2022; Jewsbury et al., 2016; Lezak et al., 2012; Luria, 1973, 

1980; Scoville & Milner, 1957).  

Still, some caution is in place when considering our findings in this thesis 

regarding the association between specific morphological features and neuro-

psychological effects. Our findings concerning the TH and declarative memory in 

iNPH should arguably hold given the supporting literature, but it would give 

further support to our findings if others could replicate them. 

The cognitive profile in iNPH is multifaceted as we have demonstrated by now 

and appropriate tests are needed to capture the nuances in neuropsychological 

functions in iNPH (Picascia et al., 2016). Even though those with iNPH were 

older, we still could not differentiate the cognitive status with the MMSE in 

paper III and IV. The MMSE is known to be less sensitive to milder cognitive 

disturbances, especially in well-educated individuals (Lezak et al., 2012; Ranson 

et al., 2019). Interestingly, the MMSE is recommended in the JG3rd but the 

authors note that a memory task containing only three words is probably too little 

(Nakajima, Yamada, Miyajima, Ishii, et al., 2021).  

This may become an issue when making assumptions of cognition in iNPH. We 

showed that the declarative memory was an important part of the cognitive 

deficits to look for in iNPH, and the MMSE was unable to detect this. 

There are other cognitive screening tools with better psychometric properties in 

iNPH than the MMSE, such as the Montreal Cognitive Assessment or the 

Repeatable Battery for the Assessment of Neuropsychological Status (Cray et al., 

2022; Laurell et al., 2022; Vogel et al., 2015).  
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And, as we demonstrated in paper III and IV, more extensive testing is 

preferable, however inadequate resources and limited availability of neuro-

psychologist are some potential obstacles to fully implement this in a clinical 

setting. 

The low sensitivity of the MMSE is related to ceiling effects e.g., the tasks are easy 

enough so that most, or at least many, older adults can achieve high results even 

with beginning cognitive deficits. We also addressed the potential floor effect on 

the DT tasks when a task becomes so complicated that most start to have 

difficulties regardless of cognitive function. Additionally, the TMT B and Stroop 

Interference typically has a higher fail rate due to the increasing difficulty (e.g., 

Kubo et al., 2007). Hence, it is important to include a combination of tasks with 

both low and high demands to be able to assess the broader spectrum of cognitive 

performance. 

Some suggestions to identify iNPH timely are generous imaging examinations 

assessed with the Radscale, especially in older adults with known cardiovascular- 

or hereditary risks, declining memory, and worsened gait. The Radscale could 

also help detect older adults with imaging signs of iNPH without clinical 

symptoms, with a score above five points as a possible red flag (Kockum et al., 

2020). Reports of falling or problems walking and talking might also be relevant 

indications for further assessment. 

Limitations 

The studies took place in a large region in Sweden, with long travel distances to 

the hospital. The travel distance and potential long days participation meant 

could have led to a selection bias. An indication for this was found in the analyses 

of the dropouts at follow-up, as they were older and more often had iNPH. To 

mitigate some of these obstacles we made arrangements for transportation and 

planned so that the assessments could be done during one visit if preferred. 

Breaks and light refreshments were provided during the assessment to prevent 

fatigue but dealing with potentially frail individuals, the long days could have 

been a factor in how they performed as well.  

Sex, education, and age are factors that can influence test results (Lezak et al., 

2012; Strauss et al., 2006; Tombaugh, 2004). Furthermore, the ventricles of the 

brain can expand in normal ageing (Ambarki et al., 2010). We found that males 

and older participants performed worse and had larger ventricles in paper I (see 

Table 1 in the original paper). However, sex and education were evenly 

distributed between the two diagnostic groups. Those with iNPH in our studies 

were older, but this also reflects the progressive character of the disorder as the 

prevalence of iNPH increases with age (Andersson et al., 2019; Iseki et al., 2022).  
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Still, including age-normed tests could have been beneficial for discerning if the 

results were within a normal range for the age.  

The iNPH symptom scale is not normed according to age, and a score of 100 is 

considered non-pathological (Hellström et al., 2012b). It is therefore intended to 

measure the grade of dysfunction and not performance above “normal”. 

However, the cut-off used for healthy individuals might be too strict and 

Andersson et al. (2017) suggests a lower threshold for the Neuropsychology, Gait, 

and Balance domain (<80, <86, and <83 respectively).  

There are limitations to the neuropsychological findings from baseline as they 

were based solely on tests included in the iNPH symptom scale. This meant that 

we were somewhat restricted in our longitudinal analysis of the neuropsycho-

logical function. 

We used CT for brain imaging in our study. Other imaging methods such as MRI 

may produce higher resolution images making the periventricular hypodensities 

easier to detect (Kockum et al., 2019). Still, the relative low cost and greater 

availability in a clinical setting makes CT a relevant method to investigate and 

use. Also, a study investigating potential discrepancies in Radscale ratings 

between CT and MRI did not find any substantial differences between CT and 

MRI (Kockum et al., 2019). 

One recuring challenge is statistical power, which relates to sample size and 

statistical method. Sample size is associated with available resources and possible 

candidates for inclusion. Statistical method depends on the variables used and 

distribution of data. Multi-center studies could help overcome some of these 

challenges and standardized methods might facilitate the aggregation of data in 

meta-analysis. 

Comparing our results with other neurocognitive disorders such as AD and PD 

would be helpful in learning more about any discriminatory potential and 

specificity of the instruments we used. Samples of CSF biomarkers for differential 

diagnostics and analyses of co-morbidity could have improved the diagnosis in 

our study. Furthermore, the effect of tap-test or CSF infusion tests could also be 

an improvement. But invasive procedures were left out to minimize exposure of 

risks and potential drop-out. 
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What is on the horizon for iNPH 

The discovery that astroglial end-feet are involved in the transportation of solutes 

and water in the brain has contributed to an invigorated view on glial functions 

(Iliff et al., 2012; Mestre et al., 2020). Furthermore, the increasing knowledge of 

the active role microglia and astrocytes have in cognition adds to the interest in 

glial functions (Chung et al., 2015). These cells take part dynamically in the 

formation and maintenance of the parenchyma, interacts with blood vessels, and 

shape synapses (Chung et al., 2015). There does not seem to be any studies on the 

subject in relation to iNPH for now. 

The discovery of the default mode network (DMN) has stimulated much interest 

in the neurosciences (Yeshurun et al., 2021). The DMN is typically ope-

rationalized as a resting-state network encompassing off-task activity in the 

medial prefrontal cortex, posteromedial cortex, middle frontal gyrus, angular 

gyrus, middle temporal cortex, middle frontal gyrus, inferior frontal gyrus, on 

functional MRI (Smallwood et al., 2021).  

Studies of the DMN in iNPH are emerging and there have been evidence for 

reduced activity compared to healthy controls, and before tap-test (Griffa et al., 

2021; Khoo et al., 2016). Just as previous studies, DMN activity was lower in 

iNPH compared to healthy controls but patients with relative intact connectivity 

compared to patients with reduced DMN responded better to shunting (Kanno et 

al., 2021). Also, memory testing (using the RAVLT) could best discriminate 

between relative intact or reduced DMN, and could perhaps be useful in a non-

invasive method for investigating potential shunt responders (Kanno et al., 2021).  

Efforts are being made to automate radiological evaluation in hydrocephalus by 

using machine learning and large data sets, but there are obstacles ahead with 

regards to e.g., the quality and quantity of the data sets, methods of measuring, 

and computing power (Maragkos et al., 2021). There have been trials using 

machine learning in evaluating lumbar infusion to predict positive shunt 

responders with some promising result (Mládek et al., 2022).  

Machine learning has also been used to identify iNPH on MRI scans and the AI 

used reached the same level of accuracy as trained radiologists (Y. Huang et al., 

2022). Interestingly, volumes of the TH were some of the ventricular features 

included in the comparison between hydrocephalus and normal brains (Y. Huang 

et al., 2022). 

Text analysis is another area machine learning is considered as a tool to identify 

early neurocognitive disorders. At the time of writing, this is on an experimental 

stage, e.g., see unpublished manuscripts from (Hong et al., 2020; Tyagi, 2022). 
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However, data-driven progress and machine learning is lacking in neuro-

psychology. The trend is to digitalize existing table-top and pen-and-paper tests 

such as the TMT and visual memory test. One such effort is a computerized test 

battery designed for iNPH, the Computerized General Neuropsychological INPH 

Test (CoGNIT), developed in Umeå, Sweden (Behrens, 2014).  

The CoGNIT was still in development when preparations and data-collection 

started for the project this thesis is a part of. Some of the neuropsychological tests 

in CoGNIT are included in the iNPH symptom scale, hence adding CoGNIT would 

introduce learning effects between the two test batteries (Behrens, 2014; 

Hellström et al., 2012b; Lezak et al., 2012). Replacing the iNPH symptom scale 

would also cause complications for longitudinal comparisons.  

Also, CoGNIT does not include scales addressing gait, balance, or incontinence 

and was not developed to substitute the iNPH symptom scale. Therefore it did 

not fulfill the needs for this thesis, despite being useful in the assessment and 

evaluation of iNPH (Behrens et al., 2019). 

Most neuropsychological tests used in iNPH, or elsewise, have been used for 

several decades e.g., see Table 2 in Büyükgök et al. (2021). This can be seen as a 

testament to their well-proven capability to capture variations in cognitive 

function. Still, the lack of innovation in neuropsychological assessment needs to 

be addressed. Virtual reality could potentially provide some new tools in both 

cognitive training and assessment relevant to an older population (Zhu et al., 

2022). Eye-tracking is another method with potential in several fields of cognitive 

assessment, neurodegenerative disorders being one (Bueno et al., 2019).  
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Conclusion 

We found seven morphological features suitable for a standardized radiological 

scale for iNPH. The morphological features were associated with symptom 

severity of iNPH. Moreover, the widening of the ventricular space surrounding 

the hippocampi were related to all symptom domains of iNPH. The hippocampi 

are central to declarative memory. We found that the iNPH group stopped 

walking while talking about a recent event more often, and that declining 

declarative memory was a sign of developing iNPH. Hence, it seems important to 

acknowledge that the cognitive deficits in iNPH goes beyond the executive 

dysfunction of frontosubcortical character often associated with iNPH. 

The different levels of neuropsychological functioning in our sample could reflect 

the heterogenous progression of iNPH. For instance, the easier walk-and-talk test 

posed problems in some cases of iNPH, but more taxing dual-task tests were 

challenging regardless of diagnosis in this sample of older adults from the general 

population. The neuropsychological assessment should include tests with 

different difficulty levels to facilitate the detection of iNPH. 

This thesis can hopefully contribute to better understand the morphological and 

neuropsychological signs of iNPH in the older population and help recognizing 

the disorder as a step toward timely treatment. 
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Appendix 

Appendix 1 – Neuropsychological test-protocol at follow-up 
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Appendix 2 – Survey 

 

The seven-item questionnaire used during the initial recruitment. See Andersson et al. 

(2019). 

 




