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“The credit belongs to the man who is actually in the arena,
whose face is marred by dust and sweat and blood; who
strives valiantly; who errs, who comes short again and
again, because there is no effort without error and
shortcoming; but who does actually strive to do the deeds;
who knows great enthusiasms, the great devotions; who
spends himself in a worthy cause; who at the best knows in
the end the triumph of high achievement, and who at the
worst, if he fails, at least fails while daring greatly, so that
his place shall never be with those cold and timid souls who
neither know victory nor defeat.”

Theodore Roosevelt, April 23, 1910

Or

“Success is not final, failure is not fatal. It is the courage to
continue that counts.”

Attributed Sir Winston Churchill

In loving memory of Vivianne, a daring woman.
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Abstract

Background. To study gait is of great importance for the health of the
aging population. Higher-level gait disorders (HLGD) are characterized
by a slow, symmetrical, unsteady gait. Its cause is most often unknown.
HLGD in combination with ventriculomegaly (i.e., large brain ventricles)
is obligatory for the diagnosis of Idiopathic Normal pressure
hydrocephalus (INPH), a syndrome that is sometimes treatable with
insertion of a CSF shunt. It is therefore important to investigate the
prevalence of HLGD in the population and brain morphometry in
individuals with HLGD. Further, self-perceived confidence in gait and
balance among patients with HLGD and INPH is unknown and
important to study as slow gait velocity is associated with falls, injuries,
and death. CSF shunts in INPH are associated with adverse events and
little is known about epilepsy after surgery or minor and moderate
adverse events such as headache and abdominal pain.

Objective. In the older population investigate the prevalence of HLGD,
and its association to ventriculomegaly. To investigate quality of life
(QoL), depressive symptoms, and balance confidence in an HLGD
population. In patients shunted for INPH, assess falls, fear of falling,
balance confidence and prevalence of the possible adverse events
headache, epilepsy, and abdominal pain after shunt surgery.

Methods. Two population-based case-controlled cohorts were studied.
In the first study, the “Ventriculomegaly and gait disturbance in the
senior population in the region of Visterbotten” (VESPR) study,
individuals (65-84 years) were recruited through a questionnaire
(n=6467 dispatched). The final population consisted of 798 cases with
gait disorders and 249 controls without gait disorders, age- and sex-
matched to individuals with HLGD. All had been examined by a
physician and were categorized: 1. “HLGD”; 2. “neurological gait
disorder”; 3. “non-neurological gait disorder” or; 4. “no gait disorder”.
Participants were assessed with: the Swedish modification of the Falls-
Efficacy Scale (FES(S)), the Modified Gait-Efficacy Scale (mGES), the
Euro Quality of Life 5-Dimension 5-Level (EQ5D5L) instrument
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(EQ5D5L index and Euro Quality of life visual analogue scale (EQ VAS))
and the Geriatric depression scale 15 (GDS-15). Cases and controls had
an MRI of the brain and ventricular size was measured.

The second study, the “Comorbidities and vascular risk factors
associated with idiopathic normal pressure hydrocephalus” (INPH-
CRasH) study, consisted of 176 shunted INPH patients and 368 age- and
sex-matched controls. Mean age was 74 years in INPH and 73 in
controls. All had a visit to a healthcare facility. Information regarding
adverse events, falls and fear of falling were gathered through a
questionnaire. Additional information on diagnoses and prescribed
drugs were obtained from the Swedish national patient- and drug
registries. Data was compared between the groups, and before- and after
surgery for INPH.

Results. In the VESPR study, 87 individuals were categorized as HLGD,
corresponding to a prevalence of 5.8% (95% confidence interval (CI) 4.6-
7.0) in the older population. A definite cause was found in 13% (n=11) of
individuals with HLGD, but ventriculomegaly was present in 63%
(n=46/73, controls: 38%, n=70/184; OR 2.8 95% CI 1.6-4.9, p<0.001).
HLGD had more depressive symptoms and lower quality of life (QoL),
compared with individuals without gait disorder (GDS-15: 3.9+3.4 vs.
2.5+2.8, p=0.004; EQ VAS: 63+17 vs. 71+18; p<0.001; EQ5D5L index:
0.671£0.188 vs. 0.840+0.126, p<0.001). HLGD had low confidence in
gait and to avoid falls compared to those without gait disorder (mGES:
60+22VSs. 74+21; p<0.001; FES(S): 93+32 vs. 111+25 p<0.001).

The INPH-CRasH study revealed that patients with INPH feared falling
more often (3.3+1.1) and had lower balance confidence (78+40) than
controls (fear of falling: 1.6+0.9, balance confidence: 126+14; p<0.001 in
both comparisons). After surgery, the proportions were reduced in INPH
(p<0.001). More INPH than controls were fallers (before surgery: 67%
vs. 11% OR 15.48 95% CI 9.85-24.32; after surgery: 35% vs 11% OR 4.15
95% CI 2.65-6.50, p<0.001). The proportion was reduced after surgery
(p<0.001). In shunted INPH, epilepsy, antiepileptic drug (AED)
treatment and headache was more common than in controls (epilepsy:
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4.5% vs. 1.1% OR 4.3, 95% CI 1.3-14.6, p=0.023; AED treatment: 14.8%
vs. 7.3% OR 0.5 95% CI 0.3-0.8, p=0.010; headache: 36.1% vs 11.6% OR
0.2 95% CI 0.2-0.4, p<0.001). Forty percent INPH (n=70) had
abdominal pain after surgery.

Conclusions. HLGD was common in the general older population and
associated to ventriculomegaly. HLGD was also associated with low
quality of life and depressive symptoms. Both individuals with HLGD
and patients with INPH had low confidence in their balance but it was
less common after surgery for INPH. However, patients shunted for
INPH still had more problems with low balance confidence, falls, and
fear of falling than controls. After shunt surgery for INPH, a significant
portion of patients developed epilepsy, headache, and abdominal pain.
The findings motivate investigations of causal relationships between
HLGD and ventriculomegaly and if treatment options exist for HLGD.
The observed adverse events in patients shunted for INPH should be
considered in pre- and postoperative evaluations of shunt surgery, and
in the development of new techniques for shunt placement. Additional
interventions directed towards low balance confidence, falls and fear of
falling should be considered for patients with INPH, and for individuals
with HLGD.
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Popularvetenskaplig sammanfattning

Bakgrund

Vi lever i ett samhalle med aldrande individer. En av tre aldre har
nedsatt gdngformaga. Att bevara gangformagan ar viktigt for
valbefinnandet, men ocksa da nedsatt ganghastighet ar relaterat till
minskad sjalvstandighet och tidig dod (1, 2). Darfor ar det viktigt att
studera hur vi kan hjilpa dldre till en bevarad eller forbattrad gang.

Ungefar hilften av dldre med nedsatt gingformaga har en neurologisk
orsak till besviren. Individer med en generellt ostadig gdng utgor nastan
hilften av dessa. Det ar ett tillstdnd som kan utvecklas till en hogre
ordningens gangstorning, higher-level gait disorder (HLGD). Ungefir tio
procent av individer med neurologiska gangstorningar har HLGD (3, 4).
Det ar alltsa vanligt. Tyvérr har vi begransad kunskap om vad som
orsakar HLGD och hur det paverkar individen (5).

Trots att vi vet lite om orsaken finns det kidnda behandlingsmetoder for
vissa sjukdomar som orsakar HLGD. Ett exempel ar Idiopatisk
Normaltryckshydrocefalus (INPH). INPH behandlas med en s.k.
likvorshunt som dranerar cerebrospinalvatska, oftast fran hjarnans
halrum (ventriklar) till buken (6, 7). I Sverige forbattras ungefar halften
efter operationen (8). Att inte fler forbattras skulle kunna vara ett tecken
pa att viivarden har svart att identifiera personer som gynnas av
behandlingen. Ett diagnoskriterium for sjukdomen ar stora
hjarnventriklar pd magnetkameraundersokning eller datortomografi
(Figur 1). Det har dock inte undersokts i modern tid om det har klassiska
sjukdomstecknet faktiskt har en koppling till det vanligaste symptomet,
HLGD. Det finns dven brister i forskningen géllande vad som hénder
efter operationen. Det har till och med foreslagits att vi borde sluta
operera personer med INPH, till f6ljd av bristande bevis pa
behandlingens effekt och risk for komplikationer (9).
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INPH Frisk Hjarna

Figur 1. Stora hjarnventriklar associerade med INPH

For att oka kunskapen om paverkan av HLGD pa den drabbade
individen samt patofysiologin bakom symptomet ville vi underséka om
det fanns nagot samband mellan depressiva symptom, 1ag livskvalitet
och nedsatt fortroende for den egna gangen och balansen hos dessa
individer samt kopplingen mellan stora hjarnventriklar och HLGD. Vi
ville &ven undersoka nagra av dem komplikationer efter shuntkirurgi for
INPH som inte har undersokts i nagon storre utstrackning tidigare, samt
om en forbattring kan ses efter operationen med farre fallolyckor och
minskad fallradsla.

Sa gjorde vi

En stor undersokning av gangbesvar i befolkningen i Umeéa
genomfordes. Ett sSlumpmassigt urval av 6,412 individer i dldrarna 65-84
ar fick majlighet att svara pa ett frageformular om gangbesvar. De som
upplevde gangbesvir samt ett antal utan gangbesvar kallades till ett
besok dar de undersoktes av en liakare. Gangstorningen bekraftades och
kategoriserades. Depressiva symptom, livskvalitet och fortroende for den
egna balansen jamfordes mellan individer med olika typer av
gangstorningar. Prevalensen av HLGD beriknades. De med HLGD
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jamfordes mot alders- och konsmatchade kontroller utan gangstorning
avseende hjarnventrikelstorlek.

Effekten av shuntkirurgi utvirderades pa en grupp individer som
opererats for INPH. De jamfordes mot dlders- och konsmatchade
kontroller frdn befolkningen i Umea. Alla fick svara pa ett frigeformular
om symptom pa komplikationer, fall och fallrddsla. Patienterna med
INPH svarade pa fragor géllande tiden fore och efter operationen och
kontrollerna svarade pa fragor om hur det varit de sista 12 manaderna.
Kompletterande data fran svenska diagnos- och likemedelsregistren
anvandes.

Det larde vi oss

Depressiva symptom, lag livskvalitet och nedsatt fortroende for den egna
gangen och balansen var vanligare hos individer med HLGD, vilket
starker att det ar en viktig grupp att studera. En tredjedel av den dldre
befolkningen i Umeéa hade en gangstérning, 6% hade HLGD och 4% hade
HLGD i kombination med stora hjarnventriklar. Stora hjarnventriklar
var vanligare hos individer med HLGD an hos de utan géangbesvar.
Saledes kan stora hjarnventriklar ha en roll i symptomets patofysiologi.

Efter shuntoperation hade fler patienter med INPH &n kontroller
epilepsi, antiepileptisk behandling och huvudvirk (4.5%, 14.8% och
36.1% mot 1.1%, 7.3% och 11.6%). Fyrtio procent hade buksmarta
postoperativt och hos 20% kvarstod den 21 ménader efter operationen.
Fall och fallradsla var vanligare hos patienter med INPH men besviren
minskade markant efter operationen. Antalet som fallit tva eller fler
ganger under uppfoljningstiden reducerades (67% mot 35%) och de var
mindre ridda for att falla. Tidigare publicerade resultat fran samma
studie visade att dem aven fick forbattrad livskvalitet och mindre
depressiva symptom (10, 11). Eftersom fallradsla hos dldre ar kopplat till
nedsatt livskvalitet (12) ar det mojligt att dem har utfallen hanger ihop.
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Introduction

The general population is aging. Life expectancy increases and in
addition, the post-war baby-boom in the 1940s caused increasing birth
numbers in the generation now aged 70 years and older. About one fifth
of the Swedish population is now 65-84 years (13). In this large part of
the population, gait function is a pressing matter. It is reduced among
one in three (3, 4) and slow gait speed has been associated with
institutionalization, falls and even increased mortality (1, 2). Therefore,
it is important to study gait disorders of the aging population and
treatments for them.

Neurological gait disorders constitute about half of the gait disorders in
old age (3, 4). Unsteady gait is a common problem, and in one study
where it was regarded as a neurological gait disorder, it affected almost
half of the neurological gait disorder cohort (3). It may potentially
develop into a higher-level gait disorder (HLGD), characterized by
symmetry, reduced gait velocity and unsteadiness, with possible
freezing, shuffling and a broad base. Per definition, HLGD is a group of
neurological gait disorders that cannot be explained by dysfunction of
the peripheral motor-, sensory- and pyramidal tracts, cerebellum, or
basal ganglia alone (5, 14). About half of them suffer recurrent falls (3),
compared with 10% in the general older population (15). Even though
HLGD seems to be a common and troubling issue among older people,
research on this specific type of gait disorder is scarce and we have little
information regarding its effect on patient well-being, and the HLGD

pathophysiology (5).

INPH is a syndrome presenting with HLGD as a cardinal symptom.
INPH also has a largely unknown pathophysiology, but hydrocephalus is
regarded as the cause of the syndrome and large brain ventricles is a
mandatory diagnostic criterion (6, 7). Therefore, studies investigating
INPH have primarily included individuals with ventriculomegaly. The
theoretic relationship between HLGD, INPH and ventriculomegaly is
visualized in Figure 2. The connection between the HLGD symptom and
magnetic resonance imaging (MRI) ventricular morphometry associated
with INPH has not been investigated thoroughly. One old study found an
association between the typical INPH gait disorder and broad frontal
horns in individuals visiting a neurological clinic, although it was small,
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and the sample was not population-based (16). Further research on the
association between HLGD and ventriculomegaly may contribute with
fundamental knowledge on the pathophysiology of the symptom.

Ventriculomegaly

Figure 2. Relationship between HLGD, INPH and

ventriculomegaly
HLGD is a cardinal symptom of INPH and ventriculomegaly is mandatory in INPH
diagnostics. The figure visualizes the theoretic relationship between the three entities.

According to data from the Swedish hydrocephalus quality registry
(SHQR), 12-month follow-up improvement is seen in gait in more than
half, almost one third improve in cognition, and more than two thirds in
incontinence, out of the approximately 300 (2021) (17) INPH-patients
that are yearly treated with a cerebrospinal fluid (CSF) shunt. The
procedure may also have a positive effect on depressive symptoms (10)
and quality of life (11). In addition, improved gait and functional
independence following shunt surgery for INPH are predictors of
increased survival (18). Considering these results, shunt surgery for
INPH may be an effective treatment for a common problem with many
positive effects on patients’ well-being. However, adverse events develop
in approximately 15-20% of the patients shunted for INPH (SHQR data
on patients operated 2018-2021) (17), and these surgeries constitute a
large expense in modern health care (19). No large-scale randomized
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controlled trial has been conducted on the procedure for INPH, and it
has been suggested that we should consider to abandon shunt surgeries
for these patients, since we lack reliable evidence (9). Therefore, adverse
events and patient outcome of CSF-shunt surgery for INPH are
important to investigate further. Previously identified adverse events
that lack reliable evidence in INPH include epilepsy (20) and headache
(21-24). Abdominal pain has not been previously investigated in a
population with INPH. Nor has it been assessed if falls and fear of falling
(FOF) are reduced after shunt surgery for INPH.

In this thesis, the association between HLGD and depressive symptoms,
low QoL and low balance- and gait confidence was assessed. The
prevalence of HLGD and its pathophysiology were explored through
brain MRI morphometry compared between individuals with HLGD and
normal walkers in a large population-based study. Postoperative
prevalence of epilepsy, headache, abdominal pain, falls and FOF in a
population of patients shunted for INPH was investigated and
comparisons were made to age- and sex matched controls.
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Background

Gait in old age

About one third of older people have impaired gait (3, 4), and the
incidence increases with advancing age (3). In addition, falls and FOF
are common concerns that are correlated to impaired gait (25), and may
cause fall accidents, institutionalization, and reduced quality of life (12,
26). The underlying causes are many. Among different types of gait
disorders, neurological gait disorders have been found to have the
strongest association to recurrent falls (4). They constitute about half of
gait disorders in the older population, although the results from different
studies vary (Figure 3) (3, 4). Other common causes for impaired gait are
different non-neurological gait disorders, such as musculoskeletal
diseases (3, 4).

A Prevalence (%) B
4
35
30

HLGD 25
20
15
. Unsteady gait
HLGD

. 1N
o

Neurological gait ~ Non-Neurological  All gait disorders Neurological gait  Non-Neurological  All gait disorders

disorders gait disorders disorders gait disorders

Figure 3. Two examples of prevalence of different types of gait
disorders in old age

Participants with combined gait disorders are included in both the neurological- and
non-neurological gait disorders bars.

A: Mahlknecht P et al. PLoS One. 2013.

B: Verghese J et al. J Am Geriatr Soc. 2006.

HLGD = Higher-Level Gait Disorder
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Characterization of gait disorders

Historically, many gait patterns have been described and the
terminology for the same gait patterns vary (16, 17). However,
characterization of gait disorders is relevant in clinical work, which
makes the terminology an important issue. Many diagnostic guidelines
refer to typical clinical features, such as gait patterns and balance
impairment. Examples are Parkinson’s disease (27), progressive
supranuclear palsy (28) and INPH (6, 7) (Table 1). Thus, the validity of
the diagnostic procedures is highly dependent on the accuracy of the
clinical assessments, i.e., the gait- and balance classifications.

Table 1. Excerpts from diagnostic guidelines where diagnoses
are based on presence of typical clinical gait features

Idiopathic Normal Progressive
Pressure supranuclear
Hydrocephalus Parkinson’s disease palsy
Decreased step height, “Bradykinesia” “Progressive gait
step length and/or freezing”
cadence.

“Increased trunk sway “..slowness of “Parkinsonism,

during walking”

“Widened standing
base”

“Toes turned outward
on walking”

“Retropulsion”
“En bloc turning”

“Impaired walking
balance”

movement and
decrement in
amplitude or speed (or
progressive
hesitations/halts) as
movements are
continued”

“In Parkinsonism
caused by PD, a
decline in either speed
or amplitude is seen as
movements are
continued”

akinetic-rigid,
predominantly axial”

“Parkinsonism, with
tremor and/or
asymmetric”

Excerpts from clinical diagnostic guidelines for Idiopathic normal pressure hydrocephalus
(7), Parkinson’s Disease (28), and Progressive supranuclear palsy (27).

PD = Parkinson’s Disease.

20



In research, gait velocity is an objective marker that is often used to
quantify gait and assess function. It can be used for prediction of adverse
outcomes in older people (28). However, it probably cannot differentiate
between different types of gait disorders since the clinical features of the
disease at hand are not assessed, i.e., it cannot be used to assess the
quality of the gait. For example, all diseases in Table 1 could present with
reduced gait velocity. Therefore, clinical assessments of the gait
characteristics are important, in addition to other quantitative measures,
to differentiate between different types of gait disorder and assess the
gait quality.

Higher-level gait disorders

Inspired by John Hughling-Jackson’s division of the nervous system into
three levels (29), Nutt et al. suggested a categorization of neurological
gait disorders in groups of lower-, middle- and higher-level gait
disorders (14).

Higher-level gait disorders (HLGD) are per definition neurological gait
disorders that cannot be explained by lower- or middle level dysfunction
alone. Lower- and middle level gait disorders incorporate problems that
originate solely from the peripheral motor-, sensory- and pyramidal
tracts, cerebellum, and basal ganglia. Neurological signs such as
weakness, spasticity, ataxia, bradykinesia, rigidity, or sensory deficits
that are signs of a lower- or middle level gait disorder may occur in
combination with HLGD. However, in HLGD, they should be insufficient
for explanation of the origin of the gait disorder (5). The approach for
the gait disorder classification (lower-, middle-, higher level) is sign-
based, i.e., based on gait features, and has been adopted by some for gait
categorization (5, 14).

HLGD are characterized by a slow pace, short steps, impaired balance, or
difficulties turning around, freezing and a broad base may also be
present. The pattern may differ between individuals since HLGD are
caused by a variety of pathologies (5). It was initially described as one
entity (14), but a later division in two subgroups, anterior- (frontal) and
posterior (parieto-occipital) HLGD, has been proposed (5). The division
refers to proposed underlying pathophysiological mechanisms. However,
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in studies investigating HLGD the two entities are often either combined
(4, 30), or the frontal, more common subgroup, is studied (3, 31, 32).

Because of the sign-based approach used for classification, all diseases in
Table 1 may at some point in their development present with an HLGD.
It may also be caused by small-vessel disease, or dysfunction in the
prefrontal cortex, interpreting sensory input and initiating appropriate
motor functions. Unsteady gait is common in the older population (3),
and may be a precursor to HLGD (5). There is little research on the
prevalence of HLGD (Figure 3) (3, 4), and the pathophysiological
mechanisms may vary since a variety of diseases can be the underlying
cause. In many cases, the pathophysiology is unknown (5). One example
of a disease presenting with HLGD as a cardinal symptom, where the
pathophysiology is largely unknown, is INPH.

Idiopathic normal pressure hydrocephalus

INPH is a syndrome characterised by HLGD, cognitive decline and
micturition problems in combination with large brain ventricles.
According to current American and European guidelines, INPH is
possible and should be considered if the HLGD symptom alone coexist
with ventriculomegaly. It can also be suspected if ventriculomegaly
coexists with incontinence or cognitive impairment (7). For INPH to be
probable, the HLGD symptom is obligatory (6, 7).

The mean age at onset of INPH is 75 years, and the prevalence is higher
in older ages (6). Recently, a systematic review reported the incidence of
INPH to be 10.2 per 100,000 inhabitants and year, and a prevalence of
2% (33). The symptom debut is insidious, and often starts with a slow
deterioration of gait quality. Eventually, cognitive and micturition
problems (urgency, more frequently, and incontinence) develop.

INPH is a communicating form of hydrocephalus, i.e., no obstruction
can be found in the CSF system that can explain the radiological image
with large brain ventricles (6, 7). On brain imaging, characteristic
changes have been observed (34-39) but it is still unclear whether these
changes cause the disease or if they are a consequence of it.
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Brain imaging

According to American and European diagnostic guidelines
ventriculomegaly, defined as Evan’s Index (EI) >0.3 (measurement
described on page 43), is obligatory for the diagnosis of INPH, along
with one of the following characteristics: narrow callosal angle,
periventricular signal changes or enlarged temporal horns (7). The
Japanese guidelines state that INPH is possible if two symptoms and
ventriculomegaly coexist. They also recommend measurements of
craniocaudal displacement of brain matter as supportive findings that
may contribute to a diagnosis of “probable” INPH (6).

Since the first successful operation of INPH in 1965 (40, 41),
hydrocephalus has been regarded as the cause of the syndrome. Studies
investigating INPH have primarily included participants with
ventriculomegaly on brain imaging, since it is a compulsory criterion for
the disease (6, 7). However, there is a lack of evidence connecting HLGD
to the radiological features of INPH and ventriculomegaly. Previous
research investigating the association between gait impairment and
ventricular size have primarily used objective measurements of gait
impairment, such as gait velocity and step count (42-44). They have not
investigated the association with the actual INPH gait disorder, i.e.,
HLGD. One older (1982) study investigated the association between the
typical INPH gait disorder and broad frontal horns on CT among
individuals visiting a neurological clinic, and that study found an
association (16). However, the study only included 50 patients, and the
sample was probably highly selected. Therefore, large population-based
studies investigating the associations between HLGD and radiological
INPH biomarkers are needed.

MRI ventricular morphometry

Large ventricular volume was in a small previous study associated with
decreased motor function in older people (43). It has also been
associated with reduced gait velocity and cognition in a population-
based study (44). In addition, following treatment for INPH, decreased
ventricular volume is weakly associated with symptomatic improvement
(45). The EI measure, currently used in INPH diagnostics for
measurements of ventriculomegaly, seems to be a rough estimate of true
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ventricular volume (Spearman correlation coefficient: 0.5-0.6 (46).
Therefore, ventricular volume is of interest to investigate in HLGD. The
ventricular size also differs between different ages (43, 44, 47), and
between sexes (44, 47), with larger ventricles in older people and in men.
In addition, it may be larger in people with other pathologies such as
central atrophy of the brain (48). This is important to bear in mind when
different associations to ventricular volume are investigated.

Automatic whole brain segmentation performed with the Freesurfer
image analysis suite is one method that can be used to generate labels of
neuroanatomical brain structures (49, 50). Example of a segmentation
output is presented in Figure 4. This technique can be used with little
manual labor, to investigate new biomarkers for HLGD and INPH in
large populations.

Figure 4. Freesurfer segmentation output
Axial magnetic resonance image of a brain close to the posterior commissure, aligned
with the bi-commissural plane. Freesurfer segmentation output of total lateral
ventricular volume in magenta.
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Cerebrospinal fluid shunt surgery

Cerebrospinal fluid (CSF) shunt surgery is the treatment of choice for
INPH. The HLGD symptom is the feature that most often respond to
surgery (6, 7). One study showed that about 70% improve in gait (51).
According to data from the SHQR, about 60% improve in INPH scale
score (evaluating gait, balance, and incontinence), 40% in modified
Rankin scale (mRS) score and 40% in mini mental state examination
(MMSE) score 3 months after surgery. Numbers needed to treat for
improvement of one patient in mRS score from interval 3-5 to 0-2 is 3.0
(8). The incidence of shunt surgeries for INPH in Sweden has increased
over the years. In 2011 the yearly incidence was 3.4 per 100,000
inhabitants (8) and in 2017-2019 it was 3.7 per 100,000 and year (33).
That is a high number compared with many other countries — in a recent
review of the literature, the incidence of shunt surgeries for INPH in
industrialized countries was 1.9 per 100,000 inhabitants and year (33).
Common problems that may contribute to the lowering of these numbers
are the high age of the patients, comorbidities, too advanced disease, or
too few symptoms, which makes the patients inoperable. In addition,
preoperative predictive tests are customary to perform (6, 7), and those
who show no improvement on these tests are commonly declined
surgery. Also, some do not want surgery, and some cannot make an
informed decision due to low cognitive function.

Description of procedure

The principle of a CSF shunt is visualized in Figure 5. It is placed
subcutaneously and consists of a proximal catheter, with the tip placed
in one of the lateral brain ventricles, or in the lumbar subarachnoid
space. CSF is drained via the catheter, through a valve and into a distal
catheter that drains the CSF to a body cavity or vein. In the west,
ventriculoperitoneal (VP) shunt is most common, with the proximal
catheter placed in one of the brain ventricles (often the right one) and
the distal catheter in the peritoneal cavity (52).
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Figure 5. Ventriculoperitoneal shunt

Red line represents the proximal- and first part of the distal catheter of a
ventriculoperitoneal shunt. The proximal part is placed in the lateral ventricle and the
shunt valve is placed behind the ear. The distal part of the shunt catheter extends into the
abdomen. ©Britta Soderkvist 2022.

Adverse events

Adverse events related to shunt surgery have reduced over time, but the
long-term (2-6 year follow-up) complication rate in Sweden, defined as
complications leading to shunt revision, is still 26% (53). Since all
adverse events do not lead to shunt revision, the total prevalence is
probably even higher. The postoperative mortality in INPH is higher
than among age- and sex matched controls, with a hazard ratio of 1.81
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(p<0.001) (53). Common problems after surgery are infection (6.4%)
(53) and overdrainage, that may cause headache (4%-15%) (21-24), or in
worst case subdural hematomas (10%) (54). Serious adverse events are
those that may result in death, hospitalization, or severe disability (55).
They are considered important and are often studied following shunt

surgery.

Studies of mild and moderate adverse events are more rare, even though
such symptoms may affect patient well-being and quality of life (56, 57).
A commonly occurring problem encountered in the clinic is headache
due to overdrainage, i.e., postural headache. One previous study
reported an 8% prevalence of postural headache (22). Although the
occurrence of headache in general, not defined as postural, has rarely
been studied in patients with INPH.

Epilepsy may also develop after shunt surgery for INPH. An old (1991)
study on the subject found that 9% of shunted patients developed
epilepsy (20). No recent studies have investigated the matter though it is
plausible that the current postoperative prevalence is lower.

Theoretically, abdominal pain may also occur due to, for example,
irritation on intraabdominal structures. No studies have been found
exploring this matter in patients with INPH. In patients with idiopathic
intracranial hypertension treated with a lumboperitoneal shunt, the
occurrence of abdominal pain was 1.5% in one study (58), and following
VP shunt surgery for assorted indications it was 1.7% (59).

Headache, epilepsy, and abdominal pain may influence patient well-
being and quality of life (56, 57) and occurrence of these symptoms
should be further assessed following shunt surgery for INPH.

Consequences of shunt surgery for the INPH patient

In the Comorbidity and vascular risk factors associated with idiopathic
normal pressure hydrocephalus (INPH-CRasH) study, quality of life
(QoL) and depressive symptoms in patients with INPH was assessed (10,
11, 60). The study revealed that patients with INPH had lower QoL than
age- and sex matched population-based controls and an improvement
was seen after shunt surgery for INPH (11). Similar results were seen
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when the population was assessed for depressive symptoms, with more
depressive symptoms among patients with INPH and a reduced
occurrence following shunt surgery (10).

The symptoms of INPH, cognitive impairment (61), and gait- and
balance abnormalities (62, 63) are predisposing factors for falls. When
dynamic balance measurements as predictors of falls in INPH were
assessed, more fallers were found in patients with INPH than in older
people of the population (64). After shunt surgery for INPH, gait quality
is often improved (8, 65-67). Hypothetically, this improvement may be
associated with a reduced number of fallers after shunt surgery for
INPH.

One third of people >75 years fall at least once a year (25, 68). One
fourth suffer serious injuries such as fractures or intracranial
hemorrhages, which may lead to hospitalization, institutionalization (26)
and socioeconomic expenses (69). An enhanced risk of falling may lead
to FOF that may contribute to loss of independence (70-72), depression
and a reduced QoL (12). The correlation that exists between fall
accidents and FOF is probably mediated by the confidence an individual
has in their ability to avoid falls, termed falls-efficacy (73). Recurrent
falls are overrepresented in HLGD (4), indicating that falls and
associated problems might be common in INPH as well. Even though it
is reasonable to believe that falls and FOF may contribute to the low QoL
and high amount of depressive symptoms among patients with INPH,
these matters have not been previously assessed in INPH. Nor has it
been investigated if the HLGD symptom is associated with FOF, low QoL
or symptoms of depression.

28



Rationale for research

Gait disorders are common in old age (4). Slow walking speed has been
associated with high mortality rates, institutionalization, hospitalization,
and falls (1, 2). Therefore, to study gait is of great importance for the
health of the aging population.

Neurological gait disorders have the strongest association with recurrent
falls (4), a common problem among older people of the population (15,
25, 68). Some of them have HLGD, characterized by a slow unsteady
gait. Research is scarce on the effects of HLGD on patient well-being.
Often, the pathophysiology of HLGD is unknown (5). More
individualized therapies and interventions for diseases which present
with HLGD could probably be applied if knowledge regarding its effects
on patient’s well-being, prevalence and pathophysiology were improved.

INPH is a treatable syndrome that presents with HLGD as primary
symptom. In INPH it is also compulsory with ventriuclomegaly on brain
imaging (6, 7). Theoretically, ventriculomegaly is involved in the
pathophysiology of the disease. However, the association between
HLGD, the most common symptom of INPH, and ventriculomegaly has
not been sufficiently investigated to establish a true connection between
the two.

After CSF shunt surgery for INPH, adverse events with serious effects on
patients’ well-being may develop. In Sweden, the long-term complication
rate is 26% (53) and those complications can cause a large expense in
health care (19). Epilepsy, and mild and moderate adverse events such as
headache and abdominal pain have rarely been studied even though they
may affect patient well-being and QoL. Therefore, their postoperative
occurrence should be assessed. About half improve after surgery (8), but
the outcome has not been previously measured in occurrence of falls and
FOF. Such problems may potentially improve with an improved gait and
balance.

In the population-based studies included in this thesis, we wanted to
determine the prevalence of gait disorders and HLGD in the older
population. We also hypothesized that an association exists between
HLGD and ventriculomegaly, and that individuals with HLGD show
symptoms of depression, low QoL, low confidence in gait and to avoid
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falls. Further, we hypothesized that the previously rather unexplored
adverse events headache, epilepsy, and abdominal pain are common
after shunt surgery for INPH, and that the occurrence of falls and FOF
are reduced after surgery.
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Aims

The aims of the population-based studies in this thesis were:

» To investigate the prevalence of gait disorders and HLGD.

> To investigate quality of life, symptoms of depression, confidence
in gait- and to avoid falls in individuals with HLGD compared
with controls.

» To investigate occurrence of ventriculomegaly in individuals with
HLGD compared with controls through estimates of
ventriculomegaly on MRI.

» To investigate falls, FOF and confidence to avoid falls among
patients shunted for INPH compared with controls.

» To investigate the prevalence of epilepsy, AED treatment,

headache and abdominal pain in patients shunted for INPH
compared with controls.
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Methods

The papers in this thesis are based on data from two large prospective
population-based case-control studies, the Ventriculomegaly and gait
disturbance in the senior population in the Region of Visterbotten
(VESPR)- and the Comorbidity and vascular risk factors associated
with idiopathic normal pressure hydrocephalus (INPH-CRasH) studies.

The VESPR study

Papers I and II are based on data from the VESPR study. It was an
epidemiological survey of gait disorders in Umea, Sweden, conducted
during the years 2018—2020. At the time for study initiation, 18,777
people aged 65—84 years lived in Umea municipality. The area is
visualized in Figure 6.

f

Figure 6. Umea municipality, within the region of
Visterbotten, in Sweden

Umed municipality marked in yellow, region of Visterbotten in dark green and the
country of Sweden in light green.
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A selection generator administered by the Swedish population registry
was used to randomly select 6,467 individuals. Participants were asked
to answer a questionnaire regarding self-perceived gait impairments. All
who reported symptoms of gait impairment (subjective gait impairment)
in the questionnaire were invited for clinical examinations performed by
a physician. Participants were thereafter categorized into groups with
different types of gait disorders, including HLGD, and no gait disorder.
Controls without subjective gait impairment, age- and sex matched to
the individuals with HLGD, were also examined and categorized.
Thereafter, all consenting individuals without contraindications were
referred for a brain MRI examination. The study flow is visualized in
Figure 7.

Population-based sample

Survey of subjective gait impairment

Clinical examinations

With gait disorder classification

MRI

Figure 7. Study flow of VESPR

The VESPR study was an epidemiological survey of gait disorders in Umed, Sweden,
conducted during the years 2018-2020. The figure visualizes the study flow of VESPR:
starting with (1) a large population-based sample, followed by (2) a continually
decreasing number of participants in the gait impairment survey, (3), clinical
examinations, and (4), radiology parts of the study.

MRI = Magnetic resonance imaging, VESPR = Ventriculomegaly and gait disturbance in
the senior population in the region of Visterbotten.
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The INPH-CRasH study

Papers III and IV are based on data from the INPH-CRasH study. The
study was a case-control study initiated in 2011 and the results have been
published since 2016 (10, 11, 60, 74, 75). It was designed to evaluate
comorbidities in patients with INPH and clinical and psychosocial status
following CSF shunt surgery.

All participants were operated on with a CSF shunt. All had a visit to
their health-care giver where a basic physical examination was
performed, blood samples were collected and MMSE scores were
established. The patients answered a questionnaire regarding symptoms
of adverse events and experiences of fall accidents before and after shunt
surgery (INPH), or within the past 12 months (controls). Confirmed
diagnoses of epilepsy and all prescriptions for antiepileptic drugs (AEDs)
for patients and controls were extracted from the Swedish National
Patient Registry and the Swedish National Drug Registry.

Participants

In the VESPR study (papers I and IT) participants were selected
from a pool of survey respondents with and without subjective gait
impairment. Demographics of the population, questionnaire response
rates, and gait disorder categorizations are presented in Table 2. The
inclusion process is visualized in Figure 8.
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Table 2. Questionnaire response rates, demographics of
individuals participating in clinical examinations in the
VESPR study and number of individuals within each gait
disorder category

Questionnaire response rate, % (n) 59 (3,769/6,412)
Paper, % (n) 74 (2,797/3,769)
Online, % (n) 26 (972/3,769)

Clinical examination, n 1,047

Age, mean+SD years (n)t 75+5 (1,047)

Female gender, % (n) 52 (541/1,047)

Type of gait disorder*

Higher-level gait disorder, % (n) 8 (87/1,047)
Neurological gait disorder, % (n) 14 (145/1,047)
Non-neurological gait disorder, % (n) 31(329/1,047)
No gait disorder, % (n) 46 (486/1,047)

tAge at time for clinical examinations, * Type of gait disorder determined through
clinical examinations.

n = number of individuals, VESPR = Ventriculomegaly and gait disturbance in the senior
population in the region of Vésterbotten.

Participants with subjective gait impairment were examined by a
physician regarding gait, nervous system dysfunction, and
musculoskeletal disorders. The physician had access to medical charts
covering all previous in- and out-patient visits in the region. Participants
were divided into groups of “HLGD”, “neurological gait disorder”, “non-
neurological gait disorder” and “no gait disorder”. If multiple causes for
the gait disorders were found, they were ranked from most to least
contributing. The most contributing condition was considered for the

analyses in this thesis.
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Figure 8. Patient and control flow in the VESPR study

Inclusion of cases and controls and reasons for exclusions.
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Definition of HLGD: An abnormal symmetrical gait, with reduced
cadence and/or shuffling gait and/or reduced balance when turning. The
medical history or neurological examination did not elicit another
apparent underlying middle- or lower-level dysfunction.

Controls were selected for clinical examinations from the pool of
participants that did not have a subjective gait impairment according to
their survey responses. For each subject with HLGD contributing to their
gait disorder, four age- and sex matched controls were invited.

Exclusion criteria for clinical examination were death at the time for the
clinical evaluation (n=93) or bedridden (n=0). The final study
population consisted of 798 individuals with subjective gait impairment
and 249 controls.

In the INPH-CRasH study (papers III and IV) patients with INPH
were compared with age- and sex matched controls. Patient- and control
flow and reasons for exclusions are presented in Figure 9.

n=396 n=684
INPH selected from Controls selected
the Swedish from the
Hydrocephalus Swedish population
n=157 quality registry registry
Excluded n=311
Diseased 2011, n=30 [* > Declined to
Age, n=19 participate
MMSE<23, n=108
n=63 n=5
Declined to < > Excluded
participate MMSE<23, n=5
n=176 n=368
Participating Participating
INPH Controls

Figure 9. Patient and control flow in the INPH-CRasH study

Inclusion of cases and controls and reasons for exclusions.
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In Sweden, adult patients treated with a CSF shunt for hydrocephalus
are registered in the SHQR. In 2011 when the study was initiated, all
individuals shunted for INPH in 2008 to 2010 were considered for
participation (n=396). Exclusion criteria were: an MMSE score <23
before CSF shunt surgery, age <60 or >85 at the date of surgery, or death
before 2011. One-hundred and fifty-seven were excluded (MMSE<23,
n=108, age <60 or >85, n=19, diseased, n=30) and 63 declined to
participate, resulting in 176 individuals shunted for INPH.

Age- and sex matched controls were selected from the Swedish
population registry in Umea. The four individuals closest in age and of
the same sex as each participating patient with INPH (n=684) were
asked to participate. The goal was 2 participating controls per
participant with INPH. Five individuals with MMSE score <23 were
excluded, and 311 declined to participate, resulting in 368 controls.

Demographics for patients with INPH and controls along with details
regarding treatment year, and type of shunt surgery for INPH are
presented in Table 3.
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Table 3. Demographics of participants in the INPH-CRasH
study

Demographics INPH Control
Number of individuals 176 368
Female gender, % (n) 42 (73) 37 (135)
Age, mean+SD yearsT 74+6 73+6

Year of CSF shunt surgery, n

2008 41
2009 61
2010 74

Type of shunt, % (n)

Ventriculoperitoneal shunt 08.3 (173)
Adjustable valve 84.4 (146/173)
Anti-siphon device 67.1(116/173)

Ventriculoatrial shunt 0.6 (1)

with adjustable valve

Not specified 1.1 (2)

tAge at the time for surgery (INPH) or at the time for the clinical examination
(controls).

INPH = Idiopathic Normal Pressure Hydrocephalus; n = number of individuals; SD =
Standard Deviations

Data collection process

Questionnaire data

In the VESPR study (papers I and II) a questionnaire was used for
detection of individuals with gait disorders. It included questions on gait
performance, characteristics and known causes for gait disorders.
Enclosed were scales assessing the following;:
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- Falls-efficacy was assessed with the Swedish version of the Falls-
efficacy scale (FES(S))(76), measuring self-efficacy to avoid falls
in usual activities of daily living (falls-efficacy)

- Gait-efficacy was assessed with the modified Gait efficacy scale
(mGES)(77), measuring self-efficacy in different walking tasks
(gait-efficacy).

In the INPH-CRasH study (papers III and IV) patients with INPH
answered a questionnaire 6—45 months after their shunt surgery (mean
21 months) and were asked about the time after surgery and the 12
months before surgery. Controls were asked about experiences during
the past 12 months. The survey included questions regarding occurrence
and severity of headache, abdominal pain, falls, FOF, falls-efficacy, QoL
and symptoms of depression.

- Falls-efficacy was assessed with the FES(S)(76).

- QoL was evaluated with the EuroQoL 5-dimension 5-level
(EQ5D5L) instrument(78), including the EQ5D5L index(779) and
Euro Quality of life Visual Analogue Scale (EQ VAS).

- Depressive symptoms were evaluated with the geriatric
depression scale 15 (GDS-15)(80).

- FOF score was measured on a 5-option scale answering the
question “How often are you afraid to fall?”; 1 = Never, 2 =
Rarely, 3 = Sometimes, 4 = Often, 5 = Always.

- Fall severity was assessed through a multi-choice question
regarding type of injuries achieved due to falls. The answers were
grouped; “no injury”, “mild injury” = bruise, tenderness, pain,
strain, sprain, and “severe injury” = concussion, fracture,

intracranial hemorrhage.

Clinical examinations

In the VESPR study (papers I and IT) gait disorders were
categorized at a clinical examination, and clinical and
neuropsychological data was gathered including;:
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- QoL was evaluated with the EQ5D5L instrument (EQ5D5L
index(79) and EQ VAS)(78).

- Depressive symptoms were evaluated with GDS-15.

- The Montreal Cognitive Assessment 5-minute (MoCA 5-min)
protocol, a short version of the traditional MoCA, was used to
evaluate cognitive function(81).

MRI

In the VESPR study (paper II) a 30-minute MRI protocol was
performed on all consenting participants without contraindications, and
the images were used for volumetric and manual measurements.

A 3T scanner with a 32-channel head coil was used (Discovery MR 750;
GE Healthcare, Milwaukee, Wisconsin). A 3D fast-spoiled gradient echo
sequence was performed to obtain T1-weighted images.

Scan parameters: 8.2/3.2 ms TR/TE, 12° flip angle, 176 slices, 1-mm
slice thickness, 25x25 cm field of view, 0.98 mm in-plane resolution and
phase acceleration: 2.

Volumetric measurements: Volumetric measurements with labels of
different brain structures were provided through automatic
segmentations generated with the Freesurfer image analysis suite
version 6.0 (49, 50). T1-weighted images, corrected for spatial
inhomogeneity in signal intensity, were used. Volumes were calculated
by summation of the volumes of the voxels included in the relevant
segmentation labels.

Total lateral ventricular volume (VV) = The sum of the right and left
lateral ventricles and the choroid plexus.

Manual measurements: Manual measurements were made in T1-
weighted images by several evaluators (ICC in Table 4). Images were
aligned with the bi-commissural plane, passing through the superior
edge of the anterior commissure and the inferior edge of the posterior
commissure in midline sagittal images (Figure 10).
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Figure 10. The bi-commissural plane
Sagittal magnetic resonance image of brain. The green line represents the bi-

commissural plane.

Table 4. Intraclass correlation coefficients for manually
measured MRI biomarkers, single and multiple evaluators

MRI Number of Performed

biomarker evaluators measurements ICC 95% CI

EI 2 40 0.96 0.93—0.98
CA 1 59 0.98 0.97—0.99
z-EI 3 27 0.98 0.96—0.99
BVR 3 27 0.98 0.97—0.99
mBVR 3 27 0.98 0.97—0.99

MRI = Magnetic resonance imaging; ICC = Intraclass correlation coefficient; CI =
Confidence interval; EI = Evan’s index; CA = Corpus callosum angle; z-EI = z-Evan’s
index; BVR = Brain-ventricle ratio; mBVR = Modified brain-ventricle ratio
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Definitions of MRI biomarkers measured in axial images:

The Evan’s index (EI): the maximum width of the frontal horns of the
lateral ventricles divided by the maximum biparietal diameter in the
same plane (Figure 11) (39). The maximum frontal horn diameter was
identified by visual identification of the plane with the largest diameter.
Three consecutive slices were measured. The largest measurement was
used. Ventriculomegaly was defined as EI >0.3 (6, 7).

Figure 11. The Evan’s Index
Axial magnetic resonance image. The green lines represent the maximum width of the
frontal horns and the maximum biparietal diameter in the same plane.
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Definitions of biomarkers measured in coronal images:

The Corpus callosum angle (CA): The angle of the corpus callosum
measured in degrees at the level of the posterior commissure (Figure 12).
Narrow CA is supportive of INPH in combination with ventriculomegaly
(34). A measure <90 is considered a good indicator of “probable” INPH
(35).

Figure 12. The corpus callosum angle
Coronal magnetic resonance image. Green lines represent the angle of the corpus
callosum measured in degrees.

The z-EI: The height of the largest frontal horn measured at the level of
the anterior commissure, divided by the height of the supratentorial
intracranial space, from the posterior sellae to the skull (Figure 13) (6,
36).
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Figure 13. The z-Evan’s Index

Coronal magnetic resonance images.

A: The green line represents the height of the largest frontal horn. The white line is a
supportive line at the level of the floor of the largest lateral ventricle.

B: The green line represents the height of the supratentorial intracranial space. The white
line is a supportive line at the level of the posterior sellae.

The brain-ventricle ratio (BVR): The brain above the lateral ventricle
with the largest frontal horn divided by the height of the largest frontal
horn at the level of the anterior commissure (Figure 14) (6, 37).

Figure 14. The brain-ventricle ratio

Coronal magnetic resonance images.

A: The green line represents the height of the largest frontal horn. The white line is a
supportive line at the level of the floor of the largest lateral ventricle.

B: The green line represents the height of the brain above the largest lateral ventricle.
The white line is a supportive line estimating the outline of the brain matter between two

gyri.
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The modified version of the BVR (mBVR): The intracranial space above
the lateral ventricle with the largest frontal horn divided by the height of
the largest frontal horn (Figure 15). Measured at the level of the anterior
commissure.

Figure 15. The modified version of the brain-ventricle ratio
Coronal magnetic resonance images.

A: The green line represents the height of the largest frontal horn. The white line is a
supportive line at the level of the floor of the largest lateral ventricle.

B: The green line represents the height of the intracranial space above the largest lateral
ventricle.

Registry data
In the INPH-CRasH study (papers III and IV) data from national
registries were used.

Clinical data on patients with INPH: Information regarding time for
shunt surgery and pre- and postoperative investigations for INPH were
collected from the SHQR. Each neurosurgical center contributes with
data regarding pre- and postoperative investigations. The data include
date for shunt surgery, type of shunt, gait function measured on a 1-8
point scale (1 = normal gait; 8 = wheelchair bound) (8), modified Rankin
scale (mRS) (82), and cognitive function (MMSE score) (83) before and
after shunt surgery.

Diagnoses and drugs: Data on confirmed diagnoses of epilepsy and all
prescriptions for antiepileptic drugs (AEDs) were extracted from the
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Swedish national patient registry (84) and the Swedish national drug
registry (85).

The national patient registry contains information regarding diagnoses
from all in- and outpatient care in Sweden, including acute visits. The
diagnoses are presented as International statistical classification of
diseases and related health problems, 10t revision, Swedish edition
(ICD-10-SE) codes.

The national drug registry contains information on prescribed and
distributed drugs, through all in- and outpatient care presented as
Anatomical Therapeutic Chemical Classification System (ATC) codes.
Dates of prescription and distribution are included.

Ethical considerations

The VESPR study (papers I and IT) was approved by the Regional
Ethical Review Board in Umed (Dnr. 2017-335-31M and Dnr. 2017-528-
32M). It was registered at clinicaltrials.gov (NCT05204745).

The INPH-CRasH study (papers III and IV) was approved by the
Regional Ethical Review Board in Umea (Dnr. 2011-52-31M) and
registered at clinicaltrials.gov (NCT01850914). In addition, data
extraction from national registries was approved by the Swedish
National Board of Health and Welfare.

Written informed consent was obtained from study participants for both
studies and they were conducted in accordance with the declaration of
Helsinki (86).

Statistical analyses

The significance level was set to p<0.05 and participants with missing
values were excluded from the analyses. Two-tailed independent
samples t-tests or Mann-Whitney U-test were used to compare
continuous variables between two groups. Dichotomous variables were
compared with chi-squared test or Fisher’s exact test. One-way ANOVA
with post-hoc Games-Howell analysis was used to compare means of
four groups. Differences at different time points within the same
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population were investigated with McNemar'’s test for dichotomous
variables and Wilcoxon signed-rank test for ordinal and continuous
variables.

In paper I GDS-15, QoL, FES(S) and mGES(s) scores were compared
between individuals with different types of gait disorder or no gait
disorder. Sensitivity, specificity, and accuracy of the questionnaire used
for inclusion and prevalence of gait disorders in the general older
population was calculated. The prevalence of gait disorders in the
population was calculated based on the proportion of true positive
answers among individuals with subjective gait impairment and false
negative answers among individuals without subjective gait impairment
in the questionnaire: Prevalence=0.64*1,510+0.20*2,259)/3,769.
Confidence interval was calculated based on estimated population size
needed to determine the calculated prevalence in the population with the
identified number of individuals with gait disorders: Prevalence*x=561;
x=estimated population size.

In paper II the primary variables for the MRI measurements were
residualized with linear and multiple linear regression to correct for age,
sex, cognition and total brain volume. MRI measurements of ventricular
size were compared between individuals with HLGD and age- and sex
matched controls with no gait disorder. Calculations were made for the
prevalence of HLGD in the general population. The prevalence of HLGD
in the population was calculated based on proportion HLGD among
individuals with gait disorders times proportion of individuals with gait
disorders in the general population:
PrevalencenLcp=(87/561)*(1,418/3,769). Prevalence of HLGD combined
with EI>0.3 was calculated by multiplying the HLGD prevalence with
the proportion of EI>0.3 in the HLGD population. Confidence interval
was calculated based on estimated population size needed to determine
the calculated prevalence in the population with the identified number of
individuals with HLGD and HLGD with EI>0.3: PrevalencenLcp*x=87
and PrevalencenLcp+E1*X=46; x=estimated population size. The
prevalence of normal gait and EI>0.3 in the general older population was
calculated: Cohort Prevalencenormal gait+£1*(1-prevalence gait disorders).

In paper III patients and controls were categorized as fallers (>2 falls)

or non-fallers. Proportions or means of all parameters were calculated
for patients and controls, fallers, and non-fallers. Comparisons were
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made between patients and controls (whole populations, fallers vs.
fallers and non-fallers vs. non-fallers) and fallers and non-fallers within
the patient and control populations respectively. Due to differences in
follow-up time between patients with INPH after shunt surgery (mean 21
months) and controls (last 12 months), post hoc analyses were
performed that confirmed the findings.

In paper IV proportions of epilepsy, headache and abdominal pain
were calculated for patients with INPH and controls and compared
between the populations. QoL was compared between shunted patients
and controls with and without epilepsy, AED treatment, headache, or
abdominal pain. QoL was also compared between the patient and control
populations with and without epilepsy, AED treatment, headache, or
abdominal pain.

To enable comparisons of registry data between patients with INPH and
controls before and after CSF shunt surgery for INPH, equivalent “pre-
and postsurgical” time periods were constructed for the controls. The
timeline is visualized in paper IV, Figure 2. The date dividing the fictive
pre- and postsurgical time periods for controls is referred to as “virtual

surgery”.
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Results

Prevalence of HLGD

The estimated prevalence of HLGD in the general older population was
5.8% (95% CI 4.6—7.0) (paper II), and the prevalence of gait disorders
in general was 38% (95% CI 36—40) (paper I), after corrections for
group size differences. Of individuals with gait disorders, 16%
(n=87/561) had HLGD, 26% (n=145/561) had another neurological gait
disorder, and 59% (n=329/561) had a non-neurological gait disorder.
Eighty-seven percent (n=76) with HLGD had an unknown etiology for
their gait disorder (paper I).

Ventricular size in HLGD and controls

Of individuals investigated with MRI of the brain, 73 had HLGD and 184
were age- and sex matched controls without gait disorders (paper II).

The estimated prevalence of HLGD combined with EI>0.3 in the general
older population was 3.7% (95% CI 2.7—4.8) while normal gait
combined with EI>0.3 was present in 23.6% (95% CI 18—29).

The proportions of individuals with HLGD and controls without gait

disorder with ventricular size above or below cut-offs for diagnostic
INPH measurements are visualized in Figure 16.
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Figure 16. Proportions of individuals with HLGD and controls
with ventricular size above or below international guideline
cut-offs for MRI measurements

Cut-offs for linear measurements based on American/European INPH guidelines (7), and
Japanese INPH guidelines (6). Ventricular volume cut-off based on one study, which determined
normal lateral ventricular volume among healthy older people, cut-off >77 based on 951
percentile (87). Proportions presented in percent.

Abbreviations: OR = Odds ratio; ClI = Confidence interval.
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Individuals with HLGD had larger brain ventricles in all measurements
for ventricular size, lower BVR, mBVR, and smaller callosal angle than

controls without gait disorder, before and after corrections for age, sex,
cognition, and total brain volume. Differences are presented in Table 5.

Table 5. Differences between means of brain MRI

measurements, volumes and linear, among individuals with
HLGD and controls without gait disorders

HLGD Controls
mean+SD mean+SD Adjusted
(n=73) (n=184) p-value*
Volume
VV, ml 70+34 43+21 <0.001
Linear measurements
Evan’s Index 0.3240.05 0.29+0.04 0.002
z-Evan’s Index 0.34+0.06 0.29+0.05 <0.001
Brain-ventricle ratio 1.18+0.35 1.43+0.31 <0.001
Modified Brain- 1.32+0.41 <0.001
ventricle ratio 1.63+0.40
Callosal Angle, ° 102422 111+16 0.014

*Analysis on variables adjusted for age, sex, and cognition.
Abbreviations: HLGD = Higher-level gait disorder; CI = confidence interval; SD =

standard deviation; VV total lateral ventricular volume.
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Quality of life, depression, and cognition in HLGD

In Table 6, means of GDS-15 and EQ5D5L scores are presented within
the different gait disorder groups, differences in means compared with
individuals with HLGD are marked with bold text.

HLGD and neurological gait disorders had lower GDS-15 and EQ VAS
scores than non-neurological- and no gait disorders (p<0.050). EQ5D5L
index was lower in HLGD than in individuals with no gait disorders
(p<0.001) (paper I).

Table 6. Quality of life and GDS-15 score in individuals with
different types of gait disorder and no gait disorder, and
comparisons to individuals with HLGD

Non-
Neurological neurological
gait disorder gait disorder No gait

HLGD (n)  (n) (n) disorder (n)
F‘QstL 0.671+0.188 0.663+0.197 0.711+0.175 0.840+0.126
index, (87) (145) (327) 80)
mean+SD 7 5 7 5
EQ VAS,
meanssp 0317 (87)  66+18 144) 7118 (327)  82+14 (485)
GDS-15, 2.5+2.8
meansSp  3:9%3-4 (87)  3.7%3.2 (142) (324) 1.4+2.0 (481)

Bold text marks significant differences (p<0.05) of means, compared to individuals
with HLGD.

HLGD = Higher-level gait disorder; n = number of individuals; SD = Standard
Deviations; CI = Confidence Interval; EQ5D5L index = EuroQoL five-dimension five
level index; EQ VAS = EuroQoL Visual Analogue Scale; GDS-15 = Geriatric Depression
Scale 15

Comparing individuals with HLGD and controls with no gait disorders
that had performed MRI of the brain (paper II), low MoCA 5-min
protocol was overrepresented in individuals with HLGD (mean+SD, n:
20.7+4.3, 73 VS. 23.5£3.6, 184; p<0.001).
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Balance confidence and fear of falling

Higher-level gait disorders

In Table 7, means of FES(S) and mGES scores are presented within the
different gait disorder groups, differences in means compared with
individuals with HLGD are marked with bold text

Individuals with HLGD and neurological gait disorders had lower mGES
and FES(S) scores than non-neurological- and no gait disorders

(p<0.050) (paper I).

Table 7. FES(S) and mGES scores in individuals with
different types of gait disorder and no gait disorder, and
comparisons to individuals with HLGD

Non-
Neurological neurological
gait disorder gait disorder No gait

HLGD (n)  (n) (n) disorder (n)
FES(S),
mean+SD  93%32 (84) 97+30(144) 111+25(326) 124+13 (486)
mGES, 60+22 (85) 64+22 (145) 74+21(324) 90+13 (485)
mean+SD

Bold text marks significant differences (p<0.05) of means, compared to individuals
with HLGD.

HLGD = Higher-level gait disorder; n = number of individuals; SD = Standard
Deviations; CI = Confidence Interval; FES(S) = Swedish Falls-Efficacy Scale, range o-
130; mGES = modified Gait-Efficacy Scale, range 10-100.

Idiopathic Normal Pressure Hydrocephalus

Comparing patients with INPH to age- and sex matched controls (paper
III), patients with INPH were more likely to be fallers (Table 8; OR
before shunt surgery: 15.48 95% CI 9.85-24.32; after shunt surgery: 4.15
95% CI 2.65-6.50). After shunt surgery for INPH, the number of fallers
was reduced (p<0.001). Both before and after shunt surgery, patients
with INPH experienced FOF more often than controls (Table 8). After
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shunt surgery, FOF was experienced less often than before surgery
(p<0.001).

Table 8. Proportion of Fallers, means of fear of falling and
FES(S) scores in patients with INPH and controls

Proportion
of fallers Fear of falling FES(S) Total
% (n) mean + SD (n) mean + SD (n)

INPH before surgery 67 (114/171) 3.3 +1.1(173) 78 + 40 (137)
INPH after surgery 35 (60/172) 2.7 + 1.1 (173) 100 + 37 (133)

Control 11 (42/367) 1.6 + 0.9 (358) 126 + 14 (341)
p-value! <0.001 <0.001 <0.001
p-value2 <0.001 <0.001 <0.001

INPH = Idiopathic Normal Pressure Hydrocephalus; n = number of individuals; SD =
Standard Deviations; FES(S) = Swedish falls-efficacy scale, range 0-130.

IINPH before shunt surgery vs. control.

2INPH after shunt surgery vs. control

Patients with INPH had lower FES(S) scores than controls, both before
and after shunt surgery (Table 8). After shunt surgery for INPH, FES(S)
scores were higher than before surgery (p<0.001).

QoL and symptoms of depression in fallers and non-fallers within the
control and INPH before and after surgery groups are presented in Table
9. More fallers than non-fallers had low QoL, both before and after shunt
surgery for INPH and among controls. Similar results were seen for
symptoms of depression, with more depressive symptoms in fallers
among patients with INPH after surgery and among controls. There was
no difference in symptoms of depression before surgery for INPH.
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Table 9. Age, quality of life and depression in fallers and
non-fallers among patients with INPH before and after
surgery and among controls

Depressive
Age EQ5D5L index  symptoms
mean + SD (n) mean + SD (n) % (n)
INPH before surgery
Faller 73 £ 5.9 (114) 0.39 £ 0.33 (114)  61(67/109)
Non-faller 75 + 6.0 (57) 0.58 + 0.22 (57) 47 (25/53)
p-value 0.046 <0.001 0.083
INPH after surgery
Faller 75 + 6.3 (60) 0.52 + 0.27 (60) 64 (35/55)
Non-faller 73 + 5.8 (112) 0.69 £ 0.24 (112) 36 (38/106)
p-value 0.206 <0.001 0.001
Control
Faller 75 + 6.4 (42) 0.70 + 0.22 (42) 40 (17/42)
Non-faller 73 +5.7(325) 0.82+0.18(325) 9.3(30/322)
p-value 0.044 <0.001 <0.001

INPH = Idiopathic Normal Pressure Hydrocephalus; n = number of individuals; SD =
Standard Deviations; EQ5D5L index = EuroQoL five-dimension five level index.

Epilepsy, headache, and abdominal pain in INPH

Prevalence of epilepsy, AED treatment, and headache after shunt surgery
for INPH and in controls are visualized in Figure 17. Epilepsy was more
common in patients shunted for INPH than among controls (4.5% vs.
1.1% OR 4.3 95%CI 1.3-14.6; p=0.023), as was AED treatment and
headache >several times per month (AED treatment: 14.8% vs. 7.3% OR
2.2 95% CI 1.2-3.9, p=0.010 and headache: 36.1% vs 11.6% OR 4.3 95%
CI 2.8-6.8, p<0.001) (paper IV).
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Figure 17. Epilepsy, AED treatment and Headache in patients
with INPH and controls

Proportion of patients with INPH and controls who had Epilepsy and AED treatment 2-6
years after CSF shunt surgery (patients) or “virtual surgery” (controls). Also, the
proportion of patients with INPH and controls with headache experienced >several times
per month after CSF shunt surgery (patients; mean 21 months) or during the past 12
months (controls).

Before shunt surgery/”virtual surgery” there was no difference in the
occurrence of epilepsy or AED treatment among patients with INPH
compared with controls (2.3% vs. 1.1% OR 2.1, 95% CI 0.5-8.6, p=0.280
and 8.5% vs. 5.4% OR 1.6, 95% CI 0.8-3.2, p=0.235).

Forty percent (n=70) of patients with INPH suffered from abdominal
pain after shunt surgery. Half of those had persistent abdominal pain at
the time of follow-up (mean 21 months after surgery).

Mean QoL in patients shunted for INPH and controls with and without
epilepsy, AED treatment, headache, and abdominal pain is presented in
Figure 18. QoL was compared between patients shunted for INPH and
controls with and without headache, epilepsy, and AED treatment,
respectively. Patients with INPH and headache had lower QoL than
controls with headache (mean+SD: 0.63+0.2 vs. 0.7440.2; p=0.009).
Controls with headache had a lower QoL than controls without headache
(mean+SD: 0.74+0.2 vs. 0.82+0.2; p=0.009). Controls with AED
treatment had lower QoL than controls without AED treatment
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(mean+SD: 0.66+0.2 vs. 0.81+0.2; p=0.002). In patients with INPH and
AED treatment, epilepsy, and abdominal pain the study was
underpowered to draw a conclusion regarding the lack of a difference in
QoL.
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Figure 18. Quality of life in patients shunted for INPH and
controls with and without Epilepsy, AED treatment, headache,

and abdominal pain

Mean EQ5D5L index after CSF shunt surgery (mean 21 months) for INPH and for
controls with and without epilepsy, AED treatment and headache, and mean EQ5D5L
index among patients shunted for INPH with and without persistent abdominal pain.
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Discussion

The main findings of the large-scale prospective population based
VESPR study were that large ventricular size was overrepresented in
HLGD - almost two thirds with HLGD had ventriculomegaly,
strengthening the hypothesis that INPH is a common cause for HLGD.
Further, the association between HLGD and large ventricular volume
remained after corrections for cognition and total brain volume,
strengthening that the ventriculomegaly was not entirely caused by
atrophy of the brain. In the general older population, HLGD was
common, and individuals with HLGD had low QoL, had symptoms of
depression, and low confidence in gait and balance.

In the INPH-CRasH study, unique for its size in the INPH research area,
falls, FOF and low balance confidence were more common in individuals
with INPH than in age- and sex matched controls. The problems were
reduced after shunt surgery but remained higher in the INPH
population. Patients with INPH also had more headache, epilepsy, and
AED treatment after surgery than controls, and abdominal pain was
present in two fifths of the INPH population after surgery.

HLGD and ventriculomegaly in the older
population

In the general older population, 5.8% had HLGD (paper II) and 38%
had a gait disorder (paper I). Of those with HLGD, 87% of individuals
had an unknown etiology for the symptom (paper I). It is remarkable
that so little is known about such a common and disabling symptom.
Therefore, investments should be made in future research to better
understand the cause and treatment of HLGD. As shown in this thesis,
HLGD is associated with a reduced quality of life and probably an
enhanced risk of fall injuries through reduced balance confidence.

The topic of HLGD in relation to the syndrome INPH is of particular
interest. According to American and European diagnostic INPH
guidelines a typical gait impairment, characterized similar to HLGD, is a
cardinal feature of INPH, and in combination with ventriculomegaly, the
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definition of "possible" INPH" is fulfilled (7). This is not the same as
“definite” INPH (which includes shunt-responsiveness) (6), i.e.,
“possible” INPH is only the description of a syndrome, without any
prediction of improvement by a CSF shunt. The “Probable” INPH
diagnosis includes additional supportive MRI signs for INPH and the
presence of at least two symptoms, of which one should be gait
impairment (7). Two recent Swedish studies have attracted attention due
to the occurrence of unexpectedly high levels of “possible” and
“probable” INPH (without intracranial pressure measurement) (47, 88).
One study found a prevalence of 2.1% “probable” INPH in people 70
years and older, and 5.9% in those 80 years and over (47). The other
study found 3.7% “probable” INPH, and 3.6% “possible” INPH in people
older than 65 years (88). This corresponds to a pooled prevalence of
7.3% “possible” INPH, a significantly higher number than ours. In our
study, two thirds of individuals with HLGD had ventriculomegaly and
thereby fulfilled diagnostic criteria for “possible” INPH according to the
American and European diagnostic algorithm, equivalent to 3.7% of the
general older population (paper II). However, both previously
mentioned studies (47, 88) included dementia or incontinence for
diagnosis as well, with or without the presence of gait impairment. Since
only the gait disorder symptom (HLGD) was included in this study, the
true prevalence of “possible” INPH in the population would probably
have been even higher, if the other two symptoms had been included in
our analysis.

Since the discrepancy between these prevalence measurements of
“possible” INPH, and incidence of shunt surgery is large (incidence of
surgery in Sweden 2017-1019: 3.7 per 100,000 and year (33)), it has
been suggested that INPH may be an underdiagnosed condition (47, 88).
In a hypothetical calculation based on our numbers (3.7% prevalence),
1,850,000 people aged 65-85 years in Sweden, and a total population
size of 10.5 million people, the prevalence would be 687 per 100,000.
With an assumed remaining mean lifetime of 10 years, the incidence of
“possible” INPH would be 69 per 100,000 and year. If it were true that
these individuals truly had a treatable INPH, it would mean every 18t
individual is currently treated. Even though these numbers may reflect a
portion of patients that are missed by healthcare professionals, some
that maybe never seek medical care, and some with mild symptoms that
would not be considered for treatment, it is unlikely that the total
prevalence of “definite” INPH is this high.

That such high percentages of the population meet the definition of
hydrocephalus is problematic. In the guidelines, EI>0.3 defines
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ventriculomegaly, but this is an arbitrary limit, and it has been shown to
be an uncertain level. For instance, one fifth of the older population has
EI>0.3 (87, 89). Equivalent numbers were found for controls in the
VESPR study (23.6%; paper II). Ventricular size is also affected by age,
sex (43, 44, 89), and diseases which cause atrophy of the brain (48),
such as Alzheimer’s (90), and Parkinson’s Disease (with cognitive
impairment) (91). It is therefore not correct to conclude that
ventriculomegaly combined with HLGD sums up to INPH which would
likely respond to CSF shunt surgery, no proof of such a statement exists.
We can only speculate about the connection, which is interesting and
probably important for the understanding of the HLGD pathophysiology.
A randomized controlled trial (RCT) in which each patient with HLGD
and ventriculomegaly is randomized to open or closed shunt is probably
indicated to explore the matter further. The placebo-controlled efficacy
in INPH shunting II (PENS II) study is an ongoing RCT on shunt surgery
for INPH (92), and it is an important step forward. However, it only
includes patients who have shown improvement on a predictive
preoperative tap test.

In the VESPR study, many were not interested in neurosurgery, or
even to be investigated for surgery when they were informed about the
possibility. Some had severe comorbidities, making surgery
contraindicated. Some had too little or too advanced symptomatology.
Thus, it is an interesting discussion that will continue - if INPH is
underdiagnosed or not, and whether individuals with HLGD can
improve with insertion of a CSF shunt. Our results do highlight the
importance of finding these individuals in primary care. Since INPH is a
treatable syndrome, individuals with HLGD should be examined with
radiology of the brain, to discover possible underlying causes and
treatment options. Also, it has been shown that asymptomatic
ventriculomegaly may in time develop into INPH (93). Therefore,
individuals with moderate HLGD in combination with ventriculomegaly,
where shunt surgery is not motivated, should be monitored for possible
symptom progression.

In our study, one third of individuals with HLGD did not fulfill
diagnostic criteria for “possible” INPH. These may have other
pathologies affecting their gait, such as parkinsonism and small-vessel
disease. Thirteen percent had other known causes for the symptom and
potentially make up a portion of the individuals with smaller ventricles.
However, it cannot be excluded that at least some of the remaining
individuals had a CSF circulation pathology that may be reversible, even
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though EI was not larger than 0.3. Therefore, in the future it might be
indicated to investigate if HLGD - in combination with EI<0.3 - where
no other pathology can explain the symptom, can be treated with shunt
surgery. However, the first step should be to properly evaluate shunt
surgeries for INPH.

Quality of life, depression, falls and fear of falling

In paper I low QoL and GDS-15 scores were as common in HLGD as in
other neurological gait disorders, and more common in HLGD than in
older people with non-neurological gait disorders or no gait disorders.
No causative analysis was made in this study, but possible underlying
causes for depression and low QoL in HLGD are important to study
further. Previous research has shown that functional disability is a risk
factor for depression (94), and it is possible that HLGD may increase the
proportion of symptoms of depression in the general older population.
Functional disability may also be caused by symptoms of depression,
interacting in a feed-forward cycle (95). Therefore, individuals with
HLGD in primary care should be screened for symptoms of depression,
and vice versa, individuals with depression should be screened for gait
disorders.

Low confidence in one’s gait and low confidence to avoid falls were also
more common in HLGD than in older people with no gait disorder or
non-neurological gait disorders. Previous research has shown that FOF
and low balance confidence are associated with depression, low quality
of life, and activity avoidance (12). In addition, FOF is associated with
falls (72), which are also overrepresented in HLGD (4). Abnormal gait
predisposes for falls (25, 63) and is associated with serious injuries (26),
institutionalization (26), and high mortality (96). Interventions such as
home-safety improvements and physical therapy may reduce the rate and
risk of falls (97), and in theory such interventions could also enhance
well-being in the HLGD population.

To enable directed interventions for HLGD, the general population and
healthcare professionals need to become aware that a large part of the
older population suffers from HLGD in combination with a reduced well-
being. General practitioners should pay attention to symptoms and signs
of HLGD and initiate suitable diagnostic investigations and interventions
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directed toward associated problems, such as depression and low balance
confidence. Further research is also needed to determine if treatments
exist for HLGD, and which interventions may be suitable for associated
health-related problems.

In paper III previously unknown positive effects from shunt surgery
for INPH were confirmed through measurements of falls, FOF and
balance confidence. All were overrepresented in INPH before and after
surgery, compared with controls, but a significant improvement was
seen after surgery for INPH. In addition, fallers and those who remained
fallers after surgery had lower QoL, and controls who were fallers had
more depressive symptoms than non-fallers. Previous research on other
populations has shown similar results, i.e., falls and FOF are associated
with depression, low QoL, and activity avoidance (12). This indicates that
shunt surgeries may help reduce these problems in the INPH population.
Since the improvement was moderate, and patients with INPH did not
reach the levels of the control group, additional interventions to reduce
problems with falls and FOF should be considered in patients with
INPH.

As expected with our current hypothesis, that individuals with HLGD
and INPH have comparable gait disorders, the results on QoL and
balance confidence were similar for the two groups. The results on
balance confidence from paper I for the HLGD cohort lay in between
the results from paper III for treated and untreated INPH patients.
QoL in patients with INPH was compared between fallers and non-
fallers before and after surgery in paper III, but a similar pattern was
seen with comparable results for individuals with HLGD (paper I) and
patients with INPH. While controls in both populations had significantly
higher QoL scores in both scales.

Recommendations for HLGD in research and
clinical care

Since HLGD was common in the population (paper II), large cohorts of
individuals with HLGD should not be difficult to include in near time in
well-designed prospective studies which attempt to identify possible
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causes for HLGD. When visiting a health center, standardized
investigation algorithms should be used by the general practitioner, and
in Figure 19, a proposal is outlined. Causal relationships to, e.g., vascular
disease, Alzheimer's, Parkinson's and spinal stenoses should be
investigated, both in research and in clinical investigations of patients
presenting with HLGD. Due to the high prevalence of HLGD combined
with ventriculomegaly found in this study (paper II), the association
between HLGD and INPH is interesting and should be further studied.
In patients with signs of HLGD, CT or MRI of the brain and spine should
be performed to investigate possible ventriculomegaly or lesions that
may be associated with HLGD. We also identified polyneuropathy as a
common cause for neurological gait disorder (paper I), and since the
overlap in symptomatology to HLGD may be significant, with balance
impairment and disequilibrium, it could also be wise to do a test battery
of blood tests for common causes of polyneuropathy, such as diabetes,
alcohol overuse, and vitamin deficiencies. Based on the test results
(clinical examination, radiology, and blood samples), further suitable
investigations or treatment should be initiated, such as preoperative
investigations for INPH or treatment of underlying causes of
polyneuropathy. In many cases, referral to a clinic specializing in
movement disorders may be warranted. Individuals with HLGD and no
apparent underlying cause, should be monitored over time for symptom
progression. Symptoms of depression, cognition deficiency, and history
of falls should be assessed, and suitable interventions initiated when
applicable.
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Figure 19. Recommendations for investigations of suspected
HLGD in primary care

Shunt surgery for INPH - patient outcome and
adverse events

Paper IV showed that the previously rather unexplored adverse events,
headache, and abdominal pain, were common after shunt surgery for
INPH, and the occurrence of epilepsy increased. These results are
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important to consider in future pre- and postoperative evaluations of
shunt surgery for INPH, and during development of new techniques for
shunt placement.

Previous research on adverse events after shunt surgery for INPH show
varying results. In a systematic review from 2001 the pooled prevalence
of adverse events was 38% (98) while a more recent review of the
literature shows lower numbers in recent years (21% pooled prevalence
after 2006) (99). Common events to report are short-term serious
adverse events such as intracranial hemorrhage, subdural hematoma,
infection, and single postoperative seizure, along with revision rates (98,
99). In a recent study based on data from the SHQR, the long-term (2-6
year follow-up) rate of adverse events leading to shunt revisions was 26%
(53). Since many adverse events may be handled through adjustments of
shunt settings, such as postural headache and hygroma, the total
prevalence of adverse events is probably even higher. Also, as previously
stated, mild and moderate adverse events are rarely studied, even
though they may have considerable effects on patient well-being. For
example, previous research has shown that chronic pain has
considerable effects on QoL and depressive symptoms (100).

In paper IV, persistent abdominal pain commonly occurred after
surgery for INPH, and prevalent headache was more common than in
controls. The occurrence among controls was close to previously
published data on headache in the general older population (11.6% vs
17%) (101-103). Low QoL was also associated with headache among
controls in our study. No difference in QoL was seen in patients with
INPH and headache compared with patients with INPH without
headache. However, previously published data on the same population
showed an overall lower QoL and more depressive symptoms in patients
shunted for INPH than controls (10, 74). There may be a multifactorial
cause for these patient outcomes and an association to a specific
symptom may be difficult to detect, or these patients may have other
more severe problems than headache, reducing the perceived impact of
it on their well-being. Regardless, the finding with a high prevalence of
headache in postoperative INPH is important to consider. Regarding the
prevalence of abdominal pain of patients shunted for INPH, it has rarely
been studied before, but shunt revisions due to abdominal pain occur in
1.5%-1.7% (58, 59), much less often than the symptom occurrence in this
population (20% persistent abdominal pain). Previous research on the
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prevalence of abdominal pain in the general population shows varying
results (10%-46%) (104, 105), with large differences between different
countries (104). In one study the prevalence decreased with advancing
age (105), although in another, there was no difference between age
groups (104). The total prevalence of abdominal pain in the older
population >65 years has not been investigated and since the prevalence
of abdominal pain was not investigated among controls in this study, it
cannot be concluded from our results either. However, they show a high
prevalence of subjective abdominal discomfort in patients shunted for
INPH, and pain due to irritation from the shunt on intraabdominal
structures may contribute to the numbers. Future studies should
evaluate the severity and impact of this symptom, and alternatives for
optimization of the surgical technique.

More shunt-treated patients with INPH had a diagnosis of epilepsy than
controls (4.5% vs 1.1%). Single postoperative seizures were excluded
since our interest was to study the prevalence of postoperative epilepsy.
The occurrence in the control population was close to results from
previous population-based studies (0.5%-1.1%) (106, 107), and no
difference was seen before shunt surgery for INPH patients compared
with controls, which strengthens the results. This is an important finding
since epilepsy may have considerable effects on day-to-day life for the
individual, for example, with practical matters such as revoked driver’s
license. Previous research has shown that predictive factors for low QoL
in patients with epilepsy are higher seizure occurrence, and adverse
events of AEDs (56). This also highlights the importance of our finding
that AED treatment was twice as common in patients shunted for INPH
than controls while no difference was seen before surgery. Controls with
AED treatment had lower QoL than those without AED treatment, the
study was underpowered to reject the possibility of a difference in the
INPH population. Considering AED treatment is used for treatment of
both pain and psychiatric conditions such as generalized anxiety
disorder, these results are not surprising. However, it is noteworthy and
important to consider that AED treatment is more common in the INPH
population.

Even though the studied adverse events were common (paper IV), and
symptoms of depression and low QoL have been shown to be more
common in patients shunted for INPH than controls (10, 74), the vast
reduction in number of fallers and FOF after shunt surgery suggests that
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the benefits from the treatment might be greater than the negative
effects studied in this thesis. This is also in accordance with the
previously published results from the same population, showing an
improvement in both depressive symptoms and QoL after shunt surgery,
even though the INPH patients did not reach the levels of the controls
(10, 74). No statistical analysis was made regarding the impact of falls
and associated low QoL and depressive symptoms before shunt surgery
vs. the impact of adverse events among patients shunted for INPH.
Hence, no conclusions can be drawn regarding the strength of impact
from these factors on the patients’ lives, in relation to each other.
However, comparing the QoL data between papers IIT and IV, the
mean QoL index for patients with INPH who were fallers (range: 0.4 —
0.5) was lower than among those who suffered from adverse events
(range: 0.6 — 0.7).

Strengths and limitations

The design of the prospective VESPR-study strengthens the results in
papers I and II. It included a large population-based sample and had
few exclusion criteria. Systematic clinical investigations were made to
determine the presence of gait disorders. Since brain MRI was made
after the visit for clinical examinations, the study design also ensured
that the gait categorizations were made unbiased of brain MRI findings.

Non-response to the survey was a possible source for selection-bias. To
minimize this risk, measures were taken to enhance the odds of
response, for example the content of the questionnaire was evaluated in
a pilot study and revised to be as short as possible without losing
important content, a return-envelope was enclosed, and a reminder was
sent to non-responders. In addition, only about half of individuals with
gait impairment according to the questionnaire answers chose to
participate in clinical evaluations, adding to the possible selection bias in
the inclusion process. In paper I, a dropout analysis was made. It
showed that men were more likely to respond to the survey than women
and responders were younger than non-responders. Responders that
chose to participate in clinical examinations were also younger and had
higher confidence in their gait than those who chose to decline further
participation. Since low confidence in gait was associated with gait
disorders, and HLGD in particular, the results indicate that even though
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extensive measures were taken to reduce the risk of bias, the prevalence
of gait disorders in the population may be underestimated.

The gait disorder categorizations were approved by at least two
physicians, through reviews of gait video recordings and clinical data.
This second opinion procedure strengthens the gait disorder
categorizations. In addition, individuals with gait disorders had lower
FES(S) and mGES scores than those without gait disorders, which
support that individuals with problems related to their gait and balance
were identified.

The INPH-CRasH study (papers III and IV) investigated a large
cohort of patients with INPH, consecutively operated on with a CSF
shunt, compared to age- and sex matched controls from the general
population. The size of the study provided good reliability.

The questionnaire-based part of the study introduced a risk for
recollection bias since questionnaires were administered after shunt
surgery for INPH, and controls were asked to recollect the past 12
months. In paper IV, data on preoperative experiences of headache and
abdominal pain in patients with INPH were excluded from the analyses
to minimize the risk of bias. To better evaluate postoperative adverse
events and patient outcome of shunt surgery for INPH, a prospective
study is needed, where these variables are investigated both before and
after shunt surgery. Preferably, data should be gathered on a daily or
weekly basis, rather than through a questionnaire covering a longer
period. However, parts of the results were gathered through national
registries, the epilepsy diagnoses and information regarding AED
treatment, strengthening the results. Also, it is important to consider the
subjective nature of the evaluations of FOF and FES(S). A subjective
experience of improvement in these parameters is just as real to the
patient and should be considered an important finding.

Future research

In future research on HLGD and INPH, prospective, large-scale RCTs
with long-term follow-ups are needed. There is a lack of such research in
the literature, that presents strong and reliable evidence.
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Suitable interventions directed towards HLGD, and associated health-
related problems should be investigated. For example, physical therapy
could be an appropriate intervention for reduction of fall rates, that might
have an effect on balance confidence, QoL and depressive symptoms as
well. The HLGD pathophysiology should be further investigated, and
treatment options should be explored.

In patients with INPH, adverse events and patient outcome following
CSF shunt surgery should be further studied. A prospective evaluation of
shunt surgeries for INPH is needed to definitively establish if the
procedure should be used for this patient category. Future research
should also investigate the socioeconomic expenses related to these
surgeries. Readmissions related to CSF shunt surgeries are known to be
expensive (19). However, we now know that falls are common among
patients with INPH, and research has shown that fall accidents also
cause high socioeconomic expenses (69). The occurrence of falls and
FOF was reduced after surgery but remained higher than in controls,
therefore, additional interventions directed toward fall-prevention
should also be investigated in patients with INPH.

Conclusions

Gait disorders were present in 38%, and 5.8% had HLGD, i.e., they are
very common in the general older population.

HLGD is associated with low QoL, symptoms of depression, low
confidence in gait, and low confidence to avoid falls.

Large ventricular volume is associated with HLGD, and HLGD combined
with ventriculomegaly is common in the general older population.

Falls and fear of falling are common problems among patients with
INPH. After shunt surgery, these parameters improve, but they remain
overrepresented in shunted patients with INPH compared to controls.

Patients with INPH suffer from more headache, new-onset epilepsy, and

more AED treatment after shunt surgery than controls. Abdominal pain
is common long-term after surgery.
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