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Foreword by Prof. Vladimír Beneš

The book on normal pressure hydrocephalus (NPH) has been demanded in the neuro-
surgical literature for a long time. This book, edited by Ondrej Bradac, is so far the
most comprehensive work on NPH where all aspects of the disease are covered. Part
One—History and Background has two extremely important chapters, namely phys-
iology and pathophysiology of cerebrospinal fluid circulation. This part of the book
gives the real background of problematics. Separate and dedicated chapter describes
NPH’s history. History is paramount in general; there is no future without history.

Part Two, Diagnostics of NPH, gives the overview from clinical symptomatology
to the most sophisticated radiological studies, and it is concluded by the chapter on
machine learning as related to NPH. Again, this part is the essential one as it serves
also as an introduction to Part Three which deals with the treatment and outcome.
All the recent possibilities and techniques introduced in NPH treatment are covered
along with the complications and outcome.

Many of the chapters were written by respected scientists in the area of NPH,
neurologists, neurosurgeons, and radiologists. Careful selection of authors ensures
the high quality of the text. Also the personality of Ondrej Bradac guarantees top-
quality text. Ondrej Bradac is not only a professor of neurosurgery but also a doctor
of natural sciences in mathematics. His long-lasting experience and interest in NPH
ensure that the chapters are perfectly linked and in logical order.

Since the NPH is the only reversible cause of dementia, the relevance and impor-
tance of the book are without any doubt. The book should be studied by not only
neurosurgeons but also by neurologists interested in dementia, all neuroscientists
working in dementia problematics, neurorehabilitation specialists, and in general by
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all healthcare professionals in the field. Its importance is especially highlighted in
lieu of recent Alzheimer’s pandemics.

March 2023 Prof. Vladimír Beneš, MD, Ph.D.
Department of Neurosurgery

and Neurooncology
1st Faculty of Medicine

Military University Hospital
Charles University

Prague, Czech Republic



Foreword by Prof. David Netuka

Professor Bradac assembled an outstanding group of true experts in the field of
normal pressure hydrocephalus. Since Salomón Hakim first described NPH in 1957,
numerous articles and books have been published on this important topic. However,
there is still a need for further research. This book is unique in that it presents all
clinically relevant data in a comprehensive manner. The first part of the book covers
the history and background of NPH, while acknowledging that much is still unknown
about its pathophysiology. Nonetheless, this specific chapter presents all available
data on the topic.

In the diagnostics part, the chapter on NPH imaging is particularly noteworthy,
as it includes differential diagnosis of neurodegenerative disorders.

In the treatment and outcome part, the potential value of endoscopy is well
discussed. Prognosis and outcome are crucial for patient counselling, and this chapter
should be read with special attention.

The authors should be congratulated for producing an excellent book that sets a
new benchmark for NPH literature. Every neurosurgeon with an interest in hydro-
cephalus should own this book. Let us hope that this book will have an impact on
the future care of patients with suspected NPH.

March 2023 Prof. David Netuka, MD, Ph.D.
Department of Neurosurgery

and Neurooncology
1st Faculty of Medicine

Military University Hospital
Charles University

Prague, Czech Republic
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Foreword by Assoc. Prof. Vladimír Beneš Jr.

You are about to embark on a remarkable journey into the heart of normal pres-
sure hydrocephalus. Ondrej Bradac has managed to persuade renowned experts to
contribute to this topic, and the following pages are the fruit of more than two years
of their work on them. A thorough and complex discussion covers the whole topic
and is a must-read for all neurosurgeons, neurologists, and other specialists in the
field of neurodegeneration who deal with these patients on a daily basis. It brings
a step-by-step description of clinical and radiological diagnostic procedures, differ-
ential diagnostic deliberations, strengths, and limitations of therapy as well as its
complications and long-term expectations. Trainees, residents, and fully educated
neurosurgeons will likely be grateful to Ondrej Bradac and his colleagues for years
to come for this elegant book. No stone was left unturned, and the combination
of clear text, comprehensive tables, precise illustrations, and numerous literature
sources makes this work a reference book on normal pressure hydrocephalus for the
following generations.

March 2023 Assoc. Prof. Vladimír Beneš Jr., MD, Ph.D.
Department of Neurosurgery

2nd Faculty of Medicine
Motol University Hospital

Charles University
Prague, Czech Republic
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Introduction

Petr Skalický and Ondřej Bradáč

Abstract In this chapter, we explore the challenges behind diagnosing normal
pressure hydrocephalus (NPH), characterized by ventricular fluid accumulation in
the brain leading to gait disturbances, cognitive decline, and urinary incontinence.
The difficulty in distinguishing NPH from other neurological disorders necessi-
tates comprehensive evaluations. Shunt surgery is the main treatment option, but
selecting appropriate candidates and predicting responsiveness remain challenging.
Integrating machine learning algorithms into MRI-based diagnosis shows promise
in improving accuracy by identifying subtle biomarkers specific to NPH, potentially
reducingmisdiagnoses, and enabling earlier intervention for better patient outcomes.
Continued research in this area will likely lead to more effective NPH management
through the fusion of advanced technologies and clinical expertise.

Keywords Normal pressure hydrocephalus · Intracranial pressure ·
Ventriculoperitoneal shunt · Cerebrospinal fluid · Shunt surgery

Abbreviations

CSF Cerebrospinal fluid
ICP Intracranial pressure
iNPH Idiopathic normal pressure hydrocephalus
NPH Normal pressure hydrocephalus
sNPH Secondary normal pressure hydrocephalus
VP Ventriculoperitoneal
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4 P. Skalický and O. Bradáč

Normal pressure hydrocephalus (NPH) has been an important part of the differential
diagnosis of dementia for more than 50 years. In 1965, Hakim and Adams described
three patients who had ventriculomegaly on pneumoencephalography but did not
have elevated intracranial pressure (ICP) [1]. They defined the clinical syndrome—
the triad of symptoms: gait impairment (magnetic, shuffling, and broad-based gait),
urinary incontinence (urgent pattern), and cognitive deterioration—accompanying
this diagnosis [2]. This complete triad occurs in approximately 50% of patients [3].
Diagnosis of iNPH is based on clinical signs in combination with imaging methods
(MRI, CT) and functional tests [4]. In practice, guidelines are often used to stratify
iNPH into (1) possible iNPH, (2) probable iNPH, and (3) definite iNPH according
to the probability of the disease [5–10].

NPH is divided into primary or idiopathic (iNPH) and secondary (sNPH). iNPH
is a disease of the elderly with increasing incidence in the population over 65 years.
In iNPH, the cause of hydrocephalus remains unclear despite more than 50 years
of research in this field. Some concepts and mechanisms of the theoretical patho-
physiological pathways and different aetiologies of iNPH will be presented in this
book. sNPH can occur at any age following a previous insult such as meningitis,
subarachnoid haemorrhage, tumours or traumatic brain injury [4].

The course of NPH can be reversed to some extent by shunt implantation,
and therefore, this diagnosis should be known to anyone involved in patients with
dementia [11]. The most commonly used treatment is the implantation of a ventricu-
loperitoneal (VP) shunt—a system that drains cerebrospinal fluid from the lateral
ventricles of the brain to the abdominal cavity [12]. Shunt implantation leads to an
improvement in clinical symptoms in 75% of patients [13]. The complication rate
of VP shunts is between 13 and 38%, with 26–38% of cases with a fixed valve and
9–16% of cases with an adjustable valve requiring revision [13]. Good results can be
maintained for many years in some patients, depending on the occurrence of comor-
bidities [14]. Prognosis and outcomes of the treatment will be discussed in the book
and some follow-up and diagnostic hints, and tips will be given to help achieve the
best possible outcomes in patients properly selected for shunting.

1 Why a Book About NPH?

There are several reasons why a book about NPH is needed. First of all, there are
currently around 50 million people with dementia in the world, and this number is
expected to triple by 2050 in line with population ageing [15]. Although the reported
prevalence of iNPH due to under diagnosis is inaccurate, 1.3% prevalence of iNPH
is expected for people aged 65 and over [16]. The annual incidence set in 2016 in
Germany is 1.36/100,000 [17]. The socio-economic and healthcare burden is tremen-
dous, but treatment options may reduce the impact of increasing care requirements
on health systems [18–20]. NPH cases remain underdiagnosed. One of the main
reasons is a difficult differential diagnosis in the context of neurodegenerative or
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cerebrovascular diseases such as the risk factors, age, and some of the clinical symp-
toms or imaging signs may be related to Alzheimer’s disease, Parkinson’s disease,
Lewy body disease, vascular dementia, or other diseases [21]. As these disorders are
prevalent in the elderly some of the NPH patients may suffer from neurodegenerative
comorbidity [22]. One of the most important points is to consider NPH whether a
patient presentswith gait impairment,mental deterioration, and urinary incontinence.
As comorbidities influence the outcome, the decision to treat should be individual-
ized; however, any age-related risks are minimal and should not be a rejection of
surgery [23]. NPH patients are at increased risk of falls [24], which may be reduced
by shunt surgery [25]. A recent article suggests that screening for iNPH in the elderly
presenting after falls can possibly identify iNPH patients in the earlier stage when
these patients may benefit more from surgical treatment [26]. Practical aspects of
the differential diagnosis, functional tests, imaging signs, or other modalities used
in the NPH diagnostic work-up will get major attention in the book. Both hospital
and outpatient care of NPH patients is demanding, and treatment and follow-up of
the patients will be increasingly needed in the future. Neurosurgeons, neurologists,
and other clinicians working with dementia patients must be aware of NPH diag-
nosis. The book provides a comprehensive view of the disease with the theoretical
background and practical aspects.

Research is focussed on pathophysiologicalmechanisms, identification of patients
responding to shunt therapy, identification and treatment of comorbidities, improve-
ment of shunt systems, and non-invasive examinations. There is an increasing need
for better shunt candidate selection and advances in the efficiency and effectiveness
of the treatment. Nonsurgical treatment for hydrocephalus in animal models has been
studied for many years, but no significant results have been obtained at the clinical
translation stage [27].

With this book, we would like to contribute to the scientific literature of normal
pressure hydrocephalus and provide a complex view of the disease with conclusions
from the most up-to-date research.
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Abstract The first report of hydrocephalus with normal pressure is dated back
to 1956, when Foltz and Ward published a case report of a patient with normal
pressure communicating hydrocephalus after subarachnoid haemorrhage. However,
there were no further investigations of the causes and consequences in this case.
The first scholar and clinician who studied this specific type of hydrocephalus was
Salomón Hakim a few years later. He and his counterpart Raymond Adams worked
on a detailed description of the disease’s manifestation, subsequently setting the
cornerstones of the diagnosis and treatment options for patients suffering from,
as currently officially recognised, normal pressure hydrocephalus (NPH). Since
then, there has been a growing body of literature reports paying more attention
to the disease—to its pathogenesis, pathophysiology, challenging diagnosis, and the
demand for improving treatment efficacy. NPH was in the second half of the 20th
century described as a new form of reversible dementia, a disorder that had long been
considered terminal and irreversible. The famous story of Hakim’s “discovery” of
NPH initiated a new era dedicated to improving the diagnosis of the disease, more
efficient treatment targeting in relation to significant technical improvement in cere-
brospinal fluid drainage procedures, and therefore improving the overall prognosis
of NPH patients. This chapter describes the historical findings of hydrocephalus over
centuries that led to the uncovering of NPH, the discovery of NPH itself, together
with fundamental breakthroughs in the past decades that have enabled us to study
NPHmore in detail, as further introduced in individual chapters throughout this book.
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Abbreviations

CSF Cerebrospinal fluid
DESH Disproportionately enlarged subarachnoid space hydrocephalus
ELD External lumbar drain
ICP Intracranial pressure
iNPH Idiopathic normal pressure hydrocephalus
LIT Lumbar infusion test
NPH Normal pressure hydrocephalus

1 Introduction

Although hydrocephalus has been known for a long time, the NPH unit (first referred
to as symptomatic occult hydrocephalus) has only been known since the middle of
the last century. The case of communicating hydrocephalus with normal pressure
after subarachnoid haemorrhage was introduced by Foltz and Ward in 1956 [1].
However, the case was only described without further investigation of the causes
and consequences. Later, Salomón Hakim paid more attention to this issue. He first
noticed themanifestations ofNPH in patients in 1957 at the San Juan deDiosHospital
in Bogotá, Colombia. He presented his findings and first case studies to the world for
the first time in 1964 [2]. This was followed by the most famous works together with
Dr. RaymondAdams published in TheNewEngland Journal ofMedicine [3] and The
Journal of theNeurological Sciences [4] in 1965.Hakimbasedhis pathophysiological
considerations on Pascal’s law. The pressure is equal to the force divided by the area
on which it acts and is simultaneously the same in all directions at a specific point in
a resting fluid. He demonstrated the theory on an inflating balloon. In the first phase,
when the balloon is inflated, both the pressure and the force acting on the rubber of
the balloon increase, but after reaching the maximum, the pressure drops to a certain,
later stable level, while the force still increases with increasing volume. Thus, the
pressure in both the small and large space is equal, but the force in the larger space
has increased in proportion to its increased surface [3].

Dr. Hakim cannot be denied the main credit for the discovery of NPH. Originally
sceptical, Dr. Adams was only convinced by the case of Hakim’s American patient,
who wanted to return to the USA before performing drainage and shunt surgery.
Hakim decided to accompany the patient, and after a meeting and discussions with
Dr. Adams in Boston, the patient underwent shunt surgery with significant clin-
ical improvement [2]. In their key work, they described together the case reports
of three patients with improvement of symptoms after shunt surgery, the classic
triad of symptoms, and basic pathophysiological hypotheses [3]. The article imme-
diately received much attention, as NPH was a treatable cause of dementia. Over the
following years, many pathophysiological theories emerged, examining a number of
invasive examinations to predict shunt response from radionuclide cisternography,
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lumboventricular perfusion, to currently used methods in clinical practice—tap test,
lumbar infusion test, and external (extended) lumbar drainage. MRI and CT imaging
replaced the original pneumoencephalogram. New types of shunt systemswere intro-
duced also with regard to other aetiologies of hydrocephalus. Even Salomón Hakim
and later his eldest son Carlos Hakim worked on developing their own valves [2].
Over the years, thousands of works have been created that deal with or touch on
the topic of NPH. Unfortunately, there are still a large number of unknowns. There
are a lack of unambiguous preoperative non-invasive techniques for predicting the
shunt response, invasive examinations may not sufficiently explain the need for shunt
surgery, and the high incidence of comorbidities and overlap with other diagnoses
in these patients further limits prediction methods.

2 Hydrocephalus History

The first to describe hydrocephalus as a nosological unit was probably Hippocrates
in the 5th century BC. However, his concept of “water over the brain” was more of a
collection of fluid surrounding the brain than a typical accumulation of cerebrospinal
fluid within the ventricular system as we understand it today [5]. A similar concept
was adopted by Galen in the 2nd century BC. Galen believed that hydrocephalus
was a subcutaneous fluid collection on the head due to improper handling by the
midwife during parturition [6]. He distinguished several types of hydrocephalus—
both extracranial and intracranial. This concept lasted almost 2000 years until the
development of anatomy and physiology.

During the 16th century, several physicians correctly described individual cases
of patients with hydrocephalus. Andreas van Wessel (Vesalius) described a case of
a 2-year-old with an extremely enlarged ventricular system [7], and Jacob Spon and
George Wheler described on their way to Italy and Greece as a curiosity a patient
with an abnormally enlarged skull apparently after hydrocephalus in childhood [8].
Important contributions to our understanding of the anatomical properties of the
ventricular system were made by Leonardo Da Vinci, mainly thanks to his famous
anatomical drawings (Fig. 1).

Subsequently, during the post-Renaissance era of the 17th and 18th century, many
European anatomists and physiologists came up with new theories. For example,
Thomas Willis expressed the idea that cerebrospinal fluid is produced in choroid
plexuses and must flow into the venous system [9]. Antonio Pacchioni described the
arachnoid granulations, but mistakenly considered them a place of secretion of CSF
instead of resorption [10]. And finally, Albrecht von Haller discovered the foramina
of Luschka and presented the modern theory of CSF circulation.

In the 18th century, other authors continued the research they had started. We
must remember above all Francois Magendie and Hubert von Luschka [11]. From
the clinical point of view, it was Robert Whytt, the English physician, who correctly
described hydrocephalus in patients with tuberculosis meningitis [12].
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Fig. 1 Leonardo Da Vinci’s studies of the human head, brain, and cranial nerves. Depiction of the
cerebral ventricles and cranial nerves. The drawing on the left depicts the male reproductive tract.
https://commons.wikimedia.org/wiki/File:Leonardo_Da_Vinci%27s_Brain_Physiology.jpg. In the
public domain

https://commons.wikimedia.org/wiki/File:Leonardo_Da_Vinci%27s_Brain_Physiology.jpg
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In the next two centuries, a number of anatomists and physiologists participated
in the description of the ventricular system and cerebrospinal fluid circulation in
the CNS. This process was completed by Lewis Weed in the early 20th century. He
correctly localised the production of cerebrospinal fluid into the choroid plexuses
and mapped the circulation of the fluid through the central nervous system [13].

The key step in the description of the disease was the pivotal work of Australian
pathologist, Dorothy Stuart Russell, “Observations on the Pathology of Hydro-
cephalus” [14], which had a major impact on the search for healing modalities for
hydrocephalus.

3 Hakim’s Discovery of NPH

At the time of Hakim’s discovery, the literature available in this field was very
weak. Three papers from the 20th century dealt with symptoms associated with
adult hydrocephalus before later works by Hakim and Adams were published [1, 15,
16]. Riddoch’s work from 1936 was related to the tumours of the third ventricle [15].
McHugh presented cases with occult hydrocephalus, based on a congenital obstruc-
tion, and reviewed neurological problems that may develop later in life after the
asymptomatic period. Some cases even remained clinically silent, and hydrocephalus
was described in autopsy findings. Few cases presented with normal pressure hydro-
cephalus like gait pattern [16]. Involvement of neuronal fibres taking course to the legs
and stretch and damage with dilatation of ventricles was discussed [17]. Foltz et al.
[1] in 1956 presented a case of communicating hydrocephalus from subarachnoid
haemorrhage. However, no deeper investigations of the case have been made.

Salomón Hakim was born to a family of Lebanese immigrants in 1922 in the
port town of Barranquilla in Colombia. His parents emigrated from Lebanon in
1921 through Cuba first to Barranquilla where Salomón Hakim was born and then
to Ibague where Jorge Hakim (Salomón’s father) founded a fabric shop. He had
a passion for physics and liked to do experiments with electricity as a child. He
would lock himself in his bedroom and make electric circuits for hours. At the age
of 12, he started building radios. He enrolled in medical school in 1944 and subse-
quently became a neurosurgeon. His love for physics continued with examinations
of digestion electrical output, the effect of current on uterine contraction, and the
use of electrolysis in calcium formation. He left Colombia for two fellowships in
the United States (Boston) in 1950 and 1954. However, he made his groundbreaking
discovery in his native Colombia. He earned a PhD in neuropathology. During his
fellowship research, he performed brain autopsies on patients who had neurodegen-
erative conditions such as Alzheimer’s disease and noted that in many of the cases
the ventricles were enlarged with no or minimal brain atrophy [2].

In 1957 while working in San Juan de Dios Hospital in Bogotá, Colombia, he
faced for the first time a clinical condition that he had originally named “symptomatic
occult hydrocephalus”. A 16-year-old male patient who suffered severe craniocere-
bral trauma after being hit by a car while playing with a ball on the street and later
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developed a subdural haematoma that was drained. After the surgery, no clinical
improvement was seen and the patient underwent pneumoencephalography which
to Hakim’s surprise showed ventriculomegaly. Lumbar puncture showed normal
intracranial pressure (150 mm Hg). The patient improved after 15 ml of CSF was
collected by lumbar puncture. This finding was confirmed by repeated punctures and
the patient finally underwent ventriculoatrial shunt surgery and recovered completely,
being able to go to school at 3 months of follow-up [18]. His original explanation of
this phenomenon was related to Pascal’s law. Even though the intracranial pressure
may be normal in enlarged ventricles, the increased surface of the dilated ventricles
leads to an abnormally large force—named by Hakim as the hydraulic press effect
(Fig. 2) [4]. A second case soon presented in February 1958, a professional trom-
bone player, who for the past year was unable to play the instrument. His legs were
stiff, he had trouble turning and could not climb stairs with an unsteady balance. He
also had other symptoms from the triad—urinary impairment and cognitive decline.
The patient was apathetic and careless in his appearance. Pneumoencephalogram
showed ventriculomegaly and his symptoms improved after spinal CSF drainage.
Six weeks later, shunt was implanted and clinical symptoms remarkably improved
[19]. Although there was scepticism by the contemporary clinicians, another publi-
cation was made in 1965 with Hakim’s colleagues from Massachusetts describing
the improvement of the clinical symptoms after shunt surgery in a patient that was
accompanied by Hakim from Colombia to the USA, where Hakim convinced Dr.
Raymond Adams that shunt surgery was indicated. The typical triad of symptoms—
gait impairment, mental deterioration, and urinary incontinence, was described [3].
Some of the world-renowned neurologists, however, did not respond so positively.
For example, H. Houston Merritt doubted NPH as the diagnosis. In a twist of fate,
he later developed symptoms of NPH and died of complications of shunt surgery in
Boston in 1979. The condition of NPH is still regarded with ambiguity by too many
even after huge progress in NPH diagnostics, pathophysiology and treatment has
been made. The lack of definitive diagnostic tests, the imprecision and variability
of various invasive tests, high degree of clinical overlap with other diseases of the
elderly are the factors that fuel the unfounded scepticism [2].

Dr. Salomón Hakim delivered > 85 lectures in more than 30 countries and became
a professor in the Universidad Nacional de Colombia. He was an inventor and made
numerous advancements in the valve technology of shunt systems. In 1966, unidi-
rectional valve with spring-loaded pressure control which set the standards for all
the future ball-in-cone valves for hydrocephalus treatment was developed (Fig. 3).
A legacy continued by his son—Carlos Hakim. Professor Salomón Hakim passed
away from a haemorrhagic stroke in 2011. Due to his nature, his ability to stand up
for his opinions, and his interest in the possibility of reversing conditions that were
previously unthinkable, Hakim was able to benefit thousands of patients within a
context that still ranks dementia as incurable [2].
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Fig. 2 Dr. Salomón Hakim describes the physical properties of normal pressure hydrocephalus in
a photograph that appeared in Life en Español in 1968. The figure is distributed under the terms of
the Creative Commons licensed under CC-BY-4.0 Attribution Licence, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly credited

4 Fundamental Discoveries in the Last Decades

4.1 Pathophysiology

Understanding NPH pathophysiology has been historically closely linked to known
concepts of human physiology and available technical equipment. Although the
first case of communicating hydrocephalus with normal ICP values was reported
by Foltz and Ward in 1956 [1], the cornerstones of NPH pathophysiology, clin-
ical manifestation, diagnosis, and treatment were explicitly introduced by Hakim
and his colleagues in 1965 [3, 4]. Scholars such as Hoff and Barber in 1974 [20] or
Raimondi in 1994 [21] further expandedHakim’s research and clarified the abnormal
circulation of cerebrospinal fluid (CSF) in the context of hydrocephalus. The orig-
inal theory assumed that NPH pathogenesis results from impaired CSF circulation,
while ventricular dilatation is causedby increased intraventricular pressure exceeding
the elastic tension of the surrounding brain parenchyma. The subsequent ventricu-
lomegaly is considered to be a mechanism responsible for decreasing the pressure
to normal values. Although the pressure is not abnormally raised, the forces acting
on the ventricular walls are growing while simultaneously increasing ventricular
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Fig. 3 Colombian stampdedicated toHakim’s discovery ofNPHand the invention of his ownunidi-
rectional pressure valve in 1966. https://commons.wikimedia.org/wiki/File:S%C3%ADndrome_
y_V%C3%A1lvula_-_Salom%C3%B3n_Hakim_-_Estampilla_conmemorativa_Colombia.jpg. In
the public domain

surface area, leading to their further expansion. Due to the advances in investi-
gation methods for CSF circulation and factors contributing to disease develop-
ment, the research on NPH notably accelerated at the beginning of the 21st century.
The initial theory has been clarified, and further investigations defined additional
factors involved in disease pathogenesis. It started to be certain that abnormal CSF
hydrodynamics are not a single mechanism involved in the pathophysiology that
influences the typical disease manifestation. For example, ventricular dilatation was

https://commons.wikimedia.org/wiki/File:S%C3%ADndrome_y_V%C3%A1lvula_-_Salom%C3%B3n_Hakim_-_Estampilla_conmemorativa_Colombia.jpg
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shown to characteristically contribute to an increased volume of interstitial fluid in
periventricular space, subsequently resulting in reduced brain compliance and poten-
tial ischaemic processes [22]. Hemodynamic factors, such as the reduced arterial
pulsatility, elevated venous pressure, or changes in arterial elasticity, have been veri-
fied to contribute to NPH pathogenesis [23–25]. Not only the compression, resulting
from the ventricular enlargement, causes changes in intraaxonal metabolism, but
also alterations of haemodynamics contribute to the progression of neurological
deficits—in NPH, characteristically urinary incontinence and gait disturbances [26,
27]. Recently, a newconcept of the so-called glymphatic systemhas been investigated
in NPH. Its impairment is believed to be associated with the osmotic disbalances,
disrupted CSF drainage and CSF accumulation in subarachnoid spaces and intrac-
erebral ventricles [28, 29]. Additionally, metabolic changes and neuroinflammatory
factors have been recently studied in the context of hydrocephalus and neurodegener-
ative disorders. It was stated that these neuropathological changes are present in NPH
patients and therefore may be useful markers of the disease prospectively [30–32].

Although NPH typically occurs in sporadic form, familiar forms of the disease
have been encountered in associations with several genetic mutations. The first-ever
cases of inheritable genetic predispositions for NPH are dated to the 1980s of the
last century. Portenoy et al. [33] reported two elderly siblings, both having NPH and
manifesting with the complete Hakim’s triad. Until 2016, genetic aspects were not
studied in more detail, although a few studies have reported familiar forms of NPH
that linked among family members [34, 35]. So far, a few genetic mutations have
been identified in association with the disease onset [36–38]. Further advances in
our understanding of NPH genetics have been disclosed in recent years and their
convenient results will be the issue of future investigations.

4.2 Diagnosis

Since there is still a lack of disease-specific diagnostic measures able to differentiate
NPH from neurodegenerative comorbidities, it is challenging to clearly define the
individual diagnosis. The firstmethods of non-invasiveNPH evaluationwere initially
set upon pneumoencephalogram and later upon CT. The role of several radiologic
markers has been studied in the past decades and some have been implemented to
standard clinical practice. In 1942, Evans [39] introduced an imaging parameter
concept that has borne his name since then. The so-called Evans’ index is used to
evaluate the extent of ventriculomegaly, and its value above 0.3 is considered as a
marker of ventricular dilation, present not only in NPH but also in other types of
hydrocephalus. The index itself is the ratio of the maximal internal diameter of the
skull to the width of the frontal horns of the lateral ventricles at the same level, using
the projections of axial CT andMRI scans. Benson et al. [40] introduced the concept
of the callosal angle as a potential imagingmarker ofNPHon pneumoencephalogram
in 1970. Three years later, Sjaastad and Nordvik [41] deepened this knowledge by
studying the role of callosal angle in patients with ventriculomegaly. This marker is
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measured in the posterior commissure plane, perpendicular to the anterior commis-
sure–posterior commissure plane on coronal projections. The callosal angle is char-
acteristically narrower in NPH patients when compared to healthy individuals, due
to the ventricular dilatation and widening of the Sylvian fissures. International guide-
lines by Relkin et al. [42] defined a value of 40° or greater as appropriate for NPH.
Further MRI studies [43] stated that a callosal angle of less than 90° can distinguish
NPH, Alzheimer’s disease, and healthy controls. Since then, this marker is typically
used with Evans’ index in the diagnosis of NPH [43]. The first description of dispro-
portionately enlarged subarachnoid space hydrocephalus (DESH) was introduced
by Kitagaki et al. in 1998 [44]. It is composed of acute callosal angle, dilatation
of Sylvian fissures, ventriculomegaly, high tight convexity, and focal sulci dilata-
tion [45]. Recent Japanese guidelines [46] recommend using Evans’ ratio for the
evaluation of the ventricular size, callosal angle of less than 90°, and additional eval-
uation of DESH onMRI in accordance with gait impairment in order to predict shunt
responsiveness and diagnose iNPH. These basic parameters can be easily measured
on both CT and MRI. More detailed metabolic alterations in periventricular areas
need detailed investigation on MRI machines [47, 48]. This topic is introduced more
in detail in a specific chapter of this book.

Besides imaging studies, several invasive tests are currently used to predict
shunt responsiveness in NPH patients. The CSF tap test simulates the physiological
response to the shunt system. Hakim and Adams [4] described the first three patients
who underwent this procedure. Following the performance of a lumbar puncture
and removal of 15 ml of CSF, the clinical status of all three patients improved. The
rationale of the CSF tap test has not dramatically changed since Hakim and Adams’
descriptions, except that nowadays the recommendation is to remove between 30 and
50 ml of CSF and thereafter evaluate the clinical symptoms of individual patients.
The lumbar infusion test (LIT) was described in a study by Katzman and Hussey
in 1970 [49]. LIT is performed with the patient in a horizontal position, while ICP
is measured during the infusion of CSF replacement, typically with Ringer’s solu-
tion. One or two needles are inserted between L3–L4 or L4–L5 in the subarachnoid
space of the lumbar region. The needle or needles are used as an infusion pump and
are connected to pressure recording. The aim of the LIT is to evaluate changes in
pressure curves and values during the test and thus to determine parameters of CSF
behaviour. In a study by Katzman et al. [49], it turned out that a plateau pressure
of more than 22 mmHg during the infusion may serve as a determinant of whether
these patients should or should not undergo shunt implantation. Several years later,
in 1977, Ekstedt et al. [50] used the constant pressure infusion test to measure the
CSF outflow. Børgesen in 1979 [51] studied the value of the conductance to CSF
outflow and proposed that it may be a useful determinant of positive shunt respon-
siveness. Interestingly, Boon et al. [52] analogously measured the resistance to CSF
outflow, also known as Rout. They found out that patients with Rout values above
18 mmHg presented with improvement rates above 90% after shunting. Nowadays,
a Rout value above 12 mmHg/ml/min is accepted as a positive test result [53]. A
study from 2005 [54] defined CSF pressure pulsatility, i.e., a measure of mean CSF
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pressure amplitudes during the lumbar infusion, and suggested this as a more reliable
predictor of shunt response than Rout itself.

Of all functional tests inNPHdiagnosis, themost significant role is that of external
lumbar drainage (ELD [55]. During ELD, which typically lasts up to five days,
the clinical symptoms of each patient are evaluated, aiming to better predict shunt
response. The first report of ELD insertion dates from 1744, performed by Claude-
Nicholas Le Cat. Unfortunately, it was difficult to improve ELD functioning without
technical improvement which were introduced at the turn of the 20th century. One
of the biggest milestones in ELD history is a detailed analysis of ICP monitoring
using ELD in patients with brain tumours in 1960, performed by Nils Lundberg [56].
Since then, ELD has been clinically used for a range of purposes; current practice
tries to minimise the risk of infection and mechanical complications.

Another invasive test used for NPH, introduced in the 1960s for the first time, is
intracranial pressure (ICP) monitoring. This plays an important role in managing a
range of diseases and traumatic injuries of the central nervous system. The diagnostic
role of ICP monitoring (through lumbar, intraventricular, epidural, or parenchymal
devices)was studied intensively during the 1990s, but up-to-date findings of this inva-
sive test remain controversial [57–59]. Values of ICP are not raised in NPH patients,
but recent research from 2010 [60] found a correlation between ICP amplitude and
shunt response.

In recent years, the need to distinguish NPH from other neurodegenerative comor-
bidities has been the reason for investigating CSF composition and studying different
abnormalities in each disease. A range of CSF biomarkers have been reported as
specific to NPH, but consensus on their clinical application has still not been reached,
due to the higher number of statistically non-significant results and a number of
neurodegeneration-related comorbidities that present with a similar CSF profile.

4.3 Shunt Systems

The beginnings of treatment interventions date back to the end of the nineteenth
century. In 1891, Quincke demonstrated the clinical benefit of repeated lumbar punc-
tures [61]. Over the following years, variousmethods of continuous external drainage
have been gradually introduced into the treatment—ventricular, subdural, subarach-
noid, or subgaleal. Hydrocephalus has also been studied and treated by Harvey
Williams Cushing, the “father” of neurosurgery [62]. He was the first to perform
lumboperitoneal drainage using a silver cannula. A truly revolutionary contribu-
tion to this issue was made by Cushing’s former pupil and later opponent Walter
Edward Dandy, who introduced resection of the choroidal plexus as a method to
reduce cerebrospinal fluid production [63]. He was also the first to perform the third
ventriculostomy [64].

Presumably the first precursor of themodern shunt systemwas developed byArne
Torkildsen in 1939 for non-communicating hydrocephalus [65]. Working with this,
simplified catheter was associated with a higher risk of mechanical complications,



20 P. Skalický et al.

predominantly catheter obstruction, and therefore the benefit of the treatment was
very low. Eventually, the real breakthrough in treatment was the introduction of the
ventriculojugular shunt by Frank Nulsen and Eugen Spitz in 1949 [66]. They were
greatly assisted by the technician John W. Holter, whose son was born with severe
spina bifida associated with hydrocephalus. Holter’s son was treated by Nulsen and
Spitz in Children’s Hospital in Philadelphia. Unfortunately, Holter’s son did not
survive the disease, but the collaboration of the technician with neurosurgeons even-
tually led to the serial production of the first biocompatible valve in 1956 [67]. A
one-way flow-regulating valve with 12-Fr soft rubber catheter was initially used.
Polyether was used in ventricular catheters, but this material has been proposed to be
unsuitable for these purposes, mainly due to the high rate of complications related
to the device itself. Therefore, polydimethylsiloxane subsequently started to serve
as an elastic biomaterial for shunt systems [68]. Robert Rudenz implanted silicone
ventriculoatrial shunts in 1957 [69], and a year after, Richard Ames used the same
material in ventriculoperitoneal shunt tubing for the first time. Ames continued to
use the same material for an additional 9 years and finally reported 120 ventricu-
loperitoneal shunt implantations with promising results in hydrocephalus treatment
[70]. Later, Hakim introduced a so-called J-shaped catheter consisting of a curved tip
with a few holes inside. Unfortunately, the functionality of this shunt type was unsat-
isfactory. There were several other studies that contributed to the improvement of
shunt systems, usingmaterials such as polyhydroxyethylmethacrylate, polytetrafluo-
roethylene, or polyvinylpyrrolidone for shunt catheters. Nowadays, the vast majority
of shunt systems are made of silicone polymer tubing and a range of valve devices
are available in ongoing clinical practice. A summary of fundamental historical
discoveries is given in Fig. 4.

5 Conclusion

Although there were historically a few reports describing patients suffering from
hydrocephalus without abnormal pressure values, Salomón Hakim was the first to
identify the syndrome and to give detailed descriptions of its pathogenesis, clinical
manifestation, and treatment options. The discovery of NPH itself was a break-
through in the understanding of neurodegeneration, which had long been considered
irreversible. Hakim’s work, supported by his former colleagues, initiated an interna-
tional focus on the disease, and since then thousands of publications dedicated to the
topic have become available globally. As we know now, the pathophysiology of NPH
is a complex system of interacting pathways in which many factors contribute to the
progression of the disease. We are becoming more familiar with the likely determi-
nants of NPH pathogenesis thanks to a significant body of research about the patho-
physiologyofNPH, to newconcepts extending our understanding ofCSFphysiology,
and to inventions at the molecular level (inflammatory pathways, metabolic and
osmotic disbalances, glymphatic pathway, etc.). Nonetheless, any single underlying
causality remains unclear. Along with the invention of modern imaging techniques
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Fig. 4 Summary of historical discoveries related to NPH

(CT, later MRI), it has been possible to describe a range of radiological parameters
that can be used to differentiate NPH patients, non-NPH patients, and patients with
other neurodegenerative comorbidities. This allows more efficiently tailored therapy
management. Technical improvements over the years, mainly involving new shunt
systems with advanced pressure valves, have minimised surgery-related compli-
cations and simultaneously improved prognosis for NPH patients. The significant
occurrence of comorbidities makes diagnosis a challenge, and it is hard to predict
NPH patients’ response to shunt surgery. Still, the improvement in our knowledge
of the disease is enormous when compared to what was known in the second half
of the twentieth century. Current unknowns are an incentive for improved studies of
this disease prospectively.
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6 Key Points

• Dr. Salomón Hakim has a major stake in the discovery of normal pressure
hydrocephalus with a first observed case in 1957.

• Normal pressure hydrocephalus was originally referred to as symptomatic occult
hydrocephalus.

• The original explanation ofNPHwas related to Pascal’s law. Even though intracra-
nial pressure may be normal in enlarged ventricles, the increased surface of the
dilated ventricles leads to an abnormally large force—the hydraulic press effect.

• Hydrocephalus was first described by Hippocrates in the fifth century BC,
although the concept of hydrocephalus was more of a collection of fluid
surrounding the brain than an accumulation of CSFwithin the cerebral ventricular
system.

• Although the first insertion of ELD was described at the end of the eigh-
teenth century, it was challenging to improve ELD function without technical
improvement which came at the turn of the twentieth century.

• The development of presumably the first “modern shunt system” precursor was
introduced by Arne Torkildsen in 1939 and it served for the treatment of non-
communicating hydrocephalus.

Funding This chapter was supported by theMinistry of Health of the Czech Republic institutional
grant no. NU23-04-00551.
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Modern Hydrocephalus Classification
Systems

Levi Coelho Maia Barros, Victor Lomachinsky, and Petr Libý

Abstract Hydrocephalus (HCP) encompasses a large spectrum of clinical entities,
with multiple distinguishing features. Consequently, several classification systems
were proposed based on multiple criteria. Even though none of them thoroughly
comprehend the conditions associated with HCP, many have been proved useful
in current clinical practice. A multi-categorical classification could mitigate these
difficulties, as proposed by some researchers. However, increasing complexity may
lead to low applicability on a daily basis. The challenge of creating a practical and
comprehensive system of classification for HCP remains one of the greatest missions
for current neurosurgery research.
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1 Introduction

Stratifying HCP is a major challenge for neurosurgery research. This heteroge-
neous group is composed of multiple conditions with varying pathophysiology,
clinical symptoms, severity, and prognosis. Several classification systems have
been proposed: obstructive vs absorptive; acquired vs congenital; genetic or CNS
malformation-associated vs isolated; intraventricular obstructive vs extraventricular;
simple vs complicated [1]. Although none is sufficient on its own, all systems listed
have been proved useful in clinical practice. The present chapter’s main goal is
to present the most relevant hydrocephalus classification strategies in the current
literature.

2 Hydrocephalus Definition

The complex variety of conditions related to hydrocephalus makes it difficult to
define it. There is no internationally recognized definition of hydrocephalus, and
multiple attempts were made based on the classification system adopted. One of
the most accepted is Rekate’s definition: “Hydrocephalus is an active distension
of the ventricular system of the brain resulting from inadequate passage of cere-
brospinal fluid from its point of production within the cerebral ventricles to its point
of absorption into the systemic circulation” [2].

3 Treatment Strategies Based on HCP Type

Predicting clinical and radiological response to medical therapies such as shunt
therapy or neuroendoscopic third ventriculostomy is vital in clinical practice. Individ-
ualizing patientswith hydrocephalus in accordwith its response to the offered therapy
avoids unnecessary treatments and helps determine the best therapeutic approach for
the patient [3].

Such an approach to HCP characterization can, for instance, be found within
Kulkarni et al. proposed score for predicting endoscopic third ventriculostomy (ETV)
success in the pediatric population. Based on age, etiology, and presence of a previous
shunt, patients were subsequently stratified in score groups. Higher scores were
associated with lower risk of ETV failure when compared to shunt therapy, even in
early postoperative phase [4].

Interesting interplay can be found with other classification systems. Beni-Adani
et al. has, for example, demonstrated a significant correlation between the HCP
absorptive component and risk of ETV failure [1].
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4 Categories of HCP

There aremanyways of categorizing hydrocephalus. Criteria usually comprise age of
onset, symptomatology, and response to the available treatments. Pathophysiological
features such as disturbances in cerebrospinal fluid (CSF) and intracranial pressure
dynamics are also often considered for stratification (Table 1).

4.1 Classification Based on Age of Onset

According to age of onset, hydrocephalus may be of fetal, neonatal, child, infantile,
adult, and elderly onset. It is further possible to divide hydrocephalus in the newborn
as congenital or acquired. The difference resides in whether it develops prenatal or

Table 1 An overview of relevant classification schemes

Author Year Concept Notes

Dandy and
Blackfan

1914 Communicating versus
non-communicating

Choroid plexus as a site of CSF production,
communicating between the lateral
ventricles and the lumbar subarachnoid
space

Rusell 1949 Obstructive versus
non-obstructive

Obstruction in any location within major
CSF pathways; non-obstructive including
CSF overproduction (choroid plexus
papilloma) or CSF hypoabsorption (sinus
thrombosis)

Ransohoff
et al

1960 Intraventricular and
extraventricular
obstructive HCP

Obstruction within the CSF circulation

Raimondi 1994 Excessive intracranial
liquid other than blood

A pathological increase in “brain fluid”
volume, both intraparenchymal and
extraparenchymal

Mori et al 1995 HCP seen early in life/in
adults

Further classified into eight types

Johnston and
Teo

2000 Review of CSF dynamics Limited understanding of CSF circulation

Beni-Adani
et al

2006 Focus on newborns and
infants, diverse
classification

Four categories of obstructive–absorptive
HCP spectrum with relevance to the
treatment options

Oi and Di
Rocco

2006 CSF circulation in the
minor pathway HCP and
the evolution theory in
CSF dynamics

Dandy’s and Russell’s concepts correspond
to “major pathways HCP,” minor pathways
considered for the first time as the direct
cause of HCP (glymphatic system)

Rekate 2009 One of the most accepted
definitions of HCP

All obstructive, focus on the site of
obstruction



30 L. C. M. Barros et al.

Fig. 1 Early postnatal T2W MRI demonstrating giant congenital triventricular HCP in three-day-
old boy. (A, B, C) Axial, sagittal, and coronal T2W MRI depicted severe triventricular HCP. (B)
Sagittal T2W MR image showed concave third floor and aqueductal stenosis

postnatal and carries a heavy impact on bothmanagement and prognosis [1]. Prenatal
causes of hydrocephalus are, however, usually slowly progressive in nature, making
an unambiguous differentiation between these categories not always feasible (Fig. 1)
[1].

Based on the relationship between age of onset, neuronal developmental stages,
and possible outcomes, Oi et al. [5] proposed in 1994 The Perspective Classification
of Congenital Hydrocephalus (PCCH), stratifying hydrocephalus in the following
clinico-embryological stages: stage I, hydrocephalus that develops between 8 and
21 weeks of gestation, during the neuronal cell proliferation process; stage II corre-
sponding to development at 22 to 31 weeks of gestation, concurrently with the cell
differentiation and migration period; stage III from 32 to 40 weeks of gestation, a
period marked axonal maturation; stage V extending from 5 to 50 weeks of postnatal
age, and is consistent with the myelination period of neuronal maturation.

The PCCH classification also includes linic-pathological types (primary, dysge-
netic, and secondary hydrocephalus) and clinical categories (fetal, neonatal, and
infantile) for better patient stratification. It is worth stressing that distinct linic-
embryological stages have power of predicting neurological outcomes in patients
within the same linic-pathological types. To this day, the correlation between PCCH
stages and prognosis turns it into a very useful tool for assessing hydrocephalus
patients [5].
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Fig. 2 Nearly two-month-old boy with posthemorrhagic hydrocephalus. (A) Sagittal T2W MRI
showing posthemorrhagic pseudocyst formation above bowing corpus callosum, patent aqueduct,
and signs of basilar arachnoiditis in basilar cisterns. (B) Coronal T2W MRI showing enlarged
ventricular system with pseudocystic changes in right frontal lobe. (C) Axial T2W MRI showing
dilated lateral ventricles

4.2 Classification Based on Underlying Cause

One of the simplest pathophysiological based classifications divides lesions in
primary or secondary to an additional medical condition (e.g., dysgenetic, posthem-
orrhagic, postmeningitic, and posttraumatic) (Fig. 2). It is further possible to classify
it as idiopathic if the cause is unknown [6].

4.3 Classification Based on Symptomatology and Chronology

The presence or lack of symptoms in hydrocephalus patients is also taken into account
into many systems. Considering the head size, patients can be described as macro-
cephalic,microcephalic, or normocephalic. Distinct levels of consciousness correlate
with distinct prognosis and the need for urgent therapy institution.

In addition, it is also often crucial to stratify HCP in both clinical course
(progressive versus auto-limited) and chronology (acute versus chronic onset) [6].

Regarding course, while hydrocephalus progression is often devastating, the
natural history is not always linear, and an invasive approach is not always warranted.
For instance, in the case of arrested hydrocephalus, after an initial, progressive, phase,
a new equilibrium is reached and spontaneous normalization of intracranial pressure
follows. The patient is then left with macrocephaly and little to non-neurological
deficits [7].

Chronology often dictatesmanagement. Acute settings are frequentlymore severe
and, depending on pathophysiology, may require CSF diversion. Chronic conditions
on the other hand sport more limited management options, and while they may be
primary such as idiopathic normal pressure hydrocephalus, they are often second to
another disease. A notable example is hydrocephalus ex-vacuo, a condition in which
ventriculomegaly slowly develops due to reductions in encephalic volume [8].
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Fig. 3 Communicating HCP. Six-year-old girl with a picture of communicating HCP. (A) Sagittal
T1W MRI showing corpus callosum bowing along with the bowing of lamina terminalis and floor
of the third ventricle. Patent aqueduct is visible. (B) Dilated ventricles, especially third ventricle
with CSF flow voids

4.4 Classification Based on CSF Dynamics

Considering CSF dynamics, two classifications are mostly used worldwide. They are
Dandy’s classification into communicating vs non-communicating and Russel’s into
obstructive vs non-obstructive [9, 10]. The first considers the CSF’s ability to circu-
late from the lateral ventricle to the lumbar subarachnoid space and can be confirmed
by dye injection. The second focuses on whether there is a presence of any sort of
blockade in the major CSF pathway. These two classification systems are often used
improperly as synonyms, which could contribute to negative outcomes whether the
treatment chosen for hydrocephalus is based solely on them [6]. Dandy’s classifica-
tion, “communicating vs non-communicating” may still be the most practical due
to direct impact on treatment strategy and thus indication to endoscopic solution or
shunt (Figs. 3 and 4) [3].

4.5 Classification Based on Pressure Dynamics

As to pressure dynamics, it is possible to distinguish three main groups: normal, low-
pressure and high-pressure hydrocephalus. Although intracranial pressure (ICP) is
variable, and highly dependent on age, body posture, and comorbidities (Fig. 5), a
clear pressure point cutoff is yet debatable [11].

An important example of HCP with inexpressive increases in intracranial pres-
sures is idiopathic normal pressure hydrocephalus (iNPH). This was first described
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Fig. 4 Obstructive HCP due to posterior fossa tumor. Four-year-old girl with posterior fossa pilo-
cytic astrocytoma (PA) and picture of obstructive triventricular HCP. (A) T2W MRI depicting
ventricular system dilation with periventricular caps. (B) Coronal T2WMRI showing dilated third
ventricle, bowing corpus callosum, and solid-cystic posterior fossa tumor with expansive behavior
toward brain stem. (C) Enhanced axial T1W MRI depicting solid-cystic posterior fossa tumor,
typical picture of PA

Fig. 5 Six-month-old boy
with a picture of
hydrocephalus on axial T2W
MRI due to centrally located
plexus papilloma. Lateral
ventricles are asymmetric
with transependymal edema
predominantly in the right
frontal lobe
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by Dr. Salomón Hakim in 1964 and is classically defined by a triad of a frontal
gait ataxia, urinary incontinence, and subcortical dementia with short-term memory
failure. It is a condition of an insidious nature, and its symptoms are thought to arise
from progressive cortex compression over many years. Despite defining clinical and
radiological traits of iNPH, the normal pressure HCP group also affords a large
list of possible differential diagnosis and secondary causes are not always easy to
dismiss. iNPH can mimic or occur concomitantly to a series of prevalent disorders
in the elderly, such as arrested hydrocephalus, long-standing overt ventriculomegaly
syndrome, and many more vascular, infectious, and neurodegenerative disorders.
This severely diminishes both sensitivity and specificity of clinical diagnosis [12].

More infrequently, patients with symptoms of increased ICP could be classi-
fied as low-pressure or negative-pressure HCP [13]. This rare and heterogeneous
condition is not yet fully understood. Some authors advocate that the differential
pressure between the ventricular space and the subarachnoid space over cerebral
convexity could lead to ventriculomegaly despite low or negative intracranial pres-
sure (trans-mantle pressure theory) [14]. Patients usually have a poor prognosis and
do not respond satisfactorily to routine shunt surgery [13]. Sub-atmospheric external
ventricular drainage, endoscopic third ventriculostomy, and the use of a cervical
tourniquet are reported to provide good outcomes in some case series [15, 16].

Forms of high-pressure hydrocephalus instead encompasses a far larger group
that usually warrant more invasive measures such as ventriculoperitoneal shunting or
endoscopic third ventriculostomy. This group can be further subdivided according to
the mechanisms responsible for the pressure increase (such as obstruction or deficits
in CSF absorption). More details are provided elsewhere in this chapter.

4.6 Classification Based on Genetics

Although genetic causes are often linked to poor prognosis, stratification based on
genetics currently does not yield clinically relevant information on CSF circula-
tion [1]. A notable exception represents X-linked HCP which usually demonstrates
aqueduct stenosis. Remaining genetic aberrations with associated HCP should be
analyzed on a case-by-case basis as points of mechanical obstruction, posterior fossa
compression, venous drainage impairments, cardiovascular repercussions, and many
other unique features carry, in each case, specific treatment directives.

Vein of Galen aneurysmal malformations (VGAMs), a rare group of malforma-
tions that account for approximately 30% of all pediatric vascular anomalies, are
an interesting example of how a genetic-based condition has varying prognosis
according to the mechanism responsible for the hydrodynamics disruption [17].
These units lead to HCP by both an underlying venous congestion and a mechanical,
obstructive component. Management should be directed toward both mechanisms,
and prognosis is intrinsically linked to the dominant element [18].
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4.7 Current Multi-categorical Classification System

Numerous grouping systems were proposed in the last century. Unfortunately, they
were usually limited to strict criteria, which led often to divergent and incomplete
classification systems. The lack of standardized definition still poses a substantial
challenge for neurosurgery communication worldwide, limiting the external validity
of several hydrocephalus papers.

To mitigate these difficulties, Oi S published in 2010 a new comprehensive
classification system: the multi-categorical hydrocephalus classification (Mc HC).
The system classifies hydrocephalus within 10 categories (I: onset, II: cause, III:
underlying lesion, IV: symptomatology, V: pathophysiology 1—CSF circulation,
VI: pathophysiology 2—ICP dynamics, VII: chronology, VIII: post-shunt, IX:
post-endoscopic ventriculostomy, and X: others) and 54 subcategories [6].

The advantages of a multi-categorical classification for such a complex condition
as hydrocephalus include a thorough assessment of its many causes and their respec-
tive natural progression. In addition, it helps make hydrocephalus management more
concise and individualized.

4.8 ASPECT Hydrocephalus System

An alternative way to visualize this multitude of conditions proposed recently by
Birch Milan et al. is the ASPECT Hydrocephalus System [19]. The authors opted
to abandon classification systems altogether, and rather invested in a parallel, non-
hierarchical descriptive system. This model is aimed at expert and non-expert clin-
icians serving both as a checklist to ensure documentation of critical data and as a
standardized coding to facilitate communication.

ASPECT stands for Anatomy, Symptoms, Previous interventions, Etiology,
Complications, and Time. The driving principles behind the choice of these six
traits are based on a goal to eliminate overlapping in diagnosis and classification,
as currently noted within the ICD-10 and ICD-11 systems. The author’s conception
of hydrocephalus as a “pathological state in which abnormal CSF dynamics cause
enlargement of one ormoreCSF compartments” is sufficiently broad not to be limited
by the many controversies in pathophysiology but also sufficiently accurate to allow
for the description of most clinically relevant scenarios (Fig. 6).

The anatomical focus of this model is an interesting way to systematize imaging
analysis and provides a short, objective description that by itself has important patient
management implications.As for the other components, the authors opted for a simple
symptom analysis, focused on whether urgent treatment was warranted. Stepping
from a view of HCP as a chronic condition, they further scanned the patient’s history
for previous interventions and related complications which tend to accumulate in
the life of the affected individuals. Simplicity is also a defining trait of etiology
description that took ICD-10 diagnostic list in consideration. Interestingly, only 10%
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Fig. 6 Thirty-eight-year-old man with an obstructive hydrocephalus due to colloid cyst of third
ventricle documented here on non-enhanced T1WMRI. Lateral ventricles are enlargedwith normal-
sized third and fourth ventricles

of the author’s cohort had etiology labeled as unknown. Finally, the time component
attempts to bridge the gap between age of onset and age at current evaluation also
going from the premise of HCP as a condition that usually turns chronic.

The major limitations of the model revolve around the non-incorporation of
advanced diagnostic tools (CSF analysis, biomarkers, genetic testing, etc.). It is
a recent, promising model; however, further validation is still required to ensure
clinical reliability.

5 Conclusion

In conclusion, classifying hydrocephalus remains challenging nowadays. Its complex
nature does not allow a single criterion to comprehensively assess patients nor direct
a therapeutic approach and predict neurological outcomes. A multi-categorical clas-
sification could mitigate these difficulties. However, it increases complexity, making
it hard to replicate its use in daily practice. Stratifying these patients into distinct
subgroups concerning management and prognosis could improve the quality of care
among them. A promising newway to tackle the issue is the ASPECT system, unfor-
tunately it still requires proper clinical validation. For now, a practical and thorough
classification system is yet to be agreed upon.
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6 Key Points

• Hydrocephalus (HCP) encompasses a broad spectrum of clinical entities, with
multiple distinguishing features concerning pathophysiology, symptomatology,
and age of onset.

• Several classification systems have been proposed according to age of onset,
etiology, symptoms, chronology, CSF dynamics, and intracranial pressure
dynamics.

• Although no classification system available is sufficient on its own, many have
been proved useful in clinical practice.

• A multi-categorical classification could mitigate these difficulties. However, it
increases complexity, making it hard to replicate its use in daily practice.
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The Epidemiology of Normal Pressure
Hydrocephalus
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Abstract Summarising accurate epidemiological data regarding normal pressure
hydrocephalus (NPH) is a complex task: for example, defining NPH varies across
guidelines, various methodological approaches are utilised, different populations are
studied, clinical signs are sometimes difficult to distinguish from those of the normal
ageing process, and radiological signs are not necessarily specific to NPH. It would
thus be unwise to simplify the complex question of NPH epidemiology to a mean
number as this would not reflect the diverse patient population, methods of patient
selection, and data processing used by different authors. Taking into consideration the
frequency of shunt surgery, NPH remains an underdiagnosed condition of potentially
treatable dementia.Both the incidence andprevalenceofNPH increasewith age.NPH
is probablymore common among themale gender and shows interesting traits among
specific patient populations. For future studies, a unified approach with standardised
data recording and strict adherence to international guidelines is necessary.
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NIS Nationwide inpatient sample
PD Parkinson’s disease

1 Introduction

Theoretically, an accurate assessment of normal pressure hydrocephalus (NPH)
epidemiology should be a relatively easy task of counting the occurrence of patients
at a given time in a defined population (prevalence), or newly diagnosed cases over
a defined period of time (incidence). However, NPH is a complex diagnosis, and
several factors complicate exact estimates. First, the definition of NPH and level of
diagnosis are inconsistent across studies and guidelines. For example, the American-
European (A-E) guidelines presented by Relkin et al. [1] usually provide higher
prevalence numbers than the Japanese guidelines as demonstrated by Andersson [2],
and furthermore, there have been three editions of Japanese guidelines (Figs. 1 and 2)
[3–5]. Second, different population cohorts are evaluated—the general population in
a given area [2], over a period of years [6] or with a specificmedical condition such as
schizophrenia [7, 8] ormemory impairment [9]. Additionally, large registries [10, 11]
or hospital records [12, 13] are queried. Third, inconspicuous clinical courses can be
difficult to distinguish from other effects of ageing. Gait abnormality occurs in 35%
of individuals older than 75 years of age [14], urinary incontinence affects up to 40%
of women and 16% ofmen at this age [15]. Additionally, 15.1% of persons older than
70 years suffer from dementia and approximately 10, 8% from Alzheimer’s disease
(AD) [16]. Fourth, isolated radiological signs of NPH are not necessarily specific
to this condition—in the general population older than 70 years of age, 20.7% have
ventriculomegaly (defined as Evans index of >0.3) [17]. Fifth, all the mentioned find-
ings, as well as NPH prevalence, increase with age and age thresholdsmajorly impact
epidemiological results [2, 6, 11, 14–16]. Sixth, the incidence of NPH appears to be
slightly increasing as recent studies [10] report higher incidence than the older ones
[2, 18]. This may be due to the ageing population of economically strong countries,
better patient referral, and higher focus on NPH diagnostics. Interestingly, a similar
trend is observed in the incidence of dementia worldwide [16].

Gathering accurate epidemiological data under these circumstances is challenging
and various methodological approaches have been employed. The most important
findings for each methodology will be summarised; however, each methodology
offers a different point of view on NPH epidemiology and has its strengths and
weaknesses.Understanding theseweaknesses is necessary to correctly interpret study
results, and as will be shown, no firm conclusions regarding NPH epidemiology can
be drawn.
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2 Population-Based Studies

In these types of studies, the epidemiology of NPH is estimated in a defined popu-
lation over a certain period of time, ideally yielding both incidence and prevalence.
There are twoways to approach the population: (1) through amassivemedia informa-
tion campaign aimed at the public, general practitioners, geriatric centres, nursing
homes for the elderly and similar facilities. Patients are then referred for further
testing; (2) randomly selected residents over a certain age (commonly over 65 years)
are either contacted with a survey questionnaire focused on NPH symptoms or
provided with an MRI screening offer. Afterwards selection criteria are applied and
those patients who satisfy NPH criteria undergo additional testing. The response
rates vary around 60%, and selection bias is unavoidable. Not responding due to
NPH symptoms (dementia) would artificially lower the prevalence; on the contrary,
healthy subjects may not feel the need to undergo testing, thus increasing the preva-
lence. Furthermore, unknown geographical factors could be influencing reported
numbers. Despite these shortcomings, population-based studies represent the best
attempts to clarify the true NPH epidemiology in the general population. The most
important studies are briefly summarised.

2.1 Population-Based Studies Following
the American-European Guidelines

A well-designed prospective study was conducted in Vestfold County, Norway in
2004–2005. The authors carried out a large patient recruitment campaign in a popula-
tion of 220,000 inhabitants and eventually tested 63 patients (including CSF testing).
Eventually, prevalence was calculated at 21.9/100,000 and incidence at 5.5/100,000/
year for “probable” iNPH. Prevalence showed obvious age dependency ranging from
3.3/100,000 (50–59 years age group) to 93.3/100.000 (≥ 80 years age group). No
difference between genders was reported [19].

A representative sample of the elderly population (≥ 70 years) in SwedishGothen-
burg underwent neuropsychiatric evaluations and CT of the brain between 1986 and
2000. Following the A-E guidelines, the prevalence of probable iNPH was assessed
at 0.2% among patients aged 70–79 years and 5.9% for those older than 80 years.
Additionally, an Evans index of >0.3 was reported in 20.7% of investigated patients.
Although men had higher prevalence in both age groups as well as in the Evans
index, neither difference reached statistical significance [17].

Martin-Laez et al. presented a 10-year longitudinal prospective study on the inci-
dence of iNPH in one Spanish region. Crude incidence over the study period was
calculated at 3.25/100,000/year. The incidence rose exponentially with age and was
higher in men than women. Considering favourable shunt response as the ultimate
iNPH diagnosis, the incidence was estimated at 2.07/100,000/year [6].
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Pyykko et al. collected data from four Finland hospitals with a defined catchment
area from 1993 to 2010. In addition to standard testing, 24-hour ICP monitoring
and frontal lobe brain biopsy were performed. Mean incidence over the study period
was 4.84/100,000/year with a higher incidence of 14.6/100,000/year in patients over
70 years. Furthermore, the incidence increased during the study period, probably
reflecting increased awareness among the referring practitioners and institutions [20].

Andersson et al. asked 1000 randomly selected patients over 65 years of age from
Sweden to participate in a survey followedby a clinical and radiological investigation.
The authors applied both diagnostic guidelines to the same study group and reported
via modified (no CSF testing) A-E guidelines probable prevalence of 3.7%. An even
higher prevalence of 8.9% was among patients over 80 years old. According to the
Japanese guidelines, the prevalence of the same population was 1.5% and 3.8%
among those older than 80 years. No significant difference between male and female
patients was ascertained according to either guideline [2].

2.2 Population-Based Studies Following the Japanese
Guidelines

Hiaroka et al. managed one of the first population-based studies focused on iNPH.
In a group of 170 randomly selected patients older than 65 years in a rural Japan
community, 2.9% showed clinical andMRI signs suggestive of iNPH [21]. A similar
methodological approach and target age group in another geographically defined
area showed slightly lower prevalence of “possible” iNPH (1.4%) [22].

Focusing on iNPH MRI features (ventricular enlargement and disproportional
narrowing of cortical sulci) 12 patients were identified from a group of 790 subjects.
However, only 4 of these had neurological symptoms of iNPH (0.51% prevalence).
Interestingly, those who fulfilled only the brain imaging criteria without clinical
features were followed for 4–8 years, and 2 out of 8 developed iNPH during this
period [23]. A follow-up study after 5 additional years showed the prevalence of
possible iNPH to be 0.3% (age 70) and 1.42% (age 80). Incidence was estimated at
120/100,000/year for patients older than 70 years [24].

Nakashita assessed the epidemiology of Parkinson’s disease in a well-designed
study in a rural Japanese town. Since the focus was on the elderly population, iNPH
MRI and clinical features were examined as well. Of the 607 patients who under-
went MRI, 20 showed positive findings, 17 with associated clinical symptoms: the
prevalence of possible iNPH of 2.8% [18]. Neither of the abovementioned Japanese
studies reported gender-specific prevalence or incidence.

In conclusion, population-based studies report prevalence and incidence rates of
NPH rising exponentially with age, with the male gender being more commonly
affected.
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3 Hospital-Based Studies

Hospital-based studies derive data from medical or surgical records from single or
multiple hospitals. Studies rely on inpatient data, outpatient data, or both. Overall
limitations of hospital-based studies are diagnostic variability among hospitals,
incomplete and unstandardized information, coding and administrative issues with
data collection, case selection bias, retrospective data collection, and also duplicate
admissions, which can raise final incidence and prevalence rates. Benefit appears
when medical records are used to monitor the natural history of the disease [25, 26].
Bearing these shortcomings in mind, important studies are briefly summarised.

A large survey of 53 German hospitals focused on overall NPHmanagement. The
authors extrapolated treated NPH cases to the estimated German population to reach
an iNPH incidence of 1.8/100.000/year. However, a wide variation between centres
was observed with regard to preoperative testing, diagnostic criteria, the decision
for shunt implantation, and other management issues, and the authors conclude that
incidence may be even higher [27].

Tissel investigated retrospectively incidence rates via analysing surgical records of
patients over 18years in 6neurosurgical departments inSweden.Rather than focusing
strictly on NPH, the overall epidemiology of hydrocephalus was studied. Neverthe-
less, an estimated overall incidence was 3.4/100.000/year for hydrocephalus, 1.6/
100.000/year for NPH, and 0.9/100.000/year for iNPH. This study also nicely reflects
regional differences in diagnostic criteria, surgical indications, and local awareness
of hydrocephalus; the frequency of surgery for iNHP was 4 times higher in the most
active centre compared to the least active one [13].

Search for patients with clinically suspected NPH at the Mayo Clinic database
treated between 1995 and 2003 identified 41 cases giving a possible incidence
of 3,74/100.000/year. Of these patients, 13 eventually received a shunt (incidence
1.19/100.000/year). Considering definite improvement at 3 years after shunting as
NPH diagnosis confirmation, the incidence reached 0.36/100.000/year. All reported
incidences were higher for those older than 50 years [12].

Bir retrospectively analysed the incidence of hydrocephalus during a 25-year span
from hospital charts. All patients with hydrocephalus, regardless of aetiology, were
included from a non-specified “population served by the hospital”. They estimated
overall hydrocephalus incidence at 17/100.000/year. NPH cases comprised 10.6%
of all hydrocephalus patients, however no distinction between iNPH and secondary
NPH was provided. In conclusion, this study provides a nice overview of hydro-
cephalus aetiology and demographics, although due to the mentioned reasons, no
inference with regard to iNPH can be drawn besides peak age in the 9th decade of
life [28].

Kuriyama et al. sent two surveys to 4220 Japanese centres in order to gather
epidemiological data during the year 2012. The response rate was 42.7%. Diagnostic
criteria of the Japanese iNPHguidelines (second edition)were applied. The estimated
overall incidence was 10.2/100.000/year and rising with age (over 60 years 31.4/100
000/year). The reported age of onset was in the 70s in more than 50% of patients
[29].
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In conclusion, estimating epidemiological data from hospital-based studies is
tedious; however, they provide useful insight into variations in NPH management,
hydrocephalus demographics, and frequency of shunt surgeries.

4 Register Data Studies

As the title implies, these types of studies identify patient cohorts from national regis-
ters, insurance files or hospital registers. Studies work with large patient populations,
hospital or surgical records, and diagnostic codes. Therefore, they allow stratification
of patients by age, ethnicity, gender, comorbidities, socioeconomic status, and other
followed data. Also, annual trends of incidence, surgical management, complication
and local risk factors can be evaluated. Working with large numbers of patients,
statistical significance can often be reached for the aforementioned demographic
parameters. Similarly to hospital-based studies, problemswith accurate coding, diag-
nostic variability and other administrative issues may limit drawn conclusions. The
exact diagnostic workup for NPH is difficult to ascertain and probably varies across
participating institutions. Furthermore, outcomes can usually be assessed only by
discharge destination. Since NPH patients frequently reside in extended-care facil-
ities, return discharge need not reflect eventual favourable outcomes. On the other
hand, when compared to hospital-based studies, the register data are taken prospec-
tively by independent researchers and at the time of analysis already exist, so there
is limited to absent selection bias [25, 26].

Lemcke et al. [30] used anonymised data from a nationwide health-insurance
provider representing approximately 10% of the German population. The period
covered 10 years from 2003 to 2012 and used diagnostic codes to identify patients
with NPH and iNPH. The incidence of shunt-treated iNPH was estimated at 1.08/
100,000. The authors acknowledge a cohort that may have included a “large number
of false positives and excluded false negatives”. Due to a lack of widely employed
and unified diagnostic criteria, a misclassification bias may have been introduced.

Rafi et al. used Nationwide Inpatient Sample (NIS) from the USA for collecting
iNPH data on the incidence, gender, age group, income, and race/ethnicity during
2008–2016. NIS provides a 20% stratified sample of all community hospital
discharges (more than 7 million discharge records from 4500 + hospitals). From
this sample, the overall incidence of inpatient admission for iNPH was estimated to
be 2.86/100,000/year with stable rates during the period covered. Subgroup analysis
showed significantly higher incidence for males, the elderly population (e.g. 17.89/
100,000/year for patients 65–84 years old), higher income status, rural residence,
and white or black race. The differences may be due to better access to health care
among affluent patients or genetic predisposition. Apart from the already mentioned
limitations, this dataset represents inpatient discharges, thus patients not requiring
hospitalisation or with incidental iNPH diagnosis would not be included [11].
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Analysis of patients older than 60 years from the NIS (2007–2017) found the
prevalence of iNPH to be 0.18%; again discharge codes for iNPHwere used for identi-
fyingpatients. Interestingly, only 21.6%of these patients underwent surgicalmanage-
ment. This includes patients undergoing invasive testing procedures and endoscopic
third ventriculostomy. In accordance with the previous study, a higher proportion of
male and white patients was found. Interestingly, a greater use of laparoscopic shunt
implantation in recent years was reported [10].

Analysis of large registers confirms results reported in other studies and allows
for estimating management trends over long periods of time. In addition, important
shortcomings in health care can be identified.

5 Meta-analyses and Systematic Reviews

Many of the above presented studies were included in systematic reviews and meta-
analyses. These have to consider different iNPH definitions, methodological quality,
different populations, time periods, and other potentially confounding factors. Impor-
tant studies in other languagesmay also bemissed in the search. Thus, the final review
can only be as good as the studies that form its basis. Nevertheless, pooling together
large numbers of patients may identify statistically significant traits, for which the
individual study is underpowered.

Martín-Laéz summarised the results of 21 articles meeting the inclusion criteria.
The authors pooled data from studies (n = 7) with random population sampling to
reveal iNPH prevalence of 1.3% in subjects older than 60 years [6].

Of limited value regarding iNPH epidemiology is a systematic review published
in 2018, since it does not distinguish between particular forms of hydrocephalus,
secondary notwithstanding. This meta-analysis confirms an increasing prevalence in
the elderly population: 175/100.000 for patients ≥65 years [31].

Zaccaria recently published a systematic review focused solely on the epidemi-
ology of NPH. Crude prevalence reported in 10 analysed studies ranged from 10/
100,000 to 29/100,000, while age-specific prevalence rose with age for both genders,
notably formale patients. Crude incidence rates reported in 6 analysed studies ranged
from 1.8/100,000/year to 7.3/100,000/year. Likewise, the incidence rose with age
[32].

Unfortunately, systematic reviews and meta-analyses fail to bring additional
information into NPH epidemiology, likely due to data heterogeneity, methodolog-
ical differences of the included studies, lack of standardised reporting and other
confounding factors. The need for unified and standardised data collection in the
future cannot be emphasised more.
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6 Other Epidemiological Studies

Several articles aimed to identify NPH patients in specific populations. Bech-
Azeddine in a prospective study from a memory clinic found improvement after
shunting in 8 patients from 400 (2%) who were referred for detailed evaluation.
An elaborate protocol consisted of clinical and radiological evaluation (71 patients),
invasive testing (35 patients), and eventual shunt implantation (13 patients). Interest-
ingly, iNPH patients comprised 20% of those referred for clinical and radiological
testing [33].

A prospective study in a similar setting of memory clinic was conducted in
Tasmania. From a total of 408 consecutive patients with memory impairment, 62
(15.2%) were found to have iNPH, 29 received shunt and all but one improved at
follow-up. Additionally, a minimum incidence of 11.9/100,000/year was reported
based on population census. This increased with age; the highest being 120/100,000/
year for patients older than 75 years [9].

Marmarou et al. investigated the prevalence of NPH among residents of assisted-
living and extended-care facilities. They reported prevalence between 9 and 14%
depending on the diagnostic criteria used. This would suggest a higher prevalence
in healthcare centres in contrast with non-hospitalised patients [34]. Similarly, a
remarkably high prevalence of iNPH of 14% was found in elderly patients with
schizophrenia [7].

Screening the elderly population after falls led to diagnosis of possible iNPH in
18.7%, probable iNPH in 12.3% and definite iNPH in 10.6% (clinical improvement
after shunting) [35].

Pyykko et al. investigated the causes of death of patients with NPH. Although
dementia is one of the main NPH symptoms, these patients do not have a higher
chance of death due to of dementia in comparison with the average population. The
most frequent causes of death remain cardiovascular and cerebrovascular disease
[20].

7 Clinical Relevance

Articles reporting incidence of shunt surgery for NPH found rates ranging from 0.91/
100,000/year to 1.91/100,000/year [12, 13, 19]. These rates are far below the inci-
dence of iNPH found in population-based studies, particularly in the elderly popu-
lation. There may be several reasons: (1) limited awareness of NPH signs among
the public and healthcare workers. A well-executed information campaign may
help with improved patient referral [19]. (2) NPH symptoms are rather common
in the elderly population: abnormal gait, cognitive decline or incontinence may
be viewed as normal signs of ageing. (3) International guidelines require a rela-
tively tedious protocol before shunting surgery is carried out and patients/relatives
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may refuse further testing/surgery. All of these and other factors mean that NPH is
underdiagnosed and consequently undertreated.

8 Conclusion

Summarising accurate epidemiological data regardingNPHat this time is inadvisable
due to the many shortcomings discussed above. It would be unwise to simplify the
complex question of NPH epidemiology to a mean number as it would not reflect the
diverse patient population, methods of patient selection and data processing used by
different authors. Let us conclude that NPH remains an underdiagnosed condition of
potentially treatable dementia whose incidence and prevalence increase with age is
probably more common among the male gender and shows interesting traits among
specific patient populations. For future studies, a unified approach with standardised
data recording and strict adherence to international guidelines is necessary.

9 Key Points

• Incidence and prevalence of NPH increase with age.
• NPH is more common in men than in women.
• Incidence and prevalence of NPH are higher in recent studies.
• Study methodology greatly influences the results.
• American-European and Japanese guidelines give different epidemiological

results.
• Future studies on large populations are needed.
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CSF Physiology
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Abstract The entire cerebral cavity surrounding the central nervous system has
a volume of approximately 1700 ml. From this capacity, 150 ml stands for Cere-
brospinal Fluid (CSF), watery fluid with a low concentration of protein and cellular
components. CSF is mainly produced via plasma filtration and membrane secretion
through choroid plexuses, a minority is secreted through secretion of ependymal
surfaces of the cerebral ventricles and by the arachnoid layer. In the past few years,
it has been observed that a fraction of CSF production is derived from perivascular
spaces of cerebral capillaries, which is of further importance for the functioning of
newly identified pseudolymphatic pathways called the glymphatic system. The clas-
sical model of CSF circulation was built upon the idea of unidirectional flow from the
ventricles via cisterns and foramina into the subarachnoid spaces, and finally into the
venous outflow from the brain. However, it seems that CSF circulation is much more
complex, involving various kinetic mechanisms which are important for adequate
osmotic and metabolic pathways in the central nervous system, and unmistakably
vital for cerebral functioning. CSF pressure directly determines intracranial pressure,
with physiological values from 3 to 4 mmHg in children younger than one year, and
from 10 to 15 mmHg in healthy adults. Due to advances in the understanding of
CSF physiology, and much more detailed imaging methods, we are able to introduce
new concepts about the role of CSF in the brain, compare them to initial historical
reports, and discuss possible implications for future research.

Keywords Cerebrospinal fluid · Physiology · Hydrocephalus · Anatomy ·
Cerebrospinal fluid circulation · Physiological mechanisms of hydrocephalus ·
Glymphatic system

A. Bubeníková · P. Skalický · O. Bradáč (B)
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Abbreviations

AQP Aquaporin
BBB Blood-brain barrier
BCB Blood-cerebrospinal fluid barrier
CBB Cerebrospinal fluid-brain barrier
CNS Central nervous system
CSF Cerebrospinal fluid
CVO Circumventricular organ
ICP Intracranial pressure
ISF Interstitial fluid
MRI Magnetic resonance imaging

1 Introduction

The first-ever attempts to describe the basic concepts of neuroscience, particularly
those of neurophysiology andneuroanatomy, date back to the era of ancient Egyptians
[1]. In recent years, a lot of effort has been invested into research in order to elucidate
the role of cerebrospinal fluid (CSF), one of the essential compartments of the Central
Nervous System (CNS). This has revealed that the mechanisms and functioning of
CSF are more complex than previously believed.

The CSF space is formed by the intracerebral ventricles, the central spinal cord
canal, and the subarachnoid spaces consisting of cisterns and sulci [2–4]. This is sepa-
rated by the Blood-CSF Barrier (BCB) from the vascular system [5]. CSF is renewed
approximately four times per 24 hours, the rate of CSF formation is roughly 0.4 ml
per minute, and its volume is estimated to be 150 ml in healthy adults [2, 6]. Recent
Magnetic Resonance Imaging (MRI) findings have proposed that the CSF volume
is underestimated, proposing its range as high as 254–331 ml [7–10]. The choroid
plexuses are considered to be the primary CSF production organs, nevertheless,
approximately 20% of CSF is secreted via other pathways [11–13] and this number
might be even higher. CSF is drained across perineural spaces into the lymphatics,
whilst a minor part is absorbed into the venous circulatory system through arachnoid
villi [11]. The CSF circulation is a complex combination of both uni- and bidirec-
tional flow together with additional fluid exchange mechanisms [11, 14]. In addition
to maintaining CNS homeostasis, CSF plays a vital role in overall physiological
and pathophysiological pathways in the human body [15, 16]. Abnormal volume,
impaired clearance functions, or metabolic changes of CSF may have a detrimental
impact on cerebral performance and Intracranial Pressure (ICP) [17, 18] which is
further described according to the well-known Monro-Kellie doctrine [19].

Several new findings challenge what is known about CSF physiology, and
although results should be interpreted cautiously, there is a growing body of evidence
that established beliefs should be revised. Such topics include the origins of CSF
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production, the concept of unidirectional (also known as bulk) flow, and CSF absorp-
tion via arachnoid villi [14, 20–23]. In this chapter, we describe historical hypotheses
of CSF physiology, introduce up-to-date findings, and describe the current research
trends in this topic.

2 A Brief Historical Insight

The oldest written report most likely mentioning CSF dates from 1500 BC in
ancient Egypt (the era of the 16th and 17th dynasty). The so-called “Edwin Smith’s
Papyrus” is named after its purchaser [1, 24] and includes reports of 48 patients
with cranial and spinal traumatic injuries, enriched by descriptions of symptoms,
diagnosis, and conducted treatment. One of the patients experienced a skull fracture
and “the rupture of meningeal membrane” accompanied by fluid leakage presumably
referred to CSF [25, 26]. Centuries later, scholars in ancient Greece contributed to the
essential improvement of the general knowledge about the human body (particularly
Hippocrates, Aristotle, and Herophilus), but there are no preserved records of any
CSF investigations [1, 27].

The “pneuma” theory of Ancient Greek medicine was built upon by Claudius
Galen (129–216 AD) who differentiated between vital pneuma, which travelled in
blood, and psychic pneuma, which went to the brain [28]. Pneuma generally referred
to breath, air, or spirit, and it was described together with basic pulmonary and
vascular physiology. Galen’s theory also mentions the presence of pneuma along
peripheral nerves [29]. At this time, therewas already some knowledge of the ventric-
ular system, but it was considered to be the origin of imagination (in lateral ventri-
cles), cognition (the third ventricle), and finallymemory (the fourth ventricle) [1, 30].
Following the mediaeval times, from which we have no significant scientific reports
on CSF, the renaissance brought us an enormous number of discoveries across the
natural sciences. Leonardo Da Vinci made critical contributions with his anatomical
drawings and wax casts of the ventricular system which most likely belonged to
an ox’s brain [1, 31]. Galen’s opposer, Andreas Vesalius, rewrote the description of
human anatomy, and with his co-workers contributed to more accurate illustrations
of the nervous system in the work De humani corporis fabrica libri septem [32,
33]. His university colleague, Costanzo Varolius, rejected the pneuma theory and
proposed instead that it was “fluid”, rather than spirits, which filled the ventricular
system [34]. Italian anatomist Niccolo Massa mentioned a “watery excess”, making
the first reference to CSF circulation in 1532 [35]. The subarachnoid layer was not
described until Gerardus Blasius coined the term “arachnoid” in 1666 and Raymond
Viessenswith FrederikRuysch clarified its anatomymore in detail thereafter [36, 37].
In 1705, Antonio Pacchioni outlined the architecture of the arachnoid granulations,
structures which bear his name to this day [38].

The generation of Alexander Monro, Jacobus Sylvius, Hubert von Luschka, and
Francois Magendie further described anatomical landmarks within the ventricular
system that bear these eponymous names. The CSF was for a long time referred to
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“liquor contugnii” after Italian physician Domenico Cotugno who was the first to
describe the basics of CSF physiology [39], including CSF volume in 1764 [40].
Another milestone can be attributed to the neuroanatomist Magendie who extended
Cotugno’s publications and coined the term “liquid cerebrospinal”, which is still used
today [41]. After disclosing reports on CSF function, Heinrich Quincke performed a
lumbar puncture to reduce ICP in patients experiencing subarachnoid haemorrhage,
cerebral tumours, or hydrocephalus, and for diagnostic purposes [42, 43]. In 1893,
Ludwig Lichtheim performed the first-ever CSF analysis in patients suffering from
tubercular meningitis [44]. Investigations on CSF laboratory findings were improved
due to new methods of bacterial cultivation and microbiological staining introduced
by Hans Christian Gram in 1884 [1, 45]. Since then, the number of studies dedicated
to CSF has been continually increasing and the progress in the field continuously
helps to elucidate complex concepts of CSF (patho)physiology.

3 Anatomical Concept

3.1 Ventricular System and Central Canal

Familiarity with the anatomy of the ventricular system is a crucial step to a better
understanding of CSF physiology and neurosurgical procedures. Two equivalent
lateral ventricles localised in the cerebral hemispheres are the biggest landmarks of
the ventricular system. Both morphologically resemble a C-shape further subdivided
into five regions: three horns (anterior, posterior, and inferior), a single ventricular
body, and finally the collateral trigone, also known as the atrium [46]. Via the foramen
of Monro, the lateral ventricles are connected to the third ventricle. This communi-
cates with the fourth ventricle through the so-called Sylvian aqueduct, a region of
approximately 15 mm which is currently differentiated into three parts: pars ante-
rior, antrum, and finally pars posterior. The pars anterior is a triangular structure
beneath the posterior commissure which is morphologically continuous with the
third ventricle. The aqueduct subsequently runs ventrally to the midbrain’s tectum
(antrum), between the inferior and superior colliculi and finally reaches the rhomboid
fossa (pars posterior) [47]. CSF enters the subarachnoid space via three openings,
the paired foramina of Luschka at the level of cerebellopontine angles and a single
foramen of Magendie, caudal to the cerebellar nodule (Figs. 1, 2, 3A, B).

The cavity of the fourth ventricle extends into the central canal of the spinal cord
up to its terminal point, the conus medullaris [48]. A layer of columnar ependymal
cells lines the canal, and its exact location depends on specific spinal regions. In the
cervical and thoracic region, the central canal runs ventrally. It runs centrally in the
lumbar region and slightly dorsally in the conus medullaris region [49].
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Fig. 1 Important anatomical landmarks of CSF circulation

Fig. 2 Detailed anatomy of the ventricular system
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Fig. 3 MRI T2-WI scans depicting important landmarks of the ventricular system and CSF
pathways on (A) sagittal and (B) axial projections

3.2 The Complexity of Barriers

The meticulous isolation of brain parenchyma, and the spinal cord from the rest of
the body, is vital in order to ensure adequate regulation of metabolic interchange.
This regulation is accomplished by three major landmarks: (1) Blood-Brain Barrier
(BBB), (2) CSF-Brain Barrier (CBB, formed by the arachnoid layer), and (3) blood-
CSF barrier (BCB) [50]. These barriers consist of epithelial and arachnoid cell
compartments altogether with the cellular junctions allowing metabolic interchange
between the body and the CNS.
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Indisputably the most discussed of the aforementioned barriers is the BBB, a
highly selective membrane-like structure formed by endothelial tight junctions from
surrounding capillaries without the presence of fenestration [51]. Astrocytic endfeet
in the Interstitial Fluid (ISF) ensheath the capillary walls and surrounding peri-
cytes are ingrained into the capillary basal membrane which consists of two basal
laminas [51, 52]. The BBB allows metabolites and smaller molecules to enter in
accordance not only with passive or facilitated diffusion pathways but also through
transmembrane active transport mechanisms. Interestingly, the overall surface of
BBB accounts for 12–18 m2 in the average adult [53] since it is present along the
whole CNS. However, there are several regions in which it is significantly reduced.
Such areas, known as Circumventricular Organs (CVOs), are unique structures char-
acterised by higher permeability of metabolic interchange between the CNS and
the rest of the body. This happens due to the construction of endothelial cells into
gap junctions between endothelial cells, fenestrated capillaries, and their small size
[54–56]. Instead of highly selective BBB, CVOs are primarily bordered by a layer of
endothelium-like tanycytic cells [57]. CVOs can be classified into sensory and secre-
tory, according to their physiological role [55]. The vast majority of hormones and
complexmetabolites are incapable (or only in reduced concentrations) of direct trans-
portation across the BBB [58] and therefore require CVOs to enable such pathways.
Sensory CVOs, namely the subfornical organ, organum vasculosum of the lamina
terminalis, and the area postrema (nucleus tractus solitarii), are critical complex
entities involved in hormonal regulation pathways as well as cardiovascular and
immunological functioning [59, 60]. All sensory CVOs share a synaptic communi-
cation with paraventricular and supraoptic nuclei [61] which, according to up-to-date
evidence, enable the hypothalamus to supervise the neuroendocrine and metabolic
regulation [54]. Of note are afferent pathways directed to the organum vasculosum
of the lamina terminalis from the subfornical organ, brainstem, hypothalamus, and
the median preoptic nucleus. The efferent outputs from this region are focused to
basal ganglia, and to stria medullaris [62]. The secretory CVOs consist of neurohy-
pophysis, epiphysis, subcommissural organ, and eminentia medialis (hypothalamic
arcuate nucleus) [63], all of which are responsible for neuroendocrine secretion [64].
The subcommissural organ is a more specific CVO due to the presence of increased
concentrations of fenestrated capillaries when compared to the rest of CVOs, thus
making the BBB less permeable [65]. Detailed anatomy of CVOS is depicted in
Figs. 4, 5, and 6.

According to the highly selective nature of BBB in terms of allowing the
substances and metabolites to enter the barrier, it has been a challenge to develop
effective drug delivery pathways to the CNS. Approximately 98% of drugs with
smaller molecular sizes, and basically all of those with larger (for example some
of the viral vectors, peptides, antibodies etc.), are excluded by BBB [57, 66, 67].
Fortunately, the characteristic features of CVOs help to improve drug targeting and
pharmacological treatment of various pathologies within the CNS [68, 69]. The
overview of both CVOs’ anatomical and physiological features is described in Table
1.
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Fig. 4 Anatomy of circumventricular organs (CVOs)

Fig. 5 Anatomy of circumventricular organs (CVOs) on MRI T1-WI

On the other hand, the BCB arises at the border between the capillaries of the
choroid plexus inside the cerebral ventricles, which are characterised by fenestrations
and the presence of gap, instead of tight junctions [52]. Unlike the BBB, the BCB
comprises the endothelium of the pia mater with a single basal membrane (Fig. 6).
This allows the motion of substances via ion channels and transmembrane enzymes,
such as the Na+/K+-ATPase [5]. Furthermore, the BCB contains pinocytosis vesicles,
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Fig. 6 The main anatomical differences between BBB and BCB that subsequently importantly
involve their physiological functions

which are involved in the metabolism of protein filtration and their segregation [63,
64, 70]. In accordance with this description, Reiber in 1994 [71] defined a formula
explaining that the reduction of CSF flow (for example in the case of impaired BCB
function) is associated with the obstruction of vascular proteins inside the circulatory
system, thus resulting in higher rates of transported proteins via the BCB into CSF
[5, 64]. Conversely, the rates of CNS-derived proteins are not primarily influenced
by BCB dysfunction [72].

4 CSF Composition

CSF is a clear, watery fluid with a low concentration of protein and cellular compo-
nents. As we describe more in detail below, CSF is produced via plasma filtration and
membrane secretion [50] and therefore, it differs in terms of its molecular content
when compared to the blood plasma alone.Under normal circumstances, erythrocytes
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Table 1 The overview of CVOs characteristics according to Verheggen et al. [69], licensed under
CC-BY-4.0

Type Location Size
(mm)

Primary function Hormones

Neurohypophysis Secretory Posterior part
of the
hypophysis
originating
from the floor
of the III
ventricle

1.0–2.9 Received from
the
paraventricular
and supraoptic
nuclei

Vasopressin,
oxytocin

Median eminence Secretory Extension of
the floor of the
III ventricle

0.3 Hypophyseal
portal system

Vasopressin,
oxytocin

Pineal gland Secretory Posterior wall
of the III
ventricle

1.7 Regulating
circadian
rhythms

Melatonin

Subfornical organ Sensory Rostral wall of
the III
ventricle

0.2 Water and
sodium
homeostasis and
immune
response

Angiotensin II,
cytokines

Ogranum
vasculosum of the
lamina terminalis

Sensory Inferior
surface of the
fornix/roof of
the III
ventricle

0.3–0.6 Water and
sodium
homeostasis

Angiotensin II

Area postrema Sensory Floor of the IV
ventricle

0.5 Opening the
central canal,
cardiovascular,
and respiratory
regulation and
controlling the
vomiting centre

Substance P

Besides the mentioned functions, CVOs are essential for allowing the inflammatory mediators to
enter theCNS if any infections or pathological states are present. The paper is anOpenAccess article
distributed under the termsof theCreativeCommonsAttributionLicense,whichpermits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly credited

are not found in CSF, whilst some of the nucleated cells, predominantly lymphocytes
and monocytes, are present. The most common CSF protein is albumin (50–70%),
followed by immunoglobulins [15]. At this point, it should be noted that the CSF
protein concentration and its flow rate vary since these measures are influenced by
many factors, including the CSF sampling site, circadian variations, clearance, or
physical effort [73, 74].

Unlike in other organ systems, the immunological mechanisms of the CSF do
not involve any lymphatics in the traditional sense. Additionally, the presence of
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Table 2 The comparison of
CSF and blood plasma
composition according to
Hladky et al. [75], licensed
under CC-BY-4.0

Component Blood plasma CSF

Concentration/mg (100 ml)−1

Protein 6300 to 8500 16 to 38

Sugar 80 to 120 45 to 80

Amino acids 4.5 to 9 1.5 to 3

Creatinine 0.7 to 2 0.5 to 2.2

Uric acid 2.9 to 6.9 0.4 to 2.8

Urea 22 to 42 5 to 39

Cholesterol 100 to 150 trace

Lactic acid 10 to 32 8 to 25

Phosphate * 4.7 3.4

Concentration/mmol kg−1

Na+ 150 147

K+ 4.63 2.86

Ca2+ 2.35 1.14

Mg2+ 0.8 1.1

Cl− 99 113

HCO3− 26.8 23.3

pH 7.4 7.3

* Inorganic. The paper is an Open Access article distributed under
the terms of the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly credited

immunoglobulins in CSF is very low. Instead, immunological protection is accom-
plished by the system of CSF exchange across the extracellular space and microglial
tissue [76]. In the elderly, however, the immunological activity of the microglial
system is suppressed, which subsequently manifests by impaired function of specific
proteins and other substances, therefore increasing the risk of neurodegenerative
disease onset [77, 78].

5 CSF Functions

Primarily, CSF is responsible for the protection, waste clearance, andmetabolic path-
ways in the CNS that we describe more in detail below. In most textbooks, CSF is
described as a fluid providing mechanical protection of neuroaxis since it softens the
external forces pushing against the skull in cases of traumatic injuries and reduces the
effective weight of the brain itself. Normally, the brain weighs approximately 1500 g,
and the fluid reduces this number by 30 times to an effective net weight of 50 g in total
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[13, 15, 79, 80]. Moreover, CSF is responsible for maintaining CNS homeostasis as
it regulates electrolyte and catabolite concentrations [81]. The majority of macro-
molecules that are not found in CSF in higher concentrations (for example amino
acids, glucose etc.) are directed to the brain parenchyma primarily across the BBB
[15, 82]. There are several substances, including methyltetrahydrofolate or vitamin
C, which are transported into brain tissue directly from the CSF where they occur
due to the previous process of blood plasma filtration [15, 82, 83].

6 CSF Mechanisms

6.1 Production and Secretion

In the majority of reports, the production of CSF is limited to approximately 500 ml
per daywhich stands for roughly 0.3–0.4ml perminute [84, 85], and a decreasedCSF
production rate has been observed in healthy elderly [86]. There is a well-established
idea that the majority (60–85%) of CSF is secreted by the choroid plexuses and the
tela choroidea (the lateral ventricles being the primary source) [20, 80, 87], whilst the
rest is formed via extrachoroidal sources. Choroid plexuses are highly vascularised
structures composed of a single layer of epithelium (cuboidal or cylindrical), their
surface is ensheathed by microvilli [12, 88, 89]. The CSF secretion via the choroid
plexusmaybedivided into twomajor stages. In thefirst stage, as a result of hydrostatic
pressure, the blood plasma is passively filtered through the fenestrated capillaries of
the choroidal endothelium. The second stage involves active CSF secretion across the
apical side of the choroidal epithelium and into the ventricular system. Other studies
additionally define the ependymal lining of the ventricular cavities as a secondary
source of CSF secretion [90, 91]. It is important to note that CSF production is a
selective mechanism, especially due to the tight junctions that are responsible for
preventing paracellular motion of metabolites inside the ventricular cavity [92].

The filtration of blood plasma itself is a complex mechanism dependent on the
activity of apical membrane Na+/K+-ATPase which maintains the ion concentra-
tion gradient across the cell membrane (Fig. 7) [92–94]. Released Na+ is in accor-
dance with Na+/K+-ATPase activity carried via one of three transporters (Na+/H+,
Na+-dependent Cl−/HCO3−, or Na+/HCO3− transporter) [12, 75, 93–96]. These
transporters are needed to control the motion of particles such as Cl− and HCO3

−,
(specifically one Cl− in exchange for one Na+ and two HCO3−) that cross the baso-
lateral side of choroid epithelium to move according to the osmotic gradient to its
apical side and finally reach CSF [93, 94]. Cl− itself enters the ventricular system
via K+/CL− or electroneutral apical Na+/K+/2Cl− co-transporter. The transport of
abovementioned ions involves the osmotic balance, fundamental for H2O secretion.
One of the most important water co-transporters fundamental for CSF secretion,
NKCC1, is found on the apical side of the choroid epithelium. It has been recently
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Fig. 7 Choroid plexus and its role in CSF production

shown that this bidirectional transporter is fundamental for water exchange within
choroid plexuses in adults [97].

Interestingly, it has been observed in animal models (dog and rabbit) that the
inhibition ofNa+/K+-ATPasewith ouabain, also knownas g-strophanthin [98], causes
a significant reduction of CSF production, by up to 80% [99, 100]. The motion of
H2O across the cellular membrane is accomplished and influenced by the expression
of aquaporins (AQPs) in the choroid plexus, especially AQP1 [101]. AQPs, which
to date consist of eleven members named AQP0 to AQP10 [102], are membrane
channel proteins including a total of six transmembrane alpha helices with both
terminal domains responsible for water transportation amongst cells [23, 103–105].

6.2 Classical Hypothesis and Its Criticism

Considered to be one of the fathers of neurosurgery, American physician and scien-
tist Walter E. Dandy set the cornerstones for the classical model of CSF produc-
tion in the first half of the twentieth century [20, 106]. The hypothesis is based on
Dandy’s surgical experiments involving unilateral choroid plexectomy and the bilat-
eral obstruction of the foramen of Monro in a dog, both conducted in 1919 [107].
Dandy observed that ventricular dilation was not present if the choroid plexus was
utterly removed, and therefore, he thought of choroid plexus as the origin of CSF
production. Unfortunately, his experimentswere performed on a single dog and never
have been reproduced [20, 108]. In the 1970s, Milhorat with his colleagues [109–
112], performed choroid plexectomy in a similar manner in a human and monkey,
but could not confirm abnormal changes in the CSF production rate or its compo-
sition. Although Tamburrini et al. [113] endoscopically bilaterally removed choroid
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plexuses, they postoperatively did not find any significant changes in CSF secretion
rate.

Almost a century after Dandy’s findings, and with the classical model of CSF
production preserved, Oreskovic and Klarica [114] revised and clarified the findings
in the field, subsequently rejecting the classical model of CSF production. Other
recent findings [108, 114, 115] have stated that CSF is mainly secreted in response
to hydrostatic pressure via the cerebral capillaries. The impulse to investigate the
origin of CSF production derives from the fact that the total surface of cerebral
capillaries is approximately 5000 times larger than the surface of choroid plexuses
of intracerebral ventricles [20], and therefore, cerebral capillaries may have a higher
impact on CSF production than choroid plexuses alone. The mechanism of CSF
production via the capillary system is believed to be dependent on the physiological
involvement of intracranial hydrostatic pressure and metabolic pathways through the
pia mater, ependymal tissue, and the interchange of intercellular elements inside the
brain parenchyma [114, 116, 117].

Recently, the so-called “third model” [95] of CSF production was introduced
by combining both the abovementioned theories about CSF secretion into a single
mathematical model [118]. The authors investigated the role of Starling forces on
water transport in the brain and propose that the model enables prediction of the
effects of extracellular osmolarity, CSF, and blood on the intracranial motion of
water, and thus may clarify a relationship between osmolarity itself and pathological
states related to its impairment, including hydrocephalus or brain oedema.

6.3 Circulation and Dynamics

There are two major concepts explaining CSF circulation: (1) bulk flow and (2)
pulsatile flow [5]. In the bulk flowmodel, hydrostatic forces cause a pressure gradient
between the choroid plexuses inside the ventricular system (as the production site
with higher pressure) and arachnoid granulations (as the absorption site with lower
pressure), considering that the CSF flow is unidirectional (Fig. 8). This concept
implies that the CSF flows from the lateral ventricles to the third ventricle via the
foramen of Monro and subsequently to the fourth ventricle through the Sylvian
aqueduct, where it enters the ventricular system to the central canal of the spinal
cord or subarachnoid space via foramina of Luschka andMagendie. However, further
investigations of CSF circulation, primarily by phase-contrast MRI, have doubted
the bulk flow model, since CSF dynamics seems to be more complex and dependent
on additional factors, including arterial pulsatile flow, jugular venous pressure, and
respiratorywaves. Therefore, the values ofCSFpressuremay also vary.Under normal
circumstances,CSFpressure is around10–15mmHg inhealthy adults and3–4mmHg
in infants [2]. According to many recent suggestions [11, 117, 119], CSF circulation
should be considered to be a combination of the bulk as well as the pulsatile flow,
to-and-fro movement, and fluid exchange between the BBB and ISF.
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Fig. 8 Illustration of the CSF bulk flow model. Red arrows show the direction of CSF flow,
according to the bulk model only unidirectional

6.4 The Glymphatic System

It has been recently hypothesised [120] that the perivascular spaces, also known as
Virchow-Robin spaces, comprise a complex system of fluid interchange and waste
clearance inside the brain comparable to the lymphatic pathways in other organ
systems. Virchow-Robin spaces, formed from penetrating arterioles and ensheathed
by a leptomeningeal cellular membrane and externally with glia limitans, are filled
with CSF [95, 121]. The term “glymphatic system”, referring to the combination of
glial and lymphatic compartments involved in its functioning, was coined in 2012
by Iliff et al. [122] when they used in vivo two-photon microscopy in mice. They
compared the functions of the perivascular space to a “conduit” of CSF drainage
along the meninges, cranial nerves and vessels directed to the lymphatic system, and
further subdivided the glymphatic pathway into four stages. In the first stage, CSF is
transported from the basal cisterns into the cortical subarachnoid spaces, and from
here it is directed into periarterial spaces in accordance with the bulk flow concept.
In the second stage, CSF runs into the ISF via AQP4 channels found on astrocytic
endfeet regions [5, 102, 103, 123, 124]. This process is critical since the mixture of
CSF and ISF further enables waste solute removal [125]. The third and fourth stages
include the fluid dispersion and subsequent transport of CSF and ISF directly into
the perivenous spaces of the larger cerebral veins, eventually reaching the circulatory
system (Fig. 9) [122, 125, 126].
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Fig. 9 Schematic diagram of glymphatic system functioning

In the CNS, the majority of the water volume is spread within intracellular space,
whilst only approximately 32–40% falls into extracellular areas [95]. The latter
comprises ISF, which surrounds the parenchymal cells, CSF, and blood vasculature
(Fig. 10).Recent research dedicated to intracranial fluidmovement has beenproposed
that the perivascular drainage of ISF occurs throughout the brain (Fig. 11) [119–121]
rather than being limited to specific cerebral structures. Additionally, many studies
have investigated the role of the glymphatic system in neurodegenerative disorders,
particularly Alzheimer’s disease, when considering the abnormal and altered accu-
mulation of metabolites with subsequently increased toxicity, such as amyloid-beta
or tau proteins [115, 127, 128]. It has been proposed that the glymphatic system plays
a crucial role as an important clearance mechanism in removing neurodegeneration-
related proteins. Its impairment may, therefore, enhance the progression of protein
accumulationwithin the brain [129–132]. Dysfunction of or alterations in glymphatic
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Fig. 10 The glymphatic pathway

pathways are mainly caused by abnormal AQP4 functioning or its reduced expres-
sion. Some studies suggest that deficiency of AQP4 may affect the regeneration of
neurons after CNS traumatic injuries or, as mentioned above, the neurodegeneration
itself [130, 133–135].

Interestingly, although the energy metabolism within the brain decreases approx-
imately by 25% during sleep [136], recent findings [137] suggest that the glym-
phatic function is dramatically enhanced during sleep. Such results would imply that
clearance of metabolic waste is primarily accomplished during sleep [95, 138, 139].
Although there is still a lack of studies dedicated to the topic, sufficient sleep duration
seems to be of greater importance than previously believed and may be associated
with long-term positive effects of glymphatic pathway functioning.

Despite an enormous amount of research dedicated to the concept of the glym-
phatic system, there is an existing controversy surrounding our understanding of it.
The initial hypothesis of the glymphatic system is built on the idea of bulk flow being
the main driving force of the fluid movement within the brain, i.e. the transfer of the
CSF to ISF in the parenchyma. However, as we described earlier, bulk flow does
not completely explain CSF movement since the CSF flow is much more complex
and the explanation of its causes by unidirectional flow is inadequate [140]. Diffu-
sion, rather than the bulk flow, is the decisive factor involved in the transportation of
substances within the ISF. Interestingly, a recent study [141] questioned the extent
of AQP4 involvement in the glymphatic pathway, based on mathematical modelling
applyingNavier-Stokes and convection-diffusion equations. The authors showed that
the resistance against permeation of H2Omolecules via astrocytic endfeet is higher in
comparison to the surrounding spaces between the individual endfeet and therefore,
the movement of the extracellular fluid is not very likely supported by AQP4 water
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Fig. 11 The depiction of Virchow-Robin spaces in the neurovascular unit

permeability. Above all, although these studies have encouraging findings, there is
still a need for larger and prospective studies in order to elucidate our concept of
glymphatic functioning in more detail.

6.5 Absorption

Since Pacchioni in the eighteenth century described the “extrusions of the cranial
membrane”, nownamed arachnoid granulations, a lot of research has revealed contra-
dictory findings about their role in CSF absorption processes. For a long time it was
believed, in accordance with the aforementioned Dandy’s surgical experiments [106,
107, 142] and Cushing’s examinations [143], that CSF absorption is not primarily
performed in the brain. It also should be noted that arachnoid granulations should not
be interchangeably called arachnoid villi—villi are described as microscopic tissues,
whereas granulations are recognisable by a naked eye [92, 144]. During the twen-
tieth century, many researchers [145, 146] defined arachnoid villi and granulations
as the primary CSF absorption sites. Further research, however, contradicts this. In
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1974, Tripathi et al. [147, 148] described the existence of tight junctions inside the
epithelial layers of arachnoid villi, and simultaneously proposed that there are no
other openings that may serve as CSF absorption pathways. Later on, the structure
of the villi was described more in detail—they are composed of four layers: a central
core, cap cell, cell layer of arachnoid membrane, and a fibrous capsule [149, 150].
Instead of epithelium, which may or may not be present, arachnoid cells ensheath
the villi, both in their internal and external membranes (Fig. 12).

According to the newest research in this field, the arachnoid villi themselves have
only a minor role in CSF clearance, primarily in the case of increased ICP [151,
152]. Therefore, there must be different mechanisms involved in CSF absorption.
CSF may be partiality absorbed via cranial and spinal nerve sheaths (primarily the
optical, trigeminal, facial, auditory nerves, or lumbar spinal nerves [20]) ependymal
tissue, extracellular fluid according to the pressure gradients, and directly to the ISF
via perivascular spaces, which we already described above [14, 20, 117, 152, 153].
Based on historical and current research on additional CSF absorption sites, it is well
established that the CSF drainage is impaired if the CSF pathways leading to the
lymphatic system are obstructed [152]. Interestingly, the absorption of CSF may be
additionally accomplishedwithin the ventricular cavities through the transependymal
exchange, finally resulting in full CSF absorption in the periventricular capillaries
[8, 116].

Fig. 12 The arachnoid villi and their function in CSF absorption mechanism
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7 Conclusion

The classical model of CSF dynamics seems to be based on misinterpretations over
time, without explicitly relevant evidence to support its statements. Recently intro-
duced “new” models are becoming more widely accepted, with reproducible results.
It is currently unclear how much and where the CSF is produced, but it is certain
that the choroid plexuses are not a single CSF secretion origin. Nevertheless, they
undeniably play a role in CSF formation together with the glymphatic system and the
formation of CSF from cerebral capillaries. Rather than being unidirectional, CSF
circulation seems to be a combination of many mechanisms dependent not only on
the balance and regulation of CSF production and absorption, but also on overall
physiological and pathophysiological changes in the human body. Recent findings
devoted to the functional role of aquaporins, and other water transport channels imply
an underestimated importance of water exchange in the understanding of CSF phys-
iology since a lot of research so far has only considered only classical CSF flow
concepts.

8 Key Points

• CSF secretion is not limited exclusively to choroid plexuses, and the arachnoid
villi are not the only sites of CSF absorption.

• The production of CSF is most likely accomplished at various cerebral regions
via several pathways. Attention should be paid to hypotheses of CSF production
that correspond to hydrostatic and osmotic gradients along the cerebral capillaries
and recent findings should be implemented for future research.

• CSF circulation should be considered to be a combination of both uni- and bidirec-
tional flow concepts, to-and-fromovement, and fluid exchangemechanisms rather
than taken unequivocally according to the classical, unfortunately misleading,
bulk flow model.

• The glymphatic system plays a vital role in CSF metabolism and its detailed
mechanism pathways should be elucidated more clearly in both physiological
and pathophysiological conditions.

• The ISF and CSF are closely linked to maintaining homeostasis and providing
the waste clearance mechanisms within the CNS.

• The role of arachnoid villi in CSF absorption has been overestimated. CSF is
primarily absorbed via unique pathways into the lymphatic circulation, ependyma,
and extracellular fluid.

Funding This chapter was supported by theMinistry of Health of the Czech Republic institutional
grant no. NU23-04-00551.
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Pathophysiology of NPH

Adéla Bubeníková, Petr Skalický, and Ondřej Bradáč

Abstract Over the past decades, there have been various hypotheses and theories
discussing the aetiology of Normal Pressure Hydrocephalus (NPH). This reversible
form of dementia, as an entity characterised by the famous clinical triad of symp-
toms: gait impairment, urinary incontinence, and cognitive deficit, represents a
complex vicious cycle of pathophysiological mechanisms simultaneously involving
each other, rather than being a consequence of one well-defined cause. Despite
a lot of effort to fully understand the pathogenesis of the disease, a clear cause
and exact pathophysiological pathways remain unclear. Pathophysiological factors
including the impairment of glymphatic system, reduced arterial pulsatility, asso-
ciated metabolic and osmotic disbalances, astrogliosis, or neuroinflammation are
known to contribute to the disease’s pathogenesis, and lead to NPH manifesta-
tion. In this chapter, we summarise both historical and current conceptions of NPH
pathophysiology, in relation to typical clinical and radiological findings.
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Department of Neurosurgery and Neuro-Oncology, 1st Medical Faculty, Charles University and
Military University Hospital, Prague, Czech Republic

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
O. Bradac (ed.), Normal Pressure Hydrocephalus,
https://doi.org/10.1007/978-3-031-36522-5_6

81

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-36522-5_6&domain=pdf
mailto:ondrej.bradac2@fnmotol.cz
https://doi.org/10.1007/978-3-031-36522-5_6


82 A. Bubeníková et al.

CNS Central nervous system
CSAS Cortical subarachnoid spaces
CSF Cerebrospinal fluid
DTI-ALPS Diffusion tensor image analysis along the perivascular space
ICP Intracranial pressure
iNPH Idiopathic normal pressure hydrocephalus
LIAS Late-onset idiopathic aqueductal stenosis
MRI Magnetic resonance imaging
NPH Normal pressure hydrocephalus
OR Odds ratio
OSA Obstructive sleep apnoea
PCD Primary cilia dyskinesia
sNPH Secondary normal pressure hydrocephalus

1 Introduction

One of the potentially reversible neuropsychiatric conditions, normal pressure hydro-
cephalus (NPH), is a specific entity of adult-onset hydrocephalus [1, 2]. Below, the
attention is paid to two major subgroups of NPH. In the case of the first, known
as idiopathic NPH (iNPH), the exact causes of the disease onset are previously not
known, but occur primarily in the elderly [3–5]. On the contrary, secondary NPH
(sNPH) may be experienced at any age since it is a result of initial pathological
factors, such as subarachnoid or intracerebral haemorrhage, stroke, tumour, or infec-
tion [6, 7]. These groups need to be differentiated in order to deliver the best treatment
outcome and future prognosis for each patient.

In the last few decades, the widely discussed issue about NPH has been the
absence of disease-specific diagnostic measures, mainly due to the range of concur-
rent neurodegeneration-related comorbidities, leading to a serious problem of under-
diagnoses [3, 8–10]. NPH is characterised by a clinical triad of cognitive deficit, gait
impairment, urinary incontinence [11], and features of ventriculomegaly without the
increase of Intracranial Pressure (ICP). The complete triad, however, may not be
seen in all patients with NPH. The cornerstones of NPH pathogenesis are primarily
set upon the alterations of Cerebrospinal Fluid (CSF) dynamics, and additionally on
possible vascular, neuropathological changes, and neuroinflammatory factors [12–
14]. In recent years, the impairment of the glymphatic system has been observed
as another potential link between the abnormal CSF hydrodynamics and neurode-
generation, further reflecting typical NPHmanifestation [15–17]. A few investigated
genetic predispositions are believed to be involved in disease development as well
[18].

The pathophysiology of NPH, rather than taken as a single and simple mechanism
of the disease development, is a complex entity of many pathological states contem-
porary dependent and involving each other. In this chapter, we aim to summarise the
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historical and modern understandings of NPH pathophysiology that are fundamental
for adequate treatment and prospective research.

2 Historical Understanding of NPH Pathophysiology

The cornerstones of NPH pathophysiology are based on famous research by Hakim
and Adams from 1965 [11]. Later on, their findings were expanded and replenished
by new concepts of CSF physiology and the pathogenesis of hydrocephalus [19,
20]. Although the exact determinants and mechanisms of NPH pathogenesis have
been continuously investigated in several studies [14, 21, 22] (Table 1), up-to-date
knowledge in the field remains incomplete. Hoff and Barber [23] studied features of
posttraumatic NPH in elderly patients in 1974, proposing that the pressure gradient
across the cerebral mantle may influence the ventricular expansion in NPH. Twenty
years later, Raimondi [24] fundamentally contributed to understanding the associ-
ation between ICP and CSF pulsatility which we introduce more in detail below.
The previous theories introduced by Hoff and his colleagues had to be questioned,
particularly because of their contradictory results in relation to Pascal’s hydrody-
namic law. The vascular factors and disturbed hemodynamics in patients with idio-
pathic intracranial hypertension were investigated by Bateman in 2004 [25]. Due to
advances in utilising concepts of CSF hydrodynamics, several reports [14, 21, 22, 26,
27] subsequently improved the pathophysiological descriptions of the disease since
alterations of CSF behaviour present one of the most discussed factors involving
the NPH manifestation. In a recent hemodynamic theory, increased intracerebral
blood volume is believed to be associated with increased ICP in obstructive hydro-
cephalus, particularly due to hemodynamic factors involving venous stenoses or
elevated intracranial venous pressure. These findings were similarly investigated in
iNPH since the compression of cortical veins and reduced cerebral blood flow are
typically observed in iNPH patients. Before utilising the knowledge about the glym-
phatic system, a renewed concept [28] of iNPH pathophysiological mechanisms was
disclosed. This theory summarised and reviewed up-to-date information together
with the individual clinical data from iNPH patients. The authors compared iNPH
to a vicious cycle of pathophysiological mechanisms simultaneously involving each
other. Despite all effort that has been made to stop the pathophysiological cycle, so
far it has been only possible to regulate or slow down the disease progression. In
recent years, the concept of glymphatic system involvement in NPH development
has been studied in more detail, although these investigations are primarily limited
to animal models. With the advances in available technical equipment, it has been
possible to analyse waste clearance mechanisms in NPH patients non-invasively,
therefore enabling the study of metabolic alterations and osmotic disbalances which
result in the typical pathophysiological features ofNPHand its clinicalmanifestation.
The summary of several pathophysiological determinants of disease progression is
presented in Fig. 1, where we present a new diagram and pathophysiological theory
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through expansion of the Comprehensive theory from 2017 [28] with up-to-date
findings.

Table 1 Review of historical theories about iNPH pathophysiology and renewed concepts of CSF
hydrodynamics related to the disease manifestation

Year Authors Title

1965 Hakim and
Adams

Hakim–Adams Theory [11]

1974 Hoff and Barber Transcerebral mantle pressure gradient [23]

1993 Greitz Restricted arterial pulsation hydrocephalus [19]

1994 Raimondi A unifying theory for definition and classification of hydrocephalus
[24]

2004 Bateman Hemodynamic theory of venous congestion [25]

2006 Oi and Di Rocco Evolution theory in cerebrospinal fluid dynamics and minor
pathway hydrocephalus [26]

2008 Rekate Importance of cortical subarachnoid space in understanding
hydrocephalus [21]

2012 Iliff et al. A paravascular pathway facilitates CSF flow through the brain
parenchyma and the clearance of interstitial solutes, including
amyloid β [29]

2013 Preuss Pulsatile vector theory [14]

2013 Chikly and
Quaghebeur

Reassessing CSF hydrodynamics and novel hypothesis [30]

2013 Xie et al. Sleep drives metabolite clearance from the adult brain [31]

2014 Krishnamurthy
and Li

Osmotic gradient theory [22]

2016 Matsumae et al. Intimate exchange between cerebrospinal fluid and interstitial fluid
[27]

2017 Ammar et al. The comprehensive idiopathic normal-pressure hydrocephalus
theory (CiNPHT) [28]

2018 Eide and
Hansson

Astrogliosis and impaired aquaporin-4 and dystrophin systems in
idiopathic normal pressure hydrocephalus [32]

2018 Ringstad et al. Brain-wide glymphatic enhancement and clearance in humans
assessed with MRI [33]

2019 Román et al. Sleep-disordered breathing and idiopathic normal-pressure
hydrocephalus: recent pathophysiological advances [34]

2019 Eide and
Ringstad

Delayed clearance of cerebrospinal fluid tracer from entorhinal
cortex in idiopathic normal pressure hydrocephalus: a glymphatic
magnetic resonance imaging study [35]

2020 Eide and
Hansson

Blood-brain barrier leakage of blood proteins in idiopathic normal
pressure hydrocephalus [36]
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Fig. 1 Brief summary ofNPHpathophysiology according to theComprehensive IdiopathicNormal
PressureHydrocephalusTheory introduced (CiNPHT)byAmmar et al. in 2017 [23] expandedbyup-
to-date findings of the glymphatic system, metabolic changes, and neuroinflammatory involvement

3 Alteration of CSF Dynamics and Vascular Factors

According toAdam andHakim’smodel of NPHpathophysiology [11], the expansion
of intracerebral ventricles is initially caused by the pressure on the surrounding brain
parenchyma. The subsequent ventriculomegaly is considered to be a compensation
mechanism responsible for the return of ICP to its normal values. The abnormal
CSF dynamics are a factor that primarily contribute to such a state [13, 14]. Hakim
explained themechanismof normal pressuremaintenancewithin the ventricular cavi-
ties according to the well-known Pascal’s law of fluid mechanics. Pascal’s equation
says that the pressure is equal to the force divided by the area on which it acts and is
the same in all directions at a specific point in a fluid at rest. In the case of NPH, we
measure the pressure inside the ventricles filled with CSF. At first, both pressure and
forces pushing on the ventricular walls are increasing. When the pressure inside the
ventricles reaches its maximal value, it decreases to a balanced, stabilised level, but
the forces continue to rise with the growing expansion of ventricular cavities [37].
The universal concept of hydrocephalus pathophysiology was studied by Bering and
Pappenheimer [38–40], who investigated the impaired CSF motion within the brain
in animal models. At this time, i.e., during the sixties of the twentieth century, the
classical hypothesis of unidirectional flow was doubted together with the concept of
CSF secretion through the filtration of blood plasma via choroid plexuses. Nowadays,



86 A. Bubeníková et al.

CSF flow is considered to be a combination of bulk and pulsatile flow, accompanied
by to-and-fro movement and additional fluid exchange mechanisms [19, 41] which
have been described in the previous chapter in more detail. These factors play a vital
role in understanding the concepts of NPH pathophysiology.

In the case of sNPH, the abnormal CSF dynamics results from the adhesions of
the subarachnoid space or arachnoid granulations, as the accumulation of proteins
and cellular compartments from intracranial tumours, haemorrhagic processes or
infections may cause an abnormally increased viscosity of CSF [6, 42]. Such a state
is typically associated with impaired absorption mechanisms of CSF, and therefore
leads to ventricular dilatation. It has been observed in cases of some tumours, e.g.,
acoustic neuromas [42], that the CSF protein concentrations are, in the vast majority
of patients, increased [43]. The hydrocephalus itself may be managed surgically in
both sNPH and iNPH. However, the outcomes of surgical treatment are generally
better in the case of sNPH. This may be partly attributed to the duration of preclinical
development of the disease, as the manifestation of sNPH tends to be much shorter
compared to iNPH [44].

However, the CSF dynamics in iNPH differ from those in sNPH, since sNPH has
different primary causes of hydrocephalus onset. Due to the ageing process, associ-
ated neurodegeneration and initially increased CSF pressure, the compliance of the
intracranial parenchyma decreases. This subsequently causes the restriction of CSF
flow into the convexity and subarachnoid spaces, resulting in ventricular dilatation
[45] (Fig. 1). Since the production of CSF is not disturbed, the secretion exceeds
the capacity for absorption, which is reduced due to alterations in brain compli-
ance and CSF dynamics [5, 46, 47]. In a recent meta-analysis [48], the resistance to
CSF outflow, Rout, was shown to be a useful parameter for predicting shunt respon-
siveness. A value of 12 mmHg/ml/min was defined as a suitable predictor of shunt
responsiveness in iNPH patients. It has been proposed in a randomised study [49]
that this value was found in 83% of iNPH cases. Interestingly, the impaired CSF
drainage in iNPH might be associated with the elevation of venous pressure caused
by the stenosis of cerebral venous sinuses [50], and reduced flow velocity of the
superior sagittal sinus [51]. Benabid et al. [52] reported that an increase in sagittal
sinus pressure by 3–4mmHgmight correlate with the termination of the CSF outflow
through arachnoid granulations (Fig. 2).

Due to the dilatation of intracerebral ventricles, which is typically associated with
ischemic processes and the increase of interstitial fluid, the compliance of periven-
tricular parenchyma is reduced (Fig. 3). This is a state known as “stiff ventricles”
[28]. The ventricular tension leads to compression and occlusion of small arteries,
subsequently causing ischemia. The surrounding tissue loses its integrity, the compli-
ance of the brain parenchyma is reduced, and the pulse wave transmission decreases.
These processes result in what is called transependymal transition (also known as
transependymal oedema or periventricular lucency) which is a state that typifies the
accumulation of interstitial fluid along the periventricular tissue (Fig. 4) [56]. This
might result in the disease progression, considering the osmotic imbalance in the
periventricular white matter and analogous intracellular alterations [47, 57, 58]. The
periventricular CSF is very likely to be absorbed, via two possible mechanisms:
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Fig. 2 The compliance (C) is the ability of cerebral parenchyma to adapt to external processes
influencing the intracranial environment. It is defined through the formula: C = �V

�P or C = dV
dP ,

where V stands for the volume and P for pressure. The first graph (A) shows an exponential increase
of CSF pressure when the three intracranial compartments (i.e., CSF, brain parenchyma, and blood
according to theMonro-Kellie doctrine [53]) reach theirmaximal levels. In the second graph (B), the
same measures are depicted on a semilog scale which is a linear function of constant values derived
from the slope of the line. Such distribution may be considered as the extra fluid compartment
needed for the increase of CSF pressure ten-fold [54, 55]
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(1) through the perivascular spaces along with the upstream blood flow of cerebral
arteries or (2) directly into the capillaries [59]. The hyperdynamic behaviour of CSF
in iNPH influences the elevation of CSF pulsatility, whilst the arterial pulsatility is
decreased. This might be, above all, explained according to the Windkessel mecha-
nism [13, 60] which proposes that the central arteries, primarily the aorta, serve as a
reservoir of ejected blood from the heart during the systole. Subsequently, diastole
is responsible for the motion of the ejected blood to the peripheries (Fig. 5). Due
to the physiological changes during ageing, arteries become less compliant and as
a consequence, the arterial pulsatility is reduced. This further causes the elevation
of the pulsatile flow within the Sylvian aqueduct since it compensates for decreased
arterial pulsatility [47, 61, 62]. These findings further indicate the involvement of
changes in blood vessel elasticity and subsequent alteration in the transmission of
pulsewaves, associatedwith changes in arterial pressure during the cardiac cycle [62,
63]. Of note are recent findings dedicated to investigations of CSF circulation and
hydrodynamics in phase-contrast MRI and their 3D reconstructions [64, 65]. Since
NPH is technically limited to the ventricular system, spinal subarachnoid spaces,
primarily at the site of the foramen magnum, form a compensatory mechanism for
stabilisation of CSF hyperdynamic behaviour.

The alterations of ICP pulse waves were investigated by Eide and Stanisic in 2010
[66]. According to their findings derived from the monitoring of 40 definite iNPH
patients, the amplitude of ICP pulse wave was a determinant of shunt-responsive or
shunt-non-responsive samples. Their study outlines the association between the ICP,
CSF pressure, and the compliance of intracerebral parenchyma since any alterations

Fig. 3 The well-known pressure-volume curve for the ICP, divided into four stages that relate to
the extent of compensatory reserves and analogous behaviour of brain compliance
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Fig. 4 Ventriculomegaly and transependymal transition shown on MRI T2-WI

Fig. 5 Windkessel mechanism explained more in detail. This mechanism is generally important
for damping the fluctuation in blood pressure over the cardiac cycle and it enables to maintain organ
perfusion during ventricular diastole. However, this mechanism continually diminishes with age. In
the elderly, the previously elastic arteries are less compliant due to elastin loss and fragmentation.
A reduced Windkessel effect results in elevated pulse pressure that may subsequently involve the
onset of hypertension or other diseases of the cardiovascular system. In the case of iNPH, the
reduced arterial pulsatility causes elevation of the CSF pulsatile flow and thus has an impact on the
progression of hydrocephalus and ventriculomegaly
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of the mentioned variables reflect neurophysiological changes and development of
cognitive deficits [44, 54, 55]. The ICPpulsewaves in iNPHandLate-onset Idiopathic
Aqueductal Stenosis (LIAS) were investigated in a recent study [67]. Higher ICP
values were measured in LIAS when compared to iNPH subjects, whilst the ratio of
the heartbeat related pulse wave amplitude (calculated in the frequency domain and
the time domain) was higher in iNPH patients. These findings verify the hypothesis
that high ICP pulse waves amplitudes have a role in the pathophysiology of the
disease.

4 Glymphatic System Impairment

Water exchange mechanisms within the CNS have been widely discussed in accor-
dance with a recently described concept of the so-called glymphatic system [17, 68].
This system serves as a complex of waste clearance formed by astrocytes, perivas-
cular spaces, and lymphatic compartments. The CSF drainage is directed along
the meninges, cranial nerves, and vessels through the perivascular (also known as
Virchow-Robin) spaces, into the lymphatics to be absorbed [29, 69]. CSF enters the
CNS at the level of subarachnoid spaces in the convexity, moving into the interstitial
fluid via aquaporin 4 (AQP4) channels. AQP4s are transmembrane proteins primarily
found at the astrocytic perivascular endfeet [70]. They are also on the glia limitans
interna and glia limitans externa [71, 72]. These proteins are important for the water
exchange processes and facilitate a number of processes includingwater homeostasis
within the brain parenchyma [73, 74], fluid secretion, and cell migration [71]. More-
over, AQP4 proteins play a critical role in various pathological conditions, including
cerebral oedema, traumatic brain injury,mesial temporal lobe epilepsy, neuromyelitis
optica, and hydrocephalus [75–79]. The way in which AQP4 is impaired depends on
the specific type of hydrocephalus. In certain types it might be the reason for reduced
drainage and in others the cause of elevated CSF production [71]. In the case of NPH,
the accumulation of CSF within the ventricular cavities most likely leads to AQP4
impairment in astrocytic cellular membranes. AQP4 undergoes progressive depo-
larisation in accordance with ageing and therefore exacerbates the unusual flow of
perivascular fluid in elderly patients with iNPH [29, 80–82]. Unfortunately, the exact
mechanism of this process is not fully understood [71]. The impaired function of the
glymphatic system is additionally influenced by reduced arterial pulsatility, changes
in the vascular resistance in cerebral arteries, and respiration waves [83]. Due to
ageing, the cerebral microvasculature mechanically remodels in accordance with
atherosclerosis, calcifications, and arterial stiffening [84, 85]. Many recent studies
have confirmed the link between restricted arterial pulsations and reduced glym-
phatic functioning and have considered its consequences in terms of impaired CSF
pulsatility and disturbed cerebral perfusion [70, 83, 86, 87].

The pioneers of investigating the glymphatic system in iNPH were Ringstad et al.
in 2018 [33] and Eide et al. in 2019 [35]. Their findings suggested reduced efficiency
of glymphatic functioning when compared to controls. Eide et al. [35] observed
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delayed removal of CSF tracer gadobutrol along the glymphatic drainage pathways
into the lymphatics, using contrast-enhancedMRI. In recent years, the functioning of
waste clearance via glymphatic systemwas studied by non-invasive imaging, namely
diffusion tensor image analysis along with the perivascular space (DTI-ALPS) anal-
yses [88–90], where the motion of H2Omolecules within the cerebral white matter is
depicted under DTI. It has been verified that DTI-ALPS analyses serve as an effec-
tive diagnostic approach to demonstrate impaired glymphatic functioning instead
of using invasive tests [91]. Furthermore, the loss of AQP4 has been confirmed in
iNPH patients when compared to a control group of subjects experiencing epilepsy,
subarachnoid haemorrhage, or brain carcinogenesis [80]. The reduced AQP4 expres-
sion in NPH is most likely additionally associated with dysfunction of blood–brain
barrier permeability and neuroinflammatory changes [80]. Accordingly, the distur-
bance of CSF clearance is associated with the accumulation of amyloid beta and
analogous neurotoxic substances whichmay be involved in neuroinflammatory path-
ways and the processes of astrogliosis, and thus influences CSF perfusion within the
brain [92, 93] (Fig. 6).

Recent findings suggest that glymphatic functioning is in physiological conditions
dramatically enhanced during sleep [31]. Therefore, metabolic waste clearance via
the glymphatic systemmight be disturbed in NPH, andmoreover might be associated
with sleep abnormalities to some extent [15, 94, 95]. This might be also an age-
related process since the glymphatic decline is probably associated with deep sleep
deficiency and non-rapid eye movement in the elderly [87, 96, 97]. It should be noted
that iNPH may be closely linked to obstructive sleep apnoea, being present in over
90.3% of iNPH patients [34]. The inspiratory motions against tongue-blocked air
influx typically contribute to intracranial venous hypertension in iNPH, considering
increased intrathoracic negative pressure and decreased return of venous blood to
the brain [34]. However, the vast majority of research investigating the physiological
role of the glymphatic system in terms of CSF clearance mechanisms have been
devoted to animal models [98–100] and further research in humans is needed in
order to elucidate the role of the glymphatic system in NPH and its involvement
in disease progression. Of note is that AQP channels may serve as potential drug
therapy targets to control the fluid exchange in hydrocephalus, but as of yet there has
been no practical research to verify such statements [71].

5 Neuropathological Changes

The compression of the brain parenchymadue to ventricle dilation subsequently leads
to pathophysiological changes in the periventricular space and subcortical damage.
The mechanical stress on the periventricular white matter causes damage of white
matter axons, resulting in altered intraneuronal biochemical processes, hypoxia,
and ischemia [28]. Moreover, due to the reduced CSF drainage, ventriculomegaly,
and reduced cerebral compliance, the cerebral blood flow decreases (Fig. 7) which
might result in the progression of disease symptomatology considering the reduced
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Fig. 6 The comparison of the glymphatic system functioning in healthy individuals (A) and in
iNPH (B)

metabolic intercellular communication. For example, decreased cerebral blood flow
through the frontal lobe correlates with the severity of urinary incontinence and the
reduced flow via basal ganglia was found to influence the gait disturbance. Impaired
glymphatic function in accordance with the abovementioned pathophysiological
mechanisms contributes to disease progression. The pressure and compression on
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the periventricular corticospinal tract leads to stretching of sacral nerve fibres and
loss of supraspinal control. This results in loss of voluntary bladder contractions and
urinary incontinence. Similarly, when themotor fibres are compressed, themetabolic
changes in the intra-axonal environment contribute to the progression of neurolog-
ical deficits, characteristically gait apraxia [101–103]. It has been recently proposed
[104] that the motor dysfunction may not be only due to the corticospinal tract
compression, but also due to the disturbance of locomotion. Due to the subcortical
damage and associated axonal loss, research has been trying to identify biomarkers
typical for such a state. However, recent findings reveal contradictory results and
there are no disease-specific markers of subcortical damage used for identification
of NPH or for any diagnostic purposes [105]. This happens due to the high concur-
rence of neurodegenerative comorbidities, which are also characterised by increased
concentrations of these biomarkers [5, 106–109].

In 2018, Yin et al. [110] investigated alterations in the grey matter using recon-
structions of structural networks between regional grey matter volumes under the
screening of 3DT1-WIMRI. 29 possible iNPH patients were compared to 30 healthy
controls. The authors found that the global networkmodularitywas larger in the iNPH
(p<0.05) and thehubsof the iNPHnetworkwereprimarily localisedwithin the limbic
lobe and temporal regions, whilst the hubs of healthy controls were primarily limited
to the frontal lobe. It is possible that the connections of the structural networks are
reduced due to disease progression and its typical manifestation [111].

5.1 Metabolic Changes and Neuroinflammation

In accordance with hypoxia, ischemia, and hypoperfusion, the energy metabolism of
neurons is disturbed, leading to abnormal metabolic pathways and triggering inflam-
matory involvement [112–114]. For example, one study found high rates of accumu-
lated lactate within ventricular cavities in iNPH due to the reduced cerebral blood
flow [114], but further MRI investigations did not verify such findings [115]. Inter-
estingly, older individuals commonly experience vitamin D deficiency, which might
correlate with clinical manifestation and radiological features similar to iNPH [116].
Considering the abnormal CSF hydrodynamics and associated vascular and inflam-
matory factors, dysfunctionof theBlood-BrainBarrier (BBB)has been found inmany
disorders after CNS injury [13]. When compared to healthy controls, iNPH patients
typically manifest with increased BBB leakage, associated with fibrinogen extrava-
sation or astrogliosis [36, 117]. It has been verified in several studies [118–120] that
the concentrations of pro- and anti-inflammatory biomarkers are increased in patients
with iNPH but distinguishing from other neurodegenerative comorbidities is a chal-
lenge since the neuroinflammation is often present in neurodegenerative diseases,
typically contributing to disease progression. Particularly interleukin 1 (IL-1),
tumour necrosis factor-alpha (TNF-α), IL-β1, IL-6, IL-10, TGF-β1 are the most
discussed inflammatory biomarkers in the literature. Their CSF concentrations might
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Fig. 7 Hemodynamics and
reduced cerebral blood flow
(A) in healthy controls,
compared to (B) iNPH

be increased, but so far results are heterogeneous and their role in iNPH pathogenesis
is unclear [121–123].

Recent studies are paying attention to astrogliosis processes in iNPH. Astrogliosis
is defined as a defence mechanism of reactive astrocytes which are involved in
epairmen pathways responding to CNS damage [124]. Primarily, Glial Fibrillary
Acidic Protein (GFAP) is a typical biomarker of reactive astrocytes found in iNPH
affected brains [32]. Statistical results depicting the differences between iNPH and
healthy controls inGFAPconcentrations correlatedwithworseCSFdynamic changes
in terms of decreased compliance of brain parenchyma or parenchymal stiffness
[32, 125].
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6 Genetic Aspects

In the vast majority of cases, NPH occurs sporadically, however, recent studies [126–
128] have described the existence of familial patterns related to the disease onset.
The first description of inheritable NPH is dated to 1984 when Portenoy et al. [129]
found two siblings diagnosed with NPH—a 74-year-old female and her 67-year-
old brother, both manifesting with the complete triad of NPH. Further on, another
report published in 2011 [130] showed a potential genetic aspect to NPH in two
sisters, a 72- and 73-year-old. These findings were subsequently expanded by a study
from Takahashi et al. [131] where the familial pattern of the disease was inherited
in an autosomal-dominant fashion. This was described in four patients from three
family generations (another four patients were diagnosed only with suspected NPH).
In 2016 [132], genetic risk for shunt-responsive and definite iNPH was examined
by investigating a copy number loss in intron 2 of the SFMBT1 gene. This study
proposed that 26% of shunt-responsive and definite iNPH patients had intronic copy
number loss in the SFMBT1 gene, whilst the same genetic abnormality was found in
4.2% of healthy elderly individuals (odds ratio (OR)= 7.94, 95% confidence interval
(CI)= 2.82−23.79, p= 1.8× 10–5) and in 6.3% of patients with Parkinson’s disease
(OR = 5.18, 95% CI = 1.1−50.8, p = 0.038). A study genotyping Norwegian and
Finnish patients experiencing iNPH had similar results [18]. The copy number loss in
intron 2 of SFMBT1 gene was found in 21% of Norwegian (OR = 4.7, p < 0.0001)
and 10% of Finnish (OR = 1.9, p = 0.0078) iNPH patients, compared to 5.4%
controls who also presented with his genetic change.

More recently, Morimoto et al. [128] performed whole-exome sequencing on a
Japanese family with several members diagnosed with iNPH in 2019. The authors
identified a missense mutation in the gene encoding the cilia- and flagella-associated
protein 43 (CFAP43) which is responsible for male infertility and several abnormal
morphological variations of sperm flagella, resulting in unusual functions [133, 134].
It has been suggested that the ciliary dysfunction may affect various tissues besides
the testes, including the ependymal cells within choroid plexuses [128]. In a study by
Yang et al. published in 2021 [135], 53 unrelated iNPH patients underwent whole-
exome sequencing. In 15% of the participants, two types of heterozygous deletions
in the CWH43 gene were identified with 6.6-fold and 2.7-fold enrichment when
compared to the average population sample. Despite all the research which has been
disclosed, more evidence and investigations are needed for clearer elucidation of
genetic patterns in NPH pathogenesis. Further information about the genetic factors
of the disease will be described in a separate chapter in this book.
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7 Conclusion

The pathophysiology of NPH is a complex system of interacting mechanisms depen-
dent on many factors which contribute to the disease progression. Due to the enor-
mous amount of research on NPH pathophysiology and a new concept of the glym-
phatic system, we are becoming more familiar with the cerebrovascular and neuroin-
flammatory determinants that contribute to disease progression. However, besides a
lot of promising research and reports in the field, the understanding ofNPHpathogen-
esis and pathophysiology remains incomplete. Many findings need to be reproduced
or clarified in correlation with clinical examinations, autopsy findings, and diag-
nostic measures which are essential for clearer differentiation between NPH and
other neurodegenerative disorders. The treatment itself, now limited only to surgical
implantation of the shunt system, might progressively evolve in terms of pharmaco-
logical and surgical approaches in disease management. Unfortunately, despite a lot
of effort invested into iNPH research, findings so far cannot unequivocally define the
initial cause of the disease. It is not certain why the manifestation of the disease is
diverse and why patients with similar radiological and clinical features often respond
to current treatment strategies differently. Further research needs to be made in order
to elucidate pathophysiological concepts of iNPH more clearly (Fig. 8).

Fig. 8 Summary of pathophysiological mechanisms influencing the pathogenesis of iNPH
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8 Key Points

• Ventricular expansion is initially caused by the pressure on the brain parenchyma
and consequent ventriculomegaly is considered a compensation mechanism
responsible for the return of ICP to its normal values.

• The dilatation of intracerebral ventricles is accompanied by increased CSF
pulsatility, but reduced absorption of CSF. The physical stress on the periven-
tricular white matter is responsible for axonal damage and their loss, resulting in
alterations of intraneuronal biochemical processes, hypoxia, and ischemia.

• “Stiff ventricles” are one of the typical pathophysiological features of NPH.
The compliance of periventricular parenchyma is reduced due to the increase
of interstitial fluid, reduced plasticity of surrounding ependyma, and potentially
the presence of ischemic processes.

• The exact pathophysiological mechanisms of the glymphatic system impairment
in NPH have not been yet elucidated. It is most likely caused by abnormal
CSF hydrodynamics which results in a disbalance of intracellular osmotic and
metabolic pathways due to loss or disfigurement of AQP4 transmembrane chan-
nels. These channels remain vital for maintaining adequate water homeostasis in
the brain.

• iNPH may be associated with obstructive sleep apnoea, but the exact mechanism
of such a state needs to be investigated more in detail.

• The genetic factors involved in NPH onset are currently being investigated but
it is certain that some NPH patients share a genetic predisposition to the disease
onset.

Funding This chapter was supported by theMinistry of Health of the Czech Republic institutional
grant no. NU23-04-00551.
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Genetic Aspects of iNPH

Tomáš Moravec, Helen Whitley, Zdeněk Musil, and Ondřej Bradáč

Abstract Idiopathic Normal Pressure Hydrocephalus (iNPH) is a complex and
multifactorial condition. Although the disease appears to occur sporadically, the
presence of familial subtypes and new investigations of candidate genes suggest a
genetic component to the pathogenesis. Whilst pedigree studies of iNPH provide the
starting point for evidence of genetic risk factors, functional analysis of candidate
genes and their mutations offers insight into possible molecular mechanisms under-
lying the disorder. We have reviewed the current literature and identified 7 genes or
gene groups likely to be involved in iNPH pathogenesis. Currently, the genes with
the most evidence for a crucial role are CFAP43, SFMBT1, and CWH43. Animal
models are indispensable for understanding genetic disease. As iNPH is multifac-
torial and complex, animal models are an appropriate tool for untangling genetic,
epigenetic, and environmental risks in a disease involving interconnected patholog-
ical processes. We also describe results from animal studies of candidate genes,
as reverse genetic approaches can uncover the function and underlying pathogenic
mechanisms of iNPH genes.
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Abbreviations

A1R A1 receptor
A2AR A2A receptor
Aβ Amyloid beta
AβPP Amyloid beta precursor protein
AD Alzheimer disease
ALS Amyotrophic lateral sclerosis
APOE Apolipoprotein E
AQP Aquaporin
C9ORF72 Chromosome 9 open reading frame 72
CFAP43 Cilia- and flagella-associated protein 43
CNV Copy number variations
CSF Cerebrospinal fluid
DNA Deoxyribonucleic acid
ELISA Enzyme-linked immunosorbent assay
ET Essential tremor
ETINPH Essential tremor normal pressure hydrocephalus
FAB Frontal assessment battery
FTL Frontotemporal lobe dementia
GPI Glycosylphosphatidylinositol
GWAS Genome-wide association study
iNPH Idiopathic normal pressure hydrocephalus
MBT Malignant brain tumour
MMSE Mini mental state exam
OR Odds ratio
PCD Primary ciliary dyskinesia
qPCR Quantitative polymerase chain reaction
SNP Single nucleotide polymorphism
WES Whole exome sequencing

1 Introduction

Idiopathic normal pressure hydrocephalus (iNPH) is a neurodegenerative disorder
of the elderly, characterised by ventriculomegaly and the classic Hakim’s triad of
incontinence, gait disturbance, and dementia. This multi-factors disorder involves
a complex interplay of neuroinflammation, vascular changes, and CSF hyper-
dynamism. The advances in understanding of pathogenesis are complemented by an
increasing number of genetic studies, which suggest possible molecular mechanisms
and help to elucidate the underlying disease process.

Other forms of hydrocephalus, such as congenital or infantile types, have a
knowngenetic component. They are often associatedwith genetic syndromes, several
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causative genes are already known, and the disease manifests in infancy. However,
since iNPH is a disease of the elderly, a simple cause-and-effect relationship is
unlikely. Any predisposing genetic factors do not affect the phenotype unless addi-
tional triggers are present. These may be environmental factors, epigenetic mech-
anisms, or other processes associated with ageing. iNPH represents a number of
complex traits, and variations in gene expression and penetrance is to be expected.
This also means that identifying one genetic marker for analysis is problematic.

Identifying genetic risk factors has many potential advantages. Genetic markers
could aid the problematic differentiation of iNPH from closely related diseases such
as AD or other types of dementia. This would firmly establish iNPH as a known
disease entity and standardise diagnosis, which is currently based on response to
treatment. Patients with iNPH-associated mutations could benefit from earlier inter-
ventions or prophylaxis treatment, lessening disease burden. Still, the majority of
current genetic studies are relatively small or incomplete, and larger more compre-
hensive projects are needed to comprehensively identify iNPH-associated variants.
Additionally, candidate genes identified in the studies require full functional anal-
ysis before any clinical relevance can be established. Such analysis requires multi-
disciplinary approaches, as supported by genetically modifiable animal models of
disease.

2 Familial Studies of iNPH

Long considered sporadic, an increasing number of cohort studies and pedigree
analyses are revealing that iNPH aggregates in families. These observations form
the earliest suggestions that iNPH has a heritable component. The first account of
familial occurrence of iNPH was a 1984 case report describing shunt-responsive
iNPH in siblings [1]. Subsequently, McGirr et al. [2] investigated the prevalence of
Hakim’s triad amongst family members of patients with iNPH, finding six of the 20
probands had first degree relatives with more than two symptoms of the triad. The
incidence amongst iNPH relativeswas 7.1%,whilst in the control group the incidence
was 0.7% (OR = 11.53). A larger study investigated a cohort of 375 shunted iNPH
patients, describing the pedigrees of all families withmore than one case of iNPH [3].
4.8% of patients from 12 different pedigrees had at least one relative with iNPH, and
11% had relatives with two or more of the classical triad of iNPH symptoms. This
study also characterised the difference between familial iNPH and sporadic iNPH.
The familial type was associated with a threefold increased risk of clinical dementia,
according tomultivariate logistic regression analysis.A familial subtype of iNPHwas
proposedbyTakahashi et al. in a case report of a familywith iNPH in three generations
[4]. Four patients had clinical and MRI features consistent with iNPH, and a family
interview revealed that an additional four members have suspected iNPH, although
the diagnosis was not confirmed. According to the pedigree analysis, the condition
appeared to be inherited in an autosomal dominant pattern. A 2011 case report of two
siblings with iNPH also suggested a genetic component to the disease [5], although
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in this case two elderly siblings shared environmental exposures and comorbidities.
Another report of two siblings with iNPH suggests a genetic predisposition amongst
the children of the patients. [6] Both patients had daughters who complained of
urinary continence, but without gait or cognitive defects. These observations imply
variations in gene expressivity, due to factors such as age and other environmental
influences. Pedigree analyses may also lead to the identification of subclinical iNPH
in a target population, allowing earlier intervention and lowering the disease burden.

A subtype of iNPH with a genetic cause was described in 2008. This condition
was characterised by the development of Essential Tremor (ET) in young adulthood
followed by iNPH when elderly [7]. The condition was named Essential Tremor
Idiopathic Normal Pressure Hydrocephalus (ETINPH), and a follow up study uncov-
ered the genetic aetiology. Using genome-wide linkage, a locus was mapped to
chromosome 19q12-13.31 [8]. Several genes in this region are expressed in the
nervous system, and functional analysis on these genes could offer insights into the
pathogenic processes involved in both ETINPH and iNPH. Notable genes include
ATP1A3 and PSEN2. ATP1A3 encodes the Na(+)/K(+)-ATPase pump. A mutation
in this gene causes rapid-onset dystonia-parkinsonism [9]. PSEN2 encodes Prese-
nilin 2, which processes amyloid beta precursor protein (AβPP). Changes in amyloid
metabolism have a known involvement in Alzheimer’s disease (AD) pathogenesis
and are hypothesised to have a role in the disease process of iNPH.

3 Candidate Genes Associated with iNPH

Several studies on the genetic basis of iNPH have yielded positive results. Genome-
WideAssociation Studies (GWAS) andWhole Exome Sequencing (WES) have iden-
tified genes and loci that are compelling candidates for disease. The important genes
associated with iNPH are described in the following paragraphs. A summary of each
gene described and can be found in Table 1: Summary of candidate genes.

3.1 Cilia- and Flagella-Associated Protein 43, CFAP43

Current evidence indicates that CSF flow is generated and restrained by the synchro-
nised beats of motile cilia, such as those found on the surface of the ependymal cells
that line the brain ventricles.Mutations inCFAP43 on chromosome 10, are associated
with ciliary dysfunction. This gene is preferentially expressed in the testes, epithelial
linings of the airways and trachea, the ependymal cells lining the brain ventricles, and
the choroid plexus. Functions include ciliummovement in epithelia, sperm axoneme
assembly, and brain development. Subcellular localisation is the cytoskeleton and
cilium axoneme [10]. A Japanese family with multiple members who had iNPH was
analysed using WES. This identified a loss of function variant of CFAP4 associ-
ated with the disease. The proband was a 55-year-old woman presenting with the
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Hakim triad of symptoms. She presented with gait disturbance, cognitive impairment
as indicated by MMSE 24/30 and FAB 3/18, and urinary incontinence. Five family
members were recruited for sequencing. After filtering our simple missense variants,
72 gene variants were found. One nonsense mutation that segregated with the disease
was identified. This was found at chr10:105893468 with the change C > T, in the
gene CFAP43. To confirm pathogenic ciliary ultrastructure, nasal mucosa was anal-
ysed by TEM, revealing many abnormal cilia. The study also included results from
mouse experimentswhichwere subsequently performed, knocking out an ortholog of
CFAP43withCRISPR-Cas9 technology. Themice exhibited a hydrocephalus pheno-
type with morphologic abnormality of motile cilia. These results strongly suggest
that CFAP43 could be responsible for normal pressure hydrocephalus, challenging
the concept that iNPH is “idiopathic” [21].

3.2 Histone-Associated Genes Products: SFMBT1

SFMBT1 is a product of a histone-associated gene called SFMBT1, which has
recently gained attention for its possible role in CSF flow and absorption. SFMBT1
is localised in the smooth muscle, vascular endothelium, ependymal cells lining the
ventricles, and cells of the choroid plexus. The gene is located on chromosome 3p
21.1 which encodes a protein consisting of 866 amino acid residues. The protein
contains 4 Malignant Brain Tumour (MBT) repeat domains. This MBT domain is a
“chromatin reader”, a protein that binds to post-translationalmodifications on histone
tails. MBT domains bind to mono- and di-methylated histone lysines in vitro and
down-regulate gene transcription via interactionwith various repressors [11]. Several
studies have shown that copy number loss of SFMBT1 seems to be a risk factor for
iNPH [12, 13, 22].

A GWAS for CNVs using DNA from blood samples of eight possible iNPH
patients and 110 controls showed that 50% of the iNPH group had heterozygous
copy number loss in SFMBT1. The loss was within the intron 2 of the gene. One
of the 110 controls also had this mutation (0.9%). This study also analysed shunt-
responsive patients with definite iNPH, finding that five (65%) of the eight patients
had the samemutation at the same locus [12]. A further study on SFMBT1 showed by
PCR analyses that 26% of iNPH patients (n= 50) had a copy number loss in intron 2
of the SFMBT1 gene, compared to 4.2% of healthy elderly controls (n = 191); (OR
= 7.94, 95%CI: 2.82–23.79, p = 1.8 × 10–5). The authors suggest that this specific
mutation in SFMBT1 may be a genetic risk factor for definitive, shunt-responsive
iNPH [13]. Korhoen et al. analysed SFMBT1 variation by quantitative PCR (qPCR) in
567NPHFinnish and 377Norwegian patientswith iNPH.Copy number loss in intron
2 of SFMBT1 was found in 10% of Finnish and 21% of Norwegian patients. (OR =
1.9, p= 0.0078 and OR= 4.7, p < 0.0001 respectively). The variant did not correlate
with the outcome of shunt surgery. This large cohort provides further evidence for a
genetic aspect to iNPH pathogenesis [22]. Although it is still unknown whether copy
number loss of SFMBT1 causes definitive, shunt-responsive iNPH, there is strong



114 T. Moravec et al.

evidence that this specific mutation is a risk factor for the disease. Given the known
molecular functions of SFMBT1 in localisation to ependymal cell and choir plexus,
and involvement in chromatin modification, it seems likely that iNPH pathogenesis
involves disturbed epigenetic mechanisms.

3.3 Genes Encoding Cell Membrane-Associated Proteins:
CWH43 and AQP

A hallmark feature of iNPH pathology is hyper-dynamic CSF flow. Cell membrane
proteins with possible roles in CSF homeostasis may have a role in the development
of disease.CWH43 is a gene involved in membrane structure, encoding a protein that
fixates certain proteins to the cell membrane. Brain aquaporins are encoded by genes
AQP1 and AQP4 and have also been hypothesised to play a role in CSF homeostasis.

CWH43 encodes a membrane protein called “Cell wall biogenesis protein 43”,
which incorporates ceramide into the glycosylphosphatidylinositol (GPI) anchor,
fixing proteins to the membrane [14]. This functional analysis was performed
in yeast, and the exact function in multicellular organisms is still unknown. A
WES study by Yang et al. on 53 unrelated iNPH patients identified two heterozy-
gous loss of function deletions in CWH43 [23]. 15% of the iNPH patients were
significantly enriched compared to the general population (6.6-fold and 2.7-fold).
Using CRISPR9/Cas9 technology, the authors also generated a modified mouse line
heterozygous for CWH43 deletion. The animals presented communicating hydro-
cephalus with ventriculomegaly, gait and balance disturbances. Electron microscopy
revealed decreased number of ependymal cilia, and expression studies revealed
decreased localisation of GPI-anchored proteins on apical surfaces of the choroid
plexus and ependymal cells. Interestingly, there is some evidence that CWH43
deletion leads to decreased L1CAM signalling [24]. L1CAM is a known cause of
congenital hydrocephalus. The evidence forCWH43 as a risk factor underlying iNPH
symptomatology is compelling.

Brain aquaporins (AQP1 and AQP4, encoded by genes AQP1 and AQP4 respec-
tively) were included in our review due to their involvement in maintaining CSF
homeostasis [25]. Hiraldo-González et al. examined AQP1 and AQP4 protein levels
in CSF with ELISA in 179 subjects, 81 with possible NPH. No aquaporin eleva-
tion in CSF was found. AQP1 and AQP4 analysis showed no promising results as a
biomarker of iNPH [26]. The search for a genetic marker in AQP genes, therefore,
seems unwarranted.
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3.4 Chromosome 9 Open Reading Frame 72, C9ORF72

Chromosome 9 open reading frame 72 is a protein found in neuronal cytoplasm and
presynaptic terminals, encoded by the gene C9ORF72. Known functions include
endosomal trafficking and regulation of actin dynamics.Mutations in the gene consist
of hexanucleotide repeat expansions. These mutations are known to be associated
with Frontotemporal Dementia (FTD) and Amylotrophic Lateral Sclerosis (ALS).
[15] The expansion was investigated in a large cohort of possible iNPH patients (n=
487) and agematched controls (n= 432). Results showed themutation in 1.6% of the
iNPH cohort, and was not found in the control population. This study also found that
carriers of the mutation exhibited symptoms earlier than non-carriers [27]. Although
the authors suggest that analysis of C9ORF72 expansion should be considered for
patients with symptoms of iNPH, the study is limited by the lack of standardised
diagnostic criteria in the iNPH population. This means that the population under
investigation could have included patients with atypical parkinsonism, FTD, or other
neurodegenerative dementias.

3.5 Genes Involved in Amyloid Metabolism

Altered amyloid processing is hypothesised to play a critical role in iNPH pathogen-
esis. It has been shown that iNPH patients have lower CSF levels of amyloid beta
(Aβ) and lower levels of soluble precursor proteins [28]. Additionally, the concomi-
tance of Alzheimer’s disease (AD) and iNPH as confirmed on brain tissue biopsy
has led to speculation that NPH and AD share a pathophysiological background.
Aβ accumulation is well established as a cause of AD. Products of the APOE gene
group are involved in the regulation of Aβ. Notably, the allele APOE4 is known to
cause amyloid build-up in the brain in AD [16]. Studies searching for an associa-
tion between APOE4 or APOE3 genotypes and the iNPH phenotype have not shown
any clear correlation. Gudmindson et al. clinically evaluated 15 patients meeting the
criteria for ventriculoperitoneal shunt insertion. The patients were genotyped, and
all were found to be homozygous for APOE3 genotype [29]. However this study
was too small to draw general conclusions. A previously mentioned large cohort
study (n = 375 of shunt-operated patients) ruled out an association between iNPH
and the APOE4 genotype [3]. Yang el. Al. analysed the distribution of six different
APOE alleles in 77 iNPHpatients, finding similar genotype distributions in iNPH and
controls. [17] Although the APOE4 allele was found more frequently in the iNPH
group, this was not significantly different to the control population. The APOE4
allele Odds Ratio (OR) for the iNPH population was 0.90, and the 95% confidence
intervals (CI) were 0.50–1.60. For AD, this was considerably smaller (OR = 5.34,
CI= 4.10–7.00). This reconfirms the status of APOE4 in AD pathogenesis, but does
not shed any light on the involvement of amyloid metabolism in iNPH. Similarly, a
study of AD-associated loci and their possible roles in iNPH found that these loci
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did not have a statistically significant effect on Aβ accumulation in iNPH [30]. The
association of APOE4 and iNPH was also ruled out again by Pyykko et al. who
genotyped 202 patients with iNPH and 687 controls. They found that APOE4 is not
a risk factor for NPH [31]. In a single case study, Cusimano et al. reported two sisters
with iNPH, hypothesising a genetic involvement. Genotyping for APOE was carried
out, revealing that both were homozygous for the APOE3 allele [5]. However, the
generalisability of a case report is limited. Overall, whilst it seems that the APOE3
allele could be associated with iNPH in a way that is unclear, a role forAPOE4 seems
unlikely.

Another gene product known to be involved in amyloid disease is transthyretin,
encoded by TTR. A genome-wide association study (GWAS) with 35,000 probes
was performed in 22 iNPH patients and 8 healthy controls [32]. Results showed a
17-fold decrease in TTR expression in iNPH. Transthyretin is a known biomarker for
neuronal stress, showing increased expression in the rat choroid plexus in response
to increased glucocorticoid hormones [18].

Other genes with differential expression profiles included AβPP, encoding
amyloid beta protein precursor (AβPP), which increased threefold in iNPH and
ADAM10, encoding a protein involved in AβPP proteolysis, also showed increased
expression [32]. Both gene products are expressed in the CNS, and their differential
expression in iNPH provides some evidence that alterations in amyloid metabolism
have a part to play in iNPH pathogenesis. However, there is no clear relationship
between genotype and phenotype.

3.6 NME8

NME family member 8 encodes thioredoxin domain-containing protein 3
(TXNDC3), which is also known as spermatid-specific thioredoxin-2 (Sptrx-2). The
protein products serve as intranuclear transcriptional regulators, have a role in DNA
damage repair, and are involved in ciliary function. TXNDC3 possesses exonuclease
activity with a preference for single stranded DNA [33]. The NME8 transcript is
thought to be implicated in ciliary function, by an unknown mechanism. The tran-
script is probably required in the final stages of cilia maturation, yet the specific
function and effect on the maturation period is still unknown [34]. The clinical
manifestation of NME8 mutation is known as primary ciliary dyskinesia (PCD)
[19].

Huovinen et al. analysed SNPs in a large cohort of shunted iNPH patients (n =
188) and controls (n= 688). SNPs inNME8 revealed allelic variation between iNPH
patients and controls (p= 0.014) [35]. Variants were not linked to neuropathological
changes in biopsy samples, however, periventricular changes were more frequent
in the iNPH group (p = 0.017). This large study provides more evidence for an
underlying genetic mechanism, and NME8 is a compelling candidate given its role
in ciliary maturation.
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3.7 Adenosine Receptors A1R and A2AR

Adenosine and its receptors have known roles in vasodilation and protecting tissue
from inflammation [20]. It has been hypothesised that cerebrovascular disease has a
role in iNPH aetiology. Casati et al. performed gene and protein expression studies
on peripheral bloodmononuclear cells from iNPH patients and healthy controls [36].
The results suggested down-regulation of adenosine receptors A1 and A2A in iNPH,
suggesting changes to the adenosine system in disease pathogenesis. The adenosine
system has known roles in the vascular system and immune processes in states of
disease. The high prevalence of cardiovascular disease amongst iNPH patients and
the possibility of altered immune functions may explain these observations.

4 Future Studies: Animal Models and Functional Analysis

Reverse genetic studies that attempt to establish a link between a candidate gene and
its role in iNPH are currently lacking in the literature. Techniques such as targeted
mutations, gene silencing, or modifying gene expression aim to elucidate biological
functions of a gene product and its role in pathogenesis. With the use of animal
models, the effect of gene alterations can be seen in a whole organism. Animal
models of iNPH include knockout mouse lines for candidate iNPH genes CWH43
and CFAP43. Mice lacking the gene CCNO express a phenotype strikingly similar
to iNPH. Additionally, Drosophila melanogaster offers a battery of sophisticated
genetic tools for functional analysis, which has led to a deeper understanding of the
functions of domains iNPH candidate gene SFMBT1.

4.1 Cyclin O, CCNO

The CCNO gene encodes an atypical cyclin, cyclin O, necessary for the generation
of motile cilia [37]. It has been proposed that mutations constitute part of the molec-
ular basis of iNPH. Complete or partial loss of CCNO lead to defective cilia in the
pendymal, and consequently disrupted CSF flow. In the human population, thismani-
fests as PCD. However, CCNO -/- mice have striking similarities to human iNPH
patients. The animals survive severe communicating hydrocephalus by compensating
for increased ICP with a thinner brain parenchyma [38]. Interestingly, CCNO +/-
heterozygousmice develop hydrocephalus with lower penetrance than their homozy-
gous counterparts [39]. Althoughmany aspects of CCNO are promising, many genes
involved in cilia development are linked to higher comorbidity in younger age, and
thus have limited potential in iNPH diagnostics.
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4.2 Drosophila Studies of SFMBT1

Drosophila offers a powerful and sophisticated toolbox to analyse the various func-
tions of genes involved in disease. Functional analysis of theMalignantBrainTumour
(MBT) domain in candidate gene SFMBT1 was first reported in Drosophila gene
dL3mbt [40, 41]. Mutations in the MBT domain of dL3mbt caused malignant over-
growth in the larval brain, implicating a tumour-suppressing function of dL3mbt
and the importance of the MBT domain [40, 41]. Different MBT proteins have
been identified in various protein complexes, suggesting that MBT proteins have
distinct functional activities andmodes of action in regulating chromatin.Mammalian
SFMBT1 contains four MBT repeat domains that are essential for mediating histone
H3N-terminal tail binding and transcriptional repression [41]. InDrosophila, dSfmbt
contains four MBT repeats and is a polycomb protein because dSfmbt knockout
displays a classic polycomb phenotype with strong and widespread derepression of
HOX genes [42]. dSfmbt is part of the Pho repressive complex, which contains the
DNA-binding protein Pho and recruits other polycomb proteins, mediating transcrip-
tional silencing at target loci [43]. The MBT repeat domain of dSfmbt preferentially
binds to mono- or di-methylated lysine containing histone peptides [21].

5 Conclusion

The genetic analysis of iNPH patients offers promising results. Pedigree analysis
has revealed that iNPH is a complex trait, without a Mendelian inheritance pattern.
This suggests a high level of genetic heterogeneity, variable expression, and pene-
trance, with multiple genes involved. Approaches such as GWAS and WES have
made some way towards identifying these genes. CFAP43 is a promising candidate,
being identified in a family with heritable iNPH, and CFAP43-/-mice appear to have
a hydrocephalus phenotype. SFMBT1 is interesting because it is involved in histone
modification, implying expression changes in other genes via epigenetic control. This
is in keeping with the theory that iNPH involves multiple genes. Large cohort studies
provide strong evidence that SFMBT1 is a risk factor for iNPH. A heterozygous
loss of function CWH43 mutations was identified by WES in 53 unrelated patents,
and a CWH43+/- mice exhibited hydrocephalus, ventriculomegaly, and gait distur-
bances. C9ORF72mutations may also be associated with iNPH, with carriers of the
mutation exhibiting symptoms earlier than non-carriers. Other possible candidates
include genes involved in amyloid metabolism, NME8 involved in ciliary function,
and adenosine receptors. As several of the discovery cohorts in the studies reviewed
were rather small, genetic studies of iNPH need larger cohorts and multi-centre
approaches. Genotyping iNPH patients has revealed some promising biomarkers,
which could be used to differentiate iNPH from other neurodegenerative disorders.
Larger cohorts would uncover rare variants as of yet unknown, and establish the
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common variants with small effect-size. Larger and more comprehensive studies are
needed before the clinical utility of this preliminary data can be fully realised.

6 Key Points

• Current genetic studies suggest that idiopathic NPH might not be idiopathic after
all.

• iNPH is a complex trait with genetic risk factors.
• Underlying mechanisms involve a complex interplay of genetic, epigenetic, and

environmental factors.
• CFAP43 is a strong candidate gene confirmed in human iNPH with family aggre-

gation. 15% of iNPH patients have CFAP45 polymorphism when compared to
the general population. CFAP43-/- mice have a hydrocephalus phenotype.

• Several studies on SFMBT1 have shown an association with iNPH.
• A heterozygous loss of function mutations in CWH43 is associated with iNPH,

and mouse models of CWH43 +/- have a hydrocephalus phenotype.
• The allelic variant of NME8 has been confirmed in patients with NPH.
• Aquaporin has shown little potential in diagnosing NPH.
• Genes involved in amyloidmetabolism and adenosine signalling are likely to have

a role.
• Larger cohorts are needed to discover rare variants, and to establish common

variants with small effect-size.
• Animal studies are needed for functional analysis of candidate genes.
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Clinical Symptoms and Examination

Jan Laczó and Martina Laczó

Abstract Idiopathic Normal Pressure Hydrocephalus (iNPH) is one of the treatable
clinical entities and, therefore, it is very important to identify and examine the clinical
symptoms that lead to the accurate diagnosis. The chapter provides an overview
and description of the major clinical symptoms, including gait disturbance, urinary
incontinence, and cognitive impairment, as well as the most frequent minor clinical
symptoms of iNPH. The emphasis is also placed on the description of the “red flags”,
the symptoms and signs that make the diagnosis of iNPH less likely or may even
question the diagnosis and indicate a different underlying aetiology. Next, the chapter
discusses, in detail, differential diagnosis of iNPH and describes how to distinguish
iNPH from themost common diseases that present with all three or some of themajor
clinical symptoms and thus may mimic iNPH. Finally, the most important clinical
information about iNPH is summarised.

Keywords Atypical parkinsonian syndromes · Cervical myelopathy · Chronic
obstructive hydrocephalus · Lumbosacral spinal stenosis · Neurosyphilis ·
Parkinson’s disease · Peripheral neuropathy · Secondary normal pressure
hydrocephalus · Subcortical ischemic vascular disease · Vitamin B12 deficiency

Abbreviations

CSF Cerebrospinal fluid
CT Computed tomography
iNPH Idiopathic normal pressure hydrocephalus
LOVA Longstanding overt ventriculomegaly in adults
LIAS Late-onset idiopathic aqueductal stenosis
MRI Magnetic resonance imaging
PaVM Panventriculomegaly
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REM Rapid eye movement
SPECT Single-photon emission computed tomography

1 Introduction

Idiopathic normal pressure hydrocephalus (iNPH) is a syndrome of older adults that
is characterised by the triad of major clinical symptoms including gait disturbance,
urinary incontinence, and cognitive impairment in the presence of ventriculomegaly
and normal Cerebrospinal Fluid (CSF) pressure [1]. However, the complete clinical
triad is not required to suspect iNPH. The major clinical symptoms vary greatly
in the onset, presentation, severity, progression, and response to shunting. Minor
clinical symptoms are present irregularly and include dizziness, sleep disorders,
sexual dysfunction, and headache. The symptoms of iNPH also occur in patients
with other neurological diagnoses such as cerebrovascular and neurodegenerative
diseases, and their manifestations may be affected by chronic comorbidities (e.g.,
hip and knee osteoarthritis, prostate adenoma, and pelvic floor insufficiency) [2]. The
diagnosis of iNPH is thus challenging and requires the exclusion of other diagnoses
that would completely explain the patient’s symptoms. It is of great importance to
purposefully look for clinical symptoms and findings that are not commonly present
in iNPH(i.e., redflags) and can aid the differential diagnosis. The complete diagnostic
process of iNPH includes a detailedmedical history documenting insidious onset and
slow progression of the symptoms, clinical/neurological examination showing one or
more of themajor clinical symptoms, brain imaging (i.e., CTormore preferablyMRI)
with enlarged lateral and third ventricles in the absence of CSF flow obstruction and
atrophy, and finally specific tests of CSF drainage (i.e., tap test and external lumbar
drainage) or CSF hydrodynamics (i.e., infusion testing) [3].

2 Overview of Clinical Symptoms

2.1 Major Symptoms

Gait disturbance, urinary incontinence, and cognitive impairment are themajor symp-
toms of iNPH and their combination creates the classic clinical triad first described by
Hakim and Adams in 1965 [1]. However, the complete clinical triad occurs in about
only 50% of patients [9]. Patients with iNPH should present with one or more of
the major symptoms (typically gait disturbance) starting insidiously and progressing
slowly over at least three to six months with the usual age of onset after the age of 60
and at least after the age of 40 [3, 4]. Importantly, the diagnosis of iNPH requires that
the major clinical symptoms are not completely explained by other neurological or
non-neurological diseases. Extensive and detailed medical history and examination
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of each symptom together with radiological examination are, therefore, required to
determine if a given symptom is due to iNPH or other diseases.

Gait Disturbance

Nearly all patients with iNPH have gait disturbance, which is typically either the
first or the worst symptom [5]. It is also the first symptom to improve after treat-
ment [6]. Gait disturbance progresses without treatment, and in the advanced stages,
patients are unable to walk without assistance andmay end up bedridden. Gait distur-
bance is characterised as an apraxia of gait. The gait is broad-based, short-stepped
with decreased cadence leading to decreased gait velocity, and ataxic with irregular
step length and feet rotated outwards [34]. A typical shuffling, also described as a
magnetic gait, is caused by reduced step height and insufficient dorsiflexion of the
forefoot [7]. Patients have difficulties standing up and initiating gait, they turn en bloc
using multiple steps and may experience sudden, transient blocks of movement (i.e.,
freezing episodes), particularly when turning, navigating through narrow spaces or
approaching obstacles. Balance and postural stability are impaired and retropulsion
that may lead to backward falls occurs in some patients. Importantly, compared to
patients with Parkinson’s disease, gait-associated movements of the trunk and upper
limbs, in particular arm swing, are not impaired in patients with iNPH [8].

Urinary Incontinence

About 50 to 75% of patients with iNPH have urinary symptoms that usually accom-
pany gait disturbance and cognitive impairment, and very rarely occur as an isolated
symptom [4, 9]. They are twofold less likely to improve after treatment compared
to gait disturbance [6]. Urinary symptoms are the result of a neurogenic bladder
dysfunction due to reduced central inhibition with detrusor overactivity, which was
observed in 95% of patients with iNPH [10]. The most common urinary symp-
toms are urinary urgency with difficulty inhibiting bladder emptying and increased
daytime (i.e., pollakiuria) and nighttime (i.e., nocturia) urinary frequency [11]. Urge
incontinence occurs in the later stages and can progress to complete incontinence
in the advanced stages. Patients with iNPH are usually aware of the urinary urge
and incontinence without awareness of urinary urge is not characteristic of iNPH.
Of note, gait disturbance and cognitive impairment can also contribute to urinary
incontinence, especially in the advanced stages [11]. Voiding symptoms including
retardation in initiating urination, prolongation and poor flow, sensation of post-void
residual, straining, and intermittency are less common in patients with iNPH [11].
In the advanced stages, even faecal incontinence may occur [4].
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Cognitive Impairment

About 80% of patients with iNPH have cognitive impairment [4, 9], which is rarely
the first or the predominant clinical symptom. It is also the least likely symptom
of the clinical triad to improve after treatment, especially when the impairment is
severe [12]. Cognitive impairment in patients with iNPH is characterised by slowing
of processing and psychomotor speed, attentional and working memory deficits,
executive dysfunction, and impaired delayed recall improved with cueing with rela-
tively intact delayed recognition on episodic memory tests, all of which are referred
to as a “frontal-subcortical” profile of cognitive impairment, and also by visuospa-
tial impairment including visuoperceptual and visuoconstructional deficits [13]. In
the early stages, cognitive impairment does not interfere with everyday activities
and patients present with mild cognitive impairment. In the later stages, cognitive
impairment gradually leads to loss of independence in activities of daily living and
patients present with dementia. Patients with iNPH usually present with neuropsy-
chiatric and behavioural symptoms, the most common being apathy [14]. Amongst
other neuropsychiatric symptoms, depression, irritability, and agitationoccur in about
one-third of patients with iNPH, whilst hallucinations and delusions are much less
common [14, 15].

2.2 Minor Symptoms

Minor clinical symptoms include dizziness, sleep disorders, sexual dysfunction, and
headache. These symptoms are not typical of iNPH, but may occur in patients with
iNPH. They are not given as much attention as the main clinical symptoms, but if
present they can be distressing for the patients.

Dizziness

Patients with iNPH commonly complain of feeling dizzy and unstable when standing
and walking, and are afraid of falling. For this reason, they may use their hands to get
up and touch the surrounding furniture whenwalking. Dizziness is usually associated
with gait disturbance and postural instability, improves after treatment [16], and can
be evaluated using specific clinical grading scales [17].

Sleep Disorders

Sleep disorders have been reported in patients with iNPH and sleep-disordered
breathing/obstructive sleep apnea in particular has been frequently associated with
iNPH [18–20]. The pathophysiological mechanism of this association remains
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unclear. Sleep-disordered breathing, unlike increased daily need for sleep [21], does
not seem to respond to therapy [18].

Sexual Dysfunction

Sexual dysfunction seems to be a frequent but underdiagnosed symptom in patients
with iNPH,whichmayoccur several years before the onset of themajor clinical symp-
toms [22]. Sexual dysfunction also has the potential for restoration after treatment
[22].

Headache

Unlike hydrocephalus with increased intracranial pressure, iNPH usually does not
cause chronic headache and only occasionally patients with iNPH report mild dull
headache or head fullness [23]. However, headache including unilateral and postural
headache is a commonly occurring problem in shunt-treated patients with iNPH
and should, therefore, be specifically asked about during postoperative follow-ups
[24, 25].

3 Red Flags—Exclusion Criteria

The typical clinical symptoms of iNPH include a combination of symmetric gait
disturbance characterised as gait apraxia, which is a primary symptom, increased
urinary frequency and urgency with or without incontinence, and cognitive impair-
ment of a frontal-subcortical profile with visuospatial deficit starting insidiously over
months and progressing slowly over years. A clinical presentation that is different
from this is suspected to be of a different aetiology. Acute onset and fluctuation of
clinical symptoms is not typical for iNPH and may suggest secondary NPH, vascular
aetiology or the presence of comorbidities. Medical history of moderate to severe
headache, visual or hearing impairments, oculomotor disorder, speech disorder, swal-
lowing difficulties, rotational vertigo, nausea, vomiting, facial and limb weakness,
sensory impairment, paresthesia, and neck or back pain associated with the onset
of one or more major clinical symptoms raises suspicion of other intracranial or
intraspinal pathology. Neurological examination in patients is normal except for
findings associated with the major clinical symptoms. There should be no abnormal
findings on cranial nerves, which would indicate other intracranial pathology, no
signs of hemiparesis suggestive of other brain pathology or paraparesis suggestive
of spinal cord pathology or nerve root compression. Upper motor neuron findings
including spasticity and hyperreflexia are not typical for iNPH and may indicate
vascular ischemic changes. Lower motor neuron findings including muscle atrophy
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andhyporeflexia or areflexia should not be present in iNPHandmay indicate polyneu-
ropathy or nerve root compression. Patients with iNPH should also not have any
cerebellar symptoms including ataxia and intention tremor, or extrapyramidal symp-
toms including resting tremor, bradykinesia, rigidity, and hyperkinetic dyskinesias
that would be suggestive of neurodegenerative diseases. Spinal ataxia, i.e., ataxia and
instability markedly worsening in the dark, is characteristic for spinal cord pathology
and polyneuropathy but should not be present in iNPH. Gait disturbance should be
symmetric and, therefore, lateralising findings should increase suspicion of other
diseases. Incontinence without urinary urgency or awareness of urinary symptoms
should question the diagnosis of iNPH. Severe memory deficits with poor recall,
which does not benefit from cueing, and impaired recognition, agnosia or aphasia
are not typical for iNPH and should raise concerns for other causes of cognitive
impairment such as Alzheimer’s disease, multi-infarct dementia, or frontotemporal
dementia. Visual hallucinations are very atypical in iNPH and are suggestive of
dementia with Lewy bodies. Also, delirium is not typical of iNPH and implies
the presence of another disease or comorbidity. A cause other than iNPH should
be considered in patients with progressive cognitive impairment with or without
urinary symptoms who do not have gait disturbance. In the case of gait disturbance
and urinary symptomswithout cognitive impairment, it is necessary to look for spinal
cord pathology or nerve root compression.

4 Differential diagnosis

The major clinical symptoms are frequently found in many other diseases that can
mimic iNPH. A detailed medical history, careful clinical/neurological examination,
and radiological examination (i.e., preferably MRI) are, therefore, required to make
a correct diagnosis and differentiate other diseases from iNPH. Themost challenging
differential diagnosis is for diseases that present with all three major clinical symp-
toms including secondary NPH and chronic obstructive hydrocephalus, subcortical
ischemic vascular disease, Parkinson’s disease, atypical parkinsonian syndromes
(i.e., progressive supranuclear palsy, corticobasal degeneration, multiple system
atrophy, and dementia with Lewy bodies), vitamin B12 deficiency, neurosyphilis,
medication side effects, and combinations of diseases. However, diseases that present
with two major clinical symptoms may also be challenging for differential diag-
nosis. These include cervical myelopathy, lumbosacral spinal stenosis, peripheral
neuropathy, and combinations of diseases. Diseases that present with only one clin-
ical symptom (i.e., gait disturbance in spinocerebellar degeneration, degenerative
arthritis and peripheral vascular disease, urinary incontinence in prostatic hyper-
trophy, pelvic-floor abnormalities and interstitial cystitis, and cognitive impairment
in Alzheimer’s disease, frontotemporal dementia and major depression) may be less
challenging for differential diagnosis. However, it is still important to identify or rule
out these diseases that should be treated before evaluating iNPH.
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4.1 Diseases with Three Major Clinical Symptoms

Secondary Normal Pressure Hydrocephalus and Chronic Obstructive
Hydrocephalus

Secondary NPH, similar to iNPH, is a communicating hydrocephalus with no visible
obstruction of the CSF pathways. In secondary NPH, there should be evidence of
the pre-existing condition in medical history that could interfere with CSF resorp-
tion (e.g., subarachnoid haemorrhage, meningitis, traumatic brain injury, or brain
surgery). The onset of clinical symptoms in secondary NPH is usually more rapid
than in iNPH. The differential diagnosis is based primarily on the patient´s medical
history and brain imaging. In contrast, chronic obstructive hydrocephalus is a non-
communicating type of hydrocephalus, which typically has aqueductal stenosis or
fourth ventricle outlet occlusion. This type of hydrocephalus includes different patho-
logical entities of congenital or developmental aetiology, such as LongstandingOvert
Ventriculomegaly inAdults (LOVA) [26], Panventriculomegaly (PaVM) [27], persis-
tent Blake’s pouch cyst [28], and Late-onset Idiopathic Aqueductal Stenosis (LIAS)
[29], the latter of which could also be of secondary aetiology. Chronic obstructive
hydrocephalus has a similar clinical presentation to iNPH and secondary NPH, but
it is more commonly associated with headaches. It should be noted that patients
with iNPH and secondary NPH may also report milder headaches that are typi-
cally characterised as the pressure in the head. The diagnosis of chronic obstruc-
tive hydrocephalus requires brain imaging to evaluate the size of the ventricles and
possible CSF pathway obstructions. CSF drainage tests should be performed in all
subtypes of communicating hydrocephalus, however, they should be avoided in cases
of obstructive hydrocephalus.

Subcortical Ischemic Vascular Disease

Subcortical ischemic vascular disease is caused by microvascular ischemic changes
in the deepwhitematter and the periventricular region leading to disruption of subcor-
tical neural circuits. The clinical symptoms are similar to those observed in iNPH
and include cognitive impairment of a frontal-subcortical profile, gait apraxia, and
urinary symptoms. Clinical symptoms usually present with an insidious onset and
progressive decline. However, unlike iNPH, the stepwise progression and fluctua-
tion of symptoms can also occur. Patients with subcortical ischemic vascular disease
more frequently have vascular risk factors in their medical history (e.g., arterial
hypertension, diabetes, and smoking) and upper motor neuron findings upon clinical
examination including spasticity and hyperreflexia. Mild focal neurological deficits
may also be present. However, differentiating between subcortical ischemic vascular
disease and iNPH is very challenging due to the similar clinical presentation and
frequent overlap between the two diagnoses. BrainMRI is used to evaluate the extent
of white matter lesions and degree of ventricular enlargement and is essential for the



132 J. Laczó and M. Laczó

diagnosis. CSF drainage tests and tests of CSF hydrodynamics are also important
for the differential diagnosis.

Parkinson’s Disease

Parkinson’s disease is a neurodegenerative disease associated with degeneration of
the dopaminergic neurons in the substantia nigra. The clinical symptoms include
gradually progressing motor symptoms with asymmetric resting tremor, bradyki-
nesia, and rigidity (i.e., extrapyramidal symptoms), as well as non-motor symptoms
with hyposmia, depression and Rapid Eye Movement (REM) sleep behaviour disor-
ders. Gait disturbance with freezing and postural instability, cognitive impairment of
a frontal-subcortical profile, autonomic dysfunction including orthostatic hypoten-
sion, urogenital dysfunction and constipation, together with swallowing and speech
difficulties are also present to some degree in a majority of patients. If patients with
Parkinson’s disease show predominantly asymmetric extrapyramidal symptoms in
the upper and lower limbs and typical non-motor symptoms, its differentiation from
iNPH is not very challenging. Clinical findings of swallowing and speech diffi-
culties in patients with Parkinson’s disease may also be useful for the differential
diagnosis. However, if gait impairment is a prominent symptom, the differential
diagnosis becomes more challenging. The finding of a broad-based and atactic gait
with irregular step length and feet rotated outwards associated with preserved or
increased reciprocal arm swing during gait increases the probability of an iNPH
diagnosis. It may also be helpful in the differential diagnosis that cognitive impair-
ment in Parkinson’s disease typically does not develop until several years after the
onset of motor symptoms, in contrast to iNPH. Enlarged ventricles on brain imaging
and positive tests of CSF drainage and hydrodynamics are suggestive of iNPH,whilst
a good response to levodopa treatment and decreased striatal dopamine transporter
uptake on 123I-ioflupane SPECTmake a diagnosis of Parkinson’s diseasemore likely.

Atypical Parkinsonian Syndromes

Atypical parkinsonian syndromes are a heterogeneous group of neurodegenera-
tive disorders that share certain clinical symptoms with Parkinson’s disease (e.g.,
extrapyramidal symptoms, gait disturbance, cognitive impairment, and autonomic
dysfunction with bladder dysfunction) and generally progress more rapidly and
respond poorly to levodopa treatment. They commonly include progressive supranu-
clear palsy, corticobasal syndrome,multiple systematrophy, and dementiawithLewy
bodies. In the differential diagnosis between atypical parkinsonian syndromes and
iNPH, clinicians should specifically look for symptoms that are typical for these
syndromes and are not present in iNPH. Progressive supranuclear palsy can be distin-
guished from iNPH by the presence of early gait instability with unexplained falls,
supranuclear gaze palsy, axial rigidity, dysphagia and dysarthric speech. However,
if gait disturbance is a prominent symptom (i.e., in the variant “pure akinesia
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with gait freezing”), the differential diagnosis becomes more challenging. In corti-
cobasal syndrome, the distinguishing symptoms aremarkedly asymmetric extrapyra-
midal symptoms, predominantly in the upper limbs, with or without dystonia and
myoclonus, orobuccal or ideomotor limb apraxia, cortical sensory deficit, and alien
limb phenomenon (i.e., involuntary movements of the limb along with a sense of
estrangement). Multiple system atrophy can be distinguished from iNPH by the pres-
ence of extrapyramidal symptoms, early postural instability with falls, dysarthria,
upper motor neuron signs, sleep disturbance (e.g., REM sleep behaviour disorder),
and early marked autonomic failure including orthostatic hypotension. In the parkin-
sonian type of multiple system atrophy, other distinguishing symptoms are axial
dystonia, anterocollis (i.e., dropped head), high-frequency limb tremor with or
without myoclonic component, and respiratory or laryngeal stridor. In the cerebellar
type of multiple system atrophy, other distinguishing symptoms are cerebellar limb
and gait ataxia, and oculomotor disturbances including nystagmus. Dementia with
Lewy bodies can be distinguished from iNPH by the presence of extrapyramidal
symptoms, fluctuations in cognition and alertness, recurrent visual hallucinations,
REM sleep behaviour disorder, and early cognitive impairment with prominent visu-
ospatial deficit. Brain imaging in atypical parkinsonian syndromes can show atrophy
of the midbrain and superior cerebellar peduncles in progressive supranuclear palsy,
asymmetric frontoparietal atrophy in corticobasal syndrome, bilateral hypointensities
in the posterolateral putamen, representing iron deposition, and slitlike hyperinten-
sity in the lateral margin of the putamen on T2-weighted images in the parkinsonian
type of multiple system atrophy, and olivopontocerebellar atrophy with or without
pontine gliosis on T2-weighted images (i.e., the hot cross bun sign) in the cerebellar
type of multiple system atrophy. Dopamine transporter SPECT with 123I-ioflupane
typically shows asymmetric reduction in striatal uptake in atypical parkinsonian
syndromes.

Vitamin B12 Deficiency

Vitamin B12 deficiency is usually due to limited dietary intake or malabsoprtion. It
leads to subacute combined degeneration of the spinal cord, affecting the posterior
and lateral columns of the spinal cord, and peripheral neuropathy. Careful clinical/
neurological examinationmay reveal clinical symptoms that differ from those typical
of iNPH. Degeneration of posterior columns leads to loss of proprioception, sensory
ataxia, and paresthesia, whilst degeneration of lateral columns leads to spasticity and
hyperreflexia (i.e., upper motor neuron findings) as well as muscle weakness. Periph-
eral neuropathy ismanifested by paresthesia, decreased or absent ankle reflexes, limb
weakness, and sensory ataxia. Sensory ataxia is characterised by gait disturbance and
difficulty in maintaining balance, especially in the absence of visual cues (e.g., in the
dark or with closed eyes). This manifests as a positive Romberg’s sign, which should
not be present in iNPH. Vitamin B12 deficiency is associated with cognitive impair-
ment characterised by slowing of psychomotor speed andmemory deficits [30]. Some
patients may develop urinary incontinence, which makes differential diagnosis more
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challenging. The diagnosis of vitamin B12 deficiency is based on laboratory testing
with characteristic findings of low serum vitamin B12 levels, elevated methylmalonic
acid and homocysteine plasma levels and haematological abnormalities (i.e., macro-
cytosis and anaemia). MRI of the spinal cord shows typical hyperintensities in the
dorsal columns of the cervical and upper thoracic spinal cord onT2-weighted images.

Neurosyphilis

Neurosyphilis is an infection of the central nervous system caused by Treponema
pallidum that occurs 10 to 20 years after the initial infection if not treated with
antibiotics. Neurosyphilis causes damage to the posterior columns of the spinal
cord and the dorsal root ganglia, the so-called “tabes dorsalis”. The most promi-
nent clinical finding is gait disturbance in the form of sensory ataxic gait due to
loss of proprioceptive input. A characteristic feature of neurosyphilis is that gait
disturbance worsens in the dark and balance is markedly impaired when standing
with the eyes closed (i.e., positive Romberg’s sign), which is not typical for iNPH.
Other typical symptoms of neurosyphilis include paresthesia, lightning-like pain and
areflexia in lower limbs, andArgyll Robertson pupils,which constrict to accommoda-
tion but not to light. These symptoms are not found in iNPH.Neurosyphilis, similar to
iNPH, causes cognitive impairment with predominantly impairedmemory, attention,
and executive function. Neuropsychiatric and behavioural symptoms are frequently
associated with neurosyphilis, the most common being personality changes with
or without aggressive behaviour, psychosis with paranoid delusions, hallucinations
and illusions, as well as mood disorders including mania and depression. Except
for depression, these symptoms are not typical of hydrocephalus [31]. Patients with
neurosyphilis may present with urinary incontinence due to neurogenic bladder. The
diagnosis of syphilis is based on the cerebrospinal fluid analysis, where pleocytosis
and increased protein concentration are usually present, and positivity of theVenereal
Disease Research Laboratory test.

Medication Side Effects

Certain drugs can have side effects such as gait disturbance, motor symptoms, and
cognitive impairment that resemble those in Parkinson’s disease and atypical parkin-
sonian syndromes. The so-called drug-induced Parkinsonism is triggered by drugs
that affect dopamine receptors. These drugs include antipsychotics, more frequently
typical than atypical, gastrointestinal prokinetics and antiemetics, calcium channel
blockers (e.g., flunarizine and cinnarizine), dopamine-depleting drugs (e.g., reser-
pine and tetrabenazine), antiepileptic drugs (e.g., valproic acid and phenytoin), mood
stabilisers (e.g., lithium), and antidepressants (e.g., selective serotonin reuptake
inhibitors) [32]. In addition, antipsychotic drugs can induce urinary incontinence
[33]. The differential diagnosis between iNPH and drug-induced Parkinsonism is
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similar to that between iNPH and other parkinsonian syndromes. However, drug-
induced Parkinsonism has a poor response to levodopa treatment, has normal striatal
dopamine transporter uptake on 123I-ioflupane SPECT, and is reversible after discon-
tinuation of the drug, although the symptoms may persist for weeks to months after
stopping the treatment [32].

4.2 Diseases with Two Major Clinical Symptoms

Cervical Myelopathy

Cervical myelopathy is frequently caused by degenerative cervical spondylosis with
spinal canal stenosis and leads to gait disturbance and urinary problems. Patients
usually have a medical history of neck pain. The most prominent clinical finding in
cervical myelopathy is gait disturbance characterised by sensory ataxia (i.e., ataxia
that is markedly impaired in the dark or with the eyes closed). Clinical/neurological
examination also reveals upper motor neuron findings in lower limbs (i.e., hyper-
reflexia, increased muscle tone, and a positive Babinski sign). None of these clinical
findings are typical for iNPH. Urinary problems, including urgency and inconti-
nence due to neurogenic bladder, may occur as the disease progresses. Imaging of
the cervical spine reveals myelopathy and spondylosis with spinal canal stenosis.
The ventricles should not be enlarged on brain imaging and tests of CSF drainage
and hydrodynamics are negative. Increased protein concentration is usually present
in CSF.

Lumbosacral Spinal Stenosis

Lumbosacral spinal stenosis can lead to nerve root compression, causing gait distur-
bance and urinary incontinence without urgency. Gait disturbance typically worsens
with increasing walking distance. Patients usually have neurogenic claudication (i.e.,
pain in the lower back and lower limbs with or without numbness and weakness
in the legs) when walking a longer distance. The symptoms in lumbosacral spinal
stenosis are markedly reduced when patients bend over or change their position
(e.g., sit or lie down). In contrast, gait disturbance in iNPH does not depend on
walking distance or forward bending. In lumbosacral spinal stenosis, step length
may be shortened, but shuffling that is typical for iNPH is usually not present. Clin-
ical/neurological examination can reveal lower motor neuron findings (i.e., muscle
atrophy and hyporeflexia or areflexia). In severe stenosis, bladder dysfunction with
urinary incontinence without urgency may develop. In the advanced stages, walking
may be impossible and urinary retention may be present due to compression of the
cauda equina. Imaging of the lumbosacral spine reveals spinal canal stenosis and
tests of CSF drainage and hydrodynamics, preferably performed at a higher level
than the stenosis, are negative.
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Peripheral Neuropathy

Peripheral neuropathy is caused by damage of the peripheral nerves, includingmotor,
sensory, autonomic, or multiple nerve types simultaneously. The most common
causes of peripheral neuropathy in older adults are diabetes, vitamin B deficiency,
medication (e.g., chemotherapy), excessive alcohol consumption, tumours (e.g.,
paraneoplastic syndrome), autoimmune diseases, or idiopathic aetiology. Gait distur-
bance is caused by sensory ataxia due to loss of proprioception in the lower limbs
and typically worsens in the dark. Muscle weakness due to motor nerve damage can
also contribute to gait disturbance. Damage to sensory and autonomic nerves can
cause bladder dysfunction with voiding difficulties. The typical clinical symptoms
of peripheral neuropathy are paresthesia, numbness, sensory impairment, muscle
weakness, and neuropathic pain in the lower limbs. None of these symptoms should
be present in patients with iNPH. Clinical/neurological examination can reveal lower
motor neuron findings (i.e., muscle atrophy and hyporeflexia or areflexia) with or
without paresis and hypoesthesia for various qualities, including loss of vibration
sense. The diagnosis of peripheral neuropathy can be verified by nerve conduction
studies and needle electromyography.

Diseases with One Major Clinical Symptom

There are a number of diseases that can have one clinical symptom characteristic of
iNPH. Gait disturbance can be present in degenerative arthritis of hips, knees, and
ankles, peripheral vascular disease with typical claudications, and also in spinocere-
bellar ataxia with impaired limb coordination. Isolated urinary urgency and inconti-
nence can be present in prostate hypertrophy, pelvic-floor abnormalities, and inter-
stitial cystitis. Cognitive impairment is typically present in a number of neurode-
generative diseases and in major depression. Specifically, patients with Alzheimer’s
disease have severe memory deficits with poor recall that does not benefit from
cueing and impaired recognition, as well as anomic aphasia and agnosia. Depending
on the variant of the disease, patients with frontotemporal dementia have personality
changes and socially inappropriate behaviour or various types of aphasia. Almost all
patients with neurodegenerative diseasesmay also have urinary incontinence and gait
disturbance in the very advanced stages,whichmakes their differentiation from iNPH
more challenging. Patients with major depression usually have cognitive impairment
of a frontal-subcortical profile similar to that found in iNPH. All of these diseases
should be ruled out or identified and treated, if possible, before evaluating iNPH.
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5 Conclusion

Gait disturbance, urinary incontinence and cognitive impairment are the major clin-
ical symptoms of iNPH. Minor clinical symptoms, including dizziness, sleep disor-
ders, sexual dysfunction, and headache, may also be present in patients with iNPH.
It is of great importance to accurately identify the typical major clinical symptoms of
iNPH and to specifically look for clinical symptoms and findings that are not usually
present in iNPH and may point to the other diagnoses, the red flags. In the differ-
ential diagnosis, it is particularly important to keep in mind diseases that present
with all three major clinical symptoms, including other types of hydrocephalus
(i.e., secondary NPH and chronic obstructive hydrocephalus), subcortical ischemic
vascular disease, Parkinson’s disease, atypical parkinsonian syndromes, vitamin B12

deficiency, neurosyphilis and medication side effects. Careful examination of the
major clinical symptoms along with evaluation of specific findings on brain imaging
is essential to identify patients who should be referred for specific tests of CSF
drainage or hydrodynamics to confirm the diagnosis of iNPH.

6 Key Points

• Gait disturbance, urinary incontinence, and cognitive impairment are the major
clinical symptoms,which are together present in about 50%of patientswith iNPH.

• Gait disturbance is characterised as an apraxia of gait (i.e., broad-based and short-
stepped gait with irregular step length, reduced step height and turning en bloc
using multiple steps) with preserved arm swing.

• The most common urinary symptoms are urinary urgency and increased urinary
frequency together with urge incontinence in the later stages.

• Cognitive impairment is characterised by slowing of psychomotor speed, atten-
tional and working memory deficits, executive dysfunction, episodic memory
deficits with preserved recognition and visuospatial impairment, and is usually
accompanied by neuropsychiatric and behavioural symptoms, the most common
of which is apathy.

• The minor clinical symptoms are present irregularly and include dizziness, sleep
disorders, sexual dysfunction, and headache.

• Acute onset and fluctuation of clinical symptoms is not typical for iNPH.
• Neurological examination in patients is normal except for findings associatedwith

the major clinical symptoms.
• Upper motor neuron findings may indicate vascular ischemic changes, lower

motor neuron findings may indicate polyneuropathy or nerve root compres-
sion, cerebellar or extrapyramidal symptoms are suggestive of neurodegener-
ative diseases and spinal ataxia is characteristic of spinal cord pathology and
polyneuropathy.
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• Severe memory deficits, agnosia, aphasia, and visual hallucinations should raise
concerns about another diseases causing cognitive impairment.

• In the case of progressive cognitive impairmentwithout gait disturbance regardless
of urinary symptoms, other diseases should be considered.

• If gait disturbance and urinary symptoms without cognitive impairment are
present, spinal cord pathology and nerve root compression have to be excluded.

• The differential diagnosis of iNPH is most challenging for diseases that present
with three major clinical symptoms including secondary NPH, chronic obstruc-
tive hydrocephalus, subcortical ischemic vascular disease, Parkinson’s disease,
atypical parkinsonian syndromes, vitamin B12 deficiency, neurosyphilis, and
medication side effects.

• Diseases that present with two major clinical symptoms and may mimic
iNPH include cervical myelopathy, lumbosacral spinal stenosis, and peripheral
neuropathy.

• Also diseases that present with one major clinical symptom should be ruled out
or identified and treated, if possible, before evaluating iNPH.
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Differential Diagnosis of Gait
and Balance Impairment in Idiopathic
Normal Pressure Hydrocephalus

Ota Gál, Martina Hoskovcová, and Jiří Klempíř

Abstract Difficulties with gait and balance are a key component of normal pressure
hydrocephalus (NPH) pathology. They contribute to the symptomatic triad of NPH
together with cognitive and urinary impairment. However, not all of these symptoms
are always present in each patient. Although the pathophysiology of NPH gait and
balance impairment has not yet been fully elucidated, amultilevel cortical and subcor-
tical dysfunction including midbrain compression and atrophy likely plays a role.
Impairment of all modalities of postural stability corresponds to the typical manifes-
tation of frontal gait pathology which involves short steps, widened base of support,
and reduced foot-floor clearance as well as other signs described in this chapter. Sixty
to eighty per cent of NPH patients are at risk of falls. Other gait phenotypes might
be present in NPH patients due to various neurological and non-neurological comor-
bidities. Early diagnosis and treatment of NPH using ventriculoperitoneal shunting
usually lead to significant improvement in gait and balance. Thus, this chapter elab-
orates on the neurological differential diagnostics of NPHwith specific focus on gait
impairment.
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Abbreviations

BOS Base of support
CBD Corticobasal degeneration
CBS Corticobasal syndrome
CoP Centre of pressure
DLB Dementia with Lewy bodies
FGA Functional gait assessment
FOG Freezing of gait
Inph Idiopathic normal pressure hydrocephalus
MSA Multiple system atrophy
NPH Normal pressure hydrocephalus
PD Parkinson’s disease
PSP Progressive supranuclear palsy
PSP-RS PSP-Richardson’s syndrome
sNPH Secondary normal pressure hydrocephalus
VP Vascular Parkinsonism

1 Introduction

Idiopathic normal pressure hydrocephalus (iNPH) typically presents with the
triad of gait difficulty, urinary incontinence, and cognitive decline. Bladder symp-
toms of NPH are high urinary frequency, complete urinary incontinence, and rarely
faecal incontinence. Common signs ofmental disorders are slow psychomotor speed,
inattentiveness, memory impairment, affective indifference, and apathy. Other non-
constant symptoms include headache, dizziness/vertigo, extended need of sleep,
sexual dysfunction, and behavioural changes. However, the complete syndrome is
present in only 50–75% of the patients [1]. iNPH occurs after the age of 60 in
approximately one-third of all cases, and its prevalence continues to increase with
age. In clinical practice, secondary NPH (sNPH) is often encountered. Therefore,
it is sometimes difficult to distinguish iNPH from other neurological (Table 1) and
non-neurological (Table 2) aetiologies, which can even be combined independently
with the symptoms of iNPH. For the elderly, we often use the term “multifactorial
gait disorder” in such cases. In any case, it is necessary to recognise the symptoms,
including the dominant type of gait disorder (Table 3) and accordingly search for
provoking aetiology (Tables 1, 2, and 3) [2, 3].
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Table 1 Differential
diagnosisof idiopathicnormal
pressure hydrocephalus

Secondary normal pressure hydrocephalus
Chronic obstructive hydrocephalus
Parkinson’s disease
Atypical Parkinsonian syndromes
Secondary Parkinsonian syndromes
Cerebrovascular disease
Brain atrophy
Cervical myelopathy
Lumbar spinal canal stenosis
Secondary normal pressure hydrocephalus

Table 2 Non-neurological
causes of gait disorders Pain

Visual impairment
Hearing impairment
Orthopaedic disorders
Rheumatologic disorders
Cardiorespiratory problems
Side effects of drugs
Visual impairment

2 NPH Gait Impairment

2.1 Characteristics and Terminology of NPH Gait
Impairment

Gait disturbance is one of the cardinal clinical signs of normal pressure hydro-
cephalus (NPH). It is characterised by markedly decreased step length accom-
panied by broadening base of support (BOS) and reduced foot-floor clear-
ance which resembles the cautious walking of a person on ice. Depending on
which one of these main signs is emphasised, NPH gait has been
described as magnetic (reduced foot-floor clearance), marche à petits
pas and lower half/body Parkinsonism (small steps), or broad-based
(wide BOS). Since the additional features characteristic of the NPH gait
includes balance problems and pronounced fear of falls (see Sect. 2.3),
it is sometimes termed astasia-abasia-basophobia. However, two additional
names are more frequently used, namely gait apraxia and frontal gait
disorder. These are both a type of high-level gait disorder. The former term
highlights the fact that this gait disturbance cannot be explained simply on the basis
of upper or lower motor neuron lesions or impaired coordination. In this sense, it can
be called apraxia. The latter emphasises similarities with the gait phenotype seen in
frontal lobe lesions (see Sect. 3.1).
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Table 3 Basic types ofgaitdisorders due to neurological causes

Gaitpattern Gaitcharacteristics Common aetiologies

Spasticgait Hip and knee pathology depends mainly
on whether anterior muscles (quadriceps
femoris and especially rectus femoris) or
posterior muscles (gluteus maximus and/or
hamstrings) being more overactive. The
former pathology causes premature
termination of the stance phase, which
decreasesgaitspeed and step length on the
non-paretic side. In the swing, an
overactive quadriceps hinders knee flexion,
thus “making the limb longer” and forces
the patient to compensate (typically by
circumducting the limb) to not trip. In the
latter pathology, the overactive muscles
hinder hip flexion in the initial swing phase
which leads to a reduced step length on the
paretic side. Hamstrings also contribute to
this by preventing knee re-extension in the
terminal swing
Distal (ankle and foot) pathology is
primarily caused by triceps surae and
tibialis posterior. In the former case, soleus
leads to tripping in the first half of the
swing phase (when the knee is flexed) or
when walking down the stairs and also to
knee hyperextension in mid stance.
Tiptoeing in the second half of the swing
phase (when the knee is extended) or when
walking up the stairs is a consequence of
muscle overactivity of the gastrocnemii. In
the latter case, tibialis posterior causes
equinovarus where the lateral side of the
toe touches the ground at initial contact

Lesions of the
corticospinal tract
vascular, traumatic,
hereditary, autoimmune,
infectious, neoplasia

Flaccid paresis The foot drags, scuffs, or catches with
walking. In some patients, a compensatory
high-steppinggaitdevelops, making use of
hip flexor strength to allow foot clearance

Lumbar radiculopathy,
lumbar stenosis, trauma,
neuropathy, lower motor
neuron lesions

Myopathicgait Waddlinggaitand abnormal pelvic tilt with
each step because of limb girdle weakness

Myopathy (drug-induced,
critical conditions,
hormonal, inclusion body
myositis), sarcopenia,
deconditioning,
myasthenic syndrome

Parkinsoniangait Narrow-basedgaitwith reduced stride
length; the feet barely clear the floor.
Posture is stooped and arm swing reduced
when walking. The forward centre of
gravity causes increasingly faster, short
steps (hurrying or "festinating"). Turning
is by small steps rather than pivoting

Parkinson’s disease,
atypical Parkinsonian
syndromes,
secondary Parkinsonian
syndromes

(continued)
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Table 3 (continued)

Gaitpattern Gaitcharacteristics Common aetiologies

Apraxia of
(frontal)gait

Gaitmay appear cautious or "magnetic".
There is difficulty initiating or maintaining
walking. There may be inappropriate or
counterproductive postural responses,
short shuffling steps, disequilibrium, and
start and turn hesitation. Base of support is
widened

iNPH,
sNPH,
vascular disorders of the
brain, especially in the
case of involvement of the
white matter of the frontal
lobes,
neurodegenerative disease

Cerebellargait Thegaitmay appear to be stumbling,
lurching, staggering, reeling, drunken, or
slow, with reduced step length and a wide
base. Associated features can include other
signs of cerebellar dysfunction, including
scanning and slow speech, finger-nose and
heel-shin dysmetria, and dyssynergia

Hereditary and sporadic
cerebellar
neurodegeneration,
stroke,
tumours,
alcohol

Vestibulargait Deviation on walking depending on the
type of vestibular pathology. Thegaitvaries
from an occasional stumble to frank
veering. The legs are slightly spread, and
stride length is slightly reduced. Stamping
on the spot with eyes closed demonstrates
veering (Unterberger test). Often
associated with nystagmus

Lesion of brainstem or
cerebellum—stroke or
expansive processes,
vestibular system
disorders

Sensory ataxia Gaitis high stepping and stamping and
may be slightly wide based. Stride length
is normal or a little reduced.
Thegaitdeteriorates markedly without
visual control

Sensory neuropathy,
compressive myelopathy,
paraneoplastic disorder,
vitamin B12 deficiency

Functionalgaitdisorder An inconsistent and incongruentgaitpattern
that does not correspond to
thegaitdisorders described above

Heterogeneous,
multifactorial,
bio-psycho-social factors

2.2 Mechanism of Gait Apraxia in NPH

Pathophysiology of gait impairment in NPH is far from understood. Several mecha-
nisms have been proposed including midbrain compression and atrophy, in partic-
ular of the rostral part as well as mesencephalic locomotor region and its effer-
ents to the medullary reticular formation [4–8]. However, these findings have been
challenged [9]. Since several descending cortical tracts (fronto-ponto-cerebellar
connections, corticospinal tracts controlling lower limbs, and the frontal cortico-
subcortical basal ganglia loop) are localised near the ventricles, they might be
compressed, and their function disturbed as well [4, 10, 11]. Also, reduced
short intracortical inhibition (frontal and prefrontal) and increased corticospinal
excitability probably contribute to gait disturbance in NPH [10, 12]. Alternatively,
decreased regional cerebral blood flow in frontal and periventricular areas such
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Fig. 1 Summary of NPH gait pathophysiology hypotheses

as the thalamus, basal ganglia, bilateral frontal middle gyri, and the left temporal
parahippocampal cortex has been suggested to play a role [4, 13–17]. Dysfunction
of the dorsolateral prefrontal and anterior cingulate cortex related to attention
and executive function may also contribute to NPH gait pathology [10, 11, 18, 19].
Finally,postsynaptic D2 receptor dopamine signalling abnormalities in the dorsal
putamen including the somatotopic representation of the foot have been reported in
NPH patients [5, 20]. See Fig. 1 for summary and Fig. 2 for comparison with gait
and balance control.

2.3 Clinical and Instrumental Gait Characteristics

As noted, the basic characteristics of gait in NPH are decreased step length, broad-
ened BOS, and reduced foot-floor clearance. These characteristics typically mani-
fest first [22]. Shortened step or stride length and not decreased cadence (reported
only inconsistently in various studies) have been shown to be the main cause of
decreased gait velocity seen in these patients [23]. Co-contractions of proximal
muscles have been suggested as a possible mechanism for the decreased step length
[12] which often does not even exceed the length of the patient’s foot [24]. Reduced
foot-floor clearance is necessarily accompanied by reduced step height and insuffi-
cient forefoot extension [22] and may be described as shuffling gait. The broadened
BOS—typically exceeding the length of the patient’s foot [24]—might be consid-
ered a compensatory mechanism along with external foot rotation, en bloc gait,
and slightly crouched posture for disturbed balance (see below).
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Fig. 2 Summary of gait and balance control. Adapted from Takakusaki [21]. Gait and balance
control: “Multisensory signals from the visual, vestibular, auditory, somatosensory (proprioceptive),
and visceral receptors act on various sites in the central nervous system. These signals may provide
cognitive and emotional references to the cerebral cortex and limbic system, respectively, so that
the subject may elicit either voluntary movements or emotional motor behaviour depending on the
context. In each case, automatic process of postural control, such regulation of postural muscle
tone and basic postural reflexes, by the brainstem and spinal cord is required. On the other hand,
cognitive postural control is particularly important when the subject learns motor skills and behaves
in unfamiliar circumstance” [21]. See Takakusaki [21] for further explanation

Frontal gait pathology characterised by the above-mentioned triad may not be
the most prevalent gait phenotype in real-life NPH patients due to NPH severity
and various neurological and non-neurological comorbidities [3]. In a relatively large
sample size (n= 80), Morel [2] has shown that other clinical gait abnormalities were
the most common (hemiparetic or ataxic gait; 30%) followed by normal (absence of
any clinical gait abnormalities; 29%), frontal (26%), and Parkinsonian (short and/
or shuffling steps, flexed posture, reduced arm swing, and normal base; 15%) gait
phenotypes. It must be noted however, that the Parkinsonian gait phenotype shares
many characteristics with the NPH frontal one: slowness of movement, decreased
step length, difficulties with gait initiation as well as fragmented and en bloc turning
(>3 steps/180° turn; [24]), often associated with freezing of gait. Freezing can be
seen in NPH patients with predominant supplementary motor area damage along
with good response to external cues reported by some authors [12, 25] and denied
by others [26, 27]. However, as opposed to Parkinson’s disease (PD), patients
with NPH gait pathology have preserved arm swing, more upright posture, and
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symmetrical impairment, and they do not suffer from tremor and do not respond
to levodopa (see Sect. 3.3).

NPH gait impairment is typically in clear contrast to the performance in
supine and sitting, suggesting a link of the pathology with weight-bearing posi-
tions [28]. Even rising from a seated position is often accompanied by purposeless
movements seen in apraxic patients. However, tasks involving lower limbs such as
cycling, writing with the foot, or kicking a ball are preserved which implies intact
motor strength as well as sensory and cerebellar functions. Apraxia of upper limbs
comprising impaired grasp-lift synergy and force overshooting has recently received
more attention [29–31]. It has been shown that NPH patients also have poorer perfor-
mance in various upper limb tests which improve after shunting. Upper limb perfor-
mance was also correlated with lower limb function and cognition in these studies.
Reflexes are usually normal. Since, however, many NPH patients are older and suffer
from hypertension, they may also have spasticity and Babinski sign due to previous
strokes [32]. In neurological examination, frontal lobe signs including grasp reflex
and grasp response of the toes may be present as well as Parkinsonian features
[33]. Furthermore, some characteristics of NPH gait pathology (i.e. gait speed and
stride length) seem to be specifically sensitive to cognitive but not motor dual-task
interference [34].

With respect to balance (Table 4), the following pathology can be seen in NPH
patients. Steady-state NPH balance impairment in standing is characterised by an
increased trunk sway, a larger displacement of the centre of pressure (CoP) in
the frontal plane, faster velocity of the backward movement in positions with the
eyes open, neutral or forward directed inclination, and often broad-based stance.
The stance of NPH subjects is often, but not universally broad-based and tandem
stance is very difficult or practically impossible. In marked gait or postural ataxia,
patients cannot stand with their feet together and their eyes opened, which, however,
already goes beyond quiet stance since standing with feet together or in tandem loads
proactive balance. Some authors have suggested that an NPH patient’s perception of
their vertical axis may be distortedwith regard to their backward tilt. This might be
due to bilateral central vestibular dysfunction of the thalamus [35] or pontine postural
centre misinterpretation of the vertical axis [36]. As a consequence, these patients are
positioned near the posterior limit of stability and thus show a compensatory forward-
directed inclination. However, backward-tilted vertical axis resembles the situation
of falling forwards, which accounts for faster backward mean CoP velocity [36].
This might be the reason why—paradoxically—these patients show spontaneous
and provoked retropulsion despite the forward-leaning posture [37–39].

In an otherwise healthy subject, distortion of the vertical axis can be compensated
for by other sensory inputs since the patients’ sensory weighting and information is
not disturbed. However, patients with NPH do not seem to be able to utilise visual
inputs for such compensation, perhaps due to impaired sensory integration. Thus,
impaired central integration of sensory stimuli (visual and/or vestibular) might be
one of the factors of impaired balance seen in NPH [35, 36, 40–43].

With respect to reactive balance in standing, NPH patients performed worse
than controls and even PD patients in the shoulder tug test (a variant of the Pull



Differential Diagnosis of Gait and Balance Impairment in Idiopathic … 149

Table 4 Description of balance modalities related to balance assessment

Balance modality Description

Steady state The ability to control the centre of mass in relationship to BOS in sitting,
standing, or walking without any external or internal perturbations

Reactive The ability to control the centre of mass in relationship to BOS during
unexpected perturbations in sitting, standing, or walking

Proactive The ability to control the centre of mass in relationship to BOS during
expected perturbations in sitting, standing, or walking

See Shumway-Cook and Woollacott [51] for further details. Steady-state, reactive, and proactive
balance modalities are assessed in sitting, standing, and walking with/without sensory (vestibular,
somatosensory, visual) interference and/or dual-task

test) [44]. Moreover, their proactive standing balance is compromised not only
in standing with feet together or in tandem stance as noted before, but also in the
multidirectional leaning test with predominantly impaired balance in the frontal
plane [45]. The authors speculate that this mediolateral balance impairment may be
the cause of widened BOS which would thus again be a compensatory mechanism.
Similarly, Nikaido [46] found impaired proactive balance instance in various tasks
of the Berg Balance Scale (especially item 14, standing on one leg).

Balance during walking has also been studied by Nikaido [46] using functional
gait assessment (FGA), which comprises several tasks loading proactive balance
modality in walking as well as vestibular interference and walking with eyes closed.
As compared to age-related controls provided in Walker [47], NPH non-fallers in
Nikaido [46] scored worse by nearly 25% and fallers by 50%. FGA items with
specifically good predictive value with respect to falls were change in gait speed,
gaitwith horizontal head turns, gait and pivot turn, step over obstacle, gaitwith narrow
BOS, and gait with eyes closed. In fact, 60–80% of NPH patients fall according to
various studies [34, 48, 49] and the factors associated with the risk of falling are—
amongst others—instrumentally measured temporal gait variability and dynamic
balance dysfunction as reflected in FGA [50]. Clinically, using tandem gait to assess
proactive balance impairment in walking can be used (Tsakanikas and Relkin [38]:
>2 foot corrections/8 steps with open eyes).

Given the phenomenology of gait impairment which—as noted—resembles the
cautious walking of a person on ice, and given the fact that balance is consistently
impaired both in stance and in walking, it is tempting to speculate that most of the
NPH gait pathology or perhaps even its three basic characteristics (decreased step
length, broad BOS, and magnetism) are compensatory mechanisms for impaired
balance. When walking on ice, one spontaneously slightly crouches, broadens BOS,
decreases step height and length, externally rotates the feet, increases trunk muscle
tone decreasing pelvis and shoulder girdle movement, and flexes and slightly abducts
the upper limbs, all of this to lower the centre of gravity and improve stability.
However, this hypothesis remains to be tested.
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3 Clinical Characteristics and Differential Diagnosis

3.1 Characteristics of Frontal Lobe Dysfunction

Apraxia of gait is a very common feature that occurs in various types of central
nervous system disorders. When the frontal lobes are affected bilaterally, the key
areas for programming the walking pattern are affected (see Fig. 2). The prefrontal
cortex is important in the cognitive control of motor performance. Loss of white
matter integrity in major anterior projection fibres (thalamic radiations, corticofugal
motor tracts) and adjacent association fibres (corpus callosum, superior fronto-
occipital fasciculus, short association fibres) show the greatest covariance with
poorer gait. White matter lesions probably contribute to age-related gait decline by
disconnecting motor networks served by these tracts [52].

Apraxiamanifests as a cautious and slow gait [53] (see Sect. 2.3). The stride length
is shortened on a normal or slightly wide base, and there may be hesitation (a few
preliminary steps on the spot are taken before takeoff), freezing, and en bloc turns.
The gait can also appear “magnetic”, as if the feet are stuck to the floor (reduced
step height) [54]. Definitions and variants of freezing of gait are described in
PD and other Parkinsonian syndromes. Frontal disequilibrium is characterised by
inappropriate or counterproductive postural and locomotion responses. The patient
may be easily displaced backwards, precipitating falls (pull test). Fear of falling and
anxiety associated with walking are common.

Since frontal regions are tightly connected with cerebellar structures via pontine
nuclei, the phenomenology may comprise ataxia (wide-based and lurching gait).
Thus, some authors use the term frontal ataxia interchangeably with frontal apraxia.
However, during examination of the patient’s cerebellar functions in bed, no cere-
bellar disorders are present. On the contrary, there are often signs of an upper motor
neuron lesion on the lower limbs (hyperreflexia, positive Babinski reflex, spasticity,
unilateral paresis). Neurological findings on the upper limbs are often normal or
only slightly altered [55]. Psychomotor tempo tends to slow down, and signs of
cortical or subcortical cognitive deficits appear. These include other variants of
apraxia, pseudobulbar affect, and prefrontal syndrome. Computed tomography or
magnetic resonance imaging of the brain shows white matter lesions of the frontal
lobes (usually small vessel vascular disease) [56] and also various neurodegenera-
tive disorders such as Alzheimer dementia, fronto-temporal dementia, Parkinsonian
syndromes, and including NPH. Typical Parkinsonian symptoms such as asymmetric
resting tremor, bradykinesia, and rigidity suggest comorbidity with PD.

3.2 Normal Pressure Hydrocephalus

Gait apraxia is considered to be the typical gait pattern in iNPH. However, small-step
Parkinsonian gait is also described, as well as ataxic wide-based gait [2, 3, 57, 58].
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Table 5 Gait characteristic in idiopathic normal pressure hydrocephalus

Gait characteristics Abnormal findings

10-m walking test >13 steps, taking >10 s

Step breadth Distance between toes >1 feet length

Step length <1—foot distance between the heel of the front foot and the toe of the rear
foot

360° turn >4 steps

Foot placement Foot position correction >25% of steps

The triad of decreased stride length, decreased foot-floor clearance, and a broad-
based gait have been described in NPH. In clinical practice, the number of steps
and seconds needed to walk 10 m at a free pace is assessed in particular, followed
by an ordinal gait assessment (Table 5) [59, 60]. Stance, postural reactions, and gait
can be measured much more comprehensively (Table 6 and Fig. 3) [24].

The clinical distinction between iNPH and sNPH is often difficult clinically
because the pathophysiology of iNPH is still unclear [61]. However, the patient’s
history can help us, especially if symptoms of NPH appear after subarachnoid haem-
orrhage, meningitis, intracerebral haemorrhage, brain tumour, or head trauma [2, 3,
62]. Secondary NPH can occur at any age and affects both sexes equally [63]. From
a practical point of view, however, the diagnostic and therapeutic procedure is the
same for both variants of NPH. Usually, improvement in walking (stride length) is
achieved after performing a tap test, during which we take 30–50 ml of cerebrospinal
fluid. Improvement of gait is usually noticeable after 2 h and within 24 h at the latest.
Compared to gait, cognitive performance and urinary incontinence improve propor-
tionally less. The tap test can be repeated up to three times on consecutive days. The
negativity of the tap test does not necessarily mean a contraindication of surgery
procedure, and therefore, if in doubt, a lumbar infusion test can be recommended
[64]. After the introduction of a ventriculoperitoneal shunt, gait disturbances tend to
improve the most compared to the other symptoms of the triad [65]. The improve-
ment of gait lasts longer than that of the other symptoms. With sNPH, results may
be less satisfactory.

3.3 Parkinsonian Syndromes

Distinguishing between PD and other Parkinsonian syndromes in the early stages
of the disease can be problematic. In 90% of cases, it is PD. Atypical Parkinsonian
syndromes, with the exception of dementia with Lewy bodies, are very rare. Atyp-
ical Parkinsonian syndromes include multiple system atrophy, progressive supranu-
clear palsy, and corticobasal degeneration. Important differentials of the secondary
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Table 6 Classification gait and posture (Souza [24])

Parameters Description

En bloc turning Requiring three or more steps for turning 180 degrees

Dynamic balance or
imbalance

Patient is asked to walk 8 steps putting one foot in front of the
other (tandem gait). Imbalance was considered to be present when
correction steps were needed on two or more attempts

En bloc gait Reduced rotation of the pelvic and scapular girdles and decreased
mobility of the upper limbs

Festination Accelerated gait at least once in the total path

*Postural reflex Score Shoulder tug test

0 Patient stands without taking a step

1 Patient takes a step and remains
stable

2 Patient takes more than one step
and keeps his/her balance

3 Patient takes several steps and
needs to be held

4 Patient falls backward without
taking a step

Freezing Characterised by at least one episode of sudden deceleration or a
break (feet almost stuck to floor) in gait during free walking

Hesitant gait Hesitation at the beginning and end of the course

“Magnetism” or shuffling
gait

Step height decreased during free walking

Broad-based gait Distance between toes >1 own foot length (Fig. 2 B)

Decreased step length
(petit pas)

Distance from heel of front foot to toes of rear foot <1 own foot
length (Fig. 2 C)

Foot angle Toes turned outward on walking (Fig. 2 D)

Trunk flexion A healthy person remains standing upright with his/her head up,
chest out, and abdomen held in

Lateral flexion of the trunk Flexion of the trunk to one side whilst walking spontaneously

Gait cadence (Reference
value for normality)

Gender Age:
60–69 years

Age: 70–79 years

Female 148 steps per
minute (SD ±
23.07)

129.5 steps per minute (SD ±
21.79)

Male **Not given 119.4 steps per minute (SD ±
11.07)

*Assessment of postural reflexes. The examiner must stand behind the patient, pull the patient’s
shoulders suddenly and briskly, and then analyse if there is retropulsion. The examiner should
always be prepared to hold the patient when performing this test; otherwise, a person with a loss
of postural reflexes may fall. The patient must be informed of the details of the test beforehand. A
score of higher than 1 indicates impaired postural reflexes; SD: standard deviation;
**Value for females was used; gait cadence: number of steps per minute; reference normality values
of the preceding decade were used for patients older than 80 years
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Fig. 3 Classification gait and posture (Souza [24])

Parkinsonian syndromes include vascular Parkinsonism, less so NPH and drug-
induced Parkinsonism. In clinical practice, concomitant occurrence of cerebrovas-
cular disease, Alzheimer’s disease, and NPH is not rare [2, 3]. Gait impairment
and balance impairment associated with a higher risk of falls are pivotal features of
Parkinsonian syndromes (Table 6) [66].

Parkinson’s Disease

PD typically manifests asymmetrically with resting tremor, bradykinesia, rigidity,
and, inmore advanced stages,postural instability (Table 6). After the administration
of an adequate dose of dopaminergic medication, there is a clear improvement
in the clinical condition. Insufficient or no effect of dopaminergic stimulation raises
the suspicion of another aetiology. The occurrence of gait and balance disorders,
manifestations of autonomic dysfunction, and a significant cognitive deficit in the
first years of disease progression further casts doubt on this diagnosis. In such a case,
an asymmetric presynaptic deficit of dopamine receptors in the striatum is evidence
for PD (123-I Ioflupane).

In PD, an asymmetric reduction of synkinesias or a subtle narrowing of the
base support appears already in the early stages [67]. Axial symptoms are more
pronounced only in more advanced stages or in people in a hypodopaminergic
state. When sitting, a forward flexion of posture appears across the entire body axis
including the neck, trunk, and extremities [68]. Camptocormia or lateral trunk
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flexion is common [69]. As the disease progresses, it is difficult to stand up from a
sitting position on the first attempt, without the support of hands or another person.
The base tends to narrow as the disease progresses and is associated with instability
in the mediolateral plane, usually due to vascular involvement of the brain [70].
Performance in gait and postural instability tests (timed up and go, pull test, tandem
gait) may be preserved until advanced stages [71]. Freezing of the gait is an inherent
part of the advanced stages of the disease.

Freezing of gait (FOG) is a brief, episodic absence, or marked reduction of
forward progression of the feet despite the intention to walk [72]. FOG usually lasts
a few seconds. It most often appears in PD simultaneously with balance impairment,
gait disorders, and cognitive dysfunction [18]. FOG can also occur in other Parkin-
sonian syndromes and neurodegenerative diseases. There are several classifications
of FOG [73]. For the needs of differential diagnosis of FOG and NPH, the pheno-
typic classification of Fahn [74] (Table 7) and also Schaafsma [75] (Table 8) may be
helpful. In PD, FOG can also involve speech, face, and arms and can be dependent
on the current state of dopaminergic stimulation [73, 76, 77] (Table 9).

PD patients with cognitive impairment have slower gait speed, step length, and
stride length than those without cognitive impairment. Amongst cognitive domains,
registration, attention/calculation, and visuospatial function positively correlated
with step length and stride length. Visuospatial function is significantly associ-
ated with speed. Severity of cognitive dysfunction is associated with worsening of
dynamic balance, especially in dual-task conditions [78].

Multiple System Atrophy

In multiple system atrophy (MSA), symptoms of autonomic dysfunction, Parkin-
sonian, cerebellar, and later pyramidal syndrome appear. The non-motor manifes-
tations of MSA mainly include pain, orthostatic hypotension, urogenital, gastroin-
testinal, respiratory disorders, sleep disorders, behaviour, and cognitive deficits. In
clinical practice, the phenotype is divided into either dominant Parkinsonian or cere-
bellar types. However, in time these types combine with the progression of the
disease.

Compared to PD, the disease progresses rapidly, and patients are usually immo-
bile due to balance and gait disorders (Table 7) within five years of the onset of
neurological symptoms. Parkinsonian syndrome can be resistant to levodopa from
the onset ofmotor symptoms. Levodopa helps in high doses (1500–2000mg/day) and
only partially, and its effectiveness can disappear at any time. Although the morpho-
logical examination of the brain may be normal at the beginning of the clinical
manifestation of MSA, magnetic resonance imaging in MSA shows 50% sensitivity
and 90% specificity [79].

Impairments of voluntary movement and rigidity are typically more pronounced
in the neck and trunk. Patients often have forward flexion of the neck (antecollis),
which is out of proportion to the degree of anteflexion in the other parts of the body
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Table 7 Slow unsteady gait
and other axial features in
Parkinsonian disorders
(modified by Raccagni [66])

Disease Axial features

Parkinson’s disease Narrow-based
Mediolateral stability
Capable to ride a bicycle
Festination
Freezing of gait
Normal tandem gait

Multiple system
atrophy

Broad-based
Not capable of riding a bicycle
Mediolateral instability
Disproportionate antecollis
Autonomic failure
Non-neurogenic orthostatic
Hypotension-related falls
Abnormal tandem gait
Freezing of gait

Progressive
supranuclear palsy

Broad-based
Not capable of riding a bicycle
Mediolateral instability
Careless gait
Rocket sign
Backwards falls
Freezing of gait
Abnormal tandem gait

Corticobasal syndrome Broad-based
Not capable of riding a bicycle
Mediolateral instability
Marked asymmetry
Fixed foot dystonia
Repeated falls
Abnormal tandem gait
Freezing of gait

Lewy body dementia Broad-based
Not capable of riding a bicycle
Mediolateral instability
Repeated falls
Abnormal tandem gait
Freezing of gait

Vascular Parkinsonism Broad-based
Not capable of riding a bicycle
Mediolateral instability
No or minimal upper limb
Bradykinesia/rigidity
Repeated falls
Abnormal tandem gait
Freezing of gait

(continued)
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Table 7 (continued)
Disease Axial features

Normal pressure
hydrocephalus

Broad-based
Frontal ataxia
Not capable of riding a bicycle
Mediolateral instability
Preserved reciprocal arm swing
Repeated falls
Abnormal tandem gait
Freezing of gait

Table 8 Phenotypical
freezing of gait manifestation
[74]

Phenotype Situation

Start hesitation When patient initiates walking

Turn hesitation During turning

Apparent hesitation in tight
quarters

Passing through doorways

Destination–hesitation When the patient approaches a
target

Open space hesitation Appears spontaneously

Table 9 Phenotypical freezing of gait patterns [75]

Phenotype Description

Trembling in
place

The patient attempts to move the feet to overcome the block and produce short
and incomplete steps—i.e. alternating trembling (3–8 Hz) of the
legs—remaining in the same place

Shuffling The patient moves forward with very short steps

Akinetic
freezing

The patient experiences a total arrest of the movement of the legs and feet

[80]. The trunk often flexes tonically to the sides (Pisa syndrome) [81]. A broad-
based stance is noticeable during verticalisation after rising from a chair and when
standing. Additionally, this action can be aggravated by orthostatic hypotension
and leads to frequent falls.

There are problems with the initiation of walking, the step is shortened, sensory
tricks typically do not help with freezing, synkinesias disappear, turns are difficult,
and in advanced stages, there is an apraxic gait. Some individuals show signs of
cerebellar and brainstem damage (midline cerebellar ataxia) [82]. Gait variability
parameters reflect the major axial impairment and postural instability displayed by
MSA patients compared to PD patients and controls [83]. FOG is more common
in MSA Parkinsonian variants [84]. Proactive and reactive postural instability is a
frequent cause of falls without warning signs and without impairment of conscious-
ness. The pull test and tandem gait are often positive within 3 years of the onset
of the disease.
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Clinical evidence implies that patients with MSA and progressive supranuclear
palsy have larger postural instability and gait difficulty impairment than PD patients.
When instrumentally measured, stride length, gait velocity, toe off angle, and param-
eters representing gait variability (stance time variability, swing time variability,
stride time variability, stride length variability) significantly differ between PD and
the above-mentioned atypical Parkinsonian syndromes [85].

Progressive Supranuclear Palsy

Progressive supranuclear palsy (PSP) is an atypical Parkinsonian syndrome and a
tauopathy. The main clinical symptoms include oculomotor dysfunctions, early
postural instability (Table 7), symmetrical hypokinetic-rigid syndrome with
axial predominance, and cognitive decline. Loss of balance and frequent falls
are the most common early signs of PSP. Affected individuals have problems with
walking, including poor coordination and an unsteady, lurching gait.Othermovement
abnormalities develop as the disease progresses, including unusually slow move-
ments (bradykinesia), clumsiness, and stiffness of the trunk muscles. The symptom
variability and rate of progression depend on disease subtype. Diagnostics are based
on clinical symptoms;magnetic resonance remains themost useful auxiliarymethod.

In PSP-Richardson’s syndrome (PSP-RS), the rate of disease progression
(including gait and posture disorders) and responsiveness to treatment is similar
to that of MSA. PSP-RS patients show increased measures of dynamic instability
compared to other variant syndromes of PSP and PD, mainly during a dual-task
(walking whilst serial subtracting 7 starting from 100). The correlation analysis
showed a significant relationship between gait parameters and visuospatial, praxic,
and attention abilities in PSP-RS only. Other variants of PSP present with worse gait
parameters than PD. PSP-RS presents with greater gait dynamic instability in the
early stages compared to other phenotypes [86].

The main symptom of PSP with progressive gait freezing is the development
of akinesia and freezing during the first year of the disease, hesitation when initi-
ating, festination, pulses and eventually stuttering in speech, writing, and other motor
activities [87]. Freezing and akinesia may be the only symptoms of this variant for
a long time. Bradykinesia and limb rigidity may also develop without improvement
after administration of levodopa. In later stages, instability with falls and oculomotor
disorders appear. Given that patients often reach the classic picture of PSP-RS after
more than 10 years, or never reach it, this option seems to be slightly more favourable
than the others.

In PSP with dominant postural instability, postural instability may be the only
dominant symptom for a long time. Instability can be recognised by the pull test:
more than two steps backwithin 3 years of the first symptoms of the disease. A higher
degree of certainty is then represented by references of unprovoked falls back [88].
Patients develop supranuclear visual paresis only at a very late stage of the disease,
or never develop it, as well as other motor symptoms and cognitive or behavioural
disorders.
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The corticobasal variant of PSP is manifested by limb apraxia, dystonia, impair-
ment of cortical sensory functions, and alien hand syndrome. These symptoms are
very often asymmetric in correspondence with asymmetric contralateral hemispheric
atrophy. There is also speech and facial apraxia, myoclonus, and manifestations of
pyramidal system involvement.

In general, many PSP patients have a backward dropping of the head (retrocollis)
when sitting [89] and may rise from a chair far too rapidly due to frontal disinhibi-
tion only to topple backwards into the chair (“rocket sign”) [89]. Upright stance is
impaired, base of support is broad, and patients have a tendency to backward drift
[90]. During the posturographic examination, deviations of the centre of gravity are
described in PSP, mainly in the anteroposterior plane typically in connection with
axial rigidity. The stability pattern differs from MSA patients, where deviations of
centre of gravity occur in both the anteroposterior and mediolateral planes, due to the
ataxic component. Balance is significantly more impaired compared to patients with
PD [91]. Sudden internal and external perturbation can lead to severe instability [92].
Postural instability and falls are early motor signs of PSP. The pull test, timed up
and go test, and tandem gait test are highly sensitive, but not specific. Frontal disin-
hibition is attributed to ignorance of significant postural instability during walking
when patients move disproportionately quickly with abrupt stops and turns [93]. In
addition, downward gaze makes orientation in space and mobility difficult. FOG
also contributes to falls. The temporal-spatial gait characteristics (cadence and stride
length) of PSP and PD are largely similar, but progression in PSP is quicker [94].

Observations lead to the assumption of faulty motor planning and limitation of
myotatic stretching reflexes in spinal impairment and possibly also impairment of
vestibular processing [92]. Amongst other things, abnormal central integration of
sensory inputs probably also plays a role [95, 96].

Dementia with Lewy Bodies

The clinical features of dementia with Lewy bodies (DLB) depend on the underlying
form of the disease. In the common form, dementia is the prominent feature, whilst
in the pure form, Parkinsonian features are more prominent initially. Approximately,
20% of patients do not have any Parkinsonian features (Table 7). Neuropsychological
deficits that have been described include aphasia, dyscalculia, and apraxia. A
psychotic state develops in approximately 20% of patients. Depression, auditory
and visual hallucinations, and paranoid ideation may occur. These patients are
more likely to have cognitive adverse effects with levodopa therapy in early stages
than patients with PD.

Gait disorders are common in people with dementia (including vascular dementia
and Alzheimer’s disease), and a number of studies have documented various changes
in the walking patterns of people with dementia compared to controls [97]. These
changes include decreased velocity and stride length and increased variability. Falls
in people with dementia have been associated with changes in walking patterns [98].
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After Alzheimer’s disease, DLB is now thought to be the second most common
form of neurodegenerative dementia making up 15–25% of cases [99]. Patients
with DLB walk with reduced velocity and stride length compared to people with
Alzheimer´s disease [100–103]. The spatiotemporal gait characteristics of people
with Alzheimer´s disease and DLB are similar, but significantly different from the
normal population [102, 104]. A quantitative gait assessment identified key differ-
ences in domains of pace, step length, rhythm, and postural control that distinguish
early DLB from early PD [105].

Corticobasal Syndrome

The most common presentation of corticobasal cegeneration CBD is the corti-
cobasal cyndrome (CBS), which is a constellation of cortical and asymmetric
akinetic-rigid, poorly levodopa-responsive Parkinsonism, dystonia, myoclonus,
limb clumsiness, and ideomotor apraxia [106, 107]. In the early stages, the upper
limbs are affected sooner and more severely. CBD can present with diverse clin-
ical phenotypes, including a non-fluent, agrammatic primary progressive aphasia
syndrome, dysexecutive and visuospatial syndrome, various behavioural disorders,
prominent pseudobulbar syndrome with dysarthria, frontal-type gait disorder [108]
as well as a progressive supranuclear palsy-like syndrome (see above) [106, 107].

Asymmetric neurological findings are evident even when sitting (dystonia,
rigidity, myoclonus, or tremor). Alien hand (“useless arm”) is a typical symptom of
CBS. A broad BOS when standing up from a sitting position and postural instability
are early symptoms (Table 7) [109]. FOG, apraxia of gait, bradykinesia, a widened
base, leg stiffness interfering with walking, reduced stride length, and start or turn
hesitations are common symptoms [53]. CBS is related to regional grey matter loss
in the basal ganglia/thalamus, frontal, parietal, and temporal lobes.

Vascular Parkinsonism

The diagnosis of vascular varkinsonism (VP) is based on the co-occurrence of
Parkinsonismwith variouspyramidal and ataxic and non-motor symptoms, such as
cognitive changes or urinary incontinence, which are confirmed bymorphological
findings of cerebrovascular disease [110]. There are three subtypes of VP: (1) the
acute/subacute post-stroke VP subtype presents with (sub)acute onset of Parkin-
sonism, which is usually asymmetric. (2) The more frequent insidious onset VP
subtype presents with progressive Parkinsonism with lack/insufficiency of levodopa
responsiveness, prominent gait and postural disorders, a mixed shuffling-ataxic gait
pattern, upper motor neurons signs, or incontinence. (3) Vascular lesions gradually
contribute to the Parkinsonian syndrome in mixed idiopathic PD or other neurode-
generative Parkinsonism and cerebrovascular disease, particularly the features of
gait and postural instability (Table 7). VP accounts for around 10% of all cases of
Parkinsonian syndromes [111].
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In VP, voluntary motor skills of the upper limbs are unaffected or only mildly
impaired. Such an impairment would manifest as akinesia, bradykinesia, rigidity, or
resting tremor. Instead, typical features of VP are postural instability and a broad-
based gait. Compared to PD, postural tremor appears more often in VP [112]. With
verticalisation, a widened base and postural instability typically appear in the early
stages of the disease [113]. A broad-based, unsteady stance is a sensitive but non-
specific symptom during full standing [89]. Posture is characterised by relatively
upright posture and straight legs with extension of knees and hips (Table 7) [114].
Typically, gait is unsteady, broad-based and start hesitations are common, and shuf-
fling steps occur. In some individuals, there is also reduced bilateral arm synkinesias
and loss of the normal synergy, fluency and dynamic interplay of arms, trunk, and
legs. Also, a limited sideway turning of the head, neck, and shoulder is often present,
aswell aswalking en bloc [111, 113, 114]. For frontal lobe impairments, a broadBOS
together with variable step length can sometimes mimic cerebellar ataxia, but when
examining the cerebellar functions of the lower limbs whilst sitting or lying down,
findings are normal (frontal ataxia) [113]. Festination and FOG are common in VP.
FOG episodes tend to be broad based in VP patients, unlike the more narrow-based
FOG episodes in PD patients [115]. Movement disorders together with a progressive
cognitive deficit often lead to immobilisation and loss of self-sufficiency.

3.4 Other Disorders

In this section, diagnoses which are often mentioned in the differential diagnosis
of NPH are briefly described, because their confusion with NPH is less prob-
able. However, they may occur in coincidence with NPH and thus complicate the
diagnostic process (Tables 1, 2, 3, and 6) [2, 3].

Drug-induced Parkinsonism is triggered by drugs that affect dopamine receptors
(antipsychotics, antiemetics, dopamine-depleting drugs, calcium channel blockers).
In such cases, the patient’s medical history is important.

Cervical myelopathy with gait ataxia and urinary disorders are complica-
tions of degenerative cervical spondylosis with spinal canal stenosis in the elderly.
Magnetic resonance imaging and possibly cerebrospinal fluid tests will help establish
the correct diagnosis.

Lumbar spinal canal stenosis can shorten walking distance and is usually asso-
ciated with back and leg pain. Step length can be reduced, but shuffling is not usually
present. Patients recover when bending over or changing position. In contrast to
walking problems, cycling is usually not impaired. Urination difficulties only occur
in more advanced stages and again more often in the elderly. Spinal imaging will
show spinal canal stenosis.

Neurosyphilis can cause gait disorders (spinal ataxia, paresis), neurogenic
bladder, cognitive impairment, and behavioural changes. Diagnosis is based on
cerebrospinal fluid analysis.
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Vitamin B12 deficiency due to limited dietary intake or malabsorption can cause
degeneration of posterior and lateral columns of the spinal cord and peripheral
neuropathy resulting in loss of proprioception, sensory ataxia, paraesthesias, and
upper motor neuron signs as well as muscle weakness. Slowing of psychomotor
speed, memory deficits, and urinary incontinence may develop. To confirm the diag-
nosis, evidence of a critically low serum level of vitamin B12, elevation of methyl-
malonic acid, and homocysteine plasma levels is crucial. Accompanying symptoms
include anaemia and macrocytosis. Magnetic resonance of the spinal cord can show
hyperintensities in the dorsal columns of cervical and upper thoracic spinal cord on
T2-weighted images.

4 Conclusion

Gait and balance impairment is often the first and key symptom of NPH. Besides the
frontal gait phenotype with a typical triad—decreased step length, broad BOS, and
magnetism—other gait phenotypes may be present. Therefore, neurological differ-
ential diagnosis is crucial, especially distinguishing the NPH pathology from PD and
other Parkinsonian and frontal lobe syndromes, as well as disorders with ataxic gait
or general gait and balance disturbances of the elderly.

5 Key Points

• Gait impairment is often the first and the most dominant symptom in NPH.
• Typical NPH gait impairment is characterised by markedly decreased step length

accompanied by broadening of base of support and reduced foot-floor clearance
which resembles the cautious walking of a person on ice.

• Due to various neurological and non-neurological comorbidities, other gait pheno-
types (including hemiparetic, ataxic, or Parkinsonian) may be present besides the
frontal one which makes differential diagnosis challenging.

• The Parkinsonian gait phenotype shares many similarities with the frontal one:
slowness of movement, decreased step length, difficulties with gait initiation as
well as fragmented, and en bloc turning often associated with freezing of gait.

• NPH gait is often described as magnetic (reduced foot-floor clearance), marche
à petits pas and lower half/body Parkinsonism (small steps), or broad-based
(wide base of support). It is also sometimes termed astasia-abasia-basophobia,
gait apraxia, or frontal gait disorder.

• Several mechanisms of gait apraxia have been proposed including midbrain
compression and atrophy, descending cortical tracts compression, reduced short
intracortical inhibition and increased corticospinal excitability, decreased regional
cerebral bloodflow in frontal and periventricular areas, dysfunction of dorsolateral
prefrontal, and anterior cingulate cortex or postsynaptic D2 receptor dopamine
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signalling abnormalities in the dorsal putamen including the somatotopic repre-
sentation of the foot.

• NPH balance impairment is characterised by an increased trunk sway, a larger
displacement of the centre of gravity in the frontal plane, faster velocity of the
backward movement in positions with the eyes open, neutral or forward directed
inclination, and often broad-based stance. Proactive (multidirectional leaning),
reactive (pull test), and dynamic balance is impaired leading to frequent falls.

• Diagnosis of NPH and the selection of suitable candidates for ventriculoperitoneal
shunting are based on balance and gait improvement (especially speed and number
of steps) after lumbar infusion test or intracranial pressure monitoring.

• In properly selected patients, gait and balance are improved the most and the
longest after ventriculoperitoneal shunting.

Funding Supported by the project National Institute for Neurological Research
(Programme EXCELES, ID Project No. LX22NPO5107)—funded by the European Union—Next
Generation EU; Charles University: Cooperation Program in Neuroscience; General University
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Cognitive and Neuropsychiatric Features
of Idiopathic Normal Pressure
Hydrocephalus

Hana Horáková, Martin Vyhnálek, and Vendula Tegelová

Abstract Progressive cognitive impairment is one of the major symptoms of idio-
pathic normal pressure hydrocephalus (iNPH), present in about 80% of patients.
Together with gait disturbance and urinary incontinence, cognitive impairment
constitutes a part of the clinical triad. Cognitive deficit is commonly accompanied
by neuropsychiatric symptoms (NPS), observed in up to 85% of the patients. Both
cognitive deficits and neuropsychiatric symptoms are thought to result from frontal-
subcortical dysfunction. The neuropsychological profile of iNPH is characterised
by psychomotor slowing, reduced information processing speed, attention, working
memory and executive deficit. The predominant NPS is apathy. Depending on the
duration of symptoms, the cognitive continuum ranges from subtle selective cognitive
decline to generalised dementia. In this chapter, we summarise the typical cognitive
and neuropsychiatric profile associated with iNPH and describe the current cognitive
and neuropsychiatric assessment standards. Implementation of a shunt is a treatment
option to improve symptoms and slow progression. We describe the evolution of
cognitive and neuropsychiatric symptoms after shunting and the power of neuropsy-
chological tests to predict the response to shunting. Finally, we discuss the role of
neuropsychological assessment in differential diagnostics of iNPH.

Keywords Normal pressure hydrocephalus · Cognition · Dementia ·
Frontal-subcortical dysfunction · Apathy · Neuropsychological evaluation ·
Response to shunting
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Abbreviations

ACC Anterior Cingulate Cortices
AD Alzheimer’s Disease
AES Apathy Evaluation Scale
AS Apathy Scale
AVLT Auditory Verbal Learning Test
BAI Beck Anxiety Inventory
BDI-II Beck Depression Inventory–II
BNT Boston Naming Test
BVMT-R Brief Visual Spatial Memory Test—Revised
CDT Clock Drawing Test
CNS Central Nervous System
COWAT Controlled Oral Word Association Test
CSF Cerebrospinal Fluid
CVD Cerebrovascular Disorders
CVLT-II California Verbal Learning Test—Second Edition
CT Computed Tomography
D Dementia
FAB Frontal Assessment Battery
FCSRT Free and Cued Selective Reminding Test
FCSRT-IR Free and Cued Selective Reminding Test—Immediate Recall
FTLD Frontotemporal Lobar Degeneration
GDS Geriatric Depression Scale
iNPH Idiopathic Normal Pressure Hydrocephalus
ISHCSF International Society for Hydrocephalus and CSF Disorders
JLO Judgement of Line Orientation
MBI-C The Mild Behavioral Impairment Checklist
MCI Mild Cognitive Impairment
MMSE Mini Mental State Examination
MoCA Montreal Cognitive Assessment
MRI Magnetic Resonance Imaging
NPI Neuropsychiatric Inventory
OFC Orbitofrontal Cortices
PD Parkinson’s Disease
PSP Progressive Supranuclear Palsy
P(r)VLT Philadelphia (repeatable) Verbal Learning Test
RAVLT Rey Auditory Verbal Learning Test
ROCF Rey–Osterrieth Complex Figure
SCWT Stroop Colour and Word Test
SRT Selective Reminding Test
TMT A Trail Making Test part A
TMT B Trail Making Test part B
ToL Tower of London
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VCI Vascular Cognitive Impairment
VPS Ventriculoperitoneal Shunt
WAIS-III Wechsler Intelligence Scale for Adults, Third Edition
WCST Wisconsin Card Sorting Test

1 Introduction

Progressive cognitive impairment is one of the major symptoms of idiopathic normal
pressure hydrocephalus (iNPH), present in about 80% of patients [1]. Together with
gait disturbance and urinary incontinence, cognitive impairment constitutes a part
of clinical triad. It has been estimated that between 2 and 6% of dementia cases are
caused by iNPH, and the prevalence increases with age [2–4]. Although cognitive
difficulties in iNPH are not typically the reason for seeking medical help, they can be
the initial symptom, and the careful examination of this feature should be an integral
part of the initial workup and subsequent monitoring [5].

This chapter focuses on the cognitive and neuropsychiatric features of iNPH. The
aim is to characterise the neuropsychological and neuropsychiatric profile of iNPH,
its presumed underlying neural dysfunction, and to describe the neuropsychological
tests and neuropsychiatric scales commonly used in patients with iNPH. Further,
we summarise the evidence about the evolution of cognitive and neuropsychiatric
symptoms after shunting, including the power of neuropsychological tests to predict
response to ventriculoperitoneal shunting (VPS). Finally, we outline the contribution
of cognitive and neuropsychiatric symptoms to the differential diagnosis of iNPH.

2 Stages of Cognitive Deficit

Similar to conditions leading to dementia, the cognitive impairment in iNPH
manifests in three stages.

In the first “cognitively asymptomatic” stage, patients have no objective cogni-
tive impairment on neuropsychological testing. At this stage, patients or their infor-
mants report no or only subtle cognitive changes that do not have any objective
cognitive correlation on the formal neuropsychological testing. The preclinical (or
clinically asymptomatic) stage is a termwidely used in the field of neurodegenerative
diseases, particularly in Alzheimer’s disease, to describe the fact that neuropatho-
logical changes precede the clinical signs by many years. During the preclinical
stage, the neurodegenerative disease can be diagnosed by biomarkers [6, 7]. The
diagnosis of cognitively asymptomatic stage in iNPH is more problematic, as no
reliable markers of iNPH exist in the preclinical stage. We propose the term “cogni-
tively asymptomatic” to designate cognitively normal patients with iNPH in whom
the diagnosis of iNPH was made on the basis of other clinical symptoms of iNPH
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(gait and/or urinary impairment), together with the results of other paraclinical tests
(MRI, spinal tap, etc.).

The second (prodromal) stage is called “mild cognitive impairment” (MCI)
and designates patients with cognitive difficulties reported by themselves or by their
informants, who score pathologically on neuropsychological testing, but who are
still self-sufficient [8].

Dementia stage designates patients who are no longer self-sufficient because of
cognitive deficit.

3 Neuropsychological and Neuropsychiatric Profile
in iNPH

Cognitive deficit in patients with iNPH has been typically described as a result of
frontal-subcortical circuitry dysfunction. Depending on the duration of symptoms, it
ranges from more subtle and selective cognitive decline to more generalised cogni-
tive impairment leading to dementia. The early cognitive decline may often remain
undetected, which may delay the correct diagnosis.

The frontal-subcortical circuitry dysfunction predominantly refers to
psychomotor slowing, reduced information processing speed, and atten-
tion and executive deficit [9–12]. These cognitive symptoms usually develop
early during the iNPH condition. Psychomotor slowing and reduced information
processing speed are typically striking, especially in later stages of the condition,
although they are usually unnoticed by the patients.1 Due to the executive deficit,
the ability to regulate behaviour to complete activities and reach goals is typically
compromised. Specifically, difficulties in the ability to plan and initiate tasks,
maintain focus and flexibility in thinking were the most often impaired executive
processes in previous studies [9–12]. Judgement is usually preserved for a long time
according to the previous literature [13], though, to the best of our knowledge, no
study has empirically shown it yet. In later stages, a complex dysexecutive syndrome
is typically present, i.e., commonly accompanied by anosognosia when patients are
unaware of their cognitive deficit and sometimes gait disturbance and incontinence.
Thus, the clinician should not be surprised that a patient who is unstable in walking
denies any difficulties. In that situation, a close informant is needed to get reliable
and valid information about the development of symptoms over time.

Memory may also be impaired. However, memory deficit is often secondary to
attention difficulties, inefficient information processing, or ineffective retrieval due
to frontal-subcortical dysfunction. This leads primarily to impaired learning and
recall, while retention of information usually remains preserved until later stages
of the iNPH condition. The learning phase may be facilitated using semantic cues
(the so-called controlled encoding). They help to eliminate the negative influence of

1 On the contrary, the patients report feeling like the world is speeding up around them (clinical
experience).
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attention and structure the encoding process. Similarly, the retrieval deficits in the free
recall may be normalised using the same semantic cues (the so-called cued recall).
The efficiency of the controlled encoding and cued recall to normalise the memory
performance is the primary feature distinguishing secondary memory deficit due to
frontal-subcortical dysfunction frompurememorydeficit due tomedial temporal lobe
(MTL) dysfunction [typical for Alzheimer’s disease (AD)]. Recognition was shown
to be disproportionally preserved relative to free recall in patients with iNPH [14, 15].
This is not surprising since this measure has been considered to be linked to MTL
function [16].However, another study found that both free recall and recognitionwere
similarly impaired in patients with iNPH [11], suggesting that memory impairment
in iNPH may not be entirely ascribable to frontal-subcortical dysfunction. This was
further supported by a neuroimaging study in which a reduction in MTL volume was
shown in patients with iNPH [17]. In both studies [17, 18], authors aimed to exclude
patients with probable AD comorbidity; however, AD biomarkers were not analysed,
so the AD comorbidity and its possible effect on memory performance could not be
completely ruled out.

Beyond the pure frontal-subcortical circuitry dysfunction, deficits in visuoper-
ceptual and visuospatial function have been also observed [11, 19]. In particular,
the impairment in visual discrimination, visual counting and visuoconstruction were
reported [11, 19], referring to posterior cortical dysfunction, predominantly in the
parietal lobes. These findings are in line with previous neuroimaging studies in which
a parietal regional cerebral bloodflow reductionwas shown in patientswith iNPH [20,
21]. Still, the current knowledge on the profile of visuoperceptual and visuospatial
deficit in iNPH is scant since these functions have not been routinely assessed.

The typical neuropsychological profile in iNPH is summarised in Table 1.
Cognitive deficit in iNPH is often accompanied by neuropsychiatric symptoms

[22]. The prevalence may vary according to the clinical setting in which the patient

Table 1 Typical neuropsychological profile in iNPH

Cognitive domain Typical finding in iNPH

Orientation • Preserved, or only mildly impaired

Speed of processing* • Impaired

Attention and working
memory*

• Impaired

Executive functions* • Impaired (impairment ranges between the selective deficit of
individual executive processes and complex dysexecutive syndrome)

Visuoperceptual and
visuospatial functions

• May be impaired

Learning and memory • Impaired learning and recall, both can be normalised by controlled
learning/cued recall/recognition;

• Relatively preserved retention;

Language and speech • Usually preserved

Note *Cognitive domains most commonly and profoundly impaired
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is evaluated, and the severity depends on the stage of the iNPH condition, with more
severe neuropsychiatric symptoms in later stages [23, 24]. In a multicentre study
[23], neuropsychiatric symptoms were observed in 85.7% of patients in a psychi-
atry clinic, 52.6% of patients in two neurosurgery clinics and 79.2% of patients in
a dementia centre. According to the previous studies [23, 24], the most prominent
neuropsychiatric symptom in iNPH is apathy, followed by anxiety. Other less preva-
lent neuropsychiatric symptoms were agitation, irritability, depression, or aberrant
motor activity. Psychotic symptoms, such as delusions or hallucinations, were the
least observed. The prevalence of the neuropsychiatric symptoms observed according
to the clinical setting is summarised in Table 2.

It has been suggested that the typical profile of neuropsychiatric symptoms
in iNPH predominantly arises from frontal-subcortical circuitry dysfunction [25]
involving a series of parallel neural pathways linking orbitofrontal (OFC), medial,
dorsolateral prefrontal and anterior cingulate (ACC) cortices to the striatum, globus
pallidus and thalamus [26]. Specifically,ACCand its subcortical circuitmediatemoti-
vate behaviour; thus, dysfunction in this area may lead to apathy. Hypoperfusion in
both the ACC and thalamus was previously shown in iNPH [27–29], which could
explain the presence of apathy in these patients. Further, OFC and its subcortical
circuit mediate behaviour and emotional regulation; thus, dysfunction in this area
may lead to behavioural disinhibition and emotional lability. In functional imaging
studies [27, 28], hypofunction in the OFC and ACCwas found in iNPH, which could
explain anxiety, irritability and aberrant motor activity or stereotyped behaviour in
these patients.

Table 2 Typical neuropsychiatric profile in iNPH

Neuropsychiatric symptoms* Prevalence according to the clinical setting (%)**

Psychiatric clinic Neurosurgical clinic Dementia centre

Apathy 76 53 79

Anxiety 38 26 13

Irritability 0 16 17

Agitation 19 11 21

Aberrant motor activity 19 11 13

Depression 14 16 13

Delusions 14 5 17

Hallucinations 10 5 0

Note *sorted by the usual prevalence in general; **Kito et al. [23]
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4 Neuropsychological and Neuropsychiatric Tests for iNPH
Diagnostics

Two main approaches may be applied to assess cognition: cognitive screening or
more comprehensive neuropsychological evaluation.

Cognitive screening is usually employed by neurologists or neurosurgeons to
quickly assess global cognitive functioning since it is feasible to perform this during
a time-limited consultation and its administration and interpretation usually do not
require any special professional qualification. Overall, cognitive screening measures
are sensitive and specific to detect more advanced stages of cognitive deficit and
to monitor the course of cognitive deficit in these stages since more comprehensive
and detailed neuropsychological evaluation may represent too much burden for the
patient and may bring only little additional information. However, they may not be
sensitive enough to capture early and more subtle cognitive decline especially if
only some cognitive processes are selectively impaired. They cannot be used for
differential diagnostics either. Comprehensive neuropsychological evaluation with a
neuropsychological test battery enables us to get a detailed cognitive profile of the
patient.

In addition, evaluation of the presence and severity of neuropsychiatric symp-
toms and their potential impact on cognition should be an integral part of
neuropsychological assessment.

4.1 Cognitive Screening

The most commonly used cognitive screening measures cover the majority of cogni-
tive domains [e.g.MiniMental StateExamination (MMSE) [30] andMontrealCogni-
tive Assessment (MoCA) [31]], or they are focused on a specific cognitive domain
[e.g. Clock Drawing Test (CDT) [32] and Frontal Assessment Battery (FAB) [33]].

MMSE was initially developed to detect later stages of cognitive deficit
(dementia), while MoCA was originally designed to detect earlier and more subtle
stages [mild cognitive impairment (MCI)]. MCI is a clinical stage that often precedes
dementia [34]. MMSE and MoCA both evaluate orientation, attention, working
memory,memory, language and visuoconstruction. Contrary toMoCA,MMSE lacks
evaluation of executive function [35]. Further, in comparison with MMSE, MoCA is
more difficult in memory since it includes more words to be learned (5 vs. 3). At the
same time, there are fewer trials to encode them (2 vs. up to 3), and a longer delay
between learning and retrieval.

As for discrimination accuracy, according to a detailed meta-analysis, the MMSE
had a pooled sensitivity of 79%, and a pooled specificity of 81% to differentiate
an individual with dementia (regardless of aetiology) from cognitively normal older
adults [36]. In contrast, the pooled sensitivity and specificity to distinguish individuals
withMCI fromcognitively normal adultswere only 63%and 65%, respectively.Most
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studies showed MoCA to be superior to MMSE to discriminate patients with MCI
(regardless of aetiology) fromcognitively normal older adults [37]. The area under the
curve (AUC) varied from 0.71 to 0.99 for MoCA and from 0.43 to 0.94 for MMSE.
Although both MMSE and MoCA were often used to measure global cognitive
function in patients with iNPH [38–40], data about their discrimination accuracy to
identify whether the cognitive deficit is specifically due to iNPH are lacking. Based
on the knowledge of the typical cognitive profile of iNPH and differences in the
item content in MMSE and MoCA, it can be assumed that MoCA is more accurate
compared to MMSE, especially in early stages of the cognitive deficit.

Frontal assessment battery (FAB) was originally designed as a screening
measure of frontal functions, feasible to be administered even during a bed-side
cognitive assessment [33]. It includes items that cover several processes tapping into
both cognitive and behavioural executive functions. Its ability to discriminate patients
with a prevalent executive deficit (e.g. due to frontotemporal dementia, Parkinson’s
or Huntington’s disease) from cognitively normal controls with good values of sensi-
tivity and specificity was shown in several previous studies [33, 41–43]. Unfortu-
nately, data about its discrimination accuracy for cognitive deficit due to iNPH are not
available yet. Although it was initially meant to be used as a stand-alone screening
measure, in previous studies it was usually administered as a part of a more extensive
neuropsychological battery [11, 38, 44, 45].

NeitherMMSE norMoCA are detailed enough to bring reliable information about
the cognitive profile, andFAB is limited to the assessment of executive functions only.
Thus, these measures usually do not allow detailed neuropsychological differential
diagnosis which is essential, especially in the early stages of cognitive decline. For
this purpose, a detailed neuropsychological evaluation is recommended. For the
comparison of MMSE, MoCA and FAB, refer to Table 3.

4.2 Comprehensive Neuropsychological Evaluation

So far, no guidelines have been introduced for the neuropsychological test battery to
be used for detailed assessment of patients with suspected iNPH and for monitoring
the change in their cognitive performance. Usually, flexible test batteries enable
the neuropsychologist to adapt the test battery’s difficulty to the individual’s global
cognitive functioning.With respect to the typical profile of frontal-subcortical type of
cognitive deficit due to iNPH, it is essential to include tests thatmeasure psychomotor
speed, attention and working memory, executive function and memory. Because of
the evidence of parietal lobe dysfunction, visuoperceptual and visuospatial function
measures should be included, as well. And finally, even though language is usually
well preserved until the later stages of iNPH, language and speech measures should
be also used since performance may provide important information for differential
diagnosis. To evaluate the change in cognitive performance, the tests should not suffer
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Table 3 Comparison of selected cognitive screening measures in iNPH

Cognitive domain Cognitive screening

MMSE MoCA FAB

Orientation ✔ ✔ ✗

Executive function ✗ ✔ ✔

Attention and working memory ✔ ✔ ✗

Memory ✔ ✔ ✗

Language ✔ ✔ ✗

Visuoconstruction ✔ ✔ ✗

Recommended use

Stand-alone screening measure* ✔ ✔ ✗

Part of a more comprehensive neuropsychological battery** ✔ ✔ ✔

Note MMSE, Mini Mental Stale Examination; MoCA, Montreal Cognitive Assessment; FAB,
Frontal Assessment Battery. * To be used as a global measure of cognitive functioning and a
basis for deciding whether a comprehensive neuropsychological assessment is valuable or not. **
To be used to monitor development of cognitive function globally and/or to decide on the level of
difficulty of the comprehensive neuropsychological battery (MMSE/MoCA); as a specific measure
of a cognitive domain (FAB)

from ceiling or floor effects.2 A summary of the widely used tests according to the
cognitive domains is listed below. Still, validation studies for the iNPH population
are lacking and should be performed.

Measures that were most commonly used in previous studies to evaluate
psychomotor speed, attention and working memory include Trail Making Test
(TMT) Part A [46], any version of the Stroop Test (the first subtest, this is reading
names of colours or naming the colour of dots according to the version used) [47],
Digit Symbol Substitution Test [48] and Forward and Backward Digit Span subtests
[48].

Executive functions in iNPH have been previously evaluated with TMT Part
B [46], phonemic verbal fluency and Stroop test (the colour word subtest) [47].
These measures of executive function also include psychomotor speed, attention,
and working memory component. There are numerous other tests for the assessment
of executive functions, since there are several processes that comprise the executive
cognitive domain. In general,Towerof London (ToL) [49] andWisconsinCardSorting
Test (WCST) [50] are among the most frequently used. ToL measures the ability to
plan, whileWCST is a comprehensive measure of abstract reasoning, set shifting and
problem solving. To the best of our knowledge, neither ToL norWCST has been used
in any study on patients with iNPH yet, however, they might have a good potential

2 Ceiling effect occurs when the test is too easy and most people are close or achieve the maximum
score. The opposite of ceiling effect is floor effect where the test is too difficult and large proportion
of participants scores close to the minimum level. In both situations, the variance in the score is low
and the tests do not allow to well stratify the patients.
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to detect more subtle executive dysfunction in iNPH patients. Further research is
needed to verify this assumption.

Several measures were used to evaluate memory function. The most commonly
used test was the Rey Auditory Verbal Learning Test (RAVLT), a word-list test
employing uncontrolled learning over several trials, free recall and recognition
measures [51]. There are other word-list tests, such as California Verbal Learning
Test-Second Edition (CVLT-II) [52], or Philadelphia (repeatable) Verbal Learning
Test (P(r)VLT) [53]. These tests also employ uncontrolled learning; however, unlike
RAVLT, they employ not only free but also cued recall. Another often used test was
Logical memory [54], a story recall test that evaluates immediate and delayed free
recall and recognition. In some studies, not only verbal but also visual memory was
tested. Reproduction of the Rey–Osterrieth Complex Figure (ROCF) [55] was the
most commonly used visual memory test. It is also possible to use the Brief Visual
Spatial Memory Test-Revised (BVMT-R) [56], which is considered a non-verbal alter-
native to word-list tasks since it also employs several learning trials, delayed free
recall and recognition. Still, to the best of our knowledge, BVMT-R has not yet been
used in any study on iNPH.

With respect to the usualmemory deficit profile associatedwith iNPH (see above),
the inclusion of a memory test employing controlled encoding/cued recall paradigm
seems particularly useful. It was recommended to use this type of test in patients
with suspected AD [57]; however, they have not been widely used in patients with
(suspected) iNPH despite their supposed value for differential diagnosis purposes.
The original test was Selective Reminding (SRT) [58]. It was further developed and
modified. Free and Cued Selective Reminding Test (FCSRT) [59] and FCSRT with
Immediate Recall (FCSRT-IR) [61] were validated and can be used, too.

To evaluate the visuoperceptual and visuospatial function, the most often used
tests include ROCF copy [55], Clock Drawing Test (CDT) [61], Block Design [54]
and Judgement of Line Orientation (JLO) [62]. JLO is a traditional measure of visu-
ospatial perception and reasoning. For use in patients with iNPH, its main advantage
is that it requires only minimal motor skills in comparison with ROCF copy, CDT
or Block Design.

Finally, semantic verbal fluency and Boston Naming Test [63] were commonly
used to evaluate language.

Evaluation of intelligencewas a traditionalway to assess cognition and a potential
decline from premorbid cognitive level. Historically, cognitive activity was attributed
to a single function, usually termed as intelligence. The most common instrument
traditionally used for its evaluation in the clinical environment is the Wechsler Adult
Intelligence Scale (WAIS, WAIS-IV is the latest edition; [54]). However, the current
knowledge of brain organisation makes the concept of intelligence irrelevant for
neuropsychological assessment [13] and we do not recommend using WAIS-IV as
the main method for cognitive evaluation in iNPH patients.

The summary of neuropsychological tests with a good potential to be used in
patients with iNPH is presented in Table 4.
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Table 4 Neuropsychological tests with a good potential to be used in patients with (suspected)
iNPH

Cognitive domain Test Specification of cognitive
processes

Psychomotor speed, attention
and working memory

Trail Making Test A Psychomotor speed, visual
attention, visual search

Stroop Test (reading names of
colours/naming the colour of
dots)

Psychomotor speed, visual
attention

Digit Symbol Substitution Test Psychomotor speed, visual
attention, working memory

Forward and Backward Digit
Span

Auditory attention, working
memory

Executive functions Trail Making Test B Set shifting, maintenance

Phonemic verbal fluency Initiation, maintenance,
inhibition

Stroop Test (colour word
subtest)

Inhibition

Tower of London Planning

Wisconsin Card Sorting Test Abstract reasoning, set
shifting, problem solving

Memory Rey Auditory Verbal Learning
Test

Uncontrolled learning over 5
trials, immediate and delayed
free recall, recognition

California Verbal Learning
Test-Second Edition

Uncontrolled learning over 5
trials, immediate and delayed
free recall, cued recall,
recognition

Philadelphia (repeatable)
Verbal Learning Test

Rey–Osterrieth Complex
Figure Task reproduction

Delayed free recall,
recognition

Brief Visual Spatial Memory
Test-Revised

Uncontrolled learning over 3
trials, delayed free recall,
recognition

Selective Reminding Test Controlled learning, free and
cued recallFree and Cued Selective

Reminding Test

Visuoperceptual and
visuospatial function

Rey–Osterrieth Complex
Figure Task copy

Visuoconstruction, planning

Clock Drawing Test

Block Design

(continued)
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Table 4 (continued)

Cognitive domain Test Specification of cognitive
processes

Judgement of Line Orientation Visuospatial perception,
visuospatial reasoning

Language Semantic verbal fluency Search of words from
semantic lexicon, initiation,
maintenance, set shifting

Boston Naming Test Confrontation naming

4.3 Evaluation of Neuropsychiatric Symptoms

So far, no guidelines have been introduced to evaluate neuropsychiatric symptoms.
One of the methods in which clinical neuropsychologists are routinely trained is the
clinical interview. It is a type of semi-structured interview in which all the necessary
areas of neuropsychiatric symptoms are covered.With respect to the cognitive deficit
and anosognosia, which may be present in patients with iNPH, not only the patients
but also their close informants should be routinely interviewed. Clinical interview is
a standard method to get a comprehensive picture of the neuropsychiatric difficulties
of the patient. Its main disadvantage is that it does not yield a quantitative outcome,
and thus evaluation of change may be more challenging. This is why standardised
instruments should be administered as well.

Numerous standard self-report measures are used for the evaluation of apathy,
depressive and anxiety symptoms. Apathy Evaluation Scale (AES) was developed
to quantify and characterise apathy in adult patients with neuropsychiatric disorders
[64]. It consists of 18 items scored on a 4-point scale with a lower total score indi-
cating greater level of apathy and addresses behavioural, cognitive and emotional
components of apathy. Except for the self-report version, AES also provides infor-
mant, and clinician-rated versions. Apathy Scale (AS) is an abbreviated and slightly
modified version of the AES [65]. It includes only 14 items scored on a 3-point scale,
with higher scores indicating higher level of apathy. It also has not only the self-report
but also the informant-report version. Beck Depression Inventory, second revision
(BDI-II), has been widely used for the evaluation of the severity of depressive symp-
toms in adult patients [66]. It covers the affective, cognitive, and somatic symptoms
of depression. It includes 21 questions with each answer scored on a scale of 0 to
3 in reference to the past two weeks. Higher total scores indicate higher severity of
depressive symptoms. However, the clinical presentation of depressive symptoms is
different in old age in comparison with earlier periods of life [67]. In older adults,
Geriatric Depression Scale (GDS) has been extensively used [68]. It covers the
affective and behavioural symptoms of depression, while it excludes somatic symp-
toms not to confound depression with somatic conditions. The full form includes
30 questions, and the short form consists of 15 questions (GDS-15) [69] with each
answer being scored as yes or no in reference to the pastweek.Higher total scores also
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indicate higher severity of depressive symptoms. Both GDS versions are possible to
administer to patients with cognitive deficits. However, validation studies in patients
with mild to moderate dementia brought ambiguous conclusions [70, 71]. The Beck
Anxiety Inventory (BAI) is a well-established self-report instrument for measuring
the severity of anxiety based on cognitive and somatic symptoms [72, 73]. It includes
21 items, with each of them being scored on a scale value of 0 to 3. Higher total score
indicates a higher severity of anxiety symptoms. BAI has been extensively used in
older adults, and several studies have documented its good psychometric properties
in clinical and nonclinical cohorts of older patients [74]. There are other self-report
measures of depressive and anxiety symptoms validated for use in older adults and
potentially useful for patients with iNPH that were not mentioned here, for review
see work by Balsamo and colleagues [74, 75].

TheNeuropsychiatric Inventory (NPI) is awell-established instrument to assess
dementia-related behavioural symptoms based on a structural interview conducted
by a clinician with a close informant of the patient [76]. It covers the following 12
domains of behavioural symptoms: delusions, hallucinations, agitation/aggression,
depression/dysphoria, anxiety, euphoria, apathy, disinhibition, irritability/lability,
aberrant motor activity, night-time behavioural disturbances, and appetite and eating
abnormalities. The frequency and severity of the symptoms and the distress the symp-
toms cause to the caregiver are evaluated. Although NPI is considered the gold stan-
dard among the informant-report measures of neuropsychiatric symptoms in patients
with dementia of any aetiology, a recent review showed that its validity needs to be
further verified [77]. The neuropsychiatric symptomsmay develop before the onset of
dementia. Recently, Mild Behavioural Impairment Checklist (MBI-C) has been
introduced to address the need for a more sensitive and specific neuropsychiatric
scale [78]. It is an informant-based questionnaire and includes 34 items evaluating
the following behavioural domains: decreased motivation, affective dysregulation,
impulse dyscontrol, social inappropriateness, and abnormal perception and thought
content. It evaluates the presence and severity of the symptoms over the last six
months. The MBI-C was initially developed and validated in the field of prodromal
stages of neurodegenerative diseases [79]. Based on those findings, it might also
provide a more sensitive alternative to the routinely used NPI in the earlier stages
of the iNPH condition. Still, its validity for use in the population of these patients
needs to be verified.

With respect to anosognosia, which is common in patients with dementia due
to iNPH condition [80], reliability and validity of self-report measures may be
compromised, and the presence and severity of neuropsychiatric symptoms may
be undervalued. Thus, we recommend using informant-based instruments to assess
neuropsychiatric symptoms in iNPH patients, especially in later stages of cognitive
deficit.
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5 Evolution of Cognition and Neuropsychiatric Features
After Shunting, Prediction of Response to Shunting
Based on Cognitive Performance

As already mentioned in the previous chapter, approximately 70%–90% of all
correctly diagnosed patients with iNPH improve significantly after the VPS imple-
mentation [80]. The majority of studies assess the outcome only several months
after the intervention. Data from longer follow-up are available in a retrospective
study describing excellent clinical results in 59% of patients with iNPH even six
years after surgery [82]. Interestingly, the majority of cognitive improvement did not
appear until two months after surgery, which contrasted with the improvement of the
urinary incontinence and gait that occurred one week and two months after surgery,
respectively.

Assessment of cognitive improvement is hampered bymethodological differences
between studies, mainly due to inconsistencies in diagnostic criteria used for iNPH.
Studies also differed in the choice of neuropsychological tests and the different testing
intervals after the VPS implementation. Regarding the global cognitive performance
measured by the MMSE [30], most studies found significant improvements [84, 85].
In a large meta-analysis, MMSE was one of the tests in which cognitive perfor-
mance improved considerably after VPS. Interestingly, meta-regressions revealed
no statistically significant effect of age, sex or follow-up interval on performance
improvement in this test [86]. On the other hand, several studies failed to find any
change in MMSE performance after VPS [11, 87, 88]. MMSE is susceptible to the
ceiling effect, particularly in high-functioning patients. Thus, selective and subtle
cognitive deficits may be missed which might explain these negative findings. It was
suggested thatMoCA,which ismore sensitive to deficit in attention,workingmemory
and executive function compared to MMSE, could be more suitable for screening
of the VPS effect. Several studies showed that MoCA was sensitive to changes in
cognitive function after lumbar drainage and VPS implementation, regardless of the
level of cognitive functioning [39, 89]. In a recent study [40], a 5-point increase in
MoCA was reported to be a reliable threshold to determine cognitive improvement
after cerebrospinal fluid drainage at an individual level in patients who scored less
than 26 points at baseline.

There is a consensus that cognitive assessment should include a battery of
neuropsychological tests in addition to screening tests as the latter can fail to
recognise selective and more subtle cognitive deficits. When a more comprehen-
sive neuropsychological battery was used, improvements were demonstrated in most
cognitive domains, primarily in verbal learning [86], verbal [84, 90–93] and spatial
memory [14]. The improved performance was often demonstrated in the Backward
Digit Span [85, 93, 94], a measure primarily evaluating working memory and atten-
tion. Improvementwas also evident in psychomotor speed [84, 95, 96]. The data about
improvement in executive functions are contradictory: few studies found improve-
ment on TMTB and FAB [11, 97], still, the major body of previous research reported
no significant improvement [84, 85, 87, 88, 96].
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Improvement after VPS implementation has been demonstrated also in memory.
TheRAVLTwas the only test in a studybyMcGovern and colleagues [98] that showed
statistically significant improvement after both lumbar drainage and VP shunting.
Post-lumbar drain improvement in RAVLT performance predicted further post-shunt
improvement on this test. Several other studies also reported improvement in perfor-
mance on RAVLT [90–92, 95]. Thus, RAVLT may be another useful preoperative
predictor of post-operative cognitive improvement [98].

Most studies focused on the domains described above and omitted the tests of
visuoperceptual and visuospatial functions. In one study that included tests of visuo-
construction improvement in this domain was also found [99] but occurred later
(between 2 months and 1 year) compared to the improvement in other cognitive
domains. Finally, in one study, no improvement in any cognitive domainwas reported
[87].

Ameta-analysis of 23 studies found evidence for improved performance in global
cognitive function, verbal learning and memory and psychomotor speed following
shunt surgery [86]. They did not find any strong evidence for improvement in tests of
executive functions. Due to the lack of data, visuoconstruction was not analysed in
this study. The authors concluded that MMSE, RAVLT, phonemic verbal fluency and
TMT Amay be useful for the assessment of cognitive outcomes following the iNPH
treatment. The heterogeneity of the cognitive protocols and a short monitoring time
in some of the included studies were the major limitations of this meta-analysis [86].
Despite the observed cognitive improvement, most patients remained cognitively
impaired and performed poorer than healthy controls in tests of psychomotor speed,
memory and executive function at both three and twelve months post-shunt [94, 95].

Not only cognition but also the quality of life improved after the VPS [83]. In
86% of the patients, it was almost comparable to the quality of life reported by the
normal population. Patients described higher independence in physical and cognitive
activities and improvement in autonomy and participation in activities of daily living.
In addition, the caregiver burden decreased among caregivers of male patients but
remained unchanged in the overall group.

A large proportion of patients with iNPH also manifest other coexistent patholo-
gies. Studies have shown that 40% to 75% of patients with iNPH have histological
findings of AD, while 60% have evidence of cerebrovascular disease [100–102].
AD pathology was present in cortical biopsy of 75% of iNPH patients who had
dementia at the time of shunt surgery [102]. It was demonstrated that VPS implan-
tation mainly improved gait in those cases, while cognitive improvement was less
pronounced [101, 103]. According to a study by Kamohara et al. (2020), the group
of patients with iNPH and AD comorbidity performed significantly worse than those
with “pure” iNPH on memory tests, but otherwise showed improvement in most of
the neuropsychological tests after the VPS implantation. In another study, the iNPH
patients with positive AD pathology on brain biopsy were cognitively more impaired
at the baseline, but their cognitive improvement after shunting did not differ from the
AD negative group [102]. Similarly, the positivity of AD biomarkers in cerebrospinal
fluid (CSF) predicted the positivity of AD pathology in subsequent biopsy but did
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not influence the cognitive outcome of patients with iNPH [98]. In another study,
CSF levels of total tau (T-tau) but not beta amyloid (1–42; Aβ1-42) were predictive of
the cognitive outcome, however, the levels showed high interindividual variability.
The authors concluded that raised T-tau and shunt responsiveness were not mutually
exclusive and such patients should not be necessarily excluded from having a VPS
[104]. Finally, a meta-analysis of 13 biomarker studies did not find any influence of
CSF biomarkers on shunt response [105]. Altogether, it seems that AD comorbidity
in iNPH is common, however, it does not strongly influence the clinical response to
shunt surgery if the diagnosis of iNPH is correct [102].

Among cerebrovascular disorders (CVD), subcortical arteriosclerotic
encephalopathy is the most challenging for iNPH differential diagnosis since
these disorders often show similar clinical and radiological signs. In addition,
subcortical CVD frequently coexists with iNPH. Patients with CVD often have
vascular white matter changes on brain magnetic resonance images (MRI), and
they may also present with focal neurological signs or show a profile of cognitive
impairment corresponding to the localization of vascular changes on MRI. The
iNPH patients with evidence of CVD may also significantly improve in cognitive
performance after shunting [106], but this improvement is less favourable than
in iNPH without vascular changes [107]. A large amount of attention has been
concentrated on the role of cerebrovascular risk factors in the clinical outcome in
iNPH patients. Interestingly their presence without an established CVD did not
influence the outcome of VPS [107].

A recent study focused on the influence of comorbidities on clinical status [90].
Forty-nine patients with possible iNPH were classified using CSF biomarkers and
DAT scan into three groups: iNPH without comorbidities, iNPH with AD pathology
and iNPHwith Parkinson’s disease (PD) pathology. In that study, iNPH patients with
AD pathology scored lower in a memory test (RAVLT) and iNPH patients with PD
pathology scored lower mainly in an executive function test (Stroop test) compared
to iNPH patients without comorbidities [90].

6 Differential Diagnosis of Cognitive Impairment in iNPH

The cognitive impairment in iNPH can be easily mistaken for other conditions
leading to dementia. As mentioned previously, the diagnosis is complicated because
a large proportion of patients with iNPH also have coexistent cerebrovascular or
AD pathology. Thus, the cognitive impairment in iNPH can be the result of several
pathologies.

Alzheimer’s disease (AD) patients are characterised by a reduction in overall
cognitive performance and disproportionately significant deficits in short- and long-
term memory, orientation, construction, and executive functions [19, 108]. Contrary
to iNPH, the main dysfunction in AD originates in theMTL causing memory impair-
ment, which is considered one of the earliest clinical hallmarks of AD, detectable
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already several years before the dementia onset [109]. Severe memory impairment
with preserved psychomotor speed is not typical for cognitive deficit due to iNPH
condition. In a study by Saito and colleagues [11], frontal lobe dysfunction accounted
for more than 50% of the total cognitive deficit in patients with iNPH. In comparison
with that, memory impairment accounted for more than 50% of the cognitive deficit
in patients with AD. iNPH patients achieved considerably lower scores in attention
and executive functions tests than those with AD (TMT A, phonemic verbal fluency,
FAB). Interestingly, their scores in category fluency and memory did not differ [11].
A different pattern of memory impairment was expected for patients with AD and
iNPH. The manifestation of the “frontal type of memory impairment” with impaired
free recall but relatively preserved cued recall and recognition was expected to be
found in patients with iNPH [38, 109]. However, only one study addressed this issue
and did not find any difference between AD and iNPH patients in free recall or
recognition scores [11]. Only a few studies explored the discriminatory potential
of visuoperceptual and visuospatial functions. The iNPH patients were surprisingly
more impaired in visual discrimination tasks than AD patients [11].

The typical sequence of development of clinical symptoms in iNPH is different
from the course of AD. In iNPH, urinary incontinence and gait disturbances are
among the earliest signs, while in AD, these symptoms typically develop in the stages
of severe dementia, and the memory deficit is one the earliest signs and predomi-
nates the clinical picture in this disease [14]. On the other hand, in iNPH patients
with comorbid AD, cognitive deficits also often precede the development of gait
disturbance [110].

To the best of our knowledge, noprevious studyperformed ahead-to-head compar-
ison of cognitive profiles of patients with iNPH and vascular cognitive impairment,
progressive supranuclear palsy (PSP) or frontotemporal lobar degeneration
(FTLD). It is well known that these conditions share a similar cognitive profile
with prevailing psychomotor slowing, dysexecutive syndrome, and attention and
working memory deficit [13]. Thus, we can presume that these diseases cannot be
reliably distinguished from iNPH solely based on their cognitive profile. Still, further
evidence is needed.

FTLD and iNPH share a high prevalence of neuropsychiatric features. Apathy
is a particularly frequent symptom in both diseases. Inappropriate social behaviour,
disinhibition, loss of self-control and empathy are the hallmarks of the behavioural
variant of FTD (bvFTD), and it was suggested that they could serve as a differential
marker [111]. As already mentioned, both iNPH and FTLD share a similar cognitive
profile with prevailing dysexecutive syndrome and attentional deficit. On the other
hand, aphasias, which are the hallmark of language variants of the FTLD, are not
commonly seen in iNPH. Despite some differences, there is an important overlap in
neuropsychiatric and cognitive profiles of FTLDand iNPH, and differential diagnosis
should also integrate evaluation of neurological and other clinical symptoms and
brain imaging.

A comparison of de novo diagnosed patients with iNPH and Parkinson’s disease
demonstrated that iNPH patients showed a more severe cognitive impairment with
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respect to the PD patients and the cognitively normal controls [10]. Within one year
from the onset of the motor symptoms, only 35% of the iNPH patients were cogni-
tively unimpaired in contrast to 74.5% of early PD. iNPH patients showed diffuse
cognitive impairment, including memory, visuospatial abilities, frontal-executive
functioning and attention, whereas cognitively impaired PD patients showed mainly
executive dysfunction [10]. However, the differences in cognitive profile are prob-
ably less striking than other clinical signs. As written in Chap. 9, similarly to PD,
patients with iNPH may develop gait disturbances; gait tends to be shuffling with
short strides. On the other hand, resting tremor and unilateral symptoms (the core
features of PD) are uncommon in iNPH. The lack of response to antiparkinsonian
drugs in iNPH patients may also help in differential diagnosis.

Thedifferential diagnosis of cognitive impairment in iNPH is challenging since the
cognitive profile overlaps with several other common conditions leading to dementia
and comorbidity with other neuropathologies is common. The neuropsychological
and neuropsychiatric profile should be always interpreted in the context of all other
clinical symptoms. An effective differential diagnosis can be achieved by combining
neuropsychological and neuropsychiatric markers with other clinical tests.

Cognitive and neuropsychiatric features of the most common diseases considered
in differential diagnostics of iNPH are summarised in Table 5.

Table 5 Neuropsychological and neuropsychiatric features useful for differential diagnosis

Main features of
cognitive impairment

Common
symptoms
shared with
iNPH

Difference from iNPH

AD Global cognitive deficit
with prevailing memory
impairment

Executive and
memory
dysfunction

Contrary to iNPH, the psychomotor slowing
is mild in AD and the hippocampal type of
memory impairment predominates the
clinical picture
Absence of gait impairment in AD except
the stage of severe dementia

FTLD Executive dysfunction,
significant behavioural
changes
Aphasia in language
variants

Executive
dysfunction
Apathy

Unlike iNPH, disinhibition and socially
inappropriate behaviour is typical for FTLD
Aphasia is rare in iNPH

PD Attention deficits,
dysexecutive syndrome
Possible visual
hallucinations

Attention
deficit

In iNPH, more profound psychomotor
slowing and absence of visual hallucinations

PSP Dysexecutive syndrome
with psychomotor
slowing

Psychomotor
slowing,
apathy

The cognitive profile can be the same.
Differential diagnosis should be based on
other neurological features

(continued)
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Table 5 (continued)

Main features of
cognitive impairment

Common
symptoms
shared with
iNPH

Difference from iNPH

CVD Often dysexecutive
syndrome, psychomotor
slowing
The clinical picture is
variable—depends on
the localization of
vascular lesions

Dysexecutive
syndrome,
psychomotor
slowing

The cognitive profile can be the same.
Differential diagnosis should be based on
medical history and brain MRI

NoteAD,Alzheimer’s disease; FTLD, Frontotemporal lobar degeneration; PD, Parkinson’s disease;
PSP, Progressive supranuclear palsy; CVD, cerebrovascular disorders; MRI, magnetic resonance
imaging

7 Conclusion

Cognitive impairment and neuropsychiatric symptoms constitute major clinical
symptoms in iNPH. Their accurate evaluation andmonitoring are essential for differ-
ential diagnosis, and it may help identify patients who will benefit most from the
shunting. In addition, accurate evaluation of neuropsychiatric symptoms can allow
the initiation of early treatment which may also improve the quality of life of patients
and their caregivers.

8 Key Points

• Cognitive impairment is an important part of iNPH symptomatology, present in
80% of patients with iNPH.

• The typical profile of cognitive impairment is characterised by fronto-
subcortical involvement with predominant attention and working memory deficit,
psychomotor slowing and dysexecutive syndrome.

• Memory impairment is also common—mainly due to the deficit in learning
and recall with relatively preserved retention. Visuospatial impairment including
deficits in visuoperception and visuoconstruction ismore common than previously
reported.

• Speech and language are usually spared.
• Cognitive deficit is often accompanied by neuropsychiatric symptoms. Among

them, the most common is apathy. Depression, anxiety, irritability and agitation
are also prevalent, while hallucinations and delusions are rare.

• The clinical picture can be blurred by comorbidity with other conditions leading
to dementia (vascular cognitive impairment, Alzheimer’s disease) present in more
than half of patients with iNPH.
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• Screening tests such as MMSE or MoCA can be used to monitor patients in the
dementia stage. The use of a comprehensive neuropsychological test battery is
needed to diagnose the cognitive deficit in cognitively self-sufficient patients or
for differential diagnostics of cognitive impairment.

• Most patients improve after shunting, although the improvement of cognition
occurs later (even several months after the procedure), contrasting with the rapid
improvement in urinary incontinence and gait. The major improvement occurs in
global cognitive functions, verbal learning, memory and psychomotor speed.

• Thepresenceof comorbidities such asADorCVDcan limit the cognitive improve-
ment after shunting, but even patients with significant comorbidities benefit from
VPS.

• Differential diagnosis of cognitive impairment is challenging as the neuropsy-
chological profile overlaps with numerous neurodegenerative and non-
neurodegenerative disorders in old age. The proper differential diagnosis should
take into account the whole clinical picture together with the results of brainMRI.
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Normal Pressure Hydrocephalus
from the Urologist’s Point of View

Klára Havlová

Abstract Bladder impairment is a common clinical feature in the elderly, in both
men and women. The aetiology of bladder dysfunction in the aged population is
mostly multifactorial, closely linked to possible neurodegenerative comorbidities or
intake of medications. However, the differential diagnosis of the cause of urinary
problems is essential in order to deliver the best therapeutic approach. Patients with
normal pressure hydrocephalus (NPH) share similar clinical signs of urinary inconti-
nence, including frequency, urgency and urge incontinence, features often interpreted
as “overactive bladder”. Once the diagnosis of NPH is defined and adequate treat-
ment is indicated, the vast majority of patients improve in their symptoms, and thus
in their overall quality of life. This chapter discusses the urinary dysfunction in NPH,
including the pathophysiology, diagnosis, treatment, and outcome.

Keywords Urinary incontinence · Normal pressure hydrocephalus · Overactive
bladder
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UUI Urge urinary incontinence
VP Ventriculoperitoneal
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1 Introduction

Normal pressure hydrocephalus (NPH) is a specific form of communicating hydro-
cephalus defined by dilatation of the ventricular system without elevation of cere-
brospinal fluid pressure. It manifests with a clinical triad consisting of gait distur-
bance, dementia and urge incontinence [1]. Up to 50% of patients experience all
symptoms. The urological data on this topic alone are based on a relatively small
number of published retrospective studies with a limited number of cases [2].

From a urological point of view, symptoms, such as frequency, urgency and urge
incontinence, dominate in the clinical picture. These fall under the umbrella term
“overactive bladder”. A conservative approach is preferred in the diagnosis and
treatment of urological symptoms. Thus, a detailed medical history, physical exam-
ination and ultrasound examination are sufficient to initiate treatment, and validated
questionnaires are helpful to verify difficulties. Invasive urodynamic examination
methods are indicated only in patients with unclear findings or when other aetiologies
are suspected. The treatment then proceeds from non-pharmacological behavioural
therapy aimed at restoring the micturition reflex, that is, bladder training, to phar-
macological therapy with anticholinergics or beta3-mimetics. However, despite the
above-mentioned therapeutic modalities, neurosurgical treatment is the basis of
therapy and improvement of micturition difficulties can be achieved in 80–90% of
patients [3, 4].

2 Physiology of Micturition

The storage and emptying of the urinary bladder is controlled by peripheral parasym-
pathetic, sympathetic and somatic nerves, which are controlled by the central nervous
system. Parasympathetic efferent (motor) nerve pathways arise from the sacral spinal
cord (S2–S4 segments), continuing through the pelvic plexus into the urinary bladder.
Nerve endings are found throughout the urinary bladder, with their greatest concen-
tration is in the fundus. In this case, the neurotransmitter is acetylcholine which acts
on muscarinic receptors, the stimulation of which results in muscular contraction.
There are five known subtypes of muscarinic receptors (M1–M5), which are also
found in other parts of the body, including the central nervous system. M2 and M3
subtypes are present in the urinary bladder [5].

Sympathetic nerve fibres arise from the thoracic and lumbar spinal cord, from
Th11–L2 segments, and continue to the sympathetic paravertebral ganglia. Through
the hypogastric nerve and pelvic plexus, they innervate primarily the trigone area, a
neck of the urinary bladder, and proximal urethra. They act on the alpha-adrenergic
receptors which, when stimulated, cause contraction of the musculature in this area
and thus contraction of the sphincter. Beta-adrenergic receptors are located in the
fundus of the urinary bladder and their stimulation results in the relaxation of muscu-
lature. Somatic nerve pathways arise from S3–S4 sacral segments from the so-called
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Onuf’s nucleus and innervate the pelvic floor muscles and the external sphincter
through pudendal nerves [6, 7]. Put simply, the sympathetic nervous system is respon-
sible for the filling phase and the parasympathetic nervous system for the micturition
phase.

The actual process of micturition is controlled by three important centres – the
cortical micturition centre, the pontine micturition centre and the sacral micturi-
tion centre. The sacral micturition centre, located in the S2–S4 region, is consid-
ered the basic, so-called reflex centre of micturition. Through volume receptors in
the urinary bladder wall, afferent nerve pathways inform about the filling of the
urinary bladder. With increasing urinary bladder filling, the intensity of afferent
stimuli increases, which are further conducted to the supraspinal centres. This leads
to a pressure increase in the urethral sphincter region via the pathway of the Onuf’s
nucleus [8]. In the micturition phase, the efferent nerve pathways cause contrac-
tion of the urinary bladder musculature via the parasympathetic nervous system;
thus, if the sacral segments or peripheral nerves are injured by a so-called subsacral
lesion, the basal micturition reflex is interrupted. The patient is not capable of spon-
taneous or reflex micturition. The pontine micturition centre (PMC) is responsible
for the coordination of the storage andmicturition phases, or the synergy between the
detrusor muscle contraction and sphincter relaxation. The excitatory activity towards
the spinal centres dominates here. In the case of suprasacral (infrapontine) lesions,
detrusor muscle hyperactivity is present, often associated with detrusor-sphincter
dyssynergia.

The cortical micturition centre is responsible for the free ability to delay the
actual micturition process [6]. Under physiological conditions, it effectively inhibits
the pontine centre to prevent the initiation of the micturition reflex. If the micturition
phase is initiated, the inhibitory effect on the PMC is weakened and the pathway
towards the spinal centre is activated. In the case of a suprapontine lesion, there is a
reduction in cortical inhibition of the micturition reflex, leading to the manifestation
of an overactive bladder, which is also the case in NPH [9, 10].

3 Epidemiology of Urological Difficulties in Normal
Pressure Hydrocephalus

Lower urinary tract symptoms (LUTS) are very common in patients with NPH.
Typical symptoms included storage symptoms in 90% of patients, nocturia affecting
more than half of patients to varying degrees, urgency and urge incontinence (UUI)
which, according to some sources, are experienced by more than 70% of patients
[11]. Evacuation symptomatology (e.g. weak stream, post-void residual) is present
in 71% of patients [3].

Urge incontinence itself, as one component of theNPH-defining triad, represents a
significant socioeconomic problem. It greatly impairs quality of life and affects daily
activities. At the same time, patients face a variety of health complications, such as
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urinary tract infections and dermatoses. Despite media awareness, the issue is still
taboo, patients do not talk about the problem and avoid social life. It is reported that
only 5% of women and 16% ofmen address their difficulties with doctors. Therefore,
accurate epidemiological data are missing. The overall prevalence of incontinence,
regardless of type, increases with age worldwide and is higher in women than in
men. According to a review of population studies, its prevalence ranges between
5–70%. The prevalence of urge incontinence is the same in both men and women,
and ranges between 1.7–36%. It is estimated that up to 60–70% of urge incontinence
cases in the elderly population is caused by a suprapontine lesion [12]. In comparison,
stress incontinence is more common in women and the number of patients increases
with age, with a reported prevalence of up to 40% in women older than 70 years.
Another interesting finding is the difference in prevalence in people over 65 years
of age living at home (10–30%) or in social care facilities (36–45%) [13–20]. From
an economic point of view, UUI represents an enormous burden on the healthcare
system. e7 billion was estimated cost-of-illness in Canada, Germany, Italy, Spain,
Sweden, and the United Kingdom in 2005. And $66 billion was estimated cost-of-
illness in the United States in 2007 [21].

4 Aetiopathogenesis

The aetiology ofmicturition dysfunction in patients withNPH is not well understood.
Given the nature of the difficulty, it is thought to be a combination of cognitive
deficits together with frontal lobe hypoperfusion, often caused by alterations in CNS
cell metabolism, microinfarctions or microhaemorrhages [4, 22, 23]. In view of
this, we approach micturition difficulties as a lesion above the level of the pontine
micturition centre and call it a suprapontine lesion. In such patients, the micturition
remains coordinated but the inhibition to the lower micturition centres is reduced.
Clinically, itmanifests as a detrusormuscle hyperactivitywhich causes the symptoms
mentioned above. Typically, the patient perceives a sudden urge to urinate that can
no longer be delayed by will.

5 Diagnostics

Diagnostics of micturition dysfunction in patients with normal pressure hydro-
cephalus has its specifics. Similarly to elderly patients or patients with cognitive
deficits, we are satisfied with non-invasive investigative methods that allow us to
initiate adequate therapy in up to 80% of cases [24].

In terms of medical history, it is important to search for the aetiology of the
difficulties, for the presence and severity of individual symptoms. We check the
frequency of micturition, the number of urges, the occurrence of urge inconti-
nence and nocturia. We ask about the stream of urine, the strength of the stream,
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the sensation of complete or incomplete emptying after micturition, and the need
to engage the abdominal muscles during micturition. In addition to the urological
history, we do not forget to ask about associated neurological, psychiatric or internal
comorbidities, such as diabetes mellitus or cardiac insufficiency, which are associ-
ated with a higher prevalence of LUTS. A pharmacological history is also impor-
tant because many drug groups affect urinary tract function. Symptomatology may
be exacerbated by diuretics. Antipsychotics, antidepressants, anxiolytics and anti-
Parkinsonian drugs deserve attention, as they often have a hypnosedative effect in
addition to an anticholinergic effect.

When taking themedical history itself, we can use a number of validated question-
naires, for example, Overactive Bladder Questionnaire OAB-q, Incontinence Impact
Questionnaire—IIQ. Kings Health Questionnaire, which also has good statistical
properties for different groups of patients of both sexes with stress and urge inconti-
nence [25]. Another possible questionnaire is the Urge Impact Scale (URIS), which
measures the impact of urge incontinence on quality of life in elderly patients. It
contains 24 questions assessing the difficulties (impact on psychological well-being,
coping with daily life and sense of self-confidence) during the last month [26].
Additionally, the International Consultation on Incontinence Questionnaire-Urinary
Incontinence Short Form (ICIQ-UI SF) [27] is frequently used due to for evaluation
of the frequency, severity and overall impact on quality of life (QoL) in patients
with urinary incontinence. It contains four main question domains: (1) frequency
of urinary incontinence, (2) amount of leakage, (3) overall impact of urinary incon-
tinence, and (4) a self-diagnostic item. The main advantage of this questionnaire
is the simplicity, as general practitioners and clinicians in various health institu-
tions are able to screen for incontinence with comprehensive results and level of
evidence, which helps to enhance active and early therapy. There are also four other
models suggested to use in conjunction with ICIQ-UI SF, namely the International
Consultation on Incontinence Questionnaire Male Lower Urinary Tract Symptoms
Module (ICIQ-MLUTS) and the same for female patients (ICIQ-FLUTS), if there is
a need for gender-specific symptoms. The two remaining were built to assess gender-
specific sexual matters modules (ICIQ-MLUTSsex for males and ICIQ-FLUTSsex
for females).

The classical physical examination of patients includes, among others, a neurolog-
ical examination of the perineum, during which we evaluate the sensation in S2–S5
segments, anal reflex, bulbocavernosus reflex and free sphincter contraction. In men,
we should not omit the examination of the prostate. In women, we focus on the
examination of trophic characteristics of vaginal entrance and vagina. We look for
pelvic organ prolapse and urethral hypermobility.



202 K. Havlová

6 Accompanying Examinations

Urinalysis can help us to diagnose another primary cause of micturition difficul-
ties, and the detection of any leukocyturia, erythrocyturia, glycosuria or proteinuria
requires further investigation. Basic completion of a micturition diary, which ideally
consists of 48–72 h of systematic recording of the time and volume of fluid intake,
frequency of micturition, volume of micturition portions, and frequency of urine
leakage, is also useful to objectify lower urinary tract dysfunction. We can rule out
polyuria, or excesses in fluid intake. From this information, we can get an idea of the
functional capacity of the urinary bladder. Depending on the cognitive status, either
the patient or the attending staff keeps a record. In addition to diagnosis, the micturi-
tion diary allows assessment of response to treatment and is part of behavioural
therapy. In diagnostics, ultrasound examination is of particular importance to deter-
mine post-void residual. Of course, we do not neglect ultrasound imaging of the
upper urinary tract.

7 Invasive Examination

We use complete urodynamic examination and cystoscopy in patients after failure
of primary therapy or in strictly selected patients and only in situations when the
obtained results will change the current course of therapy. During invasive urody-
namic examination—a functional examination of the lower urinary tract using a
catheter inserted into the urinary bladder and rectum to measure intravesical and
abdominal pressure during filling and voiding—themost common finding is detrusor
overactivity (70–95%) [3, 4]. Although studies have been performed on small cohorts
of several dozen patients, this finding is consistent with a presumed suprapontine
lesion. Secondary findings included reduced urinary bladder capacity in 57% of
patients and urodynamically confirmed subvesical obstruction in almost half of the
male patients [28].

Cystoscopy should be indicated in patients with verified microscopic or macro-
scopic haematuria, and it should be considered in patients with refractory overactive
bladder unresponsive to treatment. The aim is to evaluate the urinary bladder mucosa
and exclude its pathology, such as malignancy, foreign body, etc.

8 Treatment

The basic treatment of lower urinary tract symptoms is the early establishment of
a correct diagnosis of NPH. Improvement in all clinical symptoms after surgical
treatment of NPH occurs in about 60% of patients, with improvement in micturition
difficulties occurring in up to 80–90%of patients [3, 4]. Patients with a good response
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include those with a shorter time from onset of symptoms to initiation of treatment
and those without pathological findings during urodynamic examination [29, 30].
Urological treatment must respect the limitations imposed by the patient’s cognitive
status, general condition, mobility, and ideally should be carried out in collaboration
with family or medical staff. More detailed results of urinary incontinence outcomes
following shunt surgery is described in Chap. 28, dedicated to overall prognosis and
outcomes in NPH treatment.

9 Behavioural Therapy

The aim of behavioural therapy is to restore cortical control of the micturition
reflex, the so-called bladder training/bladder drill. This involves the patient keeping
a micturition card to get a clear idea of micturition intervals and portions. This
is followed by prolonging the intervals between micturitions “micturitions by the
clock”, maintaining regular micturitions and trying to suppress urges. These intervals
are not set at night. Everything is done under control and keeping a micturition diary
[31, 32]. Patient motivation and cooperation are important. Behavioural therapy also
includes lifestyle changes. Thismeansweight reduction, modification of the drinking
regime, and dietary measures, such as limitation of caffeinated drinks, spicy foods,
and alcohol. Patients should also be advised to stop smoking.

10 Pharmacotherapy

10.1 Anticholinergics

Pharmacotherapy should play an adjunctive role. Anticholinergics are considered the
first-line oral therapy [33]. The urinary bladder is richly supplied with parasympa-
thetic fibres whose mediator at postganglionic muscarinic receptors is acetylcholine.
Anticholinergic agents reduce the release of acetylcholine and thus help to increase
urinary bladder capacity and reduce detrusor muscle hyperactivity. A limiting factor
in the treatment with anticholinergics is their potential adverse effects. The selec-
tivity and tissue affinity for each muscarinic receptor subtype and the ability to cross
the blood–brain barrier determine the extent of adverse effects. Adverse effects on
central nervous system function and cognitive function are most commonly experi-
enced by elderly patients and those with central nervous system disorders, such as
Parkinson’s disease, Alzheimer’s disease, dementia and NPH. Neurological mani-
festations include dizziness, memory impairment, confusion, and, rarely, halluci-
nations or delirious states or sleep disturbances [34, 35]. The most risky agents
for these patients are oxybutynin, propiverine, and tolterodine. M1 anticholinergic
receptors are further located in the salivary glands. In non-selective anticholinergics,
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they result in drying of the mucous membranes. Dry mouth (xerostomia) and dry eye
syndrome (xerophthalmia) as adverse effects are generally the most poorly tolerated
by patients. In addition to the positive, desirable effect on the urinary bladder, they
may impair bowel motility and promote the development of obstipation. Absolute
contraindication is severe renal or hepatic insufficiency or myasthenia gravis.

First-generation anticholinergics include oxybutynin, trospium chloride,
propiverine, which have the advantage of high efficacy. Unfortunately, due to their
non-selectivity, they exhibit a higher incidence of adverse effects. Of the first-
generation anticholinergics, trospium chloride is suitable for elderly patients as it
does not cross the blood–brain barrier and, therefore, has no negative side effects on
the central nervous system and does not affect cognitive function [36].

Second-generation anticholinergics (tolterodine, solifenacin, fesoterodine) are
better tolerated by patients as they are selective to M2 and M3 receptors. Fesotero-
dine is a good choice for elderly patients because of its low permeability across the
blood–brain barrier. In studies, fesoterodine administration had no significant effect
on cognitive function in healthy older adults. Overall, it waswell tolerated by patients
over 65 years of age with overactive bladder [37]. Of note is clinical trial form 2012
[38] with the aim to evaluate the efficacy and safety of solifenacin to treat voiding
symptoms causedby iNPHfollowing theVPshunt insertion.Overall urinary outcome
was assessed according to Prostate Symptom Score (IPSS), QoL Score, Overactive
Bladder SymptomScore (OABSS),maximal urine flow rate, voided volume and post-
voiding residual urine volume. Afore-described variables were measured before VP
shunt insertion, and then at 4-week and 12-week follow-up examinations. The mean
voided volume significantly increased from 147.18± 61.84ml before surgery solife-
nacin administration to 160.03 ± 62.59 ml at last follow-up at 12 weeks solifenacin
intake (p < 0.001). Post-voiding residual urine volume was similarly improved at last
follow-up (p = 0.009). Finally, upon administering 5 mg of solifenacin to patients
with iNPH after surgery showed improvement in symptoms including frequency,
urgency and urge incontinence with only minor adverse effects (oral hydration or
supplemental laxative agents).

10.2 Beta3-Sympathomimetics

Another treatment option is beta3-sympathomimetics. By activating beta3-
adrenoceptors in the detrusor muscle, the concentration of cyclic adenosine
monophosphate is increased via the enzyme adenylate cyclase and the detrusor
muscle is subsequently relaxed. This results in improved storage function of the
urinary bladder [39–41]. Compared with anticholinergics, beta3-sympathomimetics
have a lower incidence of adverse effects. The most common side effects include
headache, hypertension, and gastrointestinal distress [42]. In contrast, no negative
effect on cognitive function has been demonstrated in patients over 65 years of age
[43, 44].
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In practice, pharmacological therapy is discontinued due to adverse effects in 30%
of patients and due to lack of treatment effect in up to 39% of patients [45, 46].

11 Conclusion

Frequency, urgency and urge incontinence are the most commonly seen features in
the iNPH clinical profile. For themajority of patients suffering from urinary dysfunc-
tion, conservative treatment is indicated, although invasive urodynamic examination
methodsmay be beneficial, especially in patients with contradictory findings in cases
of unclear aetiology of urinary symptoms. Neurosurgical treatment is the golden
standard in iNPH urinary impairment management with good outcomes achieved
in the vast majority of treated patients. Early improvement of urinary dysfunction
in shunted NPH patients is well described. However, the improvement for longer
follow-ups is less known. Similarly to the worsening of cognitive deficits, symptoms
of urinary incontinence tend to decline after longer periods of time, despite the initial
improvement in early or short-term follow-up.

12 Key Points

• Symptoms such as frequency, urgency and urge incontinence dominate in the
clinical picture of patients with iNPH.

• A conservative approach is preferred in the diagnosis and treatment of urological
symptoms.

• Invasive urodynamic examination methods are indicated only in patients with
unclear findings or when other aetiologies are suspected.

• Neurosurgical treatment is the basis of therapy and improvement of micturition
difficulties can be achieved in 80–90% of patients.
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Extended Lumbar Drainage:
Supplementary Test to Diagnose Shunt
Responsive iNPH

Ahmed K. Toma

Abstract Predicting shunt responsiveness in patients with suspected normal pres-
sure hydrocephalus can be a challenging task. A number of supplementary tests have
been used to help in this process. Extended lumbar drainage is the most accurate
of these tests. In essence, it represents temporary shunting for few days. Not only
it helps in predicting who would benefit from shunt insertion, but it will also help
in estimating the extent of improvement. However, this test does require hospitali-
sation for few days, with resulting cost implications and is associated with risk of
complications.

Keywords External lumbar drainage · Normal pressure hydrocephalus ·
Diagnostics · Cerebrospinal fluid · Functional test · Drainage · Shunt system ·
Shunt responsiveness
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DESH Disproportionately enlarged subarachnoid space hydrocephalus
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iNPH Idiopathic normal pressure hydrocephalus
MRI Magnetic resonance imaging
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1 Introduction

There is no single test that can diagnose shunt responsive idiopathic normal pres-
sure hydrocephalus (iNPH). If shunt placement was offered solely on the basis of
patient history, examination, and the presence of ventriculomegaly on neuroimaging,
about 50% of patients with suspected iNPH would benefit from surgery. The diffi-
culty with iNPH diagnosis is that there are no generally accepted neuropathological
criteria for post-mortem confirmation of a diagnosis of iNPH, pathophysiology is not
fully understood and the natural history of untreated iNPH has not been well charac-
terised. iNPH can resemble, or occur in combination with, various disorders that are
prevalent in the elderly; such as cerebrovascular disease, Alzheimer’s or Parkinson’s
disease. Furthermore, epidemiological imaging studies of elderly population have
shown that enlarged cerebral ventricles with typical iNPH features like Dispropor-
tionately enlarged subarachnoid space hydrocephalus (DESH sign), could occur in
asymptomatic patients, indicating a possible subclinical phase of this condition.

To improve these odds, clinicians have used tests to supplement clinical and
radiological findings, based on physiological testing (such as the determination of
cerebrospinal fluid (CSF) outflow resistance) or functional testing (such as the CSF
tap test and extended lumbar drainage [ELD]) [1, 2].

In essence, ELD acts as a temporary shunt. Haan andThomeer first described ELD
as supplementary test to predict shunt responsiveness in iNPH, based on the principle
that the larger CSF volume drained through tap test, the better is the sensitivity of
predicting shunt responsiveness [3].

There are relatively few published case series that specifically looked into the
value of ELD in predicting shunt responsiveness [3–7]. A recent review by Nunn
et al. [1] identified four small prospective cohort studies with 84 patients in total.
Most of the included studies conducted ELD for 5 days (range 4–5) and themeanCSF
drainage rate was 11.6 ml/hr (range 5.3–16.5). The summary estimates for sensitivity
and specificity were 94% (CI 41–100%) and 85% (CI 33–100%), respectively. The
summary estimates of positive and negative predictive value were both 90% (CIs
65–100% and 48–100%, respectively). This review confirms the generally accepted
concept that ELD is the most accurate test in predicting shunt responsiveness in
iNPH patients.

The America–European guidelines for iNPH management published in 2005
stated that prolonged external lumbar drainage in excess of 300 ml is associated
with high sensitivity (50–100%) and high positive predictive value (80–100%). The
authors highlighted that the advantage of lumbar drainage is the increased sensi-
tivity compared with the CSF tap test, even though sensitivities are underestimated
because those patients improvingwith tap testwere excluded fromdrainage protocols
in most studies. These guidelines recognise the main restrictions of this technique
is the expense, as hospital admission is required. Reported complication rates with
ELD are generally low but may be significant in terms of added morbidity [2].

The Japanese Society of Normal Pressure Hydrocephalus (Third Edition) Guide-
lines for Management of Idiopathic Normal Pressure Hydrocephalus published in
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2021 place more emphasis on clinical and radiological picture. It does not, however,
dismiss the value of ELD completely, and reserve it to patients with atypical imaging
features, who fail to respond to tap test. It does state however that in these patients,
there is controversy aboutwhether to repeat the tap test, perform continuous drainage,
or perform shunt intervention if a false-negative response to the CSF tap test is
suspected [8].

2 Patient Selection

Patients with possible diagnosis of iNPH should be counselled in outpatient clinic
regarding options of management. The options for most patients include continuing
with conservative treatment and observation, proceeding directly to shunt insertion,
or to start with a prognostic test.

Conservative treatment is not recommended in the context of iNPH, unless the
patient has no significant symptoms and only incidental imaging features. Typical
imaging features of iNPH (DESH sign) has been shown in epidemiological studies
to be incidental, indicating a likely (pre-clinical) stage of the condition.

Proceeding directly to shunt surgery has the advantage of reaching a conclusion
quicker with less need for hospital and clinic attendance. The main disadvantage,
as mentioned above, is that not all patients will have a positive response to shunt
insertion and that shunt surgery has risk of complications. Should patients fail to
improve following direct shunt surgery, questions will be raised about shunt proper
placement and patency or need for shunt valve adjustment aiming to achieve benefit.
That is, patient might still need to attend clinics and undergo procedures. Having
said that, it is not unreasonable to proceed directly to shunt insertion in patients with
typical clinical and imaging features (DESH positive scan), particularly if the patient
or healthcare system circumstances favour such approach.

ELD, in essence, is a trial of a shunt on temporary basis. The results of this trial
will inform clinicians, patients, and patients’ family and carers, about the likelihood
of benefit from shunt surgery, as well as the likely extent of improvement with shunt
surgery. Most patients who improve following lumbar drainage, will continue to
exhibit this improvement for a week or two following drain removal. Patients and
carers will be able to experience the change in functional status in patients own
environment. The delayed decline in a couple of weeks following drain removal,
will further confirm CSF drainage responsiveness. This will provide a solid base
for making an informed decision about proceeding to shunt surgery, particularly
in patients with atypical imaging features, other underlying neurological conditions
(e.g. Parkinson’s disease), or significant medical comorbidities. Extended lumbar
drainage is often regarded by sceptical clinicians, as well as patients and carers, as
an acceptable procedure that will help in accepting or refuting future shunt surgery.
The degree of improvement with lumbar drainagewill also help in guiding post-shunt
insertion care. For instance, should the improvement with the shunt be less than that
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recorded with drainage, shunt proper placement and patency need to be checked and
optimal valve setting need to be questioned.

This is a major advantage of lumbar drainage compared with tap test. Although
tap test is simple and quick, the negative predictive value is relatively low and, in
majority of patients, the improvement will be short-lived.Many published case series
of lumbar drainage in iNPH have selected only patients who had negative response to
tap test. This approachwill result in less patients requiring lumbar drainage to confirm
the diagnosis, will save resources and potentially shorten the patient management
journey.

Infusion studies are useful diagnostic tests that also have the advantage of not
requiring hospital admission. However, it’s negative- and positive-predictive value
are not as high as lumbar drainage. Furthermore, it does require local expertise with
measurement and interpretation of results [2].

Ultimately, management decisions of iNPH patients are multifactorial and
involves careful discussion between clinician, patients, and family or carers to agree
what is suitable to that particular patient’s condition and needs and taking into
consideration the local healthcare facilities.

3 Contraindications

Patients with contraindications for lumbar CSF drainage include those with intracra-
nial mass lesion, obstructive hydrocephalus or spinal lesion causing spinal canal
obstruction, for example, large intradural tumour. In these patients, CSF shift could
result in harm.

In bed-bound patients, it is often not possible to conduct pre- and post-drainage
mobility andbalance assessment,making the test futile. Furthermore, risk of infection
is likely to be higher, particularly in incontinent patients. Therefore, it might be more
appropriate in these patients to proceed directly to shunt insertion, knowing that
the results will not be guaranteed. Example of this group of patients include those
with advanced NPH process or those with femoral fracture. It is not advisable to
delay surgical intervention for possible NPH patients by more than three months, as
published studies have shown that outcome will be worse.

4 Pre-procedure Preparation

Medical assessment of this elderly often frail group of patients is essential. Although
lumbar drain insertion could be done under local anaesthetics, those with positive
response will need to have the shunt insertion under general anaesthetics; therefore,
the sooner the medical assessment is done, the less likely ultimate shunt surgery will
be delayed. This is often related to cardiac assessment or haematological assess-
ment for those on anticoagulation. Patients should be seen in pre-admission clinic
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with routine blood testing including clotting assessment. Recent brain imaging is
needed. Patients who had a fall following date of most recent scan would need a new
one to exclude subdural haematoma that could be exacerbated by lumbar drainage.
Magnetic resonance imaging (MRI) scan of the lumbar spine is also advisable. It will
help guiding the optimal level to place needle during lumbar drain insertion. Many
patients will have severe degenerative spinal changes and severe canal stenosis. The
presence of previous lumbar decompression surgery, or even metallic fixation, is
not a contraindication. In fact, it might make needle placement easier by identi-
fying a bone-free window from previous decompression. In the presence of previous
spinal fixation, patients would need to be counselled about risk of infection. Stopping
antiplatelet is advisable, but not essential. Communications with treating physicians
to understand risk of stopping antiplatelet would facilitate decision making, not only
for drain insertion, but also for potential future shunt surgery.

5 Baseline Assessment

iNPH tetrad includes gait and balance, urinary control and cognitive impairment.
Ideally, patients should have baseline assessment of all these elements, with view to
repeat those after drainage period to confirm if the drainage resulted in an objective
improvement or not.

Gait and balance are most widely assessed in published studies. Ideally, a walking
test should be performed by an independent assessor, with same assessor, if possible,
conducting both pre and post drainage assessment. Various methods of assessment
are used in different hospitals. These include walking speed tests supervised by
physiotherapists or video assessments with or without semiautomated systems to
provide objective walking speed measures. Increasingly, wearable technologies are
being explored for this purpose.

The 2 main walking tests used are:

• Ten meters walking test: Patients will be asked to walk ten meters distance twice,
with normal pace and with fast pace. Walking speed and number of steps are
calculated. Use of walking aids or help with one or even two people are allowed,
as long as same is used in post drainage test.

• Up and go three meters test: This test will take into account the ability of the
patient to sit, stand and turn.

Numbers of steps needed to make a 360° turn is also used. There is no clear
advantage of any of these tests compared with others. The preferred method of use
depends on local unit expertise and preference.

Most neurosurgeons and neurologists will consider 20% improvement in walking
speed as an objective evidence of improvement. Some consider 10% as sufficient
threshold.
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There is a variety of methods of testing cognitive function pre- and post-drainage
with less clear evidence of validity compared with walking tests. Questionnaires are
often used to assess change with urinary control symptoms.

Patient subjective impression of change is not as reliable in comparison with
objective assessment; however, there is some evidence that family and carers subjec-
tive impression of change with drainage is often in line with the objective assessment
results.

6 Insertion Techniques

Lumbar drain insertion could be done bedside; however, placement in operating
theatre is advisable, if feasible. This might reduce the risk of infection. More impor-
tantly, it will facilitate the process given the available space and personnel support.
The other advantage of having lumbar drain insertion in operating theatre, is ability
to perform procedure under sedation. This will reduce degree of patients’ discom-
fort, particularly those with severe degenerative changes that could render needle
insertion difficult, particularly in patients with a degree of cognitive impairment.

Procedure could be done with patient in left lateral or sitting position. Doing
the procedure in sitting position will make it significantly easier, particularly in
patients with a degree of degenerative scoliosis, which is not uncommon in this age
group. There are commercially available epidural positioning frames that will help
supporting patients having lumbar drain in sitting position. These have support for
legs, trunk and upper limb that not only make patient positioning easier and safer
but will also alleviate NPH patients fear of fall and retropulsion by allowing them to
hold to the frame.

Needless to say, that procedure should be done under strictly aseptic technique
preparing the lumbar spine area with suitable antiseptic and using suitable drapes.
Local anaesthetics is infiltrated. Different lumbar drains sets are available commer-
cially. Most include 14G Tuohy needle, through which a five French external lumbar
catheter is introduced. The author prefers using External Silverline (Spiegelberg
GmbH & Co. KG) lumbar catheters as they have the theoretical advantage of less
risk of infection. Use of prophylactic antibiotics according the local hospital policy
is advisable.

Unless theMRI scan findings dictate otherwise, Tuohy needle is introduced at L3/
L4 level and advanced to the spinal canal. Paramedian approach is often needed in
patients in this age group, given the degenerative changes affecting the spine. Oper-
ator will need to negotiate bony landmarks, reaching a small window into the canal,
with CSF space entrance evident on withdrawing the Tuohy obturator. Fluoroscopic
guidance could be useful in difficult cases.

Once the needle in within the right space, careful withdrawal of obturator and
introduction of catheter is done. In sitting position, care should be taken to avoid
sudden large loss of CSF, as this could result in over-drainage headache and risk of
subdural hygroma or even haematoma formation.



Extended Lumbar Drainage: Supplementary Test to Diagnose Shunt … 215

Commonly, catheter will not progress beyond the tip of the needle. In these occa-
sions, rotating the Tuohy needle by 90° increment in each direction, could often
allow the catheter advance by bypassing bony or ligamentous obstacles. If catheter
still fails to advance, careful withdrawal of the needle by one or two millimetres
would allow the catheter to advance if the needle tip is against an obstacle. Care
should be taken to avoid shearing the catheter against the sharp end of the needle. A
guidewire is used only if catheter advancement is difficult. Once a sufficient length of
the catheter is introduced, needle could be withdrawn over the remaining distal part
of the catheter and disposed off securely. Catheter is then connected to port. Different
operators prefer to leave different length of tubing into the spinal canal. There is no
evidence this makes any difference. It is advisable at this stage to withdraw enough
CSF to reach a total of 40–50 ml of CSF (accounting for the amount lost during the
insertion process). The rational of this additional aspiration, is to achieve at least a
lumbar tap test outcome, should the drain get disconnected or blocked inadvertently
early post-procedure, which would allow for a degree of diagnostic yield.

Suitable dressing is applied to secure the drain. (Tegaderm; 3M Health Care,
St. Paul, MN). Various sets have different securing attachments that often require
suturing to skin. There are special epidural catheters dressings available, which could
avoid need for suturing. These could serve the same purpose with lumbar drains. The
distal catheter is then tapped to patient skin (Mefix Mölnlycke Health Care AB) all
the way to the tip of right shoulder and then connected to drainage system catheter.
The rational of this is to facilitate patient movement post-procedure during hospital
stay and reduce risk of inadvertent catheter disconnection.

7 Drainage

Traditionally, simple bags using gravity to assist in drainage (e.g. The Becker®
External Drainage and Monitoring System, Medtronic) are connected to external
lumbar drains and are mounted on an intravenous fluid carrying pole. These could be
set to allow for volume or pressure led drainage. Various operators use different ways
draining over 3–5 days up to 500 or 700 ml. Some aim to have continuous drainage,
with nurses adjusting the height of the drainage bag in relation to the patient external
auditory meatus, to achieve desired drainage. Some simply drain certain volume per
hour and then clamp the drain. There is no evidence that a particular volume or
number of days would have an advantage. There is no evidence that CSF sampling
during drainage would have a benefit, if anything, it might increase risk of infection.

Themainproblemwith traditional drainagebags is that, every timepatient changes
position, there will be a need to re-adjust bag position or stop drainage. This requires
frequent nursing observations, particularly with non-compliant patients who have
impaired cognitive function, where sudden changes in patient position could result
in large and rapid CSF loss.

The author now routinely uses automated drainage system (Liquoguard® 7) that
allows accurate volume and pressure adjusted CSF drainage continuously. It has
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been shown to be highly accurate in draining the required volume with no need to
restrict patient’s mobility or stop drainage on changing position. It has also been
shown to reduce severity of headache symptoms associated with CSF drainage in
some patients. The parameters are set to drain up to ten millilitre per hour unless the
intracranial pressure is very low. In the majority of iNPH patients, this translates into
more than 500 ml drained over 72 hours. If patients develop severe over-drainage
symptoms, drainage volume is reduced or even stopped for few hours until patient
is symptomatically improved.

Patients are encouraged to ask for nursing assistance to transfer from bed to chair
or to walk to toilets. Particular considerations are needed to reduce risk of falls as
well as tube disconnection. This include careful nursing, bed rails elevation and using
bed alarms when available to alert nursing staff to patients trying to leave bed.

Graded compression stockings and pneumatic boots are used to reduce risk of
deep venous thrombosis. Administration of low molecular weight heparin should be
considered after discussing with treating team and in accordance with local policy.

In the event of drain blockage, drain dressing is exposed to exclude presence of
tube kink. If there is no clear external kink, careful flushing of the drain is attempted
under aseptic technique. If this fails in achieving drainage, drain would be removed
and walking test is repeated. If tube gets accidentally disconnected or snapped, drain
is clamped and, if the event is discovered soon after occurrence, reconnection is done
under aseptic technique. Low threshold should be adopted for drain removal if there
is any concern of contamination, or if drain is discovered to have significant amount
of CSF over significant amount of time. This is important to reduce risk of infection,
which could have serious consequences in this group of patients.

In patients were drainage is interrupted soon after insertion with no significant
drainage, and where walking test shows no clear change, no attempt is made of
reinserting the drain in the same setting. Patients are discharged home and reassessed
as outpatient to discuss options again.

Patients who report clear improvement in their mobility would undergo repeat
walking assessment with drain in place. Those who achieve more than 20% improve-
ment in walking speed will have drain removed at that stage without the need to
complete the 72 hours. In the absence of that, drain is removed at 72 hours and
post-drain assessment is conducted after a couple of hours.

Drain removal is done in the ward with patient on lateral position. Under aseptic
technique, dressings are removed, and tube is pulled out ensuring that all parts are
removed. Choice of inserting a stich or simple compression dressing is dependant
on local team preference.

Patients are then be assessed by occupational therapist to assess for suitability
to be discharged home, with clear advice regarding post-operative care, removal of
stich if inserted, and need to seek medical help should signs of infection are noticed.

In patients who achieve satisfactory drainage and complete assessments as
planned, post-operative review in outpatient clinic is conducted in about 3–4 weeks.
Those who have objective improvement in walking speed are advised to have shunt
surgery. A gap of few weeks is left between the two procedures to reduce risk of
central nervous system and systemic infection. Those patients who have no objective
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or subjective improvement are advised against shunt surgery, as it would be unlikely
to result in improvement. Occasionally, patients and family notice delayed subjec-
tive improvement following discharge with no objective improvement in mobility
or cognitive assessment. Careful consideration of options should be discussed as
chances of improvement would be low. However, in the author experience, some
patientswhodeveloped lowpressure symptomsduring admission did notice improve-
ment in their mobility after few days, indicating that the low pressure symptoms have
masked the modest benefit with drainage. In these circumstances, it would not be
unreasonable to proceed to shunting, aiming, if anything, to reduce chances of future
deterioration.

8 Complications

Although lumbar drain insertion and external drainage are deemed to be simple, these
are not without risk. The chance of having a complication is often underestimated.
The majority of complications are simple and reversible but in a small percentage,
the complication could be major.

ElAhmadieh et al. [7] recently published a large single-centre retrospective cohort
of 254 patients reporting 5.5% had complications, which was minor in majority
of 14 affected patients but included three patients developing meningitis and one
developing epidural abscess. Governale et al. [6] also reported a large retrospective
cohort complications rate of Therewere significant complications in 3.0%of patients,
including symptomatic subdural or subarachnoid haemorrhage in 1.7%, meningitis
in 0.8%, and retained catheter in 0.4%.Another 5.2%of patients hadminor problems,
including nerve root irritation in 2.6%, low-pressure headache substantial enough to
warrant premature removal of the drain in 1.7%, and local infection in 0.8%.

Over-drainage: Headache and nausea should be managed by reducing drainage
volume. In a minority of patients, these could be significant, even after complete
drainage cessation, and might last for few weeks. Management is by adhering to
bed rest, increase fluid intake, in particular, drinks with caffeine and prescribing
anti sickness. Subdural hygromas or even haematomas are infrequent occurrence.
Intraventricular or subarachnoid haemorrhage are rare reported complications. Use
of automated drainage systems (like Liquoguard 7) is likely to reduce the likelihood
of such occurrence.

Spinal nerve root irritations: This is often mild and settles with time. Some
patients report numbness. Management with analgesia is often enough to control
symptoms. In patients where symptoms are severe, shortening of the intradural part
of the catheter could resolve the problem. These symptoms are usually resolvedwhen
drain is removed. Persistent symptoms after drain removal would need investigation
with MRI scan to exclude subdural empyema or haematoma.

Leak at the insertion site: This often happens if multiple puncture sites are used
due to difficulty entering spinal canal during drain insertion, in patients with marked
degenerative changes. Pressure dressing is likely to stop the leak.
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Infection: Inserting a lumbar drain under aseptic technique would reduce this
occurrence but would not eliminate it. Bed-bound frail patients are more at risk.
Drain disconnection and CSF leak is likely to increase the risk. Low threshold to
treat with antibiotics would reduce risk of superficial infection spreading to cause
meningitis or epidural empyema.

Retained (sheared) catheter: This is likely to be caused during insertion on
withdrawing a catheter caught on sharp edge of Tuohy needle. Upon removal of
every lumbar drain, inspection to ensure complete removal is needed. In the event
of catheter retention, no specific intervention is needed apart from informing patient
and caring team. There will be a need, however, to surgically retrieve the catheter tip,
should patient develop infection, as the retained piece of tubewill prevent elimination
of the infection.

Prolonged hospital length of stay: Elderly frail patients could be judged by
occupational therapists not fit for discharge home, particularly in patients who have
negative results from the drain or those who have severe over drainage symptoms.
Careful preadmission assessment by occupational therapist could prevent this by
allowing for provision of necessary support at home settings.

9 Conclusion

Extended lumbar drainage is the most accurate supplementary test that could help
clinicians, patients and carers, in accepting or refuting shunt surgery for management
of possible normal pressure hydrocephalus. In essence, it is a temporary shunt. It
does require hospital admission for few days; hence, it does have implications on
costs. It is also associated with risk of complications. It can be done under local
anaesthetic, with or without sedation. Best outcome could be achieved if it is done
by a team familiar inmanaging this elderly often comorbid and frail group of patients,
and with expertise in conducting necessary assessments aiming to detect objective
change in baseline clinical parameters. Attention to details during drain insertion and
subsequent drainage by trained team is essential to produce good outcome.

Key Points

• Extended lumbar drainage is, in essence, temporary shunting.
• ELD is the most accurate test in predicting shunt responsiveness in patients with

normal pressure hydrocephalus.
• ELD is often regarded by sceptical clinicians, as well as patients and carers, as an

acceptable procedure that will help in accepting or refuting future shunt surgery.
• Lumbar drain insertion requires hospitalisation, with costs implications.
• Common ELD complications includes infection, over drainage and prolonged

hospital stay.
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• Risk of complications can bemitigated by careful preadmission preparation, atten-
tion to details in insertion and connection to drainage system as well as good
nursing care and therapist’s assessment. That is, it requires team approach.
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Spinal Tap Test

Uwe Kehler

Abstract The spinal tap test (STT) is a clinical functional test used to diagnose
normal pressure hydrocephalus (NPH). Although the STT iswidely accepted to serve
as a credible test in the diagnosis of NPH, negative STT does not completely rule
out a definite NPH diagnosis and it does not serve as a single determinant of surgical
candidates. So far, there is no existing consent about the time of clinical exami-
nation following the cerebrospinal fluid-tapping. Some NPH patients may improve
immediately after the STT but only for a very short time, others may show delayed
gait improvements within the following days. Continuous observation after STT is
therefore necessary in order to prevent unwanted omission of patients with NPH
who experience short-term improvements in between the clinical examinations. The
positive tap test with objective clinical improvement correlates with a good shunt
outcome, and a subjective improvement after lumbar drainage has the same predic-
tive value as an objective improvement itself. Additionally, since the clinical tests
for NPH after STT are not sensitive enough to detect objective clinical improvement,
subjective improvement after STT seems to be a reliable diagnostic factor as good
as an objective improvement for predicting shunt responsiveness.

Keywords Spinal tap test · Hydrocephalus · Neurofunctional testing · Normal
pressure hydrocephalus · Clinical tests
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ICP Intracranial pressure
NPH Normal pressure hydrocephalus
STT Spinal tap test
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1 Introduction

The spinal tap test is probably the most common test to verify the diagnosis of NPH.
However, the reliability is controversial, and a subject of ongoing discussion. There
is general consent that a temporary clinical improvement after the tap test predicts a
positive outcome of shunting. But the predictive value of the negative tap test is low
and remains a topic of discussion [1, 2].

2 How to Perform a Spinal Tap Test

The patient with the suspected NPH is laid in the lateral position (if you want to
determine ICPaswell) or in the sitting position (easier to puncture).After disinfection
of the skin, the lumbar subarachnoid space is punctured with a ‘traumatic’ lumbar
puncture needle caudal of the spinal cord—most often in the levels L4/5, L3/4 and
L5/S1 (Fig. 1). The puncture can be done with or without local anaesthesia.

Around 40 ml of CSF should be collected, if the patient starts complaining of
a headache, further tapping should be stopped in order not to provoke severe over
drainage/low-pressure discomfort. However, in NPH, a post-punctional headache is
rare.

Fig. 1 The puncture for the tap test can be done in sitting (a) or lateral position (b). Most often
the levels L3/4, L4/5 or L5/S1 are used for puncture. L4/5 is located approximately at the level
of the iliac crest—image (c) yellow arrows. In the lateral position (b) the puncture needle can be
connected to a riser tube, to measure ICP—the zero level is the spine
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A traumatic needle is recommended for the tap test because the chance of a longer
lasting hole in the dura may facilitate CSF drainage to the muscle and subcutaneous
tissue even after removing the needle. This may result in a clearer and prolonged
improvement of symptoms.

Optionally, in the lateral position, before collecting CSF, a riser tube can be
connected to the lumbar puncture needle to measure the ICP and even determine
the pulse amplitude, getting additional information to confirm the diagnosis.

No consensus exists about the time of clinical examination after the CSF-tapping
[3]. Several patients may improve immediately after the tap test but only for a very
short time, others may show delayed gait improvements over the following days.
Figure 2 shows the clinical course of different patients after tapping. Each colour
represents a different patient. Patients show different clinical courses after tapping
with immediate distinct but short improvements, others with delayed improvements
or with only slight improvements, which may be recognized by the patients them-
selves but not shown by the insensitive gait tests. Figure 2 also shows, if a clinical
examination is done only once after 3, 6 or 24 h after the tapping, the temporary
improvement might be missed—which easily might result in a false-negative tap
test.

In our department, no bed rest is recommended after the puncture and observa-
tion starts immediately. Due to the different courses after tapping and the lack of
manpower (for examining the patients every hour), an observation sheet (Fig. 3) is
handed over to the patients, where they have to log in the noticed gait changes every
hour and from the second day on once a day for a whole week. They are also asked to
write a diary about changes in bladder function (especially regarding urgency) and

Fig. 2 Different clinical courses after STT. Each colour represents a different patient. The courses
show a large variety with short-term distinct improvement (green), intermediate slight improve-
ment (purple) or delayed substantial improvement (yellow). If the curves exceed the dotted line, the
improvement could be demonstrated with objective tests. Curves below show only slight improve-
ment—noticed by the patients—but not detected by the low sensitivity of the objective tests. The
figure also shows that if only one or two clinical examinations are done there is a chance that the
improvements can be missed
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Fig. 3 An observation sheet completed by a patient after the spinal tap test that shows a temporary
gait improvement in the first hours. Patients (and their families) should document in a diary as well
about bladder function (frequency and urgency) and cognitive changes

about the cognitive changes together with the family members. So, we do get a more
or less continuous impression from the clinical course after the tap test. Additionally,
the same day and the following day a clinical objective gait examination is done by
the attending physicians.

3 Interpretation of the Tap Test

If a temporary improvement is seen after the tap test, the diagnosis of NPH is
supported strongly and it also shows that the patient has at least some amount of
recovery potential. It was shown in several publications, that the positive tap test with
objective clinical improvement has a high correlation with a good shunt outcome [2].
It was also shown that only a subjective improvement after a lumbar drainage has
the same predictive value as an objective one [4]. In a personal study which is so far
not published but submitted, we could confirm the results fromWu also for the STT
[5]. The observation sheet (Fig. 3) might have the potential to improve the sensitivity
and specificity of the tap test, because through continuous observation short lasting
improvements as well as delayed changes might not be overlooked.

If there is no temporary improvement at all, it does not rule out a diagnosis of
normal pressure hydrocephalus [2]. A repeated tap test the following daymight show
a clearer result. In negative results, the tap test should be repeated after 6–12 weeks
or complemented by a temporary lumbar drainage, infusion tests, etc.
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The aim is to not overlook any NPH patient and consequently to not withhold
beneficial shunt surgery. On the other hand, no patient should be shunted if NPH is
not the cause of the clinical symptoms.

4 Conclusion

The spinal tap test is easy to perform and can be used to prove the diagnosis of
suspected NPH. However, because of individual variable clinical responses, frequent
gait testing is necessary, so that an improvement is not overseen. The observation
sheet completed by the patients can be very helpful in realizing almost continuous
monitoring, which also detects short-term improvements. Subjective improvements
after STT seems to be as good as an objective improvements for the diagnosis of NPH
and for shunt responsiveness. In cases of no clinical improvement after STT, patients
should undergo a repeated STT or additional testing with more invasive procedures
as with lumbar drain or infusion tests.

5 Key Points

• STT is easy to perform and widely accepted to prove the diagnosis of NPH.
• Negative STT does not completely rule out NPH.
• Continuous observation after STT is necessary—otherwise several patients with

short-time improvements in-between the clinical examinations are missed.
• Clinical tests for NPH after STT are not sensitive enough to detect improvement

despite improvements noticed by the patients and relatives.
• Subjective improvement after STT seems to be as good as objective improvement

for predicting shunt responsiveness.

References

1. Gallia GL, Rigamonti D, Williams MA. The diagnosis and treatment of idiopathic normal
pressure hydrocephalus. Nat Clin Pract Neurol. 2006;2(7):375–81. https://doi.org/10.1038/ncp
neuro0237.

2. Wikkelsø C, Hellström P, et al. European iNPH multicentre study group: study on the predic-
tive values of resistance to CSF outflow and the CSF tap test in patients with idiopathic
normal pressure hydrocephalus the European iNPH multicentre. Neurol Neurosurg Psychiatry.
2013;84(5):562–8. https://doi.org/10.1136/jnnp-2012-303314.

3. Caiyan L, Liling D, Jie L, et al. A pilot study of multiple time points and multidomain
assessment in cerebrospinal fluid tap test for patients with idiopathic normal pressure hydro-
cephalus. Clin Neurol Neurosurg. 2021;210:107012. https://doi.org/10.1016/j.clineuro.2021.
107012. Epub 2021 Nov 2.

https://doi.org/10.1038/ncpneuro0237
https://doi.org/10.1136/jnnp-2012-303314
https://doi.org/10.1016/j.clineuro.2021.107012


226 U. Kehler

4. Wu EM, et al. Clinical outcomes of normal pressure hydrocephalus in 116 patients: objective
versus subjective assessment. J Neurosurg. 2019;12:1–7.

5. Greiner-PerthM,MerschM, Kehler U: NPH—Subjective improvement after STT predicts good
outcome after shunting. Submitted.



Lumbar Infusion Test

Petr Skalický, Arnošt Mládek, Adéla Bubeníková, Aleš Vlasák,
Helen Whitley, and Ondřej Bradáč

Abstract The lumbar infusion test (LIT) is one of the most commonly used
functional tests clinically useful for the diagnostic examination of normal pressure
hydrocephalus (NPH). During the test, intracranial pressure (ICP) is measured
while a cerebrospinal fluid substitute (commonly Ringer’s solution) is infused into
the subarachnoid space in the lumbar region. Within the evaluation of the results,
the resistance of the system is determined. One of the most evaluated parameters
is resistance to outflow (Rout). Autoregulation is better preserved in patients with
increased Rout, most likely thanks to greater cerebrovascular load in patients
with normal or low resistance. The most used cut-off value for iNPH diagnosis
is 12 mmHg/ml/min. The tests’ measurements can be affected by various factors,
including different needle(s) diameters, length and types of connecting tubes, but
also compliance of the patient which can significantly affect the validity of the test
results. This chapter discusses the physical principles of the LIT, the procedure
itself, and further demonstrates the results of this test in NPH diagnosis.
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pressure hydrocephalus · Cerebral blood flow · Intracranial pressure
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Abbreviations

AMP Amplitude
CaBV Cerebral arterial blood volume
CBF Cerebral blood flow
CSF Cerebrospinal fluid
E Elastance coefficient
ECG Electrocardiogram
FV Flow velocity
ICP Intracranial pressure
iNPH Idiopathic normal pressure hydrocephalus
LIT Lumbar infusion test
NIRS Near-infrared spectroscopy
NPH Normal pressure hydrocephalus
RAP Pressure-volume compensatory reserve
VP Ventriculoperitoneal

1 Introduction

Normal pressure hydrocephalus (NPH) is a clinical syndrome characterised by a clin-
ical triad of gait apraxia, urinary incontinence and cognitive impairment, associated
with dilation of cerebral ventricles andnormal cerebrospinal fluid (CSF) pressure. It is
classified either as idiopathic or secondary to certain processes such as subarachnoid
haemorrhage, traumatic brain injury or meningitis. The treatment is the placement
of a shunt system to derive the cerebrospinal fluid mainly from the lateral ventricles
of the brain elsewhere, mainly to the peritoneal cavity. The diagnosis is based on
a combination of clinical symptoms, radiological findings and results of functional
tests using invasive methods.

One of the functional tests is the lumbar infusion test (LIT). The basic technique
of the LIT was described by Katzman and Hussey as early as 1970 [1]. During the
test, intracranial pressure (ICP) is measured while a cerebrospinal fluid substitute
(usually Ringer’s solution) is infused into the lumbar subarachnoid space. The course
of the test can be complicated by reduced compliance of the patient, which affects
the validity of the result [2]. However, the test can usually be performed without
sedation of the patient with or without the use of local anaesthesia. For the validity
and evaluation of the results, the resistance of the system must be determined, which
is different when using different diameters of the needle or needles, length and
type of connecting tubes. The infusion rate is usually 1.5 ml per minute. From the
change in the character of the pressure curve and its values, parameters about the
dynamics of the cerebrospinal fluid circulation can be determined. Most often, the
outflow resistance, (Rout) [3], is calculated, which corresponds to the difference
in the resulting pressure in the phase when the ICP does not increase further during
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constant infusion (the so-called plateau phase), from the initial pressure values minus
the system resistance, divided by the infusion rate [4]. An alternative assessment that
is also widely used, despite lower evidence, is the modification according to Nelson
and Goodman in 1971, which only calculates the average increase in ICP over a
certain period of time (usually 10–15 min) [5]. The most accepted cut-off value
for LIT positivity is a Rout value greater than 12 mmHg/ml/min [6]. In healthy
volunteers, it was shown that the value of Rout did not exceed 10 mmHg/ml/min [7].
Another study [8] in iNPH patients showed that if Rout was less than 6 mmHg/ml/
min, no improvement after shunt insertion was observed. Other indicators within LIT
were weakly associated with the outcome of shunting. Although an association of
degree of symptom improvement after ventriculoperitoneal (VP) shunt implantation
with Rout value in a European multicentre study was not found [9], when resistance
higher than 8 mmHg/ml/min was used, accuracy was higher than for Tap test.

Autoregulation is better preserved in patients with more increased Rout—prob-
ably due to greater cerebrovascular load in patients with normal or low resistance.
Despite all the debate over this feature, resistance is the main indicator of impaired
cerebrospinal fluid circulation. However, it cannot be used as the sole indicator when
deciding on surgery. The negative-predictive value is low too. The result after surgery
is multifactorial and it is probably naive to associate it with a single parameter [10].
In the recommendation from the American guidelines at level B [11], it follows that
as Rout increases, the probability of response to VP shunt increases. Compared to
expert evaluation, when machine learning and artificial intelligence methods were
used to calculate and process 48 scalar characteristics of the ICP and electrocardio-
gram (ECG) signal, this was able to better differentiate patients who responded to the
lumbar drainage test. The best method combined eight characteristics by XGBoost
classifier, which increased the sensitivity and specificity of the test by more than
21% [12]. LIT is simple to perform, inexpensive, and the diagnostic accuracy is
considerable.

2 Introduction to the ICP/CSF Dynamics

According to the Monro-Kellie (M-K) doctrine, assuming an intact and absolutely
rigid cranium, the sum of the volumes of the individual intracranial compartments—
the brain, cerebrospinal fluid and blood—is constant. Since the compartments are
considered to be practically incompressible, an increase in the volume of one
compartment must thus be compensated by a corresponding decrease in one or more
of the remaining compartments. Changes in volumes are manifested by variations in
intracranial pressure.

ICP represents the pressure in the shared intracranial space that acts on indi-
vidual compartments. Physiological ICP changes periodically with respiration and
the cardiac cycle. Transient fluctuations in ICP may occur with a change in body
position relative to the gravitational field, coughing or the Valsalva manoeuver [13].
The physiological ICP value in an adult in the supine position is approximately in the
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range of 7–15 mmHg [14]. If the ICP is persistently elevated above approximately
15 mmHg, intracranial hypertension occurs and the decreasing CBP, the pressure
gradient maintaining cerebral perfusion, gradually leads to focal and subsequently
global ischemia. In addition, organic lesions, underlying the increase in ICP (more
precisely its gradient), may cause a shift of brain structures up to the image of
herniation (subfalcine, transtentorial, temporal, occipital). This is the most serious
complication of intracranial hypertension.

ICP ismore than a number. It is a complex, time-varying biosignal with distinctive
properties [15]. The ICP waveform consists of three components that overlap in the
time domain, but in the frequency domain, their separation is possible (Fig. 1).

The pulse waveform has fundamental and higher harmonic components. The
frequency of the fundamental component corresponds to the heart rate, and the
magnitude of its amplitude is important for the evaluation of intracranial physiology.
The respiratory waveform is generated by respiratory movements, with a frequency
maximum of around 8–20 1/min. The so-called ‘slow waves’ described in Lund-
berg’s original work [16] (also called B-waves) are not precisely defined, and all
contributions corresponding to a period of 20 s to 3 min (0.005–0.05 Hz) fall into
this category. Using near-infrared spectroscopy (NIRS), Lundberg’s B-waves have
been shown to be coherent with fluctuations in cerebral arterial blood volume (CaBV;
Fig. 2).

In the time domain, the ICPwaveform is characterised by three peaks at P1, P2 and
P3 [17]. The first P1 maximum, the so-called percussive peak, is probably associated

Fig. 1 ICP components observed in the time (yellow) and frequency (red) domains. Upper left
panel: slow vasogenic waves (0.005–0.05 Hz) associated with continuous vasomotor activity regu-
late cerebrovascular resistance, CBF and CBV. Upper right panel: pulse waveform of ICP and
respiratory waves. Lower panel: frequency domain of the ICP signal. 1: slow waves, 2a, 2b: respi-
ratory waves (2a) and respiratory higher harmonics (2b), 3, 4: pulse waves (3) and pulse higher
harmonics (4). Picture adapted from Czosnyka et al. [15]
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Fig. 2 ABP: arterial blood pressure waveform (red); ICP: intracranial pressure waveform (yellow);
FV: flow velocity (blue); CaBV: cerebral arterial blood volume (green). Picture adapted from
Czosnyka et al. [15]

with rapid distensionof the arterialwalls at themomentwhen arterial pressure reaches
its systolic maximum. The late peaks P2 and P3 are probably related to the increase
in arterial blood volume and its transport from large, high-flow cerebral arterioles to
arterioles of higher resistance. The position and size of P2 and P3 are influenced by
intracranial compliance, among other factors. According to some studies [15], P3
is related to the dicrotic notch and the secondary peak in arterial pressure and thus
indirectly to the aortic valve closure (Fig. 2).

M–K homoeostasis represents a complex physiological mechanism compen-
sating for the transient increase in CBV during cardiac systole. The goal of M–K
homoeostasis is to minimise ICP dispersion during the cardiac cycle and to reduce
systolic–diastolic pressure differences at the level of the cerebral microvasculature.
Minimization of pressure changes is alsomaintained by arterial wall elasticity, which
dampens the pressure wave amplitude and thus ensures constant blood flow through
the capillaries (Windkessel effect, see Chap. 6 for more details regarding this effect).
Figure 3 shows a schematic representation of the M–K homeostasis model, which
can be used to describe the fluid dynamics for different phases of the cardiac cycle:

During ventricular systole, the cerebral arteries dilate and propagate a pressure
wave through the CSF. The fluid is pushed through the foramen magnum in a caudal
direction, and the venous outflow increases. During the filling of the ventricles, CSF
returns from the extracranial subarachnoidal spaces in a rostral direction back into
the intracranial space, venous outflow decreases.

Pathological or physiological increase in the volume of one ormore compartments
is initially ‘buffered’ by displacement of an equivalent volume of venous blood
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Fig. 3 Schematic model of M–K homoeostasis. Bidirectional arrows across compartments
symbolise compliance (possible change of volume of one compartment at the expense of the other),
bidirectional arrows within one compartment symbolise liquor communication between extra- and
intracranial space

and/or of venous fluid outside the intracranial space. This compensatory mechanism
prevents or significantly limits the increase in ICP. The volume of venous blood and
CSF responds to the change in intracranial first, as their respective compartments
(venous sinuses and subarachnoid space) are very compliant (compliance ∼ dV/dp).
The state of the system is at the interval of moderate linear increase on the pressure–
volume (pV) curve with a good compensatory margin; the correlation coefficient
between the change in pulse amplitude and the mean ICP value (RAP coefficient)
is equal to 0, the pulse amplitude of ICP does not change with intracranial pressure.
The upper limit of ICP to maintain good compensatory reserve is the exponential
growth threshold (Fig. 4).

In case of further increase in intraluminal volume, ICP increases exponentially and
the system reaches the area of weak compensatory reserve. Compliance decreases
rapidly, the RAP coefficient is equal to 1. The pulse amplitude of ICP increases
linearly with the mean value of ICP.
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Fig. 4 Intracranial pressure-volume diagram (left) and the relationship between themean ICP value
and the amplitude of its pulse component (right). RAP: correlation coefficient between the change in
pulse amplitude and the mean ICP value. The pulsations of CBV are shown in red, and the pulsatile
response of ICP is in yellow. System elastance is proportional to the dp/dV. Picture adapted from
Czosnyka et al. [15]

If the ICP exceeds a critical value, regulatory mechanisms fail and cerebral arte-
rioles become active. ICP pulse amplitude decreases rapidly, although mean ICP
continues to increase; RAP < 1. ICP and mean arterial pressure (MAP) gradually
equilibrate, and perfusion pressure is low.

The Monro-Kellie doctrine of intracranial volume compensations leads to inter-
actions of the CSF dynamics and hemodynamics related to the ICP pulsations with
cardiac frequency caused by the transient increase in arterial blood occurring with
each stroke [18]. The pulse amplitude of ICP pulsations depends on the compliance
of the system, or from the opposite point of view the outflow resistance (Rout) as
the major aspect of CSF dynamics. One of the approaches to functional testing is to
investigate CSF dynamics with a lumbar infusion test.

Some of the theories of the pathophysiology of idiopathic normal pressure hydro-
cephalus (iNPH) favour a decrease in intracranial compliance as an important under-
lying principle. Di Rocco et al. [19] stressed the role of pulsations, demonstrating
how CSF pulsatility can lead to ventricular dilation. The ICP fluctuation of waves
consists of those reflecting arterial pulsations, with other vasogenic components and
elevations with breathing. Cough and movements can influence the process. Lund-
berg identified slow waves—spontaneous rhythmic oscillations of ICP from 0.5 to
2 cycles per minute with variable amplitude [16]. The relatively high frequency of
slow waves is indicative of reduced craniospinal compliance [20]. However, cut-offs
for the frequency and amplitude vary widely [21].

In a study group of 35 patients, the authors demonstrated a change in blood
flow velocity in the middle cerebral artery during the infusion test. The observation
resulted in a decrease in the mean blood flow velocity by 4 cm/s, which did not corre-
late with CSF pressure [22]. A study on 40 NPH patients showed that mean cerebral
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blood flow is maintained despite a significant increase in ICP within the limits of
the infusion test. A relative increase in the pulsatility indices of cerebral blood flow
(CBF) was noted, which may indicate preserved cerebrovascular reactivity [23].

The classic theory of CSF dynamics describes a CSF pathway. This consists of
compartments that produce resistance to outflow (Rout) as CSF circulates. NPH
patients have normal CSF pressure, however, abnormalities in the outflow may be
involved [6].

Themeasures are extracted from the recorded pressure curves. The initial baseline
pressure is extracted as the mean at the start of the infusion. The plateau pressure
is derived from the mean pressure in a pressure-stable phase during the infusion
[24]. These results can be used for the determination of various cerebrospinal fluid
dynamics variables. The most frequently used is the outflow resistance (Rout) or
outflow conductance (Cout). Rout is the difference between the plateau and baseline
pressureminus system resistancedividedby the infusion rate. Theother comprises the
pressure curve characteristics devoted mainly to the amplitude. Baseline amplitude
is the mean of the difference between systolic and diastolic pressure before starting
the infusion. Plateau amplitude is the mean of the difference between systolic and
diastolic pressure during the plateau phase (Fig. 5) [25]. The resistance of Rout
correlates with the magnitude of slow vasogenic components of ICP—respiratory
waves and slowwaves in the spectrum similar to Lundberg’s ‘B’waves.All vasogenic
components increase during CSF volume load [26].

Change of Rout has been seen to occur with time in hydrocephalus after subarach-
noid haemorrhage [27] andwith increasing age [28]. Changes inRout and other phys-
iological parameters probably also occur in iNPH patients. The exact mechanisms
are unknown but might be due to increased time of transparenchymal drainage [29].

Onemay also calculate the elastance coefficient (E). The exact meaning of E is not
yet fully understood. It describes the stiffness of the cerebrospinal system determined
by the ability to displace a volume of cerebrospinal blood. Tans and Poortvliet [30]
showed a weak correlation of Rout and E, though no further studies exploring this

Fig. 5 Illustration of a positive (purple) and negative (green) LIT recording. The pressure difference
dP is denoted by the dashed lines. The amplitude difference deltaP is shown in the inlet figure
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concept have followed. Tisell et al. [31] demonstrated that elevated E correlated
positively with the result of a third ventriculostomy in primary aqueductal stenosis.
Thus, E is a parameter that is not widely used for iNPH evaluation.

From the derived parameters, the pressure–volume compensatory reserve (RAP)
index may be assessed. It is a correlation coefficient [R] between the amplitude
(AMP) [A] and the mean intracranial pressure [P]) and is derived by the linear
correlation between 40 consecutive, time-averaged data points of AMP of ICP and
mean ICP, acquired within a 6-s-wide time-window. RAP describes the degree of
correlation between AMP and mean ICP over short periods of time (4 min). RAP
coefficient close to 0 indicates a lack of coupling between the changes in AMP
and the mean ICP. This relates to good pressure–volume compensatory reserve, i.e.
the working range is still in the horizontal part of the curve. When the pressure–
volume curve starts to increase exponentially, AMP co-varies directly with ICP and
consequently RAP rises to +1. This indicates a low compensatory reserve [32].

3 Procedure

During infusion, the infused CSF will increase the intracranial CSF volume. This
volume will eventually decrease the venous volume and during arterial pulsations
the delivered blood is compensated by compression of the venous pool by the same
amount. The increased venous outflow resistance causes an increase in intracranial
pressure [33].

To perform the lumbar infusion test, you need a monitoring device that could
measure the pressure curve via a connected system, often a device which is used
for invasive blood pressure monitoring. During the test, the pressure monitor will
be connected through the same system with an infusion pump or with a second
lumbar cannula. Contemporary ECGmeasurement could be used to calculate special
parameters for novel methods. The lumbar cannula could be 14G Tuohy needle to
end the test with lumbar drain insertion or narrower as f.e. 22G needle, but the system
resistance will increase and needs to be calculated.

The patient is lying on the side in a horizontal position with head support in
order to align the proper position of the inion and spine parallel to the bed or floor.
The infusion is usually a Ringer solution (NaCl 6.6 g/l, KCl 0.3 g/l, CaCl 0.33 g/l;
290 mosm/kg). The test starts with a lumbar puncture that could be done only in
local or with no anaesthesia in the majority of patients. The system is calibrated, and
connected and opening pressure could be taken from the recording device. In normal
pressure hydrocephalus, the opening pressure is of maximal 20 mmHg.

Typically, LIT is divided into three phases. The first phase is short for approx-
imately 2 min just to balance the initial value which could be prolonged by bad
compliance of the patient. The stable baseline is superimposed by pulse waves—
transient pressure increases caused by the arterial blood volume of each pulse stroke.
The basal points define the basal pressure amplitude. Mean pressure is used for the
calculation of major parameters.
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Fig. 6 LIT. ICP measured during LIT

The second phase is usually 10–20 min long. The infusion of Ringer solution is
constant at the rate of 1.5 ml/min. The phase stops when the pressure approaches
a plateau value which coincides with the maximal outflow resistance (Rout) and
is stable for around 3 min or if the mean pressure exceeds 50 mmHg. After the
infusion is interrupted the third phase starts which is 5 min long. This measures how
the pressure decreases after the interruption of infusion (Fig. 6). After the test the
infusion system is disconnected lumbar drain could be inserted or a tap test could be
performed and lumbar cannula is extracted and the system resistance is calculated.

4 Results

Cordero Tous et al. [34] found an improvement in 64% of patients after 12 months
with the criteria based on having a Rout of more than 12 mmHg/ml/min. They
achieved a specificity of 35% and sensitivity of 89%. Another study [25] of 80
patients presented 69% sensitivity and 75% specificity. The positive predictive value
of Rout of more than 15 mmHg/ml/min was 91.7%. Another study [35] found a
global improvement in 60 (88.2%) patients. The positive predictive value of Rout
of more than or equal to 14 mmHg/ml/min was 90%. The Dutch Normal Pressure
Hydrocephalus Study [36] reported that improvement in patients selected according
to the CSF dynamics test (Ro) reached 74% against 55% in those selected just
according to clinical and radiological criteria. According to Albeck et al. [7], in
healthy subjects the normal values are 6–10mmHg/ml/min. Eide et al. [37] calculated
the upper limits of normal between 8.33 and 13 mmHg/ml/min in children. Malm
et al. [38] found a mean Rout of 8.6 mmHg/ml/min in healthy elderly subjects over
60 years of age.

Another study by Mahr et al. presented 51% specificity and 79% sensitivity of
LIT when using a cut-off value of Rout of 12 mmHg/ml/min. ROC analysis showed
13 mmHg/ml/min as an optimal value based on Youden’s index. If the Rout was
more than 10 mmHg/ml/min the sensitivity was 96%.

A meta-analysis by Kim et al. [6] has shown that a LIT with a Rout > 12 mmHg/
mL/min seems to be themost suitable threshold for predicting shunt responsiveness in
NPH patients with high accuracy (72.95%), high sensitivity (80.26%), and moderate
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specificity (46.79%). In a recent overview of diagnostic methods [40] a sensitivity
of LIT between 56 and 100% and specificity between 50 and 90% were found.
The positive predictive value of LIT was 80% and the occurrence of false negatives
was up to 16%. Furthermore, Czosnyka et al. [27] suggested that the threshold for
normal Rout should be adjusted according to the duration of symptoms considering
a tendency to decrease with time when lasting longer than 2–3 years.

The lumbar infusion test can determine not only the Rout but also the mean
amplitudes. Amplitudes tend to be greater in responders versus non-responders,
which might reflect a change in the compliance of the system [25]. It was considered
abnormal if the mean wave amplitude exceeded 5 mmHg during the night intracra-
nial monitoring [41]. Eide et al. [42] found elevated baseline amplitude higher than
2 mmHg with a positive predictive value of 89%. Kahlon et al. [2] found that 92%
of patients with plateau amplitudes of more than 20 mmHg or Rout of more than
18mmHg/ml/min improved following shunt placement. A study by Santamarta et al.
[43] found that the combined use of ICP monitoring and lumbar infusion to forecast
the response to shunting in patients with suspected iNPH did not improve the accu-
racy provided by any of them alone. Meier and Bartels [3] reported that 19% of 107
patients developed headaches after lumbar infusion studies and 2 patients developed
meningismus without signs of inflammation in the CSF. Kahlon et al. [44] reported
no complications related to the infusion test.

The results of lumbar infusion testing are probably not related to the severity of
iNPH. Comparably, the results of lumbar infusion testing probably do not associate
with ventricular size as assessed by the Evan’s index [1, 45].

Lumbar infusion test can also be used for shunt patency testing. Rout should not
be elevated with a proper functioning VP shunt [24, 46, 47].

It was shown in a study of 4473 infusion tests [48] that CSF infusion studies
are safe, with the incidence of infection at less than 1%. They presented that raised
resistance to CSF outflow positively correlates (p < 0.014) with improvement after
shunting and is associated with the disturbance of CBF and its autoregulation (p <
0.02). With the methods of artificial intelligence and machine learning the classifi-
cator increased the accuracy of LIT by more than 20% [12]. Such advanced methods
could bring new approaches to LIT evaluation to increase its diagnostic yield.

5 Conclusion

Lumbar infusion test is one of the functional tests used in the evaluation of normal
pressure hydrocephalus.One of themost evaluated parameters is resistance to outflow
(Rout). Autoregulation is better preserved in patients with more increased Rout—
probably due to greater cerebrovascular load in patientswith normal or low resistance.
The most used cut-off value for iNPH diagnosis is 12 mmHg/ml/min. Meta-analysis
showed high accuracy (72.95%), high sensitivity (80.26%), and moderate speci-
ficity (46.79%). The procedure is straightforward and the technical and operational
requirements are low. The knowledge of dynamic CSF parameters may give valuable
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information for shunt implantation candidates—as Rout increases, the probability of
response to VP shunt increases.

6 Key Points

• ICP ismore than a number. It is a complex, time-varying biosignal with distinctive
properties. During LIT ICP is measured during a constant infusion of artificial
CSF. The results can describe basic CSF dynamic parameters.

• The classic theory of CSF dynamics describes a CSF pathway. This consists of
compartments that produce resistance to outflow (Rout) as CSF circulates. NPH
patients have normal CSF pressure, however, abnormalities in the outflow may
be involved.

• Rout corresponds to the difference in the resulting pressure in the phase when
the ICP does not increase further during constant infusion (the so-called plateau
phase), from the initial pressure values minus the system resistance, divided by
the infusion rate.

• Rout > 12 mmHg/ml/min seems to be the most suitable threshold for predicting
shunt responsiveness in NPH patients with high accuracy (72.95%), high
sensitivity (80.26%), and moderate specificity (46.79%)

• LIT can give valuable information for shunt candidate selection.

Funding This chapter was supported by theMinistry of Health of the Czech Republic institutional
grant no. NU23-04-00551.
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Laboratory Findings of NPH

Adéla Bubeníková, Ludmila Máčová, Petr Skalický, Arnošt Mládek,
and Ondřej Bradáč

Abstract Considering the high occurrence of neurodegenerative comorbidities, it
is rather challenging to clearly determine the precise diagnosis of normal pressure
hydrocephalus (NPH), aswell as to predict treatment responsiveness in these patients.
Detailed investigation of cerebrospinal fluid (CSF) biomarkers potentially applicable
in clinical practicemight be particularly useful in theNPHdiagnostic battery, together
with clinical and radiological findings characteristic of the disease itself. Research
has revealed a range of reliable information on the overall CSF profile in iNPH
patients, although it is so far impossible to determine a single biomarker specific
to NPH. The CSF profile of NPH seems to be easily differentiated from healthy
controls; however, the differentiation from other neurodegenerative disorders based
only on these parameters remains a challenge. The comorbidities frequently share
similar (abnormally raised or abnormally decreased) concentrations of biomarkers
in the CSF when compared to iNPH. Although laboratory findings of NPH are not
used in current clinical practice, further research may be of great importance to
better predict the NPH progression and therefore also to deliver better treatment
outcomes and improved prognosis in NPH patients. This chapter summarizes up-
to-date conceptions of the topic and provides relevant information discussing and
introducing laboratory findings of NPH.
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Abbreviations

5-HT 5-Hydroxytryptamine
Aβ Amyloid beta
ABC ATP-binding cassette
AMPA α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
AQP Aquaporin
APP Amyloid precursor protein
AD Alzheimer’s disease
AUC Area under curve
BBB Blood-brain barrier
CNS Central nervous system
CSF Cerebrospinal fluid
CTF C-terminal fragments
CYP450scc Cytochrome P450 cholesterol side-chain cleavage enzyme
DHEA/DHEAS Dehydroepiandrosterone/dehydroepiandrosteronesulphate
FTLD Frontotemporal lobe degeneration
GABA-A γ-Aminobutyric acid receptor type A
HC Healthy controls
HSD11B1 Hydroxysteroid dehydrogenase 11-beta type 1
IDE Insulin degrading enzyme
IL Interleukin
iNPH Idiopathic normal pressure hydrocephalus
LRG Leucine-rich-α2-glycoprotein
LRR Leucine-rich repeats
MAP Microtubule-associated protein
MAPT Microtubule-associated protein tau
MBP Myelin based protein
MCI Mild cognitive impairment
MCP-1 Monocyte chemoattractant protein 1
MS Multiple sclerosis
MSA Multiple system atrophy
MTB Microtubule-binding
NAS Neuroactive neurosteroids
NFL Neurofilament protein light
NMDA N-methyl-D-aspartate
NPH Normal pressure hydrocephalus
p-tau Hyperphosphorylated tau
PD Parkinson’s disease
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PREG/PREGS Pregnenolone/pregnenolonesulphate
PSP Progressive supranuclear palsy
ROC Receiver operating characteristic
sAPP Soluble amyloid precursor protein
SD Standard deviation
SIVD Subcortical ischemic vascular disease
SLC Solute carrier
SMD Standardized mean difference
sNPH Secondary normal pressure hydrocephalus
t-tau Total tau
TGF-β Transforming growth factor beta
TNF-α Tumor necrosis factor alpha
TNF-β Tumor necrosis factor beta
VD Vascular dementia
VDR Vitamin D receptor
VEGF Vascular endothelial growth factor
YKL-40 Chitinase-3-like protein

1 Introduction

Normal pressure hydrocephalus (NPH) is one form of treatable dementia primarily
present in the elderly [1, 2]. It is crucial to clearly differentiate two primary subgroups
of NHP: (1) idiopathic NPH (iNPH) and (2) secondary NPH (sNPH). The latter may
evolve at any age due to its cause by prior events and additional factors such as
meningitis, subarachnoid haemorrhage, and tumours [3–7].

Nowadays, many diagnostic approaches are available for NPH, including clinical
evaluation, brain imaging, and invasive tests [8–14], while the clinical responses to
the third option remain to be the most precise and accurate method for NPH diag-
nosis [15]. Nevertheless, there is a demand for more precise diagnostic measures
of NPH as a significant number of patients, despite all progress in the field that
has been made, are still underdiagnosed or misdiagnosed and are therefore under-
treated [16–19]. One of the potential solutions arises from laboratory examinations of
molecular indicatorswhich are particularly specific forNPH.The aim is to effectively
distinguish NPH from other neurodegenerative disorders, such as vascular dementia
(VD),Alzheimer’s (AD), Parkinson’s disease (PD), or progressive supranuclear palsy
(PSP) and to more clearly predict shunt responsiveness in NPH patients [4, 20–27].
Accordingly, further investigation of cerebrospinal fluid (CSF) biomarkers poten-
tially applicable in clinical practice might contribute to a more definite diagnosis of
NPH [26, 28–32].

Several scientific publications [30–36] defined promising candidates suitable for
relevant clinical use in NPH identification. However, there is still no evidence of
such application in current medical practice [28, 31, 37]. CSF biomarkers are already
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successfully used in the clinic as diagnostic indicators for AD [25, 38, 39] and have
revealed results, which encouraged attempts to do so for NPH as well. In this chapter,
we describe the most up-to-date knowledge of the topic and provide a brief overview
of the laboratory findings in NPH.

2 Amyloid β-Related Proteins

Amyloids are a diverse group of proteins characteristic with β-sheet secondary struc-
ture (so-called cross-β) [40]. They are best known for their pathological influence
when released abnormally in the human body, subsequently leading to their extracel-
lular deposition and the subsequent onset of amyloidosis [41]. Amyloid precursors
proteins (APPs) are single transmembrane proteins with a short cytoplasmic tail
and a long N-terminal domain, particularly present in neural tissues where they are
involved in axonogenesis, neurite growth, and synaptogenesis [42, 43]. There are
two major cleavage pathways accomplished by α-, β-, and γ-secretases, which are
fundamental forAPP’s repairmentmechanisms [44]. The first, also known as the non-
amyloidogenic pathway, is driven by the enzymatic activity of α- and γ-secretases. It
inhibits the generation of amyloid beta (Aβ) and simultaneously releases solubleAPP
alpha protein (aAPPα), the N-terminal ectodomain. Polypeptide Aβ, which is found
in cellularmembranes, plasma, andCSF [45, 46], contains 37–49 amino acid residues
and is primarily produced through the proteolytic process of APP performed by β-
and γ-secretases—the so-called amyloidogenic pathway. This generates soluble APP
beta protein (sAPPβ) and Aβ [47–50]. Both pathways generate membrane-tethered
α- or β-C-terminal fragments (CTFs), which are separated within the intramembrane
space by γ-secretase. This leads to the emancipation of Aβ (molecular weight of
4 kDa) and P3 (3 kDa) peptides [49]. The abnormal accumulation and subsequent
deposition of Aβ in the form of amyloid plaques is a well-known fundamental step in
the development of AD [42, 51–53]. The toxic plaque’s fibrils can be partly enzymat-
ically cleaved, mainly by neprilysin, insulin-degrading enzyme (IDE) or endothelin-
converting enzymes, or they can be exported via the blood–brain barrier (BBB) [49,
54]. Still, there is approximately 10% of Aβ left that is subsequently cleared through
the interstitial fluid (ISF) and the glymphatic system into CSF [55, 56]. Among all
isoforms of Aβ, three are the most important for CSF evaluation purposes: (1) Aβ38,
(2) Aβ40 (Fig. 1), and (3) Aβ42 [57, 58]. Extra alanine and isoleucine in Aβ42 C-
terminus present a unique difference among other Aβ proteins; still, this seemingly
small structural change significantly modifies physiology, toxicity, and the overall
metabolism of the protein. When compared to its shorter isoforms, Aβ42 is not only
more amyloidogenic but also able to faster configure pathological insoluble fibrils
and is more neurotoxic with subsequent increased inflammatory activity [50, 57,
59]. Aβ is in lower concentrations (which do not allow the formation of toxic fibrils)
present in healthy brain tissue where it plays a role in depressing the synaptic activity
[60–62], providing the protection of mature neurons from excitotoxic cell death [63],
or even enhancing the survival of the hippocampal neurons in vitro [64].
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Fig. 1 Crystal structure of amyloid beta (Aβ40) in complex with fab-bound insulin-degrading
enzyme (IDE). PDB ID: 4M1C [65]. On the left, the light chain of fab-bound IDE is depicted in
yellow, the heavy chain of fab-bound IDE is in pink. The IDE is outlined in green colour, with Aβ40
protein in dark purple

In a recent analysis of the differential diagnosis of iNPH, Schirinzi et al. [30]
published results on CSF levels of Aβ42 among 56 patients presenting with iNPH,
AD, PSP, and the restwhowere entered into the control group.All subjects underwent
lumbar puncture, MRI imaging, and possible NPH patients additionally received a
CSF tap test for more precise evaluation of their clinical status. The levels of CSF
Aβ42, measured in pg/ml, were higher in iNPH patients compared to the AD group
([mean ± standard deviation, SD], iNPH [477.5 ± 223.10], AD [308.43 ± 91.38];
p = 0.01) and lower when compared to the controls (HC [862 ± 230.40]; p <
0.01). The authors, however, could not confirm a statistically significant difference
between iNPH and PSP group (PSP [482.77 ± 209.35]; p = 0.509). The presence
of reduced Aβ42 in iNPH patients compared to healthy individuals was similarly
verified by other authors [36, 66–68] who defined several probable causes of such a
state. Biochemical metabolic changes in periventricular tissue, decreased generation
of Aβ and other amyloid derivatives, and their accumulation or disruption of their
clearance within the extracellular fluid are the most frequently mentioned possible
explanations [30, 36]. According to such findings, it has been proposed that iNPH
pathophysiology, in terms of molecular pathways\leading to amyloidopathy, differs
from the mechanisms present in AD patients [29, 36, 68, 69]. A recent report [70]
evaluated different biochemical variants of Aβ among patients with iNPH and AD.
They have proposed that studying specific molecular variants obtained from brain
biopsies may be useful in predicting potential AD onset in iNPH patients.

Jeppsson et al. [36] disclosed convincing results on shunt responsiveness in iNPH
patients with respect to the measured levels of Aβ42 and analogous APP derivatives
(namely Aβ38, Aβ40, sAPPα, and sAPPβ) in comparison with healthy controls.
In this study, ventricular CSF was examined pre- and postoperatively in order to
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exclusively evaluate the levels of CSF biomarkers. Besides indisputably raised levels
of APP derivatives after surgery in iNPH patients, subjects who postoperatively
presented with an overall improved status had apparently higher concentration rates
of Aβ and APP derivatives than those who worsened or did not perform notably
better after surgery. Interestingly, the measured levels of Aβ and APP derivatives
may vary according to CSF sampling sites. In a related study, Pyykko et al. [71]
evaluated ventricular and lumbar CSF separately in the same groups of patients who
were presented with iNPH and/or AD. iNPH patients were subdivided into shunt
responders (n = 48) and non-responders (n = 5). In iNPH shunt responder’s group,
the levels of ventricular Aβ42, sAPPα, and sAPPβ were higher when compared to
the same CSF extracted from the lumbar puncture. Moreover, lumbar CSF sAPPα

levels were decreased (p < 0.05) in iNPH shunt responder’s group when compared
to iNPH shunt non-responders, but the levels of sAPPβ were similar (p = 0.06).
It has been proposed in a recent meta-analysis [72] of 39 studies yielding 5000
patients that the accuracy of measured CSF levels of Aβ42 for distinguishing AD
from other neurodegenerative disorders (including NPH) remains to be imperfect,
mirroring the close relationship and high concurrence of these abnormalities. It has
been verified in numerous studies [27, 36] that the reduction of amyloid β-related
proteins and analogous APP derivatives is present in both iNPH and AD, and the
final measurements may therefore reveal conflicting results. An illustrative example
is a meta-analysis from Chen et al. [73] as they confirmed that the concentrations of
CSF Aβ42 were significantly lower in iNPH when compared to healthy individuals
(the standardized mean difference (SMD) was –1.14 and the levels decreased within
95% confidence interval (CI) from –1.74 to –0.55; p= 0.0002) but were only slightly
increasedwhen compared toAD (SMD= 0.32, themeasured levels decreasedwithin
95% CI from 0.00 to –0.63; p = 0.05).

3 Tau Proteins

A family of microtubule-associated proteins (MAPs), identified byWeingarten et al.
in 1975 for the first time [74], consists of three subgroups: MAP1, MAP2, and
tau proteins (also known with the starting Greek tau letter as τ proteins). MAPs
are playing a fundamental role in microtubular stabilization as they support kinesin,
dynein-based anterograde, and retrograde transport, and they are therefore involved in
cargo packages trafficking from the neuronal perikaryon to axons and dendrites. Tau
proteins are composed of amino-terminal projection domain, microtubule-binding
(MTB) repeats, and a short carboxyl-terminal tail sequence [75]. They are encoded
by microtubule-associated protein tau (MAPT) located on chromosome 17q21, has
a size of over 100 kb, and contains 16 exons [76, 77]. Six major isoforms consisting
of 352–441 amino acids are known, with the molecular weight ranging from 45
to 65 kDa [78]. The differentiation among these isoforms is based on the presence
of either three or four repeat regions in the C-terminus or the presence/absence of
one or two inserts (29 or 58 amino acids) in the N-terminus of the protein [79, 80].
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Their presence at dendrites, where they are involved in postsynaptic scaffolding, is
relatively low [81]; they are primarily active at providing microtubule stabilization
and flexibility in the distal proportions of axons [82]. Tau isoforms have prespecified
functions related to their structural architecture and may not be expressed in neurons
equally. Namely, no tau mRNAs containing exon 10 were found in granular cells in
the dentate gyrus [79]. Besides their neuronal occurrence, tau mRNA can be detected
in peripheral tissue such as lung, muscle, pancreas, testis, heart, or kidney [78, 83,
84]. Themajor pathological influence of tau in several neurodegenerative disorders is
the intraneuronal aggregation of tau isoforms in a form of fibrillar polymers [78, 79,
82, 85, 86]. There are several types of post-translational modifications important for
modulation of tau function including phosphorylation as the most common, ubiqui-
tination, deamidation, glycosylation, nitration, oxidation, and others. The regulation
pathways are managed developmentally by a spectrum of kinases and phosphatases
[82]. Under pathological conditions, tau’s phosphorylation and dephosphorylation
are not equally regulated. The resulting hyperphosphorylation subsequently leads to
tauopathies [87, 88].

Findings on tau CSF levels within scientific publications are heterogeneous. The
most attention with respect to the neurodegenerative and pathological mechanisms
was paid to hyperphosphorylated tau (known as P-tau) and total tau (T-tau) proteins.
Lim et al. [89] conducted enzyme-linked immunosorbent assay analyses for CSF
biomarkers in order to evaluate the coexistence of AD and iNPH. Tau proteins
(both T- and P-tau) were measured among three patient groups: iNPH, AD, and
controls. Significant differences between the measured tau levels were recognized
only between iNPH andAD (in both tau proteins). Comparisons of tau levels in iNPH
and healthy individuals or AD and healthy controls were not statistically significant.
The low tau concentrationsmay be attributed to reduced neuronal activity or impaired
corticalmetabolism.Other studies presented similarly reduced tau levels [24, 27, 66],
or unchanged/non-significant differences of CSF tau concentrations between iNPH
and healthy control groups [29, 30], and only a study by Kapaki et al. [68] measured
slight increase of tau biomarkers in iNPH patients.

Interestingly, in a meta-analysis [73] of 413 patients with, the iNPH, 186 with
AD and 147 healthy controls (HC), CSF levels of tau proteins (T- and P-tau) were
significantly decreased in iNPH when compared to AD (p= 0.0004 and p= 0.0002,
respectively) and also lower compared to HC (p < 0.0001). In 2020, Manniche et al.
[90] evaluated CSF biomarker concentrations in patients with iNPH, subcortical
ischemic vascular disease (SIVD), AD, and healthy individuals. The levels of T-
and P-tau were lowest (T-tau [155± 63]; P-tau [28± 12] pg/ml) in iNPH group and
highest (T-tau [453± 211]; P-tau [72± 27] pg/ml) in patients suffering fromAD.The
differences between the iNPH versus SIVD group were considered as statistically
significant only in T-tau concentrations (p = 0.0017). P-values of T- and P-tau in
iNPH versus AD and iNPH versus healthy controls were equalized at p < 0.0002
(Fig. 2).
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Fig. 2 Scatter plots depicting the CSF levels of six analysed biomarkers in patients experiencing
iNPH, SIVD, AD, and healthy individuals who were entered into the control group (HC). The
error bars show median and interquartile ranges. The abbreviation NG refers to neurogranin.
Reprinted from the Journal of Alzheimer’s disease, Volume 75, Manniche et al., Cerebrospinal
Fluid Biomarkers to Differentiate Idiopathic Normal Pressure Hydrocephalus from Subcortical
Ischemic Vascular disease, Page No. 28, Copyright (2020) [90], with permission from IOS Press
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4 Aquaporins

Transmembrane polypeptides, so-called aquaporins, play a fundamental role in
permitting water molecules across the cellular membrane in response to an osmotic
gradient [90]. As already described above, although most of the Aβ particles are
cleared through enzymatic activity or trans-BBB migration, there is a minor amount
left which is erased through the glymphatic system—a complex network of fluid
interchange which plays a vital role in eliminating toxic molecules and aggregated
compounds from the CNS as well as in distributing indispensable metabolites within
the brain. Its adequate functioning depends on several factors, such as intracranial
respiration pressure and arterial pulsatile flow [31, 56]. However, impaired glym-
phatic function has been found in both iNPH and AD in correlation with disfigure-
ment of astrocytic aquaporin-4 (AQP4). Such a state is typically present not only in
these two conditions [92–94], but also in other pathologies includingmesial temporal
lobe epilepsy [95], neuromyelitis optica [96], and ischemic stroke [97]. In the brain,
AQP4 is bound to astrocytes and ependymal cells, and its occurrence is particu-
larly enriched in the astrocytic perivascular region where it is involved in endfoot
biochemical processes. AQP4 is primarily important in maintaining water home-
ostasis within the brain as the cerebral function is directly dependent on adequately
regulated water transport via protein channels located in the intraneuronal plasma
membranes [98, 99]. Glymphatic system disfigurement has been already broadly
discussed in cases of both AD and iNPH patients when considering the accumu-
lation of Aβ as a result of the reduced glymphatic efficacy and associated loss of
perivascular astrocytic endfeet membranes secondary leading to amyloidopathy or
abnormal Aβ metabolism [94, 100, 101]. The loss of AQP4 has been confirmed in
a recent study [93] in iNPH patients who were compared to surgically managed
patients with completely different clinical anamnesis (epilepsy, subarachnoid haem-
orrhage, tumour). However, explicit differences among AQP4 profile in iNPH and
other neurodegenerative disorders still remain unclear and continue to be crucial for
any potential clinical application.

Gastaldi et al. [102] investigated a predictive correlation between the loss of AQP4
and aquaporin antibodies in patients with iNPH. From 43 enrolled iNPH patients,
only one 79-year-old woman with a characteristic iNPH presentation tested positive
for AQP4-IgM. The evidence for a link between aquaporin antibodies and iNPH is
not strong. Nevertheless, the authors proposed that the levels of aquaporin antibodies
may be detectable in the early disease onset but difficult to identify in later stages.

Another member of the transmembrane water channels family is aquaporin
1 (AQP1), localized at the apical plasma membrane within the choroid plexus
ependymal cells [103]. Its CFS concentrations were investigated by Ruiz et al. [104]
in patients experiencing a mild cognitive impairment (MCI) and those with iNPH, in
comparison with controls. Although the measured levels of AQP1 between patients
with MCI and the controls did not significantly differ, nor with the tiNPH patients,
the concentrations of AQP1were slightly increased in the iNPH group. To date, there
is still a very limited number of reports dedicated to AQP1 and most of them are
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devoted to animal models [103–105]. Therefore, further research is needed if any
consensus on its specificity for iNPH is to be made.

5 Inflammatory Biomarkers

Inflammation itself is in most cases a beneficial response of an organism to a range of
infections but may sometimes be detrimental. Most neurodegenerative diseases are
accompanied by inflammatory processes, and releasedmediators typically contribute
to disease progression. Such mediators are predominantly cytokines, protein-like
molecules that are involved in cell signalling, and inflammation pathways in the
human body [106]. Based on their targets, cytokines can be further classified into
(1) anti-inflammatory, which consist predominantly of interleukin (IL)-1 receptor
antagonist, IL-4, IL-6, IL-10, IL-11, and IL-13 and (2) pro-inflammatory cytokines,
consisting of the well-known IL-1 and tumour necrosis factor-alpha (TNF-α). The
latter is a mediator primarily produced by macrophages and further released by
microglia and astrocytes within the process of acute inflammation [107]. TNF-α is
responsible for signalling events leading to cellular apoptosis and necrosis [107];
however, numerous other functions generally accompanied by IL-1 and IL-6 are
defined in various organ systems. Based on two studies [108, 109], the levels of
CSF TNF-α were higher in iNPH patients when compared to the controls, but these
findings were subsequently rejected by several publications [71, 109]. TNF-α is
considered to be unreliable as a diagnosis indicator and predictor of shunt respon-
siveness [28], but it is typically present in higher concentrations in chronic obstruc-
tive hydrocephalus [110]. Interestingly, it is believed that TNF-α is directly asso-
ciated with sulfatide, i.e., 3-O-sulfogalactosylceramide, synthesized from ceramide
involved in various biochemical pathways in the human body [31, 111]. Sulfatide
itself was measured in various studies as a potential biomarker for iNPH; however,
the results rejected its possible clinical application as the differences among patients
with iNPH, other neurodegenerative comorbidities, and healthy individuals were
generally statistically non-significant [27, 108, 112]. However, Tullberg et al. [113]
consider sulfatide to be a biomarker distinguishing iNPH and subcortical arterioscle-
rotic encephalopathy. The concentrations of IL-1β, known as an important determi-
nant of CNS inflammation pathways [114], and IL-6 are upregulated by TNF-α,
and increased levels have been identified in numerous neurodegenerative disorders
[32]. Although raised levels of these neuroinflammatory mediators are also present
in iNPH, the differentiation may be rather challenging due to the high concurrence
of other pathologic conditions.

In an analysis of 24 adult patients with various types of hydrocephalus [110],
Lee et al. compared their TNF-α and TNF-β levels with healthy controls, but the
authors could not confirm any difference between these two groups. Other publica-
tions including exclusively patients with iNPH [36, 71, 115] whichmeasured an even
larger number of inflammatory biomarkers could not confirm any results on specific
iNPH indicators. According to Sosvorova et al. [32], CSF levels of IL-1β and IL-6



Laboratory Findings of NPH 253

were significantly increased on the first day of LD in the NPH group compared to
controls (p < 0.01). However, the levels afterwards equalized with the controls. IL-
10 levels were significantly higher within the first day of LD, but on the third day
both NPH and controls levels decreased and remained the same. The levels of IL-33
and soluble CD40-ligand were notably higher in NPH, but on the second day of LD
the levels of cytokines increased in controls and remained increased for the whole
duration of LD. The levels of CSF IL-4, IL-17A, IL-21, IL-22, IL-31, and TNF-α
were decreased for the entire duration of the LD. Unfortunately, this study did not
further investigate associations of mediators among NPH and other neurodegener-
ative diseases, since neuroinflammation of this type is typically present in AD and
PD as well [31].

5.1 Transforming Growth Factors (TGF)

Another example of cytokines derived from the same diverse group of inflamma-
tory mediators, also released from astrocytes and microglia, is transforming growth
factors beta (TGFs-β) [116]. These proteins constitute a family of pleiotropic cytokine
mediators developmentally involved in cell differentiation and tissue modelling but
are also partly responsible for neuroinflammatory and neurodegenerative cascades
accompanied by fibrosis, neuronal apoptosis, or vascular hypertrophy [117, 118].
There are three defined isoforms (TGF-β1, -β2, and -β3), considered to be 25 kDa
homodimers [31]. The number of studies dedicated to TGF-β functioning in iNPH
remains low, but according to recently published analysis [119], the levels of TGF-
β1 (Fig. 3) and TGF-type II receptor were found to be significantly higher in iNPH
subjects when compared to controls. The levels of TGF-β1 were 1439.3 ± 149.2 in
iNPH and 492.1 ± 34.7 pg/ml in controls (p < 0.001). TGF-type II receptor CSF
concentrations were 1992.3 ± 134.1 in iNPH and 1065.7 ± 87.8 pg/ml in controls
(p < 0.001). This result further mirrored the association of TGF-β1 and TGF-type
II receptor with leucine-rich-α2-glycoprotein (LRG)—a characteristic biomarker of
cerebral damage present in some iNPH patients, introduced more in detail below.
The levels of LRG in this study were 1047.2± 63.4 in iNPH and 520.4± 49.5 pg/ml
in controls, which was found to be statistically significant (p < 0.001) [119].

5.2 Monocyte Chemoattractant Protein 1 (MCP-1)

Firstly identified in 1977 [121], chemokines are heparin-binding proteins consisting
of 60–100 amino acids structurally similar to cytokines. CXC, also known as
α-chemokines, and CC, so-called β chemokines, are the two primary chemokines-
related families. α-chemokines, regulators of cell trafficking, are encoded by genes
for CXC located on chromosome 4 and can be further differentiated based on the
localization and a total number of cysteine residues at the N-terminal tail [122]. The
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Fig. 3 Geometric structure of transforming growth factor beta (TGF-β). PDB ID: 1KLA [119]. In
picture A, TGF-β is depicted as a dimer, in picture B as a monomer

genes encoding the latter are localized on chromosome 17 and include a monocyte
chemoattractant protein 1 (MCP-1), a protein consisting of 76 amino acid residues
secreted in two forms with different molecular weights—the first with 9 and the
second with 19 kDa [123]. So far the research dedicated to CSF MCP-1 levels either
could not measure the MCP-1 levels as the used samples were above the lower
limit of detection [71], revealed results proposing the fact that MCP-1 needs to be
measured with other accompanying biomarkers, namely T-tau and Aβ40 [26], or
suggest that MCP-1 is related to a less favourable shunting outcome, thus indicating
a non-beneficial immunologic reaction [36]. Based on such findings, the role of
MCP-1 in iNPH diagnosis seems to be of little importance.
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5.3 Chitinase-3-Like Protein 1 (YKL-40)

A promising inflammatory biomarker, chitinase-3-like protein 1 (YKL-40) [124],
has been investigated in several studies. Its potential use for iNPH diagnosis remains
unclear due to the absence of relevant data. It is believed that the protein’s expression
located in astrocytes and microglia may be associated with neuroinflammation and
reactive gliosis [125]. CSF YKL-40 levels seem to be increased in patients experi-
encing cognitive decline when compared to healthy individuals and thus may predict
dementia progression [125].Higher concentrationswere also identified in post-stroke
brain tissue and brains associatedwith other neurological disorders [126]. These find-
ings support the hypothesis that YKL-40 is not unique in AD, where it may play a
key role in predicting the disease progression but is presented as a more universal
inflammatory biomarker [126, 127] (see the comparison with other biomarkers in
Fig. 4). Interestingly, the plasma concentrations of YKL-40 were increased in iNPH
patients when compared to healthy controls in a statistically significant manner in a
recent study by Ko et al. [128].

Fig. 4 Diagnostic accuracy of each biomarker and the above-mentioned combination of all six
proteins together based on the orthogonal projections to latent structures discriminant analysis
(OPLS-DA). Reprinted from the Journal of Alzheimer’s disease, Volume 75, Manniche et al.,
Cerebrospinal Fluid Biomarkers to Differentiate Idiopathic Normal Pressure Hydrocephalus from
Subcortical Ischemic Vascular disease, Page No. 30, Copyright (2020) [90], with permission from
IOS Press
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6 Biomarkers of Subcortical Damage

6.1 Neurofilament Protein Light

Neurofilaments play a fundamental role in the neuronal cytoskeleton structure and
the maintenance of axonal architecture [31]. These proteins are further differentiated
by three composing chains: light, medium, and heavy units. The first, neurofilament
protein light (NFL), encoded by the NEFL gene, consists of 543 amino acids with a
molecular weight of 68 kDa. It has recently been the subject of a lot of research dedi-
cated to axonal architecture degeneration and inflammatory and dementia-related
disorders [129]. In the presence of axonal damage, NFL is released into the CSF and
blood plasma [130]. Higher levels of NFL, therefore, serve as indicators of cerebral
axonal degeneration and are typically present in some neurodegenerative disorders
(namely AD [131], Huntington’s disease [132], PD [133], FTLD [134], amyotrophic
lateral sclerosis [135],multiple sclerosis (MS) [136], and atypical parkinsonian disor-
ders). Although a recent study could not confirm increased CSF NFL concentrations
in iNPH, various publications have reported contradictory findings [27, 36, 71, 137,
138].More details about theNFLCSF levelsmeasured in several studies are depicted
in Table 1.

It is important to note that statistically significant results were measured between
iNPH and control groups and therefore cannot further elucidate NFL’s role in the
differential diagnosis of iNPH from other neurodegenerative disorders.

6.2 Myelin Basic Protein

The oligodendroglial structural protein of myelin, myelin basic protein (MBP), is
a biomarker typical for many neurodegenerative disorders, as it is a characteristic
of periventricular white matter damage [139]. MBP plays an important role in the
adhesion of cytosolic surfaces of compact myelin, interactions with the cellular
cytoskeleton, binding to the membrane surfaces, and in the transmission of extracel-
lular signals [140].MBP is also one of themost abundant components of CNSmyelin
[141].Unfortunately, the results so far are consistent in revealing the fact of significant
coexistence of MBP in numerous cerebral disorders including MS, other neurode-
generative or cerebrovascular disorders, and iNPH [139, 140]. High levels of MBP
are present in many other pathologies, and no clarification on possible specificity
for iNPH has been made [36, 71]. Jeppsson et al. [36] disclosed results comparing
CSF MBP levels between iNPH and healthy controls. The measured concentrations
were seemingly the same, 1.5 (1.1 − 1.9) pg/ml in iNPH and 1.3 (1.0 − 1.5) pg/ml
in control patients, which are findings without any statistical significance. Similar
results were verified by other authors as well [71, 142].
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Table 1 Overview of ventricular and lumbar CSF NFL levels

Study Groups N Males
(%)

Age
(range),
year

CSF
sampling
site

NFL (pg/ml),
mean ± SD

p-value

Agren-Wilsson
et al. [27]

iNPH 62 39
(63)

72
(55–83)

Lumbar 854 ± 917 p < 0.01

HC 23 10
(43)

73
(59–88)

1268 ± 1134

Jeppsson et al.
[36]

iNPH 28 15
(54)

69 Lumbar 1260 p < 0.05

HC 20 11
(55)

70 825

Jeppsson et al.
[26]

iNPH 82 53
(65)

73
(52–89)

Lumbar 1717 ± 1963 Not
statistically
significantAD 50 21

(37)
71
(51–81)

1977 ± 2508

FTLD 19 5 (16) 69
(55–84)

2089 ± 1401

VD 75 30
(40)

79
(58–88)

2646 ± 3475

PD 70 47
(67)

60
(26–87)

839 ± 622

MSA 34 14
(41)

65
(49–83)

2322 ± 987

PSP 34 14
(41)

70
(54–82)

2219 ± 2761

non-iNPH 295 134
(45)

73
(52–89)

2137 ± 1178

HC 54 22
(41)

71
(53–93)

1170 ± 896

Pyykko et al.
[71]

iNPH 1 48 25
(52)

73 Ventricular 886 ± 681 No
significant
relation of
NFL CSF
levels*

iNPH 2 5 2 (40) 83 6692 ± 9723

AD 16 6 (38) 78 1567 ± 2152

The same patients within the same
groups

Lumbar 2511 ± 1798

6545 ± 6242

2007 ± 867

*The p-value of 0.05 was measured for lower ventricular CSF values in iNPH 2. iNPH 1—shunt
responders; iNPH2—shunt non-responders



258 A. Bubeníková et al.

6.3 Leucine-Rich-A2-Glycoprotein

Haupt and Baundner isolated in 1977 [143] one of the most discussed candidates
for the biomarker of iNPH, extracellular leucine-rich-α2-glycoprotein (LRG). LRG
consists of 66 leucines in a total of 312 amino acids encoded by the LRG gene,
located on chromosome 19, the short arm p, at position p13.3. The protein is built up
of eight repeating consensus sequences, so-called leucine-rich repeats (LRR) with a
periodic occurrence of leucine, proline, and asparagine, while each sequence consists
of 24 amino acid residues [144, 145]. The increased levels of LRG in CSF are in
direct association with ageing and dementia-related disorders [146]. Although it has
been proposed that LRG is iNPH specific [35], there is a lack of reliable data to prove
such a statement. It is certain that raised CSF LRG levels in patients with an unclear
diagnosis of iNPH or some neurodegenerative comorbidities may be significantly
misleading and hard to clearly elucidate. However, Nakajima et al. [147] performed
a detailed analysis of evaluating symptom improvement after shunting in 52 patients
with proved iNPH. Subsequently, results certainly indicated LRG as a biomarker
of positive shunt response and verifications by other authors have been disclosed
[35, 148].

7 Steroids in CSF

7.1 Neuroactive Steroids and Neurosteroids

To date, there is an interesting amount of evidence about the application of steroids
and neurosteroid in serving as biomarkers in the diagnosis of many disorders. The
French physiologist Etienne Baulieu coined the term “neurosteroids” in the second
half of the twentieth century, to mean steroids synthesized de novo within the
brain [149]. Since then, both neurosteroid and neuroactive steroids (NAS)—steroids
that affect neurological functions regardless of the place of production—have been
considered in the treatment ofmanyneurodegenerative conditions such as depression,
schizophrenia, dementia [150], multiple sclerosis [151], and others. Neurosteroids
are produced notably in the hippocampus, cortex, basal ganglia, or amygdala either
de novo from their hormonal precursors through the functioning of glial cells and
neurons, or are directly derived from cholesterol [152–154]. Neurosteroids synthesis
requires a similar enzymatic apparatus known from adrenal steroid synthesis, but
these steroidogenic enzymes are not equally expressed in all neurosteroid-secreting
cells (i.e., glia vs. neurons) nor are they present at all stages of the developing brain.
The de novo production through the activity of astrocytes and neurons are depen-
dent on cytochrome P450 cholesterol side-chain cleavage enzyme (CYP450scc),
which is responsible for the conversion of cholesterol to pregnenolone (PREG), a
metabolite involved in further neurosteroidogenesis [155]. To date, many neuros-
teroids have been described as involved in the regulation of neurological functions.
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Based on their structural characteristics, neurosteroids can be classified into preg-
nane (e.g., pregnanolone, allopregnanolone, corticosterone, allo tetrahydrodeoxy-
corticosterone), androstane (dehydroepiandrosterone, testosterone, androstanediol,
and etiocholanolone), oestrogen (estradiol), and the conjugated group (pregnenolone
sulphate, PREGS; dehydroepiandrosterone sulphate, DHEAS, or estradiol sulphate).

In the brain, neurosteroids act mainly in autocrine and/or paracrine ways. They
exert biological action via both genomic and non-genomic effects. “Classical”
genomic effects (in the order of hours to days) act through nuclear receptors,
which serve as modulators of gene transcription. In contrast, rapid non-genomic
effects of neurosteroids modulate numerous neural signalling pathways and brain
excitability via interactions with ion channels and neurotransmitter receptors found
within neuronal plasma membranes [156]. It has been observed that neurosteroids
directly inflect the activity of ligand-ion channels, especially GABA-A, NMDA,
AMPA, kainite, glycine 5-HT3 (serotonin), sigma type I, nicotinic acetylcholine,
oxytocin receptors, and others [157–159].

The BBB is an important regulator of NAS levels in the brain. Not all neuroactive
steroids cross the BBB in the same way, thus the BBB regulates hormonal commu-
nication between the brain and the body. While lipophilic free and loosely bound
steroids can pass the BBB rapidly via bidirectional and non-saturable transmem-
brane diffusion [160], the steroids bounded to transport proteins (selective transport
proteins—sex hormone-binding globulin and transcortin) are not transported across
the BBB [161]. By this mechanism, plasma steroid-binding proteins can alter the
degree and rate of BBB penetration of their free ligands. On the opposite side, trans-
port of conjugated NASs (esp. PREGS and DHEAS), across the BBB, involves the
use of transmembrane transporters, specifically theATP-binding cassette (ABC)- and
solute carrier (SLC)-typemembrane proteins, or transport along a high concentration
gradient [162]. Although steroids in the brain are usually several times lower than
steroids in the circulating bloodstream, someNASs, such as DHEA/S, pregnenolone,
or allopregnanolone, can reach even higher concentrations in the CSF than in plasma
[163].

DHEA and its sulphate DHEAS, characterized by antioxidant, anti-inflammatory,
and neuroprotective functions [33, 164], are so far the most promising candidates
for clinical use as biomarkers particularly specific for iNPH, although there is still
a lack of studies dedicated to the topic. Hence, DHEA/S stimulates neurite growth,
neurogenesis and neuronal survival, apoptosis, catecholamine synthesis, and secre-
tion [163]. The DHEA metabolic pathways include the formation of its derivatives,
namely 7α-OH-DHEA, 7β-OH-DHEA, 7-oxo-DHEA, and finally also 16α-OH-
DHEADHEAmetabolites [33, 165]. This requires the enzymatic activity of type 11-
beta-hydroxysteroid dehydrogenase type 1 (HSD11B1), 7α- and 16α-hydroxylases.
These derivatives are showing functions similar to DHEA itself, especially in the
area of neuroprotection and anti-inflammation. According to a recent analysis of
steroids in CSF [33], 7α-OH-DHEA, 7β-OH-DHEA, 7-oxo-DHEA, aldosterone,
and cortisone together with ratios 7α-OH-DHEA/DHEA, 7-oxo-DHEA/7α-OH-
DHEA, 7β-OH-DHEA/7-oxo-DHEA, and 16α-OH-DHEA/DHEA were found to
be specific predictors of NPH with both 100% sensitivity and specificity determined
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by the predictive model of orthogonal projections (OPLS). The CSF levels of aldos-
terone were significantly higher in NPH when compared to the control group, and
conversely, concentrations of cortisone, 7α-OH-DHEA, 7β-OH-DHEA, and 7-oxo-
DHEA were significantly decreased in NPH patients. The levels of DHEA, 16α-
OH-DHEA, and cortisol did not correlate with statistically significant differences
between the two studied groups. Unfortunately, Sosvorova et al. [33, 34] are so far
the only authors who evaluated DHEA and its metabolites as specific for NPH, and
thus the role of DHEA and its derivatives in NPH diagnosis is far from complete.
The above-mentioned authors further studied CSF steroids, neurosteroids, and their
concentration changes with respect to shunt insertion in NPH patients [33, 34, 166,
167]. Their results should be implemented in future research.

7.2 Vitamin D as a Neurosteroid

VitaminD is an essentialmicronutrientwith pleiotropic effects in humans. In addition
to calcium/phosphate metabolism, vitamin D also regulates many other physiologic
processes in the human body and interacts with the immune, endocrine, cardiovas-
cular, and nervous system.Moreover, the vitaminD receptor (VDR) and the enzymes
necessary for vitaminD synthesis have been observed inmore than 35 types of tissues
throughout the human organism including the brain tissue [168–170]. Since vitamin
D is a secosteroid, it acts like other steroids with both “classical” genomic and
“alternative” non-genomic effects. The long-term genomic effects cause alteration
in expression of more than 1500 genes, whereas short-term effects are manifested
by the opening of ion channels, the induction of second messengers, and the control
of adenylate cyclase, phosphatase, kinase, phospholipase activity, and others.

Studies confirmed that vitamin D can be synthesized and metabolized in the brain
[168] and is subject to autocrine and paracrine regulation. The onset of VDR expres-
sion highly corresponds with the dopaminergic neurons within the mesencephalon
and especially in substantia nigra, which highlights the role of vitamin D in dopamin-
ergic pathways [171]. Vitamin Dmetabolites can cross the blood–brain barrier [172],
but the levels of biologically active form—1,25(OH)2D3—do not correlate between
plasma and the CNS [173], supporting the thesis of local vitamin D synthesis in the
brain.

A growing body of evidence shows that vitamin D has a significant effect on both
the developing and adult brain, consisting primarily of calcium signalling regulation,
neurotrophic factors release, neuroprotection against toxicity and neuroinflamma-
tion, regulation of neurotransmission, and altering synaptic plasticity [174].

Recently, several studies have reported that the elderly with low vitamin D levels
have significantly similar clinical symptoms to NPH. Low serum vitamin D has
been associatedwith dementia andmild cognitive impairment. Conversely, increased
serum vitamin D has predicted a lower risk for cognitive decline and better cognitive
performance [175–177].Moreover, low serumvitaminD concentrationswere related
to gait disturbance [178, 179] and brain morphological changes [175, 180]. Another
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study focused on the clinical significance of vitamin D in NPH and showed that
significantly lower concentrations of vitamin D may be related to lower preoperative
cognition, urinary incontinence, and brain changes [181].

8 Vascular Biomarkers

One of the most notoriously known chemical mediators responsible for several phys-
iological as well as pathophysiological modifications of vascular architecture or
inflammation proangiogenic vascular endothelial growth factor (VEGF) increases
the BBB permeability and is an important component of neuroprotective substances
in theCNS, as it is upregulated after the injury ofCNS [182]. It has been demonstrated
[183] that CSF VEGF concentrations correlate with subsequent clinical outcomes
of iNPH patients—higher VEGF concentrations are associated with the poorer clin-
ical status of analysed patients. Additionally, VEGF has been proved to play a role
in diseases such as stroke or hydrocephalus-induced hypoxia [182, 184]. It should
be noted that the concentrations of cerebral metabolites are dynamic, dependent
on many factors including blood flow, and thus are changeable over time. Longer
follow-up and monitoring of these changes are crucial determinants for a decision
about potential applicability in iNPH diagnosis.

9 Approach and Guidelines

In practice, it is rather challenging to identify a biomarker particularly specific for
NPH that would be simultaneously reliable in the prediction of shunt responsiveness
and related diagnosticmeasures. In the study [90], whichwas alreadymentionedwith
respect to the very similarmeasurement of P-tauCSF levels, the authors subsequently
conducted the diagnosis accuracy analysis by performing receiver operating char-
acteristics (ROC) curves in each biomarker within the predefined patient’s groups
(iNPH, AD, SIVD, and healthy individuals). Based on its results, the combination
of NFL, Aβ42, and T- and P-tau resulted in the area under the curve (AUC) value of
0.9 which is considered as a convincing outcome worth further investigation (Fig. 4).
Good diagnostic sensitivity and specificity of distinguishing patients with iNPH and
movement or cognitive conditions were evaluated [26] within the combination of
T-tau, Aβ40, and MCP-1 (the AUC equalized at the value of 0.86 when comparing
overall CSF biomarker levels in patients with iNPH and non-iNPHdiagnosis). There-
fore, searching for combinations and mixed settings of CSF and other biomarkers
may be helpful for their potential applicability in ongoing clinical practice.

According to recently disclosed guidelines for iNPH management [185], CSF
levels of both T- and P-tau, Aβ42, NFL, and LRG may be effective in predicting the
shunt response which is a statement awarded with the recommendation grade 2 and
C-level of evidence, further mirroring the fact of inadequate research dedicated to the
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topic. Amyloid β-related and tau proteinswere disclosed as useful in separating iNPH
(or AD) from healthy individuals, but they are not specific for iNPH (recommenda-
tion grade 2, level of evidence B). The widely discussed LRG has been found to be
increased not only in iNPH, but also in other neurodegenerative disorders and there-
fore cannot be considered as a characteristic marker of iNPH. However, the authors
of the mentioned guidelines did not differentiate the primary classification of iNPH
patients according to the algorithm of diagnosis and management of the disease,
since they should be divided into possible, probable, and definite iNPH. As we have
already interpreted, themeasured levels of particular biomarkers inmany cases differ
among these iNPH groups. Therefore, the findings on the potential applicability of
Aβ42, NFL, P- and T-tau proteins, or LRG should be considered individually for
prespecified iNPH patients (Fig. 5).

One of the least discussed issues in NPH diagnosis is a potential link among
NPH pathophysiology, brain ventricular volume, and changes in the concentrations
of CSF biomarkers. In the case of AD, a different pattern of ventricular volume
was evaluated in comparison with healthy individuals since the dilatation of cere-
bral ventricles correlates with impaired CSF clearance mechanisms [186], and thus,
it is associated with abnormal CSF composition. In patients experiencing neurode-
generative disorders, the ventricular volume has been considered as a promising
determinant of distinguishing individual pathologies in terms of measuring specific
levels of CSF markers [187–189]. Unfortunately, there are no available findings of
similar research dedicated specifically to NPH, and the majority of studies reporting
results on laboratory findings of NPH do not consider the ventricular volume in their
calculations.

Fig. 5 Summarized results of CSF biomarkers analysed in various neurodegenerative disorders
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10 Conclusion

Although the survey of potentially specific biomarkers for NPH is far from being
complete, research so far has revealed enormous amounts of reliable information
on the overall CSF profile in iNPH patients. Neuropathological and neuropatho-
physiological abnormalities which distinguish iNPH from other neurodegenerative
disorders are certain, and important findings dedicated to this topic have been iden-
tified. Unfortunately, the research does not unequivocally determine a biomarker
specific for iNPH, even though many of these have been investigated. Studies with
larger patient cohorts are needed for more precise results and better differentiation of
iNPH from other neurodegeneration-related disorders. Many studies report results
only on measured CSF levels of specific biomarkers between two patient’s groups,
most commonly iNPH and healthy controls. However, the explicit iNPH diagnosis
remains crucial especially between iNPH and other neurodegenerative comorbidities
as many of these disorders are present together in a concurrent manner.

11 Key Points

• The most problematic issue of iNPH diagnosis is the high concurrence of iNPH
and neurodegenerative disorders and the lack of research dedicated to the topic
as many of the results were evaluating the abnormalities only between probable
or definite iNPH patients with control subjects.

• Both iNPH and AD are characterized by the reduction of amyloid-β proteins.
T-tau and P-tau are increased in AD and conversely reduced or at a normal level
in iNPH which makes the differentiation difficult due to frequent concurrence of
both pathologies.

• TheCSF levels of inflammatory biomarkers (particularly IL-β1, IL-6, IL-10, TGF-
β1) may be increased, but up-to-date results are heterogeneous and the consensus
on their validity for iNPH diagnosis remains unclear.

• Biomarkers of subcortical damage (NFL,MBP, and LRG) are not disease specific,
but their potential purpose in clinical practice may be found in direct reflection of
periventricular whitematter damage aswell as prediction of shunt responsiveness.

• Neurosteroids, particularly DHEA and its derivatives, are promising candidates
for clinical use in iNPH diagnosis; however, there is a lack of studies dedicated
to the topic.

• The exact role of VEGF in iNPH has not been elucidated, but its higher
concentrations are believed to correlate with worse clinical outcome.

• Searching for specific combinations of biomarkers that are associated with char-
acteristic signs of iNPH may be helpful for clearly distinguishing iNPH from
other conditions.



264 A. Bubeníková et al.

• Prospectively held studies evaluating a larger proportion of patients with iNPH
and coexisting neurodegenerative disorders are needed in order to clarify currently
uncertain and miscellaneous results on specific biomarkers of iNPH and to reveal
more definite results on the differentiation of iNPH from other pathologies.

• The ventricular volume may serve as a determinant of neurodegeneration-related
impaired CSF clearance, and according to themeasured levels of CSF biomarkers,
it may help to distinguish comorbidities from in NPH. Research dedicated to the
topic is needed.

Funding This chapter was supported by theMinistry of Health of the Czech Republic institutional
grant no. NU23-04–00551.
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Imaging of NPH

Aleš Vlasák, Vojtěch Sedlák, Adéla Bubeníková, and Ondřej Bradáč

Abstract Since the discovery of normal pressure hydrocephalus, scientists around
the world have been trying to find a sufficiently accurate imaging biomarker that
would identify shunt-responsive patients. Unlike functional tests, which currently
play a fundamental role, the role of imaging methods is only supportive. In its basic
form, MRI is the modality of choice. It can detect ventriculomegaly well and at
the same time exclude any other pathology. MRI also allows us to perform some
measurements, which will be described in more detail in the relevant subsections.
It is primarily callosal angle, dilated Sylvian fissures, tight high convexity and focal
sulcal dilation. These findings, along with ventriculomegaly, form the basis of the
DESH score. Another finding typical for NPH is cingulate sulcus sign. Further MRI
examinations already require special sequences. In this chapter, we will describe
individual methods, including our personal experience with them. These are volu-
metric studies, diffusion tensor imaging and the phase contrast method. We will also
marginally mention the experimental imaging of the glymphatic pathway.
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AUC Area under the curve
CSF Cerebrospinal fluid
CT Computed tomography
DESH Disproportionately enlarged subarachnoid space hydrocephalus
DTI Diffusion tensor imaging
DWI Diffusion-weighted imaging
FA Fractional anisotropy
GaussNB Gaussian Naive Bayes
iNPH Idiopathic normal pressure hydrocephalus
MD Mean diffusivity
MRI Magnetic resonance imaging
NPH Normal pressure hydrocephalus
ROC Receiver operating characteristic
VP Vetriculo-peritoneal

1 Introduction

Normal pressure hydrocephalus was first described in 1957 by Colombian neurosur-
geon and scientist Salomón Hakim [1]. It is a disease of the elderly with a typical
clinical triad—gait disorder, dementia and continence disorder.Unlike other neurode-
generative diseases, NPH can sometimes be cured. The method of treatment, in this
case, is shunt surgery. A fundamental problem is the correct indication of patients
for this procedure in the absence of clear criteria. At the same time, early and correct
diagnosis brings better treatment results [2]. Imaging methods should play an essen-
tial role in the diagnosis of NPH. Patients are usually first examined by CT or MRI
which reveals ventriculomegaly. This is a mandatory sign of NPH. Unfortunately, to
date, no other sufficiently sensitive and specific imaging biomarker has been found.

In the following chapter,we summarise the current knowledge of imagingmethods
from the point of view of NPH diagnostics. The chapter is divided into two main
sections—basic and advanced MRI imaging, each with several subsections. In the
end, we will try to evaluate the position of imaging methods within the complete set
of examinations.

2 Roles of CT and MRI in NPH Workup

Imaging studies, due to their non-invasiveness, are often one of the first studies
in NPH workup. Since a large proportion of iNPH patients present with findings
suggestive of neurodegenerative disorders (e.g. cognitive deficits, gait disturbances),
MRI should be the modality of choice for this group of patients. Advantages of MRI
include the absence of ionising radiation and availability of more tissue contrasts (i.e.
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various sequences.) which usually provide more information than the single tissue
contrast available from non-contrast head CT. For a recommended MRI protocol
and further discussion of individual MRI sequences see the chapter “Differential
diagnosis of neurodegenerative disorders”.

CT on the other hand should not be a primary imaging tool for initial workup.
However, in cases where CT is contraindicated, like claustrophobia or MRI-
incompatible pacemakers, CT is an excellent alternative, especially if the clinical
question is focused mostly on NPH. There are two major reasons for this. The
first is that the dominant imaging features of NPH are confined to morphological
changes, not tissue composition changes, which manifest as a different MRI signal
or a different density onCT. Thismeans that the lack of tissue contrast onCT imaging
is not amajor issue for the diagnosis of NPH, andmodern volumetric CT acquisitions
allow for reconstruction in any imaging plane desirable. The second reason why CT
is a solid alternative to MRI is the image acquisition duration. Clinical-grade MR
exams take anywhere from 10 to 30 min of scanner time, during which the patient
must stay still in order not to compromise the image quality. On the other hand,
a head CT requires the patient to stay still for less than 10 s, and in case of volu-
metric acquisitions available on multi-row CT scanners, this time can be shortened
to less than 1 s. This means that modern CT scanners are resilient to motion artefacts,
which are a common obstacle when imaging an elderly population with cognitive
deficits, chronic back pain and/or incontinence, which describes a large proportion
of NPH patients. CT is also a modality of choice after shunting when complications
are suspected, due to its availability.

3 Imaging Findings of NPH

3.1 Evans Index

The first mandatory sign of NPH is ventricular enlargement. We have several indices
available to assess it. The most easy and widespread parameter is the Evans index
described in 1942 [3]. It is determined by the ratio of maximal width of the frontal
horns to the maximal width of the internal dimension of the skull at the same level.
It can be measured on both CT and MRI images with the same results (Fig. 1).

In the classic concept of the index, a ratio of 0.3 or more is considered sufficient
for the diagnosis of ventriculomegaly. However, new studies emphasise differences
in the size of an individual’s ventricular system over the years and suggest a change
in the ratio according to age groups [4]. It should be also noted that ventriculomegaly
can occur for a variety of reasons other than hydrocephalus. This, among other things,
explains why the absolute size of the ventricular system does not correlate with the
clinical outcome after VP shunt insertion [5].

Some studies point to the deficiencies of the classic Evans index. Images of iNPH
patients are characterised by dilatation of the lateral ventricles in the vertical direction
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Fig. 1 Evans score gives the same results on CT scan and MRI

in the coronal plane, i.e. the z-axis [6]. This adjustment is called the z-Evans index,
which is defined as the ratio of the height of the frontal horns in the direction of the
z-axis to the maximum cranial z-axial length. The threshold value of the z-Evans
index is set to be > 0.42 (Fig. 2).

There are other scoring systems to determine the size of the ventricles. One is,
for example, the distance of the frontal and temporal horns, or the frontal and occip-
ital horns [7]. Although some authors advocate the use of these scores, none have
achieved widespread use, despite the fact that the Evans index is only approximate
and does not tell us much about the actual size of the ventricular system [8]. In
addition, with independent repeated measurements, its value fluctuates and thus its
reliability decreases [9]. Nevertheless, the Evans index, due to its simplicity, is still
used as a basicmeasurement for virtually all types of hydrocephalus, including iNPH.

Fig. 2 Measurement of z-Evans index. Z-Evans index is measured on a coronal slice perpendicular
to AC-PC line at the level of the anterior commissure by dividing the maximal z-axis dimension of
the lateral ventricles (green Z) by a maximal z-axis dimension of brain at the same slice (red Z)
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Image segmentation and voxel-basedmorphometry allowmore accuratemeasure-
ment of the ventricular system. Its disadvantage is the technical and time complexity,
which nevertheless decreases over time.Miskin [10] in his article describes the length
of the image segmentation process about 8 h, in our study from 2020 the same process
took about 15–20 min [11].

3.2 Callosal Angle

Another long-known and frequently measured sign is narrower callosal angle,
which was noticed already in the early studies of normal pressure hydrocephalus.
Its history stretches back to pneumo-encephalographic imaging. Differences were
noted comparing iNPH patients to patients with cerebral atrophy [12]. The method-
ology for measuring the callosal angle on MRI images was recently revived by the
Japanese group for iNPH [13]. The angle is measured on coronal images, between
the lateral ventricles at the posterior commissure level, in a plane perpendicular to
the anteroposterior commissural plane (Figs. 3 and 4).

The callosal angle has a high predictive value of up to 93% [14]. The smaller
the measurement result on preoperative images, the greater the chance for post-
operative improvement. Similarly, a better correlation was found with post-operative
reduction of the ventricular volume than with the Evans index [15]. Combining
the measurements of Evans index and callosal angle has one of the best results in
differentiating NPH patients from patients with Alzheimer’s disease or from healthy
controls. Miskin states in his work accuracy of up to 96% in patients with callosal
angle up to 90° and Evans index above 0.3 [10]. Our group also advocates routine
measurement of the callosal angle in preoperative diagnosis.

Fig. 3 Callosal angle measurement. Callosal angle is measured on a coronal slice perpendicular to
AC-PC line at the level of the posterior commissure
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Fig. 4 Line dividing cingulate sulcus into anterior and posterior part

3.3 Cingulate Sulcus Sign

The first to notice a narrowing of the posterior part of sulcus cingularis on paramedian
sagittalMRI images in patientswith normal pressure hydrocephaluswasAdachi et al.
[16]. They used a straight line that included the pontomedullary junction and was
parallel to the fourth ventricle floor, the sulcus dividing anterior and posterior part
(Fig. 4). The same width of the anterior and the posterior part is considered a normal
sign. An iNPH positive finding is a tight posterior part (Fig. 5).

According to the published studies, the positive sulcus cingularis sign has both
high sensitivity and specificity for the diagnosis of normal pressure hydrocephalus
[16].
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Fig. 5 Positive cingulate
sulcus sign. Anterior part of
the cingulate sulcus is visibly
more spacious than the
crowded posterior part

3.4 DESH Score

As mentioned before, various authors have described tight subarachnoid spaces high
on the convexity in patients with normal pressure hydrocephalus [17]. The Japanese
study SINPHONI (Study of Idiopathic Normal Pressure Hydrocephalus on Neuro-
logical Improvement) demonstrated a high predictive value of this sign in identi-
fying patients benefiting from ventriculoperitoneal shunt surgery [18]. Some studies
acknowledge that uneven expansion of subarachnoid spaces contributes to the diag-
nosis of normal pressure hydrocephalus, on the other hand, they emphasise that the
absence of these signs does not exclude patients from this diagnosis [19].

Shinoda further developed this concept by introducing a score of 5 scored
items—ventriculomegaly, dilated Sylvian fissures, tight subarachnoid spaces on the
convexity, callosal angle and focal dilatation of the sulci [20].

Normal pressure hydrocephalus is characterised by an asymmetric distribution of
cerebrospinal fluid. While there is a narrowing of the sulci in the area of the apex,
they are widening basally and in the area of the Sylvian fissures [21]. Widening
of the Sylvian fissures is itself also a diagnostic feature. Virhammar pointed to the
inconsistency in the measurement methodology and set the level of measurement to
the line leading through the central part of the brainstem [14], (Figs. 6 and 7).

The presence of focally widened sulci has been repeatedly observed in normal
pressure hydrocephalus [22]. The disappearance of this sign after a ventriculoperi-
toneal shunt insertion operation has also been described. As part of the DESH score,
we also evaluate the presence or absence of widened sulci on axial and coronal planes
(Fig. 8).

According to some authors [23], high-convexity tightness has the highest predic-
tive value of all the listed graphic findings observable on standard MRI imaging
(Fig. 9).
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Fig. 6 Identifying the right plane for measurement of the Sylvian fissures

Fig. 7 Widening of the
Sylvian fissures



Imaging of NPH 285

Fig. 8 Focally widened
sulcus

Fig. 9 Tight high convexity

All these 5 above-mentioned prognostic features were summarised by Shinoda
[20] into a unified classification scheme (Table 1). A high score in this system has
a positive predictive value for neurological improvement after shunt surgery. DESH
score is also mentioned in the latest iNPH guidelines as important in identifying
shunt responsive patients, but it should not be the sole determinant of a treatment
course [24]. Our own research in this field supports this finding [25].
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Table 1 DESH score introduced by Shinoda

Ventriculomegaly Normal (Evans’ index < 0.3) 0

Slight dilatation (Evans’ index ≥ 0.3 & ≤ 0.35) 1

Dilatation (Evans’ index > 0.35) 2

Normal or narrow 0

Dilated Sylvian fissures Slight dilatation or unilateral 1

Bilateral dilatation 2

Normal or wider than normal 0

Tight high convexity Slight compression 1

Definitive compression 2

Obtuse angle (>100°) 0

Acute callosal angle Not acute, but not obtuse angle (≥90° & ≤ 100°) 1

Acute angle (<90°) 2

Not present 0

Focal sulcal dilation Some present 1

Many present 2

4 Advanced Imaging of NPH

Diagnosis of NPH is currently based on clinical examination and functional tests.
The technique of these examinations and the method of evaluation are part of other
chapters of this book. It cannot be denied that these tests are invasive, unpleasant for
the examined patient and burdened with a small but significant risk of complications.
Great expectations were placed on advanced MRI imaging techniques. Our group
has also conducted several larger studies in this area. Unfortunately, we have to state
that all these techniques can only play a supporting role in the diagnosis of NPH and
cannot be recommended as the only decisive diagnostic modality by themselves.

4.1 Volumetry

The idea behind this method is that NPH can be characterised by specific morpho-
logical patterns. The method of volumetric measurement allows us to determine
the exact size of individual brain structures. Nevertheless, there are very few volu-
metric studies of normal pressure hydrocephalus in the literature. This is primarily
due to the fact that previously these measurements required manual drawing of the
required structures with subsequent calculation of its volume. This process was very
time-consuming. Advances in technological development along with discovery of
voxel-based morphometry have significantly accelerated this process in the last
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two decades. Steadily evolving technology-enabled automated, easy-to-use and
time-efficient segmentation of more structures at once [11].

The fundamental problem is choosing the right structure for a volumetric study.
The ventricular system measured by volumetric methods and its ratio to the brain
tissue can detect hydrocephalus itself, more precisely the Evans index and can thus
better monitor subtle changes in the ventricular system during treatment. The size of
the ventricles is of course related to the size of brain parenchyma implying that the
size of grey and white matter could have predictive value in itself. Unfortunately, the
predictive value of their size seems to be minimal [26, 27].

Another suspicious structurewith respect to the assumed pathophysiology ofNPH
should be periventricular white matter, especially internal and external capsule and
corpus callosum. The internal capsule plays a combined role both in psychiatric [28]
and movement disorders [29]. The external capsule connects the prefrontal cortex to
the striatum and plays a significant role in social desirable behaviour [30]. Corpus
callosumatrophy has already been observed in other neurodegenerative diseases [31].
Other structures that we can focus on during volumetry are the deep structures of the
temporal lobe, which play a key role in cognitive [32] and emotional [33] decline.
The last group of structures that, with regard to the diagnosis of NPH, encourage
volumetric monitoring is the basal ganglia. In this context, the main talk is about a
possible role of the putamen [34], caudate [35, 36], pallidum [37] and thalamus [38].
Periaqueductal grey has a paramount role in the control of micturition and its role in
NPH [39].

We included all the above-mentioned structures in a large summary study where,
thanks to automatic segmentation software, we were able to examine the volumes of
all structures in each patient. The measurements were done both in the preoperative
diagnostics and post-operative checks [11]. We document the segmentation process
in following figures (Figs. 10, 11, 12 and 13).

We observed several statistically significant differences in our study. The most
significant was expectedly the size of the ventricles—p < 0.000001 and related to
this significant difference in grey and white matter volume. We also observed some
changes in the size of the corpus callosum (p-value 0.002), the left hippocampus
(p-value 0.02) and the left globus pallidus internus (p-value 0.04). Unfortunately,
we have to state that the observed changes were discriminating only the NPH group
from the controls; the differences against a group of other neurodegenerative diseases
were minimal. In the second phase of the study, we compared changes within the
group of NPH patients before the insertion of the VP shunt and 3 months after the
procedure. The only significant change was again the expected difference in the
size of the ventricular system and the telencephalon. Furthermore, we observed a
significant enlargement of the right putamen. We explain this by better drainage
of the right hemisphere during the routine introduction of the ventricular end of the
shunt into the right lateral ventricle. This hypothesis is supported by other findings of
larger structural volumes in the right hemisphere although these were not statistically
significant findings.
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Fig. 10 Segmentation process using Anatomical Mapping Ver. 1.1 as a part of Brainlab Elements
neuronavigation software

In view of the inconsistent results of the studies and our above-mentioned results,
we must state that, despite the assumptions, volumetry cannot be used for the
diagnosis of NPH.

4.2 Diffusion Tensor Imaging

Asmentioned earlier in this chapter, assessment ofmorphological changes inNPHby
imaging studies is an integral part of the iNPH workup, with certain studies showing
excellent diagnostic accuracy when distinguishing iNPH from healthy controls [40].
However, distinguishing shunt-responders from non-responders is arguably of a
higher importance since this distinction vastly alters the course of future manage-
ment. Unfortunately, to date, there is no single imaging test reliably predicting the
outcome of the CSF tap test [41]. Therefore, the search for promising imaging
biomarkers continues, and one of the imaging methods under investigation is the
diffusion tensor imaging (DTI) (Fig. 14).

DTI is a diffusion technique based on detecting the directional preference of water
diffusion in tissues—in the case of iNPH, brain tissue. One of the possible outputs of
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Fig. 11 Volumetric images decomposed into thin axial slices

DTI is the generation of quantitative tissue maps based on four main indices: Frac-
tional anisotropy (FA), mean diffusivity (MD), axial diffusivity and radial diffusivity.
These can be viewed as proxies for assessing white matter integrity and are therefore
a possible biomarker for the assessment of iNPH, where it is hypothesised, that the
morphological changes [42] and/or glymphatic pathway alterations may disturb the
integrity and organisation of the white matter [43].

For the assessment of DTI indices, several anatomical areas of interest have been
proposed, with the corticospinal tract, internal capsule, corpus callosum, fornices
and forceps minor and major being among the most mentioned in the literature. In
iNPH patients, for most of the investigated structures the FA decreases, while MD
increases [44], which can be a sign of decreased axonal density due to chronic
neuronal loss. However, significant overlaps in DTI indices exist between NPH
and controls (healthy or AD) [45] as well as between shunt-responders and non-
responders. Some authors [46] even propose the possibility of FA of certain regions
to transiently increase early in the disease course due to mechanical compression,
only to decrease later on as the axons are lost. In addition to these challenges, DTI
values for certain regions, like the corticospinal tract, tend to differ between studies,
as some report higher FA values in NPH patients compared to controls [47], while
other studies report FA values lower [48] in the same context. There are multiple
possible reasons for these discrepancies, including scanner and protocol differences,
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Fig. 12 Volumetry of lateral and 3rd ventricle. The fourth ventricle wasmanually removed because
its volume is not related to NPH diagnosis

Fig. 13 Volumetry of basal ganglia
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Fig. 14 DTI Indices. Axial slices of a healthy brain showing some of the outputs from DTI
modelling: FA map (on the right) shows increased anisotropy of water diffusion in white matter
compared to grey matter due to differences in their microstructure (increased FA corresponds to
higher signal intensity in a voxel). This distinction is less visible on theMD maps (on the left), where
signal intensity difference depends more on the cellularity and composition of extracellular matrix
of these regions. Colour-coded FA maps (centre) are created by modulating signal intensity of FA
maps by a colour which corresponds to dominant direction of water diffusion in a given voxel—red
being x-axis (e.g. splenium of corpus callosum), green y-axis (anterior thalamic radiation) and blue
the z-axis (posterior limb of internal capsule)

Table 2 FA values of selected ROI in iNPH patients and healthy controls (adapted from Grazzini
et al. 5)

Motor cortex Forceps minor Genu of the CC Splenium of
CC

Genu of CI

iNPH patients 0.36 ± 0.02 0.328 ± 0.03 0.63 ± 0.07 0.61 ± 0.12 0.63 ± 0.07

HC 0.54 ± 0.05 0.475 ± 0.06 0.72 ± 0.7 0.76 ± 0.07 0.618 ± 0.12

CC–corpus callosum. CI–capsula interna

small cohort sizes or different methods used during DTI data modelling [49] (Table
2).

Therefore, while whitematter studies byMRI seem to be a promising direction for
future investigation, they have not fully proven their clinical potential yet. However,
this may change in the future as novel methods of white matter tract analysis are
being investigated, including more complex evaluation of DTI outputs [50] or non-
DTI-based diffusion techniques [52] (Fig. 15).

4.3 Phase-Contrast MRI

Using phase-contrast imaging we are able to visualise and quantify velocity. It is
therefore suitable for describing the flow of cerebrospinal fluid through the ventric-
ular system. Its first use in hydrocephalus diagnostics dates back to 1990 [53].
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Fig. 15 Tract-based FA analysis of Forceps minor using Brainlab Fibertracking suite. On the left,
a healthy individual with Forceps minor FA 0.51. On the right, a patient with DESH and established
diagnosis of iNPH with Forceps minor FA 0.36

Bradley described the possibilities of phase-contrast in normal pressure hydro-
cephalus. He noticed a correlation between the so-called flow void phenomenon
and shunt responsiveness [54].

The method is based on the traditional Monro-Kellie doctrine. During systole
and diastole, small pulsatile changes occur in the “blood” compartment. Since the
cerebrospinal fluid cannot be absorbed this quickly, the pressure is compensated by
changes in the size of the brain parenchyma. Brain tissue expands into the ventricles
and into the subarachnoid spaces. Internal pressure induces a pressure wave through
the aqueduct and other parts of the ventricular system during systole, retrograde
flow occurs during diastole [55]. In the case of normal pressure hydrocephalus, the
compensatory mechanisms of the brain parenchyma are largely exhausted, which
leads to a significantly higher pulse pressure through the aqueduct than in healthy
individuals [56].

The most frequently monitored parameter of phase-contrast imaging is the so-
called aqueductal CSF stroke volume. It is counted as an average of the flows in the
craniocaudal and caudocranial directions in the region of the Sylvian aqueduct at the
level of the inferior colliculus. A complicating factor is the considerable variability
of results depending on the examining device [56]. Other more frequently studied
parameters include peak positive and negative velocity, peak amplitude, average
velocity, positive, negative and average flow and aqueductal area.

The results of flow studies are highly variable from great results [57] to no signif-
icant difference between the iNPH group and healthy controls [58]. Our recent study
using machine learning methods shows promising results [59].
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The MRI phase-contrast signal which characterises the flow of cerebrospinal
fluid through the aqueduct is made up of 7 vectors—aqueduct area, highest positive
velocity, highest negative velocity, average velocity, positive flow, negative flow and
average flow. Each vector is made up of 32 points evenly distributed throughout the
cardiac cycle. This results in 85 complex features that can be counted for each patient.
Such a number of features are difficult to handle (especially with a larger number of
patients). Therefore, we used machine learning methods in our study. With their help
we managed to achieve an accuracy of 80.4 ± 2.9%, a sensitivity of 72.0 ± 5.6%, a
specificity of 84.7± 3.8% and an AUC of 0.812± 0.047 using the AdaBoost model.
In addition, the best sensitivity of 85.7 ± 5.6% was achieved by the GaussNB model
and the best AUC of 0.854 ± 0.028 by the ExtraTrees classifier. An ROC curve for
every machine learning classifier is shown in the following figure (Fig. 16).

Overall, it can be stated that the results of phase-contrast are very difficult to inter-
pret and are different according to the device used. Our developed feature extrac-
tion algorithms combined with machine learning approaches simplify the utilisation
of phase-contrast MRI. The results still do not reach the values that would allow
using this examination as the only and decisive one, on the other hand, we achieved
promising results. Adding more patients to the test population would improve the
results even more. Nevertheless, in our opinion, this method will probably play a
rather supportive role as part of a mix of several examinations.

Fig. 16 ROC (left) and calibration (right) curves for all individual machine learning models. The
dashed diagonal line represents the performance of an ideal model, where the predicted outcome
would correspond perfectly with the actual outcome. Reprinted from the Neurosurgical Focus,
Volume 52, Vlasak et al., Boosting phase-contrast MRI performance in idiopathic normal pressure
hydrocephalus diagnostics by means of machine learning approach, Page No. 6, Copyright (2022),
with permission from Journal of Neurosurgery Press
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4.4 Glymphatic MRI

Recent pathophysiological studies describe the role of the glymphatic system in the
formation of NPH (formore details on this issue, we refer you to the Pathophysiology
chapter). This assumption is based on the work of Ringstadt et al. [60]. They tracked
clearance of an intrathecally administered contrast agent. Compared to the control
group, iNPH patients showed delayed signal enhancement. However, so far the use
of gadobutrol is only experimental and a safe level needs to be established first [61].
Attempts to diagnose NPH patients based on intrathecal administration of contrast
are still rather experimental in nature, yet there are studies that show promising
results. Further studies are needed in this area before the use of this examination can
also be recommended in routine practice.

5 Conclusion

Currently, the diagnostics of NPH are based on clinical examination and functional
tests. Imaging plays only an auxiliary role. Amandatory finding is ventriculomegaly,
which can be well captured on CT and MRI. This can be described either by the
classic Evans index or by a more modern volumetric methodology. Other tests that
can successfully discriminate shunt responders include a series of signs that we
can easily measure on regular MRI sequences. We include callosal angle, cingulate
sulcus sign, tight subarachnoid convexity spaces and dilated Sylvian fissures and
among them. All these signs are combined in the DESH score. The applicability of
the DESH score is also mentioned in the latest iNPH guidelines. Advanced imaging
methods such as detailed volumetry, diffusion tensor imaging or phase-contrast MRI
do not achieve such results that they could be recommended in the routine diag-
nostic process of normal pressure hydrocephalus. The latest addition among these
methods—glymphatic MRI, is still a purely experimental method. However, this
does not mean that we should forget about these examinations in research. On the
contrary, it is the imaging methods that are supposed to bring sufficiently sensitive
and specific non-invasive biomarkers.

6 Key Points

• MRI should be the method of choice for NPH diagnosis, however, it can be
partially replaced in some respects by modern CT scan.

• Evans index is still the most used parameter for ventricular enlargement.
• The best results in the discrimination of shunt responders are achieved by the

set of signs included in DESH score—ventriculomegaly, dilated Sylvian fissures,
tight high convexity, acute callosal angle and focal sulcal dilation.
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• Volumetry enables a more accurate assessment of the size of the ventricles, but it
does not seem to bring any other diagnostic benefit.

• Diffusion tensor imaging seems to show promising results, but still has not proven
their clinical potential yet.

• Phase-contrast imaging is difficult to interpret and is device dependent, however,
our results point to its potential using machine learning methods.

Funding This chapter was supported by theMinistry of Health of the Czech Republic institutional
grant no. NU23-04–00551.
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of Adult-Onset Hydrocephalus
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Abstract As clinical presentation of adult-onset hydrocephalus varies, imaging
modalities often provide the first evidence of its presence. Features of increased
intraventricular pressure can be subtle, especially early on in the disease course, and
knowledge of radiologically relevant anatomy is important. When the presence of
hydrocephalus is established, the next step is to determine its aetiology. This includes
the assessment of which parts of the CSF spaces are involved, whether there is an
obstruction and where it is located, if there are other signs of altered CSF hydrody-
namics, or if there are secondary complications related to hydrocephalus. For optimal
evaluation of hydrocephalus, a standardised protocol including flow-sensitive and
high-resolution imaging should be employed.
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Department of Neurosurgery, 2nd Faculty of Medicine, Charles University and Motol University
Hospital, Prague, Czech Republic
e-mail: ondrej.bradac2@fnmotol.cz

A. Bubeníková · O. Bradáč
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DESH Disproportionately Enlarged Subarachnoid space Hydrocephalus
DWI Diffusion-weighted imaging
EDH Epidural hematoma
ETL Echo train length
FIESTA Fast Imaging Employing Steady State Acquisition
FIESTA-C Fast Imaging Employing Steady State Acquisition-Constructive

Interference
FLAIR Fluid attenuated inversion recovery
FSE Fast spin echo
iNPH Idiopathic Normal Pressure Hydrocephalus
LIAS Late-onset idiopathic aqueductal stenosis
LOVA Long-standing Overt Ventriculomegaly in Adults
MPR MultiPlanar Reconstruction
MPRAGE Magnetization Prepared RApid Gradient Echo
MR Magnetic Resonance
MRI Magnetic Resonance Imaging
PC Phase Contrast
PROPELLER Periodically Rotated Overlapping ParallEL Lines with Enhanced

Reconstruction
ROI Region of Interest
SDH Subdural hematoma
SNR Signal to noise ratio
SPACE Sampling Perfection with Application optimized Contrasts using

different flip angle Evolution
SSFP Steady-state free precession
SWI Susceptibility weighted imaging
TE Echo time
TSE Turbo spin echo

1 Introduction

Hydrocephalus (literally “water head” from Greek) is an increase in the volume
of the ventricular system as a result of altered production, flow or resorption of
the CSF. In keeping with the topic of this book, we will focus mostly on non-
acute adult-onset hydrocephalus. This chapter is split into 4 sections: Section one is
dedicated to optimising the MRI protocol in order to get the most information out of
your scans for the correct diagnosis while keeping the imaging time within feasible
limits. Section two contains comments on ventricular anatomy, its normal variants
and physiological imaging findings to avoid potential pitfalls when evaluating for
hydrocephalus. Section three breaks down individual imaging signs and features of
hydrocephalus and the last section; section four discusses the most notable examples
of adult-onset hydrocephalus.
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Table 1 Recommended MR
protocol for investigation of
adult-onset hydrocephalus

Pulse sequence Estimated time [3 T]

Mandatory sequences

2D Ax DWI < 1 min

3D T1 [MPRAGE OR BRAVO] 3–4 min

2D Ax T2 2 min

2D or 3D FLAIR 2–3 min

3D Sag T2 2–3 min

3D Ax SWI (or T2* GRE) 4 (2) mins

Optional sequences

3D Sag SSFP (CISS, FIESTA…) 3 min

CSF Flow study 4 min

2 Recommended MRI Protocol

Table 1 outlines a recommended MRI protocol for evaluation of adult-onset hydro-
cephalus. It is a standard, run-of-the-mill non-contrast brain protocol with some
additions—a mandatory, flow-sensitive sagittal T2 sequence and optional sagittal
SSFP sequence and CSF flow study. These three additions are further discussed
below.

Sagittal T2 sequences are ideal for assessment of the aqueduct, third ventricle,
foramina of monro and the outflow foramina of the 4th ventricle. However, there
are few caveats. The above-mentioned structures can get exceedingly thin for usual
2D imaging, with volume-averaging becoming an issue. In order to remedy this, a
thin-section acquisition is preferred, a 3mm thickness or less, with no inter-slice gap.
What you also require from this sequence is clear and reliable visualisation of flow-
voids1 in the aqueduct and other foramina. This means thin-section imaging, with no
flow-compensation and moderate to long TE (all improve the conspicuity of flow-
voids).While this can be achieved with 2D acquisition (i.e. T2 TSE/FSE), probably a
better alternative is 3D T2 sagittal acquisition (e.g. T2 CUBE or SPACE), where all
3 stated requirements are fulfilled by the standard pulse sequence design that comes
by default with any modern MRI system. Ucar et al. compared 2D T2 TSE and 3D
T2 SPACE pulse sequences in their study [1] and 3D T2 SPACE provided excellent
diagnostic accuracy (100% sensitivity and specificity) for determining aqueductal
patency and was superior to 2D T2 TSE (which yielded 80.7% sensitivity, 100%
specificity and 50% negative predictive value). If time is an issue, setting the slice
thickness of the 3D sequence to 2–2.5 mm will decrease the acquisition time (under
2 min with phase and/or slice acceleration techniques), improve SNR for evaluation
of brain parenchyma, and will maintain all the necessary properties of the sequence.

1 A phenomenon of flow-related signal loss in MRI due to time-of-flight and spin-phase effects.
While disliked by some authors, the term “flow-voids” is in widespread clinical use and for the sake
of conciseness, we will use the term in this book as well.
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Avoid using T2 sequences with radial readout2 (e.g. BLADE, PROPELLER) as
these have inherent flow-compensation that cannot be turned off. This will lead to
false interpretation of CSF flow via aqueduct and especially other foramina, where
flow-voids tend to be less conspicuous.

Using flow-sensitive sequences is mandatory to increase the sensitivity to CSF
flow and therefore is needed to reliably prove obstruction. This comes at a cost of
decreased visualisation of ventricular anatomy due to intervening flow-voids, but
this is usually not an issue since you will have axial T2 (with flow-compensation)
and sagittal bSSFP which will provide a clear picture inside the ventricular system.

If you prove to flow through all the ventricles, foramina and the aqueduct, then
the hydrocephalus is unlikely to be of the non-communicating type and further
search for macroscopic obstruction is unnecessary. However, if you do prove a func-
tional obstruction (e.g. no flow-void through aqueduct), high-resolution anatom-
ical information might be needed. In these cases, a 3D sagittal bSSFP sequence
(e.g. CISS, FIESTA-C) is an excellent option for detection of subtle causes of
obstruction, for example, an aqueductal web. Sometimes a resolution under 0.5 mm
isotropic is needed to visualise this subtle pathology reliably. Beware of in-console
post-processing steps (e.g. filtering, interpolation), as these might decrease the
conspicuity of thin aqueductal webs, so a conservative approach to post-processing
is recommended.

Some institutions use phase contrast CSF flow studies in the sagittal plane to
assess the flow through the aqueduct (Fig. 1).While this is a valid approach andmight
provide useful information on its own, it rarely brings anything new to the table if a
flow-sensitive T2 sequence has been performed as well, with the notable exception of
a dedicated iNPH workup. In addition, acquiring CSF flow data is logistically more
difficult (pulse oximeter or ECG gating is required), more expensive (CSF flow
studies are usually a purchasable add-on option to the MRI system), somewhat time
consuming (expect 4 min long acquisition, longer if the patient has arrhythmia) and
assessing non-midline structures requires additional acquisitions. Therefore, CSF
flow studies should be reserved for special cases, like iNPH.

3 Ventricular System Anatomy and Variants

This section is not a detailed anatomical description of the ventricular system, as
there is plenty of available literature on the topic. Instead, it focuses on radiologi-
cally relevant anatomy for assessment of hydrocephalus and its normal variants. For
reference, a diagram of the ventricular system can be seen in Fig. 2 of the “CSF
physiology” chapter and Fig. 4 of this chapter demonstrates important anatomy of
the third and fourth ventricle on a midsagittal high-resolution MR image.

2 As opposed to cartesian readout, employed in the standard T2 FSE/TSE sequences.
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Fig. 1 CSF flow studies. CSF flow study using phase contrast imaging through the aqueduct shows
pulsatile CSF flow during systole (left) and diastole (centre), but no CSF movement through the
aqueduct. Notice that 3D flow-sensitive T2 acquisition (right) can detect the absence of CSF flow
through aqueduct as well, but also proves flow through foramen of Monro which the CSF study did
not show

Fig. 2 Asymmetry of lateral ventricles. Asymmetric lateral ventricles are usually a normal finding
(left) and common amongst healthy individuals. In certain cases, however, it can be the first clue
to pathology as of certain cases (e.g. lymphomas, grade III gliomas) mass effect of a lesion may
be more conspicuous than its density changes on CT. Notice the compression of the antrum and
occipital horn of lateral ventricles in a patient with mixed grade 2 and 3 gliomas (centre and left)

3.1 Lateral Ventricles

Each lateral ventricle, apart from its body and antrum, has three recesses—the frontal,
occipital and temporal horns, which need to be carefully assessed in any individual.
They also contain choroid plexus, which is often a source of incidental findings, like
small choroid plexus cysts or xanthogranulomas, both of which are usually without
any clinical significance. The walls of lateral ventricles also commonly give rise
to other inconsequential findings, like for example ring-shaped lateral ventricular
nodules. The most common anatomical variants of lateral ventricles include their
asymmetry (Fig. 2) [2] and cavum septi pellucidi et vergae.
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Fig. 3 Cavum septi pellucidi et vergae and cavum veli interpositi. CSF-filled space between the
leaflets of septum pellucidum is usually cavum septi pellucidi, with or without cavum vergae (seen
on the left is the combination of the two). CSF-filled space between the antra of the lateral ventricles
is more commonly cavum veli interpositi (on the right) as isolated cavum vergae is somewhat rare.
None of the shown findings has any mass effect, therefore can be considered as inconsequential
normal variant

3.2 Cavum Septi Pellucidi et Vergae

During embryonic development, the septum pellucidum is split into two leaflets, with
CSF filling the spaces in between. In the majority of the population, these leaflets
fuse within the first year of life in postero-anterior direction, but often incompletely
[3] and this incomplete fusion creates normal anatomical variants called cavum septi
pellucidi (anterior to forniceal columns) and cavum vergae (posteriorly) (Fig. 3). In
adulthood, these do not have significant association with any pathology and should
not have any clinical impact whatsoever. The exception is an abnormally enlarged
cavum vergae with convex margins and mass effect, called cavum vergae cyst.
While usually asymptomatic, in rare cases, it can push on the aqueduct and cause
obstructive hydrocephalus [4]. Since the leaflets of septum pellucidum fuse from
posterior to anterior, cavum vergae rarely, if ever, occurs without accompanying
cavum septi pellucidi, so before diagnosing solitary cavum vergae, carefully rule out
other possibilities.

3.3 Cavum Veli Interpositi and Cyst of Velum Interpositum

Velum interpositum is a thin membrane located between the bodies of the fornices
and internal cerebral veins, dorsally to the foramina of Monro. If distended by fluid,
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it contains cavum veli interpositi, which is an incidental finding with no clinical
significance. If, however, distended beyond 1 cm and/or exerting substantial mass
effect, this formation is called a cyst of velum interpositum. As with cavum vergae
cyst, this can in rare cases compress the aqueduct and cause hydrocephalus, or cause
symptoms via pressure on nearby structures e.g. fornices [5].

3.4 Foramina of Monro

Foramina of Monro (also known as interventricular foramina) connect lateral ventri-
cles to the third ventricle and along with the neighbouring part of the third ventricle
form a Y-shaped conduit for CSF, which can be obstructed along any of its arms.
This can result in the development of either unilateral or bilateral hydrocephalus
depending on the exact location of obstruction. The foramina of Monro contain parts
of the choroid plexus, which should not be mistaken for pathology. Another potential
pitfall is caused by flow of CSF in and out of the foramina during cardiac revolution
which can cause round defects of CSF suppression on FLAIR sequences andmimic
a preforaminal mass. These artefacts can arise at any location with turbulent flow of
CSF but are most common here, around foramina of Monro. A true lesion is usually
easily ruled out by examining other available sequences.

3.5 Third Ventricle

The third ventricle has four recesses that are vital when assessing for the possibility
of hydrocephalus—the supraoptic and infundibular recesses anteriorly, which are
usually well seen on thin-section MR imaging and pineal and suprapineal recesses
posteriorly, which can be more difficult to appreciate. In their physiologic state,
these recesses are sharp and thin with flat or concave borders on sagittal imaging. As
pressure in the third ventricle builds up, they become distended and bulge outward.
Similar pattern is seen with the floor of the third ventricle and lamina terminalis as
well. Normal morphology of the third ventricle including its recesses can be seen in
Fig. 4.

3.6 Interthalamic Adhesion

Interthalamic adhesion is a variably present structure (75–96% of population) [6],
with variable volume and so farwithout any established clinical significance.Because
of its variable proportions, its diameter should not be used to approximate third
ventricular dilation and in the majority of cases can be ignored.
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Fig. 4 Normal midline anatomy of the ventricular system. 1-Foramina of Monro orifice. 2-Lamina
terminalis. 3-Supraoptic recess. 4-Infundibular recess. 5-Floor of the 3rd ventricle. 6-Pineal recess.
7-Aqueduct. 8-Superior medullary vellum. 9-Fastigium. 10-Inferior medullary vellum. 11-Foramen
of Magendie. 12-Obex

3.7 Aqueduct of Sylvius

On high-resolution bSSFP imaging, the lumen of the aqueduct should be clearly
visible, and the diameter should be roughly equal for most of its length (i.e. with
no funnelling). On flow-sensitive T2 pulse sequences, the flow-void should be very
obvious and blend into lower-intensity flow-voids of the 3rd and 4th ventricle. The
extent and intensity of flow-voids in these structures is highly dependent on the
parameters of pulse sequence used (e.g. TE, ETL, slice thickness) and therefore, the
sequence parameters should be locked and not changed between patients in order to
reliably assess changes of hydrodynamics amongst individual patients. If you rely
on a specialist (i.e. a neuroradiologist) to interpret images of your patients for you,
beware that there is a room for inter-rater variability. This subjective assessment of
flow-voids could in theory be solved by relyingmore on flow curves of phase contrast
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CSF flow study, however, the ROI for these curves is usually drawn manually by a
technologist and this process can be burdened with inter-operator bias as well.

3.8 Fourth Ventricle

The fourth ventricle has a somewhat complex three-dimensional shape, however,
it can be sufficiently conceptualised as an elongated CSF-filled space with five
nooks or recesses. In the sagittal plane, the central dorsal recess is the fastigium, a
triangular structure pointing towards the cerebellum. Cranially from fastigium, the
fourth ventricle narrows towards the aqueduct and caudally from fastigium it narrows
towards obex and foramen of Magendie. Then the two lateral recesses continue as
foramina of Luschka. The choroid plexus can be found inside the fourth ventricle
and continues out via the outflow foramina. On Sagittal imaging, both the superior
and inferior medullary velum should be inwardly convex. If not, consider the possi-
bility of increased pressure in the 4th ventricle. An enlarged cisterna magna might
be a normal finding, occasionally it can accompany an important pathology.

3.9 Subarachnoid Spaces

SA spaces are located between arachnoid and pia mater and contain blood vessels,
delicate connective tissue and in the case of basal cisterns also cranial nerves. The
width of SA spaces increases with age due to parenchymal volume loss, but can
vary considerably also amongst individuals of similar age. Barely perceptible SA
spaces in elderly individuals might mean a life-threatening hydrocephalus, but can
be physiological in a teenager or young adult. Therefore, assessment of SA spaces
should be done with care in correlation with age and clinical history of the patient.
Depending on sequence parameters, exceptionally thin SA spaces can also cause
incomplete fluid suppression on FLAIR sequences and should not be mistaken for
pathological contents of the SA space which could otherwise mean SA haemorrhage
or meningitis.

4 Imaging Features of Hydrocephalus

The following text breaks down imaging signs and features of hydrocephalus at
each level of the ventricular system. Many, if not all, of these features could be
included under the umbrella term of “big ventricles”, however, knowledge of the
below-mentioned should help to a) better distinguishing subtle hydrocephalus from
age-related volume loss, b) detect the level of obstruction and c) differentiate ongoing
ventricular hypertension from old changes after decompression (spontaneous or
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surgical). For the same reason, the individual signs and features are discussed in
the appropriate anatomical context.

4.1 Lateral Ventricles

Not all parts of the ventricular system have the same compliance and as the pressure
in the ventricles increases, the most compliant parts will dilate first. In the case of
lateral ventricles, this “soft part” is the temporal horns (Fig. 6) [7]. Measurements
vary, but temporal horn width above 3 mm (measured on axial slice, AC-PC line)
is suggestive of hydrocephalus. A potential pitfall is mesiotemporal atrophy as seen
e.g. In AD or FTLD. However, in cases where atrophy is the main driving factor
for enlargement of temporal horns, collateral sulcus will be widened, as opposed
to ventricular hypertension, where the collateral sulcus will be effaced. A similar
mechanism can lead to blunting of the occipital horns, which are usually sharp or
even imperceptible.

Another widely used measure of lateral ventricular dilation is the Evans’ index
(measurement method can be seen in Fig. 5). Normal Evans’ index is below 0.3,
but a portion of “successful ageing brains” (see chapter “Differential diagnosis
of neurodegenerative disorders”) will have Evans’ index above that as well. The
index is also dependent on the selection of the slice (interpreter-dependent) and
tilt of the axial plane in which you measure (technologist-dependent). Therefore,
Evans’ index is not a precise measurement, is difficult to accurately reproduce and
should not be used to monitor lateral ventricular width during follow-ups—in those
cases a simple measurement of bifrontal ventricular width (along with assessment
of temporal horns) will be sufficient.

Long-standing hydrocephalus will lead to thinning or even formation of defects
in the septum pellucidum, detection of which can be important for further
neurosurgical management.

Periventricular T2-hyperintensity (Fig. 7), if accompanying other signs of
hydrocephalus, is highly suggestive of interstitial periventricular oedema, which is
caused either by stagnation of interstitial fluid in the periventricular brain parenchyma
or back-leak of CSF fluid [8]. In some cases, it can be difficult to distinguish from
glial changes or ependymitis granularis, which despite its name is an inconsequential
finding [9].

4.2 Foramen of Monro

The two most important things you should look for are the presence of a) flow-voids
through the foramen and b) obstructive lesions in the area.

Intensity of flow-voids through foramina of Monro can vary amongst individuals
but as long as your flow-sensitive T2 sequence is set up right, they will be detectable
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A

B

Fig. 5 Evans index and temporal horn width. Image on the left shows measurement of Evans index
(A/B). Values above 0.3 can be considered abnormal, but occasionally are seen in elderly without
any other neurological disorder (“successfully aging brain”). Image on the right showsmeasurement
method of temporal horn width

Fig. 6 Distended temporal horns. Enlarged temporal horns can be seen in the setting of increased
intraventricular pressure as well as in cases ofmesiotemporal atrophy. Assessment of collateral sulci
(and surrounding sulci) can help differentiate the cause as in cases of increased intraventricular
pressure, collateral sulci remain closed. In cases of mesiotemporal atrophy, collateral sulci are
widened. (see chapter on differential diagnosis of neurodegenerative disorders)

in all or almost all healthy individuals. Windowing might help to increase their
conspicuity.
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Fig. 7 Interstitial oedema. Patient with large vestibular schwannoma (left) presenting with dilated
supratentorial ventricles and periventricular interstitial oedema (centre). After surgical resection of
schwannoma, the interstitial oedema starts to resolve (right)

4.3 Third Ventricle

The third ventricle is considered dilated if its width is above 10 mm (measured on
axial slices). However, an exceedingly narrow, “slit-like” third ventricle can also
be a sign of pathology and can occur in the case of stenosis of the foramen of Monro
or in idiopathic intracranial hypotension (which can be a result of long-standing
intracranial hypertension e.g. after ruptured meningocele).

Assessment of the third ventricular recesses (Fig. 8) can be extremely helpful,
as these will be dilated and blunted in case of obstruction downstream. In addition
to the recesses, the floor of the third ventricle and lamina terminalis can bulge
outward as well. Normal anatomy of the third ventricle and distention of its recesses
and floor are noted in Fig. 4.

Fig. 8 Dilation of 3rd ventricle. In a healthy individual (left), the recesses of the 3rd ventricle are
slim and sharp and lamina terminalis and the floor of the third ventricle slightly concave. In case
of increasing intraventricular pressure (in the centre—notice the aqueductal web), these structures
start to bulge out. On the right is a patient with advanced, long-standing hydrocephalus, with even
more severe features of ventricular distention and remodelation of bony sella turcica
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4.4 Aqueduct of Sylvius

Funnelling of the aqueduct (Fig. 9) is a sign of possible obstruction, usually at its
vertex. The funnel can be oriented both ways (tapering up or down).

Absence of flow-void is on 3DT2 flow-sensitive acquisition (1) a strong predictor
of obstruction, but anunusually prominent flow-void can alsobe a signof pathological
CSF hydrodynamics, typically in case of iNPH or LOVA [10].

Occasionally, aqueductal flow-void can be missing even if the obstruction is
upstream (foramen ofMonro) or downstream (outflow foramina of the 4th ventricle),
so be sure to thoroughly examine the whole ventricular system.

The proportions of the aqueduct (its length and narrow diameter) mean that debris
(e.g. ruptured dermoid cyst) or blood clots (intraventricular haemorrhage) (Fig. 10)
can get stuck here and cause obstruction. Certain debris (e.g. fat) and even blood
products can have T2 signal intensity close to CSF, so if unsure of the contents of the
aqueduct, examine MPR of acquired 3D T1 sequence. T2 SPACE/CUBE sequences
and DWI sequences (or even more importantly their b0 images) often have some
degree of fat suppression, which can be useful if compared to axial 2D T2 FSE/TSE
sequences.

One of the more common causes of aqueductal stenosis is a thin obstructing
web, which can be congenital or acquired. The web might be imperceptible on
conventional imaging and the only clue might be distention of the third ventricular
recesses or absence of flow-void through the aqueduct. In order to visualise a thin
web, high-resolution bSSFP sequences might be necessary.

Fig. 9 Aqueductal funnelling.Twocases of aqueductal obstructions,with funnelling in downstream
direction (left) and upstream direction (right)



312 V. Sedlák et al.

Fig. 10 Pathological contents of the aqueduct. T1w image on the left and CT image in the centre
show ruptured cerebellar dermoid cyst, with propagation of its lipid contents (hyperintense on T1w,
hypodense on CT) through the aqueduct into the third ventricle. Notice how the oily droplet sits
independently in the 3rd ventricle. Patient presented with severe headaches to which the passage of
dermoid contents via aqueduct might have contributed. Headaches subsided before imaging studies.
Image on the right shows different patients with IVH and blood clot extending from 3rd ventricle
through aqueduct to 4th ventricle

4.5 Fourth Ventricle

Distension of the 4th ventricle will manifest as loss of the concave shape of its
roof and blunting of fastigium. In severe cases, the floor of the 4th ventricle can
bulge out as well and push the brain stem forward (Fig. 11). If not sure whether
the brainstem is compressed by the mass effect, inspect the prepontine cistern and
cerebellopontine angles. The prepontine cistern should not be effaced and the facial
and vestibulocochlear nerves should be clearly visible on T2 imaging—if they appear
impinged between the skull and the brainstem, suspect significant compression of the
brain stem. Flow-voids of the 4th ventricle are best assessed on axial slices, where
they can be nicely followed from the aqueduct to the outflow foramina.

Fig. 11 Distention of the 4th ventricle. Postoperative CT 1 day (left) and 5 days (right) after surgery
shows dilation of the 4th ventricle between the studies. Concave contours of the ventricular roof
are lost, fastigium is blunted and brainstem bows slighty forward (image on the right). Notice the
blood in front of the brain stem, which likely played a part in development of hydrocephalus
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Fig. 12 Features of Long-standing hydrocephalus. CT image on the left shows dilated foramen
ovale on both sides (arrows). Heavily T2weighted image in the centre shows protrusion ofmeninges
and brain parenchyma (i.e. encephalomeningocele) through the dilated foramina (arrowheads), and
overlying temporal lobe has substantial atrophy and gliosis. This patient suffered from intractable
epilepsy. T1w image on the right shows bulged floor of the 3rd ventricle, partially empty sella and
remodelation of bony sella turcica, all signs of long-standing hydrocephalus

4.6 Features of Hydrocephalus Outside the Ventricles

Depending on duration and degree of hydrocephalus, signs of elevated intracranial
pressure might manifest outside of ventricles as well. These include empty sella with
or without remodelling of the bony sella turcica and encephalomeningoceles. Any
imaging study with newly detected hydrocephalus should be interrogated for signs
of these conditions, as occasionally empty sella secondary to hydrocephalus can lead
to hypopituitarism [11] and encephalomeningoceles can lead to intractable epilepsy
[12] (Fig. 12).

5 Imaging Differential Diagnosis of Causes
of Hydrocephalus

5.1 Introduction and Classification

At any point along its path, CSF flow can be obstructed by blood clots, tumours,
inflammatory adhesions, septations or cysts. Thesewill be amongst themost common
causes of hydrocephalus in adults. In addition to this, other causes, often of idiopathic
origin, can occur at certain levels. The most notable of these causes are summarised
in the following text.

There are many different classifications of hydrocephalus, but this section will be
keeping to the common clinical division to communicating and non-communicating,
more closely laid out in Table 2. Since the majority of clinical classifications are
derived frommorphological features of hydrocephalus, imagingfindings play amajor
role in the workup and management of hydrocephalus.
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Table 2 Diagram showing the commonly used clinical classification of hydrocephalus. We will
follow this classification in this chapter

5.2 Non-Communicating Hydrocephalus

Obstruction Inside the Lateral Ventricles

Just like any other part of the ventricular system, lateral ventricles can be obstructed
by a clot, tumours, septations or cysts of various origin. If these are found inside
the lateral ventricles, it leads to signs of hydrocephalus that are limited only to a
portion of the ventricle (Fig. 13). Alternatively, lateral ventricles can be compressed
by an extra-ventricular lesion such as EDH or SDH; however, these usually cause
obstruction at the foramen of Monro. If an obstructing lesion is not immediately
obvious, try to look for a transitional zone between dilated and non-dilated ventricle,
as this might be the location of an obstructing web.

Obstruction of the Foramen of Monro

Themost typical lesion of foramina ofMonro leading to hydrocephalus is the colloid
cyst. They typically manifest as round lesions between the roof of the third ventricle
and foramina of Monro, hyperdense on CT and of variable signal on MRI. While
the vast majority of these are asymptomatic, in time they may grow and occasionally
cause life-threatening acute hydrocephalus (Fig. 14) [13].

If there are signs of dilated lateral ventricles, the remainder of the ventricular
system is slim and there is no obvious obstruction, consider the possibility of idio-
pathic stenosis of foramina of Monro [14]. In this entity of unknown origin, there
is no detectable cause of obstruction beyond stenotic foramina of Monro, with no
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Fig. 13 Obstruction inside lateral ventricles. Patient with simple choroid plexus cyst in the antrum
of right lateral ventricle (left and centre image) with mild compensatory dilation of its temporal
horn. In the absence of periventricular interstitial oedema and clinical symptoms, this finding doesn’t
require further management. On the right, a patient with marked dilation of temporal horns with
relative preservation of frontal hornwidth, pointing to the location of obstruction, whichwas inflam-
matory adhesions in the antra due to ventriculitis. Notice the periventricular interstitial oedema,most
likely a combination of inflammatory changes and decompensated hydrocephalus

Fig. 14 Colloid cyst. Hyperdense oval lesion of the roof of the third ventricle, protruding into
foramina Monroi and causing obstructive hydrocephalus (notice the temporal horns). Typical
findings for colloid cyst

discernible flow-voids. One of the hallmarks of this disorder is the striking contrast
between dilated lateral ventricles and narrow, slit-like third ventricle (Fig. 15) [15].

Obstruction of the 3rd Ventricle

Third ventricle is a favourite location for several tumours, including craniopharyn-
gioma, germinoma or rosette-forming glioneuronal tumour (Fig. 16) [16]. In the
case of the latter two, CSF seeding is a common occurrence and can help to narrow
down the differential. Third ventricle can be also compressed by lesions within the
parenchyma, such as gliomas or metastases.
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Fig. 15 Idiopathic stenosis of foramina of Monro. Dilated lateral ventricles, slit-like third ventricle
and absence of flow-voids through foramina of Monro are highly suggestive of bilateral Idiopathic
stenosis of foramina ofMonro. In these cases, look for defects in septum pellucidum as it can impact
further management

Fig. 16 Third ventricle tumour causing hydrocephalus. Tumour of the third ventricle in a young
adult, filling most of its ventral volume, with extensive CSF seeding including but not limited
to all ventricles, entry into the aqueduct and obex. The ventricles are enlarged given the young
age, a sign of developing hydrocephalus, at least partially due to sub-occlusion of the aque-
duct. Histology confirmed Rosette-forming glioneuronal tumour. Similar behaviour with “double
midline” presentation and CSF seeding can be seen with germinoma

Aqueductal Obstruction

The aqueduct can be compressed from the outside, e.g. by mesencephalic gliomas,
or from the inside, e.g. by cysts or webs. Sometimes the intra-aqueductal lesion is not
well demarcated on conventional imaging, and thin-slice imaging might be needed.
This is true especially for aqueductal webs, but sometimes also for thin-walled cysts
with signal characteristics identical to CSF. If an adult presents with an aqueductal
web, features of long-standing hydrocephalus and no relevant neurological history,
the term Late-onset idiopathic aqueductal stenosis (LIAS) is used [17] (Fig. 17).
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Fig. 17 Aqueductal web. Sagittal 3D T2 imaging on the left shows bowing of the corpus callosum
as a sign of dilated lateral ventricles, distended third ventricle, lack of flow-voids through aqueduct
and normal-sized 4th ventricle. SSFP imaging on the right elucidates thin aqueductal web as the
causative pathology

Obstruction of the 4th Ventricle

The most common fourth ventricular tumours causing obstruction in the adult popu-
lation include ependymomas, subependymomas or choroid plexus tumours [18].
Metastases are a common occurrence in the posterior fossa too and can cause
compression of the ventricle, just like large vestibular schwannomas (see Fig. 7)
or gliomas.

Similarly to the third ventricle, both inflow (aqueduct) and outflow (foramina
of Magendie and Luschae) from the fourth ventricle can be obstructed at the same
time, and this relatively uncommon condition is called trapped 4th ventricle [19].
This usually occurs in a post-surgery setting with ventriculoperitoneal shunt or third
ventriculostomy draining themore proximal parts of the ventricular system (Fig. 18).

Obstruction of Foramina Magendie and Luschka

Theoutflow foraminaof the 4th ventricle are usually pluggedbya tumour of the fourth
ventricle or by blood after intraventricular propagation of intra-axial haemorrhage.
Bleeding, meningitis or surgery can also lead to scarring in the area which will
impede the flow of CSF into the subarachnoid space.



318 V. Sedlák et al.

Fig. 18 Obstruction of the 4th ventricle. Post-contrast T1w image on the left shows vividly
enhancing mass within the 4th ventricle, protruding into foramina of Magendie and Luschka,
exerting mass effect on posterior fossa structures. Biopsy confirmed ependymoma. On the right
a markedly dilated 4th ventricle in disproportion to other parts of the ventricular system in a patient
who underwent surgical treatment for abscess of the posterior fossa and insertion of ventriculoperi-
toneal shunt (not shown). A thin web can be seen spanning the aqueduct. These findings should
prompt further evaluation for the possibility of trapped 4th ventricle

5.3 Communicating Hydrocephalus

Post-Meningitis and Post-Haemorrhage Hydrocephalus

Inflammation of the leptomeninges leads to release of various cytokines (including
TGF-β), which trigger fibrogenic response within the CSF spaces [20] and subse-
quent impairment of CSF flow through ventricular system, SA spaces, VRS and/or
glymphatic system. This can happen as a result of CNS infection or sterile inflam-
mation following SA or intraventricular haemorrhage (see Figs. 19 and 20) and at
various time points after the initial insult [19]. In these cases, patient history (or prior
imaging) is the most important clue for diagnosis.

Hydrocephalus Due to Meningeal Infiltration

Hydrocephalus can also result from infiltration of leptomeninges by a tumour, usually
lymphoma. If detectable on MR, leptomeningeal lymphoma will typically manifest
as diffuse leptomeningeal enhancement, with possible involvement of cranial nerves,
spinal cord and its nerve roots [21]. A certain proportion of CNS lymphomas are
radiologically occult [22] and hydrocephalus might be the only clue to diagnosis. In
even rarer cases, hydrocephalus can be caused by non-neoplastic infiltration of the
meninges, seen for example in Erdheim-Chester disease [23].
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Fig. 19 Intraventricular haemorrhage causing hydrocephalus. Extensive intraventricular haemor-
rhage essentially forming a cast of the ventricular system, including foramina of Magendie and
Luschka (left). Notice the sulcal effacement, a sign of life-threatening hydrocephalus

Fig. 20 Spinal cord arachnoiditis. Sagittal T1w scans (left) showing hyperintense blood anterior
to spinal cord. On axial T2w, the hypointense blood can be seen surrounding the fibres of cauda
equina, localising the blood into subarachnoid space. On axial T2w slices three months later (right),
some of the fibres of cauda equina clump together as a result of sterile inflammatory process
(arachnoiditis) with subsequent fibrogenesis. While not as nicely visible there, similar processes
occur intracranially as a result of SAH, IVH or meningitis and can cause obstruction at various
levels, including ventricular foramina and perivascular spaces

5.4 Special Types of Hydrocephalus

Overproduction Hydrocephalus

Arare cause of hydrocephalus is seen in the setting of choroid plexus papilloma, carci-
noma or hyperplasia [24], where it is thought that these entities cause hydrocephalus
by overproduction of CSF. Unfortunately, in certain cases, hydrocephalus does not
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Fig. 21 Choroid plexus papilloma in young adult. Lobulated, enhancing mass with calcifications
and closely related to the choroid plexus. Notice enlarged ventricles, most likely due to combination
of overproduction and obstructions created by tumour-related septations

resolve even after complete surgical resection, implying additional mechanisms
might be at play (Fig. 21).

Long-Standing Overt Ventriculomegaly in Adults

LOVA is a relatively new entity [25] with two major subdivisions: LOVA with and
without patent aqueduct. Closed aqueduct LOVA and LIAS are considered the same
entity by someauthors, especially since the imagingfindings and subsequentmanage-
ment are similar. Therefore, the following text focuses on open-aqueduct LOVA,
which poses a bigger diagnostic dilemma and is a major differential diagnosis of
iNPH.

The clinical tetrad of LOVA includes a) macrocephaly, b) long-term ventricu-
lomegaly, c) clinical symptoms of increased intracranial pressure and d) absence
of secondary cause of aqueductal obstruction. Evidence of long-term triventricu-
lomegaly includes partial empty sella, remodelation of sella turcica or meningoceles
(see Fig. 12).

Differentiating open-aqueduct LOVA from iNPH can be challenging since there
is significant overlap in imaging findings. Features like younger age, macrocephaly,3

bulging of the third ventricle and presence of enlarged cisterna magna have been
found to associate more closely with LOVA than iNPH [26]. An enlarged cisterna
magna is accompanied by movement of the whole cerebellum into a more cranial

3 Defined as head circumference above 98th percentile adjusted for sex [27]. For males, this is
53.8 cm and for females 52.9 cm.
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Fig. 22 Open-aqueduct LOVA. MRI of a 42-year-old female with chronic headaches and visual
disturbances, with bulging of the 3rd ventricle and maintained flow through the ventricular system.
Cisterna magna is spacious and inferior follia of cerebellum are effaced. Remodelation of bony sella
turcica and partially empty sella point to a long-standing hydrocephalus. In the setting of macro-
cephaly and otherwise uneventful history, these findings are highly suggestive of open-aqueduct
LOVA

position and effacement of inferior folia, which is a relatively characteristic finding
(Fig. 22).

Idiopathic Normal Pressure Hydrocephalus

Imaging features of iNPH have been discussed in more detail in previous chap-
ters. What follows is a table comparing the major imaging features of iNPH,
LOVA and LIAS—the common differential when assessing adults with newly found
hydrocephalus (Table 3).

Table 3 Features of
open-aqueduct LOVA, iNPH
and LIAS

OA-LOVA iNPH LIAS

Callosal angle Sharp Sharp Normal

DESH score Low High Low

Empty sella Common Common Common

Remodelling of
sella

Minority of cases Rare Rare

Third ventricle
bulging

Common Uncommon Common

Enlarged cisterna
magna

Very common Common Rare

Adapted from Palandri et al. [16]. OA-LOVA: open-aqueduct
long-standing overt ventriculomegaly in adults. iNPH: Idiopathic
Normal Pressure Hydrocephalus. LIAS: Late-onset idiopathic
aqueductal stenosis
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6 Key Points

• A standardised MRI protocol with focus on high-resolution (e.g. CISS, FIESTA-
C) and sagittal flow-sensitive sequences (e.g. 3D T2 SPACE, CUBE) is necessary
to increase the diagnostic accuracy of hydrocephalus.

• Hydrocephalus is more than just enlarged ventricles and knowledge of relevant
ventricular anatomy and individual features of hydrocephalus helps to increase
sensitivity to hydrocephalus and its causes.

• Long-standing hydrocephalus can occasionally lead to complications like hypopi-
tuitarism or epilepsy; therefore, it is important to actively look for these
complications.

• Many classifications of hydrocephalus exist, the most clinically relevant classifi-
cations usually rely on morphology of the hydrocephalus and therefore put a great
emphasis on imaging findings.

• Open-aqueduct LOVA can look similar to iNPH, including the sharp callosal
angle. Younger age, macrocephaly, bulging of the third ventricle and enlarged
cisterna magna might help differentiate.

Funding This chapter was supported by theMinistry of Health of the Czech Republic institutional
grant no. NU23-04–00551.
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Imaging Differential Diagnosis
of Neurodegenerative Disorders

Vojtěch Sedlák, Petr Skalický, Adéla Bubeníková, Helen Whitley,
and Ondřej Bradáč

Abstract Imagingmethods are amajor tool in diagnosis of neurodegenerative disor-
ders, as they can detect morphological changes specific for individual conditions.
MRI is the dominant imaging modality, but since major disease-specific morpho-
logical changes often occur only later in disease course, when the diagnosis is
clinically obvious, standardised protocol and image interpretation are necessary to
detect and correctly interpret often subtle signs of neurodegenerative disorders in
their earlier stages. This chapter provides the basis for setup of an optimal MRI
protocol and correct interpretation and presents the most important imaging features
of neurodegenerative disorders that are often on the differential along with iNPH.
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CJD Creutzfeldt-jakob disease
CSF Cerebrospinal fluid
CT Computed tomography
DWI Diffusion weighted imaging
DAT Dopamine active transporter
EPI Echoplanar imaging
ERICA Entorhinal cortical atrophy
FDG Fluorodeoxyglucose
FIESTA Fast imaging employing steady-state acquisition
FIESTA-C Fast imaging employing steady-state acquisition-constructive inter-

ference
FLAIR Fluid attenuated inversion recovery
FSE Fast spin echo
GM Grey matter
HD Huntington’s disease
iNPH Idiopathic normal pressure hydrocephalus
LBD Lewy body dementia
MPR Multiplanar reconstruction
MPRAGE Magnetisation prepared rapid gradient echo
MRI Magnetic resonance imaging
MSA Multiple system atrophy
MTA Medial temporal lobe atrophy
MUSE Multi-shot echoplanar imaging
PAC Spicture archive and communication system
PC Phase contrast
PD Parkinson’s disease
PET Positron emission tomography
PROPELLER Periodically rotated overlapping parallel lineswith enhanced recon-

struction
PSP Progressive supranuclear palsy
RESOLVE Readout segmentation of long variable echo-trains
SNR Signal-to-noise ratio
SPACE Sampling perfection with application optimised contrasts using

different flip angle evolution
SSFP Steady-state free precession
SWI Susceptibility weighted imaging
TSE Turbo spin echo
VD Vascular dementia
WMH White matter hyperintensities
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1 Introduction

In this chapter, we will discuss the imaging appearances of neurodegenerative disor-
ders that may share clinical features of iNPH. The focus will be mostly on MRI, but
nuclear medicine and CT findings will bementionedwhenever theymight be helpful.
The following text is not an exhaustive list of signs and findings, instead it is meant
to provide a guide to most high-yield imaging features that can lead you towards the
correct diagnosis. The chapter starts with setting up an optimal MRI protocol and a
MRI reading checklist to increase diagnostic accuracy. Then, the chapter continues
by discussing imaging features of individual neurodegenerative disorders and where
appropriate contrasts them with iNPH imaging findings.

2 Recommended MRI Protocol

As patients with neurodegenerative disorders often present on a spectrum with
regards to clinical and morphological brain changes, a standardised MRI protocol
and systematic approach are needed to make sure that you extract the most infor-
mation from acquired scans and correctly interpret the findings. This is even more
important as many clinically ambiguous cases will also have ambiguous findings on
MRI and so rather than being a confirmatory test, MRIwill contribute to diagnosis by
effectively increasing or decreasing the likelihood of clinically suggested diagnosis.

As with any other indication for brain MRI, the optimal diagnostic protocol for
investigation of neurodegenerative disorders is a matter of dispute amongst radi-
ologists. However, Table 1 summarises a protocol that the majority of neuroradi-
ologists would find sufficient or even satisfactory for diagnosing iNPH and other
neurodegenerative disorders.

Table 1 Recommended MR
protocol for investigation of
adult-onset hydrocephalus

Pulse sequence Estimated time [3T]

Mandatory sequences

2D Ax DWI < 1 min

3D T1 (MPRAGE OR BRAVO) 3–4 min

2D Ax T2 (FSE or PROPELLER) 2 min

2D Ax T2 FLAIR 2 min

3D Sag T2 2 min

3D Ax SWI (or T2* GRE) 4 (2) min

Optional sequences

3D Sag SSFP (CISS, FIESTA…) 3 min

CSF flow study 4 min

3D ASL perfusion 4 min
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When it comes to the neurodegenerative MRI protocol, pulse sequences can be
grouped into 2. The first group is the standard “always on” or “mandatory” sequences
that should always be included under any circumstance. These will provide you
with the majority of information and usually will clue you into the right diag-
nosis. However, in certain cases, the “optional” sequences can yield some valuable
information you would not be able to obtain otherwise.

2.1 Standard Sequences

When interpreting the neurodegenerative brain MRI, the main workhorse sequence
is your 3D T1 weighted. Make sure you allocate enough time to acquire a high SNR
isotropic data, with good resolution (1 mm is ideal) and tissue contrast. This usually
means IR-prepped, spoiled GRE sequences (i.e. MPRAGE, BRAVO, etc.) (Fig. 1).
The acquisition plane is mostly a matter of preference, but make sure to order MPR
reconstructions in all neurodegenerative brain MRI studies and better yet, all brain
studies, to get a feel for normal, so you are confident when evaluating the abnormal.
Axial and sagittal MPR planes can be reconstructed in the usual manner (axials in
identical plane to 2D sequences, sagittals precisely parallel to the sagittal plane).
However, coronal MPRs should be reconstructed in two planes: perpendicular to a)
the AC-PC line and b) the long axis of the hippocampi. Reconstructing your coronals
parallel to the brain stem instead of perpendicular to the hippocampal long axis is also
acceptable as these two planes are closely aligned in most subjects. If your institution
uses a PACS viewer capable of working with volumetric data and real-time MPR,
that is even better and you can skip the in-console MPR reconstructions.

Axial T2 sequenceswill not play such a dominant role in diagnosis of dementias as
in some other brain MRI applications. T2 scans will be helpful in consulting FLAIR
findings due to their better resolution and SNR. Some studies also suggest higher
sensitivity of T2 scans to glial changes of thalamus and posterior fossa structures

Fig. 1 An example of a good quality 3D T1 BRAVO sequence, in 1 mm isotropic resolution.
Acquisition time was 4 min on a 3 T scanner. Any further increase in time acquisition and image
quality will have a dubious impact on diagnostic accuracy
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Fig. 2 Reduction of motion artifacts with a PROPELLER sequence. A healthy volunteer was
asked to intermittently move their head during both, T2 FSE and PROPELLER acquisitions. There
is noticeable reduction of motion artifacts with PROPELLER compared to standard FSE sequence

(1). The standard in brain imaging is to use T2 FSE/TSE sequences with Cartesian
readout. However, a thing to consider in suspected iNPH/neurodegenerative disease
patients is to use T2 acquisition with radial read-out, for instance PROPELLER,
BLADE, or MultiVane due to their intrinsic motion-correction (Fig. 2) (2). This is
because a s large proportion of patients with suspected neurodegenerative disorders
will have notable motion artefacts on the majority of used sequences. In case you
decide to implement these pulse sequence designs, keep in mind that susceptibility
and flow-related artefacts will be reduced, compared to classic Cartesian FSE/TSE.
All major vendors provide T2 sequences with radial read-out as standard options
preinstalled on their scanners.

T2 FLAIR sequences are best for assessing the amount and distribution of glial
changes in the brain, which are common in iNPH and many other neurodegenerative
disorders. They are also important for detecting cortical defects due to multi-infarct
dementias, which might be missed on regular T2, especially if small, as CSF and
gliosis have a similar signal intensity on plain T2 imaging. PROPELLER/BLADE
versions of T2 FLAIR are available as well and worth considering.

DWI output of modern MR scanners to PACS consists of three volumes: a DWI
image (also called trace image), an ADC map and a b0 image. A potential pitfall
when interpreting primary DWI images (i.e. trace images) is the so-called T2 shine
through artefact (arguably a misnomer1) where the apparent hyperintensity of the

1 Since diffusion trace images are formed from T2 images by modulating the signal by water
diffusivity in a given voxel, all signal in diffusion trace images is the residual T2 signal “shining
through”.
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DWI image is not due to true diffusion restriction but due to high T2 values of under-
lying pathology as DWI sequences are essentially modified, diffusion-sensitised T2
sequences. Therefore, any suspected pathology on DWI images should be correlated
with ADC maps, which contain diffusion information free of T2 effects. Occasion-
ally, ADCmaps show pathology even in cases where DWI images look normal. This
is called “T2-washout” and is seen, for example, in some cases of diffuse glioma
[1].

The third output from DWI sequence (along with DWI images and ADC maps)
is the b0 image, which is a non-diffusion weighted T2 SE-EPI image, potentially
useful when the MRI protocol did not contain any SWI/T2* sequences, as SE-EPI
images contain some amount of T2* weighting.

DWI is due to its fast readout resilient to motion artefacts; however, the same
mechanism causes DWI sequences to be anatomically distorted, most notably around
paranasal sinuses and skull base. The main role of DWI will be to rule out recent
ischemia especially in patients with signs of vascular dementia, and in this scenario,
these artefacts usually do not cause issues. When CJD is on the differential, however,
adding multi-shot EPI DWI (RESOLVE, MUSE) to your protocol is advisable, as
the above-mentioned artefacts could make the physiological cortex appear unusu-
ally hyperintense mimicking pathology, or do the opposite—obscure patholog-
ical changes. The above-mentioned multi-shot EPI techniques reduce anatomical
distortion at the expense of increased imaging time.

Over recent years, susceptibility weighted imaging has made its way into
standard brain MRI protocols in many institutions. In the case of neurodegenera-
tive disorders, SWI comes in handy when evaluating for presence of hypertensive
encephalopathy, superficial siderosis or cerebral amyloid angiopathy. Faster alter-
native to SWI is a conventional 2D T2* GRE sequence; however, this comes at a
cost of spatial resolution and inability to reliably differentiate calcium deposits from
microbleeds [2].

2.2 Optional Sequences

As iNPH is a disease with compromised CSF flow dynamics, quantifying the flow of
CSF would seem promising. To do so a phase contrast CSF flow study sequence is
set up, with a slice perpendicular to the long axis of the aqueduct, with low velocity
encoding, lower than is usually done for MRI venography. However, in recent years,
scientific literature has become split on the actual utility of assessing the CSF flow
through aqueduct using phase contrast imaging. One should be very careful when
employing such technique and do so only after gaining enough experience by testing
the PC sequence onmanypatients, preferably also a non-neurodegenerative cohort, as
the absolute values of CSF flow through the aqueduct seem to be scanner-dependent
[3].
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Fig. 3 High-resolution and flow-sensitive 3D sequences. a) Flow-sensitive 3D T2 CUBE sequence
demonstrating vast flow-voids through the aqueduct and neighbouring ventricles due to hyperdy-
namic CSF flow in this patient with suspected iNPH. b) Patient with missing flow-voids through
the aqueduct on this flow-sensitive sequence due to its closure. Notice the presence of flow-voids in
prepontine cistern created by pulsations of the basilar artery, acting as an internal control. c) High-
resolution bSSFP image of the same patient as in “b)”, depicting an obstruction at the caudal end of
the aqueduct.Also notice less prominent flow-voids in the prepontine cistern on this flow-insensitive,
but high-res sequence

What seems to be a more reasonable option is to perform single 3D T2 flow-
sensitive acquisition (CUBE, SPACE) in the sagittal plane through themedian struc-
tures of the brain (Fig. 3). This should provide enough information on morphology
of the aqueduct, ventricles and all the ventricular foramina and also provide a clear
answer as to whether flow through these structures is present (comparable to PC CSF
flow study, [4]). Furthermore, presuming the same sequence parameters will be used
for each examination, it is also possible to subjectively quantify the flow through the
aqueduct based on the extent and intensity of flow-voids2 in the aqueduct and adjacent
ventricles. Depending on sequence parameters, hyperdynamic CSF flow (often seen
in the case of iNPH) will usually cause flow-voids to fill most of the third and fourth
ventricles. On the other hand, complete absence of flow-void through the aqueduct
strongly suggests aqueductal obstruction (6), e.g. due to a web. Modern scanners
come with an option called flow-compensation which decreases the conspicuity of
flow-voids, so make sure that this option is turned off to increase your sensitivity to
flow.

If the cause of obstruction is not clear, adding a high-resolution bSSFP sequence
(i.e. FIESTA-C, CISS) in sagittal orientation is helpful, as certain small structures,
such as aqueductal web or cyst wall might need resolution approaching 0.5 mm
isotropic in order to reliably visualise them.

Visualising cerebral metabolism was not a feasible option for non-contrast MRI
for a long time. In recent years, however, all major MRI vendors started shipping
their own version of arterial spin labelling pulse sequence, providing an option to
assess blood flow through individual parts of the brain, which in many studies seems
to be correlating nicely with FDG-PET [5]. However, as this is not yet a widespread

2 A phenomenon of flow-related signal loss in MRI, due to time-of-flight and spin-phase effects.
While disliked by some authors, the term “flow-voids” is in wide-spread clinical use, and for the
sake of conciseness, we will use the term in this book as well.
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clinical practice, one should exercise caution when interpreting these and become an
experienced ASL-reader before relying on them too heavily.

3 Nuclear Medicine Imaging

Nuclear medicine is an important adjunct in the diagnosis of neurodegenerative
disorders and can assess alterations of regional metabolism and perfusion which
are present in many neurodegenerative disorders. It is also possible to use specific
radiotracers to assess for integrity of dopaminergic pathways in suspectedParkinson’s
disease (so-called DaT scan) or to evaluate amyloid load in the brain (Amyloid PET
using tracers like Pittsburg substance B or Flutemetamol).

4 Computed Tomography

CT should not be used routinely for diagnosis of neurodegenerative disorders, except
in cases where MRI is contraindicated (e.g. claustrophobia, incompatible pace-
maker). Therefore, the majority of CT scans with findings suggestive of neurode-
generative disease are done for other reasons, for example, as part of the workup
for altered mental state, trauma or stroke. However, if CT is used, modern scanners
with their volumetric acquisitions can nicely depict volume changes present in many
neurodegenerative disorders, and if your PACS system contains thin slices (1 mm
or less), there is also a possibility of reconstructing those in any plane you wish. A
major advantage CT has over MRI is its relatively minimal sensitivity to motion, as
the majority of patients (even iNPH patients) can stay still for the few seconds during
which the brain CT is acquired.

5 Systematic Approach to Neurodegenerative MRI Reading

To ensure you extract the most information from the scan and do not overlook the
subtle findings that can be the only clue to the correct diagnosis, a systematic approach
is needed. This is even more important when evaluating neurodegenerative disease
on MRI as in this setting, hard signs are few and far between.

There is no single universally best systematic approach to reading any scan, and
so rather than going to great lengths about the approach itself, we offer a diagnostic
checklist in Table 2, and we recommend that you create a systematic reading routine
of your own based on this. The checklist is not comprehensive, instead it focuses on
findings important for neurodegenerative MRI assessment and therefore should be
used as an adjunct to your current, more general approach.
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Table 2 Diagnostic checklist for neurodegenerative MR reading

T1 Axial T2/FLAIR

– General brain morphology – Degree and distribution of WMH

– Atrophy? Focal/general – Signs of hydrocephalus/periventricular
edema

– Hydrocephalus? Ventricular width and shape – Flow void through aqueduct

– Obvious malacia – Sulci width and contents (i.e. blood in CAA)

– Basal ganglia signal intensity

– Shape of mesencephalon SWI/T2*

– Width of cerebellar peduncles – Amount and distribution of blooming
artefacts

– Superficial cortical siderosis?

T1 Sagittal – SWI hypointensity in precentral or other
gyri

– Antero-posterior gradient of sulcal widening

– Callosal bowing DWI

– Shape and thickness of corpus callosum – Signs of recent ischemia

– Width of pars marginalis of cingulate sulcus – DWI hyperintensity of cortex, thalamus, and
basal ganglia

– Shape and size of ventricles – ADC map abnormality

– Aqueductal width

– Shape and size of brainstem structures High-res sagittal SSFP through midline
(FIESTA, CISS)

– Mammillary bodies – Patency of aqueduct

– Temporal lobes, hippocampi, amygdalae – Foramina of Monro, Magendie, and
Luschka

– Silvian fissure width – Shape of the third ventricle

– Cerebellar atrophy – Distention of supraoptic, infundibular,
pineal, and suprapineal recesses

T1 Coronal, perpendicular to AC-PC line Flow-sensitive sagittal T2 sequence through
midline (SPACE, CUBE)

– Sulcal crowding at vertex – Presence of flow-voids in aqueduct and
other foramina

– Callosal angle

T1 Coronal, perpendicular to long axis of
hippocampi

– Mesiotemporal lobe—hippocampus,
amygdala, parahippocampal gyrus

– Width of temporal horns, choroidal fissure

– MTA score, ERICA score
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6 Normal Ageing Brain

It is hard to diagnose any neurodegenerative disorder without having an idea of what
a normal ageing brain looks like. The following text therefore discusses the main
changes that occur as a person ages [6, 7] (Fig. 4, Table 3).

Volume changes mostly involve white matter, with relative preservation of grey
matter volume.An exception to this is the volumeof the caudate nucleuswhich slowly
decreases with age. These changes cause symmetric enlargement of the ventricles,
the subarachnoid and perivascular spaces with age. The cerebellum can also lose a
bit of volume, especially from the posterior vermis.

White matter T2 hyperintensities (Fig. 5) (WMHs) are almost ubiquitous after
the age of 65. As a rough rule of thumb, one small WMH per decade of age is
acceptable and probably should not be interpreted as pathology. Also normal are thin
hyperintensities lining the ventricles, especially in the area of frontal horns (frontal
horn “caps”) and splenium of the corpus callosum. The transition point where “age-
appropriate” WMHs become a possibly significant pathology is extremely fuzzy,

Fig. 4 Ageing brain. Brain of clinically healthy 79-year-old individual showing generalised
atrophy, involving mostly gray matter with Evans’ ratio 0.3. Brain of a 40-year-old patient for
comparison on the right

Table 3 Normal findings in a
“successfuly ageing brain” Mild generalised volume loss, especially in the WM

Small and sparce WMH, about 1 per decade of age

Calcifications in globus pallidus

T2 linear hypointensities in visual, sensory and motor cortices
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Fig. 5 White matter T2 hyperintensities. With age, linear periventricular T2/FLAIR hyperintensi-
ties can develop, which are especially notable around splenium of corpus callosum (image on the
left). Image on the right shows a 62-year-old patient with few WMH in centrum semiovale. One
small WMH per decade is acceptable. No more WMHs were found elsewhere, and so this finding
can be considered appropriate for age

and there is large overlap between “normal” brain and brain that is possibly affected
by small vessel disease, for example. In a normal brain however, WMHs will not
enhance and will not show diffusion restriction on DWI. If these are present, think
of a recent ischemic lesion first.

SWI/T2* hypointensities in the globus pallidus are caused by calcium deposi-
tion and are normal in patients above 40 years of age. Sometimes they can be quite
striking even in otherwise healthy elderly individuals and should not be mistaken for
Fahr disease [8]. They can also be nicely seen on CT as hyperdense calcium-density
clusters in the globus pallidus.

On DWI, ADC values of otherwise normal appearing white matter will slowly
increase with age. Also, after the age of 50, DWI signal intensity in motor, sensory
or visual cortices might differ from surrounding grey matter, but this is only due
to age-related iron deposition in the cortex of these areas, which influences the T2
component of DWI signal, causing it to be more hypointense then cortex elsewhere
[9]. This phenomenon is sometimes referred to as “T2 black lines” and can be also
appreciated on SWI and to a lesser extent on regular T2 FSE images. It is important
not to mistake this finding for pathology, like superficial cortical siderosis (e.g. as
seen in cerebral amyloid angiopathy) or amyotrophic lateral sclerosis (where damage
to upper motor neurons manifests as decreasing signal on the SWI/T2* weighted
sequence) (Fig. 6, Table 3).
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Fig. 6 “T2 black lines”. B0 image taken from a DWI sequence (middle image) shows linear
hypointensity along the cortex of precentral gyrus in an elderly patient (arrow). Contrast this with
younger patient (on the left) in whom the “T2 black lines” are less prominent. These T2 signal
changes can cause the affected cortex to appear unusually hypointense on trace DWI images (right)
compared to neighbouring white matter. This is due to iron deposition and is a normal finding seen
with ageing. B0 images of DWI sequences are especially susceptible to these phenomena, but it can
be also seen on SWI or regular T2 FSE

7 Pathology

7.1 Alzheimer’s Disease

AD is strikingly common in populations above 60–70 years old, and therefore, it is
important to acknowledge this high pre-test probability even before looking at the
scan and actively search for its signs in any elderly individual. Despite the imaging
features of developedADbeing fairly specific, these patients often come for their first
scan before the diagnosis is obvious both clinically and radiologically. Therefore,
the role of MRI imaging is usually to a) detect signs favouring diagnosis of AD
and b) rule out other possible causes of dementia (like small vessel disease, post-
ischemic changes or iNPH), with the latter arguably being more important for the
further management of the patient. PET/CT, either with FDG or amyloid agents as a
radiotracer, tends to show specific abnormalities earlier in the disease course.

On MRI, the hallmark finding of AD is volume loss with mesiotemporal and
parietal predominance.

Mesial temporal atrophy involves most notably the hippocampi and parahip-
pocampal gyri, with subsequent widening of surrounding CSF spaces—temporal
horns of lateral ventricles, choroidal fissures and collateral sulci. These changes are
striking even relatively early in the disease course and are important to look for in any
elderly patient. In an attempt to diminish subjectivity in assessment, several visual
scoring systems have been developed, with the MTA score and ERICA score being
the most commonly used. They can be seen employed in both research and clinical
settings alike and their imaging features are listed in Tables 4 and 5.
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Table 4 MTA score

Assessing plane: parallel to long axis of brain stem, level of anterior pons

MTA = 0 No or minimal amount of CSF around hippocampus

MTA = 1 Slight widening of choroid fissure

MTA = 2 Mild enlargement of temporal horn, mild loss of hipocampal volume

MTA = 3 Markedly widened temporal horn and choroid fissure, moderate hipocampal atrophy

MTA = 4 Gross loss of hippocampal volume and structure

Cut-offs MTA ≥ 1 for patients 70 years or younger

MTA ≥ 1.75 for patients above 70

Table 5 ERICA score

Assessing plane: parallel to long axis of brain stem, at the level of mammilary bodies

ERICA = 0 Normal finding

ERICA = 1 Widening of collateral sulcus

ERICA = 2 Lifting of parahippocampal sulcus off of tentorium (“tentorial cleft sign”)

ERICA = 3 Gross loss of volume of entorhinal cortex and parahippocampal gyrus

Cut-offs ERICA ≥ 2

The MTA score was developed in the late 1990s [10] and relies on the volume
changes of the hippocampi themselves (Fig. 7, Table 4). As hippocampi shrink,
the surrounding CSF spaces (choroid fissure, temporal horns of lateral ventricles and
collateral sulcus) dilate. Dilation of these spaces is then assessed on MRI and an
MTA score between 0 and 4 is given for each side. Most concise studies average
the results for both hippocampi and/or give transitional (i.e. 1.5) scores for a single
hippocampus, and therefore, final results like 1.75 or 2.5 are often seen. Cut-off
values for diagnosis of AD vary with age, and different authors propose slightly
different values for different groups—with an impact on sensitivity and specificity.

One of the more practical cut-offs is the one proposed by Vanhoenacker et al.
[11]. They determined that the MTA score is suggestive of AD if ≥ 1 for patients
70 years old or younger and MTA ≥ 1.75 for patients above 70 years old. The
diagnostic accuracy of these cut-offs was 0.77 and 0.74, respectively. Of note is the
high 90% sensitivity in the above 70 cohort.

Although the MTA score focuses on hippocampi themselves, there is strong
evidence showing that entorhinal atrophy precedes hippocampal atrophy in the
AD pathogenic process [12, 13], and the volume of the entorhinal cortex is relatively
maintained in normal ageing. Also, increased size of ventricles with relative preser-
vation of hippocampal volume (which can happen for example in iNPH) can bias the
results of MTA scoring.

Realisation that the entorhinal cortex is one of the first structures affected by
AD led to the development of the ERICA score (Fig. 8, Table 5) [14]. The ERICA
score is calculated on coronal sections parallel to the long axis of the brainstem at
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Fig. 7 MTA score. MTA = 0 is found in normal ageing and shows minimal or no CSF around the
hippocampi. In MTA = 1, choroid fissures start to dilate. In MTA = 2, temporal horns of lateral
ventricles distend as well. In MTA = 3, hippocampal atrophy becomes obvious. In MTA = 4,
hippocampus undergoes marked atrophy and structure loss

the level of mammillary bodies, with possible values between 0 and 3. An ERICA
score of 2 or 3 was highly suggestive of AD, with sensitivity of 83%, specificity
98% and diagnostic accuracy of 91% in the initial study on 120 patients (60 AD and
60 non-AD). The diagnostic accuracy of MTA score in the same study was 74%.

The question then arises: what scoring system to use? Both are valuable as their
knowledge shines some light on the volume changes happening in different stages of
AD. According to some studies [15], the MTA score can be slightly more sensitive
(90% sensitivity in patients above 70, when using a cut-off MTA score of 1.75),
while ERICA is more specific to AD. Therefore, one would argue that in order to
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Fig. 8 Entorhinal cortical atrophy (ERICA) score. ERICA score 0 implies no entorhinal atrophy.
In ERICA = 1, widening of collateral sulcus can be seen. Main finding of ERICA 2 is elevation of
parahippocampal gyrus off tentorium. In ERICA 3, gross atrophy and structure loss of entorhinal
cortex can be seen

rule out AD, MTA is more useful, and ERICA will perform better when confirming
the diagnosis.

Another location of disproportionate atrophy is the precuneus,which can be nicely
assessed in the sagittal plane. The most consistent feature of precuneal atrophy is
widening of pars marginalis of cingulate sulcus and parieto-occipital fissure, but
widening of sulci within the cuneus itself may also be present. As is the case with
hippocampal and entorhinal atrophy, a visual rating scale for parietal atrophy has
been developed for parietal atrophy to enhance diagnostic accuracy—the posterior
atrophy score [16] (Fig. 8).

Importantly, parietal atrophy is not a prominent feature of FTLD, one of the
main diagnostic considerations during AD workup. In FTLD, temporopolar atrophy
may mimic the mesial temporal atrophy in AD, confounding the MTA and ERICA
scores. However, in FTLD, parietal atrophy is not dominant, and the relatively normal
volume of precuneus is in contrast to the atrophy of frontal and/or temporal lobes.
This can be nicely seen on parasagittal sections (Fig. 9).

In AD, volume changes in parietal and temporal regions will be preceded by
regional hypoperfusion on PWI and decreased uptake of glucose on FDG-PET. PET
using amyloid or tau agents shows abnormal uptake even earlier and can help differ-
entiate Alzhemier’s patients from LATE patients. Amyloid PETmight also be useful
in determining patients who would benefit from amyloid-targeted therapy.
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Fig. 9 FTLDvs.ADvs. iNPH:Asboth canpresentwith temporal and evenmesial temporal atrophy,
distinguishing AD and FTLD can be challenging. Parasagittal T1 sections can be extremely useful
in this setting. AD (centre image) will present with atrophy more pronounced in the parietal lobe,
while the atrophy in FTLD (left) will preferentially involve the frontal lobes. For comparison,
sagittal view of a patient with earlier signs of iNPH (right) is shown. In this case, instead of atrophy,
the dominant feature is the crowding of sulci, most pronounced around pars marginalis of cingulate
gyrus (the cingulate gyrus sign). Also note the bulging of the isthmus of corpus callosum—this is
a sagittal view correlate to narrow callosal angle

7.2 Limbic-Predominant Age-Related TDP-43
Encephalopathy

LATE is a common, most likely underdiagnosed entity, with up to 25% of patients
above 80 having LATE-associated neuropathological changes at autopsy [17]. It has
imaging findings very similar to AD, making it virtually impossible to distinguish
these two on conventional MR and CT scans. Making the matter worse is the fact
that AD and LATE often coexist.

Most patients with LATE will therefore manifest on imaging with temporopari-
etal volume loss, especially in mesial temporal and precuneal regions, just like
AD patients. Occasionally, signs favouring LATE can be seen. For instance, 1)
Hippocampal T2 hyperintensity (due to non-epileptogenic sclerosis), 2) more rostro-
caudal involvement of the amygdala and hippocampus (LATE tends to affect amyg-
dalasmore profoundly thanAD) and 3) somewhat asymmetric involvement ofmesial
temporal lobes.

However, arguably the most suggestive imaging feature of LATE is negative
amyloid PET, in a patient with suspected AD.

7.3 Posterior Cortical Atrophy

The most important finding that should raise suspicion of PCA is parietal and espe-
cially precuneal atrophy in a patient between 50 and 65 years old, in the correct
clinical setting. Milder atrophy can also be seen in the occipital lobes (25% of PCA
patients develop visual hallucinations) or temporal lobes. Importantly though, mesial
temporal lobes initially appear normal, and atrophy will be absent or dubious at best.
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Fig. 10 Parasagittal T1 images showing progressing amounts of precuneal atrophy. On top left
patient with no precuneal atrophy and thin pars marginalis of the cingulate sulcus, that is no wider
than the surrounding sulci (Koedam 0). Top right image showing increased width of pars marginalis,
but no obvious gyral atrophy (Koedam 1). Bottom left image shows mild gyral atrophy (Koedam
2), and image on the bottom right shows forming knife-like gyri in the precuneus (Koedam 3)

Similarly to mesiotemporal atrophy, several semiquantitative grading systems for
parietal atrophy exist, themost commonly used being the posterior cortical atrophy
score by Koedam et al. [16] (Fig. 10).

7.4 Vascular Disorders Causing Dementia

Vascular dementia encompasses all the causes of cognitive dysfunctionwhich result
from vascular brain damage. In the context of dementia of the elderly, virtually
all cases of vascular dementia are acquired, usually as a result of atherosclerosis,
arteriolosclerosis, thromboembolic disease or cerebral amyloid angiopathy. It is the
second most common cause of dementia, and the prevalence increases sharply after
55–60 years of age. Some authors [18] classify VD based on the exact aetiology,
which is helpful in terms of what imaging findings one should expect in the context
of VD.
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Table 6 Complications of
cerebral amyloid angiopathy Intracranial haemorrhage

– Microhaemorrhage in lobar and cerebellar distribution

– Macrohaemorrhage in the same distribution as above

– Subarachnoid haemorrhage, usually at the convexities

Cognitive impairment due to

– Ischemic leukoencephalopathy

– Microinfarcts and lacunes

– Lobar microhaemorrhages

– Subarachnoid haemorrhage (Amyloid spells)

Inflammatory complications:

– Inflammatory cerebral amyloid angiopathy

– Cerebral amyloidoma

Small vessel disease will manifest as large, confluent areas of gliosis in the
cerebral white matter and basal ganglia. Some authors suggest that at least 25% of
whitematter should be affected by small vessel disease-related gliosis (leukoaraiosis)
in order to qualify for VD [19].

Leukoaraiosis can be combined with foci of lobar haemorrhage on SWI/T2*
sequences, which in a normotensive elderly patient is highly suggestive of cerebral
amyloid angiopathy. CAA results from the deposition of amyloid protein in the
walls of small- to medium-sized cortical, subcortical and leptomeningeal arteries.
CAA can cause both ischemic and hemorrhagic complications, which are shown in
Table 6. Importantly, all of these manifestations will have predilection for the more
superficial regions (lobar, cortico-subcortical, and in case of SAH even the brain
surface) as these are preferential areas of amyloid deposition.

The main imaging feature of CAA is the presence of the above-mentioned SWI/
T2* blooming hypointensities (Fig. 11) in the periphery of cerebrum and cere-
bellum, which is in contrast to hypertensive encephalopathy, whose microhemor-
rhages are distributed mostly in the basal ganglia, brainstem and sometimes in the
cerebellum also. In addition, CAA can present with superficial cortical siderosis
(Fig. 11)—deposits of hemosiderin along the brain surface due to recurrent subarach-
noid haemorrhage. In rarer cases, these signs can be accompanied by subcortical
white matter vasogenic edema, which in a patient with established or suspected
CAA is suggestive of Inflammatory cerebral amyloid angiopathy. Importantly, CAA
often coexists with AD.

Post-stroke dementiawillmanifest as regions of encephalomalacia and/or gliosis
with size and location corresponding with the features of the patient’s dementia. In
these cases, it is essential to consult DWI and ADC maps to rule out possible recent
ischemia. Also, in case ofmultiple smaller infarctions inmultiple vascular territories,
consider the possibility of recent embolic shower, as this might have a major impact
on further management.
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Fig. 11 Cerebral amyloid angiopathy on SWI. SWI showing peripheral blooming hypointensities
(on the left) and superficial cortical siderosis (on the right). In normotensive elderly patient, these
findings are highly suggestive of CAA

Fig. 12 Artery of percheron territory infarct. Image on the left showing symmetrical subacute
infarctions in ventromedial thalami. CT angiogram (right) shows a stub of percheron artery arising
from the P1 segment of the left posterior cerebral artery. Patient presented with confusion and dizzi-
ness, subsequent neurological evaluations uncovered a combination of anterograde and retrograde
amnesia. Imaging and clinical findings classic for the infarction of the artery of percheron
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Combination of small ischemic regions onDWI/ADC and foci of haemorrhage on
SWI/T2* indicates the possibility of vasculitis (both primary CNS or systemic) or
disseminated intravascular coagulopathy, which can take a more chronic course
with possible acute exacerbation. Imaging of vasculitis is especially of note, since at
the time of writing this book, excellent results are being reported when employing
vessel wall imaging sequences in diagnosing vasculitis and other vascular disorders
of the CNS [20].

Thalamic dementia is usually a result of bilateral thalamic disorders, i.e. due
to small vessel disease, stroke (either sequential or as an occlusion of artery of
Percheron) [21] ormetabolic disorders (Wernicke-Korsakoff, osmotic demyelination
syndrome). Beware that FLAIR sequences are relatively insensitive to glial changes
in the posterior fossa and thalamus, and these structures should be always thoroughly
interrogated on T2WI as well, and otherwise up to 50% lesions might be missed,
according to some studies [22] (Fig. 13).

Vascular dementias can also occur in the younger populations (i.e. < 50), and in
such cases, inherited causes like CADASIL, CARASIL, Fabry disease and others
should be considered.

Glial changes can be semiquantitatively rated using Fazekas score (Table 7) [23],
which rates separately periventricular and deep white matter (Fig. 13, Table 7).

Fig. 13 White matter hyperintensities. Glial changes of deep white matter of varying degrees.
These could be rated (from left to right) Fazekas 1, 2 and 3, respectively

Table 7 Fazekas score
Grade Periventricular WM Deep WM

0 Absent Absent

1 Frontal horn caps, pencil-thin
lining

Punctate foci

2 Smooth halo Beginning
confluence

3 Irregular signal extending to
deep WM

Large confluent
WMH areas
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Table 8 Causes of vascular
dementia and their main
imaging features

Small vessel
disease

Confluent WMH in deep WM and
periventricular distribution

CAA SWI/T2* blooming lesions in lobar
distribution

Post-stroke
dementia

Malacia and gliosis in the area of former
stroke

Chronic DIC Diffuse foci of bleeding and ischemia

Vasculitis Diffuse foci of bleeding and ischemia,
vessel wall thickening

Thalamic dementia Bilateral thalamic gliosis and/or malacia

7.5 Parkinson Disease and Lewy Body Dementia

A challenging diagnosis to make on conventional MRI, to say the least, the main
role of MRI in the diagnosis of PD and LBD is to rule out other possible causes of
parkinsonian clinical presentation, i.e. PSP, CBD or MSA. Although rare, these are
seen in regular clinical practice and often have fairly specific imaging features.

Imaging features of PD, LBD and its variants are often fairly unremarkable,
showing only mild generalised atrophy, which may be more noticeable in fron-
totemporal regions; however, mesial temporal lobes will be spared of major atrophy
unlike inAD.Currently a promising imaging sign is under investigation—the “absent
swallow tail sign” (Fig. 14) on SWI images. Some preliminary studies show up to
90% diagnostic accuracy for PD and LBD [24], but certain other studies failed to
reproduce the results, struggling to find any meaningful association between the sign
and PD or LBD [25, 26]. Further investigation is therefore needed before this sign
enters regular clinical practice, and even then, it will be most likely confined only to
7 T and some 3 T MR systems. An alternative to this approach might be quantitative
susceptibility mapping [27].

PWI can be also helpful, showing frontotemporal, and especially occipital hypop-
erfusion, which can be easily remembered due to the notorious association of LBD
with visual hallucinations. The above-mentioned perfusion changes form the so-
called cingulate island sign, where relatively normal perfusion values of the poste-
rior cingulate on sagittal reconstructions contrast with hypoperfusion of occipital
and frontal lobes.

However, themost established imagingmethod for evaluating Parkinson’s disease
is the nuclear medicine dopamine transporter (DaT) scan, which shows dramatically
decreased uptake in the striatum (Fig. 14).
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Fig. 14 Normal DaT scan.
DaT scan showing normal
uptake in striatum. This
comma-shaped pattern is lost
in patients with Parkinson’s
disease and instead is
replaced by period-shaped
uptake

Fig. 15 Swallow tail sign. In a healthy individual on SWI images, the posterior third of otherwise
hypointense substantia nigra is split into two, reminiscing the tail of a swallow. In PD, the hyperin-
tense part of the posterior third of substantia nigra (which houses nigrosome-1) will undergo iron
deposition andwill turn isointense with the rest of the substantia nigra, effectively losing the appear-
ance of the swallow’s tail. In this image of a healthy individual, you can see normal swallow tail
appearance of substantia nigra, especially on the right. Asymmetricity of findings is common and
can possibly be one of the reasons behind the bad reproducibility of studies investigating swallow
tail sign
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7.6 Frontotemporal Lobar Degeneration

Frontotemporal dementia is the most common cause of early onset (<65 years)
dementia, with several distinct gene mutations associated with individual clinical
subtypes. The more specific findings of individual FTLD subtypes are noted in Table
9.

The key to imaging diagnosis of FTLD is in the name—expect atrophy in frontal
and/or temporal lobes, symmetric or asymmetric based on the subtype. In some less
common subtypes, parietal, fronto-opercular, caudate or even generalised atrophy
may occur as well. Expect T2/FLAIR hyperintensity in the areas of severe volume
loss as a sign of gliosis [28].

Unlike in AD, the parietal lobe will usually be relatively spared of atrophy,
which is a helpful clue to differentiate these two entities (Figs. 16 or 9).

Nuclear medicine may be helpful in distinguishing FTLD from other causes of
dementia. FDG-PET and HMPAO-SPECT will show hypometabolism and hypop-
erfusion, respectively, before the involved areas will undergo eventual atrophy.
Amyloid PET will assess the possibility of AD.

FTLD is also associatedwith other neurodegenerative disorders, most importantly
PSP, CBD and ALS. These can occur in the same individual suffering from FTLD or
can be an important clue in a family history. Checking for specific imaging findings
of these disorders is a must in any patient with suspected FTLD. The main findings
of ALS are T2 hyperintensity along the corticospinal tracts (better seen on FLAIR),
and hypointensity of the precentral gyri on SWI maybe even T2* sequences. PSP
and CBD are discussed separately in this text later on.

Table 9 Patterns of atrophy
in frontotemporal lobar
degeneration

Behavioural variant FTLD Bilateral frontal lobes

Semantic variant of PPA Left temporal lobe

Non-fluent variant of PPA Left frontal operculum and
insula

Logopenic variant of PPA Left temporal lobe, parietal lobe

FTLD-FUS Bilateral caudate nuclei

FTLD-TDP due to GRN
mutation

Right frontal, temporal and
parietal lobes

FTLD-TDP due to C9orf72
mutation

Generalised atrophy, possibly
sparing occipital lobes

FTLD-tau due to MAPT
mutation

Bilateral temporal lobes

Adapted from [28]
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Fig. 16 FTLD.T1w image on the left showing frontal atrophy contrastingwith relative preservation
of volume in precuneus and around parsmarginalis gyrus cinguli. Findings suggestive of behavioural
variant of FTLD. On the right a coronal T1w image of a patient with semantic variant of primary
progressive aphasia, showing striking asymmetric atrophy of the left temporal lobe

7.7 Progressive Supranuclear Palsy

Diagnosing patients with PSP can be challenging, and therefore, the patients will
often go on to develop classical MRI findings before the diagnosis of PSP is made.
In the literature, there are many (subjective) signs, the most notorious being the
hummingbird sign. Contrary to the popular belief, it does not refer to brain stem
taking on the shape of the hummingbird on sagittal sections (as with a little bit of
fantasy every brainstem looks so), but instead it refers to the concavity of the upper
aspect of the midbrain, which should usually be flat or convex [29]. This concavity
(“forehead” of the hummingbird) is a sign of advanced midbrain atrophy, which is a
hallmark finding in PSP. Still, calling a hummingbird sign should be done with great
care as it is a subjective marker, and its presence should mainly raise a suspicion
for midbrain atrophy and prompt a search for some other signs of neurodegenerative
disease.

There are two major indexes that can be used when diagnosing PSP on imaging.
The first and arguably more useful is the midbrain-to-pons area ratio [30, 31],
which can be easily measured on the majority of PACS viewers and all workstations,
simply by drawing out the outlines of pons and midbrain and dividing the areas of
the former with the later. Normal values are around 0.25, with values around and
under 0.12 strongly suggestive of PSP in the correct clinical setting. Also important
to note is that midbrain atrophy can be the result of other pathologies (i.e. cerebral
peduncle atrophy due ischemic stroke in the motor areas) and many patients with
iNPH have midbrain-to-pons area ratio between 0.15 and 0.20 (Fig. 17).

Another, more recent (and more complicated) approach is the MRI parkinsonism
index (comes in 2 iterations, the more recent was introduced in 2018), which claims
to improve diagnostic accuracy in distinguishing PSP patients from PD patients and
healthy controls (accuracy of 99.5% and 100%, respectively) [32] (Fig. 17).
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Fig. 17 Midbrain-to-pons area ratio. Patient with profound atrophy of mesencephalon (middle).
Measurement method of midbrain and pons area is shown on the left—contours of midbrain and
pons are delineated using freehand ROI tool—majority of modern PACS viewers should then be
able to calculate the area of the drawn ROI. Normal appearing mesencephalon for comparison on
the right

7.8 Multiple System Atrophy

According to the 2008 consensus paper [33],MSA is divided into twomajor subtypes:
MSA-C with predominance of cerebellar symptoms and MSA-P with predomi-
nance of parkinsonian symptoms. Being familiar with this division is useful, as
the pathology on imaging is in the expected locations for the respective variant.

MSA-C will present with T2 hyperintensities in middle cerebellar peduncles
and in pons, where the hyperintensities form the so-called hot cross bun sign.
However, keep in mind that the hot cross bun sign refers exclusively to T2 hyperin-
tense cross on the background of darker pons, as with a little bit of fantasy the inverse
(dark cross on less dark pons) can be seen even in normal individuals.

MSA-P signs are usually more subtle, usually consisting of T2 hyperintensities on
the putamen/external capsule interface (suggestive of diagnosis on 1.5 T, but possibly
a normal finding on 3 T) or T2* hypointensity of the putamen itself (due to high iron
deposition) [34].

A DaT scan may be helpful in ruling out PD (Fig. 18).

7.9 Corticobasal Degeneration

The hallmark of CBD is asymmetric cortical atrophy, more severe on the side
contralateral to the clinical symptoms. The most affected location tends to be the
superior parietal lobule, and the atrophy thenwaneswith distance from this location
(Fig. 19). This pattern of atrophy will usually be accompanied by T2/FLAIR hyper-
intensity of the affected gyri, secondary expansion of the adjacent lateral ventricle
and atrophy of corpus callosum, especially its body. Involvement of basal ganglia
manifests as atrophy, T2 hyperintensity or both [35].
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Fig. 18 T2 hyperintensity in MCP, consistent with the diagnosis of MSA-C

Fig. 19 Corticobasal degeneration. Asymmetric parietal atrophy, which less severely also involves
surrounding areas of frontal and temporal lobes. Atrophy of corpus callosum can also be appreciated
on sagittal T2 (on the right)

7.10 Autoimmune Encephalitis

AIE, also known by its former name as limbic encephalitis, consists of two major
entities with regards to its aetiology, epidemiology and prognosis—paraneoplastic
and non-neoplastic AIE.

Paraneoplastic AIE (Fig. 20) is a complication of an underlying tumour, and
therefore, its epidemiology and age of onset will correlate with those of the causative
tumour. The more common tumours causing AIE include small cell lung cancer,
lymphomas or ovarian tumours. In these cases, neurological symptoms precede
tumour detection on average by 6–12 months [36]. Therefore, suspected AIE should
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Fig. 20 Autoimmune encephalitis. T2/FLAIR hyperintensity in medial temporal lobes, accompa-
nied by patchy enhancement post-gadolinium. These findings are suggestive of AIE and should
prompt search for possible underlying malignancy

prompt immediate oncological screening, since tumour removal can stop or even
reverse the disease progression.

Non-neoplastic limbic encephalitis is usually seen in younger female patients,
often in the context of other autoimmune disorders.

Imaging features of AIE are varied, and 40%of patients may have normal imaging
findings [37]. In the case of positive MRI findings, the most common include T2/
FLAIR hyperintensities in mesial temporal lobe, thalamus and insula. Patchy
enhancement of involved areas can be seen. In case of diffusion restriction or signs
of haemorrhage of the involved areas, think of HSV encephalitis instead, but the
disease course is usually vastly different.

AIE can be accompanied by autoimmune myelopathy as well, which presents
with longitudinally extensive, tract-specific, and symmetric T2 hyperintensites
in the spinal cord (Fig. 21). AI myelopathy can occur also on its own, without AIE
[38].

7.11 HIV Encephalopathy

HIV encephalopathy is a term used for a spectrum of imaging findings of HIV-
associated dementias [39]. The main imaging findings are diffuse, asymmetric cere-
bral atrophy, out of proportion considering the age of the patient, and symmetric,
confluent periventricular T2/FLAIR hyperintensities of the white matter. In the
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Fig. 21 Paraneoplastic
myelitis. T2* section at the
level of cervical spine shows
symmetric T2 hyperintensity
contained to lateral
collumns—corticospinal
tracts. These changes were
present along the whole
length of the imaged
segment. Longitudinally
extensive, tract-specific
myelopathy is highly
suspicious for paraneoplastic
myelitis

setting of progressive disease, both clinically and radiologically, consider the possi-
bility of progressive multifocal leukoencephalopathy or immune reconstitution
inflammatory syndrome.

7.12 Creutzfeld-Jakob Disease

CJD is a rapidly progressive neurodegenerative disorder, with life expectancy less
than a year after the symptom onset. There are several types with possibly different
imaging findings [40]. The most common MR findings include DWI hyperintensity
of the cortex, striatum and thalamus, where the famous hockey stick sign can be
seen. Of note is the fact that ADC values vary based on the disease stage and that
the perceived DWI hyperintensity is a combination of T2 and ADC abnormalities in
the image.

7.13 Other Less Common Causes of Cognitive Decline

What follows is the “notable mentions” section where we will briefly discuss entities
which might present with dementia symptoms, but will usually be off the table in
differential diagnosis by the time the possibility of iNPH is raised—either because of
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the disease course, patients age or known comorbidities. However, they might still be
worth considering especially when a patient’s precise medical history is unknown.

Chronic Subdural hematomas usually present in the setting of trauma, however,
up to 15% of patients (especially elderly) will have no definite history of a traumatic
event. Majority of patients will have altered mental state, and in up to 50% of cases,
pupillary abnormalities might be seen [41]. Diagnosis is usually made on CT, which
nicely depicts crescentic extra-axial fluid collection, with densities correlating with
age of the bleeding. Signs of acute-on-chronic SDH include hyperdense gravity-
dependent sediment in otherwise hypodense SDH or septated SDH with areas of
acute, hyperdense blood. Watch out for swirly appearance of the SDH contents of
various densities, which is concerning of hyperacute bleed.

Brain tumours can have varying presentations from focal signs to neuropsychi-
atric symptoms or seizures. The most common brain tumours include meningiomas,
gliomas and metastases.

Post-radiation necrosis is seen in the context of radiotherapy due to intracranial
tumours and can present months, years or even decades after the cessation of radio-
therapy. Imaging is variable based on the stage of the process and may include
large confluent white matter T2/FLAIR hyperintensities due to leukoencephalopathy
or vasogenic edema, areas of blooming on T2*/SWI due to microangiopathy of
radiation-induced vascular malformations or even tumoriform enhancement on
post-gadolinium T1WI.

Abscesses will manifest as single (69% of patients) or multiple lesions, usually
in a supratentorial location (90%). The main imaging findings include peripheral
enhancement, usually smoother than in case of necrotic tumours, low ADC values of
liquefied centre and dual rim sign (Fig. 22). Beware that only 12% of patients have
the classic clinical triad (fever, headache and focal neurologic signs) and normal
white blood cell count can be found in up to one third of patients [42].

Demyelinating disorders will usually present in a younger population than iNPH,
but occasionally can be seen in the elderly as well. Somewhere between 3 and 12%
of MS patients are diagnosed after the age of 50 [43] but only less than 1% are

Fig. 22 Cerebral abscess. Centrally necrotic lesion with ring enhancement on post-contrast T1w
(a) dual ring sign on T2w (b) and with diffusion restriction on DWI/ADC [1, 2]
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Fig. 23 Tumefactive demyelinating lesion. A 57-year-old female patient presentingwith decreased
psychomotor speed and hemineglect. Initial MR (a–c) shows T2 hyperintense lesion located mostly
in parietal and occipital lobes, with discontinuous peripheral enhancement and decreased rCBV on
PWI. On a follow up scan 7 months later, atrophy and gliosis is evident in the former distribution
of TDL

diagnosed after the age of 60 [44]. Acute disseminated encephalimyelitis can also
occur after the age of 65 [45].

Caudate atrophy is a hallmark of Huntington’s disease, but recognising this
feature is not easy using plain visual assessment alone. Morphometry might be of
help, but if your institution lacks the appropriate software built-in into your PACS,
there are two proposedmeasurements that canmake the diagnosis of caudate atrophy
less subjective (Table 10). However, when applying these measurements, two things
are important to keep in mind. First is the fact that caudate atrophy is not specific
to Huntington’s disease [46]. And second, perhaps more important, is the fact that
studies establishing these measurements have been done on populations significantly
younger than what is usual with other neurodegenerative populations [47] and since
ventricles enlarge with age due to parenchymal volume loss, caudate heads move
farther apart, and these volume changes might confound these measurements (for
more information see section on normal ageing brain).

Table 10 Measurements
used in diagnosis of
Huntington’s disease

FH/CC ratio CC/IT ratio

Measurement plane Axial plane parallel to AC-PC line,
level of caudate heads

Normal values 2.2–2.6 0.09–0.12

Suggestive of HD < 1.8 > 0.16

FH/CC ratio Frontal horn width to intercaudate distance ratio.CC/
IT Intercaudate distance to inner table ratio
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8 Key Points

• Early in the disease course, the imaging features ofmany neurodegenerative disor-
ders are subtle. To detect and correctly interpret those, a dedicated, standardised
protocol is necessary.

• Structured MRI reading and reporting is recommended to increase the reliability
in detecting soft signs of neurodegenerative disorders. Active search for individual
signs is needed.

• Familiarity with normal age-related changes of the brain is important.
• Useful scoring systems exist, especially for mesiotemporal and parietal atrophy,

with established correlations with the appropriate pathological entities.

The most common neurodegenerative disorders include Alzheimer’s disease,
vascular dementia, frontotemporal lobar degeneration, Lewy body dementia and
iNPH. Deeper knowledge of morphological changes occurring in these disorders is
the most high-yield.
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Application of Machine Learning
Methods in NPH

Arnošt Mládek, Václav Gerla, Awista Zazay, and Ondřej Bradáč

Abstract Machine learning (ML) is the adaptation of data models using statistical
techniques. In the healthcare domain, the most common application of machine
learning is predictive medicine, i.e., determining the probability of whether specific
treatments will be effective for a patient based on various attributes and treat-
ment context. The vast majority of applications for machine learning and precision
medicine also require data, which the systems then learn using supervision. Arti-
ficial neural network (ANN) technologies have been successfully used in medical
research for several decades. They are commonly used to classify data to determine
the likelihood of a patient developing a particular disease. The complex tool of deep
learning (ML) with the ability to self-learn from incremental data is increasingly
applied, e.g., in radiomics or image data analysis, where it is used to detect clinically
relevant image patterns beyond what the human eye can perceive.
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AUC Area under the curve
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1 Introduction

Current computer-assisted neurosurgery research is based mainly on statistical anal-
ysis combined with practice guidelines and evidence-based research. However, these
approaches have various limitations such as the unsuitability to analyze nonlinear
parameters, impracticality for analyzing large datasets, and the possibility of human
bias [1]. Machine learning (ML) involves algorithms learning patterns in huge and
complex datasets generating useful predictive outputs at the required accuracy level.
The use of ML in neurosurgery has the potential to bring substantial improvements
in prediction and diagnosis. The application of ML algorithms to new large datasets
can also reveal novel trends and relationships that may have beneficial implications
for clinical practice in medicine [2].

2 Types of Learning Problems

The four main types of learning problems can be defined in ML: supervised,
unsupervised, reinforcement, and semi-supervised learning.

• Supervised learning trains algorithms with datasets that contain pre-labeled
outcomes for each case in order to solve prediction and classification problems.
Supervised learning algorithms include logistic regression (LR), naïveBayes (NB)
approaches, K-nearest neighbors (KNN), support vector machines (SVM), deci-
sion trees (DT), artificial neural networks (ANN),HiddenMarkovModels (HMM)
[3, 4], and others.

• Unsupervised learning uses unlabeled datasets and allows the algorithm to extract
features and patterns. A typical representative of unsupervised learning is cluster
analysis. Clustering is a learning exploratory technique that allows identifying
structure in the input data without prior knowledge of their distribution. The main
idea is to classify the objects based on a similarity measure where similar objects
are assigned to the same class [5].

• Reinforcement learning (RL) is learning by making and correcting mistakes that
optimize decision making based on stages [6]. The RL framework consists of an
agent that takes actions in a given environment. Those actions have an associated
immediate reward. The goal of the learning process is to maximize the long-term
reward, which is a function that depends on the sum of all the rewards that are
collected over time.

• Semi-supervised learning allows the use of non-labeled data in conjunction with
a small amount of labeled data aimed at improving the predictive performance
[7, 8]. This approach is usually used as an extension of various supervised or
unsupervised methods, e.g., semi-supervised Support Vector Machine (S3VM)
[9] or semi-supervised clustering algorithms [10].
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2.1 Feature Extraction End Selection

ML methods are not usually applied directly to the clinical datasets, and descriptive
features are extracted from processed signals, or images [11–14]. ML methods then
operate on these derived features. Basic types of features used in clinical practice are
statistical parameters (e.g., minimum and maximum values, mean values, standard
deviation, etc.) and clinical characteristics (e.g., age, weight, and medication). More
complex features include power spectral density (PSD), morphological features [15],
entropy- or fractal-based features, and others.

In some cases, ML algorithms can automatically derive features from input data
and work with them, e.g., deep learning (DL) protocols. However, these approaches
generally require extensive datasets to calculate the final prediction or classification
model. Therefore, it is often not feasible to use these advanced algorithms in clinical
practice.

A false assumption is that a large number of features would improve the discrim-
ination capabilities of a ML algorithm. In fact, by reducing the feature space vector
dimensional (feature selection), the ML provides more compact and easily inter-
pretable results. Thereby, the performance of the ML is improved and the speed of
the system increased [16].

2.2 Overview of ML Models

In the following text, we briefly outline basic principles of three selected ML
approaches that are often used in prediction and classification tasks.

Support Vector Machine

The essence of SVM can be described by four basic concepts [17]: 1) the separating
hyperplane that represents a straight line in a high-dimensional space that separates
objects as points into two classes, 2) themaximum-margin hyperplane that adopts the
maximal distance from any one of the given points, 3) the soft margin which allows
some data points to push their way through the margin of the separating hyperplane
without affecting the final result, and 4) the kernel function that projects data from
a low-dimensional space to that of a higher dimension where the data will become
linearly separable (Fig. 1).

SVMhas been successfully used to predict risk of cerebrospinal fluid shunt failure
in children [18], early recurrence of glioblastoma [19], detection of normal pressure
hydrocephalus (NPH) during a presymptomatic stage [20], motor outcomes, speech,
tremor, rigidity, bradykinesia, and akinesia [21].
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Fig. 1 The nonlinear classification by SVM. Illustration of the concept of treating the objects to
be classified as points in input space (left) and finding a hyperplane that linearly separates them in
higher dimensional space (right). The transformation β is referred to as the kernel function

Artificial Neural Networks

Thebasic building block of the artificial neural network (ANN) is the artificial neuron,
which is a digital construct that tries to simulate the basic behavior of a biological
neuron. An artificial neuron works in such a way that information propagates from
the inputs through the input weights and activation function to the output. ANNs
work with artificial neurons arranged in several layers (Fig. 2). The architecture of
the most advanced ANN (e.g., DL networks) can contain up to tens to hundreds of
such layers.

The main advantage of ANNs over conventional methods lies in their ability to
solve highly complex problems. However, ANNs are often criticized for their poor
interpretability, since it is difficult for humans to take the symbolic meaning behind
the learned ANN models.

Fig. 2 Schematic representation of ANN learning procedure. This approach is referred to as back-
propagation (BP) or backward propagation of errors. A BP algorithm is designed to test for errors
working back from the output to the input nodes
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Various ANN approaches have been successfully used in neurosurgery, such as
predicting patients who have lumbar spinal canal stenosis [22], idiopathic NPH [23],
pediatric ventriculoperitoneal shunt infections in children [24], and brain tumors [25,
26]. ANNs have also been successful in the prediction of intracranial pressure (ICP)
trends [27], beam orientation in stereotactic radiosurgery [28], and for brain ventricle
parcellation [29].

Decision Trees

Decision trees (DTs) are widely used classifiers because of their intelligible nature
that resembles human thinking [30]. DTs are constructed via algorithms that iden-
tify ways to split input data based on different conditions. DT performance is
highly competitive through the use of ensembles (a combination of multiple decision
trees). A top-ranked algorithm is eXtreme Gradient Boosting (XGBoost) (Fig. 3).
In XGBoost, the DTs are consecutively built and the algorithm tries to learn
from wrongly classified observations by adding a higher weight on them in the
subsequently built trees [31].

DTs approaches were used in predicting intraoperative and perioperative compli-
cations [32], surgical decision making in vestibular schwannoma cases [33], and in
the area of spinopelvic chordoma surgery [34].

Fig. 3 Schematic representation of eXtreme Gradient Boosting (XGBoost) algorithm
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2.3 Model Assessment

ForML applications, performance measurement is an essential task [35]. The perfor-
mance and reliability of ML algorithms can be measured and optimized by using
the following widely known diagnostic tests: confusion matrix, accuracy, preci-
sion, sensitivity, specificity, and F1 score. These metrics offer to optimize deployed
prediction and classification models.

In neurosurgery (or medicine in general), it is advisable to use the receiver oper-
ating characteristic (ROC) curve [36], which is defined as a plot of sensitivity as
the y coordinate versus 1-specificity as the x coordinate across different ML method
settings.

2.4 Limitations

Neurosurgical-based research has inherent limits because of several biases limiting
the adoption of ML in clinical research. The data are mostly based on subjective
impressions of surgeons. Bias could arise from the fact that surgeons who are more
exposed to neurosurgical ML can value it more positively than those who do not
routinely make use of it [37].

ML methods themselves also have their limits. They can often lead to so-called
under- and over-fitting (Fig. 4) [38]. Under-fitting is a scenario where a classification
model is too simple compared to the problembeing solved.Over-fitting is the opposite
of under-fitting, occurring when the model is overtrained or too complex. The key
problem also arises from the structure of the processed data. A learning algorithm
is trained on a set of training data, but then it is applied to make predictions on new
data points, which leaves the door open to the possibility of various errors [38]. This
phenomenon ismore noticeable on smaller datasetswheremodel performance cannot
be sufficiently verified. Various issues could also appear on imbalanced datasets
where the target class has an uneven distribution of observations (e.g., healthy versus
diseased classes have disproportionately different numbers of observations).

Fig. 4 Training data points plotted to show under-fitting, appropriate fitting, and over-fitting. The
red line corresponds to the separating hyperplane of the trained classifier
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The number of published ML studies in the field of neurological surgery is sky-
rocketing as the application of ML algorithms to new, large datasets can reveal novel
trends and relationships that may have beneficial implications for clinical practice
in medicine [1, 2, 35, 37, 39–41]. ML techniques can provide high-value predic-
tions without human intervention which may assist in making better decisions in real
time. They provide the convenience of setting many clinical features as inputs and
have the ability to analyze the data as a whole [1, 2]. The use of ML applications
to provide clinical decision support in neurological surgery is highly heterogeneous.
The densest cluster of research papers focuses on various topics in spinal surgery,
such as the preoperative evaluation, planning, and outcome prediction. The three
most widely applied algorithms are neural networks, logistic regression, and support
vector machines; neural network models frequently outperform other algorithms on
supervised learning tasks [2]. The following ML applications in the field of neuro-
logical surgery have been published: prediction of surgical satisfaction in patients
with spinal canal stenosis [39], beam orientation in stereotactic radiosurgery [28],
automated navigation system for deep brain stimulator placement [3, 4], brain tumor
classification segmentation [25, 26, 42], and decision support in critical care [43].
Please note that the listing is far from being complete. For a detailed overview of ML
applications in neurosurgery and in medicine in general, please consult the following
large-scale reviews [1, 2, 35, 37, 39–41, 44–48].

3 Lumbar Infusion Test-based Data

The purpose of the lumbar infusion test (LIT) is to assess the adequacy of CSF
compliance via the infusion of a fluid challenge (Fig. 5). A common measure deter-
mining whether patients are likely to be responsive to shunting is the resistance to
CSF outflow Rout (mmHg ml−1.min) [49] which is calculated as the pressure differ-
ence divided by the infusion rate [50]. There are various Rout cut-off points as there is
no threshold that is widely accepted. The Rout of 12 mmHg ml −1.min is considered
to be close to the sought-after value [51] and was used in our study [52] to label the
patients as LIT positive (Rout > 12 mmHg ml−1.min) or negative (Rout < 12 mmHg
ml−1.min).

In the work of Mládek et al. [52], the LIT protocol consists of three phases
(Table 1). Phase I represents the unperturbed ICP waveform. Phase II is the standard
LIT procedure during which the infusion pump is on until a new ICP steady state
is reached. Phase III characterizes the return to the initial values. During the LIT,
the patient’s ECG was synchronously monitored for time-locking ICP segmentation
procedure. The infusion rate was set at 1.5 ml min−1.

Sensitivity and specificity of the manually evaluated LIT ranges between 56–
100% and 50–90%, respectively [53, 54]. Nonetheless, it provides a helpful diag-
nostic tool to reveal the reduced cerebrospinal fluid (CSF) compliance indicative of
NPH [55–58]. The temporary external lumbar drainage (ELD) is superior to the LIT
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Fig. 5 Illustration of the LIT setup. Saline is administered by an infusion pump at a constant rate of
1.5 ml.min−1 into the subarachnoid space (blue arrows). The needle is connected via a fluid-filled
tubing system and a three-way stop cock to a disposable pressure transducer. The transducer is
electrically connected to a bedside monitor (green line), which displays ICP (green) and electro-
cardiogram (ECG) (red) onto a monitor and simultaneously relays the analog data through ADC to
a computer (gray analog and digital signal)

Table 1 Description of the LIT phases I–III. The mean phase lengths are in minutes

Phase Infussion pump Length (min) ICP trend Motive

1. Off 2 Steady Equilibration of the ICP waveform,
offset level

2. On 20 Increase Main phase, testing of CSF absorptive
capacity

3. Off 5 Decrease Testing of the recovery rate

in terms of positive predictive value (80–100%), sensitivity (50–100%), and speci-
ficity (60–100%) [55]. ELD yields the highest accuracy of shunt-responsiveness
prediction and is usually recommended for NPH diagnosis [59].

Currently, there is limited literature providing insight into ICP/CSF factors that
predispose individuals toward shunt responsiveness. Knowledge of new predictive
markers could contribute to NPH management. Therefore, we developed ML algo-
rithms to predict which patients are more likely to experience clinical improvements
after surgery. In our study [52], we analyzed ICPwaveforms recorded throughout the
LIT and extracted numerous signal features, rather than reducing the LIT outcome
to one number, Rout, which is usually done. We then developed ML algorithms with
the ability to reveal complex relations between the ICP signal features and the ELD
outcome to predict which patient is more likely to respond to CSF drainage.
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3.1 Design of the Study

The study group included 96 subjects that met selection criteria. Subjects were
classified as NPH (46) and non-NPH (50) according to the ELD outcome. Both
groups consisted of possible NPH patients, with the NPH group having positive
ELD (ELD+).

3.2 Data Processing and Feature Extractions

The calculated ICP features can be clustered into seven groups: temporal dynamics
based (F01–F11), integral based (F12–F13), nonlinear based (F14–F21), continuous
wavelet transform based (CWT, F22–F28), recurrence quantification analysis based
(RQA, F29–F40), heart rate based (HR, F41–F42), and ECG locking based (F43–
F48). For illustration of selected ICP features, see Fig. 6.

Temporal-dynamics-based features (F01–F11) describe the ICP waveform evolu-
tion in time. F01 corresponds to the Q0.99–Q0.01 quantile difference, which is
basically the ICP elevation throughout the infusion phase (phase II) of the LIT.
Utilization of quantiles instead of averages prevents artificial spikes that may bias
the results. Integral-based features (F12–F13) represent the area under the curve
(AUC, mmHg min) of a time normalized ICP and differ in the input signal only.
Nonlinear-based features (F14–F21) are routinely employed in signal processing to

Fig. 6 A. Illustration of the LIT recording, with colored boxes indicating the three phases. B. Detail
of the ICP inset. Top: ICP, middle: ICP time derivative (dICP), and bottom: ECG. C. Example of
ICP recurrent maps calculated from two NPH (top row) and two non-NPH (bottom row) patients.
D. Illustration of mean continuous wavelet transform (CWT) spectra for NPH (blue) and non-NPH
(orange) patients
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extract complex spatial and temporal patterns. An ICP signal reflecting the intricate
CSF dynamics is inherently non-stationary and nonlinear with a frequency spectrum
that is not consistent over time [60]. It is therefore reasonable to exploit nonlinear
analysis techniques to characterize ICP from this perspective. There are three types
of nonlinear ICP features used in the present study: a modified Shannon entropy (En;
F14, F15, F20), a logarithmic energy entropy (LogEn; F16, F21), and Higuchi fractal
dimension (HFD; F17-F19). Shannon entropy [61] is characterized by the degree of
uncertainty associated with the occurrence of the result and provides a measure of
signal disorder. Logarithmic energy entropy is a function of signal energy instead of
probabilities. Higuchi’s algorithm [62] represents an efficient and noise insensitive
method for calculating the discrete time series fractal dimension which quantifies the
signal’s complexity and self-similarity. CWT-based features (F22–F28) were calcu-
lated using the CW transform; a method of time–frequency analysis, which builds
on the classical short-time Fourier transform (FT). The wavelet transform Wψ of a
continuous signal f is defined as:

[
Wψ f

]
(a, b) =

+∞∫

−∞
f (t)ψ∗

a,b(t)dt =
+∞∫

−∞
f (t)

1√
a

ψ∗
(
t − b

a

)
dt

where ψ∗ is the complex conjugate of the mother wavelet, ψa, b
∗ is the complex

conjugate of the transform kernel, a represents the dilatation, and b is the time shift.
RQA-based features (F29–F40) originate in the recurrence quantification analysis
(RQA), a type of nonlinear data analysis which identifies the number and duration
of recurrences. Natural processes can have a distinct recurrent behavior such as
periodicity and irregular cyclicity. Moreover, the recurrence of states, in the meaning
that states become arbitrarily close after some time, is a fundamental property of
deterministic dynamical systems and is typical for nonlinear or chaotic systems. In
the RQA technique, the ICP waveform is represented in the form of a recurrent plot
defined as

Ri j = �
(
ε − ∥∥xi − x j

∥∥)
, i, j = 1, 2, . . . , N

where N is the number of the considered states, theta is the phase space trajectory,
ε is the threshold distance, ||...|| is the norm, and �() the Heaviside function. The
binary Rij matrix serves as an alternative 2D view of the ICP waveform from which
global features can be calculated: determinism (DET), trapping time (TT), entropy
(En), and laminarity (LAM). DET refers to the percentage of recurrence points which
form diagonal lines and is defined as:

DET =
N∑

l=lmin

l P(l) ·
(

N∑

l=1

= l P(l)

)−1
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where P(l) is the histogram of the lengths l of the diagonal lines. LAM refers to the
percentage of recurrent points that form vertical lines which can be calculated as
follows:

LAM =
N∑

v=vmin

vP(v) ·
(

N∑

v=1

vP(v)|
)−1

where P(v) is the histogram of the lengths v of the vertical lines. TT represents the
length of the vertical recurrence plot lines:

TT =
N∑

v=vmin

vP(v) ·
(

N∑

v=vmin

P(v)|
)−1

The Shannon entropy of the probability distribution of the diagonal line lengths
p(l) is defined as:

En = −
N∑

l=lmin

−p(l) In p(l).

Dimension (dim) and delay time (tau) parameters for the phase space construction
were set based on the dataset estimates to 3 and 8, respectively.

ECG R-wave positions were used to calculate both the heart rate mean (F41) and
median (F42). In the ECG locking-based features (F43–F48), ECG R-waves were
used to segment the ICP into one cardiac cycle intervals.

3.3 ML Models and Parameters

In the study [52], the performance of the following eight MLmodels implemented in
the Scikit-Learn Python library [63] was put to test: Random Forest (RF), Logistic
Regression (LogReg), GaussianNaïveBayes (GaussNB) [46], Support VectorModel
(SVM), Adaptive Boosting (AdaBoost), Extra-trees (ExtraTrees), Gradient Boosting
(GradientBoost), and eXtreme Gradient Boosting (XGBoost).

By default, the recommended ML model parameter values were used. Also, the
suitability of parameter settings with respect to the solved task were checked and
selected parameters were adjusted accordingly (Table 2). The hyperparameter opti-
mization (HO) of ML models was not used. Even though the HO procedure might
further improve the nominal accuracy of the classification, it can be at the expense
of the actual model performance due to over-fitting. In addition, HO in combina-
tion with two nested cross-validations (CVs) could be extremely computationally
demanding.
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Table 2 Parameter values of used ML approaches

ML model Class in scikit-learn library Parameters setting

RF sklearn.ensemble.RandomForestClassifier *

LogReg sklearn.linear_model.LogisticRegression *

GaussNB sklearn.naive_bayes.GaussianNB var_smoothing = 1e-11

SVM sklearn.svm.SVC dual = false

AdaBoost sklearn.ensemble.AdaBoostClassifier learning_rate = 0.2

ExtraTrees sklearn.ensemble.ExtraTreesClassifier max_depth = 6

GradientBoost sklearn.ensemble.GradientBoostingClassifier learning_rate = 0.2

max_depth = 6

XGBoost xgboost.sklearn.XGBoost learning_rate = 0.2

max_depth = 6

For all remaining unlisted parameters, recommended values were used
*The algorithm uses the recommended values of all parameters.

3.4 Cross-Validation Scenario

In the study [52], two nested cross-validations were utilized. An inner-stratified
fivefold CV was used in a Sequential Forward Selection (SFS) algorithm. In SFS,
the features were sequentially added according to its highest contribution to the
chosen criterion; the classification mean accuracy over all CV cycles was applied in
this case.

An outer Leave-One-Out Cross-Validation (LOOCV)was applied tomake predic-
tions on data not used to train the model. In LOOCV, each patient was chosen once
to be the test set and all remaining patients were used as a train set. The model
was trained N times, where N is the number of patients, and was validated on a
single patient. The result characteristics such as accuracy, sensitivity, specificity, and
AUC were averaged over all LOOCV cycles. This approach is a computationally
demanding procedure to perform, but it results in a reliable and unbiased estimate of
the ML model performance.

3.5 Study Results and Implications

Table 3 compares accuracies, AUCs, sensitivities, and specificities for all ML algo-
rithms developed. From these algorithms, the XGBoost classifier showed the best
discrimination potential with 80.2% accuracy, 0.887 AUC, 86.0% sensitivity, and
73.9% specificity when all 48 features are considered. The manual Rout-based clas-
sification displays significantly lower concordance with ELD outcomes with accu-
racy, sensitivity, and specificity of 62.5%, 62.0%, and 63.0%, respectively. Because
of its superior discrimination and balanced accuracy, the XGBoost classifier was
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selected for calibration and further testing. Figure 7 shows the detailed performance
of theXGBoost classifier. In terms of AUC (0.891), accuracy (82.3%), and sensitivity
(86.1%), the highest predictive potential was obtained for eight features (Fig. 7A–B).
Figure 7D shows the XGBoost model ROC curve when 1, 8, or all 48 features are
considered. The feature importance (Fig. 7E) indicates the most seminal predictors
for NPH/non-NPH discrimination, with relative importance ranking based on usage
frequency in the model. The calibration curve (Fig. 7F) indicates strong concordance
between the estimated and observed probabilities.

The principal feature with the highest feature importance (FI) is F01 (Fig. 7),
the ICP elevation in phase II, which is the unscaled Rout value. F01 is higher in
NPH patients (p = 1.4e−5, FI = 62), in line with the original principle of the LIT.
The remaining features, F02–F48, are difficult to interpret as they lack a clear clin-
ical correlate, and a physiological explanation is rather speculative. Despite often
being unexplainable, features F02–F48 enhance our XGBoost model to increase
the prediction accuracy by approximately 20% compared to the actual Rout-based
manual evaluation. This finding illustrates the greatest asset of the ML algorithms:
the ability to explore complex multidimensional feature space and reveal clinically
exploitable information hiddenwithin, otherwise unreachable via common statistical
techniques. Clearly, ML-based evaluation of the LIT cannot, at least for now, replace
ELD completely. Still, an in-depth LIT ICP analysis may reveal a subset of patients
that could be indicated for permanent CSF drainage.

The benefit of our ML model is illustrated in Fig. 8. While patients P1–P2 show
an easy-to-recognize ICP elevation typical for non-NPH and NPH diagnosis, P3–P4
represent the gray-zone patients. Unlike the Rout-based assessment which failed for
P3–P4, our ML model correctly predicted the ELD outcome in all patients P1–P4.

Table 3 Comparison of the AUCs, accuracies, sensitivities, and specificities of tested ML models

Model AUC Accuracy (%) Sensitivity (%) Specificity (%)

Rout NA 62.5 62.0 63.0

RF 0.707 68.5 72.0 63.0

LogReg 0.711 70.8 80.0 60.9

GaussNB 0.688 71.6 84.0 52.2

SVM 0.728 71.9 86.0 56.5

AdaBoost 0.707 75.0 84.0 65.2

ExtraTrees 0.817 76.0 82.0 69.6

GradientBoost 0.895 79.2 86.0 71.7

XGBoost 0.887/0.891 (8) 80.2/82.3 (8) 86.0/86.1 (8) 73.9/78.3 (7)

In XGBoost X/Y (Z): X refers to the performance obtained for all 48 features, Y represents the
highest performance obtained for optimal number of features, Z is the optimal feature number. NA:
not available
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Fig. 7 XGBoost model performance. A, B, and C: dashed red lines symbolize the performance
of Rout-based manual classification. D: ROC curves for 1, 8, and 48 features. E: Ranking the
calculated features according to their importance in the model. F: Calibration curve of the XGBoost
model. The dashed gray line denotes ideal calibration,which represents a perfect agreement between
probabilities predicted by the model and actual outcome probabilities observed in the underlying
data. Specifically, the predictions of a model whose calibration curve is closer to the dashed line
are better estimates of the actual probability of NPH/non-NPH status

Fig. 8 ICPmeasured during LIT of four selected patients P1–P4; non-NPH (orange: P1 and P3) and
NPH (blue: P2 and P4). While P1–P2 are representatives of patients where the manual Rout-based
classification correctly discriminates between NPH and non-NPH, P3–P4 illustrate those gray zone
patients in which Rout-based classification fails. Specifically, Rout of P3 and P4 is 13.8 and 7.3
mmHg ml−1.min, respectively, therefore assigning them to the opposite class. All P1–P4 patients
were classified according to ELD using our XGBoost ML model

4 Phase-Contrast MRI-Based Data

Our recent study [64] demonstrates that the DESH score lacks sufficient sensitivity
and specificity to be applied as a stand-alone diagnostic or prognostic marker for
iNPH. Our group has also tested the hypothesis that structural volume analysis can
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reveal specific patterns unique to iNPH patients [64]. Despite identifying several
interesting differences in structural volumes in iNPH patients, this method did not
reveal any signs that identify shunt-responsive patients. Diffusion tensor imaging
repeatedly showed changes in white matter [65, 66], but again the sensitivity and
specificity was not sufficient for this to be used as a standalone test.

The CSF flow void phenomenon observed in the cerebral aqueduct of iNPH
patients has led to interest in this region. Phase-contrast MRI allows for a detailed
measurement of various parameters of CSF motion [67]. These include aque-
ductal stroke volume and peak velocity measurements, with several studies showing
promising results [68–70]. However, some authors have stated that the examination
is technically demanding and machine dependent [71].

The aim of our study [72] was to evaluate the possible contribution of machine
learning algorithms in enhancing results of MRI flowmetry in NPH diagnostics. In
contrast to the previous published studies, we have looked at themethod from awider
perspective of all the available flowmetry features.

4.1 Design of the Study

The final study group included 30 iNPH patients who completed the study MRI
protocol. The same protocol was performed on 15 healthy controls. Subjects selected
for the control group were volunteers who did not display any classical symptoms of
iNPH. The data acquisition and processing algorithm is shown in Fig. 9. Technical
details regarding MRI acquisitions and image interpretation can be found in the
respective article [72].

Fig. 9 Diagram summarizing methodology of the study
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4.2 Feature Extraction

For each patient, seven CSF flowmetry vectors have been obtained directly from
the MRI: aqueduct area, peak positive velocity, peak negative velocity, average
velocity, positive flow rate, negative flow rate, and average flow rate. Each vector
is composed of 32 points evenly distributed along one cardiac cycle. To calculate
CSF flow features, 32 points of each vector were interpolated by a cubic spline.
The features of a given vector were calculated using the piece-wise smooth interpo-
lating function, and these features characterize the spline behavior. Altogether, the
phase-contrast MRI test provided 87 basic features.

4.3 Machine Learning Details

A set of 87 selected complex features were calculated for each patient (85 + age
and sex). The whole patient dataset was divided into training and testing parts by
the k-fold (k = 5) cross-validation (CV). We improve k-fold CV by using stratified
re-sampling, which ensures that the relative class frequencies (iNPH and control)
are sufficiently preserved in each fold according to the original class frequencies in
the full dataset. Stratified k-fold CV is useful for small and/or imbalanced datasets
(30 iNPH and 15 control patients in our case) [73]. Another improvement was the
repetition of the k-fold stratified CV process N times (N = 10), enabling an estimate
of the mean and standard deviation in a performance.

The following eight different state-of-the-art MLmodels were deployed using the
aforementioned robust CV design: Multilayer perceptron (MLP), Gaussian Naive
Bayes (GaussNB), Gradient Boosting Decision Tree (GBDT), Logistic Regression
(LogReg), Extra Trees (ExtraTrees), Random Forest (RF), XGBoost (XGB), and
AdaptiveBoosting (AdaBoost). The listed algorithms are implemented and described
in the Scikit-Learn Python library63 and were run in Python 3.8.

Due to better repeatability of the proposed solution, default settings of all algo-
rithms were used. Accuracy, sensitivity, specificity, receiver operating characteristic
(ROC), and area under the ROC curve (AUC) were used to compare performance of
all ML methods.

4.4 Study Results and Implications

Within the scope of phase-contrast MRI, all major parameters were inspected: peak
positive and negative velocity, peak amplitude, average velocity, aqueductal area,
and positive, negative, and average flow. Using the t-test for a direct comparison,
significant differences were found with p-values of less than 0.05 in 47 of the 85
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tested features. Many of the parameters are not easy to interpret. The most distinc-
tive parameters with a p-value of less than 0.005 were peak negative velocity, peak
amplitude, and negative flow.

Table 4 compares accuracies, sensitivities, specificities, and AUCs for all ML
algorithms developed. From these algorithms, the AdaBoost classifier showed the
highest specificity and best discrimination potential overall with 80.4 ± 2.9% accu-
racy, 72.0 ± 5.6% sensitivity, 84.7 ± 3.8% specificity, and 0.812 ± 0.047 AUC. The
highest sensitivity was 85.7 ± 5.6% reached by the GaussNB model, and the best
AUC was 0.854 ± 0.028 by ExtraTrees classifier. The final ROCs and calibration
curves for all ML models are presented in Fig. 10.

Table 4 Mean value and standard deviation of the accuracy, sensitivity, specificity, and AUC
computed over 10 CV repetitions

Model Accuracy Sensitivity (%) Specificity (%) AUC

Multilayer perceptron 72.0 ± 3.4 54.7 ± 5.6 80.7 ± 5.5 0.750 ± 0.048

Gaussian Naïve Bayes 73.8 ± 2.4 85.7 ± 5.6 73.3 ± 2.4 0.770 ± 0.009

Gradient boosting decision tree 73.8 ± 4.3 64.0 ± 3.7 78.7 ± 6.5 0.747 ± 0.064

Logistic regression 76.9 ± 4.0 65.3 ± 5.6 82.7 ± 4.9 0.808 ± 0.029

Extra trees 77.3 ± 1.9 73.3 ± 4.7 79.3 ± 4.9 0.854 ± 0.028

Random forest 78.2 ± 4.0 74.7 ± 5.6 80.0 ± 4.1 0.813 ± 0.027

XGBoost 79.6 ± 1.9 72.0 ± 5.6 83.3 ± 2.4 0.840 ± 0.037

Adaptove boosting 80.4 ± 2.9 72.0 ± 5.6 84.7 ± 3.8 0.812 ± 0.047

Individual models are sorted according to the resulting accuracy (from lowest to highest)

Fig. 10 ROC (left) and calibration curves (right) for all individualMLmodels. The dashed diagonal
line represents the performance of an ideal model, where the predicted outcome would correspond
perfectly with the actual outcome
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The importance of a feature by AdaBoost was computed as the normalized total
reduction of the criterion brought by that feature (the higher, the more important the
feature). It is also known as the Gini importance [63]. Feature importance differs
a lot from the significance counted with the chi-square test. No “major” feature
regardless of importance had any importance for the AdaBoost classifier, and the
most significant parameters played only a minor role in its computations.

Since MRI has become more broadly available, many scientists have had great
hopes in phase-contrast MRI, which seemed to promise the long anticipated
biomarker for selecting shunt-responsive iNPH patients [74]. Unfortunately, it has
become clear that phase-contrast MRI is not easy to interpret as its results vary
according to the MRI machine used [71]. This led to the fact that not many authors
really tested this method, and the literature on this topic is scarce. The current articles
focus on one or a few parameters of phase-contrast MRI. The most studied param-
eters are peak mean velocity and aqueductal stroke volume. The results are rather
controversial. There is a study by Tawfik et al. [69] which shows great results for
both parameters with a diagnostic accuracy of 92.5–93.3% for peak mean velocity
and 100% for aqueductal stroke volume. However, these results were not supported
by other authors. On the contrary, aqueductal stroke volume was identified as a poor
predictor of shunt responsiveness by Blitz et al. [75]. This unfavorable result was
also supported by other authors [76].

In the study Vlasak et al. [72], we have looked at all of the available parameters of
phase-contrast MRI examination. The flow curve is defined by seven vectors: aque-
duct area, peak positive velocity, peak negative velocity, average velocity, positive
flow rate, negative flow rate, and average flow rate. We have identified the three
most distinct parameters with a p-value less than 0.005 with direct comparison using
a t-test: peak negative velocity, peak amplitude, and negative flow. These findings
may be related to the increased ICP pulsatility in iNPH patients observed from inva-
sive ICP monitoring [77], while the altered negative flow and higher peak amplitude
observed on phase-contrast MRI in normal conditions could represent increased ICP
pulsatility observed in overnight ICP monitoring [78]. The results of ICP monitoring
on shunt response prediction in the literature vary [78–80], but the role of alteredwave
characteristics observed in our study with regards to prediction of shunt response has
yet to be clarified.

As stated above, machine learning approaches have already been successfully
utilized in medical research. To our knowledge, no machine learning approach has
been applied to enhance the results of CSF flowmetry. We have considered this
method beneficial, because some of the flowmetry features are difficult to inter-
pret as they lack a clear clinical correlation, and their physiological explanation is
rather speculative and under further investigation. Also, the importance of individual
features does not necessarily correlate with the p-values. Using this method, we
achieved a sensitivity of up to 85% and specificity of 84%. The best accuracy was
80%. The highest-performingML algorithm was the Adaptive Boosting. This model
showed a good calibration and discrimination on the testing data with 80.4% accu-
racy, 72.0% sensitivity, 84.7% specificity, and 0.812 AUC. Unfortunately, with the
wide variety of published results of phase-contrast MRI, it is not easy to make a
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direct comparison. Nonetheless, contrary to some papers [75, 76], our results show
the benefit of using the phase-contrast MRI method in distinguishing iNPH group
from healthy controls. However, we cannot confirm the results of Tawfik et al. [69].

The developed ML models were optimized for highly accurate prediction rather
than explanation. Thus, model parameters cannot be simply deployed for the purpose
of explaining the effect of individual features on the differentiation of iNPH and
healthy patients. Some of the frequently used ML models (especially ensemble-
based algorithms) allow the use of the optimization of hyperparameters. This could
further improve the performance of the ML models. This approach could be used
in the future if the dataset were enlarged. Further external validations of data from
multiple neurosurgical centers would be necessary before applying these approaches
in clinical practice.

5 Synopsis of Other ML Studies Dealing With NPH

5.1 MRI/CT-Based ML Studies

In 2014, Virhammar et al. [81] applied logistic regression models on various MR
imaging features with shunt outcome as a dependent variable. It was found that
a small callosal angle, wide temporal horns, and occurrence of disproportionately
enlarged subarachnoid space hydrocephalus were common in patients with iNPH
and were significant predictors of a positive shunt outcome.

A new method for automatically segmenting and labeling the ventricular system
of NPH patients was suggested by Ellingsen et al. [11]. Their technique named
RUDOLPH integrated a two segmentation approach: a patch-based tissue classifica-
tion method (S3DL, subject specific sparse dictionary learning) with a registration-
based multi-atlas labeling method (MALP-EM, multi-atlas label propagation with
expectation–maximization). This combination was shown to provide a robust
segmentation and labeling of the lateral, third, and fourth ventricles of the brain.
In comparison with other segmentation techniques, it demonstrated substantial
improvements in labeling the enlarged ventricles, indicating that the proposed
strategy may be a viable option for the diagnosis of NPH.

Benedetto et al. [23] described a novel, quantitative approach to assessing CT
images of suspectedNPHpatients. Their SILVER index represented a reliablemethod
to easily evaluateDESH; however, prospective clinical studieswere required to eluci-
date its effective role in the clinical assessment of the patients. A similar investiga-
tion has been conducted by Gunter et al. [13] from the Mayo Clinic. They created an
automated classifier for imaging characteristics of DESH.MRI data were parcellated
for CSF and overlaid with a database of > 100 sulcal regions. The CSF volume in
each region was then summed up and normalized. AUC values calculated for each
region individually then determined the ML model feature selection. The selected
regions were used to train the SVM classification model. In line with that, Shao
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et al. [29] proposed a modified a deep neural network-based method to perform
accurate ventricular parcellation, even with grossly enlarged ventricles, from MRI.
The proposed technique yields robust segmentation of the ventricular system and
provides more accurate results in cases of dilated ventricles.

A similar approach employing deep learning classification with a 3D convolu-
tional ladder network was used by Irie et al. [82] in order to differentiate patients
with NPH and Alzheimer’s disease (AD). The authors acknowledge that building
and training of a convolutional neural network without over-fitting was limited by
the small number of samples. To address this problem, a residual extraction phase
followed by a neural network classification was introduced. The group of Irie has
shown that the deep learning approach supplemented with the residual extraction
algorithm has the potential to discriminate between NPH, HC, and AD.

Rau et al. [20] developed aSVM-based classifier ofMRbrain images for automatic
detection of NPH patterns during a presymptomatic stage. The following anatomical
regions appeared to be seminal to recognize NPH pattern: the fourth ventricle, gray
matter and CSF volumes of caudate, the left basal forebrain, and the right parietal
operculum. Wu et al. [83] conducted a fine segmentation-based volumetric analysis
of MRI data and demonstrated its potential to reliably differentiate CSF drainage
responders from other patients with iNPH like as well as to predict neurological
outcome after shunting. A linear support vector machine was embraced into the
recursive feature elimination. The authors applied a class-weighting procedure to
address the disproportion in the size of responders and non-responders groups. It was
also shown that the classification accuracy significantly changes with the selected
segmentation granularity.

5.2 ICP-Based ML Studies

In 2006, Schmidt et al. [84] introduced a mathematical model in which ICP was
estimated using hemodynamic parameters (TCD characteristics) derived from arte-
rial blood pressure and cerebral blood flow. The proposed model uses fuzzy pattern
classification to identify clusters of the sample space; in each cluster a local ICP
estimator was defined. The calculated ICP is considered as a weighted sum of local
ICP estimations.

Calisto et al. [15, 16] developed and implemented an automatic system, which
extracts 20 morphological parameters and features of one ICP pulse wave (e.g.,
mean, absolute minima and maxima, leading edge slope, subpeak amplitude, etc.)
and provides with respective trends and statistics. The extracted parameters were
shown to correlatewith diagnosis, e.g., NPHpathology.A similar study usingWEKA
classification software was conducted by Galeano et al. [85].

In 2016, Nucci et al. [86] developed and trained an artificial neural network aiming
to assess the clinical status based on various morphological pulse pressure waveform
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patterns and compared it to well-known characteristics like outflow resistance, elas-
tance index, etc. The developed morphology based classification model estimates
the global ICP and its ability to reflect or predict perturbation in CSF dynamics.

5.3 Other Studies

The following articles go beyond graphical (MRI/CT) or temporal (ICP, ABP) data
and build.

ML models on different inputs. Muscas et al. [87] developed a prognostic ML
classifier based on a random forest model allowing accurate subject-based risk
stratification identifying low-risk patients with subarachnoid hemorrhage for shunt
dependency. All patients were described by 32 features including patient-related
(age, gender, ASA, Karnofsky score), disease-related (Hunt-Hess score, GCS, clin-
ical vasospasm), radiological (Fisher, BNI, ICH or IVH, etc.), and treatment-related
(aneurysm treatment, treatment timing, treatment complications, etc.).

Sotoudeh et al. [88] proposed a ML predictive model for treatment response after
shunting NPH patients using radionomics and clinical features. The random forest
model provided the best performance in treatment prediction when only clinical
data (iNPHGS and Modified Rankin Scale) were considered (AUC = 0.71). The
prediction potential of the SVM model was significantly enhanced when radiomics
features were taken into account (AUC = 0.8). Augmentation of the model with age
and sex did not raise the prediction performance though.

Jeong et al. [89] applied deep learning algorithms for vision-based gait analysis to
estimate temporal-spatial gait parameters. In the study, gait performance was inves-
tigated before and after cerebrospinal fluid tap test in NPH patients. The quantitative
gait data were simultaneously collected from the vision-based gait analysis system
using deep learning algorithms for monocular videos and the GAITRite gait analysis
system. It was shown the variability of the stride length and time, both measured by
the gait analysis algorithm, were correlated with FAB scores.

6 Key Points

• Machine learning is the use and development of computer systems that are able
to learn and adapt without following explicit instructions.

• There are four types of ML: supervised, unsupervised, reinforcement, and semi-
supervised.

• Among the frequently used ML models are support vector machines (SVM),
artificial neural networks (ANN), and decision trees.

• ML model can be under- or over-fitted, either of which leads to inferior results
when tested on new data.
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Shunt Technology for the Treatment
of Hydrocephalus

Christoph Miethke

Abstract Improvement in medical device technology depends on financial aspects,
knowledge, creativity, commitment, cooperation and resources. In the best case,
concrete tasks come from the clinicians, which are then worked on by technicians in
constant dialogue with the clinicians. The completion of such development projects
means that a new product is available for clinical use. The decisive milestone in this
regard is usually an approval of a medical device. Especially in the field of tech-
nology for the treatment of normal pressure hydrocephalus (NPH), the competence
to develop proposals for innovations with regard to significant patient benefits lies
with technicians, since the understanding of technical possibilities and physical laws
of hydraulic systems does not belong to the core competences of neurosurgeons and
can only be part of them in exceptional cases. Exactly here seems to be a central
challenge regarding the further improvement of shunt systems for the treatment of
NPH. This chapter describes shunt technology for the treatment of hydrocephalus,
introduces different types of shunt systems available for clinical usage and outlines
the future directions of shunt devices development.
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DPV Differential pressure valve
DSV Dual switch valve
FRD Flow reduction devices
GCA Gravity compensating device
ICP Intracranial pressure
IVP Intraventricular pressure
LP Lumboperitoneal
LPV Low pressure valve
MPV Medium pressure valve
NPH Normal pressure hydrocephalus
OSV Orbis-Sigma-Valve
REM Rapid eye movement
SA Shunt assistant
SAR Subarachnoid space
SCD Siphon-control device
SG Siphon-guard
SpR Space of the spinal canal
VA Ventriculoatrial
VP Ventriculoperitoneal

1 Introduction

Although the introduction of shunts was an historical breakthrough in the treatment
of hydrocephalus more than 60 years ago, the basic physics is still a matter of contro-
versy. This is reflected by a high number of completely different valve constructions
and by the limited clinical evidence for implanted valve types. A conclusion of a clin-
ical study such as “subdural effusions occurred in 71%of patients with a low pressure
valve (LPV) shunt and in 34% with an medium pressure valve (MPV) shunt….” [1]
is counteracted by a statement by Drake who published the findings that “two new
valve designs did not significantly affect shunt failure rates” [2]. However, one of
the valve types investigated in Drake’s study is said to significantly reduce “the risk
of mechanical complications” referring to another study [3].

One explanation for these conflicting statements can be found in the fact that
the clinical outcome does not only depend on the valve type but on the disease
aetiology, patient’s age, shunt type (lumboperitoneal, LP; ventriculoperitoneal, VP;
ventriculoatrial, VA), duration of follow-up and surgical aspects. Another explana-
tion is that a clinical study which includes all types of available hardware has never
been performed. In addition to these aspects of shunt-based treatment, there is the
fact that the evidence for the effectiveness of shunts for the treatment of normal
pressure hydrocephalus (NPH) has not been shown until now [4]. At the confer-
ence “Hydrocephalus 2022” in Gothenburg Marc Luciano reported a prospective
randomised study to be performed which investigates the effectiveness of shunting
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in a placebo-controlled group of patients diagnosed for NPH. Again at the same
conference, the outcome of 12 patients with a new shunt from the ventricles into
the sinus after 6 months was reported to have shown lower complication rates than
generally reported in the literature [5].

Considering these diverse aspects, the question arises:what is scientifically known
about the shunt treatment of hydrocephalus? Is the choice of which valve to be
implanted based on a clear understanding of technical features or on the relationship
to a company or its representatives or based on the surgical education? “I implant the
shunt I was trained on!” How deeply is the fact ongoingly reflected that the surgery
takes 30 min to an hour, but the shunt establishes hydraulic conditions for years?

The approach in this chapter is to present some technical facts and the impor-
tant differences of the available valve systems. There are significant differences
leading systematically to different pressure conditions which in the author’s opinion
is the background for long lasting clinical problems, and severe complaints of many
patients which could, at least partially, have been avoided based on careful technical
reflection of the used hardware. It is not the author‘s objective to know everything
about hydrocephalus, shunts and shunt technology; however, what is presented is the
author‘s interpretation of the requirements and different proposals for treatment, in
order to open discussion about what we understand and what we do not know. The
reader’s critical interest is highly appreciated.

2 A Manufacturer’s Opinion on Shunt Technology

Modern medicine is dominated by technical achievements which have introduced
new options for diagnosis and treatment. While the development of drugs is already
in early stages [6] based on clinical research, the development of medical devices is
focused on solutions proposed by engineers understanding the open tasks, technology
and physics.

The situation can be compared to the discussion about the importance of digi-
talization. There is a group of digital freaks diving deeply into their digital world.
On the other hand, there are the experts who have outstanding knowledge on a
certain topic (lawyers, physicians, artists….), however these experts have no idea
at all about digital technology and only limited understanding for the new oppor-
tunities based on digital approaches. Only the lively discussion between these two
groups can accelerate digital innovations. Similarly, neither the physicians nor the
engineers alone can accelerate digital innovations. Consequently, it should be an
important task for leaders in the medical device industry to pay close attention to the
ongoing discussion about successes, evidence and the discussion about open ques-
tions and unresolved problems during scientific conferences in their field. It should
be a question of responsibility to present the scientific basis for their products at these
conferences or in scientific journals. Up until now, the priority of technology has too
often only focused on selling products. Too often, industry engagement is reduced to
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marketing presentations. In addition to the considerations of clinical findings, scien-
tific, physical and technical arguments should be responsibly presented by scientists
from the industry.

At the conference “Hydrocephalus 2022” inGothenburg, therewas a session about
technical advances in treatment and diagnostics [7].Whereas the first speaker claimed
that neurosurgeons have been accepting and using findings and improvements over
the past decades, and the second speaker complained about the lack of progress and
innovations over the past decades. These two contradictory statements surprisingly
did not lead to excited discussions. However, the discussion should be led by people
with competence in the field of technical solutions for the treatment of hydrocephalus
and peoplewho present new concepts and ideas but evenmore important, who present
improved products for clinical use.

In the history of valve development, there have been numerous projects which
failed completely. One can find two different types of failed projects. The first type is
represented by people who investigated only principles without including thoughts
about product development. They clearly undervalue the difficulties to develop func-
tioning products based on ideas which actually can be implanted and clinically used.
A typical example is the proposal for an adjustable anti-siphon device (ASD) [8].
These innovations describe basically an idea, but not at all the real solution. Such
proposals are far away from clinical use. In the vast majority of cases, these innova-
tions are discussedduring conferences academically, called to be promisingproposals
and are soon after forgotten [9]. Whether or not, these new thoughts were promising
but deeply unrealistic or not at all feasible is an open question. One problem is always
the funding of the development. In these cases, obviously nobody has been willing
to invest the money needed to develop a product. Sometimes not even the inventor
really trusts the value of their own invention. It is easy to talk about opinions. It is
challenging to invest and risk private money.

Another type of failed innovation actually is not innovative at all. Well-known
principles are presented in a different technical design. No additional new advantage
for the treatment is introduced but only another competitive product. An example
in the field of shunts for the treatment of hydrocephalus is the so-called diamond
valve [10], which is a silicone slit valve without any improvement for the hydraulic
management of shunts in contrast to existing solutions (in this case flow reducing
devices). In this group themotivation for the development is simply based onfinancial
interest. Another example is the so-called Beverly valve which was presented by a
French company announcing a new solution; however, the basic principle was a
kind of ASD which works systematically depending on the undefined subcutaneous
pressure, consequently without predictable characteristics [11]. This is well known
as a significant weak point of ASDs [12] and consequently the decisive knock-out
criteria.

All over theworld, the requirements for the approval of newproducts are becoming
increasingly difficult and elaborated. The general approach is to ensure that only
safe and reliable products are available for clinical use, and consequently, the best
technology is offered to the patients. Within the scientific community, the effort to
achieve approval is generally completely undervalued. Nowadays, it is not difficult to
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invent new solutions. The approval, however, is the long-distance run and the decisive
obstacle. There is no international acceptance regarding the approval of medical
devices. One has to claim for the approval country by country. The international
acceptance would facilitate the situation without serious risks.

Many of the innovative medical devices are not based on ideas of physicians but
technicians. It is reasonable that companies have to invest the money to develop new
products promising improvement at the end for the patients in terms of treatment or
diagnosis. All over the world, the only chance to establish new products for clin-
ical use is if a company invests the money needed for development and approval.
The approval contains clinical data which confirm the theory. However, these data
should be collected financially and scientifically independent of the influence of a
company. It should be of public interest to investigate new products if the concept is
based on convincing scientific arguments. These arguments should be presented at
scientific conferences based on scientific rules and facts. Unfortunately, the indepen-
dent clinical research is often based on financial marketing interest of medical device
companies and not on clinical evidence. Therefore, the benefit of these investigations
is simply focusing on the company‘s interest and not on the scientific value [13].

3 Function of Shunts

The introduction of shunts for treatment of hydrocephalus was an historical break-
through for paediatric hydrocephalus. Soon after, the importance of shunts was also
seen for adult hydrocephalus of different aetiologies. However the reliable lowering
of the intracranial pressure is a life-saving solution for newborns, patients with NPH
do not have a problem with overpressure. Nevertheless, for all patients who undergo
shunt surgery, the principle is the same. A shunt establishes an artificial hydraulic
connection between a compartment physiologically filled with cerebrospinal fluid
(CSF) and another compartment within the body by the implantation of a device. In
any case, the goal of this intervention is to interfere with the pressure or the pres-
sure dynamics within the CSF system. The characteristic of the artificial connection
defines the resulting pressure dynamics within the CSF system. Consequently, the
characteristic of a valve defines the function of a shunt, but additionally as well the
dimension (length, inner diameter) and the location of the entrance to the CSF system
and the location of the exit (where the CSF is drained to).

The CSF formed in the lateral ventricles is transported further within the CSF
system by means of the ependyma lining the ventricular walls. However, the CSF
flow is mainly due to the ventricular CSF production and the arterial pulse wave,
which propagates into theCSF space [14]. From the inner ventricular system, theCSF
finally reaches the subarachnoid space via the foramina Luschke and the foramen
Magendie. The outflow from the subarachnoid space occurs mainly via the gran-
ulations arachnoideae, which are also called Pacchioni’s granulations. These are
structures reminiscent of cauliflowers in appearance, which protrude into the central
venous vessel and throughwhich the CSF is released into the venous blood. In adults,
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the CSF system has a volume of 120 to 150ml. Approximately, 23ml per hour is used
as a reference value for the average CSF production in adults. The CSF volume in the
two side ventricles is around 20–30 ml in healthy adults, the III. and IV. ventricles
contain about 5 ml each, 25 ml fills the subarachnoid space with the cisterns and
another 75 ml fills the spinal section of the cerebrospinal fluid system [15].

The volume distribution in the compartments of the CSF system, which are
connected by narrow channels, suggests that they are of great importance for dynamic
intracranial pressure processes, especially when considering the locally different
levels of compliance. The pressure in the CSF system is kept within narrow limits
by the balance between CSF production and CSF resorption. CSF production is
relatively constant, independent of blood pressure, while absorption into the venous
blood depends on the venous pressure. The range of physiological intracranial pres-
sure is below 13 cmH2O. The scientific literature has repeatedly debated the limits
of physiological intracranial pressure, particularly with regard to its position depen-
dence [16–19]. For the lying position, a mean intracranial pressure of about 13
cmH2O (13 mbar) above the ambient pressure is assumed to be the typical mean
value, although there are sometimes significant deviations [20]. For ethical reasons,
historical measurements on healthy volunteers are unimaginable today. However,
the values determined at the time still appear plausible today [21]. The historical
measurements on healthy volunteers did not include measurements in a standing
position [20]. It is generally assumed that the normal intracranial pressure is due
to spinal compliance. This means that pressure increases in the spinal canal due to
changes in position lead to a rapid uptake of CSF and consequently to a significant
drop in intraventricular pressure, at least temporarily. Whether this is always the case
as a physiological phenomenon, whether the pressure initially falls and then remains
low, orwhether the spinal canal is continuouslyfilled byCSFproduction and the intra-
ventricular pressure increases again until physiological absorption finally resumes,
remains to be seen. Considering the volume of the different compartments and the
related compliance as well as the dimensional individual variation of the connecting
foramina, it becomes obvious that the posture-dependent dynamic change of the
pressure within the different compartments might be very different from human to
human (Fig. 1).

A shunt inserted into one or several compartments of the CSF system and
connected to another compartment within the body affects both the dynamic pres-
sure as well as the absolute pressure within the system. The change depends on the
location of the CSF extraction and into which compartment the CSF is diverted.

Nowadays, as a first choice, the CSF is drained into the abdominal cavity. In
addition, the derivation into the venous system, into the pleural space, or the subgaleal
region [22] is clinically performed. The main reason for the preference of shunting
into the abdomen is the risk for the patient in case of an infection. An infection of the
peritoneum is less dangerous than the infectionwithin the blood system and it leads to
a lowermortality [23]. Long-term follow-up revealed the fact of severe complications
due to thrombosis [24]. If shunted into the venous system, the first choice is the
atrium of the right heart. There are only limited papers about the superiority of
atrial shunts in comparison with abdominal shunts [25]. A second option is the
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Fig. 1 Graphic
representation of the volume
distribution of the CSF (S:
lateral ventricle, III.: third
ventricle, IV.: fourth
ventricle, SAR: subarachnoid
space, SpR: space of the
spinal canal). The ratio of the
areas of the squares
corresponds to the ratios of
the designated volumes

drainage into the sinus. There are several different proposals, generally it is seen to be
more physiological [26–28]. Although these approaches produce repeatedly excited
discussion during scientific conferences [29, 30], they have never been successfully
introduced into clinical practice.

If technically the same shunt is implanted, the resulting pressure within the CSF
system will be significantly different. Vice versa, a shunt being sufficient for a
drainage into the abdomen is likely not necessarily sufficient for a drainage into
another compartment. Very often, the valve within a shunt system is seen as a single
component establishing an intracranial pressure (ICP) within the shunt system. It is
the truth however, that the physics of the whole shunt defines the outcome and has
to be understood for the choice of the valve.

Themost often implanted shunt is theVP shunt.Normally, the tip of the ventricular
catheter is placed within one of the side ventricles. Whether the ventricular catheter
is placed parietally, occipitally or frontally has no impact on the result of the shunt.
In any case, an artificial connection from the side ventricle to the abdominal cavity is
created. If there is no stenosis between the different compartments of the CSF system
(communicating hydrocephalus), the physical situation is even the same for a LP
shunt or a connection between the III. ventricle or the IV. ventricle and the abdomen.
This is not particularly true for an LP shuntwhen there is a stenosis restricting outflow
between the spinal canal and the cranial ventricular system. The implantation of an
LP shunt is definitely dangerous in the case of an aqueduct stenosis, since in this
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case, due to the considerable pressure difference between the spinal canal and the
III. ventricles or the side ventricles can lead to a herniation of the cerebellum [31].

The CSF system is a complex physical system which is affected by breathing,
heart rate, CSF production, CSF absorption as well as physical activity (running,
jumping) and, above all, posture. The complexity can be illustrated and discussed
with the help of simplified models. Figure 2 shows a box which is filled with a fluid
(for example water) and positioned differently. The walls of the box are not elastic.
Due to the gravity on earth, a hydrostatic pressure that depends on the position of
the box is established.

The fluid is not compressible. The walls are stiff. There is no volume shift due to
the changed position of the box. However, the hydrostatic pressure is changing with
the positional change. This is true regardless of the absolute pressure within the box.
The differential pressure at the lowest point within the vertical box is much higher
than within the horizontally positioned box. This means that the highest pressure
within the box is at the bottom of the box in the vertical position.

Exactly this is true for the pressure within the CSF system. The pressure at the
different locations depends on the posture. In the lying position, the pressure within
the ventricles and the spine is nearly the same,whereas a human in an upright position
shows significantly higher pressure values if a steady state is achieved. This might
lead to a posture-dependent flow from the ventricles into the spine depending on
the compliance within these compartments and the hydraulic resistance within the
connecting channels. Due to the low volumes within the different compartments of
the CSF system, the steady state of posture depending on pressure changes should
nearly immediately be established after postural changes. The principle is shown in
Fig. 3. The model differs from Fig. 2 in so far as now there are two elastic windows
within the walls of the box. The elastic deformation of the box depends on the
pressure acting on the window.

In the vertical position, the deformation of the elastic parts of the walls is the
lowest if the box is horizontally positioned. The pressure difference within the box
is the lowest (dp2). The volume shift remains minimal. It becomes significant in
the fully upright position of the box. Whereas the model of Fig. 3 demonstrates the
principles within the CSF system, Fig. 4 is closer to the pressure changes within

Fig. 2 Modelling hydrostatic pressure depending on the position of a box with stiff walls
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Fig. 3 Modelling hydrostatic pressure depending on the position with elastic walls of the box

the abdominal cavity. Both models help to understand and discuss the functioning
of a shunt. The volumes of the compartment of the CSF system are very low. The
consequence is that a shunt easily allows the drainage of the whole volume several
times per hour. This means that without a valve, a shunt would introduce an artificial
compartment to the CSF system dramatically defining the resulting pressures.

The compliance of the box in Fig. 3 is significantly lower than within those shown
in Fig. 4. One side of the box is completely elastic, which leads to a significant volume
shift if the position is changed from horizontal to the vertical position. The higher
pressure in the lower part as well as the lower pressure in the upper part of the box
is the reason why the bigger part of the fluid volume is now moving into the lower
part of the box.

The purpose of a shunt is to withdraw fluid from the CSF system and thereby
consequently lower the CSF pressure. A small withdrawal of CSF leads to significant
changes of this pressure. A withdrawal of even a minimal amount of fluid would not
be possible from the box with stiff walls (Fig. 2). The box with a compliance (Fig. 3)
would allow a limited withdrawal of fluid with only moderate pressure changes.
However, such an amount of fluid drained into the box with a large elastic sidewall
(Fig. 4) would not change the pressure situation due to the enormous compliance of
the system. Whereas the pressure within the abdominal cavity is posture-dependent,
the pressure of the atrium of the right heart is less affected by postural changes. CSF

Fig. 4 Modelling hydrostatic pressure depending on the position within a box with flexible walls
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can be drained into either the abdomen or the atrium of the right heart in a sufficiently
controlled manner. However, the posture-dependent changes in relation to the CSF
system must be considered. This is true for both the location of withdrawal of CSF
and the location of introduction of CSF.

The CSF system is a sensitively balanced hydraulic circulation, which estab-
lishes physiological pressure situations for a lifetime. A shunt influences this balance
dramatically. In newborns, the physiological growth of the skull and the brain can
be horribly disturbed. The problem of high pressure is solved by implanting a shunt
with a DPV, but the price of this is too low pressures in the upright position. Over-
drainage in shunted toddlers can happen for different reasons. Possibly the most
important one is posture related over-drainage in the upright position even for a
couple of minutes. In this situation, the components of the skull are in contact too
early. Due to this contact, the bone components grow together earlier than what is
physiologically normal with the consequence that the intracranial volume available
for the physiological growth of the brain is too small (Fig. 5).

Thickening of the skull is well documented as one possible consequence of over-
shunting in early childhood. The mechanisms of bone growing described in the
literature [32, 33] are complex. However, the background and mechanism leading to
thickening of the skull in some patients is still not understood. The following thesis
may stimulate alternative explanations and scientific investigations on the subject.

Fig. 5 Development of hydrocephalus: before shunting abnormal growth, after over-shunting, skull
becomes smaller than normal. The intracranial volume is too small for the growing brain
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Physiologically there is no tension within the skull, because the parts of the bone
are not connected. Due to the shrinking of the head circumference after shunting,
the bone components are in contact earlier than physiologically intended and start to
grow together. This early closure of the skull changes the normal mechanical situ-
ation completely. Normally, there is no tension at all within the bone components
of the skull. Based on the growth of the brain requiring more intracranial space, the
bone starts thickening to lower the tension within its structure. The opposite reaction
is known in artificial hip joints, where the metallic stem within the femur lowers the
stresswithin the cortical bonewith the consequence of osteolysis [34].While in artifi-
cial hip joints, the cortical bone begins to thin due to stress relaxation, and in shunted
newborns, the bone starts thickening to lower artificial tension. More intracranial
space is needed for the growing brain, and the thickening of the skull leads to the
opposite result; the intracranial space is lowered by the bone growing partially into
the cranium. As a long-term consequence, the intracranial space becomes filled with
brain tissue at the expense of the CSF-filled intracranial components. Slit-like ventri-
cles are going to be established with a long-term consequence of the development
of a slit-ventricle syndrome which occurs many years after the responsible shunt
has been implanted [35–41]. The shunt establishing a non-physiological pressure for
many years is often seen as the best shunt, because it worked for many years without
serious complaints. However, this shunt is the reason for severe problems for shunted
adolescents and young adults (Fig. 6).

Fig. 6 Dilemmaof over-drainage in shunted newborns: early closure of the skull leads consequently
to thickening of the skull
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4 Hydrostatic Pressure and the Siphon Effect

The problem of over-drainage has been recognised ever since the first shunts were
implanted successfully for the treatment of hydrocephalus. Since these early days,
over-drainage was and partially still is seen as a complication which is acceptable
in comparison with the outstanding importance of the pioneering success of shunts.
The explanation of this kind of complication is widely seen in the so-called siphon
effect.

The siphon effect describes a specific hydraulic system. To understand the siphon
effect, it is necessary to understand hydrostatic pressure. The principle of the hydro-
static pressure explains and describes why thewater level of a lake is flat regardless of
the shape of the lake. At the surface of the lake, the pressure is everywhere the same.
Based on this aspect, the pressure within the lake in the same depth is everywhere
the same. The hydrostatic pressure depends only on the depth, the density of the
fluid (in case of the lake water) and the gravity. The gravity index is constant as well
as the density of the water. Water is not compressible. Accordingly, the hydrostatic
pressure within a lake depends only on the depth. Figure 7 shows vessels of different
shapes. The pressure within the vessels is in all cases the same, only depending on
the depth. The deeper the point of interest, the higher the pressure is.

Just as hydrostatic pressure increases with a deeper point of interest, the opposite
is true as well. At a less deep point of interest, the hydrostatic pressure is lower. If
the pressure at the surface is the atmospheric pressure, the hydrostatic pressure can
even be below it, consequently negative. Figure 8 shows a picture of a lake. Under
the water surface is an opening connected to a cave. The cave is filled with water and
has no additional opening. The pressure within the cave just depends on how deep it
is positioned under the water surface of the lake.

If the water surface sinks below the level of the cave, the pressure situation
changes. The connection to the cave is still the same but the reference level now
is below. The pressure within the cave becomes negative. The water within the cave
cannot leave the cave because there is no connection to the atmospheric pressure.

The understanding of the hydrostatic pressure facilitates the understanding of the
siphon effect. Although it is obvious that the surface of a lake defines the reference

Fig. 7 Hydrostatic pressure depending on the depth only
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Fig. 8 aWater filled cave under the water surface of the ocean. bWater filled cave above the water
surface of the ocean

level regarding the hydrostatic pressure within a lake, it is more challenging to deter-
mine the reference level within a shunted patient. However, the physical principle
to analyse the situation is the same. The physiological intraventricular pressure is
known to be between− 5 cm of water (vertical) and 18 cm of water (supine). Above
or below theses values, the intraventricular pressure is pathological [20]. To interpret
these values, it is necessary to know the location of the values.Within a physiological
ventricular system filled with CSF, there is a hydrostatic pressure gradient like in any
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fluid filled system. The intracranial pressure at the level of the foramen of Monro is
lower than at the level of the fourth ventricle, if the person considered is in a vertical
position. This is not true if the same person is lying. And if the same person is lying
on their stomach or back, the pressure in the observed areas changes depending on
their posture or position.

In healthy people, these position-related changes in hydrostatic pressure are irrel-
evant. In the case of shunted patients, on the other hand, the same consideration is of
great importance. In principle, this is true regardless of the type of shunt (VA,VP, LP).
When implantation of shunts was introduced into the treatment of hydrocephalus,
the design of the valves contained within these shunts simply reflected the recum-
bent position of the patient under consideration. The first shunts were developed for
infants whose life was threatened by hydrocephalus andwhowere almost exclusively
lying down for the first fewmonths of life. Against this background, the vertical posi-
tion of the patients was not considered further. As late as the 1990s, most paediatric
neurosurgeons believed that positional changes in infants were unimportant since
they were lying down anyway.

The pressure in a lake is the same at every location for the same depth. This is also
true for the water in a hose or pipe with an opening at both ends within a lake. If you
now lift this pipe so that only a part protrudes from the water, with both openings of
the pipe remaining under the water surface at the same time, the pressure in the pipe
outside the water becomes negative compared to the atmospheric pressure. So, there
is a negative hydrostatic pressure at this point in the pipe. Nothing would change
the situation if the two ends of the pipe would be positioned in two different water
containers but with exactly at the same water level. What would happen if one of the
water tanks were lowered? A pressure difference within the pipe would occur, the
water would start to flow towards the lower container. The level of the higher would
sink, the level of the lower would rise. In fact, the water within the higher container
would be moved up due to the suction at the other end of the pipe. This mechanism
is called the siphon effect (Fig. 9).

In shunted patients with hydrocephalus, by far more important is the postural
dependent change in the pressure within the implanted drainage system. While the
water surface of the lake defines the reference level for hydrostatic pressure in a body
of water, with the VP shunt this is the pressure in the abdominal cavity. However,
the pressure conditions in the abdomen are not as static as in a lake. The reference
point and the associated pressure in the abdominal cavity depend crucially on the

Fig. 9 Siphon effect and the negative hydrostatic pressure in a pipe connecting twowater containers
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position. In the horizontal position of the patient, the zero level (reference level)
corresponds to the highest point of the skin. Lying on the back, this corresponds to
the surface of the stomach, lying on the stomach corresponds to the level of the surface
of the back. This assessment is based on the assumption that although the pressure
situation in the peritoneum can be temporarily increased by muscle tension, it cannot
be reduced; on average, however, the pressure situation in the abdomen corresponds
to a container filled with water up to the highest skin surface. In the upright position,
the reference pointmigrates to the upper part of the abdomen.Vertically, the reference
point (zero level: the peritoneal pressure is equal to the atmospheric pressure) varies
more depending on individual anatomic structures and personal circumstances such
as body mass index (BMI) or physical condition. However, it seems reasonable to
use the lowest point of the sternum as a reference point when standing.

Based on direct measurement there are no data reported in the literature about the
intra- abdominal pressure. However, measurements in the bladder have been shown
to represent the intra-abdominal pressure convincingly under certain circumstances.
It is important that the bladder is filled with some urine but without leading to an
elastic tension within the bladder tissue [42–44].

It is possible tomeasure the intra-abdominal pressure in shunted patients indirectly
by using a telemetric transducer. As the intraventricular pressure (IVP) is based on
the intra-abdominal pressure in shunted patients, the measurement of the IVP allows
the calculation of the reference level within the abdominal cavity. For sure, this is true
only for a correctly working valve and the knowledge of its performance character-
istic. The measured value of the IVP as a steady state in the lying or standing position
represents the abdominal pressure, if the opening pressure of the valve is subtracted.
Concretely, if a telemetric sensor [45] is used, which is positioned within a reservoir,
the measured value allows to calculate the abdominal pressure. As an example, if the
pressure for the standing position is measured with a frontally implanted telemetric
pressure transducer with − 5 cm of water and a valve is implanted with an opening
pressure of 25 cm of water, the reference level can be calculated by subtracting the
opening pressure from the measured value. The zero level in this case would be
approximately 30 cm vertically below the reservoir. Though this value is not exact,
such measurements, however, could be very valuable to learn more about the range
of values in vivo and possibly to learn about complications. Such an investigation
could significantly improve the general understanding of the functioning of shunts
and shed light on the importance and physical principle of the abdominal pressure
in shunt success.

In any shunt, the siphoning occurs depending on the posture. However, the
siphoning is not the reason for any kind of over-drainage or other complication.
Rather, the systematic reason for over-drainage lies in the hydrostatic pressure within
the shunt system that arises due to its position. Figure 10 demonstrates the difference
for the case with or without a siphoning effect and the same hydrostatic pressure
acting on the system. The control of the flow regulating the filling of the water level
in both containers is based on exactly the same physical principle, the hydrostatic
pressure. In this way, the term “Siphon effect” is confusing.
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Fig. 10 Comparison of the hydrostatic pressure with and without siphoning: both upper containers
empty to the same filling level

The situation is similar when comparing VP shunts with LP shunts. The hydro-
static pressure is relevant wherever there is a hydraulic connection between different
compartments. In VP shunts, it is always the connection of the CSF system with
the abdomen. It does not matter how the connection is made, whether it is along the
spinal canal and then along a tube, or directly from the ventricle along a tube into
the abdomen, it makes no difference. The only decisive question is whether there
is an open connection between the different compartments. In case of aqueductal
stenosis, there might still be a connection; however, the flow is limited throughout
the stenosis. Clinically this difference has an outstanding importance.

In Japan, it has become more and more popular to implant a LP shunt in patients
with NPH [46, 47]. The lumboperitoneal derivation was viewed critically, mainly
because of the risk of cerebellar herniation, especially in hydrocephalus with aque-
ductal stenosis. Due to the successful implantation of VP shunts, LP shunts were
only used in exceptional cases. The background to the renaissance of LP shunts in
Japan was obviously a question of finding alternatives to the VP shunt to avoid access
to the CSF system in the head area with impairment of the brain.

To discuss the key differences in shunts, it is helpful to consider their operating
principle without a valve. Understandingwhat would happenwithout a valve informs
what the valve should do. While a valve was definitely necessary in the first VA
shunts to prevent backflow of blood into the ventricles, a valve did not have the
same importance in VP shunts, especially in patients with NPH. The strategy of
implanting an adjustable valve with an initial high setting of up to 20 cm of water
was simply based on the fear of over-drainage in the upright position of the patient.
Reflux of fluids from the abdomen into the ventricular system of the brain is not as
dangerous as reflux of blood. However, an artificial hydraulic connection between
the ventricular CSF system without an integral valve physically interacts with the
valve. The valveless shunt defines flow through the shunt more than most implanted
valves. This is especially true for adjustable or non- adjustable DPVs.

As demonstrated in the model in Fig. 10, there is no difference between the
hydraulic system between LP and VP shunts statically. However, the flow along the
two systems is entirely different. Interestingly, this difference is especially important
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when the patient is in a vertical position. In the horizontal position, the differential
pressure between the ventricular system and the abdomen is not dangerous. Shunted
without a valve the resulting IVP can be above and hardly below the atmospheric
pressure. Figure 11 shows the ventricular system in principle. The area represents
the volumes of the different compartments.

Most of the CSF volume is located in the spinal canal. Only small volumes are
found in the third and fourth ventricles. The two lateral ventricles each contain about
one-third of the spinal volume. The compartments are connected to the spinal canal.
The side ventricles via the short foramen of Monro to the third ventricle, the third
ventricle via the aqueduct to the fourth ventricle. In each of the ventricles, the with-
drawal of fluid leads to a corresponding change of pressure in the other compartments
depending on the compliance.High compliancemeans that limitedwithdrawal hardly
changes the pressure within the chamber of withdrawal. Withdrawal of fluid from
a compartment with low compliance changes the pressure immediately and conse-
quently in the connected compartments. The range and the time shift depend on the
dimension of the connecting canal and the volume of withdrawal.

The comparison of the flow through an LP shunt and a VP shunt does not
show significant differences in the horizontal position. Even without a valve such a
shunt allows only a limited outflow due to the pressure difference between the two
connected compartments. The CSF mainly produced from the choroid plexus in the
two side ventricles passes along the third and the fourth ventricle, flowing into the
spinal canal fromwhere it is drained into the abdomen in case a LP shunt is implanted.
If a VP shunt is implanted, the CSF is going to be drained directly from the place

Fig. 11 Scheme of the
ventricular CSF system
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Fig. 12 Comparison of LP shunt and VP shunt for the horizontal position

of its origin along the shunt into the abdomen. For the lying position, it is hardly
possible to imagine that there is a significant difference between the two different
drainage methods. The volume of CSF being produced is going to be drained along
the shunt in both cases without a significant decrease of the pressure within the CSF
system below the atmospheric pressure because there is no driving force, no hydro-
static pressure artificially established within the system. Based on this consideration,
a patient with NPH could clearly take a benefit from a valveless shunt (Fig. 12).

The situation is markedly different when the patient is in a vertical position.
Here, too, drainage and pressure response depend on the compliance of the affected
compartment. In contrast to the horizontal position, the possible drainage volume can
be much higher depending on the hydrostatic pressure as a measure of the patient’s
body size. The key difference between the LP shunt and the VP shunt in the upright
position is the dynamic change following a change in the patient’s posture. The static
end result is again the same. If no valve is incorporated in the shunt and the drainage
in both cases has reached a constant flow (corresponding to CSF production of about
20 ml per hour), then the resulting pressure in the ventricular system is the same for
both methods. However, the way in which this situation is established is different.
In VP drainage, CSF is drawn from the third and fourth ventricles, the subarachnoid
space and the spinal canal into the lateral ventricle where the ventricular catheter is
placed. From there, it is drained via the shunt into the abdominal cavity. The resistance
between and compliance within the different compartments, as well as the stiffness
of the surrounding brain tissue, determine whether, when, and how quickly the lateral
ventricles collapse, a hygroma or hematoma develops and negative pressure builds
up, leading to clinical limitations such as dizziness, headache or nausea.

As stated, the static resulting pressure condition for LP shunts is the same as
soon as a steady state is achieved, and the production rate is equal to the drainage
along the shunt. But the posture-dependent change reveals more risk depending
on the individual structure of the whole system. Most dangerous is the case of a
complete or partial aqueduct stenosis. The withdrawal of fluid from the spinal canal
immediately causes the pressure within this compartment to decrease. Hereby a
pressure gradient is established which pulls the upper part of the brain downwards.
An upper brain herniation is created. This mechanism is the background for the
fact that the LP shunt was not popular for decades especially in patients with NPH.
Nowadays, patients with an aqueduct stenosis are treated endoscopically. With open
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foramina and an open aqueduct, the LP shunt does not introduce from a physical
point of view more risk than the VP shunt. Against this background, the Japanese
approach to choose the LP shunt more often again is understandable. However, for
the LP shunt as well as for the VP shunt, the problem of the posture-dependent
hydrostatic pressure has to be solved by a valve integrated into the shunt system.
Without the compensation of the hydrostatic pressure, non-physiological low values
can lead to severe complications like bleeding, slit ventricles, shift of the midline of
the brain or other clinical complications (Fig. 13).

In summary, it should be emphasised that it is not the siphon effect but the system-
atically occurring hydrostatic pressure within the peritoneal drainage and to a lesser
extent within the atrial drainage which is the real problem or the central task for
the valves to be integrated into the shunt system. The high number of parameters
such as individual circumstances and anatomical structures could explain the very
different clinical outcomes after shunt with different valve types. Consideration of
a valveless shunt clearly demonstrates the physical principle of the shunt and helps
to define the requirements for the integrated valves. The fact that patients with NPH
usually do not have aqueductal stenosis is what allows successful implantation of LP
shunts in this patient group. However, hydrostatic pressure in the vertical position
must be considered. In addition, complications and their explanation should take into
account the reflection of the flow direction from the site of CSF production, essen-
tially the choroid plexus in the lateral ventricles, to the abdominal cavity, as well as
the different compliance and volumes in the different compartments (Fig. 14).

Fig. 13 Volume, resistance and compliance within the CSF system
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Fig. 14 Comparison of LP shunt and VP shunt for the horizontal position

5 Valve Designs

Basically, valves can be distinguished by the technical design, the physical prin-
ciple implemented and the post-operative intervention option for optimising therapy
or treating complications. In addition, there is the drainage type, which can entail
specific functional and space requirements that have a lasting effect on the success
of the treatment. As a result, a large number of different solutions are offered for the
treatment of hydrocephalus, which can also lead to very different clinical results in
terms of their range of functions. In general, it can be said that the treatment of NPH
by implantation of a valve-guided drainage system has established itself as a very
successful therapy.

Another aspect for distinguishing valves is the technical design. But here, too,
there are always very different opinions and views, especially with regard to the
material used, the shape and the size. These parameters address first and foremost
the surgical boundary conditions, alongside the healing conditions after implantation
and the expectation regarding the safe placement of the valve and the least possible
impairment of the patient by the implant. The evaluation of such parameters in
medical technology is also subjected to objective criteria and personal inclinations
or preferences of the surgeon. Even the presentation form of the packaging can play
a role. In essence, it is about the appearance of the implant against the background of
the marketing aspects of the respective manufacturer. However, shape, material and
size of the implant have objectively an impact on the clinical success of the shunt.

As for the shape, both the thickness and the width or area of the top view vary
considerably. Since the valve is placed retroauricularly in the vast majority of cases,
the thickness of the device is most important. A flat design prevents the implant from
being visible under the skin and has the least impact on the patient’s daily life. The
larger the implant in plan view or the longer the implant, the more important is the
deformation property to primarily conform to the radius of curvature of the skull
without functional limitations. To date, two different views have been realised: a
metallic, flat housing that does not allow deformation and a less flat but soft housing
made of silicone that elastically adapts to the patient’s individual conditions. There is
no evidence of superiority of one approach over the other. The risk of skin perforation
at the implant is low, although such complications can occur with both solutions. In
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addition to these aspects, there is a technical fact behind the two approaches that is
not obvious at first glance andwhose relevance can hardly be proven clinically.Metal
housings have the advantage over plastic housings in that they can reliably protect
the actual mechanism of the flap with a low wall thickness. Comparable protection
by a silicone wall requires a significantly greater wall thickness. This means that
compared to metal housings, a larger proportion of the valve volume can be used
for the essential, desired function. In principle, there may be an opportunity here to
increase the functional reliability of valves.

Consequently, this aspect has been realised with the so-called DUALSWITCH
VALVE (DSV) [48]. The valve was designed especially for the treatment of patients
with NPH. It should be placed in the chest region, which allows a larger housing.
Within the larger housing, a more reliable and robust valve mechanism could be
established to guarantee a stable function of the valve. The physical principle behind
the concept is the definition of pressure: p = F/A. Pressure is defined as force over
area. Using this equation, the opening force of a valve can be calculated. The force of
a spring to guarantee the required opening pressure depends on the area of the valve
seat. The smaller the valve seat, the lower the spring force for a constant opening
pressure must be. Conversely, the larger the area of the valve seat is, the bigger the
spring force establishing the same opening performance. However, the disturbing
force due to particles within the CSF or changed viscosity remain at the same level
regardless of the area of the valve seat. In other words, the larger the area of the valve
seat, the more reliable the valve mechanism becomes. The evidence of this principle
has been reported in different papers [49–53]. Whenever the functional reliability of
a valve is challenged, the best guarantee for a reliable function is given for the DSV,
within a spring force is realised which is more than 200 times stronger than in any
other valve available.

Due to early complications following the successful introduction of shunts for the
treatment of paediatric hydrocephalus, a standard for testing the function of valves
was developed and adopted, but without specifying requirements for valve function.
Accuracy, correct, precise opening and closing characteristics and how to measure
them in case of dispute have beenwell describedwithout definingwhat a valve should
do (ASTM 0647). The only consensus in science about the requirements for shunts
so far is that they must provide a hydraulic connection between the CSF system and
the drainage compartment (abdominal cavity, atrium of the right heart) and promise
a complication-free course with good clinical results. What this means remains an
open question. With this in mind, it is clear that the physical, hydraulic performance
of valves is far more interesting than the technical design in terms of material, shape
and size. Since adjustable valves were introduced as early as the late 1980s, the
principles can be generally considered as adjustable or non-adjustable valves [54].
The adjustability of the valves naturally opens up useful treatment options: in cases
of over- or under-drainage, non-invasive adjustment of the operating performance of
the implanted device may avoid revisions. To date, there is no class 1 evidence from
a prospective, randomised multicentre trial of the superiority of adjustable versus
non-adjustable valves [55–57].
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Figure 15 gives an overview of the available valve technology. Logically, adjusta-
bility is useful for any type of proposed solution; however, the technology for adjust-
ment has only been developed for one type of differential pressure valves (DPVs) as
well as for gravity valves. All adjustable DPVs feature a ball-in-cone valve mech-
anism. The other two pressure valves, silicone diaphragm valves and silicone slit
valves, are only available as non-adjustable solutions.

There are basically two different groups of valves: the DPVs and the group of
devices that take into account the hydrostatic pressure generated by the position.
While the silicone slot valves are hardly available nowadays and are rarely implanted
in Europe, the United States or Japan, the silicone diaphragm valves are still widely
used. Independent tests of various simple DPVs showed a surprising range of values,
without being able to prove which valve was the correct one [58]. Some valves
functioned like a valveless tube, while others did not seem to open at all. The most
technically precise valve designs are the ball-in-cone valves. These valves usually
contain a stainless steel (or titanium) spring that presses a sapphire or ruby ball
against a valve seat, which is also made of metal or ruby (sapphire). Sapphire balls
guarantee the best possible roundness and surface quality to produce an optimum
opening and closing mechanism on the valve seat. Ball-cone valves differ essentially
in the design of the spring and the diameter of the valve seat. The larger the diameter,
the stronger the spring force to determine the opening pressure and the more reliably
the valve works.

DPVs do not address hydrostatic pressure at all. From a technical point of view,
they are simply designed only for the lying position of the patient. It is known that
the risk of over-drainage increases if the opening pressure of the valve is low and vice
versa: a high setting decreases the risk of complications due to over-drainage. On
the other hand, low settings promise a superior clinical outcome in contrast to high
settings. The so-called Holter-valve has often been used. This valve consisted of a
silicone tubewith a closed end and slits in itswall. The stiffness of thematerial and the

Fig. 15 Table of available valve designs
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texture of the slit defines the opening characteristic. Modern DPVs are always ball-
in-cone designswith a precise functioning. The graph in Fig. 16 represents the typical
characteristic of these old designs and reveals the limited accuracy. For ball-in-cone
valves, the variation is by far lower, the valves are by far more reliable regarding their
tolerances. These valves act technically great, precise and reliable. With regards to
hydrostatic pressure, whether a valveworks precisely is questionable if the physics of
VP shunts are ignored and non-physiological values within hydrocephalus patients
are systematically established. Many patients, however, seem to become adapted to
this situation without serious complaints and the human body seemingly is able to
get used to this kind of non-natural condition. However, it is impossible to predict
who will suffer severely from this situation with the consequence of a subdural
bleeding and, especially in patients with NPH, a clinical condition which is worse
than before surgery. In particular for this group of patients, the clinical outcome and
the complication rate have been doubted [59, 60]. One explanation for this is the
poor technical characteristic of simple DPVs (Fig. 17).

Be that as it may, DPVs are still regularly used today, for example, in patients
with post-haemorrhagic hydrocephalus. Whether a valveless shunt, i.e. just a tube,
would provide the same clinical success is an open question. Some published work

Fig. 16 Pressure flow characteristic of different DP valves [61]

Fig. 17 Three types of DPVs (silicone-slit valve, membrane valve, ball-in-cone valve)
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supports this, as does consideration of the physics of shunts, particularly DPVs with
a low-pressure setting [62]. The only advantage of these valves will be the reflux
protection, which is possibly not mandatory for VP shunts.

The importance of the counterbalance of the hydrostatic pressurewithinVP shunts
has been impressively reported in early studieswith thefirst gravitational devices. The
systematic comparison of the data demonstrated for the group with larger ventricles
(limited decrease of the ventricular size after shunting), smaller enlargement of the
subdural space and significantly lower number of subdural effusions (hygromas,
hematomas) which required surgical treatment, than for the group of DPVs [49, 63].

The possibility of adjusting the operating characteristics of implanted shunts non-
invasively was introduced in the late 80s of the twentieth century. This technology
was developed to avoid revisions in case of under-drainage and especially in case
of over-drainage. In the 90s, these devices became very popular. In Japan, the use
of a “programmable” valve was defined as the golden standard for the treatment
of hydrocephalus, although adjustable valves have exactly the same problems and
disadvantages as non-adjustable DPVs. It is clear to everyone that if you move a
bucket of water from the vertical to the horizontal position, the situation changes
completely.

The fact that this is also the case with implantable drains for the treatment of
hydrocephalus still does not correspond to the general neurosurgical understanding.
One can draw very different conclusions from this for the requirement of the function
of hydrocephalus valves; however, one cannot seriously believe that one and the same
valve function is the best conceivable solution for all body positions. In standing
position, the hydrostatic pressure sucking in the ventricle occurs in the shunt system,
which cannot be compensated by a DPV. In the supine position, low but positive
pressures relative to the atmosphere are clinically targetable, especially for NPH.
Thus, with up righting, adjustable valves would have to be set to a high opening
pressure or, with recumbency, to a rather low value, if not the lowest possible value.

There is an ongoing scientific debate about the useful setting of DPVs in NPH
[64–68]. On the one hand, it is recommended to add an anti-siphon system to the
adjustable valve, on the other hand, it is recommended to choose the optimal valve
setting taking into account the patient’s height and BMI. A statement such as “The
relationship between ICP and opening pressure valves is linear but not predicted by
simple hydrodynamics” [69] could be interpreted as questioning the reliability of
the physics. However, a valve, like all other medical devices, in principle follows
clearly understood rules and is based on engineering evidence. Now, if clinically
measured values appear to contradict physical laws, the explanation can only be that
the accuracy of the measurement is limited, the measured values do not represent a
steady state, or the measured value represents superimposed physiological processes
that are not known or seen. In none of the published papers is an explanation given
as to what alternative physical phenomena might explain why the posture-dependent
hydrostatic pressure is negligible and the physical situation for control by shunts is
the same for the upright position of the patient and the horizontal. It seems confusing
that the vertical position of patients is not considered to be of comparable importance
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Fig. 18 In average humans are in upright position on third of the day

to the supine position, even though patients with NPH spend many more hours per
day standing upright than lying down (Fig. 18).

The strategy of initially starting with a very high setting and carefully acclima-
tising the brain structure to the pressures defined by the shunt may reduce the risk
of severe complications due to over-drainage. However, the conditions are far from
physiological and represent only a compromise rather than an optimal approach. This
strategy delays the onset of adequate drainage and, particularly in patients with NPH,
counteracts the intended approach of lowering ICP during deep sleep to prevent the
occurrence of Bwaves. All available adjustable DPVs offer a maximum valve adjust-
ment up to 20 cm of water column. There is one exception that offers adjustment up
to 40 cm of water column. While 20 cm of water can compensate for the hydrostatic
pressure in the upright position of the patient, the less the taller the patient is, the
adjustment up to 40 cm of water in the lying position is more likely to lead to a
quasi-occlusion of the shunt. During the night, such a shunt acts as if there were no
shunt and consequently no treatment. To overcome problems due to over-drainage,
a kind of trouble shooting adjustment has been introduced. It is called virtual off
what as well means the adjustment to 40 cm of water. Such an adjustment interrupts
the treatment for the time of this high adjustment to overcome the critical clinical
condition due to over-drainage.

In addition to inadequate operation, unwanted adjustment due to magnetic fields
in daily life plays an important role for adjustable valves. For this reason, valves
have been invented and are available for clinical use that are equipped with a braking
mechanism that prevents uncontrolled adjustment even during MRI examinations.
Valves that do not have such a safety mechanism should no longer be used. In
addition, adjustable valves should be magnetically readable, making X-ray control
unnecessary for the vast majority of cases.

In order to make unintentional adjustment of the valves impossible, two different
technical principles have been implemented. The first is a simple mechanical brake,
normally active, which can be deactivated by a discreet pressure from the outside on
the body of the device (proGAV®). This eliminates the friction that normally prevents
themovement of the adjustment rotor and allows the rotation of the rotor bymagnetic
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fields applied from the outside [70, 71]. If the force applied on the device is taken
away, the position of the rotor is secured by the friction which acts between the rotor
and the housing. An unintended readjustment by any magnetic field is impossible.

The second principle, which is implemented differently in different valve designs,
uses magnetism to create a kind of brake [72–75]. In two cases, the rotor inside the
device can be rotated only when the rotor is moved upward from the outside by a
magnet. When the rotor is moved upward, the valve can be moved to a different
position by turning the magnet. Without such a magnetic field, the rotor is mechan-
ically blocked by walls that impede the movement of the rotor. Therefore, although
not impossible, it is very unlikely that the valve position will change unintentionally
(Certas plus). In this design, the spring force acting on the valve ball depends on the
rotation of the rotor. When the rotor is turned, the force is directly adjusted to the
new position of the rotor. In this case, the spring acts parallel to the valve axis. The
situation is similar with the second design. Also in the second design (Strata), the
rotor is moved upward by an external magnetic field and rotated by the rotation of
the external field (the magnet). When the adjustment tool is removed, a spring in the
valve pushes the rotor against the bottom of the housing where it is trapped in that
position Each position corresponds to a different pressure level because the bottom of
the housing is of variable thickness. Depending on the thickness, the spring is pressed
slightly more or less against the valve ball. The adjustment is therefore perpendic-
ular to the valve axis. The changed setting is detected when the rotor reaches its final
position. There are reports in the literature of unintentional adjustments with both
types of valves, although this should be technically very unlikely [76, 77].

Another design uses the attractive forces of magnets to provide a reliable locking
mechanism for the rotor. Again, the adjustment works as a function of the rotation
of the rotor. However, the rotor is locked by two attracting magnets until a special
external magnet opens this locking mechanism (Polaris). Neither magnetic fields of
daily life nor an MRI examination can unintentionally adjust the valve [73]. The
adjustment is achieved by changing the length of the spring acting on the valve ball.
The change is possible when the lockingmechanism is opened by a specificmagnetic
field applied to the valve from outside and this magnetic field is turned to the desired
position.

In summary, the differences of the available adjustable valves in terms of ease
of use, shape, technical solutions and material are far from being as important as
the safety against accidental adjustment and, more importantly, the limited hydraulic
performance. In principle, these valves act like non-adjustable DPVs, always as a
compromise between the vertical and the horizontal position of the patient. Against
this background, soon after the successful introduction of shunts for the treatment
of hydrocephalus, the first proposals have been made to optimise cerebrospinal fluid
drainage for the standing body position.

The second group of valve designs (Fig. 15) contains the different proposals
to improve the clinical perspective of the valves of the first group, the adjustable or
non-adjustable DPVs. Three different principles are used clinically today. Very often,
these valves are all referred to as anti-siphondevices. This is very confusing andpartly
the result of limited reflection on the differences that sometimes not everyone wants
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to highlight. The anti-siphon device (ASD) is a brand name for a valve principle.
The term ASD does not describe a group of devices or a classification.

This group of valves or valve components is defined by the fact that their designs
consider a vertical hydrostatic pressure within the shunt system. The technology
behind them offers three different principles. The first one introduced is the ASD.
Similar to this device is the so-called siphon-control-device (SCD). The second
type is a system to keep a constant flow throughout a shunt regardless of the active
differential pressure acting on the device. Two products are clinically used today:
the Orbis-Sigma-Valve (OSV), which is not intended to be used together with an
additional valve, and the so-called siphon-guard, which is always used in addition
to a DPV. The last type of this group uses the gravity of metallic balls in the upright
position of the patient to increase the overall working pressure reasonably (gravity
compensating device [GCA], SHUNTASSISTANT ® [SA]). Such a device is used
additionally to a DPV (like the ASD, SCD). Both additionally used types are as well
available integrated in one housing.

If two valves are installed in series, the opening characteristics of both devices
must be added together. For each device, the decisive factor is which absolute pres-
sure is present at the outlet and which at the inlet. If the difference between these
values is greater than the opening pressure of the valve, the valve opens and allows
the discharge until the difference has dropped to the opening or closing pressure
of the device. The various valves together transmit the atmospheric pressure (zero
level) to the ventricles. Within the ventricles, the pressure depends on the location of
the measurement. Above zero level, the pressure becomes negative, below positive
(Fig. 19).

The addition of the opening pressures of the various valves applies to all devices,
where the devices are positioned within the shunt system, and retroauricular or
thoracic has no influence on the function of the devices. The only exceptions are

Fig. 19 Differential pressure valve in series: the individual opening pressures must be added
together
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the ASD and the SCD. Function depends on the position of the implantation. Too
high a positioning increases the opening pressure, too low a positioning weakens the
intended compensation of the hydrostatic pressure. Such devices should be implanted
retroauricularly without exception.

The ASD was the first device proposed to limit the risk of over-drainage. Its
principle separates the proximal pressure acting within the device from the distal
pressure. Hereby the proximal pressure defines the opening of the device nearly
independent of the negative distal pressure. If the device is closed, the proximal
pressure is acting on an area which is many times larger than the area where the
distal pressure is acting on. If there is a hanging water column creating a distinct
negative pressure at the outlet of the ASD, it has an only slight impact on the opening
performance of the device. Thewater column creates a suctionwithin theASD,which
creates a closing force between the valve seat and the closing membrane. However,
this suction force is by far smaller than the proximal force which is established by
the ventricular pressure. If the ICP increases regardless of whether or not the patient
is standing, the proximal force becomes stronger than the distal closing force. The
device opens (Fig. 20).

The ASD/SCD concept is therefore a very elegant solution to eliminate the influ-
ence of the distal water column and to avoid the risk of over-drainage in the upright
position of the patient. Figure 21 shows an example of the calculation of the principle
of operation. The units are omitted here to make the relationship between the forces
clear. In the upright position of an adult patient, the proximal pressure is about 10 cm
of water and the distal negative pressure could be 40 cm of water. Since the proximal
area is about 20 times larger than the distal area, the proximal force is five times
stronger than the distal suction force. If there is no suction force because the patient
is lying down, then there is no force opposing the opening pressure and consequently
the opening pressure becomes lower. The diaphragm ismore easilymoved away from
the valve closure at the centre by the proximal ventricular pressure. Conversely, the
greater the distal negative pressure, the higher the opening pressure. That is, the
larger a patient is, the higher the opening pressure in the upright position.

The main disadvantage of this device is the strict dependence of its function on
subcutaneous pressure. While the device works very well and reliably in the labora-
tory without considering the influence of subcutaneous pressure, it seems impossible

Fig. 20 Schematic drawing of the ASD taken from the patent (left open, right closed)
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Fig. 21 Proximal force within the ASD/SCD defines the opening characteristics

to predict the opening characteristics of this device after implantation. Simulation
of fluctuating subcutaneous pressures also highlights the enormous importance of
this drawback in the laboratory for a possible drainage outcome or specifically for
increased ventricular pressures. In addition to the proximal and distal forces, there is
a third force acting on the membrane. This force acts from the outside of the implant
on the entire membrane surface, so that it increases the opening pressure depending
on the magnitude of the force or pressure. In fact, however, this force is neither
known nor can it be calculated systematically. What is the pressure exerted by the
skin that curves over the implant? If there is a scar over the implant or if the patient
is lying on the device (during the night?), the opening properties are significantly
increased. This may worsen over time as the tissue over the implant changes due to
natural processes. This is the reason why the ASD/ SCD is viewed critically and has
not been able to establish itself clinically [78, 79] (Fig. 22).

The second type of valves that take into account the vertical hydrostatic pressure
in a VP shunt is the flow reducer technology. It is important to mention that the
flow reducers do not regulate the flow. This would require an engineering solution
to measure the actual flow and regulate it according to specific requirements. The
term flow control is a marketing term. What is correct is that these devices limit or
reduce flow. The idea behind flow reducing valves is to limit the flow to physiological
ranges, regardless of the differential pressure applied to the device. Figure 23 shows
the principle of the OSV [80].

If CSF below a flow of about 20 ml per hour is to be drained via the device, the
valve has no significant resistance (phase I). To allow a flow of more than 20 ml per
hour, the resistance increases (phase II). If the differential pressure rises above 40 cm
of water, the valve opens without further resistance, so that the pressure across the
valve does not become significantly higher than 40 cm of water (phase III) (Fig. 24).

The major problem with this approach is the technical difficulty of reasonably
setting the flow within the required range. Small particles, which are often present
in CSF, significantly affect the possible flow. In vivo, the valve may operate quite
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Fig. 22 Principle of the ASD/SCD: the greatest influence on the device comes from the
subcutaneous pressure

Fig. 23 Principle of the OSV: Stage I (left) low resistance, stage II (centre) limited flow by
narrowing the outlet area, stage III (right) high pressure area with low resistance increase with
increasing flow

Fig. 24 Flow pressure characteristic of the OSV

differently from the ideal curve, and even in in vitro studies, the measured values do
not always correspond to the expected values [81]. Another important obstacle of
this device is the fact that it limits the flow regardless of the reason for increased flow
rates. It is known that especially patients with NPH benefit from low ICP. However,
high CSF rates might as well occur due to high CSF production, e.g. during the deep
sleep in the night (Rapid eye movement, REM) [82].

Clinical results support this criticism. Three different valve types, a DPV, a DPV
in combination with an SCD and a DPV in combination with an OSV, were compar-
atively investigated in a prospective randomised study in paediatric hydrocephalus.
The results for all investigated variants were in principle comparable. Interestingly,
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the results revealed significant differences with respect to the different valve designs
of the participating centres, each of which included more than 25 patients in the
study. The centre in which the inventor of the OSV was the neurosurgeon in charge
found much better survival rates for the OSVs than the other centres (Fig. 25). This
aspect could be explained by the fact that in the field of hydrocephalus therapy, deci-
sions are often made less on the basis of facts and evidence and more on personal
judgement and experience. Indisputable evidence is scarce. Unfortunately, the results
of the study support the widely held belief that the surgeon’s experience regarding
implantation technique is more important than the design of the valve, even though
implantation takes only 30 to 60 min, and the valve determines the clinical outcome
for months and years thereafter.

A similar type of flow reduction is the so-called siphon-guard (SG). Unlike the
OSV, the SG has two parallel internal paths. The main central pathway contains
a ball mechanism that is closed when the flow (the differential pressure acting on
the device) increases significantly above physiological levels. If this occurs, the
CSF is diverted through a spiral narrowed channel that creates significantly higher
resistance, reducing the flow through the valve. However, safe switching between
these two states appears to be critical. Laboratory studies have shown that there is
a systematic risk that the central occlusion of the mid-channel remains permanently
activated [83, 84]. Thismay increase the risk of under-drainage or hypertension. Both
designs, the OSV and the SG, reduce the risk of over-drainage, but also increase the
risk of under-drainage because they cannot distinguish whether or not high flow is
caused by hydrostatic pressure or for other reasons.

As already mentioned, the SG is not an ASD because its operating principle is
completely different and consequently its performance is also different. Sometimes,
it is also called a gravitational valve, which is alsowrong. The SG (like theOSV) does
not act in a posture- dependent manner. The weight of the ball in the device to close
the passage in the vertical position is not comparable to the weight of metal balls
used in gravity valves. Therefore, there is no recommendation from themanufacturer
to implant this device parallel to the body axis. Because of the different hydraulic
and physical performance, it is necessary to carefully differentiate between the three
types of valves taking into account the vertical hydrostatic pressure.

The third type of these devices is the group of posture-dependent gravity valves.
While adjustable solutions have not been proposed and clinically established for the
other two principles (ASD, SCD or flow reduction devices (FRD)), an adjustable
valve is also available for gravitational technology (Fig. 15). It is surprising that
the adjustability of valves is generally well accepted and their clinical potential is
highly valued, but the fact that this is especially true for the upright position, as
humans spend more time in an upright than in a supine position during the day, has
hardly been addressed since the introduction of valves. Although the adjustment of
the DPVs is also effective in the vertical position, the adjustment is not equally useful
for both postures. Raising the opening pressure when standing leads to unwanted and
harmful pressures when lying down; conversely, lowering the pressure significantly
increases the risk of over-drainage.
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Fig. 25 Kaplan–Meier curves for the shunt failure in the paediatric population examined in different
participating centres of a randomised trial
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The general principle of gravitational valves uses the gravity of metallic balls to
create a posture-dependent opening pressure of the devices. The specific weight of
metal is widely different. On the one hand stainless steel balls are used, on the other
hand tantalum balls. The benefit of tantalum is its high specificweight.With a density
of 17 kg per litre, it ismore than two times heavier than stainless steel. Thismeans that
bodies of small volumes can create comparatively high gravitational forces. Instead
of using several balls out of stainless steel to create the required opening force, with
tantalum balls only one ball is needed. One ball reduces the friction within the ball
and the wall of the housing, which increases the overall precision of the device.
However, such differences are of limited importance for the clinical outcome.

The first gravitational valve was introduced for LP drainages. It was recognised
that for this type of drainage, the hydrostatic pressure compensation is important;
however, this principle has never been considered to be important for VP shunts
as well. The first gravitational valve for VP shunts was the DSV. This valve had
two chambers in parallel. The first valve chamber integrated a DPV adjusted to the
lying position, and the second chamber contained a valve adjusted to the standing
position. The respective chamber is activated by a tantalum ball which opens and
closes the low-pressure path depending on the posture.Here again, the specificweight
of tantalum allows to establish a reliable switching function. The valve was designed
to be implanted in the chest region. The background is that the two valves within the
DSV have a large membrane to increase its working reliability. The larger the area
is where the pressure is acting, the more reliable the valve becomes. Secondly, the
chest is a good indicator for the position of the patient. For gravitational devices, it is
important to be implanted in parallel to the body axis. A drawback of theDSV is that it
offers only two different valve characteristics. In an inclined position, it may switch
to the low-pressure stage too early and thus allow over-drainage. Clinical reports
about results after implanting the DSV, however, could demonstrate the importance
of the gravitational principle (Fig. 26).

Fig. 26 Principle of the DSV switching between two valve chambers depending on posture
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Fig. 27 Principle of a gravitational valve with a tantalum ball acting vertically directly against the
hydrostatic pressure

The other gravitational principle being integrated in hydrocephalus valves uses
theweight of ametallic ball directly acting against a valve seat. The gravity of the ball
counteracts against the hydrostatic pressure while the patient is upright. The opening
pressure of such valves is defined by the closing area of the valve seat and the weight
of the ball. In some gravitational valves, different opening characteristics of the valve
are established by choosing one, two, three or even for balls. In other devices, the
opening pressure is realised by different sizes of the valve seat. The smaller the valve
seat, the higher the opening pressure becomeswith the samegravitational force acting
on the seat (Fig. 27).

There are gravitational valves of different manufacturers available. They can be
distinguished by the material used, the shape and the size. Important is the implan-
tation under reflection of the gravitational force in parallel to the body axis. This
precise and reliable positioning of the horizontal-vertical valve, which was proposed
by Hakim already in the 1970s, was a challenge and possibly the reason that it never
became very popular. The fear of subdural effusions was too great, and a VP shunt
was almost preferred, especially in NPH patients. The DSV is the second device
available for implantation in a LP shunt [85], but despite the good results with this
valve, the LP shunt is still not very popular today. Figure 28 gives an overview about
available gravitational valves.

Gravity valves have the potential to systematically equalise hydrostatic pres-
sure. The most important study to demonstrate the strength of this technology is
the so-called SVASONA study, which investigated the influence of a gravity valve
in a prospective randomised trial with NPH patients [87]. An adjustable valve was
implanted with or without a gravitational unit. Up to now, only four class one studies
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Fig. 28 Available gravitational valves at the market developed by different manufacturers (the size
of the drawing does not represent the actual size) [86]

have ever been performed in the field of shunt therapy. Class one study means that it
was prospective, randomised, controlled and performed as a multicentre study. The
first was the Drake study, performed and published in 1998 in which a DPV with
or without a SCD and an OSV has been investigated in a paediatric population. The
results did not show any evidence for any valve type. The second studywas published
by Boon et al. who compared the results after implanting a medium pressure (MPV)
or low pressure (LPV) DPV in patients with NPH. The authors concluded: “Outcome
was better for patients who had an LPV shunt than for those with an MPV shunt,
although most differences were not statistically significant. The authors advise that
patients with NPH be treated with an LPV shunt”. They found a significantly higher
rate of subdural effusions in the LPV group (71%) compared with the MPV group
(34%), with no significant clinical impact on patient outcome. The third prospective,
randomised, controlled, multicentre study was published in 1999 by Pollack, who
compared an adjustable DPV with a conventional, non-adjustable DPV. The goal of
the study was not to prove the superiority of one valve design, but to show that the
results for both groups were comparable and that adjustable valves could be used
safely in the treatment of hydrocephalus, which the authors successfully demon-
strated. The SVASONA study was published in 2013 and brought clear evidence
for the beneficial impact of the gravitational unit to the complication rate due to
over-drainage in patients with NPH (Fig. 29).

The investigators could enrol 145 patients with idiopathic NPH, 137 of whom
could be analysed after reaching the endpoint of the study. They found highly
significantly different results. Six months after surgery, 29 patients of the group
without a gravitational unit and 5 patients with a gravitational unit had developed a
subdural effusion. The consequence of the results was the premature discontinuation
of the patient recruitment. As a conclusion the authors stated: “Implanting a grav-
itational rather than another type of valve will avoid one additional over- drainage
complication in about every third patient undergoing VP shunting for idiopathic
NPH”.
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Fig. 29 Scheme of the SVASONA study to investigate the impact of gravitational device on the
outcome of NPH patients [87]

There are some limitations to this study. For example, it focuses only on a single
valve. Flow- reducing devices and ASD/SCD were not considered. It is possible
that the complication rate would be similar for these devices. However, this would
need to be shown in another study. Another limitation is the design, which requires
consistent lowering of the valve setting. This requirement is based on the hypothesis
that lowering the ICP allows for a better clinical outcome for NPH patients. Whether
comparable clinical outcomes might result with DPVs that are not lowered has not
been investigated. However, even without being able to answer all the questions, the
results of the study provide very impressive support for the theoretical expectations
that arise from the physical study of VP shunts. From a technical point of view, it
is very clear that gravity compensation must have an effect on the pressure situation
in the drained compartment. If this pressure is kept close to the atmospheric level,
i.e. if the sucking influence of a hanging water column is compensated, the risk of
subdural effusion decreases.

Adjustability of the gravitational unit is often equated with DP adjustment along
with a non-adjustable gravitational unit, since DP unit adjustment increases or
decreases the opening power for both body positions. However, independent adjust-
ment of shunt power in the vertical position is useful in many cases even without
increasing DP unit pressure. For example, a clinical problem in the treatment of NPH
is disease progression. After insertion of a shunt, deterioration of the clinical condi-
tion is sometimes observed after initial satisfactory improvement. In these cases,
lowering the valve setting is the only perspective, although lowering the opening
pressure increases the risk of subdural effusions. If the DPV is already set to the
lowest possible setting, the only option is controlled over-drainage in the vertical
position [88–90]. With an adjustable DPV, such a manoeuvre is impossible (Fig. 30).



Shunt Technology for the Treatment of Hydrocephalus 425

Fig. 30 Adjustment of the gravitational unit of a VP shunt

A similar aspect can be observed in the lumbar puncture test, which is performed
to diagnose NPH. In this test, a certain amount of CSF (30–50 ml) is collected
without knowing the pressure response. However, clinical improvement shortly after
the puncture or even a day later is a strong indicator that the shunt is responding.
Withdrawal of such a volume of fluid from the ventricular system can easily create
a significant negative pressure. Often the patient initially shows marked clinical
improvement, but after some time, the old condition returns. The former ICP value
is reached again.

For these reasons, the adjustment of the gravity valve could bemore important than
the adjustment of the DPV. The principle is based on the adjustment of a spring force
acting against the gravity of a tantalum ball in the upright position. Figure 31 shows
the principle of this design schematically. When set to zero, such a device provides
a non-invasive option equivalent to an invasive lumbar puncture. A very low setting
can be made for a few minutes or even longer and then readjusted to values that can
counteract hydrostatic pressure. Adjustment of gravity-dependent vertical opening
pressure thus opens up new opportunities for the diagnosis and treatment of NPH,
especially in re-worsening conditions of the NPH patient. However, there is currently
no clinical evidence to support this perspective.

The opening pressure of the adjustable gravitational valve (M.blue®) depends
on the posture and the adjustment. At the highest setting, the increase of pressure
starts with the first movement from the horizontal in the vertical position. With
the adjustment of the spring acting against the gravity of the tantalum ball, the
gravitational counterbalance starts delayed. As lower, the adjusted opening pressure
is as later the gravitational force influences the operating characteristic of the device
(Fig. 32).

The introduction of gravity valve (AGV) adjustment has provided an additional
means of non-invasively interfering with the hydraulic properties of an implanted
shunt. However, the question arises whether or not both adjustment options are



426 C. Miethke

Fig. 31 Principle of the adjustment of a gravitational force: 1 – hydrostatic principle; 2 – adjustable
spring between tantalum ball and valve ball; 3 – adjustment is partially lowering the gravitational
force of the tantalum ball; 4 – gravity of the tantalum ball is deactivated, the ball is moved up and
does not create a flow resistance

Fig. 32 Design of the adjustable gravitational valve and performance characteristic depending on
posture and adjustment

clinically necessary or valuable for a good clinical outcome. Particularly in NPH,
a low DPV setting is likely to be beneficial for outcome. A reasonable setting to
optimise treatment could be made with the AGV. Since it is open whether both units
are needed and the AGV may promise more therapeutic options, it is reasonable to
develop an AGV with a non-adjustable DP unit. Such a unit is implemented in the
M.blue®. This valve consists of the spring adjustment unit to define the action of the
tantalum weight and a fixed pressure DPV integrated in the distal outlet part of the
titanium housing. The DP unit is available with various fixed pressures. Of course,
like all other gravitational valves, it is important that this device is implanted parallel
to the body axis (Fig. 33).

6 The Adjustment of Flow

Although the shunt treatment is a very successful neurosurgical intervention there
are still many open questions and unsolved problems. This is the background for
the fact that again and again new ideas are proposed and there is no agreed evidence
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Fig. 33 Are two adjustment unit needed? X-ray of an implanted AGV together with an adjustable
DP valve (left), Schematic description of an M.blue® with a fixed pressure DP valve at the distal
outlet of the device (right)

about basic technical and functional aspects of shunting. The failure rate in paediatric
hydrocephalus due to shunt blockage is high and the problem is unsolved, methods
to check shunt independency are not available and the question of how to treat slit-
ventricle syndrome successfully is not answered. The first mentioned problem refers
to the small housing required and consequently small space available for reliable
valve technology for newborns and young children. Larger devices (like the DSV)
improve the reliability of the valve mechanism; however, they are too large to be
implanted in this patient group.

The second and third problemcould be addressed by developing an adjustable flow
reduction device that could be implanted in conjunction with an AGV. Adjustment of
flow alone cannot offer and promise a reasonable perspective, since it is and will be
completely unknownwhat setting could guarantee physiologic pressure (ICP) values.
However, together with reasonable pressure control, it could add significant value
to treatment in some patients. In particular, in patients with slit ventricle syndrome
or in over-drained neonates, a flow-reducing device combined with an adjustable
gravitational valve could support an improvement in the clinical outlook of affected
patients. Usually, patients with slit ventricle syndrome are very difficult to treat. The
valve setting is either too low or too high. Or it works for some time, then it fails.
For patients, this is often a nightmare (Fig. 34).

Adjustment of flow could significantly affect ICP with respect to changes due
to dynamic pressure amplitudes. The crying child could actively pump the ventri-
cles empty. Patients with slit ventricles have pathologically low compliance. Low
outflowing fluid volumes correspond with high pressure changes within the ventri-
cles. However, shunts easily allowflowup to a hundred times greater than the produc-
tion rate. When a valve opens because the differential pressure rises significantly
above its opening pressure, the total resistance of a shunt is independent of the
compliance of the ventricles. Due to pressure changes caused by movement (change
of position, running, jumping), the fluid is drained by this movement.
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Fig. 34 CT scan of a patient with slit ventricles (left); X-ray of a shunted patient with a serious of
gravitational valves (right) with on opening pressure of 102 cm of water in the upright and 2 cm of
water in the horizontal position of the patient

The hydrostatic pressure in both vessels in Fig. 35 (left) is the same. However,
when the same amount of liquid is drained, the pressure behaviour in the two cham-
bers is completely different. The thin vessel with a small surface area drains quickly,
resulting in a rapid pressure drop,while the pressure in the other vessel remains almost
unchanged. This model demonstrates the need for reduced drainage in compartments
with low compliance. Pressure regulation within the ventricles of patients with low
compliance is a challenge for shunt systems. Even very small flow rates can signif-
icantly alter the ICP in a negative manner. Even the installation of multiple gravity
valves cannot reliably prevent this (Fig. 35, right). Simply setting the opening pres-
sure much higher than physically reasonable avoids drainage in the upright position
and thus the influence of dynamic pressure changes due to patient movement. Intro-
ducing an additional flow setting could allow for more reasonable vertical valve
opening characteristics if the volume of fluid drained remains low during pres-
sure peaks. Flow adjustment dampens fluid outflow and reduces the influence of
short-term pressure fluctuations. The set means pressure is easier to control.

Figure 36 explains the effect of flow reducing. The resistance depends on the
length of the pathway with reduced inner diameter. The resistance of a tube is highly
dependent on its diameter. In the case of a round catheter, the outflow resistance
depends on the radius to the fourth power. This means that the smaller the radius,
the greater the outflow resistance and the longer a pressure-driven outflow of liquids
takes. According to the Hagen–Poiseuille law, the flow can be calculated as follows:

V̇ = dV

dt
= π · r4

8 · η
�p

l
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Fig. 35 Model to illustrate the effect of varying compliance on drainage outcome

Fig. 36 Illustration of the principle of operation of the M.flow® Left: Resistance setting; Right:
Device fully off (top) and fully on (bottom)
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V̇ : volume change according to the time; dV: volume change; dt: change in time;
π : natural number; r: radius;�p: pressure difference; η: dynamic viscosity; l: length.

The M.flow® does not contain a valve mechanism. It contains just a narrow canal
which connects the inlet and the outlet of the implant. A rotor covers this small canal
and its position defines the length of the narrowed pathway to be drained through. For
the lowest resistance of the device, the opening of the rotor is positioned right above
the outlet. In this position, there is no additional resistance at all. Next to the position
of highest resistance, the rotor can be turned further for full stop of the drainage. In
this position, the device closes the shunt completely. This adjustment allows the test
of shunt dependency. If needed, the shunt can be opened again immediately.

The mode of operation of the M.flow® is shown in Fig. 36. A drainage catheter
has a certain drainage resistance. If the M.flow® is now integrated into this catheter,
the resistance does not change if the opening in the rotor is positioned directly above
the outlet. If the rotor is now twisted, the resistance depends on the final position of
the opening in the rotor above the channel. The longer the outflowing channel, the
higher the resistance and the lower the flow through the valve at constant differential
pressure. In the closed position, the outflow is reliably prevented (Fig. 37).

Thus the M.flow® allows the flow to be adjusted independently of the pressure
setting of the shunt control valve. Theoretically, the valve can be any type of valve,
because theM.flow® only additionally intervenes in the resistance of the entire shunt.
Increasing or decreasing the resistance influences the differential pressure of the
entire shunt; however, the function of the valve is decisive. It primarily determines
the operating pressure of the shunt; the M.flow® influences the flow result as a conse-
quence of rapid and sudden pressure changes acting on the system. Without an
additional implanted valve, it functions like a tube with a non-invasively adjustable
inner lumen. Figure 38 shows a cross section through the device.

Fig. 37 Adjustments the device design for different rotor positions
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Fig. 38 Cross section of the M.flow® for adjusting the flow through a shunt

7 The Fairy Tale of Smart Shunts

More than 40 years ago, Rekate proposed a closed-loop system to control ICP [91].
Since then, numerous similar approaches have been published; none of these ideas
have been available for clinical use though. In the first view, this sounds surprising.
Reviewing the different proposals reveals a couple of understandable reasons.

First, the authors do not differentiate by patient group or aetiology. However,
shunt failure is completely different in paediatric hydrocephalus, post-haemorrhagic
hydrocephalus or NPH. In many of these articles, the introduction mentions that
there have been no realistic improvements in recent decades and that “Current tech-
nology remains relatively rudimentary with advances coming along every few years
as companies battle to retain market share.” In addition, the motivation for their
own activities is generally described by the continued poor results after shunting.
However, the statement like “It is generally estimated that 40% of shunts fail within
2 years and 98% have failed within 10 years” ignores successes in improved treat-
ment and progress in understanding of shunts at least of the years after 2000. It is not
true, neither for the paediatric population nor for the adult population, that 98% of
shunts fail within 10 year or 40%within 2 years [92, 93]. On the one hand, the authors
mention that the deep understanding of the pathophysiology of CSF circulation is a
prerequisite for the development of an intelligent shunt, on the other hand, they do not
differentiate between the significance of a shunt failure and the clinical course and
treatment success up to this point, they also do not differentiate between the reasons
for the revision of a shunt and especially not between the different patient collectives.
A non-responder in the NPH group is a completely different case than a neonate with
shunt blockage and post-haemorrhagic hydrocephalus. However, both cases fail and
negatively affect the survival rate. However, the failure rate in infants is not a matter
of not understanding CSF physiology, which may be the reason for failure in the
NPH patient, among others, but a consequence of limited space for the implant to
establish reliable valve function. On the other hand, the reason for failure in NPH
could also be, e.g. a wrong indication or the implantation could be too late, since
it is known (one of the clinical achievements of recent years) that clinical success
depends on the timing of implantation of a shunt: the later it is implanted, the worse
the clinical status at the time of implantation, the worse and more disappointing the
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outcome. In any case, one cannot generalise from shunt failure that it is due to inad-
equate technique. Even a smart shunt would not promise any improvement here. On
the contrary, if the size of a smart shunt was available in the infant, one may assume
that this larger volume would be used more effectively for improved mechanical
reliability through enlargement.

Negative description of achievements in the area where the authors want tomake a
contribution to progress is similar to the strategy of writing patents. First, the problem
is described as big as possible, together with the explanation why no one has been
able to solve it carefully and all previous proposals are insufficient. This is followed
by an explanation of one’s thoughts and inventions and a description of one’s claimed
rights to the ideas. Whether their own ideas work or not, or whether the criticism is
justified or not, is not examined.

Many of these smart shunt projects are funded by people or organisations who are
not really introduced to the subject. The experts (scientists, engineers responsible
for the project) do not invest their own money, but either public money or private
money from investment companies. If there is a financial investor behind, the focus
of the project is the financial perspective and the promised return of investment.
Surprisingly, in most of the cases, the investors are not the companies already active
in the field of hydrocephaluswith a bright expertise andwell connected to themedical
field but investors looking for business prospects being aware of the risk behind [94–
96]. However, the focus of these projects is always on developing a product that the
investors intend to market. The interest therefore always lies in the introduction of a
new, groundbreaking technology that promises enormous financial prospects. In this
sense, investors also accept the risk of failure. A good example is the Cognishunt®

project, which aimed to demonstrate the ability of a new shunt (with unknown or
unpublished operating principle) to improve the life prospects ofAlzheimer’s patients
by implanting a VP shunt with the new device. The clinical data from a clinical trial
did not confirm the thesis [97] and the money was lost.

Publicly funded projects, on the other hand, do not focus on product develop-
ment but on feasibility studies. This means that the value of these projects is usually
very limited, as the confirmation of a technical principle in vitro does not say too
much about its potential in vivo. The only convincing argument for the use of a
new technology should be and remain clinical evidence. Clinical evidence can be
provided when a device is clinically available and can be used. This is not possible
with prototypes. Nowadays, the approval of medical devices is a demanding and
complex procedure. Non-commercial developments often disregard the most impor-
tant aspect of implants: biocompatibility. Many technical solutions cannot be used
in vivo because the available space prevents this and the passivation of the solution
destroys the function or influences it too negatively.

But which of the projects of recent years has provided valuable results for the
perspective of one day presenting an intelligent shunt? One approach to answering
this question is to return to the open tasks, to the reasons for failure or unsatisfactory
clinical outcomes of shunt patients. Failure due to infection represents a large group.
Possibly, this is themost important reason for revisions, as it is the reason for revision
in most cases. Recently, the development of antibiotic catheters has been shown to
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significantly reduce the rate of infection in paediatric hydrocephalus [98]. Indeed,
even the value of the significant results of the BASICS study are questions addressed
by earlier paper which show that the infection can be reduced at least to the same low
level without an impregnation of the catheters [99]. It must be assumed that although
such low infection rates can be achieved, they are unrealistic as an average result. The
care required for this, the strict adherence to the required protocol is not achievable
in many clinics. Against this background, the development of antibiotic-impregnated
catheters must be seen as an important step forward in improving the failure rate of
shunt placement.

In addition to infection, shunt obstruction is particularly important in paediatric
hydrocephalus. The question here is in what way and to what extent an innovative
intelligent shunt can overcome this problem. If a control loop is established as an
ICP-controlling shunt system, it is completely open whether such a device can, first,
recognise the situation and, second, independently unblock and clear the drainage
pathway. These aspects are not even addressed in papers on smart shunts.

The next issues with shunts are under-drainage and over-drainage. Blockage may
be the result of excessive protein content or an excessive amount of cellular debris
in the draining CSF. As mentioned earlier, this problem could be solved by larger
weights, larger actuating forces, and larger effective areas involved in the function of
shunts. However, this is true for both passive systems and smart shunts. It is always
a matter of weighing the advantages and disadvantages of new devices. It cannot
be said that the introduction of electronic components into technology guarantees
its reliable operation. The new technology definitely brings new risks that must be
outweighed by important benefits. But whether there are any advantages at all in
terms of clogging over passive devices is an open question.

Another reason for under-drainage is over-drainage. Both of these issues are
resolved very differently by the various devices available. Because the available tech-
nology is so diverse and publications on clinical outcomes are so inhomogeneous
in terms of study quality, study protocol, aetiology of patients included, observa-
tion time, quality of life and other aspects, it is difficult to make a general, overall
summary statement about passive shunts. The available valve technology is discussed
in this chapter, as are some basic physical aspects (hydrostatic pressure). These phys-
ical aspects can be and are addressed by the technology of at least some passive
valves (gravitational valves). In addition to clinical evidence, physical or scientific
evidence should also be considered in evaluations of the technology. There are very
few prospective randomised trials looking at shunt technology. Meier et al. [100]
concluded that the addition of a gravitational unit to an adjustable DPV in patients
with idiopathic NPH makes a large difference in terms of over-drainage rates (class
I evidence) and has to be the standard of care in the treatment of idiopathic NPH. As
for the concept of smart shunts, again, whether or not this type of smart drainage will
improve clinical outcome and reduce the rate of revision due to the physiological
conditions present in the ventricular system is an open question. The problem of a
closed loop is the limitation of the pressure and flow measurement. It is easily stated
that the ICP and the flow are going to be measured precisely for a time as a part of an
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implant. But behind these topics, lurk numerous tasks that have hardly been solved
so far.

The minimum requirement for a smart shunt is an active, computer-controlled
mechanism to interfere with the actual condition within a shunt based on a measured
signal. This means at least an actuator as well as a sensor is needed.Without a sensor,
no closed loop can work as well as without an actuator. Since the shunt is focusing
the ICP, the most important sensor should be a pressure transducer. A flow sensor
could be a valuable addition to the concept as well as a sensor detecting movement
and position. Other sensors might be interesting, however these should be added after
the first ones are clinically available.

Numerous technical principles have been developed for the precise measurement
of pressure in gases or liquids. However, only one solution is available today as a
long-term implantable sensor [101, 102]. Although needed for decades, the quality
of the presented development results has never allowed an indefinite implantation.
The concept of this sensor (M.scio®) uses the equation of ideal gases to transmit
the external pressure (ICP) through a thin titanium diaphragm to an asic (application
specific integrated circuit) in a titanium housing. An asic is used throughout theworld
wherever pressure measurement is required. Its accuracy promises the best measure-
ments available. However, it cannot be implanted because it is not biocompatible
and must not have direct contact with fluids such as cerebrospinal fluid. The implant
is designed to minimise the volume of gas. Therefore, the smallest movements of
the titanium membrane change the pressure inside the housing, depending on the
changing external pressure.

The pressure inside the left vessel in Fig. 39 pI1 is equal to the external pressure
pO. The membrane is not displaced. The container in the centre left pI2 has a higher
pressure inside than outside. The diaphragm bulges outward in the direction of the
lower pressure. The opposite happens in the container in the centre right pI3, where
the external pressure is higher than the internal pressure. The membrane collapses a
little into the container. In contrast, almost nomovement occurs in the fourth vessel on
the right pI4 (Fig. 39). The diaphragm is hardlymoved by changing external pressure.
In this case, onlyminimalmovement is required to create the same pressure inside the
vessel as outside. The smaller the volume, the less movement is required to adjust the
pressure. This principle explains how a pressure outside of a box can be transmitted
inside a box. The measurement inside represents the pressure outside. It is decisive
to understand that the measured pressure is an absolute pressure. This means that the
value of the measurement depends on the knowledge about the outside pressure. The
measured value for the pressure within the containers in Fig. 39 has to be compared to
the measured outer pressure. The difference defines the movement of the membrane.
If this method is used for measuring the ICP, the value measured within the titanium
cell has to be compared with the actual atmospheric pressure. The difference gives
the actual ICP. This makes another restriction obvious. If such a measurement shall
be used for the regulation of a smart shunt, always an externally measured pressure
value is needed. This requires energy, which has to be taken from a battery placed
within the implant. A battery is needed anyway, but this communication with an
external pressure transducer requires an enormous amount of energy taken from the
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Fig. 39 Physical principle of the M.scio® to transmit the outer pressure to the inner housing by
minimum movement of a titanium membrane

battery. On the other hand, the concept of an externally integrated pressure transducer
introduces enormous risk to the valve. If the communication fails or the external
transducer is damaged, the shunt does not work anymore.

Today, if a pressure transmitter is available, there is nothing to measure the flow
through a shunt with any useful accuracy. So far, some proposals have been made
to externally qualify the flow in certain ranges. The idea behind such approaches is
to allow investigation of whether a shunt is still functioning or not. This involves
cooling the CSF externally and measuring how long it takes for the cooled front
to drain. From this, the flow can then be calculated. Inside an implant, however,
such concepts are not applicable. This means that at the moment the only possibility
for a closed-loop shunt is to implement the principle of M.scio® (the principle of
relaxedmembranes) in a smart shunt and accept the requirement for external pressure
measurement. Can and will such a concept really lead to an improved treatment
perspective? The requirement for optimal pressure matching in patients with NPH
is particularly unclear. What pressure situation should be required? Could such a
concept possibly promise progress for this group of patients? However, if a definition
of a desired result cannot be given by the clinicians, a device cannot be developed
accordingly (Fig. 40).

Most developers do not seem to be aware that a valve in a VP shunt merely
transmits abdominal pressure to the ventricles in some fashion. In these shunts,
abdominal pressure represents atmospheric pressure, which is no better measured

Fig. 40 Importance of abdominal pressure for ICP in shunt patients. The valve "uses" abdominal
pressure to transmit it to the ventricular system. In addition, postural physical conditions within the
shunt affect ICP
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in the human body. In other words, abdominal pressure and body position are more
important to the resulting pressure situation than most valves. A smart shunt should
at least use abdominal pressure more intelligently than passive VP valves can.

8 Future Perspective: A Smart Shunt for Patients with NPH

In Japan, it is becoming increasingly popular to implant LP shunts instead of VP
shunts in patients with NPH [103–105]. Whether CSF is drained via the spinal canal
and from there via a catheter into the abdominal compartment or whether CSF is
drained from the cerebral ventricles via a catheter into the abdominal compartment,
makes no difference as long as the different compartments are well connected and
there are no stenoses in between. To date, however, no valve has been developed to
meet the special conditions of implantation in the abdominal compartment. Because
such devices could be implanted in amanner similar to pacemakers, they could be the
size of pacemakers. Available valves for LP shunts are similar to those once used for
VP shunts. However, the potential size of such devices is not really altered. Larger
valves, however, could allow for more complex technology involving a battery, a
pressure transducer, and an actuator. If the pressure transducer is sufficient as a
differential pressure transducer and external pressure measurement is not required,
a new concept of a smart shunt for patients with NPH could promise advances and
new achievements in the field. The background for these considerations is the fact
that patients with NPH do not necessarily require continuous CSF drainage. As is
known from lumbar puncture tests to investigate whether a patient could benefit
from shunt therapy, the response to CSF withdrawal lasts for a while, even if no
further CSF withdrawal takes place. Whereas in hypertensive hydrocephalus, the
continuous drainage of CSF is life saving and consequently very important for the
clinical status of the patient, in NPH the situation is different. Actually, nobody
really knows what the best pressure regulation for NPH patients should be. NPH is a
pathological status and the question is whether physiological conditions alone should
be the desired clinical perspective for the affected patients. Whatever valve system
may be implanted, the question of whether and to what extent further improvement
would be possible through which action remains unanswered. In general, it can be
assumed that lowering the ICP and dampening the pressure fluctuations should have
a positive effect on the clinical status of the patients (Fig. 41).

The simplest of the proposed smart valves was a programmable switch. Program-
ming is used to determine when, how often and how long the shunt should be opened.
The programming can be done by taking into account the posture of the body. In
the upright position, the opening time can be reduced; in the horizontal position of
the patient, the time will be automatically extended to ensure a sufficient drainage
result. The various parameters can be individually programmed and adapted to the
patient’s needs. The valve is to be implanted in a VP shunt and placed thoracically.
The development was funded by the German government. It has not been approved
or clinically evaluated to date. But the basic requirements for an implant have been



Shunt Technology for the Treatment of Hydrocephalus 437

Fig. 41 Difference between continuous drainage (left) and intermittent (middle) withdraw of CSF.
ICP before and after continuous shunting (right). Is the continuous CSF flow required?

Fig. 42 Prototype of a programmable switch for the treatment of NPH including two pressure
sensors (Left: First implantable prototype without pressure transducer; left middle: Concept of a
piezo activated switch; rightmiddle: a switch in combinationwith two absolute pressure transducers;
right: computer model of an electrical switch with integrated pressure transducers

solved. The battery-powered switch has been successfully evaluated in vitro, as has
the radio link from a titanium housing to an external programming device, and the
energy-efficient control of a piezo-driven actuator system (Fig. 42).

After the presentation of the programmable switch as a new active implant for
CSF drainage in patients withNPH inBanff 2015 [106], the promised progress of this
device did not justify the financial investment for a necessary clinical trial. Therefore,
the concept remains a current one to this day. However, based on technological
advances since then, the valve should be augmented with two absolute pressure
sensors separated by a switch, an activity sensor that can detect improvements in
the patient’s walking or general mobility and a position sensor. Such a device could
learn in what way the patient improves after what type of fluid withdrawal without
knowing the actual ICP. Interpretation of distal and proximal pressure changes as a
function of body posture and switch position could allow autonomous programming
of the device. Similar to Al-Momani’s proposals [107], data obtained from such
devices could be shared via a cloud, and based on artificial intelligence programmes,
successful treatment and its optimization could occur without the intervention of the
treating physician.
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Integrated into a titanium housing, two pressure sensors can detect pressure
changes in the abdominal cavity, intracranial pressure changes and changes in atmo-
spheric pressure in an exciting way. Together with the patient position sensor, these
measurements enable the interpretation of pressure changes and thus the calculation
of a meaningful opening of the mechatronic switch. When the switch is closed, soon
after the valve is implanted, during a few days and a few controlled movements, the
device can quickly determine the expected absolute pressure difference between the
horizontal and vertical positions. With the switch closed, one value for the proximal
limb of the shunt and one value for the distal limb are obtained in each case. The
difference between the maximum and minimum values measured proximally reveals
the hydrostatic pressure, including the current ICP, acting at the closed inlet of the
device. The absolute pressure measured at the distal outlet of the device in the supine
and standing position reveals the distal portion of the hydrostatic pressure including
the abdominal pressure values. If the proximal transducer detects a rapid increase in
pressure that is not related to movement or changes in atmospheric pressure (since
there is no change at the distal transducer), the cause is an increase in ICP. Briefly
opening the device and thenmeasuring the pressure response of the drainwill provide
information about the compliance of the patient’s ventricular system. A functioning
shunt always establishes typical pressures within the shunt, both when the device is
closed and when it is open. When the patient is lying down, the switch can be opened
to recalibrate the two sensors, not in terms of atmospheric pressure accuracy, but in
relation to each other. The sensors would be set to the same value in the same pressure
situation (or the different measured values could be noted as corresponding to the
exact same absolute pressure), making it possible to interpret pressure values in a
goal-directed manner regardless of the actual accuracy of the pressure measurement
with respect to atmospheric pressure and regardless of knowledge of it. Which of
the sensors does not measure accurately, only one of them or both, as long as the
changes reflect the actual pressure changes reasonably correctly. The aspect can be
illustrated by comparing it to a boat on the sea. The measurement of the actual sea
level, which depends on the tides, can be dispensed with if the goal is to know how
deep the hull of the ship is sinking in the water. As long as the master knows how
deep the ship is sinking into the water, the height of the water level in the sea does
not need to be measured and may be very inaccurate. If the ship would sink deeper
into the water for no apparent reason, there is a leak somewhere and this problem
should be solved soon.

Such a system could monitor its own function on the basis of plausibility of
different values and, in case of problems, provide concrete information about “unex-
plained” deviations. It could inform the physician about abnormal, not explainable
conditions within the shunt, it could give detailed information as a basis to consider
reasonable interventions, and it could be more robust, more reliable than passive
valve systems. Passive valve systems have the problem that they shall be precise and
reliably working depending on very small pressure changes on the one hand, and
that they have to be as small as possible. The small size enables only small acting
forces of springs or of gravitational balls (or parts). The smaller these forces are,
the easier the mechanism is affected by disturbance variables. A mechatronic switch
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offers significantly higher action forces which are by far less likely to be damaged
or effected in its function.

The concept of an electronically controlled mechatronic switch promises
improved diagnostic and therapeutic capabilities. It is technically feasible and could
be the first available valve adapted to the conditions of a valve for LP shunts, where
more space is available for the technology. However, it could also be implanted in VP
shunts with the same value, benefits and effect for therapy. The only limitation is the
site of implantation. Usually, neurosurgeons prefer to place the valve retroauricularly
in VP shunts. Technically, though, these valves can also be implanted thoracically
without any problems. In the event of amalfunction, the device could provide detailed
information about the problem. So far, in many cases of clinical deterioration, it is
difficult and sometimes impossible tofindoutwhat the problem iswithout performing
revision surgery. In addition, such a device would provide tremendous opportunities
for clinical research, especially in patients with NPH. Who responds to what type of
pressure intervention and under what circumstances? This device would be an impor-
tant step forward in meaningfully improving the treatment of hydrocephalus through
digitization. Depending on the accuracy that can be achieved in terms of improving
walking or moving, it could possibly optimise therapy in general and individually.

The new approach does not promise to solve all problems of shunting for any
kind of age or aetiology. It is a concept to intelligently control the drainage in NPH
patients. Whether it could and will be an improvement for newborns, infants and
adults with different aetiologies, has to be evaluated after a successful introduction
in the field of NPH. The concept overcomes the difficulties regarding precision and
reliability of implantable ICP-transducers, including the problem of drift and the
communication required with an external transducer.

The limitation for the development of such a device lies in financial aspects. The
risk behind an investment is that the concept can only be verified or falsified, if the
device is developed and approved for a clinical trial. The results of a clinical trial
must reveal superior outcomes in comparison to the technology nowadays available.
This will be an enormous challenge as the outcome, the complication rate as well
as the evidence for shunting NPH is by far better than stated in papers presenting
now smart solutions. Despite all the problems, implanting a shunt remains one of the
most successful interventions in neurosurgery [108].

9 Summary and Conclusion

Improvement inmedical device technology depends on financial aspects, knowledge,
creativity, commitment, cooperation and resources. In the best case, concrete tasks
come from the clinicians, which are then worked on by technicians in constant
dialogue with the clinicians. The completion of such development projects means
that a new product is available for clinical use. The decisive milestone in this regard
is usually approval of a medical device. Especially in the field of technology for
the treatment of NPH, the competence to develop proposals for innovations with
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regard to significant patient benefits lies with technicians, since the understanding
of technical possibilities and physical laws of hydraulic systems does not belong to
the core competences of neurosurgeons and can only be part of them in exceptional
cases. Exactly here seems to be a central challenge regarding the further improvement
of shunt systems for the treatment of NPH.

NPH is still considered under-diagnosed. It is assumed that a large proportion of
people suffering from NPH worldwide are cared for untreated in nursing homes and
homes for the elderly, who would benefit considerably in terms of their quality of life
and life expectancy through appropriate therapy. This would also reduce healthcare
costs, as the effort required to care for elderly people suffering from dementia who
are in need of care is complex and therefore very costly. The fact that many people
suffering from NPH remain untreated may be due to the fact that the disease itself
is far less well known, but on the other hand also to the fact that both diagnosis and
therapy are not extensively evidence-based, especially in differentiating them from
other diseases of the elderly. Although there are standardsworldwide, these standards
do not mean that diagnosis and therapy are identical everywhere. Both the indication
for implantation of a shunt and the selection of the technique to be implanted are
often subject to individual assessment and experience, since clear evidence is not
always available. Thus, to this day, there are still critics who doubt the evidence for
the implantation of shunt systems for the treatment of NPH.

Indeed, to date, there is limited clear evidence regarding the functionality of valve
systems implanted in hydrocephalus shunts that has been established in clinical
trials. The findings from the available reports of prospective randomised controlled
multicentre trials can be summarised as follows:

• Comparison of three different valve types (reduced flow, simple differential
pressure valve, differential pressure valve with SCD [ASD]) in paediatric
hydrocephalus yielded no differences in survival of implanted shunts.

• DPVs with low opening pressure produce better clinical outcomes in NPH
than DPVs with higher opening pressure, with significantly higher rates of
over-drainage.

• Examination of a single type of adjustable DPV compared with a non-adjustable
valve of the same type showed no differences in outcome and complication rate
between the two groups.

• Implantation of an additional gravitational valve in NPH significantly reduces
over- drainage with at least comparable clinical outcome.

The development of technology is often a prerequisite for the opportunity to clin-
ically investigate the value of a new idea. An implantable pressure transducer to
measure ICP is a good example. Without such a device, whose value and principle
importance for the treatment of hydrocephalus is readily apparent, there is little or
very limited ability to record conditions after shunt placement. Although a clinical
condition can be assessed, the pressure underlying the condition remains unknown
withoutmeasurement. The same applies to changes resulting fromnon-invasive inter-
ventions (valve changes) in shunted patients. Obviously, shunt placement in patients
with hydrocephalus presents a comparable clinical picture for very different actual
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acting conditions. Thus, not all NPH patients develop hygromas or over-drainage
symptoms after implantation of a VP shunt with DPV, although hydrostatic regu-
larities always operate. This in turn obscures the effect of the regularity. Only a
measurement can remove this veil. The prerequisite for this is the existence of the
appropriate technology.

Since a long-term implantable pressure transducer for use in shunts has been
available for several years, the effect of shunts can and should be systematically
evaluated as a function of valve type and valve setting. In addition to the clinical
picture, attention could also be paid to the measured values of the ICP. This will
reveal the physical scientific evidence as a basis for further technical and subsequently
clinical progress. While the pathophysiological background of CSF diseases is very
complex and difficult to understand, the basis and function of technical devices are
well described and comprehensively understood. Each valve functions according to
its technical design, whether implanted or studied in the laboratory.

Technical evidence exists for the relationships described in this section. Under-
standing of the different functionalities does not develop (or develops only fuzzily)
from analysis of clinical data, particularly with respect to survival rates of implanted
shunt systems. The indication for shunt revision is subject to highly individualised
assessments worldwide. It also becomes clear that a Kapan–Meier curve obviously
does not reveal anything about how the patient was doing until the revision, whether
the development of the child’s brain took a normal course, whether the NPH patient
benefited clinically from the shunt over a long period of time and was able to lead a
life free of complaints.

The following observations are based on scientific evidence and should be consid-
ered when reflecting on shunt function, especially in the face of worsening or
disappointing outcomes and complications.

Finally, it is important to reiterate that the reader should keep in mind the author’s
conflict of interest.More important than the author’s opinion presented in this chapter
is the need to carefully consider available technology that can be implanted within
an hour; the valve or shunt, on the other hand, creates a pressure condition for many
years. The mathematician, seeing a black sheep in a pasture from a moving train,
would say, “Look, there is a sheep that is black from one side!” A scientist would
check whether the sheep is also black from the other side or not.

10 Key Points

• Adjustable and non-adjustable DPVs cannot ensure the correct (optimal) values
for the ICP ratio in the same setting for the standing and lying positions. The
requirements for a DPV in the VP shunt (LP shunt) are not identical.

• The valves or valve components that accommodate the variable position pressure
ratios in the shunt (ASD/SCD, flow regulation systems, gravity valves) differ
significantly in design, function and treatment risk. These systems have the same
purpose, but must be considered in a differentiated manner.
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• Valve systems with integrated ASD/SCD technology are systematically and
unpredictably highly dependent on subcutaneous pressure for their function. CSF
outflow in such systems is primarily determined by the variable and unknown
subcutaneous pressure.

• Flow reducing devices, in principle, regulate pressure. Flow regulation would
mean determining the flow required to produce physiological conditions in the
cranial cavity. The rate of production is not always constant and is not the same
from person to person. Consequently, a flow-regulated valve theoretically (and
practically proven by in vitro studies) allows over- or under-drainage depending
on the specific situation of the individual patient.

• Gravitational devices can compensate for position-dependent hydrostatic pressure
in shunt systems. The adjustability of the characteristics of a gravitational device
independent of the setting to the recumbent position allows the adjustment to be
tailored to the needs of the individual patient.

• Adjusting flowby shortening or lengthening a narrowpathway provides the ability
to influence CSF outflow in addition to a pressure-defining valve. Whether such
a device expands treatment options in difficult patients remains to be seen. The
additional ability to completely occlude the device could open the option to test
shunt dependency.

• Reliable measurements of the resulting post-shunt pressure will allow non-
invasive investigation of the realistic performance of the various proposed
solutions.
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Ventriculoperitoneal Shunt

Kryštof Haratek, Petr Skalický, Adéla Bubeníková, Awista Zazay,
and Ondřej Bradáč

Abstract Ventriculoperitoneal shunting is the most common treatment for idio-
pathic normal pressure hydrocephalus (iNPH) in Europe and North America. The
principle is the implantation of a system that drains cerebrospinal fluid (CSF) from the
cerebral lateral ventricle into the abdominal cavity, where it is reabsorbed through the
peritoneum into the bloodstream. The implantation of a ventriculoperitoneal shunt
(VPS) is one of the least time-consuming procedures in neurosurgery but has the
potential for a wide range of complications. No single-standardised approach to
VPS implantation is used, and many different methods may yield excellent results.
This chapter describes the most commonly applied technique of VPS implanta-
tion, discussing its pros and cons, both indications and contraindications, along with
surgery-related complications.

Keywords Ventriculoperitoneal shunt · Shunt system · CSF drainage · Normal
pressure hydrocephalus · Shunt insertion · Lumbar infusion test · Lumbar tap test

Abbreviations

CSF Cerebrospinal fluid
CT Computed tomography
DESH Disproportionately enlarged subarachnoid spaces hydrocephalus
ICP Intracranial pressure
iNPH Idiopathic normal pressure hydrocephalus
LIT Lumbar infusion test
LTT Lumbar tap test
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MoCA Montreal Cognitive Assessment
MMSE Mini-Mental Scale Examination
MRI Magnetic resonance imaging
NPH Normal pressure hydrocephalus
SAH Subarachnoid haemorrhage
VPS Ventriculoperitoneal shunt

1 Introduction

The implantation of a ventriculoperitoneal shunt (VPS) is the most common treat-
ment for iNPH in Europe and North America, and the reliability of this method is
most supported in the literature [1–4]. The principle is the implantation of a system
that drains cerebrospinal fluid from the ventricular system—most often from the
right lateral ventricle—of the brain into the abdominal cavity, where it is reabsorbed
through the peritoneum into the bloodstream. The system includes a proximal—
ventricular catheter, a distal catheter opening into the abdominal cavity and avalve—a
regulating device that ensures the correct level of drainage through the system [4].

2 Ventriculoperitoneal shunt

Ventriculoperitoneal shunting is one of the least time-consuming procedures and is
considered to be an easy surgery.However, it has also significant potential for compli-
cations. The neurosurgeon has to be aware of the specific details of the procedure
to minimise the possibility of a poor outcome. There is no single particular method
of performing the operation. Different techniques may lead to excellent results. The
presented technique is based on personal experience. A lower rate of malfunction
at six-month follow-up and fewer infections have been observed when the surgeries
were done by experienced high-volume surgeons in paediatric patients [5]. Careful
tissue handling and thoughtful planning of incisions is of paramount importance.
Standard protocols are implemented to minimise surgical risks [6, 7].

A recent study [8] compared shunt responsiveness and overall shunt survival in
patients with different causes of hydrocephalus, using Miethke dual switch valves.
The overall rate of shunt responsiveness in all types of hydrocephaluswas 93.2%, and
91.4% in the iNPH group. Although there are some differences in the effectiveness
of VP shunt surgery in different types of hydrocephalus, which is primarily related
to the pathophysiology of each individual type of the disease, VPS remains a widely
accepted treatment option for all forms of the condition. The decision to use VP shunt
surgery and the specific surgical approach will depend on the individual patient’s
needs, clinical status, institutional experience etc.
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2.1 Prior to the OR

Shunting for normal pressure hydrocephalus is an elective procedure. In terms of the
risks of infection, shunt surgery should be the first case in the morning. Successful
outcome of the surgery begins with the indication. The patient has to be capable of
undergoing the surgery in terms of general health conditions. Standard laboratory
tests including blood count, coagulation or biochemical assessment of the blood are
taken.

For patients selected for surgery, a proper shunt system has to be chosen. Nowa-
days, these patients are fitted mainly with gravity-assisted valves with the possibility
of adjusting the opening pressure. The initial valve setting is influenced by the height
and weight of the patient. Moreover, especially in lean patients, increasing the initial
valve setting by 2–4 cm H2O above the manufacturer’s settings is recommended [9].
The setting can be adjusted during or prior to surgery depending on the type of the
system and preference of the surgeon. Sustainability of the distal shunt site should
be considered especially in patients that had abdominal surgeries.

Regarding shunt infections, a large cohort study, including 1605 patients [10],
has found a clear advantage in minimizing shunt infections when using antibiotic-
impregnated shunts. The incidence of shunt infection in the antibiotic group was
2%, compared to 6% in the standard shunt group and 6% in the silver-impregnated
shunt group. With that said a recently published post hoc meta-analysis found age
to be the predominant risk factor for shunt infections, with infants and neonates
being the most susceptible to shunt infection [11]. This needs to be considered when
discussing shunting in iNPH patients, which is generally considered an adult and
elderly disorder [12].

The patient is admitted one day prior to surgery. He or she is checked by an
anaesthesiologist and the head is shaved in the evening with a clipper. The patient
showerswith a disinfectant shampoo.Clear evidencewas not found for the preference
of chlorhexidine solutions [13].

2.2 Settings in the OR

The number of personnel in the operating room should be limited asmuch as possible
and there should be no movement of staff in and out during the surgery. The shunt
system is prepared in the operating room and is opened just prior to the implantation.
Standard antibiotic prophylaxis (a single dose of 1.5 g of cefuroxime intravenously)
is administered 30 min prior to the skin incision [14].

The patient is placed in a supine position. The head rests either on the table or in a
gel head ring or a horseshoe holder. The head is rotated to the opposite side 45°–60°
and slightly extended. There should be a line between the abdominal approach and
the retroauricular region as straight as possible.
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The scrubnurse and assistant disinfect the surgical fieldwith an iodine solution and
perform the draping. Two straight drapes on each side and two large straight drapes
perpendicular to the latter drapes are placed and an iodine-impregnated surgical foil is
applied to the dried patient’s skin. Once the draping is done the rest of the instruments
are placed into the field. The surgery starts and takes place for around 30–45 min.

2.3 Surgical Procedure

Two surgeons often perform the surgery together. One starts with an incision
in the frontal region and the second one begins in the abdomen. The first surgeon
makes the precoronal burr hole, prepares the pouch for the valve and prechamber
in the retroauricular region, and tunnels the ventricular catheter. The second surgeon
prepares the approach into the peritoneal cavity and tunnels the distal catheter with
the valve from the retroauricular incision. The shunt system is opened just prior to its
implantation, after preparation of all the approaches and after a change of gloves. It
is primed in saline to prevent an airlock and after the implantation it is covered with
gauze soaked in an iodine solution. Once the system is in place the surgery continues
with the implantation of a ventricular catheter, evaluation of its function, tunnelling
and connection to the distal catheter. The spontaneous flow is checked and the distal
catheter is placed into the abdominal cavity. The wounds are closed in layers.

Ventricular Catheter

The ventricular catheter is most commonly placed into the frontal horn of the lateral
ventricle and can be inserted from many various approaches although two main
approaches are most commonly utilised, the frontal and occipitoparietal approach.
The frontal approach is our primary approach of choice,mainly due to the easier iden-
tification of the key anatomical landmarks. Another benefit of the frontal approach is
the fact that along with the catheter insertion frontally, the shunt hardware is placed
on the bony surface of the retroauricular region. On the contrary, the shunt hard-
ware in the occipitoparietal approach ends up being placed more caudally in the
soft tissues of the neck making further manipulation more difficult. Nevertheless,
the approach is to be decided depending on the operative setting and the operating
surgeon’s preference.

The key anatomical landmark for burr hole drilling and ventricular catheter place-
ment is the Kocher’s point which is located 3 cm lateral to the midline and 1 cm
anterior to the coronal suture. The skin incision is done above this point in a linear
or curvilinear fashion and the periosteum is detached from the bone. Consequently,
a burr hole is made using a hand drill with a diameter of 0.8 cm. The dura is sharply
opened with a surgical blade (Fig. 1) in a cruciate fashion. The cortical surface is
gently cauterised and a small pial opening is made. The catheter tip in a guidewire
is inserted into the ipsilateral frontal horn of the lateral ventricle while aiming at
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Fig. 1 (A) Incision above the right Kocher’s point located 3 cm from the midline and 1 cm in front
of the coronal suture. (B) Detachment of periosteum. (C) Burr hole drilling with a hand drill with a
diameter of 0.8 cm. (D) Frontal burr hole with already performed durotomy with a surgical scalpel
blade No.11 and coagulated edges of the dura with a bipolar coagulation

the ipsilateral tragus and the middle canthus of the ipsilateral eye. The length of the
catheter intracranially is generally 5 ± 2 cm for the frontal approach. The catheter
should rest at the level of, or slightly anterior to the foramen of Monro, to avoid
the choroid plexus. The guidewire is removed and the placement of the catheter is
verified by allowing a short trial of CSF drainage. The other end of the catheter is
tunnelled into a supplementary incision in the retroauricular region, through a pouch
in the subcutaneous layer made using a raspatorium, special tunneliser or clamps.
This supplementary incision serves for valve placement and easier tunnelling. The
skin incision is closed in layers (Fig. 2).

Valve

The shunt valve is the main device regulating the flow of CSF through the whole
shunt system. Gravitational valves need to be placed parallel to the long axis of
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Fig. 2 (A) Placement of a ventricular catheter. The tip of the catheter is aimed at the tragus in
the sagittal section and at the ipsilateral medial canthus. (B) The catheter is placed into the frontal
horn of the right lateral ventricle. The placement is verified by a short trial of free CSF drainage
(arrow). (C) The catheter is placed into a deflector and tunnelled into an auxiliary incision for valve
placement in the retroauricular region. (D) Interrupted adaptive suture of frontal skin incision

the patient’s body. The shunt valve and prechamber are most commonly placed
in the retroauricular region on the skull (Fig. 3). As mentioned above, this bony
surface makes further manipulation and shunt pressure adjustments much easier.
An incision is made in the retroauricular region just posterior and slightly superior
to the pinna and a pouch for the valve hardware is made under the galea using
dissection scissors or clamps. The ventricular catheter is tunnelled into this incision
and connected proximal to the pre-chamber of the valve, the connection is secured
by a non-absorbable suture (Fig. 4). Once the distal catheter is tunnelled into this
incision it is connected proximal to the valve.

All of our VPS are equipped with pre-chambers. The valve pre-chamber is a very
useful diagnostic device. It allowsmedical personnel to draw up liquor for laboratory
tests, directly from the shunt. It also allows us to perform infusion tests [15].All of this
is done through the siliconemembrane of the pre-chamberwhich can be punctured by
a needle. The pre-chamber furthermore allows us to easily monitor intraventricular
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Fig. 3 A lateral projection X-ray image confirming (A) correct valve and (B) pre-chamber
placement in the retroauricular region, as well as (C) the ventricular catheter placement

A B

Fig. 4 (A) Preparation and check of the valve with a pre-chamber and distal catheter. (B) Connec-
tion of the ventricular catheter with a distal catheter just proximal to the pre-chamber of the valve.
The connection is secured with a non-absorbable suture
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pressure values when necessary. Another possible complication that can be checked
is eventual shunt obstruction. When applying light pressure on the pre-chamber,
it should be easily compressible and should fill back up immediately after, with
shunt obstruction, the pre-chamber is rigid and incompressible. The administration
of medications is also possible through the pre-chamber, although in our experience
this is not utilised very often in a clinical setting.

Distal Catheter

There are two primary approaches to distal catheter insertion. Either (1) it can be
inserted into the abdomen through a small transverse laparotomy approximately at
the midline in the epigastric region or (2) more lateral to the midline. The midline
incision offers an advantage in going through the avascular linea alba. On the other
hand, the lateral approach offers improved orientation and differentiation within
the abdominal layers, all described below in detail. The epigastrium is a preferred
location since the laparotomy can be performed above the liver, thus minimizing the
risk of bowel perforation, whichwould be a life-threatening immediate complication.

The skin, subcutaneous fat, subcutaneous abdominal fascia (Scarpa’s fascia) and
the anterior rectus sheath are all incised. The linea alba is transected, the poste-
rior rectus sheath is tented up using two haemostats or two Kocher forceps and
also transected. The transverse fascia and peritoneum are also dissected and when
resistance is encountered the surgeon usually encounters the peritoneum (Fig. 5).
After the abdominal preparation, the distal catheter is placed and shunt tunnelling is
performed. The catheter is tunnelled in the subcutaneous layer preferably from the
abdomen to the head but the opposite direction is also possible. The most resistance
is usually encountered when going over the clavicle, especially when the tunnelling
device is not positioned under a correct angle, and the neck when going through
the nuchal fascia. This part of the surgery has a potential for immediate intraoper-
ative complications in injuries caused by the tunnelling device (e.g. pneumothorax,
bleeding, skin puncturing etc.). The tunnelling is performed all theway up to the level
of the retroauricular incision, then the distal catheter, in our setting usually already
connected to the valve, is pulled back through the subcutaneous tunnel and into the
abdominal incision. Spontaneous CSF flow is checked before the distal catheter is
buried into the peritoneal cavity. It is important to be sure that the cavity has been
reached and there are no adhesions at the site of the catheter placement. The catheter
is handled with vessel forceps and buried into the cavity without any resistance. The
posterior and anterior rectus sheaths are closed respectively with an absorbable PDS
suture and the skin incision is closed in layers (Fig. 6).
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Fig. 5 (A) The abdominal incision with a subcutaneous fat and abdominal subcutaneous fascia
(fascia of Scarpa). (B) The anterior rectus sheath. (C) Pre-peritoneal fat after an incision of the
transverse fascia. (D) The approach into the abdominal cavity after an incision of the peritoneum

2.4 Contraindications and Early Complications

A postoperative CT scan of the brain is usually made on the first day after the
surgery. The location of the ventricular catheter is verified and the presence of haem-
orrhage is excluded. After the CT scan is checked by a neurosurgeon the patient
begins rehabilitation. Pain is generally minimal and treated with nonsteroidal anti-
inflammatory drugs. The patient is discharged to home care often on the fifth day
after the surgery. The first outpatient check and CT scan is made after one month.
CSF flow in the system is evaluated both clinically and graphically and valve setting
is adjusted if desired. The main symptoms are thoroughly checked and MR of the
brain is made after 3 months and then after 1 year after surgery. The most common
early complications are malposition, intracerebral haemorrhage in the parenchyma
adjacent to the trajectory, wound healing problems, and shunt obstruction, followed
by complications related to the level of CSF diversion.
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Fig. 6 (A) Evaluation of spontaneous flow of CSF through the system. (B) Distal catheter placed in
the peritoneal cavity. (C) Suture of the deep layer of the rectus abdominis fascia with an absorbable
PDS suture. (D) Suture of the superior layer of the rectus abdominis fascia with an absorbable PDS
suture. (E) Intradermal skin suture of the abdominal incision

According to a recent multi-centre study [2] on complications after VPS surgery
in iNPH patients, published in 2019, the most frequent postoperative complications
were symptomatic under-drainage (26%), symptomatic over-drainage (9%), subdural
hygroma (9%), shunt malposition (7%) and subdural hematoma due to over-drainage
(6%). Very recent meta-analysis of 2461 patients [16] evaluating overall outcomes
and complications of different surgical intervention alternatives for iNPH reported
similar results regarding the occurrence of subdural hematomas/hygromas in both
VP and VA shunts (10%). The vast majority of them spontaneously resolved (85%)
following the increase of the valve opening pressure. On the contrary, ischemic
complications and/or haemorrhagic complications are present in only approximately
2% of shunted iNPH patients, again regardless of the type of shunt used. Adjustable
valves are, when compared to fixed valves, usually associated with decreased rate of
revision and subdural collections. The most common indications for revision surgery
are shunt malfunction, infection or treatment failure itself, summing up the revision
rate around 18% (95% confidence interval= 13–14%) of all VP shunt surgeries [16].

Contraindications for VPS placement in iNPH include any peritoneal infection,
an allergy to any of the shunt components (e.g. silicone), an altered coagulation
function, infection of the CSF and an entry site infection [17, 18]. Additionally,
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repeated unsuccessful VPS implantations are also contradictory to VPS insertion
[19] and a different method of CSF drainage should be considered.

3 Illustrative Case

Presented is a case of a 74-year-old male clinically harbouring a complete Hakim’s
triad of symptoms, namely cognitive decline, urinary incontinence and gait distur-
bance. A CT scan and subsequently MRI of the brain were done proving ventricu-
lomegaly. Regarding these findings, NPH was suspected and our standard NPH
protocol was implemented. The gait disturbance was evaluated according to the
Dutch Gait Scale [20, 21] characterised of markedly decreased step length accompa-
nied by a broadening base of support and reduced foot-floor clearance, resembling
the cautious “walking of a person on ice”. Regarding the cognitive decline, the
patient preoperatively performed 22/30 points in the Mini-Mental Scale Examina-
tion (MMSE), and 14/30 points in the Montreal Cognitive Assessment (MoCA).
Urinary incontinence was examined according to the International Consultation on
Incontinence Questionnaire (ICIQ), in which he scored 18 points. Both a lumbar
infusion test (LIT) and a lumbar tap test (LTT) were conducted, and the LIT was
positive for NPH at 12 mmHg/min. Post LTT, gait impairment improved by 27%.
Also, cognitive abilities improved according to the MoCA test from initial 14 to
18 points after the LTT. Urinary incontinence improved subjectively according to
the patient after the LTT. After a multidisciplinary indication seminar discussion, he
was deemed eligible for receiving a VP shunt. A ProGav 2.0 valve was implanted
at 10 cm H2O. At a 3-month examination, the patient improved in all symptoms of
the Hakim trias, the most evident improvement was found in gait disturbance and
urinary incontinence (Fig. 7).

4 Conclusion

A ventriculoperitoneal represents the most common treatment approach to iNPH
treatment, with a minimal risk of complications. A relatively low rate of shunt failure
puts it above other treatment options such as a ventriculoatrial shunt or a lumboperi-
toneal shunt, although these also have their place in the treatment of iNPH. Successful
outcome of the surgery begins with the indication, therefore a standard diagnostic
NPH protocol should always be implemented. Adjustable gravity-assisted valves are
a crucial component of modern VPS. Another very helpful component of the shunt
system is the pre-chamber, used as a tool for easy monitoring of the shunt function.
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Fig. 7 (A) A preoperative CT scan and (B) a preoperative MRI scan showing ventriculomegaly
(Evan’s index of 0.43 and callosal angle of 55°), along with positive cingulate sulcus sign (based on
sagittal projection), tight high convexity and local sulci widening (both based on axial projections).
Final disproportionately enlarged subarachnoid spaces hydrocephalus (DESH) of 8 points. (C) A
postoperative CT scan made on the first postoperative day proving the correct catheter placement
in front of the foramen of Monro. (D) MRI scan 3 months after surgery

5 Key Points

• Ventriculoperitoneal shunting is the most common treatment option for iNPH.
• A correct indication for surgery is crucial for the outcomes of shunted patients.
• Adjustable pressure gravity assisted valves are nowadays a standard practice.
• The risks and outcomes of the procedure depend on having a standardised protocol

of surgery.
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Ventriculoatrial Shunt

Valentina Usuga, Salvador M. Mattar, Diego Gomez Amarillo,
Juan Fernando Ramon, and Fernando Hakim

Abstract Cerebrospinal fluid (CSF) shunting is the first line of treatment for patients
with hydrocephalus. The procedure diverts CSF from the ventricles to another
anatomical cavity in the body like the atrium, the pleura or the peritoneum.Thus, there
are several shunt placement options available. Globally, ventriculoperitoneal shunts
(VPS) are the most commonly used, followed by lumboperitoneal and ventriculoa-
trial shunts (VAS). In this chapter, we discuss VAS, the surgical procedure, how to
confirm its correct placement, its contraindications and its possible complications in
contrast to other shunt placement options.

Keywords Ventriculoatrial shunt · Cerebrospinal fluid · Normal pressure
hydrocephalus · Ventriculoperitoneal shunt

Abbreviations

CSF Cerebrospinal fluid
DESH Disproportionately Enlarged Subarachnoid Space Hydrocephalus
VPS Ventriculoperitoneal Shunt
VAS Ventriculoatrial Shunt
IIH Idiopathic intracranial hypertension
NPH Normal pressure hydrocephalus
IJV Internal jugular vein

V. Usuga
Universidad de Los Andes, Bogotá, Colombia

S. M. Mattar · F. Hakim
Hydrocephalus Clinic in Hospital Universitario Fundación Santa Fe de Bogotá, Bogotá, Colombia

D. Gomez Amarillo · J. F. Ramon · F. Hakim (B)
Neurosurgery Department in Hospital Universitario Fundación Santa Fe de Bogotá, Bogotá,
Colombia
e-mail: neurocirugia826@gmail.com

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
O. Bradac (ed.), Normal Pressure Hydrocephalus,
https://doi.org/10.1007/978-3-031-36522-5_22

463

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-36522-5_22&domain=pdf
mailto:neurocirugia826@gmail.com
https://doi.org/10.1007/978-3-031-36522-5_22


464 V. Usuga et al.

SVC Superior vena cava
OP Opening pressure

1 Introduction

Hydrocephalus is the pathological dilation of the ventricles in response to an alter-
ation in CSF dynamics. The cause can be explained by an increase in production
and/or a decrease in the absorption of CSF [1, 2]. These alterations can lead to
an increase in intracranial pressure which requires a timely intervention due to the
symptomatology that can accompany it and the risk of acute clinical deterioration.

In some cases, without an increase in pressure, the alteration of brain architecture
and its corresponding compression and straining of periventricular structures can
cause an array of symptoms that also require intervention, but within a more flexible
timetable. This is the case of normal pressure hydrocephalus (NPH), described byDr.
Hakim [2] in 1965 [3, 4]. Thus, just as acute hydrocephalus and NPH are indications
for shunt placement, there are other medical conditions which benefit from or require
the insertionof aCSF shunt. Some to consider are idiopathic intracranial hypertension
(IIH) or intracranial cysts [5, 6].

The first description of ventriculoatrial shunt placement to treat hydrocephalus
was done byNulsen and Spitz in 1951, and the first successful shunt was documented
in 1952 [5, 7]. Since then, many modifications have been made to this procedure
in order to take advantage of the advances in surgical technology and equipment.
For instance, the current gold standard for the insertion of the atrial catheter is the
ultrasound-guided percutaneous technique due to its success rate and its decreased
morbidity in contrast to open vein dissection [8].

This chapter aims to discuss the surgical procedure in detail, explain how to
confirm the adequate placement of the shunt, and go over the contraindications and
possible complications that we can encounter.

2 Ventriculoatrial Shunt

Ventriculoatrial shunt (VAS) is the name given to a neurosurgical procedure where
an artificial tubular connection is made between the ventricular cavities of the brain
and the lumen of the right atrium. As a result, cerebrospinal fluid bypasses its usual
route and returns directly to the circulating blood flow. The amount of CSF drained
is generally determined by pressure-guided valve systems. Figure 1.

The shunting system consists of:

1. a proximal catheter, inserted in the frontal or occipital horns of the lateral
ventricles,
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Fig. 1 Illustrative
representation of
ventriculoatrial shunt (VAS)
placement with visible
anatomical landmarks

2. that connects to a pressure-guided valve which can be fixed, programmable or
gravitational, among other options,

3. its content is drained to a distal catheter, which traverses under the skin and
enters the jugular vein above the clavicle and finally reaches the right atrium.

2.1 Indications

Although this technique can be used as a first-line approach, it should specifi-
cally be considered in patients with a history of increased intra-abdominal pressure
like obesity or ascites, trauma or previous abdominal surgery due to the presence
of adhesions, peritonitis or abdominal infections, and finally, patients with failed
ventriculoperitoneal shunts [5, 9].
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2.2 Procedure and Considerations

Patient selection, imaging, anatomical knowledge and instruments are crucial
elements to be taken into account for a favourable outcome. A thorough evaluation
should be done prior to the procedure to confirm eligibility for the surgery.

Prior to the OR

First and foremost, the patient must be eligible for surgery. They must be diagnosed
with acute hydrocephalus, NPH or any other disease that benefits from a permanent
CSF diversion and the risk of surgery must be evaluated and cleared by their corre-
sponding physicians (anaesthesiology and those in relation to the patients’ relevant
comorbidities). Additionally, the treating neurosurgeon must have a recent MRI of
the brain and a chest X-ray. The MRI is essential to establish the best entry point and
length of insertion for the ventricular catheter, as well as to estimate distances from
the scalp to the ventricle. On the other hand, the chest X-ray is needed in order to
have a parameter of how far the distal catheter should be inserted in order to reach the
atrium and prevent an alteration of the cardiac rhythm (extrasystole) by trespassing
the tricuspid valve and stimulating the right ventricle.

In order to place a ventriculoatrial shunt, the patient must undergo general anaes-
thesia andmust be done in an OR environment with the correct asepsis and antisepsis
protocol. In order to decrease the probability of infection, we suggest keeping the
number of people entering the OR during the procedure to theminimum necessary, to
change gloves during the shunt system manipulation and to use intravenous antibi-
otic prophylaxis with coverage of normal skin flora, like Staphylococcus aureus.
Moreover, the patient should not cut their hair or try to shave the area before the
procedure.

Preoperative Measurements and Anatomical Landmarks

Asmentioned earlier, a chest X-ray of the patient must be done prior to the procedure
to measure the distance from the superior border of the right clavicle to the atriocaval
junction in order to estimate how far the distal catheter must be inserted like shown in
Fig. 2 [10]. This measurement will be used in the OR in order to know the adequate
length of the distal catheter and how far it should be inserted.

On the other hand, the MRI is used to confirm the suspected diagnosis of hydro-
cephalus where different image criteria should be met. First, Evan’s index should be
calculated using the 2 measurements depicted in Fig. 3. Moreover, a measurement
from Kocher’s point to the ventricle wall may be useful to determine the length of
insertion of the ventricular catheter.

Lastly, the Kocher’s point which is located 1 cm anterior to the coronal suture
and 2–3 cm lateral to the midline is the most used anatomical landmark for the
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Fig. 2 Thoracic X-ray with
the measurement of the
distance between the right
atrium and the clavicle
shown

Fig. 3 Evan’s Index.
Considered positive when:
A/B => 0.33
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insertion of the proximal catheter since it has the lowest reported rate of complica-
tions associated with the trajectory of the ventricular catheter [11]. This anatomical
landmark is used to insert the proximal catheter directly into the frontal horn of the
lateral ventricle. These measurements should be made over the patients during the
preoperative preparations.

Detailed Surgical Procedure

The patient should be in a supine position on theOR table in a Trendelenburg position
with their head turned about 60°–70° to the opposite side of the valve placement.
All hair should be removed with surgical clippers before sterilisation. After correct
sterilisation from the scalp to the supraclavicular area and draping of the surgical
field is accomplished, the initial catheter placement will be done through the internal
jugular vein (IJV), unless contraindicated.

Distal/atrial catheter placement: An ultrasound surface probe is used to pinpoint
the vascular package of the neck. The entry point in the skin into the vein should be
2–3 cm above the clavicle along the inner border of the sternocleidomastoid muscle,
in the superior portion of the supraclavicular fossa [10]. Afterwards, using an 18 G
Abbocath needle guided by the ultrasound image the vein is punctured, and then,
using a 10 cc syringe, the obtention venous (dark) blood is expected to confirm not
entering into the lumen of the carotid artery. Furthermore, if the syringe is removed,
returning blood should not be pulsatile. The J guide is introduced through the needle.
Using intraoperative radiography, the trajectory of the guide is confirmed towards
the atriocaval junction, afterwards, the needle is removed. An incision of about 3 mm
in length should be made parallel to the skin folds to expose subdermal fat and widen
the area. A 7 French (Fr) dilater is introduced around the guide. Afterwards, the 8
Fr peel-away catheter is inserted through which we can insert the distal catheter of
the shunting system. Finally, the distal catheter is inserted using the measurement
from the chest X-ray and adding the distance from the clavicle to the incision. The
peel-away catheter is removed and radiographic control is repeated to guarantee the
final location of the catheter. The catheter is fixed to position to continue with the
other points of incision.

Proximal catheter placement: First off, Kocher’s point is located using craniometric
measurements before surgery and is marked in the patient’s scalp. A semilunar inci-
sion is made around the location marked, and bleeding is controlled using a bipolar
forceps. A mastoid dilater is placed to expose the scalp, the periosteum is removed,
and using a microdrill, a burr hole of about 1 cm is made until the dura is exposed.
Using bipolar forceps, the dura and burr hole are cauterised.

Valve placement: A retroauricular incision of about 1 cm is made to insert the valve
and a special, long, blunt-tipped instrument is used to tunnel the subdermal fat from
the retroauricular region to the scalp and neck incisions. The valve is preprogrammed
to a secure pressure in order to prevent overdrainage in the patient, based on its lumbar
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puncture opening pressure and ventricular pressure. Afterwards, the valve is inserted
and the distal and proximal catheter are connectedmaking sure the correct orientation
for CSF flow is ensured depending on the valve requirements.

Ventricular catheter placement: Finally, the ventricular catheter is passed until
adequate CSF return is obtained. The ventricular pressure is measured, and at this
point, it is acceptable to allow the release of a small volume of CSF (around 20 cc)
in order to improve the patient’s clinical state. The measurement of the catheter from
the skull to the ventricle should be considered in the preoperative images.

The skin is closed using prolene and vicryl taking important note of the possibility
of puncturing the catheter systemwith the needles. The incision wounds are covered.

Placement Confirmation

The trajectory of the ventricular catheter should be determined by Kocher’s point
as the entry, aiming at the point of intersection between two imaginary lines. The
first line connects the external auditory canals, and the second line is parallel to the
midline placed laterally in order to traverse the inner canthus of the ipsilateral eye.
Following this orientation, you should reach Monro’s Foramen. When you observe
CSF flow through the catheter, you should advance the catheter 1 cmmore, achieving
the intended placement. MRI measurements should be taken into account when
deciding the length of insertion of the catheter.

Furthermore, in regard to the distal catheter, it is crucial to perform a transop-
erative chest X-ray in order to confirm correct placement in the right atrium. The
distal catheter should be observed within the superior atriocaval junction, generally
associated with the T6 vertebra.

2.3 Contraindications and Complications

Contraindications

The contraindications forVASplacement can be divided into two separate categories:
absolute contraindications and relative contraindications. The absolute contraindica-
tions for VAS, which should lead to a different choice of treatment, are infections like
bacteraemia, CSF infection and endocarditis. On the other hand, relative contraindi-
cations, which lead to an individual evaluation that depends on the patient case, are
congestive heart failure, cardiac malformations, pulmonary hypertension, history of
pulmonary embolism, immune glomerulonephritis, a hypersensitivity to silicon and
lastly, a prothrombotic state and/or systemic anticoagulation [5].
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Possible Complications

Regardless of the type of shunt chosen, statistically, patients will usually require at
least one revision surgery in their lifetime [5].

There are certain complications to consider when opting for VAS as the treat-
ment option. Cardiovascular complications are erroneously the most associated with
VAS due to a large pool of studies with a predominant paediatric population. New
studies have surfaced with a focus on adult populations where VAS have shown a
neglectable association with cardiovascular complications [5]. Despite these find-
ings, the possible cardiovascular side effects that VAS can cause are important to
consider due to their higher severity than other shunt placements.

Since the catheters can migrate with time due to breakage or disconnection, the
distal catheter can migrate to the right ventricle, or it can have a retrograde migra-
tion which can lead to a disturbance in the blood flow and lead to thrombosis [8].
The anterograde migration can lead to tricuspid valve abnormalities, pulmonary
hypertension, cardiac wall perforation and intracardiac thrombosis.

During venous cannulation, considering the trajectory of the catheters and the
proximity to important vascular and nervous structures in the neck, there is a risk
of puncture or laceration of mentioned structures. Likewise, we can encounter other
complications like venous air embolism and pneumothorax.

In regards to postoperative infection, VAS has a specific risk for shunt nephritis.
This is a rare reversible immune-complex-mediated complication of shunt infection
that can progress to end-stage renal disease if treatment is delayed. It is crucial for
physicians to be aware of the risk of patients with VAS to present nephritis and to
evaluate the possibility of shunt infection even in the setting of negative cultures
and delayed symptomatic presentation. When shunt nephritis is confirmed a directed
antibiotic therapy is necessary, as well as complete removal of the shunt system [12].

3 Clinical Case

A 63-year-old female with 4 years of gait abnormality, urinary incontinence, short-
term memory flaws and diplopia was diagnosed with iNPH in 2018 and underwent
a ventriculoperitoneal shunt in the same year. After 1 year of medical improvement,
the patient showed the same symptoms as before the shunt was placed.

In another medical centre, the patient underwent a shunt revision surgery where
the valve and the entire shunting systemwas replaced. The new shuntwas placed once
more to the peritoneum. After surgery, the patient displayed symptomatic improve-
ment again, but after 3 months, the patient’s symptoms reappeared. Since multiple
valve adjustments showed no effect, the medical team suspected obstruction of the
distal catheter. A laparoscopic modification of the distal catheter placement was
attempted with temporary improvement. This procedure was attempted twice with
no lasting results.
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Afterwards, the patient underwent a radiological revision of the shunt, with
contrast, which was unable to identify an obstruction of the system. The system
was supposed to be working properly so no other surgical alternatives were offered
to the patient.

The patient was later studied by another medical team which analysed the
case. They found the symptoms the patient had been experiencing, since 2018,
enlarged ventricles and disproportionately enlarged subarachnoid space hydro-
cephalus (DESH) in a recent brain tomography. In order to confirm the functionality
of the shunting system, the medical team performed a lumbar puncture. Since the
valve should open every time, the ICP goes above its pressure setting, the lumbar
puncture opening pressure should be similar to that of the valve pressure setting.
The team found an opening pressure considerably discordant to the valve maximum
set pressure (6 cms of H2O higher). Furthermore, the patient underwent a gait eval-
uation which was frankly altered. The medical team considered the patient had a
failed shunt, and the most likely cause was the distal catheter placement due to the
initial recovery of symptoms followed by their return weeks or months after each
intervention.

The patient underwent a VAS that replaced the previous system. There were no
complications during and after surgery, the patient exhibited a complete recovery of
symptoms, and the valve setting was modified once 1 month after surgery. Within
6 months of follow-up, the patient had no symptomatic deterioration or regression.

4 Conclusions

VAS is a quick, safe and useful alternative for hydrocephalus shunting. Due to its
catheter’s shorter length, there is less syphon effect. Since it drains into a flowing fluid
system, there is less probability of distal obstruction. The extraction of CSF is more
reliable since the atrium generally has a near to 0 mmHg of pressure, whilst the peri-
toneum varies constantly depending on the patient’s body weight, position, breathing
pattern, amongothers.With upcoming technologies, the limitations surroundingopen
venous dissection technique have been overcome. In contexts of repetitive failed
shunting due to obstructions or unknown causes, VAS should be considered among
the first alternatives.

5 Key Points

• Alteration to CSF dynamics can be caused by different aetiologies which eventu-
ally leads to increased cranial pressure and/or alteration of the brain architecture
that is usually accompanied by clinical symptomatologies and a high risk of clin-
ical deterioration. Therefore, surgical CSF diversion techniques are the first line
of treatment.
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• VAS should be considered distinctly in patients with obesity, ascites, a history of
abdominal trauma or surgery, abdominal infections and patients with a previously
failed VPS.

• Prior to the surgical procedure, in the case of NPH, the patient must undergo
a variety of interventions and evaluations to determine the correct valve place-
ment and adjustment. These include MRI, chest X-ray, lumbar puncture, and
preanaesthetic evaluation to determine surgical risk.

• Despite VAS rarely causing cardiac complications, these are important to keep
in mind due to their higher severity in contrast to other shunt placement
complications.
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Lumboperitoneal Shunt for iNPH

Madoka Nakajima and Kostadin Karagiozov

Abstract Lumboperitoneal shunt (LPS), a creative development based on the
lumbar puncture technique used in the cerebrospinal fluid (CSF) drainage test (tap
test), is an increasingly popular treatment option around the world, but particularly
in Japan, as it avoids an intervention on the brain, and even keeps the postsur-
gical scar not visible. It mainly avoids the risk of symptomatic intraparenchymal
haematoma from ventricular catheter placement, which is seen in approximately 1%
of the patients with idiopathic normal pressure hydrocephalus (iNPH). However,
LPS has not generally been favoured by neurosurgeons because of the relatively
higher than the ventriculoperitoneal shunt (VPS) failure rates and the possibility
of symptomatic over-drainage. Another possible reason is that there is no reported
standardized surgical technique, and the procedure is considered rather specific, out
of the mainstream of neurosurgical operative routine skills. This understanding is in
process of change.

Keywords Lumboperitoneal shunt · Shunt system · CSF drainage · Normal
pressure hydrocephalus · Tap test
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iNPH Idiopathic normal pressure hydrocephalus
MRI Magnetic resonance imaging
LPS Lumboperitoneal shunt
VPS Ventriculoperitoneal shunt

1 Introduction

At the beginning, there were some original and not so-effective attempts to create
lumboperitoneal communication by different surgeons [1]. A portion of the fifth
lumbar arch was resected and a small burr hole drilled through the vertebral body
reaching into the peritoneal cavity using a silver wire. This technique was also
expanded by Cushing, using a silver tube as a shunt tube, unfortunately with disap-
pointing results. Of 12 cases operated, two died of intussusceptions [2]. Two decades
later, Matson [3] reported the technique of ureterostomy, connecting an intrathecal
plastic tube in the vertebral canal to the ureter after nephrectomy. Nevertheless, it
was obvious that due to folding, rupture, and obstruction of the shunt tube as well
as invasiveness, these and other historic approaches to lumboperitoneal shunt (LPS)
were indeed abandoned. With the improvement of shunt tube materials as well as the
emergence of shunting devices equipped with valves, the usage of the LPS gradually
increased.

All these historical LPS procedures were performed by the “open” method with
vertebral arch resection and soon, as with the ongoing common tendency in surgery
for less invasiveness, a closed method was first performed by Jackson and Snodgrass
[4]. Jones [5] reported 63 cases of hydrocephalus treated with LPS, among whom 57
resulted in good hydrocephalus control. In the same year, Murtagh and Lehman [6]
introduced afineplastic tube through aNo. 16 lumbar puncture needle percutaneously
and then tunnelled it to the peritoneal cavity in the McBurney area. This further
simplified surgical procedures and reduced complications related to laminectomy
or laparotomy. However, complications related to the then existing synthetic tubes
such as folding, adhesive arachnoiditis, and tube displacement emerged. Therefore,
to optimize the material properties and simplify further technique, Spetzler et al. [7,
8] performed simple percutaneous LPS using a silicone tube and a reservoir.

In 1990,Aoki et al. [9] reported an 11-year study on 207 cases undergoingLPS and
120 cases undergoing ventriculoperitoneal (VPS) for the treatment of communicating
hydrocephalus after confirming communication between the subarachnoid spaces
and the lateral ventricle. They compared complications and success rates between
the two groups and concluded that for patients without spinal pathology, an LPS
should be considered first.

A prospective multicenter trial to assess LPS in patients with idiopathic normal
pressure hydrocephalus (iNPH), the SINPHONI-2 ending in 2015, integrated a 3-
month randomized controlled trial (i.e., RCT phase) comparing LPS implantation
with conservative therapy, and a 12-month extension study in which all subjects
received an LPS and were examined over 12 months following shunt placement. The
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short-term and long-term beneficial effects of LPS from this study were obvious.
Further attempts for higher evidence level studies have been undertaken too, with
one in China as monocentric, assessor-blinded, and randomized controlled trial with
the rate of shunt failure within 5 years as primary outcome, and main criteria for
shunt effectiveness as secondary [10].

2 Current Understanding of physiology and CSF Dynamics
in LPS and Specific Differences from the VPS

The intracranial space is a semi-restricted space, and volume loading to the cranial
cavity increases intracranial pressure (ICP), which is compensated by shifting CSF
and blood extracranially according to the Monro-Kellie doctrine [11]. The change in
ICP in response to volumetric loading to the cranial cavity is referred to as intracra-
nial compliance. Lower intracranial compliance indicates a greater pressure change
in response to volumetric loading and therefore decreased pressure is a compen-
satory function [12, 13]. The electrocardiogram-synchronized phase contrast MRI
method can quantitatively evaluate the intracranial environment noninvasively [14,
15]. The ventricle gap method is an MRI-based intracranial environment analysis
that calculates ICP and CSF pressure gradient changes using a reference point at the
upper cervical spine [14]. This study provides important insight into the coupling
that exists between arterial, venous, and CSF flow dynamics, and how it is affected
by posture. Changes in head and all body position affect CSF dynamics because
of the hydrostatic gradient created by gravity. In a prone position, the intracranial
and intraspinal pressures are equal, and the hydrostatic gradient disappears. With its
disappearance, CSF flow is driven by the external forces leading to CSF pulsation
as respiration and the inflow of arterial blood into the cranial cavity [16, 17]. On the
other hand, in the standing and sitting upright positions, CSF pressure is equal to
atmospheric pressure at the foramen magnum and the upper cervical spine levels.
Intracranial pressure is lower than the atmospheric, and the pressure in the spinal CSF
compartment below the foramen magnum increases downwards in proportion to the
distance from it [17]. Therefore, changes in hydrostatic pressure gradient associated
with postural changes strongly influence CSF dynamics, and in a different way for
LPS and VPS.

At present, the details of pressure values in the lumbar subarachnoid space
resulting from the shunt effect are unknown. It is presumed that the lumbar subarach-
noid space at the tip of the LPS proximal catheter is always positively pressur-
ized, unlike VP shunts. However, the lumbar subarachnoid space pressure probably
decreases slightly due to the CSF shunt draining effect of, particularly in prone
position.

The absence of intervention on the brain hasmadeLPSpatients amore appropriate
subject for clinical studies on iNPH due to the cranial compartments and their CSF
flow dynamics structurally unaffected by intervention. In one such study, Kikuta
et al. [18] have shown better water diffusion around the perivascular spaces after
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shunting. Using the same convenient setup with LPS patients, the changes in the
MRI characteristics of iNPH as upper cortical subarachnoid tightness and the callosal
angle were found to improve after shunting [19].

3 Current Clinical Experience with LPS

3.1 Current Application of LPS in iNPH

ComparedwithVPS, at present, LPShas been used globally in a smaller proportion of
iNPH patients. There is even a certain geographic distribution of its application, with
predominance inAsia,mainly in Japan andKorea. That tendency has been expressing
the views and the accumulated experience and analysis of relatively larger numbers
of cases, and subsequently LPS indications have been more precisely provided in the
recommended respective guidelines. In the second and third part of the major iNPH
study in Japan SINPHONI, LPS effects were important variables to be investigated.
A series by Nakajima et al., 2015 [20] indicated that LPS (Medtronic Strata NSC) is
as effective as the VPS. Miyajima et al. [21] summarized a comparative VPS versus
LPS analysis within the SINPHONI-2 study. For a cohort of iNPH patients, LPSwith
programmable valves showed similar efficacy and safety rates as VPS, pointing at
the minimal invasiveness and avoidance of brain injury as major merits, regardless
of the higher rate of minor complications.

More recently, studies performed in North America [22] and Europe [23] report
similar experiences.

3.2 Current Indications and Contraindications

LPS is indicated for all types of communicatinghydrocephalus.The lumbar subarach-
noid space can be accessed easily even in conditions such as slit ventricle syndrome,
where lateral ventriculostomy is technically more difficult. LPS is also indicated for
controlling CSF pressure in idiopathic intracranial hypertension when there are no
intracranial mass lesions, abnormalities in the cerebrospinal fluid characteristics, or
abnormalities in the ventricular system.

Conversely, it is contraindicated for non-communicating hydrocephalus. LPS
should also be avoided if there are brain malformations in the posterior cranial fossa,
malformations in the craniovertebral junction, and in the case of Chiari malforma-
tions, basilar impression, and syringomyelia. If magnetic resonance imaging (MRI)
shows severe narrowing of the spinal subarachnoid space following inflammation in
the subarachnoid space, or owing to degenerative diseases of the spine, LPS would
eventually blockCSFflow, riskingmyelopathy or underdrainage.However, this is not
an absolute contraindication. On this pathophysiological background, the LPS can be
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Fig. 1 A simplified algorithm of indications and contraindications in hydrocephalus treatment

applied in iNPH once adequate communication between CSF spaces is ascertained
(Fig. 1).

3.3 Currently Applied Surgical Techniques of LPS

Themain goal of the LPS technique is to provide a safe, effective, uncomplicated, and
cosmetically acceptable minimally invasive method of CSF drainage valve implan-
tation, connecting the lumbar cistern and the peritoneal cavity. Currently some stan-
dards have been already established (such as the placement of the percutaneous
lumbar catheter), but some other steps may vary to a minor extent between surgeons
and places, trying to optimize the procedure. Attempts of optimization include
the comparison of lateral and periumbilical laparotomy approaches for peritoneal
catheter placement by Goto et al. [24]; however, results were similar, except for
slightly a shorter surgical time (Tables 1 and 2). Below are some standard point to
follow before surgery:

Table 1 Simplified checklists before LP shunt surgery

➀ Properly established iNPH diagnosis

➁ Evaluation of patient’s general condition Presence of malignancy, heart, or lung disease

➂ Lumbar puncture Tap test result

➃ Whole spine MRI/ CT No severe stenosis along the whole spinal
canal

➄ Abdominal CT Check for adhesions, intra-abdominal
tumours, and determine the potential site of
abdominal catheter placement
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Table 2 Surgical preparation
Temporarily suspend the use of antiplatelet agents

Review lumbar CT and MRI findings prior to puncture for the
catheter placement

The patient receives either lumbar anaesthesia or general
anaesthesia

Antibiotics are administered intravenously at induction of
anaesthesia to prevent infection

One of the well-established and widely applied techniques, also used at our
institution is described below.

3.4 Surgical Steps

Step 1: Surgical Preparation

The patient receives either lumbar or general anaesthesia. General anaesthesia is
required for laparoscopic catheter placement in the abdominal cavity, as it requires
insufflation. In our hospital, we use isobaric bupivacaine for lumbar anaesthesia.
Prophylactic antibiotics are administered intravenously prior to surgery.

Surgery is performed in the lateral position. Since the skin sags when the patient
is turned from the supine to the lateral position, preoperative marking is performed
in the supine position, and proper position for the relay point and abdominal access
is secured. Since it might be difficult to identify adhesions in the abdominal cavity
by preoperative diagnostic imaging, the side of the abdominal cavity that has not
undergone laparotomy should be preferably selected. A cushion should be placed
under the armpit to relieve pressure on the upper arm, the lower leg should be gently
bent, and a cushion should be placed between the knees, so that the patient can
maintain a comfortable and relaxed posture without lumbar extension.

If a fluoroscope such as a C-arm is used to check the position of the catheter
during surgery, it should be able to move to the puncture site or to the spinal level
of interest to provide guidance for the catheter tip before finally positioning it. The
bed is adjusted by slightly lifting the cranial side to widen the lumbar interlaminar
spaces for the ease of the lumbar puncture.

Step 2: Lumbar Side

The spinal catheter is guided through the lumbar puncture by a Tuohy needle (14
gauge; tube outer diameter, 2.10 mm; tube inner diameter, 1.80 mm; length, 90 mm).
There are two puncture approaches: median and paramedian. The lumbar spine of
older adults tends to be deformed, and for patients with narrow interlaminar spaces,
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paracentral puncture is recommended because median puncture may cause postop-
erative tube rupture. The images of the spinal computed tomography (CT) and spinal
MRI should be reviewed in preoperative puncture planning. An incision of approx-
imately 1 cm in depth and 2 cm laterally on the lumbar side is performed. Having
confirmed the outflow of CSF after the puncture, the puncture needle is rotated so that
the inserted shunt tube and its tip opening face cranially and the shunt tube is inserted
into the lumbar subarachnoid space extending over 2–3 vertebrae above. If the tip
of the catheter extends outward or bends to form a U-turn, it may induce postoper-
ative spinal root symptoms and cause lower limb pain. Therefore, adjustment must
be done for the catheter to be placed in the midline under fluoroscopy. If required,
under fluoroscopic guidance, a catheter with a guidewire (diameter, 0.46mm; length,
100 cm; 21,038,Medtronic, Inc., Goleta, California, USA) can be used, as it provides
enhanced visibility and easy guidance, or if it is not available, the catheter can be
filled with spinal contrast agent to visualize its position. After confirming adequate
CSF flow, the lumbar catheter is secured at the site of insertion to prevent dislodge-
ment. It is helpful to use an anchoring device or a suture into the paraspinal fascia to
secure the catheter.

Step 3: Shunt Valve Placement

A relay point is set up on the lateral abdomen. LPSs are prone to catheter dislodge-
ment, which may be caused by bending or twisting at the waist. The shunt system
should be fixed at least at three sites: lumbar, ventral, and lateral abdominal to prevent
dislodgement.

For the abdominal placement, an adequately sized pocket between the lateral
abdominal relay point and the skin incision for laparotomy has to be created for the
shunt valve to be subcutaneously implanted. The shunt valve should be placed at 7–
10mmdepth from the skin. If it is too deep, it is difficult to change its pressure setting
postoperatively, and if it is too superficial, the risk of infection increases. Since the
shunt valve may rotate sideways and flip, it is important always to fix the valve to
the fascia in two or more points or to the hypodermal layer if the subcutaneous fat is
too thick, to prevent it from moving.

In case of dorsal implantation of the shunt valve, the stability should be secured to
the fascia of the paramedian muscle group. The stability of the implants reduces the
chance of rotation and displacement of the shunt valve and makes it easy to change
the set pressure of programmable valves.After proper and stable positioning, flushing
of the valve can also be easily performed as needed in the postoperative follow-up.

Step 4: Abdominal Side

The procedure can be undertaken in the following two positions for the abdominal
part of the operation—lateral or supine—and both are currently used.When changing
positions, it is convenient to use a transportation board. The abdominal wall incision
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is normally made using the McBurney technique and the length of the skin incision
is determined by the thickness of the abdominal fat layer and the expected depth to
reach the peritoneum. From a postoperative cosmetic perspective, it is advisable to
perform an incision along the skin break lines and sufficiently low on the abdomen
so that the underwear can hide the near horizontal skin incision scar.

If the abdominal part of the surgery is performed in the lateral position, and if
the patient is obese, the surgical field becomes deeper and displaced downwardly
as a result. The weight of the patient’s abdominal tissues makes a midline directed
incision easier. The incision should be made up to the external oblique fascia to
prevent the subcutaneous fat from damage, necrosis, and creating a dead space. The
use of blunt scalp hooks and the Lone Star self-retaining retractor (3307G [14.2 cm×
14.2 cm], 3350-8G [12 mm diameter]; CooperSurgical, Trumbull, CT 06611 USA)
provides a shallow surgical field by pulling the superficial abdominal fascia and the
belly of the rectus abdominis with its sheath upward, allowing easy surgical access.

As the lower abdomen has three muscle layers (external oblique, internal oblique,
and transversus abdominis) that run in an alternating manner and direction. After
incision, the dissection of the muscle groups should be done in a blunt manner,
trying to preserve the fibres along their course, and retract the rectus abdominis
muscle medially from its lateral border. This will expose the transverse fascia and
peritoneum. The fascia and peritoneum are held up with forceps to separate them
from the intraperitoneal contents to avoid damaging it, and both are opened.

If passed through the anterior sheath of the rectus abdominis muscle, the abdom-
inal catheter can be more easily prevented from pulling out of the abdominal cavity,
and access is easier in obese patients [25]. Lumbar catheter, shunt valve, and abdom-
inal tube are connected to complete the shunt system and confirm spontaneous drip-
ping of cerebrospinal fluid from the distal catheter tip. The catheter is then inserted
into the abdominal cavity. Since adult patients do not change their stature, like chil-
dren, the length of the catheter to be inserted into the abdominal cavity needs only
to be within the range that does not allow dislodgement after twisting the waist. We
use a shorter length to fit the patient’s body shape, averaging approximately 15–
20 cm, based on the experience of a patient who complained of abdominal pain on
the opposite side of the wound, likely caused by the contact between the bowels and
the catheter tip. To close the peritoneum, purse string sutures are used for the fascia
around the catheter to prevent dislodgement.

If the team is of twoormore surgeons, these steps canbeperformed simultaneously
without changing positions, shortening the surgical time.
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3.5 Illustrative Case 1—Video

4 Immediate Postoperative Management and Pressure
Settings in LPSs

Mobilization out of bed is normally allowed immediately after surgery. However,
owning to the difference in diameter of the Touhy lumbar puncture needle and
catheter, there is a possibility of cerebrospinal fluid leakage from the lumbar
subarachnoid space to the epidural space immediately after the surgery and conse-
quent intracranial hypotension. If neurological symptoms such as occipital pain,
dizziness, and floating sensation are suspected to be caused by low CSF pressure and
they appear soon after the surgery, bed rest may be necessary.

Another caveat is related to postoperativeMRI. Although recently designed shunt
valves are MRI compatible for imaging performed immediately after surgery, it
should be noted that this carries the risk of some structural damage complications, as
pressure settings change may occur during imaging, and the valves, which contain
material that can be magnetized, are subject to pulling forces. In particular, there is
even a risk for the unsecured valve to flip during the immediate postoperative period
when the wound has not yet healed well.

In the immediate postoperative period, the occasional symptoms and signs of
hypotension due to leakage around the catheter are not considered complications, as
they are transient and spontaneously recovering. Complications, however, do exist,
and they have been at the attention of all authors presenting LPS outcome, often
more [21] than less [26] compared to the VPS. Complications can be divided mainly
in two categories—those related to CSF flow physiology or of functional nature, and
those related to failure of a structural nature, for example damage of the valve, its
settings and displacement in the surrounding tissues.

5 Postoperative CSF Physiology and “Over-Drainage”
Management in LPSs (Functional Type Complications)

The lumboperitoneal shunt, by draining from the lowermost lumbar CSF compart-
ment and not directly from the ventricle, is a better simulation and less disruptive of
the natural physiological CSF path of flow. However, the maintenance of physiolog-
ical flow and pressure is not so easily possible, mainly due to the imperfect drainage
regulation by the currently available valves. In addition to these valve imperfections,
different other daily life factors, such as body position (standing, laying down, partic-
ularly for LPS), strains, and efforts, are additional factors for inappropriate CSF flow
drainage. The “state of the art” valves at present are often added devices that will
prevent over-drainage and hypotension (gravitational valves, anti-siphon devices),
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which have shown promising results. In our institution, we compared recently two
devices, finding additional benefit from the add-on gravitational valve [20].

There ismore or less a standard approach protocol to over-drainagewith orwithout
clinical manifestations, based on opening pressure increase.

In addition, as the current shunt systems solely rely on pressure control for the
CSF drainage, they may cause haematoma growth in the event of intracranial haem-
orrhage, such as epidural or subdural haematoma, a rare but important complication
to manage. Although there is no understanding yet, the current shunt systems do not
allow significant decrease of intracranial pressure and resulting haematoma growth,
however if they are implanted, an increase in the intracranial pressure other originwill
force CSF to be drained. In clinical practice, when a chronic subdural effusion or
haematoma occurs, the physician immediately raises the shunt’s set pressure to the
highest level. In some cases, this even results in the disappearance of the subdural
haematoma.

5.1 Illustrative Case No. 2

A 73-year-old male, company owner, became aware of gait disturbance and frequent
urination about one year prior to his visit to our clinic. He was suspected to have
idiopathic normal pressure hydrocephalus by his physician and was referred to our
hospital, where that was confirmed with a tap test. One month after the tap test,
a left side LPS placement was performed. The device had a programmable valve
(CERTAS) with initial pressure setting at Level 4 combined with gravity valve (0–
15 cm H2O). Immediately after the procedure, the patient had a mild hydrostatically
induced headache probably due to CSF leakage from the puncture site and the setting
was increased to Level 5. After discharge from the hospital, the patient was seen
once a month postoperatively, and at the 3rd month his wife became aware that he
was wobbling, and his walking was becoming slightly slower. After reviewing his
head CTwith persistingDESH, the pressure settingwas lowered to Level 4 (Fig. 2A).

Five months after surgery, he began to notice headache and dizziness during his
morning commute to work, and the headache symptoms persisted after arriving at
work. One day after lunch, he started vomiting and had difficulty walking and was
transferred to a hospital. On admission, his consciousness was slightly impaired
(awake, but confused, GCS 14), without focal neurological deficit. A right subdural
haematoma was detected, with compression of the cerebral cortex and displacement
of the midline structures (Fig. 2B).

Emergency craniotomy was performed under general anaesthesia to remove the
haematoma. Shunt pressure was set at Lv8. Postoperative course was uneventful, and
the patient was discharged one week after surgery. One month later (6 months after
LP shunt), the patient returned to the outpatient clinic, and CT confirmed complete
haematoma absence, his mRS was 1 and the CERTAS valve was set to Lv 6 again,
later gradually lowered.
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Fig. 2 (A) Three months after surgery (B) Subdural haematoma five months after surgery
(C) Inserted lumboperitoneal shunt position

5.2 Illustrative Case 3

This 78-year-old male patient, with weight 66 kg and height 167 cm, had the typical
iNPH “triad” and with the gait disturbances leading. In the last year, when cognition
clearly started to decline, he was investigated. His CT was clearly indicative of
DESH, and his tap test was positive. He was operated with a CERTAS valve and GV
attached, postoperatively improving and the valve settings were Level 2 at discharge.



484 M. Nakajima and K. Karagiozov

On a regular follow-up, 3 weeks later, clinically with clearly persisting improvement,
his CT showed big subdural effusions. This required an immediate raise of valve
settings to Level 4. On his next regular follow-up about a month and a half later,
his condition has slightly impaired, mainly his speech and cognition, there was a
right latent hemiparesis, and the CT showed a big left temporal chronic subdural
haematoma. Valve was immediately closed (Level 8), and burr hole surgery on the
left side was performed with immediate clinical improvement. The small collection
on the right side was left under observation (Fig. 3).

A B

DC

Fig. 3 (A) Clear DESH in 78-year-old male patient. (B) Subdural effusions. (C) Big temporal
subdural haematoma. (D) Postoperative CT
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6 Postoperative complications with Structural Shunt
Damage

In case of LPS, immediately after the surgery, CSF may continue leaking around the
catheter from the needle hole in the duramater created during the puncture for a longer
time than the usual few postoperative days. This can cause more prolonged over-
drainage symptoms, such as continuous headache and even subdural haematoma.
Therefore, current guidelines mention the need to ensure safety and maintain the
valve pressure set at a high level. However, oncewound healing is stabilized (the post-
operative scarring firmly engulfs the valve system), it will be necessary to increase
the drained CSF amount to obtain a therapeutic effect and an increase in the patient’s
activity. Even so, it would be safer to change the pressure setting one level at a time
to avoid the complications related to over-drainage.

Patients with iNPH will not clearly show significant change in the size of the
ventricles on CT and MRI studies immediately after surgery. Until the narrowing
of the cerebral sulcus in the high convex shows improvement, it will be necessary
to decrease the pressure setting of the shunt valve and increase the amount of CSF
drainage to maximize the effect of the shunt procedure.

6.1 Illustrative Case 4—Subdural Lumbar Catheter
Placement

This 73-year-old male had LPS placement under standard indications. After lumbar
catheter insertion, the flow of CSF tended to decrease and stop after a few ml of
discharge, and insertion deeper or pulling out a little did not improve the flow.
Subdural (extra-arachnoidal) placement was suspected, as its position was close to
the spinal canal wall. Contrast medium was injected through the catheter. Blocking
between dura and arachnoid prevented contrast from spreading (Fig. 4A). Contrast
washout was poor, and cauda equina structure could not be confirmed. After reposi-
tioning, the contrasted CSF is relatively uniform and caudal structures can be seen
(Fig. 4B). Catheter placement in the appropriate position is essential to preserve
shunt function.

6.2 Illustrative Case 5—Shunt Structural Damage – Shunt
Migration

A 76-year-old woman, lives alone. She owned a bar but stopped running it about a
year ago due to gait disturbance, urinary urgency, and memory loss. After a close
examination by her general practitioner, she was diagnosed with iNPH.
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Fig. 4 Subdural lumbar catheter placement. (A) Position of the catheter close to the spinal canal
wall, suspicion of subdural placement. (B) After repositioning of the catheter

On admission with us her MMSE was 24, FAB—14, Bartell Index—65, and the
CSF phosphorylated tau protein—32.3 pg/mL. A tap test was performed and initial
pressure was 15 cmH2O; 40 mL of fluid was drained, and final pressure became 0.
MRI of the entire spine showed no stenosis of the subarachnoid spaces, and an LP
shunt was performed under lumbar anaesthesia (CERTAS Lv5 on the ventral side
+ GV 0–15 cmH2O placed on the dorsal lumbar side). The patient’s gait improved
after the procedure.

However, 3months after returning home, the patientwas readmitted to the hospital
for shunt revision due to the recurrence of wobbliness when walking, foggy feeling,
and deviation of the lumbar catheter was detected (Fig. 5A). On examination, her
height was 156 cm, weight—65 kg, and body mass index 26.7. Since the patient
had significant skin mobility on the dorsal lumbar side and abdomen at the time of
the previous surgery (skin easily moved more than 20 cm after changing position),
and the subcutaneously implanted shunt tube was expected to move excessively
with the trunk, the LP shunt system placement was made less susceptible to skin
movement at the shunt revision. So, the lumbar subarachnoid tube was inserted
into the subarachnoid space not exceeding 15 cm, and the gravitational valve on the
dorsal lumbar sidewas removed so that therewere no other pulling forces. Symptoms
particularly gait disturbance improved again (Fig. 5B).

Skin mobility should be carefully monitored, especially in obese women, as LP
shunts may require caution in terms of migration. Shunt migration is most likely to
occur within 1–3 months, especially in the early postoperative period. Although no
report has accurately captured the mobility of the skin, shunt system mobility asso-
ciated with skin movement may also be an important issue in reducing the incidence
of shunt dysfunction. Surgical techniques such as securing the shunt system in place
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A B

Fig. 5 Illustrative case of shunt structural damage and system migration

at multiple points and implanting a catheter longer than the mobility range of the
skin may be considered.

7 Perspectives of Further LPS Improvement

All current shunt systems use hydrostatic pressure gradients, like those resulting from
postural changes, as the driving force for cerebrospinal fluid drainage without using
power; hence, there is no need to replace devices for power charge. The advantage
is that, in theory, is that the shunt valve can continue to be used semi-permanently
if there is no structural failure. However, these systems cannot externally transmit
information on their status to the physicians, as baclofen pumps, deep brain stimu-
lators, and spinal epidural stimulators can. Even if dysfunction of the shunt occurs,
such as shunt obstruction, physicians may not be able to notice it until they observe
worsening of the symptoms or changes on images, such as ventricular enlargement.
When patients with iNPH do not show improvement in symptoms after LPS, physi-
cians cannot determine whether it is due to underdrainage, or whether the symptoms
caused by comorbidities became dominant over those caused by iNPH, so the patient
might have been misdiagnosed and shunt therapy might have not been indicated
in these patients. Patient safety depends on whether physicians could immediately
detect shunt obstruction or inadequate CSF drainage. Feedback from patients would
give better chances for early correction and repair of LPS valves.

However, all these uncertainties need to be addressed in the context of the current
scientific paradigm, and current technological advancement of “intelligent” shunt
systems is aiming to resolve them. Non-invasive detection, rate of flow information,
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and response to sudden pressure challenges without flow increase and arrest, for
example, could significantly improve success in reducing complications.

8 Conclusion

The main benefit of LPS is the possibility of avoidance of an intervention on the
brain. Additionally, it renders excellent cosmetic outcomes. It mainly avoids the
risk of symptomatic intraparenchymal haematoma from standard ventricular catheter
placement. Overall efficacy and success rates of LP shunts in iNPH management are
comparable to the more often used VP shunts. LPS is moreover a great alternative
as it provides iNPH patients with less invasive surgical treatment.

9 Key Points

• LPSs have shown similar rates of success in management of iNPH and the VPSs.
• The probably higher rate of minor complications is compensated by the reduction

of the more severe ones.
• LPS provides better opportunities to the elder iNPH patients as the surgery is less

invasive under local anaesthesia.
• Current clinical experience places LPS as an equal solution for iNPH as the VPS,

with the consideration of the specific contraindications for each of the methods.
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Endoscopic Third Ventriculostomy
in Normal Pressure Hydrocephalus:
Current Role

Victor Lomachinsky, Levi Coelho Maia Barros, and Petr Libý

Abstract Despite advancements in understanding idiopathic normal pressure
hydrocephalus (iNPH) pathophysiology, both the disease aetiology and the brain’s
adaptive response to hydrocephalus remains mostly obscure. This carries serious
implications not only for diagnosis but also for management. It is difficult to deter-
mine which patients will truly benefit from shunting devices, and while ventricu-
loperitoneal shunt (VPS) carries overall high success rates it also encompasses signif-
icant risks. Positive experiences in neurosurgical literature have sparked interest
in endoscopic third ventriculostomy (ETV) as a treatment alternative. Reasoning
derives from its ability to increase the systolic outflow from the ventricles which is
thought to reduce the chronic transmantle pulsatile stress associated with iNPH. A
shorter clinical history and better baseline neurological status seem to be correlated
with higher degrees of improvement following ETV. Proper indication is however
debatable as studies have failed to provide evidence of better short-term safety or
better overall outcomes. Unfortunately, as patient selection has not been properly
established, the true efficacy of ETV for iNPH remains speculative.
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Abbreviations

iNPH Idiopathic normal pressure hydrocephalus
CSF Cerebrospinal fluid
CST Corticospinal tract
CT Computerised tomography
ETV Endoscopic third ventriculostomy
ETVSS ETV success score
HCP Hydrocephalus
ICP Intracranial pressure
LIAS Late onset Idiopathic Aqueductal Stenosis
LOVA Longstanding overt ventriculomegaly in adults
VPS Ventriculoperitoneal shunt

1 Introduction

Idiopathic normal pressure hydrocephalus (iNPH) is by definition of unclear aeti-
ology. Both its diagnosis and proper management have long represented a challenge
for surgeons and clinicians. First described by doctor Salomón Hakim in 1964, it
is clinically defined by a triad of a frontal gait ataxia, urinary incontinence and
subcortical dementia with short-term memory failure [1]. Radiologically, it exhibits
a picture of ventriculomegaly and disturbances of corpus callosum angle (Fig. 1).

There is however a broad group of differential diagnoses possible and secondary
causes are not always easy to dismiss. This has serious implications for manage-
ment, as while iNPHmight justify shunting, similar conditions might instead warrant
different approaches or no intervention at all.

A B C

Fig. 1 68-year-old patient with signs of normal pressure hydrocephalus (NPH). (A) MRI T2W
showing ventriculomegaly and periventricular changes. (B) Sagittal T1W image showing unbowed
corpus callosum. (C) Coronal T2W MRI showing ventriculomegaly, periventricular changes,
diminished subarachnoid spaces above hemispheres and sharp angle of corpus callosum
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The current gold standard of treatment consists of meticulous examination and,
if indicated, implantation of a ventriculoperitoneal shunt (VPS). In fact, the focus
of most recent research in iPNH has largely rested upon identifying which subset
of patients would be most responsive to shunting. Given that it significantly relieves
symptoms in almost 75% of patients, many would argue for a lower threshold for
shunting [2]. VPS is, however, largely ineffective for the remaining cases and relapse
may yet be possible. In addition, infection, mechanical failure, perioperative compli-
cations and overall need for reoperation have since sparked interest in treatment
alternatives.

2 Pathophysiology

While there have been advancements in the understanding of iNPH pathophysi-
ology, both its aetiology and the brain’s adaptive response to hydrocephalus remain
obscure [3]. Ventricular enlargement may be connected with a series of patho-
physiologic abnormalities, notably: Extra-ventricular obstruction sites, functional
aqueduct stenosis and, perhaps more important for the rationale of endoscopic third
ventriculostomy (ETV), the loss of ventricular wall elasticity [3, 4].

According to the latter theory, the inciting event is a loss of brain compliance with
overall increase in the transmantle pressure gradient [5]. Periventricular white matter
ischemiawould first promote ventricularwall weakening and dilation leading to cere-
brospinal fluid (CSF) stagnation and regional compression. This would subsequently
lead to loss of parenchymal elasticity and compliance [3]. With each heartbeat, there
wouldbeventricular expansion against a stiffer parenchyma leading to periventricular
capillary compression and worsening ischemia. In addition, and as a result of stag-
nant flow, increasing transependymal CSF resorption would also promote interstitial
oedema and further augment brain damage [3].

The final product is a narrower subarachnoid space with compressed capaci-
tance vessels and increased pulse pressure. It has indeed been shown that the power
of intraventricular CSF pulsations is increased as much as four times in chronic
hydrocephalus [5].

The rationale for ETV in iNPH derives from its ability to increase the systolic
outflow from the ventricles thus reducing the chronic transmantle pulsatile stress. It
serves as an escape mechanism dissipating the mechanical energy that would other-
wise be transmitted to the surrounding structures [6]. It makes sense that patients
who would benefit from this strategy must not have sustained irreversible injury to
the periventricular capillaries. This is in line with recent studies that describe poor
outcomes for patients with a long history of symptoms or higher levels of cogni-
tive impairment, which are suggestive of more widespread damage. Accordingly,
benefit is also higher for patients with abnormalities mostly in gait as that would in
turn reflect localised periventricular damage. Interestingly, patient age and imaging
repercussions of the disease do not seem to be accurate predictors of ETV success
for this pathology [5].
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3 NPH Current Treatment Standards

The approach for iNPH is still somewhat controversial. While VPS has reported
success rates of up to 70–90% a major challenge lies on determination of best candi-
dates for shunting [6]. Both radiological and clinical criteria have been suggested
and some of the most used include: Evan’s index of 0.3 or lower, response to tap
test, intracranial pressure overnight monitoring and lumbar infusion study [7]. The
sensitivity of those methods however is less than ideal and may miss many patients
that would benefit from surgery [7].

Given that iNPH accounts for up to 34% of adult-onset hydrocephalus and is
typically found in older patients, choosing VPS must be weighed against surgical
risk [3]. Classical complications include infections, need for shunt replacement and
reoperation, subdural fluid collections, epilepsy, headache and abdominal pain [2, 7].
Incidence of those adverse events is significant in the literature and overall compli-
cation rates have reported as high as 37.9% [5]. Such findings are consistent in the
literature and reoperation rates have ranged as high as 22–33% [6, 8]. ETVwould, in
contrast, represent a safer, more minimally invasive option that is consistently linked
to lower complication rates in neurosurgical literature. Whether there is however a
trade in efficiency is subject of a heated debate.

4 Technique of Endoscopic Third Ventriculostomy (ETV)

The endoscope is inserted via a frontal burr hole, usually right sided, to the frontal
horn of the lateral ventricle and via the foramen of Monro to the third ventricle. The
trajectory of a rigid endoscope should be precisely planned to eliminate complica-
tions. The floor of the third ventricle is fenestrated between the mammillary bodies
and the infundibular recess. The balloon is inserted into the fenestration and by expan-
sion creates ventriculocisternostomy. The Liliequist membrane has to be fenestrated
also. The upper basilar complex and free interpeduncular and prepontine space should
be visible (Fig. 2). An intraoperative finding of the third ventricular floor flapping
up and down was observed to carry a better outcome [5].

5 ETV in iNPH

The use of ETV in iNPH was first suggested in 1999 by Mitchell and Matthew
but remains a point of controversy to this day [2]. While many initially thought its
role would be reserved for patients with insufficient response to lumbar tap test or
clear evidence of CSF obstruction, a more modern understanding of hydrocephalus
pathology has suggested otherwise.
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Fig. 2 Endoscopic third ventriculostomy (ETV). (A,B)Thefloor of the third ventricle is fenestrated
between mammillary bodies and infundibular recess. Balloon is inserted to the fenestration and by
expansion creates ventriculocisternostomy (C, D) Liliequist membrane has to be fenestrated either.
Upper basilar complex and free interpeduncular and prepontine space should be visible

In recent years, ETV has risen in popularity and has consistently provided good
outcomes for many different causes of HCP. In 2010, Kulkarni et al., presented
the ETV success score (ETVSS) in order to select the most suitable candidates
for endoscopic treatment in children [9]. Using aetiology, age, and history of
previous shunting they determined the likelihood of success and, accordingly, strat-
ified patients into three groups: High, moderate and low ETVSS. They found that
once the patient overcomes the period of early failures (within 3–6 months), in all
groups, ETV failure rate would be lower than shunting failure [9]. Unfortunately
a similar tool to predict ETV success in patients with NPH is missing and patient
selection and classification have remained a major challenge.

Small retrospective investigations have however sparked in neurosurgical litera-
ture with enthusiastic results. Gangemi et al., published a study of 110 patients with a
long follow up period (2–12 years, median of 6.5 years) [5]. They analysed a subset of
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patients with minimal dementia symptoms and no evidence of periventricular white
matter ischemia. All were required to have intracranial pressure (ICP) measurements
ranging from 8–12 mmHg. The reported success rate was impressive. After ETV,
improvement was noted and sustained in almost 70% of cases. They concluded that a
shorter clinical history and better baseline neurological status correlated with higher
improvement scores. Rationale for those findings was attributed to more localised
brain damage, and quick restoration of brain compliance. In their view, ETVprovided
an internal drainage pathway which resulted in rapid reduction in ventricular size
and subsequent vessel decompression, which is visible intraoperatively as a sudden
return in ventricular pulsation following fenestration. Such a sign was suggested to
predict clinical response [5].

Consistently through all studies, the patient profile that seems to benefit the most
from this intervention includes those younger than 80 years of age, those who
display either an aqueductal CSF stroke volume greater than 42 uL, or aqueduct
stenosis on preoperative computerised tomography (CT) scans, those symptomatic
for less than one year, and those with predominant gait symptoms and only mild
to moderate dementia symptoms [5, 7, 10]. Of note, appreciation of the degree
of aqueduct stenosis is important to differentiate iNPH from Longstanding overt
ventriculomegaly in adults (LOVA) and Late onset Idiopathic Aqueductal Stenosis
(LIAS). Both conditions may present similarly to iNPH but usually exhibit a much
better response to ETV [11].

Proper indication is however debatable. Even though such characteristics have
been identified, studies have failed to provide evidence of a better short term safety
profile or better overall outcomes in favour of ETV [6, 10, 12]. In a nationwide
database inquiry, AndrewK. Chan et al. have found that ETV admissions were linked
to a greater number of perioperative deaths, complication rates and an increased
length of stay [10]. In fact, perioperative mortality in that study was seven fold higher
for the ETV group, a number that is ten fold higher than what had been previously
reported. A similar, more recent, inquiry by Ali Alvi’s recent database analysis,
yielded similar results. Amongst individual procedures, ETV had the greatest odds
of prolonged length of stay and was also associated with higher odds of discharge
to other facilities [12]. Interestingly, when data from Andrew K. Chan et al. analysis
was adjusted for patient and hospital factors, the comorbidity score was the only
significant predictor of mortality, suggesting that proper patient selection might’ve
produced different results [10].

The single available randomised clinical trial comparing the functional outcomes
provided by ETV and VPS in iNPH was published by Pinto et al. in 2013. Their
parallel, open label trial included 42 patients with iNPH and a positive response to
the tap test. Outcome was assessed by use of six clinical scales. While slightly better
neurocognitive scores were initially achieved on the ETV group, improvement was
only partially sustained over a 12 month follow up and shunting treatment resulted
in overall more favourable outcomes (ETV = 50%; VPS = 79%) [6].

In addition, approximately 50% of ETV non responders improved after VPS.
Unfortunately, there was no clear feature that indicated which patients would have
been better treated by shunting in the first place [6]. Permissive diagnostic criteria
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and inclusion of overlapping diseases once more might have complicated this issue,
and could also account for the observed differences in treatment response.

Important limitations of their study included the use of tap test as inclusion criteria,
cognitive evaluation with mini mental state exam and use of non-programmable
valves in VPS [6]. This work was further criticised due to a small sample size, and
need for post randomization reallocation [1].

Although many case reports and case series have yielded enthusiastic results,
there is no hard evidence in the literature that favours ETV over traditional shunting
for iNPH. In fact, some authors have pointed to disappointing results. Longatti et al.
in 2004 reported a contrasting 21% success rate for ETV [13]. The authors have
described the attempt as an aim to overcome functional aqueduct stenosis and in face
of the bleak results, would classify ETV as a method of poor efficacy for idiopathic
communicating hydrocephalus [13]. The few successful cases in their series were
attributed to possible misdiagnosis as more thorough investigation could potentially
reveal hidden points of blockage. It has in fact been postulated that a patent aqueducts
does not guarantee normal CSF flow [13]. In summary, ETV has much more variable
reported response rates when compared to VPS.While patient selection has not been
properly established, true efficacy remains speculative and true numbers may both
be higher or significantly lower [5].

6 Conclusion

Advances in the understanding of CSF hydrodynamics have justified and sparked
enthusiasm on use of ETV for communicating causes of hydrocephalus such as
iNPH. However, the lack of clinical and neuropathological criteria for diagnosis of
this condition has hindered research and the amount of evidence available is not
sufficient to substantiate its indication. The overall better responses to VPS have
further reinforced its leading role in this pathology, and have limited ETV indication
to a subset of patients that are still in need of being properly defined.

7 Key Points

• While VPS has reported success rates of up to 70–90% it involves considerable
risks and determination of best candidates for shunting remains a challenge.

• The reasoning for ETV derives from its ability to increase the systolic outflow
from the ventricles which is thought to reduce the chronic transmantle pulsatile
stress associated with iNPH.

• A shorter length of clinical history and better baseline neurological status seem
to be correlated with higher degrees of improvement following ETV.

• Proper ETV indication for iNPH is debatable as studies have failed to provide
evidence of a better short term safety profile or better overall outcomes.
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• While patient selection has not been properly established, true efficacy of ETV
for iNPH remains speculative.

References

1. Tudor K, Tudor M, McCleery J, Car J. Endoscopic third ventriculostomy (ETV) for idiopathic
normal pressure hydrocephalus (iNPH). Cochrane Database Syst Rev. 2015. https://doi.org/10.
1002/14651858.cd010033.pub2.

2. Mathew P. Third ventriculostomy in normal pressure hydrocephalus. Br J Neurosurg.
1999;13(4):382–5. https://doi.org/10.1080/02688699943484.

3. Tasiou A, Brotis A, Esposito F, Paterakis K. Endoscopic third ventriculostomy in the treatment
of idiopathic normal pressure hydrocephalus: a review study. Neurosurg Rev. 2015;39(4):557–
63. https://doi.org/10.1007/s10143-015-0685-4.

4. Rekate H. A contemporary definition and classification of hydrocephalus. Semin Pediatric
Neurol. 2009;16(1):9–15. https://doi.org/10.1016/j.spen.2009.01.002.

5. GangemiM,Maiuri F, NaddeoM, Godano U,Mascari C, Broggi G, Ferroli P. Endoscopic third
ventriculostomy in idiopathic normal pressure hydrocephalus: an Italian multi center study.
Neurosurgery. 2008;63(1):62–7. https://doi.org/10.1227/01.NEU.0000319522.34196.7B.

6. Pinto F, Saad F, Oliveira M, Pereira R, Miranda F, Tornai J, et al. Role of endoscopic third
ventriculostomy and ventriculoperitoneal shunt in idiopathic normal pressure hydrocephalus.
Neurosurgery. 2013;72(5):845–54. https://doi.org/10.1227/neu.0b013e318285b37c.
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Surgical Complications

Uwe Kehler

Abstract Shunt system placement is one of the most commonly performed
neurosurgical procedures. Surgical complications related to shunt surgery are still
too frequent and often avoidable. Surgical complications can be divided into catheter
misplacements and dislocations, disconnections, organ lesions, and miscellaneous.
Despite a lot of effort to reduce the complication rate in shunt surgery such as
improved sterile techniques, antibiotic-impregnated catheters, and programmable
valves, shunt malfunction continues to be a major problem. In this chapter we
discuss themost common complications of surgery-related complications (except for
infection and under/over-drainage as they are introduced in an individual chapter),
including appropriate management and how to more efficiently avoid them.

Keywords Complications · Hydrocephalus · Shunt system · Normal pressure
hydrocephalus · Clinical tests · Surgery
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ICP Intracranial pressure
IVH Intraventricular hematoma
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VA shunt Ventriculoatrial shunt
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1 Introduction

No surgical procedure is absolutely free of complications. However, many complica-
tions can be avoided [1], especially if you are aware of what may happen. Therefore,
talking about complications is of paramount importance in reducing those. Unfor-
tunately, surgical complications are often not reported at all, which may give the
wrong impression of procedure safety. In this chapter only complications, whichmay
happen intraoperatively or in the early postoperative period due to surgical inexpe-
rience, carelessness, or errors, are described as well as recommendations to mini-
mize those complications. The surgical complications can be divided into catheter
misplacements and dislocations, disconnections, organ lesions, and miscellaneous.

2 Catheter Misplacements and Dislocations

2.1 Ventricular Catheter

Freehand ventricular catheter placement in hydrocephalus is usually easy since the
ventricles are enlarged, but during surgery the head is covered and may be rotated
which makes the orientation more difficult. Incorrect or suboptimal ventricular
catheter placements are reported in the literature up to 56% [2], and an inaccu-
rate ventricular catheter position (Fig. 1) results in an increased shunt failure rate [2].
Neuronavigation, ultrasound guidance, or ventricular catheter guide reduces inac-
curate catheter placements [3]. If not available, the minimum must be a thoroughly
prepared surgery, marking the position of the burr hole on the skin, and respecting
the exact landmarks.

It is widely debatable whether to use frontal or occipital burr holes to accurately
place the catheter. The acceptable deviation from the optimal tract describes up to
which degree of deviation the ventricular catheter is still in the ventricle. A frontal
burr hole allows for a wider acceptable deviation, which makes it favoured in regard
to positioning of the ventricular catheter (Fig. 2)—especially if no neuronavigation
is available.

2.2 Cardiac Catheter in Ventriculo-Atrial Shunts

The cardiac catheter should be placed in the right atrium (=ventriculo-atrial shunt).
It is not rare that a catheter may be placed in the superior vena cava or even in the
subclavian vein. An intraoperative ultrasound or x-ray will show the position of the
catheter and help to avoid malpositionings. A suboptimal catheter placement may
not show any shunt malfunction and therefore no revision is necessary. If needed,
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Fig. 1 Misplaced
ventricular catheter in the
interhemispheric fissure

Fig. 2 Ventricular catheter tract deviations in different planes: possible deviations of the ventricular
catheter from the optimal tract (green line), in which the catheter will still be intraventricular. To
place the catheter intraventricularly, the frontal approach allows a larger deviation from the optimal
tract
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a catheter in the subclavian vein could be repositioned by the interventional neuro-
radiologist. Preoperative planning and determination of the optimal catheter length
may reduce malpositionings.

2.3 Peritoneal Catheter in Ventriculo-Peritoneal Shunts

The most frequent complication is that the peritoneal catheter might not be in the
peritoneum, either due to intraoperative misplacement or due to delayed luxation
into the subcutaneous tissue (Fig. 3). In open laparotomies, the posterior fascia of
the rectus abdominis muscle and the peritoneum have to be clearly identified. After
opening both layers, the catheter must be introduced into the peritoneal cavity easily,
without any resistance. It is strongly recommended to fix the catheter to the peri-
toneum with a purse string suture. When tying up the suture, it is imperative that it
is not too loose to allow movements of the catheter and that it is not too tight that it
does not occlude the catheter. If the shunt has an integrated pumping-reservoir, it is
advisable to test the shunt before wound closure to confirm the peritoneal catheter is
not occluded by the suture.

Fig. 3 CT scan of a peritoneal catheter outside the peritoneum in the subcutaneous tissue with cyst
formation
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In cases of intraoperative intra-abdominal problems, a visceral surgeon should be
consulted. If there is not enough experience available, the visceral surgeon should
assist from the beginning and or might even introduce the catheter via laparoscopy.

2.4 Lumbar Catheter in Lumbo-Peritoneal Shunts

Irritation of nerve roots with leg pain is a common problem of the lumbar catheters.
Degenerative spine disease as well as scoliosis may increase the risk. Preoperative
spinal MRI may show spinal canal stenosis or other pathologies which can be a
contraindication for lumbo-peritoneal shunts. Introducing the spinal catheter under
fluoroscopic control will help in positioning the catheter and immediately show
unwanted positions or loops of the catheter.

3 Disconnections

Disconnections most often appear when a suture, which should secure a catheter at
the valve or connector, is not tightened properly. A disconnection is almost always
a surgical (and avoidable) failure. It must be emphasized that the suture must be
knotted tightly and several times in opposite directions to prevent loosening.

Older catheters may calcify and break. Even if there is a short interruption of
these broken catheters, CSF might flow through a canal formed by fibrous tissue. If
a revision is necessary, the calcified catheter should be replaced by a new one since a
reconnection very probably will lead to another breakage along the calcified catheter.

4 Organ Injury

4.1 Brain Injury

Every ventricular puncture results in an insult to the brain tissue.
Injuries of vessels while pushing the ventricular catheter through the brain tissue

towards the ventricle may lead to intracerebral hematomas (ICH). The reported
frequency is around 8%; fortunately, in most cases these bleedings are asymp-
tomatic. The risk of ICH increases with malpositioning [4] and with increasing
number of punctures (Figs. 4 and 5). Also, coagulopathy, antiplatelet drugs as well
as anticoagulants may increase the risk of ICH.

To avoid ICH, coagulopathies have to be corrected and antiplatelet/anticoagulant
treatment has to be stopped well in advance of the surgery.



504 U. Kehler

Fig. 4 Rare complication of
an intracerebral hematoma
caused by a ventricular
catheter

To avoid misplacements of the ventricular catheter a navigation tool should be
used (see Fig. 1). However, an ICH is not a completely avoidable risk of ventricular
punctures therefore strengthening the indication for a lumbo-peritoneal shunt.

4.2 Vessels

Vessels can be perforated during the VP shunt placement, mainly with the tunnelator
instrument, when pushing it through the subcutaneous tissue cranially or caudally.
Regions of risk are the clavicular and the subcutaneous lateral cervical region. In
the subcutaneous cervical region, one vessel that may be especially harmed is the
external jugular vein,which usually results in only a subcutaneous hematomawithout
any severe consequences. If the tunnelator deviates from the intentional subcuta-
neous tract posteriorly to the clavicule a harm of the subclavian vessels and even
the brachial plexus is possible. Meticulously following the tip of the tunnelator
in the subcutaneous tissue may avoid this very rare, but potentially devastating
complication.

In ventriculoatrial (VA) shunts, especially if the jugular vein is punctured, an
accidental puncture of the carotid artery may occur with the development of an
arteriovenous fistula. Training, as well as the intraoperative use of an ultrasound
probe can almost always avoid this complication.
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Fig. 5 Multiple tracks of
ventricular puncture attempts

4.3 Lungs

A lesion of the lungs or pleura with a subsequent pneumothorax may be caused by
the tunnelator when pushed upwards from the abdominal wound and may deviate
posteriorly to the ribs. (Fig. 6). To avoid this, special attention must be given to the
tunnelator as it passes from the abdominal to the thoracic region—the subcutaneous
tip of the tunnelator should be palpated with the fingers, when pushing it cranially.
Another mechanism in VA shunts is an accidental pleural lesion with the needle
during a puncture of the jugular vein. The risk might be much higher in blind punc-
tures than in ultrasound guided procedures and may increase substantially in lung
emphysema.

4.4 Bowels

Intraoperative bowel lesions may occur during careless opening of the peritoneum
(via open or laparoscopic surgery), especially in previous abdominal surgeries with
adhesions. In the case of lesions or perforations of the bowel immediate repair must



506 U. Kehler

Fig. 6 Pneumothorax and
skin emphysema due to an
accidental intrathoracic
placed catheter

be performed, preferably by a visceral surgeon, and the shunt should not be implanted
due to a high risk of infection. Careful peritoneal opening and pre-surgical informa-
tion about previous abdominal surgeries are mandatory. In cases of uncertainties a
visceral surgeon should be part of the surgical team from the beginning. Delayed
bowel perforations due to chronic irritation, silicone allergy, and infections are no
direct surgical complications.

5 Miscellaneous

5.1 Pacemakers or Other Implants

NPH patients are elderly patients and may often have a pacemaker. The placement of
the pacemaker can interfere with the optimal shunt tract in VP shunts and especially
in VA shunts. Preoperatively, meticulous information about the presence and the
position of a pacemaker can help to avoid intraoperative surprises and complications.
If recognized and planned beforehand, a different catheter tract can be used (for
instance the opposite side) to avoid any conflict with the pacemaker and its catheter.
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6 Valve Implantation

6.1 Wrong (Upside Down) Valve Orientation

Although most valves have a sign, which shows the direction of the flow, x-ray
findings may reveal an inverse implanted valve. The valve manufacturers should
mark clearly the direction of implantation on the valve housing. On the other hand,
a surgeon has to be familiar with all implants before using them.

6.2 Oblique Orientation of Gravitational Valves

The gravitational valves must be implanted in a vertical position (when the patient is
upright), if this is not the case, the efficacy to counterbalance the hydrostatic pressure
difference in standing position is impaired and a partial activation of the gravitation
valve is seen in the horizontal position (Fig. 7). If this has any clinical impact, it must
be revised.

To avoid oblique implantations of gravitational valves, the position with the
optimal vertical position track must be marked on the patient’s skin before draping
with sterile sheets. This gives the surgeon in a covered and possibly rotated patient’s
head a safe orientation.

Fig. 7 A gravitational valve
should be implanted
vertically. Here it is deviated
44° from the optimal track
which leads to an incomplete
effect in the upright position
and adds an unwanted
outflow resistance in the
horizontal position
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6.3 Kinking of Shunt Catheters

Kinking of shunt catheters may occur (Fig. 16, Chap. 27). To avoid or to detect those
kinks an intraoperative shunt test is recommended. Before implanting the peritoneal
catheter, CSFmust spontaneously drop out of the otherwise connected and implanted
shunt. This quick test can rule out a kink or other obstruction. If CSF does not
trickle out the problem must be found and repaired before finishing the surgery. In
cases with an internal flushing/pumping reservoir, a patency test can be also done in
ventriculo-atrial shunts and is advisable before wound closures as to not overlook
any obstructions.

7 Conclusion

Avoidable complications in shunt surgery are alarmingly frequent at almost 50%.
Although experience plays an important role, experienced shunt surgeons still have
avoidable complications in 16% of cases. Teaching about complications (you learn
better from bad than from good results), but also thorough surgery with meticulous
preparation beforehand, being familiar with the implants and their specifications,
supervision, and surgerywithout time pressure, full concentrationwithout distraction
is strongly recommended in order to reduce the number of complications. Also,
additional tools like neuronavigation, x-ay, etc. (see above) may be very helpful.
However, some of those tools may lead themselves to new complications such as
infections due to extended operating times. Therefore, a balance between advantages
and disadvantages of these additional tools must be found.

8 Key Points

• Surgical complications in shunt surgery occur frequently and are often avoidable.
• Surgical complications can be divided into catheter misplacements and disloca-

tions, disconnections, organ lesions, and miscellaneous.
• Proper preparation and thorough execution of the shunt surgery is necessary.
• Surgeons must be familiar with the implants and their properties.
• A shunt test before skin closure may detect several problems which could be

repaired before finishing the surgery.

https://doi.org/10.1007/978-3-031-36522-5_25
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Other Complications: Over-Drainage

Ahmed K. Toma

Abstract Over-drainage is the most common complication of shunt insertion
surgery in normal pressure hydrocephalus, compared with other type of hydro-
cephalus. Incidence has been decreasing with improved valve technology. This
complication could significantly affect the outcome; therefore, its prevention is essen-
tial. It often presents with presence of subdural hygroma or haematoma on brain
imaging, either investigating postural symptoms or as an incidental finding. It is not
entirely clear why some patients develop over-drainage while others don’t. The use
of anti-siphoning device with and adjustable valve is imperative in normal pressure
hydrocephalus (NPH) shunts, not only to reduce risk of over drainage, but to allow
non- operative management should it occur.
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1 Introduction

Over-drainage is one of the common complications of shunt surgery in hydrocephalus
in general. In normal pressure hydrocephalus (NPH), over-drainage is the most
common complication of shunt insertion surgery [1].

This is probably because intracranial pressure in patients with NPH is not partic-
ularly elevated, and that NPH patients are elderly, with markedly enlarged cerebral
ventricles and often reduced brain volume. Furthermore, NPH patients often require
setting the shunt valve on lower opening pressure, compared with other types of
hydrocephalus, to achieve clinical improvement. Over drainage significantly affect
shunt surgery outcome, hence its avoidance is considered vital [2].

2 Clinical and Radiological Picture

Clinical presentation of over drainage includes: headache, often postural, nausea
and vomiting and hearing symptoms. Symptoms often improves with lying flat and
are exacerbated by being upright for prolonged period. Without presence of anti-
siphoning device in shunt valve system, Cerebrospinal fluid drainage increases in
upright position, as a direct effect of gravity and siphoning.

Brain imaging findings of over drainage include: subdural hygroma (cerebrospinal
fluid (CSF) accumulation in subdural space without evidence of presence of blood
within the collection), or subdural haematomas (SDH), most commonly chronic
(CSDH). If left untreated, Hygromas could progress to SDH. Both subdural hygroma
and haematoma could be discovered on routine brain scans, that is, as incidental
findings. Patients with SDH could develop neurological deficit and reduced level of
consciousness. Therefore, Although there is no clear agreed definition of shunt over
drainage in NPH population, presence of SDH is considered by most as the hallmark
of shunt over-drainage and it’s incidence as a benchmark for various preventative
strategies to reduce over drainage as a complication.

Headache in shunted NPH population is not well studied. Larsson et al., in (idio-
pathic normal pressure hydrocephalus) iNPH CRasH study, compared shunt treated
NPH patients with age- and sex-matched controls from the general population. More
than one-third of the NPH patients suffered headache (3 times more than among the
controls). Almost half of those with headache (i.e., 16% of all patients with INPH)
experienced aggravation of headache by postural changes, probably because of their
shunt. However, headache did not impact quality of life in patients with iNPH. The
authors hypothesised that if more aggressive lowering of valve pressures was needed
to resolve the iNPH symptoms and caused postural headache, the improved quality
of life achieved through clinical improvement might have confounded an association
between postural headache and lower quality of life [3].
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3 Predisposing Factors

Lower opening pressure of shunt valve has been shown to be associated with higher
rate of over drainage. Dutch NPH study compared low versus medium fixed pressure
shunt valves in NPH population. Low opening pressure valves were shown to be
associated with better clinical improvement, but this improvement was offset by
higher rate of subdural effusions (71% in low pressure valve and 34% with medium
pressure valve) [4].

One study has shown that apart from using conventional rather than gravitational
valves, longer duration of surgery and female sex were associated with a higher risk
of clinical signs and symptoms suggestive of over drainage [2].

In a study of the Swedish shunt registry, lower shunt valve opening pressure, male
gender and being on platelet aggregation inhibitors were associated with higher risk
of developing SDH. Flow limiting anti-siphoning devices did not prevent SDH but
allowed use of lower opening pressure, without causing more SDHs [5].

It is worthmentioning that the presence of trauma history in shunted NPH patients
developing SDH is not unusual, particularly in falls-prone NPH population. History
of trauma is often not clear as many NPH patients have a degree of cognitive
impairment.

The incidence of over drainage has been reported to be high with ventriculo-
atrial shunt [6]. As expected, it is higher with lumbo-peritoneal shunt. However, this
has been significantly reduced by advances in shunt technology, with recent case
series of adding gravitational anti siphoning units to adjustable valves resulting in
significantly low risk [7].

4 Evolution of Over-drainage Prevention Techniques

The incidence of SDH in shunted NPH patients has gradually improved over the last
5 decades, with case series average of about 5% with some recent case series of less
than 1%, probably reflecting improved shunt valve technology [8]. However, shunt
registry data reports higher rates.

4.1 Use of Adjustable Valves

Adjustable valves were introduced to NPH shunts aiming to reduce the need for
surgical management of patients with over drainage. Adjustable valves allows
opening pressure to be initially set to high level with gradual reduction according
to patient need. It also allows reversal to high setting, should patient develops over
drainage, with less likelihood need for surgery. UK shunt registry shows that use of
adjustable valve in elderly patients shunt reduced need for revision.
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A randomised trial showed that gradual lowering of the valve setting to a mean of
7 cmH2O led to the same rate of shunt complications and over drainage symptoms as
a fixed valve setting at a mean of 13 cm H2O but was associated with a significantly
better outcome [9]. This was probably related to the fact that lower opening pressure
is associated with better outcome rather than the process of lowering the shunt valve.

Study of Swedish prospective quality registry study of shunted NPH patients [1],
Ten percent (n= 184) of the patients developed SDH. In 103 patients, treatment was
solely opening pressure adjustment. Surgical treatment was used in 66 cases (36%),
and 15 (8%) received no treatment. In patients with fixed shunt valves, 90% (n =
17) of SDHs were treated surgically compared with 30% (n = 49) in patients with
adjustable shunts (p < 0.001). Data showed that Adjustable shunts are used with
increasing frequency and make it possible to noninvasively treat postoperative SDH.
Almost all patients had strata valve or Codman hakim valve.

In the recent European Idiopathic Normal Pressure Hydrocephalus Multicentre
study [10], symptomatic over drainagewas reported in 10 patients (8.7%). Symptoms
were usually encountered in the first 30 days. Hygroma was diagnosed in 10 patients
(8.7%). Although rarely, hygroma was detected even several months after implant.
In 1 case (0.9%) surgery was indicated. Subdural hematoma was diagnosed in 7
patients (6.1%), all during the first month after implant. In 2 cases (1.7%) surgical
evacuation was necessary. The 5 others were successfully treated during the first
3 months after implant increasing the opening pressure of the adjustable valve. All
patients underwent shunt surgery with a Codman-Hakim adjustable valve with an
opening pressure set to 120 mm H2O.

There has been studies correlating the opening pressure of lumbar puncture with
that of shunt valve aiming to reduce SDH occurrence [11]. Other studies correlated
bodyweight and hightwith opening pressure of shunt valve and showed reduced need
for shunt valve adjustment and reduced over drainage [12]. The main limitation of
using an adjustable valve alone, was that higher valve opening pressure was needed
to prevent over drainage, cancelling the potential benefit that could be achieved with
lower opening pressures, as has been shown in Dutch NPH study.

4.2 Use of Anti-Siphoning Devices

The important second evolutionary step was the introduction of anti-siphoning
devices to minimise the effect of postural over drainage. Several flow limiting anti-
siphoning devices are available. In addition, the introduction of gravitational valves
by Miethke allowed using very low opening pressure of shunt valves, resulting in
further clinical improvement without increasing over-drainage [13].

SVASONA study was a randomised trial comparing adjustable proGAV valve
(proGAV, Aesculap-Miethke, Potsdam, Germany) and gravitational anti-siphoning
device with an adjustable Codman Hakim valve (CMPV, Codman and Shurtleff,
Johnson and Johnson, Ryanham, Massachusetts, USA) without an anti-siphoning
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devices. After 6 months, there was clear reduction in over drainage in gravita-
tional anti-siphoning device group that difference exceeded predetermined stopping
rules and resulted in premature discontinuation of patient recruitment. This study
confirmed the efficacy of anti-siphoning device in reducing over drainage rate [14].

Subsequent studies have shown that adding a flow regulated anti-siphoning device
to an adjustable valves also reduced incidence of SDH by about two thirds. [15, 16]
Although reported incident with flow regulated anti-siphoning devices was relatively
higher compared with gravitational anti-siphoning device, this did not reach statis-
tical significance. However, the use of gravitational valve allows very low opening
pressure of valve giving chance of achieving better clinical improvement in selected
patients.

5 Management

From the available evidence, the use of adjustable valveswith gravitational ani siphon
devices, is the most effective way of preventing over drainage and facilitating its
management, if it occurs.

In patients with postural headache and no imaging features of over drainage,
careful counselling of shunt valve adjustment is needed. This would include
explaining to patient and carer, that increasing shunt valve’s opening pressure could
result in worsening NPH symptoms. Decision to adjust opening pressure of valve
will depend on severity of patient symptoms. Many patients often chose to endure
mild headache in order to have improved NPH symptoms [17].

On the other hand, the presence of subdural collection should trigger immediate
valve adjustment to highest level to prevent further expansion and clinical deteriora-
tion. Although this would inevitably result in worsening NPH symptoms, it has been
shown to result in, not only prevention of further subdural collection expansion, but
also in spontaneous resolution without need for burr holes drainage procedures or
shunt ligation. Repeated scan in 2–4 weeks would guide valve setting management.
Once subdural collection is dissipated, gradual reduction of the opening pressure to
acceptable level could be done over a period of few weeks with interval imaging.

Patient and carers should be counselled that clinical improvement is only likely
to be noticed once valve setting is back on low level, and that this process cannot
be short cut, as it would risk recurrence or even deterioration with need for surgery.
Patient and carer will often have to endure few weeks of poor performance status
waiting for the point where valve could be set to an optimal low level.

In patients with subdural haematoma causing neurological deterioration, burr
holes drainage plus shunt ligation is often necessary. Once post operative images
shows satisfactory resolution of the haematoma, shunt can be un-ligated, with careful
reduction of opening pressure of valve over few weeks to prevent recurrence.

Routine post operative imaging is useful in detecting subdural hygromas or
haematomas. Similarly, patients developing clinical picture suggestive of over
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drainage, or those shunt having head injury, should have brain scan to exclude
subdural hygromas or haematomas.

It is also advisable to repeat brain scan in patients under consideration for shunt
valve adjustment to lower setting, aiming to achieve further improvement in NPH
symptoms, even if they have no clinical features of over drainage. The aim is to
exclude incidental subdural hygroma or SDH that could be made worse with lower
shunt valve setting.

6 Conclusion

Over-drainage is the most common complication of shunting in NPH patients, with
implications on patient outcome and healthcare resources. Risk could be significantly
reduced if anti-siphoning device, particularly a gravitational one, is used as part of
shunt implant system. Use of adjustable valve is essential to help in managing over-
drainage and reduce need for hospitalisation and surgery. Surveillance imaging is
needed to detect early signs of over drainage, with subsequent shunt valve adjustment
to prevent clinical deterioration.

7 Key Points

• The most common preventable complication of shunt insertion surgery in normal
pressure hydrocephalus.

• The use of gravitational anti-siphoning device with and adjustable valve is
imperative to reduce risk of over-drainage and facilitate management, if it occurs.

• Early post-operative surveillance imaging is advisable, to detect possible signs of
over drainage that could be solved with shunt valve adjustment.
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Follow-Up After Shunt

Uwe Kehler

Abstract Adequate postoperative follow-up in shunted patients suffering from
normal pressure hydrocephalus (NPH) is an essential part of NPH treatment, consid-
ering both technical and clinical factors that are involved in patients’ performance
after surgery. Routine follow-up controls are necessary to detect shunt malfunctions
and to correct those in time. In patients where the outcome after shunt implantation is
not optimal, readjustments of the valve are necessary in order to provide better treat-
ment outcome (“titration of symptoms”). In cases where the clinical improvement
after shunting is only partial, it is very challenging to clearly differentiate between
non-optimal valve settings and a lack of recovery potential. Non-invasive tap tests
through the flushing reservoir can give further information in this situation, can also
help to detect shunt malfunctions, and can some extent replace most of the invasive
shunt tests. However, it is necessary to be well-informed about the implanted device
for adequate execution and interpretation of the non-invasive tests. Although known
that non-invasive shunt tests are of great importance with respect to aimed reduction
of complication rates, invasive tests remain the gold standard for accurate diag-
nostics and therefore are a necessary part of shunt complication management. These
tests enable direct intracranial pressure monitoring, biochemical analysis of the cere-
brospinal fluid, and the detection of shunt malfunction. Indication of shunt revision
is dependent on various criteria that are discussed together with both technical and
clinical nuances in more detail in this chapter.

Keywords Follow-up · Hydrocephalus · Neurofunctional testing · Normal
pressure hydrocephalus · Clinical tests · Prognosis
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CRP C-reactive protein
CSF cerebrospinal fluid
DESH disproportionately enlarged subarachnoid-space hydrocephalus
ICP intracranial pressure
LP shunt lumboperitoneal shunt
NPH normal pressure hydrocephalus
STT spinal tap test
VA shunt ventriculoatrial shunt
VP shunt ventriculoperitoneal shunt

1 Introduction

After shunting, follow-up is necessary to assess the success of surgery, to titrate
the clinical symptoms with valve adjustments to achieve the optimal result, and to
recognize and treat complications timely.

Since recovery of NPH-symptoms after shunting needs several weeks, the final
result cannot be evaluated during the hospital stay immediately after surgery.
However, in the initial days the direction of clinical recovery can be recognized.

It is important to be aware of the amount of clinical improvement to expect and
when it is appropriate to interfere with further diagnostics or valve adjustments.
Figures 1 and 2 show different clinical courses after shunting. In “good” and “fair”
improvements the question arises whether no further improvement is due to irre-
versible damage of long-standing hydrocephalus (= no more recovery potential) or
due to insufficient drainage, for instance a result of suboptimal pressure setting of
the valve.

Figure 2 shows clinical courses,where timely intervention by a doctor is necessary.
If there is no improvement at all after shunt implantation there are usually two
different causes: the diagnosis was incorrect or there is a primary shunt failure which
requires further diagnostics (see below).

If an early deterioration after initial improvement is seen, it is likely that the diag-
nosis of NPHwas correct (improvement with shunt means confirmation of NPH), but
a shunt problem developed (secondary shunt failure) possibly due to an obstruction,
disconnection, or other. A secondary shunt failure, and the reason for it, must be
diagnosed timely and corrected (see below).

A late deterioration, even after many years, may appear frequently [1–3] and may
reflect the ongoing disease. Often this deterioration can be counterbalanced by a
down regulation of the valve. If no improvement is seen in these cases, then a late
shunt failure must be ruled out as in all other shunt problems (see below).



Follow-Up After Shunt 521

Fig. 1 Clinical courses after shunting NPH-patients with normal shunt function. The green line
shows the optimal improvement after treatment. The blue and yellow line, representing good or
fair improvement, may suggest that the suboptimal results are due to longstanding disease or
comorbidities. However, it may also reflect suboptimal valve settings with insufficient CSF drainage

Fig. 2 Clinical courses after shunting a NPH-patient with a lack of improvement or late deterio-
ration. The dark red line may indicate a primary shunt malfunction or an incorrect NPH diagnosis.
The red line reflects a shunt problem which must be investigated further. The green line shows
an optimal recovery with a frequently observed late deterioration which might be counterbalanced
with a valve adjustment

2 Clinical Follow-Up

Clinical follow-up is necessary to evaluate the efficacy of shunting. It is important
to see if the improvement is as good as expected or if it is not then a decision needs
to be made to determine if further diagnostic or therapeutic measures are necessary.
Periodically, further evaluations are necessary to detect shunt-malfunctions (over-
or underdrainage) or complications in time and to correct them in order to spare
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patients prolonged burdens. Since deterioration can also appear after many years,
lifelong follow-up is recommended.

Theoretically, the patient should recover completely after shunt surgery: gait,
bladder function, and cognitive performance should regain normal function.
However, depending on the severity and the length of the hydrocephalus symptoms,
the symptoms might only resolve partially [4]. The challenge here is to differen-
tiate between no further biological recovery potential from suboptimal shunt/valve
function and valve settings (Figs. 1 and 2).

For routine and non-scientific follow-up, a short evaluation of the symptoms is
sufficient. This can be done by clinical examination and/or questioning the patients
and their relatives; the latter can especially report on cognitive function in daily life.

Patients and/or their relatives should be asked about:

• Gait improvement and to what extent
• Bladder- and stool function:Normalcy, frequency, urgency, complete incontinence
• Cognitive development
• Orthostatic headache and hypoacusis
• Pain along the shunt
• Abdominal pain.

Gait is examined by measuring step length, speed, and the number of steps for
360° turning, which can be compared objectively with the preoperative data. The
area of skin overlying the entire shunt is inspected. Valve function is checked for
signs of proximal or distal obstruction and the pressure setting of the valve is read
out.

Objectivemeasurements are especially important in patients with depression, who
might deny any improvement or even complain of deterioration although objective
findings are favourable.

In cases of any problems or non-satisfactory recovery we expand the examination
with further testing and imaging.

Timing of clinical followup (according to the protocol of the Asklepios Klink
Altona):

• Once a day during the hospital stay after shunt implantation.
• Six weeks after shunt implantation and depending on symptoms for “fine-tuning”

(search for the best pressure setting) of the shunt.
• One to two year intervals lifelong.
• Anytime if clinical deterioration appears.

It is not rare that NPH patients will deteriorate even after years, which can often
be counterbalanced with lowering the opening pressure [1–3].

With this clinical follow-up suboptimal shunt settings and complications can be
detected in time and depending on the needs, further diagnostic procedures or shunt
adjustments can be initiated.
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3 Imaging Follow-Up

Imaging follow-up is optional in cases of very good improvement (complete
recovery) after shunting; however it is a confirmation of awell implanted andworking
shunt. In cases of suspected shunt malfunction (including incomplete recovery) and
before revision surgery imaging is mandatory. Imaging includes cranial CT or MRI
and a shunt x-ray series. Regarding the abdominal catheter, an ultrasound or an
abdominal CT might be helpful.

3.1 Cranial Imaging

CT or MRI: A CT scan is usually preferred due to better visibility of the implanted
shunt. It is more readily available, cheaper, and no re-adjustment of a programmable
(non MRI-safe) valve is necessary.

The CT can show potential intracranial bleeds, the position of the implanted
ventricular catheter, the size of the ventricles, changes of the disproportionately
enlarged subarachnoid-space hydrocephalus (DESH) and corpus callosal angle, as
well as subdural effusions or hematomas.

In shunted patients, the DESH decreases as well as the callosal angle (Fig. 3).
However, the decrease of these patterns does not correlate strongly with clinical
improvement, whereas a remaining DESH sign and sharp callosal angle does not
rule out a good recovery of the shunted patient. The size of the ventricles may not
decrease—especially if gravitational valves are used. The interpretations of these
patterns alone do not prove a functional or non-functional shunt; they are merely
a puzzle stone in the diagnosis and must be evaluated together with the clinical
symptoms.

On the other hand, aCTwith subdural hematoma clearly indicates an overdrainage
(Fig. 4).

3.2 Shunt X-ray/Shunt Series

The x-rays of the shunt/shunt series demonstrate the shunt location, the connection
(or disconnections) of the different shunt parts, possible kinking of the catheter, the
continuity of the shunt, and often the valve pressure setting. Also, in gravitational
valves, the spatial orientation must be looked at as well.

The shunt x-ray has to be adapted to the type of shunt (VP, VA, or LP shunt, see
Table 1).

For VP shunts, a lateral x-ray of the head (Fig. 5), the neck, an anteroposterior
chest x-ray (Fig. 6), and an abdominal x-ray in both planes (Fig. 7) shows everything
that is needed. For a VA shunt, the abdominal x-ray is unnecessary, and in a LP shunt
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Fig. 3 Changes of DESH and CC (corpus callosal) angle after shunt surgery: a disproportionately
enlarged subarachnoid space hydrocephalus (DESH) and a sharp CC angle are seen preoperatively
(upper row), which are dissolved after shunting (lower row). No substantial decrease is seen in
ventricular size—despite a substantial clinical improvement of the patient

the head, neck, and chest x-rays can be avoided. If the spinal catheter is not detected
on the abdominal x-ray an x-ray of the lower thoracic/lumbar area should be done.

You never should allow a gap in the x-ray depiction of the shunt since a discon-
nection or kinking can happen at any location—and according to Murphy’s law as
well in the not depicted region. If there are any discrepancies with the interpretation
of the x-ray, an additional CT scan will clarify the situation.

In cases of difficult valve adjustments or in non-MR safe valves (valveswhichmay
reprogram in a magnetic field spontaneously) the pressure setting can be checked
with an x-ray, as seen in Figs. 8 and 9. For evaluation of the valve setting, it is
important that the x-ray is exactly perpendicular to the valve position—which is
especially difficult in valves implanted close to a frontal burr hole. The consequence
is that often the x-ray has to be repeated to determine the exact valve setting.
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Fig. 4 Subdural hematoma
with slit ventricles after
ventriculoperitoneal shunt

Table 1 Shunt series: necessary x-ray depictions in different shunts

Type of shunt system X-ray

VP shunt Head, neck, chest, abdomen (both lateral and coronal planes)

VA shunt Head, neck, chest

LP shunt Lumbar/thoracic spine and abdomen

3.3 Ultrasound

Ultrasound usage in NPH shunt follow-up has no routine role, but can be used in
abdominal shunt related problems and to determine a differential diagnosis (abdom-
inal pain). Figure 10 shows a peritoneal catheter in the subcutaneous tissue with a
cyst formation. Abdominal CT could be an alternative modality to ultrasound.
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Fig. 5 Head x-ray with a burr hole reservoir, a differential adjustable valve, and a gravitational
unit. The gravitational unit has to be in the up-right position (± 20%) for proper function

4 Non-invasive and Invasive Tests in Follow-Up

Most hydrocephalus shunts have an integrated flushing reservoir, which enables
physicians to test non-invasively (manually) the shunt to a certain degree. These
tests substitute most of the invasive tests, which can be frequently avoided.

A shortmanual test can show if the shunt is patent or obliterated totally, if the reflux
valve is working, and if the patient’s symptoms improve after “pumping”—similar
to a tap test. But manual testing requires the understanding of valve mechanics and
the specifications of the implant. It has to be mentioned that a partial obstruction of
the shunt cannot be accurately tested manually.
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Fig. 6 Chest x-ray—no disconnections of the catheter with 2 integrated devices

4.1 Non-invasive Tests

The understanding of flushing reservoirs, potentially with an integrated valve, and
the impact of the implantation side is of paramount importance to test a shunt non-
invasively.

Flushing reservoirs are located at the side of the burr hole or integrated in the
shunt usually proximal to the valve (Fig. 11).

In cases of burr hole reservoirs, it is necessary to investigate whether there is an
integrated anti-reflux valve or not. This is done by occluding the distal catheter with
one finger and then trying to press down the membrane of the flushing reservoir
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Fig. 7 Abdominal x-ray in 2 planes showing the peritoneal catheter inside the peritoneal cavity

Fig. 8 X-ray identification of the pressure setting of a Codman-Hakim valve: the yellow arrows
show the orientation marker, the red arrows show the notch which indicates the pressure setting of
the valve. Valve pressure (x-ray on the right) is set at 170 mm H2O

(Fig. 12). If the membrane cannot be depressed then it means there is a anti-reflux
mechanism in the burr hole reservoir and it is working. This is essential for further
testing. If the membrane can be depressed this means there is no anti-reflux mech-
anism in the burr hole reservoir or the compression of the distal catheter is not
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Fig. 9 X-ray identification of the pressure setting of a Miethke proGAV 2.0 valve: the yellow
arrows show the orientation marker, the red arrows show the ball indicators which form the base of
a triangle whose apex indicates the pressure setting of the valve. Valve pressure (x-ray on the right)
is set to 6 cm H2O

Fig. 10 Ultrasound image of a subcutaneous cyst formation around a luxated peritoneal catheter

sufficient. In these cases, the flushing reservoir cannot be used for manual shunt
testing and it must be further investigated via invasive tests—see below.

How to Test the Patency of a Shunt

If you have a burr hole reservoir with a working anti-reflux mechanism you press
down on the reservoir´s dome. This is possible only if the distal catheter and valve
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Fig. 11 A variety of separated or integrated flushing reservoirs for hydrocephalus shunts. The first
two are located at the burr hole, the others are proximal to the valve

Fig. 12 Does the burr hole
reservoir have an anti-reflux
mechanism? If you occlude
with one finger the distal
catheter and you cannot
compress the dome of the
flushing reservoir it means
that the anti-reflux valve is
working. This is essential for
further manual testing of the
shunt

are patent. If you then lift your finger off the dome, the membrane must immediately
bulge up again: this proves the patency of the ventricular catheter since a reflux is
prevented by the distally implanted valve (Fig. 13).

If the flushing reservoir is distal of the burr hole and proximal to the valve the
following steps are needed to prove the patency: 1: Occluding the catheter between
the burr hole and the valve. 2: pressing down on the dome of the reservoir—this
proves the patency of the valve and the distal catheter. 3: If the membrane remains
depressed after lifting the finger from the dome it shows the working anti-reflux
mechanism of the valve (and the sufficient occlusion of the proximal catheter). 4: If
compression of the proximal catheter is stopped the immediate upward bulging of
the membrane proves that the ventricular catheter is patent (Fig. 14).
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Fig. 13 Shunt patency proved by manual testing: Pressing down the membrane proves the patency
of the distal catheter and of the valve. The membrane of the reservoir bulges up immediately with
lifting of the finger if the ventricular catheter is open

Fig. 14 Manual demonstration of the shunt patency

Knowing the shunt system and the mechanics can help to easily identify cases of
shunt malfunction due to a proximal or distal obstruction:

Proximal Obstruction: If the membrane of the flushing reservoir does not bulge
up again immediately after lifting the finger from the dome, it reveals a proximal
obstruction. The obstruction may be of the catheter itself, due to slit ventricles in
overdrainage, or due to a malpositioned catheter which may stick in the brain tissue
and not in the ventricle (Fig. 15).

Distal obstruction: If the membrane of the flushing reservoir cannot be indented (by
simultaneous occlusion of the proximal catheter) a distal occlusion of the valve or
the catheter, for instance due to kinking of the catheter, may be present (Fig. 16). It
is important to note that this procedure cannot detect a malposition of the peritoneal
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Fig. 15 Manual testing showing a proximal obstruction due to slit ventricles (see text)

Fig. 16 Manual testing showing a distal obstruction due to a kink in the catheter

catheter or a cyst formation around it since the CSF may be “pumped” into the space
wherever it is placed—without having a (complete) blockage.

With these easy procedures you can detect a proximal or distal obstruction
focusing the further diagnostics and imaging to the proximal or distal part of the
shunt.

Limitations of the Non-invasive Tests

• The catheter must be manually compressible in order to occlude the catheter
completely. In older shunts the catheters are often in bony grooves which may not
permit manual occlusion.
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• Only a complete obstruction and a patency can be detected manually. Partial
obstructions cannot be detected reliably by manual testing.

• In malposition of distal catheters CSF might be pumped into the cysts or subcu-
taneous tissue and an elevated resistance to depress the membrane of the flushing
reservoir is not reliably unnoticed. The patient might notice some pain in the cyst
region; however, this is a weak sign, which requires further investigation with
imaging techniques.

• A leakage of the catheter is also not detected reliably by manual testing. However,
the patient might experience pain and swelling at the site of CSF-leakage if you
“pump” more CSF into that false space.

Non-invasive Tap Test (“Pump test”): If the manual test shows a patent shunt, then
a non-invasive tap “pump” test via the reservoir can be done in cases of suspected
underdrainage of the shunt. Knowing the volume of the reservoir used (we routinely
use the “Sprung reservoir” which is seen in Fig. 21.3.3, with a reservoir volume of
0.2ml),will allowcalculation of the volume removed from the ventricular system.We
routinely “pump” 100 times in cases of suspected underdrainage, which translates to
tapping of 20 ml (100× 0.2 ml). Afterwards, we observe and re-examine the patient
as we do after a spinal tap test and provide themwith an observation sheet (see Chap.
“Spinal Tap Test”).

Using the burr hole reservoir makes the pumping very easy, simply pressing down
on the membrane each time. Having a more distal flushing reservoir is a bit more
cumbersome, since you have to occlude the proximal catheter before the “pump,”
then lift your finger from the proximal catheter, so thatCSF canflow into the reservoir,
and repeat the same procedure again and again.

The advantages of these non-invasive tests are clear: no risk of infections,
improved comfort for the patient, decreased number of x-rays and CT-scans,
performed in an outpatient procedure, and therefore also saving costs. In our expe-
rience, we could eliminate most of the invasive tests, and conduct them only in the
cases of discrepancies.

4.2 Invasive Tests

Invasive tests are rarely necessary if the non-invasive tests are used in conjunction
with imaging. However, in cases when it is not possible to occlude the catheter
manually or there is a burr hole reservoir without an anti-reflux device, invasive tests
may be necessary.

Puncturing the reservoir (with ICPmeasurement and/or tap test): The flushing reser-
voir can easily be punctured, the ICP can be measured, an infusion test could be
performed or CSF could be tapped. Additionally, you may get CSF for a labora-
tory and especially microbiological examination. The last is the most important
aspect of the invasive test. But a negative microbiological result in a suspected shunt

https://doi.org/10.1007/978-3-031-36522-5_13
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infection does not rule out an infection completely. Additionally, via the flushing
reservoir contrast medium could be installed for a “shuntography.” This might
show an occlusion or a leakage with the exact localization.

A spinal tap test can be done as well and this is especially an option if the shunt
has no flushing reservoir which could be punctured. The options are almost the same
as described above.

The infusion test may also be able to identify shunt dysfunction and possibly
quantify the dysfunction [5]. This might be especially helpful if shunt revision is
discussed and no further adjustment of the valve is possible.

5 When to Revise the Shunt?

Generally speaking, a shunt revision should be done in all cases when the optimal
result has not been achieved by shunting and/or by re-programming the valve, but
might be achievable by a revision surgery.

There is no question about revision surgery in cases of disconnection, dislo-
cation, misplacement, and valve defects, especially if they are accompanied by a
non-functioning shunt with clinical symptoms. The revision surgery in these cases
should resolve the problems and should be done in a timely manner.

It is more difficult when there are disconnections, dislocations, misplacements,
and valve defects which do not lead (yet) to a shunt dysfunction. In these cases, it
is usually advisable to revise the shunt to prevent future dysfunctions, however, in
some cases a wait and see policy is reasonable.

Valve revisions:Valve problems like blocked adjustable valves, mechanical valve
failures, or too oblique implanted gravitational valves may interfere with the shunt
function and the relief of symptoms. In these cases, a revision surgery with a valve
exchange or correction of the position should be performed. Also, in patients with
late clinical deterioration after shunting where a tap test or shunt pumping shows
temporary improvement with no possibility of further down regulation of the valve
or non-adjustable valve, a change to a new valve with a lower opening pressure is
indicated.

In cases of overdrainage, adding an adjustable gravitational valve shows advan-
tages, counterbalancing the siphoning effect in the up-right position to the individual
needs [3].

Abdominal pain: The peritoneal catheter may irritate the peritoneum andmay cause
abdominal pain. Typically, the pain location will vary due to the intra-peritoneal
movement of the catheter. If this pain stays over a prolonged period of time and also
affects the quality of life, a change of the intra-abdominal position, a shortening of
the catheter or even an atrial diversion may resolve this complaint.

Radicular pain: In lumboperitoneal shunts, the shunt catheter may irritate lumbar
nerve roots resulting in radicular pain, which often diminishes over time. However,
if patients complain about prolonged radicular pain, it should be revised by changing
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the position of the lumbar catheter. This can also be done via local anesthesia to get
immediate feed-back from the patient about any leg pain.

Pulmonary hypertension: Patients may develop pulmonary hypertension in VA
shunts even many years after the shunt implantation due to continuous formation of
pulmonary micro-emboli from the catheter tip. In these cases, a peritoneal diversion
of the shunt should be performed to remove the source of the pulmonary embolism,
although it remains unclear if this can stop the progression of pulmonary hypertension
[6].

Overdrainage: If overdrainage (Fig. 4) appears, the first option would be to turn up
the valve. In many cases this will help, however, it might worsen the NPH-symptoms
due to a functional underdrainage. If a tolerable compromise between underdrainage
and overdrainage is not achieved, there is an indication to implant a gravitational
valve. Here you can have low opening pressures with a substantially reduced risk of
overdrainage [7].

If no adjustable valve is present, an additional gravitational valve, a temporary shunt
occlusion, and possibly an evacuation of a subdural hematoma might be necessary.

Underdrainage: Reasons for underdrainage may be multifold. If a reason like
kinking, disconnection, or others is found, it could be repaired easily. However, there
are cases where no reason is found despite the pump test, STT, or invasive measure-
ment clearly demonstrating an underdrainage. In these cases, revision surgery is
recommended as follows:

A) Exposing the valve with the proximal and distal catheter.
B) Disconnecting the valve from the proximal catheter:

• If CSF is running out spontaneously – go to 3.
• If no CSF is running out: check/change the proximal shunt part

C) Connecting a transparent water filled catheter to the valve, which is still
connected to the distal catheter, and determine the opening pressure.

• If the pressure is normal (valve and distal catheter are ok): change the valve
to a lower possible pressure

• If the pressure is higher than the pressure setting of the valve plus abdominal
pressure:

– Check the opening pressure of the valve and the distal catheter separately
and change the part where an elevated pressure is shown

Important note: The valve and the catheter should not be rinsed before the testing:
an intraluminal obstruction or a clot may bewashed out, resulting in nomore elevated
pressures found during the testing.

If no reason is found a complete exchange of the valve and distal catheter is
advisable.
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Shunt infection: In cases of shunt infections, the whole shunt should be removed
and after clearing the infection, a new shunt could be implanted. In contrast to high
pressure hydrocephalus, cases of NPH do not require temporary external ventricular
drainage.

It is controversial to implant a new shunt on the contralateral side while simultane-
ously removing the infected shunt after successful antibiotic treatment with normal-
ization of CRP. It may save the patient one additional surgery, however, a potentially
higher risk of reinfection may be expected and must be communicated to the patient
beforehand.

6 Conclusion

Follow-up after shunt surgery is essential for achieving and maintain the best long-
term outcome. Proper follow-upmay reveal shunt problems in time, which, of course,
must be resolved after recognizing as soon as possible. Follow-up is as important
as the diagnostic NPH work-up and the shunt-surgery itself. As for the diagnosis
and the treatment, special expertise is also necessary for the follow-up. All physi-
cians involved in the follow-up must be knowledgeable about the implants and their
specifications for proper adjustments and for proper diagnosis of shunt malfunctions.
With the aforementioned knowledge the overall outcome can be optimized, and shunt
problems can be solved in a timely manner resulting in the best quality of life for the
patient.

7 Key Points

• Follow-up after shunt surgery is essential for detecting shunt problems in time.
• If the outcome after shunting is not satisfactory, readjustments of the valve are

necessary to achieve the best outcome (“titration”).
• If clinical improvement after shunt is only partial, itmust be differentiated between

an incorrect valve setting and lacking recovery potential due to long standingNPH.
• Routine imaging follow-up is optional in favourable outcomes, but necessary if a

shunt-problem is suspected.
• Non-invasive valve tests via the flushing reservoir can replace most of the invasive

shunt tests. Special understanding of the implanted device for interpreting the
results of the non-invasive test is necessary.

• Non-invasive shunt tests are almost free of complications.
• Invasive tests allow direct ICP measurements, obtaining CSF samples for blood

counts and a microbiological examination in suspected infections, and may detect
shunt dysfunctions via infusion tests, or contrast medium installations.
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• Revision surgery depends on the cause of the shunt malfunction and is easy if
the cause is clear. Valve and even total shunt replacements may be necessary in
unidentifiable causes of shunt malfunctions.
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Prognosis and Outcomes

Petr Skalický, Adéla Bubeníková, Aleš Vlasák, and Ondřej Bradáč

Abstract Outcomes of normal pressure hydrocephalus (NPH) treatment has been
under investigation for over 40 years. The first reports disclosed relatively high
complication rates, directly related to surgery. Even postoperative improvement rates
were incomparably small compared to results nowadays. This is primarily due to
advances in shunting devices, a better understanding of the disease pathogenesis,
and more precise identification of NPH patients.t is now possible to target the treat-
ment more efficiently and thus achieve better treatment outcomes with minimal
surgery-related complications. Selected up-to-date reports show that over 75% of
iNPH patients improve after surgery, regardless of the indication criteria and cere-
brospinal fluid (CSF) diversion techniques. Despite a lot of effort to sustain initial
improvement in clinical outcomes after shunt implantation, the improvement tends
to decline with longer follow-ups. Although the understanding of the disease’s patho-
physiology has unquestionably improved, and an enormous body of literature dedi-
cated to the investigation of NPH-characteristic parameters (both clinical and radio-
logical) has been published, the main problem of NPH diagnosis remains the same.
The frequent occurrence of neurodegenerative diseases and other comorbidities in
the elderly is an important factor implicating treatment outcome and prognosis of
NPH patients. Surgical candidates are selected according to the expected postopera-
tive improvement of clinical symptoms. If any of the symptoms of the clinical triad
do not improve after surgery, it is important to investigate it in more detail, usually
referring the patient to another specialist (urologist, neurologist etc.). The results of
outcomes vary which may be explained by the frequent occurrence of comorbidi-
ties. The proper identification of comorbidities should be included as a central part
of NPH management. This chapter is dedicated to both early and long-term results
of NPH treatment, where we aim to discuss individual nuances involving treatment
outcomes, as well as specific prognosis for NPH patients.
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Abbreviations

10MWT 10M walk test
AD Alzheimer’s disease
CI Confidence interval
CSF Cerebrospinal fluid
CT Computed tomography
CVD Cerebrovascular disease
ETV Endoscopic third ventriculostomy
LP Lumboperitoneal
MMSE Mini-Mental State Examination
MoCA Montreal Cognitive Assessment
mRS Modified Rankin Scale
NPH Normal pressure hydrocephalus
iNPH Idiopathic normal pressure hydrocephalus
RAVLT Rey Auditory Verbal Learn Testing
SDH Subdural haematoma
SMD Standardised mean difference
sNPH Secondary normal pressure hydrocephalus
TMT Trail Making Test
TUG Timed up and go
VA Ventriculoatrial
VP Ventriculoperitoneal

1 Introduction

Clinical outcomes of normal pressure hydrocephalus (NPH) treatment reported in
the literature vary. Possible reasons include different indication and improvement
criteria, different postoperative follow-up methods, degree of comorbidities, non-
discrimination of aetiologies -idiopathic normal pressure hydrocephalus (iNPH)
versus secondary normal pressure hydrocephalus (sNPH), different duration or
degree of clinical symptoms, different treatment modalities, differences in shunt
systems and other factors [1–4]. On average, over 75% of iNPH patients improve
after surgery, regardless of the indication criteria and CSF diversion techniques in
the selected studies [5]. Treatment of NPH typically involves implantation of a shunt
device which provides a diversion of the cerebrospinal fluid to a different part of
the body where the fluid is absorbed. The role of endoscopic third ventriculostomy



Prognosis and Outcomes 541

(ETV),which is routinely used in the treatment of obstructive hydrocephalus, remains
controversial in NPH treatment [6]. Mitchell and Mathew introduced ETV in the
treatment of iNPH patients in 1999 but 75% of four patients in their cohort ended up
with a ventriculoperitoneal (VP) shunt [7]. Since then, several low-quality studies
and case series have been published with promising results suggesting that ETVmay
restore CSF dynamics and pulsatility patterns in NPH. The authors of the retrospec-
tive review on ETV in iNPH from 2016 base the effectivity of ETV on ‘modified
bulk flow theory’, with the proviso that every hydrocephalus is obstructive, and that
ETV would make sense, especially in the case of functional stenosis of the aqueduct
[8]. Nevertheless, the evidence for ETV in NPH is low in comparison to shunting and
only one very low-quality randomised study comparing ETV with the VP shunt has
been published with inconclusive results [6]. Therefore, this chapter will summarise
current knowledge about the outcomes and prognosis of shunted NPH patients, and
mention the natural course of the disease. ETV outcomes are discussed in its specific
chapter (see Chap. 24).

With the current knowledge of the disease pathophysiology, the frequent occur-
rence of neurodegenerative and other comorbidities in ageing patients, selection of
surgical candidates is focused on the expected improvement of clinical symptoms
after surgery. Confirmation of NPH diagnosis is definitive only in patients with
improvement of the symptoms after shunt implantation. The indication for surgery
is usually decided with the help of guidelines and functional test analysis [9–11].
It is not certain how to approach patients who do not improve in functional testing,
but correspond to NPH both clinically and in terms of findings on imaging exami-
nations. In terms of possible comorbidities (e.g. osteoarthritis of large joints, stress
incontinence, benign prostatic hyperplasia, etc.), it is necessary to approach each
patient individually. If any of the symptoms of the triad do not improve after surgery,
it should be further investigated and it may be necessary for the patient to be referred
to another specialist, e.g. urologist to evaluate urinary symptoms more in detail [12].
The reported differences in outcomesmay therefore be partly explained by the preva-
lence of concurrent comorbidities and their proper identification should be included
in the central part of NPH management [13].

2 Early and Short-Term Postoperative Outcomes

Until 2002, there was no study comparing the results of a shunt operation with a
randomised control group [14]. In the past few years, however, several such studies
have been conducted. For example, Kazui et al. [15] showed significantly higher
clinical improvement after LP shunt implantation in the immediately operated group
(65%) than in the delayed group (5%) 3 months after randomisation (prior to surgery
in the control group) defined as an improvement of 1 or more points on Modified
Rankin Scale (mRS). Nakajima et al. [16] published the results of a nationwide
hospital survey in Japan comparing the results of patients who underwent shunt
surgery with non-operated controls (using mRS), and only the operated patients
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achieved significant improvement at 1-year follow-up control, regardless of the type
of shunt surgery. In a prospective European multicentre iNPH study, 69% of patients
improved according to mRS (one-point improvement) and 84% improved according
to an age-standardised iNPH scale (five-point improvement). Indication for surgery
was based on various clinical and radiological criteria, and therewas no a randomised
control group [17]. The Swedish Hydrocephalus Quality Registry reported that the
number needed to treat for improving one patient from unfavourable (mRS 3–5)
to favourable (mRS 0–2) was 3.0 [18]. Improvements can be maintained for several
years [19], despite possible shunt revisions [20]. A higher percentage of improvement
might be achieved with strict diagnostic and treatment protocols [9]—e.g. Poca et al.
[14] reported clinical improvement in almost 90% of patients (with an improvement
of at least one point on the iNPH scale). However, strict diagnostic criteria might
result in under-treatment; therefore, each patient should be evaluated individually.

Different target options for both proximal and distal ends of the shunt system
are possible. These include mainly ventriculoperitoneal (VP), lumboperitoneal (LP)
and ventriculoatrial (VA) shunts. Outcomes of shunt diversion methods are compa-
rable and approximately 75% of patients improve in the first year after shunting [5].
Although cardiopulmonary and renal complications are serious concerns associated
with VA shunt placement, they are uncommon in patients with iNPH [21]. LP shunt
outcomes do not significantly differ from VP shunt outcomes [22]. Early and short-
term postoperative outcomes are definitely connected with diagnostic accuracy and
shunt indication [11] and are possibly most favourable when CSF outflow resistance
is increased and global cerebral autoregulation is intact, in combination with arte-
rial normotension [23]. A recent study found that mild preoperative iNPH severity,
shorter preoperative symptom duration, good tap test response, and complete DESH
were associated with good short-term postoperative outcome at 1 year [24]. Also, it
was found that compared to reference individuals, the neuropsychological aspects
and quality of life of iNPH patients improved during the first 3 months after surgery,
in someparts nearly to normal values [25]. Thismeans that patientswith longstanding
preoperative symptoms may not receive the same benefits of surgical intervention
as patients with a shorter duration of preoperative symptoms. However, with longer
follow-up, the patients generally tend to reach the same endpoint [26]. Another study
showed that the outcomes of VP-shunt surgery did not significantly differ between
6 months and 2 years post-surgery, indicating that the outcome at 6 months remained
stable for up to 24 months. Longer symptom duration and older age should not deter
patients with iNPH from undergoing shunt implantation [27].

Despite many efforts to predict shunt response non-invasively, none of them have
shown any clinical benefit [28]. The utility of imaging to predict response to shunting
is limited, and no imaging feature alone can be used to exclude patients from shunt
surgery [29, 30]. The results are closely related to the diagnostic procedures and
guideline adherence throughout the centres [9, 11]. Laparoscopic and less invasive
implantations have been introducedwith the goal tominimise wound-related compli-
cations [31]. However, between 2007 and 2017, laparoscopic assistance was only
used in 6% of implantations in the USA [32]. Also, there is currently no evidence in
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the literature to support this approach nor its potential benefits over the traditional
surgical technique.

Of note is the recent systematic review and meta-analysis by Giordan et al. [5]
which focused on the comparison of different surgical techniques in NPH manage-
ment. It included 33 studies with a total of 2461 patients. An improvement in
postoperative functional outcome was observed in over 75% of patients, regard-
less of the surgical technique or the CSF diversion units used. In terms of the valves,
NPH patients managed by programmable and by fixed valves had similar treatment
outcomes. On the other hand, compared to the fixed valves, adjustable devices were
associated with a reduction in revisions (12% vs. 32%), along with a lower number
of subdural collections (9% vs. 22%). This mirrors the prediction that revision rates
are probably going to decrease with increased use of adjustable novel devices. Using
neuronavigation may be suggested for guiding the ventricular implantation [33]. A
recent study however did not find any clear benefit of its usage [34].

2.1 Complications and Mortality

In a recent service evaluation of early postoperative outcomes inNPH,D’Antona et al.
[35] reported 0% mortality, 7% morbidity and no revisions or readmissions to ICU
in 88 patients who underwent lumbar drain insertion and/or VP shunt implantation.
Seven patients had minor complications, and no moderate or severe complications
were reported.No correlation between preoperativemorbidity, surgical outcomes and
hospital length of stay was found. A large multicentre survey of a privately insured
United States healthcare network, however, showed a 7.29% 30-day readmission rate
for 974 patients with NPH who underwent ventricular shunting. The perioperative
complication rate was 21.15%, and included intracerebral haemorrhage (5.85%) and
extra-axial haematoma (subdural or epidural 5.54%) Pre-existing comorbidities such
as peripheral vascular disease, cerebral vascular disease, diabetes, paralysis or renal
disease, were associated with risks of complication or readmission. Approximately
5.9% of patients needed reoperation within 30-days [36]. Another study reported
a 36% complication rate (23% shunt related complication rate) in iNPH patients
with a 0% mortality rate. INPH patients had a significantly smaller risk of shunt
surgery-related complications than other patient groups treated with shunting [37].
Another study showed 0.5% 30-day mortality rate without a significant difference
from controls [38]. Hebb et al. [39] in 2001 reported an overall mean complica-
tion rate of 38% after shunt surgery and a shunt revision rate of 22%. However, a
more recent systematic review reported a lower pooled complication rate of 10%
and a shunt revision rate of 16% [5]. A subsequent meta-analysis also showed the
benefit of using adjustable devices. Some of the revisions made in the past would
have been e easily solved with adjustments only. Another study showed that approx-
imately 50% of revisions occur in the 1st year after initial shunt surgery and are
mainly due to malfunctions [19]. A study comparing the complication rate 3 months
after VP shunt insertion in NPH and non-NPH patients found that high Karnofsky
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Performance Score at admission and NPH as an underlying indication significantly
reduced the odds ratio for a complication [37]. Subdural haematomas (SDHs) are
common complications of shunt treatment accompanied with overdrainage. Recent
study showed that SDHs developed in 10% of patients in 12-month follow-up and
36% of these cases were treated surgically. Significantly lower portions of surgeries
were made in patients with adjustable shunts. SDH and treatment do not significantly
affect survival in iNPHpatients, thus the non-invasive treatment offered by adjustable
shunts considerably reduces the level of severity of this common adverse event [40].
Male sex, antiplatelet medication, and a lower opening pressure at surgery were risk
factors for SDH [41]. Infections are rarer. A recent study reported an infection rate
of 5.9% [42] and another study of 4.76% during the first 3 months [43].

Despite a lot of effort to sustain initial improvement in clinical outcomes after
shunt insertion in NPH patients, the improvement tends to decline within longer
follow-ups. According to a recent meta-analysis [5], over 75% of patients evaluated
after 12 months experienced an improvement in their clinical status after shunting.
This number subsequently decreased to 73% of patients followed up from 12 to
36 months, and an even more significant decline was observed for patients whose
follow-up exceeded 36 months (71%). However, it is important to note, and as it is
discussed more in detail below, the overall improvement rate of NPH patients after
shunting is notably higher compared to the natural course of the disease [44–46].

3 Gait Impairment Outcomes

Gait is the symptom most likely to improve after shunting and typically tends to
keep sustained improvement. To give an example, in the series of 50 shunted NPH
patients, there was an improvement after shunting which sustained improvement
over a median follow-up time of 120.2 ± 2.3 months compared to the initial base-
line, as stated by Grasso et al. [18]. Moreover, gait improvement is the one most
connected to quality of life. Of note, persistent gait impairment and depression are
the strongest predictors of low quality of life after NPH treatment [47]. Following
the first reports saying that gait disturbances may be an initial manifestation of NPH,
the gait impairment in NPH has since been studied in detail. As a result, some
specific features that can to some extent distinguish NPH from other disorders have
been identified. NPH gait disorder is sometimes called “magnetic” or “glued to the
floor”, with other characteristic patterns such as diminished gait velocity, loss of
balance, short stride, so-called en blog turning etc., features that are described in an
individual chapter more in detail (see Chap. 9) [48]. A study from 2001 evaluated
differences in gait impairment between patients suffering from NPH (n = 11) and
those with Parkinson’s disease (n = 10), compared to twelve age-matched healthy
controls [49]. Although some reports have reported parkinsonian signs as typical
for NPH patients, contraindicatory findings have been published with better clinical
profiles and the distinction between probable and possible NPH patients [50–52].
Moreover, this differentiated the possible existence of comorbidities that could bias
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what is and what is not a characteristic pattern for NPH. Additionally, according
to the most recent reports, parkinsonian signs are not very common in well-defined
NPH, regardless of existing comorbidity [53, 54]. Still, Parkinsonism is a differen-
tial diagnosis of NPH of great importance [55]. In the study by Stolze et al. [49],
gait velocity increased by approximately 21% following the CSF tap test in NPH
patients, compared to the natural gait velocity at the baseline. Also, a coefficient of
variation for stride length, step width, and foot angle was calculated. Interestingly, it
significantly decreased after the CSF tap test, alongwith the enlargement of the stride
length, but the cadence remained at the same level without any difference. According
to these findings, in terms of the gait impairment, gait velocity has been found to
be the pattern that tends to improve the most also following the shunt placement [5,
18]. This is particularly useful for predicting shunt responsiveness, considering the
high sensitivity of this gait feature to the CSF tap test [56]. If secondary deterioration
occurs after surgery, and shunt malfunction is ruled out, the comorbid disease should
be suspected.

In 2000, Blomsterwall et al. [57] studied the association between disturbances of
balance and gait in NPH patients before and after shunt insertion. Interestingly, 75%
of patients improved in gait velocity and 69% in balance, suggesting that improved
balancemay be to some extent responsible for gait improvement. Similar results were
reported in a recent multicentre prospective observational study by Trungu et al. [46].
Out of 181 NPH patients, the mean gait domain was 58.5± 14.3 preoperatively, 66.0
± 12.2 postoperatively and 70.1 ± 13.4. This domain was statistically significantly
improved in shunted NPH patients at the 12 monthfollow-up examination. (p <
0.001). A similar trend was observed in the balance domain, the mean values were
66.7 ± 21.5 preoperatively, 72.4 ± 19.2 postoperatively, and 71.7 ± 22.1 at the
12-month follow-up (p = 0.001). Other reports observed that gait improvement was
present three years after shunt insertion in 80–83% of shunted NPH patients and in
approximately 87% of NPH patients 7 years after shunting [58, 59]. Supported by
various studies evaluating the effect of shunt implantation on postoperative outcomes
in NPH patients, the gait domain shows the highest improvement along with the
impact on overall clinical score postoperatively. This is also true with respect to
long-term follow-ups [4, 60, 61].

A recently published study by Sundström et al. [55] evaluated the outcome
measure timed up and go (TUG) in a large, nationwide cohort that included 1300
iNPH patients before and after surgery. The authors compared the TUG test to the
10-m walk test (10MWT), the iNPH scale, the mRS, and Mini-Mental State Exam-
ination (MMSE). Significant improvements in TUG and 10MWT were observed
in both the general group and for the group stratified for sex and age. Interest-
ingly, women tended to perform significantly worse after shunting in both TUG
and 10MWT (p < 0.001), but there was no observed difference between males and
females in overall postoperative improvement (Fig. 1). Moreover, there was a strong
association between TUG and the 10MWT before and after shunt implantation (r =
0.76). However, there was only a moderate relationship between TUG and the iNPH
scale (r = 0.34), weak to moderate association with mRS (r = 0.22) and negligible
correlation was seen between TUG andMMSE (r= 0.17). These findings, based on a
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large population of non-selected NPH patients, show that the TUG time and steps are
significantly improved regardless of sex and age [55]. NPH patients tend to perform
worse in the TUG test compared to healthy elderly controls, in both preoperative
and postoperative examinations at 3 months. These higher values of TUG times can
be explained by NPH-related gait dysfunction which is to some extent independent
of age, and the improvement of gait disturbances typically takes time to normalise.
Some gait impairment features are irreversible regardless of shunt insertion [55,
62, 63]. Notably, patients with more severe symptoms preoperatively, that is, those
with higher TUG values, benefited from shunting, but their gait amelioration was
not significant regardless of clinical improvement. The fact that the improvement of
NPH patients after shunting is typically independent of age, in contrast to healthy
elderly individuals, is supported by ameta-analysis of 21 studies that investigated the
TUG test in healthy elderly subjects. The mean values of TUG times were different
among patients’ age groups, 8.1 s (95% CI, 7.1 to 9.0 s) for patients between 60 and
69 years; 9.2 s (95% CI, 8.2 to 10.2 s) for patients 70–79 olds; and finally 11.3 s
(95% CI, 10.0 to 12.7 s) for subjects aged between 80 and 99 years [64].

The mentioned reports are a great example of why early treatment is preferable
and why even patients with severe symptoms should not be excluded from surgery.
Agerskov et al. [62] outlined that they did not find any association between the
severity of symptoms and treatment outcome. Additionally, although Kimura et al.
[24] found a negative correlation between these two factors, that is, symptom severity
and expected treatment outcome, the benefits of shunt implantation in well-selected

Fig. 1 Histogram displaying the number of patients within each TUG time interval pre- and post-
operatively for men (n = 744) and women (n = 505). Preoperatively, 175 men and 79 women had
TUG time < 13.5 s. Postoperatively, the corresponding numbers were 364 and 186. Above this
threshold, the risk of falling is considered to be increased. Sundström et al. [55]. The paper is an
OpenAccess article distributed under the terms of theCreative Commons licensed under CC-BY-4.0
Attribution Licence, which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly credited
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NPH patients still substantially exceeds the progression of the disease when left
untreated [44–46, 55].

3.1 Cognitive Outcomes

As a part ofHakim’s triad, someNPHpatients experience a range of neuropsycholog-
ical alterations,which tend tomimic concurrent neurodegenerative comorbidities and
their distinguishment is often challenging. Nevertheless, the ‘typical NPH cognitive
profile’ comprises memory, learning and attention impairment, along with distur-
bances of processing and psychomotor speed or disruptions of executive and other
functions. The disruptions of frontal functions are a common part of NPH-related
cognitive disturbances since they are based on extended ventricular dilatation and
thus on the damage of frontosubcortical projections or subcortical structures [65, 66].
This may be to some extent (although highly dependent on many factors, including
the length of such damage, individual patient predisposition, shunt responsiveness
etc.) a reversible process when the shunt works properly, and ventricular dilatation
is reduced [67, 68]. Memory functions tend to improve following the shunt inser-
tion, as frequently reported [18, 69, 70]. Significant improvements were found for
spatial memory and visual recall. NPH patients simultaneously tended to improve
in different subtests of the Wechsler Memory Scale. A recent systematic review
and meta-analysis [70] calculated differences in neuropsychological tests before
and after surgery. Of 23 studies (1059 NPH patients) included in the final meta-
analysis, the authors searched for surgical effects on cognitive outcomes evaluated
through adequate tests including the MMSE, the Rey Auditory Verbal Learn Testing
(RAVLT), trail making tests A and B (TMT-A and TMT-B), delayed verbal recall
subjects, backwards digit span and phonemic verbal fluency. There was a statisti-
cally significant positive effect of shunting on cognition (p < 0.001) and memory
(p < 0.001).ess significant positive effect on executive function (backwards digit
span, p < 0.03; phonemic verbal fluency, p = 0.005; TMT-B, p = 0.03) and signif-
icant psychomotor speed (TMT-A, p < 0.001). The meta-regression models did not
find any statistically significant effects of age, follow-up, or gender on improve-
ment in the MMSE. Nevertheless, the mentioned meta-analysis evaluated studies
with short follow-ups (from 3 to 12 months) and therefore could not provide conclu-
sions about the effect of shunting on cognitive improvement in NPH patients after
a longer period of follow-up. According to some reports, RAVLT is likely to be
highly sensitive to improved cognition in NPH subjects, since a significant correla-
tion between the improvement in RAVLT retention score and in both the total and
delayed verbal recall subtests has been observed [71, 72]. Although some studies
have shown no change in cognitive performance in theMMSE test [20, 73, 74], there
are also contradictory reports finding significant improvements [75–77]. Regarding
the improvement of executive function after surgery, some studies have reported
significant improvement in the backwards digit span test [68, 73, 78, 79], however,
others have not shown any changes [20, 80]. Similarly, improvements in the Stroop
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test have been so far heterogeneous [60, 67, 76]. The reason why executive function
usually does not show a significant tendency to improve is probably based on a note-
worthy proportion of patients suffering from disproportionately impaired executive
function at the baseline clinical examination, therefore supporting the hypothesis that
such impairment may reflect irreversible damage to fronto-subcortical connectivity
in NPH patients [70, 74, 81]. It is clear that overall, cognitive amelioration after
surgery is sometimes limited and mental state is often the first of the symptoms to
decline [82, 83].

A recent prospective report by Hellström et al. [68] investigated the effects of
shunt insertion on the cognitive profile in 47 iNPH patients, compared to 159 age-
matched healthy controls. All iNPH patients showed improvement in all neuropsy-
chological tests, except for the Digit Span forward, Digit SpanWechsler Adult Intel-
ligence Scale score and the Simple Reaction Time. The authors observed that more
severely impaired functions before surgery tended to improve more following the
shunt insertion, compared to milder disturbances. Most patients improved according
to the Grooved Pegboard (86–90%) and Stroop (82–91%) testing three months after
surgery. On the other hand, the lowest number of patients improved on the Digit
Span forward and backward tests (26% and 44%, respectively). Despite positive
shunt-related improvement in iNPH patients, most of the cited studies did not eval-
uate long-term cognitive outcomes and the question of how long neuropsychological
improvement lasts has not been answered in larger population studies with longer
follow-ups yet. Several studies which examined a small number of patients or with
no detailed clinical evaluation of the iNPH diagnosis did not find any significant
long-term improvement in cognitive functions after iNPH intervention [60, 84, 85].
Nevertheless, of note is a recent study of 48 iNPH patients which found that the
majority of them (77%) were able to improve or maintain cognitive function for
at least 2 years after surgery when compared to their baseline cognitive clinical
status [86]. There was a statistically significant improvement in the MMSE scale
at 3 months (p = 0.0002) and 1 year postoperatively (p = 0.004), compared to
patients’ initial baseline scores. However, 2 years following the shunting, the mean
MMSE score almost returned to the preoperative level − 12 patients showed an
increased MMSE score by ≥ 2 points, 11 patients showed a decline by ≥ 2 points,
and almost no change was found in the remaining 25 patients (Fig. 2). The final
number of 37 patients (77%) therefore refers to patients with cognitive improvement
and no observed change in their neuropsychological testing 2 years after surgery,
both compared to their baseline status. To compare the aforementioned results to
other studies, improved performance in the MMSE test was significant in the vast
majority of reports [75–77]. However, other investigations did not find any change
in the improvement of iNPH patients in the MMSE after shunt implantation [73,
74, 87]. In a recent study by Hülser et al. [25], there was a significant improvement
in the overall test battery during the first 3 months after shunt insertion, including
the MMSE testing (p < 0.024). However, despite such an improvement, the iNPH
patients were not able to reach the baseline of the healthy age-matched controls,
even in early follow-ups after shunt surgery [25]. These findings are suggestive
of the fact that even though the postoperative improvement in the MMSE may be
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Fig. 2 Between group comparison of the mean MMSE score prior and after shunt insertion,
according to Kambara et al. [86]. The paper is an Open Access article distributed under the terms of
the Creative Commons licensed under CC-BY-4.0 Attribution Licence, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly credited

statistically significant, the cognitive performance of iNPH patients is worse when
compared to healthy controls. Another term that should bementioned is the so-called
“ceiling effect”, characteristic of iNPH patients who perform with around 24 points
in the MMSE test, therefore being close to normal values of unaffected individ-
uals [70]. This effect describes the reduced sensitivity of the MMSE test for mild
cognitive dysfunction, which challenges the comparison of these changes in cogni-
tive disturbances before and after shunt implantation [70]. Thist may be one of the
reasons why there is no significant detection of changes in the MMSE testing, since
some mild cognitive dysfunctions may be undetectable through this test [70, 81].
Therefore, additional, and more detailed neurophysiological testing may be appro-
priate, including the Montreal Cognitive Assessment (MoCA), which showed better
diagnostic accuracy than the MMSE itself [70, 88].

Moreover, since the severity and patients’ age are likely associated with the
prognosis of the neuropsychological profile, early iNPH intervention is desirable to
improve cognitive prognosis [86]. During follow-up, the neuropsychological domain
tends to deteriorate, especially in patients experiencing other mild neurodegenerative
comorbidities, and the consensus on the reversibility of cognition impairment in
NPH patients with respect to concurrent disorders has not yet been elucidated
[46]. This might be even further supported by findings that show a decrease in
the MMSE score by 3 points after the diagnosis of iNPH if left untreated [44].
Such a deterioration was seen in iNPH patients who waited for surgery for at least
6 months (range from 6.8 to 23.8 months, median 13.2 months) compared to early
treated iNPH individuals (waiting time for shunt implantation ranged from 0.1 to
2.7 months, median of 0.2 months) [44]. This statement was also verified in various
reports, thus supporting the findings that waiting time for surgery influences the
outcome in iNPH patients [89].
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3.2 Incontinence Outcomes

One of the first reports dedicated to a more detailed evaluation of shunt effectiveness
in improving urinary incontinence was published in 1988 by Ahlberg et al. [90]. Of
ten patients with possible NPH, a definite diagnosis was confirmed in four cases.
All had a positive Bors’ ice water test. Three of them had a history of subarachnoid
haemorrhage and one of severe head trauma. After performing the tap test, the Bors’
test remained positive in three cases, but it changed to negative in one case. All four
patients underwent VP shunt placement. Three months after surgery, all four patients
had a negative Bors’ test and had normal micturition features on urodynamic testing.
Moreover, three patients did not suffer from any bladder instability, and the instability
in the remaining case was reduced in comparison to the initial manifestation. The
guidelines by Relkin et al. [91] describe that urinary impairment in the early stages
of the disease is characterised by abnormal frequency and urgency without urinary
incontinence itself. As one of the typical features inNPH-related urinary impairment,
the term “neurogenic bladder syndrome” has been used to describe hyperactivity of
the bladder in some patients with NPH. Along with the progression of the disease,
early features of urinary disturbances develop into serious urinary incontinence.
To adequately differentiate NPH-related urinary disturbances from primary urinary
incontinence unrelated toNPH, attention should be paid to urodynamic studieswhich
play an important role in the detailed evaluation of common comorbid conditions
[91]. This is particularly important to bear in mind when determining the improve-
ment of urinary impairment after shunt implantation in NPH patients. As stated
in the chapter dedicated to the symptomatology of NPH (see Chap. 11), urinary
incontinence is typically the least frequent symptom of the whole triad and the least
discussed in the literature [39].

Although the urinary incontinence domain typically shows a lower proportion
of improved patients after surgery, a recent multicentre prospective observational
study has observed significant improvement of this symptom in 70% of shunted
NPH patients [46]. Furthermore, the results of the urinary incontinence domain
were significant improvement at the 12-month follow-up (p = 0.002). Similarly,
a prospective cohort study of 23 patients by Krzastek et al. [92] showed significant
improvement after shunting not only in urinary urgency or urge incontinence, but
also in overall quality of life and the ability to perform everyday activities. The
most common symptom of an overactive bladder before surgical implantation of
the shunt was two times/night nocturia. Interestingly, this symptom did not improve
after shunt insertion, in contrast to the following significantly improved symptoms:
urinary urgency (p = 0.016), bother from urinary urgency (p = 0.005), and the
amount of urge incontinence (p = 0.038). Moreover, significant improvement in
urinary dysfunctionwas seenmore commonly in younger patients andwomen tended
to improve in more domains of urinary impairment after surgery, when compared
to men [92]. Aforedescribed reports have described early improvement of urinary
dysfunction in shunted NPH patients, however, the question is whether the improve-
ment remains the same in longer follow-ups. Similar to the cognitive deterioration
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in long-term follow-ups, urinary incontinence has also shown a tendency to decline
after longer periods of time, despite the initial improvement in early or short-term
follow-ups [18].

3.3 Long-Term Prognosis and the Role of Comorbidities

The natural history of untreated patients with NPH is poor, with both increased
mortality and morbidity. Shunt insertion can provide long-lasting clinical improve-
ment [93]. However, in some patients, the effect of shunting might be limited over
time, or the symptoms might not be well-compensated. If so, evaluation of the
shunt function might be reasonable. Kaestner et al. [42] indicated shunt revision for
suspected shunt dysfunction in 18%of secondary deteriorations. Immediate improve-
ment was present in 37% of patients. The authors suggested invasive testing if shunt
malfunction was suspected. In vivo shunt studies might be used [94]. In iNPH, shunt
dysfunction does not often lead to enlargement of ventricles, a surrogate parameter
of shunt failure. Nevertheless, the majority of secondary deteriorations were treated
conservatively, either by valve adjustments or because of existing connections with
concurrent comorbidities [42]. It was also found that favourable outcomes following
shunt implantation in patients with NPH did not correlate with decreased ventricular
volume one year after surgery [95]. However, the ventricular volume often decreases
as well, as there is a little increase in the cortical volume, especially in the regions
near the vertex [96]. Another study found that 20% of patients with iNPH were at
risk for secondary clinical worsening about 3 years after shunt surgery. About one-
fourth of these patients benefited for additional years frompressure levelmanagement
and/or shunt valve revision [97].

Long-term prognosis is influenced by many factors, not always connected with
the disease. If another comorbidity is suspected, specialised consultation might be
needed, as well as follow-up by a neurosurgeon and a neurologist. A standardised
protocol and a multidisciplinary team dedicated to this disorder is needed to achieve
an early and correct diagnosis of NPH [46]. Patients should also adhere to home
physical exercises to improve their outcomes but also get a general health benefit
[98]. The presence of comorbidities has a fundamental impact on patients’ perfor-
mance and prognosis following the shunt insertion. Therefore, comorbidities must
be considered when evaluating postoperative outcomes, both in early and long-term
follow-ups.

Despite the suggestions, the literature dedicated to long-term outcomes of NPH
management is still limited. Shorter follow-up studies predominate, and longer-term
studies have low numbers of participants. At the beginning of NPH management,
the long-term results had not even been paid attention to. The first studies did not
provide knowledge until many years later. Greenberg et al. [99] in 1977 reported a
42.8% 3-year shunting success rate. Nowadays, it is no longer imaginable that five
patients (6.9%)would diewithin onemonth of surgery, or as a direct result of surgical
intervention.
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Black et al. [100] in 1980 reported longer-term postoperative outcomes of
shunting (36.5monthsmean follow-up time). Sixty-one percent of patients improved,
however, the 35.4% rate of complications, which was comparable to the studies
released in the same years, is very high in comparison to recent studies. The change
in the progression of the disease, any role of time in terms of clinical symptoms,
or any comorbidity factors were not studied. Also, the timing of the evaluation of
outcomes was not specified. Interestingly, the ventricle enlargement with little or
no sulcal enlargement on CT scan was found to be a predictive factor of postoper-
ative improvement [100]. More than 20 years later in 2001, a questionnaire study
by Mori et al. [101] reported an improvement rate of 73.3% at 3 years after shunt
surgery, and mortality at 3 years was 2.9%. At 3 months, the improvement rate was
79.2%. Improvement in gait disturbance after the surgery was found in 21 patients
(91.3%), improvement in dementia in eight (34.8%), and improvement in urinary
incontinence in 14 patients (60.9%). Interestingly, only 18.3% of implanted shunt
systems had an anti-siphon device. 74.2% of shunt valves were programmable. The
shunt-related complication rate was 18.3% [101]. In 2002, Savolainen et al. [60]
reported a 47% gait, 29% incontinence, and 38% mental improvement rate 5 years
after the surgery. One year after the shunting, 72% of patients had a good recovery.
Following the 5-year follow-up, 11 (65%) of alive patients experienced worsened
gait symptoms, while six had no change when compared to their preoperative clin-
ical status. Cognitive problems worsened in 13 patients (77% of alive), while only
one patient improved. Worsening of urinary incontinence was present in 10 patients
(59%) and six had no change in this sign. Interestingly none of the neuropsycholog-
ical tests significantly improved after the surgery, and the reported cognitive benefit
was subjective. The 16 patients with Alzheimer’s disease did worse after one year
than those without pathological changes, but the mortality was not increased. Thus,
the role of neurodegenerative comorbidities in the postoperative outcomes had been
discussed. Aygok et al. [102] reported a period of 3months to 3 years after shunting in
50 iNPH patients with only a moderate decline in gait performance (91–75%), reten-
tion of memory improvement (80–80%), and improvement in incontinence sustained
over time (70–82.5%). Four cases of death were not related to shunting. Even though
the risk and fear of falling decreased significantly after shunting, they did not reach
the level of risk in controls [103]. However, a significant difference in deaths caused
by falls between iNPH patients and controls was not found [104].

In 2007, Kahlon et al. [84] reported 5-year outcomes of shunted patients with a
43% improvement rate in the walk step test, 39% of patients improved in the walk
time test, and 39% improved in the reaction time test, whereas only 4% showed
improvement in the memory test. 57% reported that they still perceived improve-
ment comparedwith their preoperative status. However, only 36%of shunted patients
were available at the follow-up at 5 years. Between the 6-month and 5-year follow-up
periods, 37% out of the initial 75 patients died. The death rates in operated (37%) and
not operated (38%) patients were similar. However, the 7.4% annual death rate was
higher than 3.2%of the general Swedish population in the same age group. The causes
of death were mainly due to cardiovascular disease (32%), and malignancy (25%).
The results emphasised the importance of taking comorbidities and older age into
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account when selecting patients with NPH symptoms for shunt surgery [84]. Chen
et al. [105] reported that during the 3 years of follow-up, five of the 28 patients died,
the other six were lost to follow-up (including telephone contact), and three patients
had progressive clinical deterioration. Pujari et al. [19] reported an overall sustained
improvement among all symptoms over amean follow-up duration of 5.9± 2.5 years.
Gait showed the highest maintenance of improvement over baseline (83% at 3 years
and 87% at the last analysed follow-up of 7 years), cognition showed intermediary
improvement (84% and 86%, respectively), and urinary incontinence showed the
least improvement (84% and 80%, respectively). However, only 27% of all shunted
patients were evaluated at 7 years. The study suggested the role of selection criteria
in the high long-term success rates, however, 29 patients (52.7%) required a total of
62 shunt revisions during the follow-up period [19]. Mirzayan et al. [106] reported
similar long-term improvement rates with much lower needs for revision surgeries
(n = 8). The long-term data were available for 34 of 55 patients only and 29 patients
(56.9%) died. The cause of death was a cardiac failure in seven patients (13.9%) and
cerebral infarction in 12 patients (23.5%). Gölz et al. [107] reported outcomes in 61
of 141 patients at six years after shunt implantation—59% of patients had an excel-
lent outcome, 15% had a satisfactory benefit, and 26% had unsatisfactory results.
The overall complication rate was 13%. Valve revision surgeries were necessary in
8.2% of cases of valve dysfunction, overdrainage, and underdrainage. The abdom-
inal catheter was revised in 2 patients (1.4%) because of dislocation. Interestingly,
47% of patients died during the follow-up but the causes of death were not known
in the majority of the patients [107]. The previously mentioned study by Grasso
et al. [18] showed a long-term follow-up of 7–10 years. A sustained improvement
was observed in 36 patients (76%), no changes were observed in six patients (12%),
further deterioration was observed in three patients (6%), and death was observed
in 5 patients (10%). The study also showed a worse prognosis in patients beyond
a value of 3 Comorbidity index points, while it has been shown that the prognosis
becomes worse even if other outcome predictors point to a favourable prognosis
[108]. It has been suggested that the worse prognosis with NPH is not the result of
the hydrocephalus aetiology itself, but the consequence of a typical accumulation
of negative outcome predictors as a consequence of the misinterpretation of normal
ageing and delayed adequate treatment [108]. Takeuchi et al. [109] concluded that
iNPH symptoms generally improve after shunting. However, the symptoms begin to
gradually recur at 3 years postoperatively. This tendencywas particularly observed in
those aged ≥ 80 years while the frequency of the complicating diseases is in general
higher in this age group [109]. A study onLP shunts found that outcomes deteriorated
near pre-operation levels after 3 years, indicating that the recovery outcomes of LP
shunts for the treatment of iNPH were not sustainable [110]. In a single-centre study
by de Oliveira et al. [111], 38% of the patients showed sustained improvement at
8 − 10 years of follow-up while 16 patients were dead (32%) and an additional
five (10%) were lost to follow-up. At early follow-up, there were 12 complica-
tions in 9 patients (18%) without other complications in the mid-term or long-term
evaluations. Table 1 summarises the studies reporting long-term outcomes.
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It can be assumed that long-term results will be affected by many factors. Asso-
ciated diseases, the state and time of hydrocephalus detection and its compensation,
the presence of irreversible changes, the share of symptoms in increasing other risks
(falls, urinary tract infections), the component of the disease “uncompensated” by
shunt therapy could be involved [113].

A recent study comparing iNPH patients with age-matched controls showed that
more pronounced symptoms in the preoperative ordinal gait scale and lower Mini-
mental State Examination results were the most important predictors of mortality
along with the prevalence of heart disease. Patients who improved in both the gait
scale and the mRS after shunting had similar survival as aged, sex and habitational
municipality matched controls (p = 0.391) indicating that shunt surgery for iNPH,
besides of possible clinical improvement, can normalise survival [104]. Over the
median follow-up period of 5.9 years, the mortality Hazard Ratio (HR) of iNPH
patients was 1.81 when compared to controls and 30-day mortality after shunting
was 0.5% [104]. An earlier study by Malm et al. [114] reported 3.3 Relative Risk
(RR) of death and 2.4% 30-day mortality for iNPH patients.

Although different statisticalmethodswere used, and the results cannot be directly
compared with the same relevance, lower figures were reported. Authors suggest
increased awareness and improved knowledge of iNPH in the context of increasing
incidence of shunt surgery of iNPH patients [17] as well as surgical and anaesthetic
technical improvements to be the contributing factors [104]. If the studies presenting
long-term outcomes are divided by the decades of publication, a trend towards higher
percentages of clinical improvement with lower prevalence of complications may be
observed (Table 2).

Mortality related to shunting in long-term studies is negligible [106]. Moreover,
adjustable valves in the recent meta-analysis were associatedwith a reduction in revi-
sions (12% vs. 32%) and subdural collections (9% vs. 22%) when compared to fixed
valves [5]. A single-centre study showed 12% transient morbidity in patients with
gravitational valves and 25% in differential pressure valves while patients with grav-
itational valves showed a more profound improvement in clinical symptoms [115].
With the advance of valve technology and the safety of shunt treatment, the previous
reluctance to intervene in patients over 80 years of age should be reconsidered. 80%
of patients aged > 80 years experienced an improvement in their mobility and 65.7%
(objective or subjective) improvement in cognition following VP shunt insertion

Table 2 Studies with long-term outcomes divided according to the years of publication

Date Number of
studies

Number of
patients

% of patients
with clinical
improvement

% Complication
rate

% Revision
rate

1980–2000 1 62 61 35.4 11

2000–2010 6 354 72.2 27.5 23.3

2010–2021 6 1140 77.9 13.9 14.6

Percentage results are presented as averages between studie
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[116]. A large analysis of 7696 general, general thoracic, and vascular surgery cases
found increasing age to be itself a risk factor of postoperativemorbidity andmortality
while other risk factors increase with age [117]. However, in a recent study of NPH
patients, age did not independently correlate with surgical complication or 30-day
readmission rate while the poor outcome was associated with a history of myocar-
dial infarction within 1 year, cerebrovascular and moderate/severe renal failure [36].
Increasing age does not necessarily decrease the chance of shunt succeeding [10]
and age alone should be no barrier to the treatment of iNPH [116].

Andrén et al. [118] recently pointed out that shunt implantation should not be
postponed, and early shunt implantation prolongs survival, specifically in patients
> 75 years of age. The crude four-year mortality was 39.4% in iNPH patients where
the implantationwas postponed by 6–24months, compared to 10.1% in early shunted
iNPH patients. Previous studies from the same department have already shown that
patients who had to wait for shunt surgery had worse treatment outcomes [44, 119].
Also, the patients who improved on the gait scale or in the mRS postoperatively
survived longer. In fact, the survival of patientswho improved in both these scaleswas
no different than that of the control group. The patients who continued to deteriorate
postoperatively had a substantially highermortality rate than patientswith unchanged
scores [104]. Together with studies reporting an association between longer dura-
tion of iNPH symptoms and decreasing likelihood of response to shunting it may
be suggested that the reversibility of symptoms diminishes over time [44, 118–121]
and therefore early diagnosis and operation without delay should be emphasised
[118]. Moreover, iNPH patients with more pronounced symptoms preoperatively
have shorter survival [104]. Another study reported that patients who survived the
follow-up after 5 years showed greater postoperative improvement [106]. However,
even though a heavier burden of symptoms is associated with reduced survival, treat-
ment for iNPH is still highly beneficial with an estimated gain of 2.2 life years and 1.7
quality-adjusted life years [122]. Comorbidities significantly influence the clinical
outcome of iNPH patients undergoing shunt therapy and should be included in the
assessment of the benefits and risks of shunt surgery [58]. Comorbid Alzheimer’s
disease (AD) is frequent in iNPH patients. 19% of shunted NPH patients had AD
histopathological findings based on cortical brain biopsies performed during place-
ment of CSF shunts with a strong correlation with success after shunting [123].
However, studies that did not find a difference in the outcome of surgery between
patients with AD comorbidity predominate [124–127]. A recent study found that
26% of participants with iNPH had coexisting AD pathology, which did not signifi-
cantly influence the clinical response to shunt surgery [128]. However, those having
moderate to severe dementia are more unlikely to improve after shunting [82].
Another study found that results of RAVLTest, Grooved Pegboard test, Stroop colour-
naming test and interference test were predictive of AD or Parkinson’s spectrum
disorder comorbidities and were closely related to the outcome of shunting [129].
In terms of Parkinsonism, a study showed that patients with suspected NPH and
potentially undiagnosed Parkinson’s syndrome can improve in CSF tap test at the
same rate as patients without suspicion of a movement disorder [130]. Nevertheless,
longer follow-up of those patients is needed. Another study revealed that comorbid
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Parkinson’s spectrum disorder deteriorates the clinical course of iNPH. However,
shunt surgery is recommended regardless of this comorbidity [131]. A recent meta-
analysis revealed significantly increased lumbar CSF Phosphorylated-Tau (−0.55
SMD, p = 0.04) and Total-Tau (−.50 SMD, p = 0.02) in shunt-non-responsive
iNPH [132] which may suggest the future role of CSF analysis in shunt prognos-
tication or evaluation of neurodegenerative comorbidities. An analysis by Spangoli
et al. [133] showed a trend towards shorter survival in patients with a severe degree
of cerebrovascular disease (CVD). However, both patients with and without CVD
and/or risk factors for vascular disease presented a significant improvement after
shunting. 79% of patients without and 52% of patients with CVD were considered
to be improved at the long-term follow-up at a mean of 52 months. Another study
also found that the prevalence of lumbar spondylosis, compression fracture, severe
periventricular hyperintensity, deep and subcortical white matter hyperintensity, and
old cerebral infarctswas significantly higher among the tap test non-responders [134].
Nevertheless, lumbar stenosis should be evaluated if symptoms suspect it. Periven-
tricular hyperintensities may suggest irreversible vascular changes and risk factors
should be evaluated. An epidemiological study found a higher frequency of hyperten-
sion in iNPH patients than in controls (52 vs. 32%) as well as an overrepresentation
of type 2 diabetes mellitus of 22 versus 12% [135]. Raftopoulos et al. [136] reported
a lasting improvement in 91% of 23 patients until death or at least 5 years after
shunt surgery with cardiovascular or cerebrovascular ischaemia being a main cause
of death. Reported main causes of death are related to vascular or particularly cere-
brovascular disease and dementia while deaths due to neoplasms are less common
[104, 106, 133, 137]. In iNPH, the prevalence of risk factors for cerebrovascular
disease is higher than in controls [138, 139] while an overlay of pathophysiolog-
ical mechanisms underlying the development of iNPH and cerebrovascular disease
remains to be elucidated [140]. With reports that patients with vascular comorbidity
also improve after shunting for iNPH [104, 133, 141, 142] it could be suggested
that the presence of cerebrovascular comorbidity should not itself be an exclusion
criterion for shunting and maintenance of a clinical protocol of proper identification
of shunt responders should be preferred. However, it should be taken into account
that evidence of marked white matter disease in the initial imaging may also inform
for worse long-term outcomes [82].

4 Conclusion

NPH is a crucial differential diagnosis for neurodegenerative disorders, especially
considering the possible reversibility or improvement of symptoms. Despite the
potential risk of complications, shunt malfunction, shunt failure, and surgical revi-
sions, surgical treatment ofNPH in the vastmajority of cases delivers not only clinical
amelioration but also an overall improvement in quality of life. The treatment effect
and its importance for the prognosis of NPH patients and the improvement or at
least maintenance of their clinical profiles is clear. Gait impairment is the symptom
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most likely to improve after shunting and it shows the lowest tendency to decline
after surgery within longer follow-ups. Conversely, cognitive amelioration and the
improvement in urinary functions after shunt implantations are limited and both
symptoms are often the first to deteriorate, regardless of the initial improvement in
early or short-term follow-ups. To a greater extent, the existence of concurrent comor-
bidities in NPH patients has a fundamental impact on clinical status, postoperative
outcomes, and further prognosis. It is of great importance to meticulously evaluate
associated comorbidities in relation to postoperative outcomes, both in early and
long-term follow-ups. The benefits of shunt implantation clearly overcome the bene-
fits of the spontaneous natural course of the disease in well-selected NPH patients.
Unfortunately, the literature evaluating long-term outcomes of NPH treatment is still
limited and lacks larger proportions of participants. Nevertheless, longer duration of
symptoms, the severity of symptoms and older age should not be factors that exclude
patients with iNPH from undergoing shunt insertion, although they are associated
with worse postsurgical improvement.

5 Key Points

• Outcomes of iNPH treatment are similar between different CSF diversion devices,
and over 75% of treated iNPH patients improve as a result of active treatment
policy.

• Benefits, risks, and outcomes of various CSF diversion strategies (ventriculoperi-
toneal, ventriculoatrial, or lumboperitoneal shunts) are similar and comparable.

• Gait is the most likely symptom to improve after shunting and typically tends to
maintain sustained improvement. Long-term evaluation and monitoring of NPH
is needed to clearly outline the extent of improvement.

• The presence of concurrent comorbidities in NPH patients has a fundamental
impact on the treatment outcome as well as patients’ prognosis, both from an
early and long-term perspective.

• The length of preoperative symptoms is a fundamental predictor of shunt
effectiveness and clinical improvement.

• Surgery-related complication and revision rates following the NPH management
are likely to decrease prospectively,mainly due to the usageof advanced adjustable
devices and advances in the understanding of the disease.

• Increasing age does not automatically decrease the chance of successful shunt
implantation and age alone should be no barrier to the treatment of iNPH.

Funding This chapter was supported by theMinistry of Health of the Czech Republic institutional
grant no. NU23-04-00551.
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Summary and Future Directions

Ondřej Bradáč, Petr Skalický, and Adéla Bubeníková

Abbreviations

CSF Cerebrospinal fluid
ICP Intracranial pressure
NPH Normal pressure hydrocephalus

This book was written with the aim to contribute to the scientific literature and to
provide a comprehensive view of normal pressure hydrocephalus (NPH), a reversible
form of dementia characterised by the famous clinical triad described by Salomón
Hakim in 1965. NPH represents a complex vicious cycle of pathophysiological
mechanisms simultaneously involving each other, which makes differential diag-
nosis from other neurodegenerative disorders very challenging. Up-to-date research
is focused on studying the pathophysiological mechanisms, better identification of
patients responding to shunt therapy, identification and treatment of comorbidities,
development and improvement of shunt systems and non-invasive clinical testing.
Additionally, extensive efforts are made in order to inform and educate neurosur-
geons, neurologists and other clinicians working with dementia patients to increase
awareness of the existence of NPH, e with the aim of improving diagnosis and early
therapeutic management.

As outlined throughout the book many times, future studies should address the
open issues of the NPHmanagement, namely the challenging differential diagnostics
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and identification of shunt responders. Such research might be enhanced by imple-
menting a reliable and robust multidisciplinary diagnostic battery. Comprehensive
batteries based on a carefully chosen set of predictor markers derived from various
medical research fields seem to be very promising. For example, mathematical inves-
tigation of the intracranial pressure (ICP)waveformmorphology and nonlinear quasi-
chaotic behaviour, endocrinological assessment for cerebrospinal fluid (CSF) analyte
levels, advanced neuroimaging protocols, and detailed neurological and neuropsy-
chological examinations. In addition to standard statistical methods, processing of
the acquired data using state-of-the-art intensive computational techniques including
artificial intelligence, neural and deep-learning convolution networksmay be of great
help considering the generally higher diagnostic accuracy and higher probability of
identifying differences that are normally hidden in standard data processing. Devel-
opment of an available and easy-to-use software code designed for real-time appli-
cation in clinical practice for NPH patients is an interesting direction considering the
possibility ofwider unification of clinical and technical protocols inNPHdiagnostics.

There is an increasing need for better shunt candidate selection and enhancing the
efficiency and effectiveness of NPH treatment. Despite the potential risk of compli-
cations, shunt malfunction, shunt failure, and surgical revisions, surgical treatment
of NPH in the vast majority of cases delivers not only clinical amelioration but also
an overall improvement in quality of life. The effect of treatment, its importance for
the prognosis of NPH patients, and the improvement or at least maintenance of their
clinical profiles are clear. On the other hand, it also brings us to the next question
regarding possibilities of shunt therapy in patients who are not diagnosed as pure
NPH, but who may still clinically benefit from permanent CSF drainage despite
having a concomitant different neurodegenerative disorder.

As an essential part of NPH management, the technical aspects of shunt systems
and ICP measurements are also prospective fields for future development. The idea
behind flow regulation includes the need to determine the flow required to produce
physiological conditions in the skull. However, what challenges us is the fact that
the rate of CSF production is not always constant and could be individual to specific
patients. This means there is a high need for flow-regulated valves, allowing not only
the regulation of over- or under-drainage, but also possible prediction of clinical
progression depending on the individual patient. Moreover, development of shunt
systems is closely linked to ICP monitoring devices. All currently commercially
available ICP monitoring devices primarily require a physical connection between
the brain and the external environment and cannot be usually inserted for long term.
Development of devices capable of non-invasive ICP measurements and also of non-
invasive internal shunt fluid flow measurement in real time are a great promise for
the clinical management of NPH and other types of hydrocephalus.

Pro futuro efforts to identify and interpret the NPH-specific classification patterns
are of great importance considering the need for continuous improvement of our
understanding, not only of NPH itself, but also of other neurodegenerative disorders,
and the physiology of CSF and ICP dynamics. We hope this book will contribute to
better understanding of NPH and potentially lead to the improvement of diagnosis
and treatment outcomes.
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