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We dedicate this book to our mentors, co-workers,

and those interested in cerebrospinal fluid.






It is a pleasure to see that CSF analysis continues to march ahead. Professor Florian
Deisenhammer is to be congratulated for assembling a strong team, with diverse
expertise, to give us a coherent picture of the current state of the art. His spectrum
of people extends all the way from the bedside to the bench. They each give an in-
depth analysis as well as useful tips about how to get the most information from this
important liquid-biopsy of brain fluid.

From the bedside, among other experts, we have Prof. Kaj Blennow who has
been a pioneer of CSF analysis in dementia whose work has withstood the test of
time and continues to be fundamental for further progress on this ever increasing
disease, as we all live longer. There is also useful information from several experts
on less common diseases involved in molecular mimicry, or auto-immune syn-
dromes, where again it is found that CSF can provide more useful information
rather than only blood tests for the same antibodies, by using the ratio of specific
antibody titers which can be normalized to the total antibody ratio. In addition to the
traditional acute inflammatory diseases, there are also detailed chapters on chronic
noninfectious inflammatory CNS diseases as well as chronic inflammatory diseases
of the PNS. On a personal note, I am pleased to see my trusted colleague of many
years, Geoff Keir, is still carrying on the basic work for CSF leakage syndromes.

From the bench, the very important pre-analytical role of CSF analysis is given
a detailed account which should be heeded by all who are responsible for triage of
CSF, since they can have a profound effect on the final results, depending on how
samples are to be correctly handled. In addition, the crucial role for the technique of
lumbar puncture is addressed.

Although much has been written about diagnostic criteria (not least in MS), nev-
ertheless in terms of basic pathophysiology, CSF offers much more direct evidence
than a number of other investigations for the role of immunology in the disease
processes under differential consideration. One day we may even understand the
exact molecular mechanisms.

This book is to be read by both practicing clinicians as well as those who are
entrusted with the most careful analysis of such precious fluid with future promise.

London, UK Emeritus Prof. Edward J. Thompson,
DSc, MD, PhD, FRCPath, FRCP
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The analysis of cerebrospinal fluid (CSF) is an invaluable diagnostic aid in clinical
neurology and can be obtained with relative ease by lumbar puncture. CSF analysis
is amenable to various technologies applied in haematology, cytochemistry, clinical
chemistry, microbiology and virology. There are not many constituents that are
measured during routine diagnostic work-up, nevertheless the combination of these
variables gives a wide range of patterns that are often typical for certain neurologi-
cal diseases. Therefore, it takes a profound knowledge of the particularities of the
CSF for analyses and also for reporting. The relative paucity of constituents in the
CSF and their low concentration pose a certain methodological challenge; on the
other hand it has the advantage of low background activity which makes it better
accessible for exploration of new biomarkers. This development has led to discov-
ery of a variety of diagnostic markers expanding the use of CSF in everyday clinical
decision making.

In this book we try to give an up-to-date overview as to how the CSF can be
applied in clinical neurology. The intention was to create a book of reference for
which we invited numerous experts in the field to contribute. The chapters not only
focus on technical aspects of CSF analyses but discuss CSF findings in a broader
clinical context too.

We do hope you will enjoy reading and find the book helpful not only in your
clinical work but also in increasing your knowledge in a wide range of CSF-related
topics.

Innsbruck, Austria Florian Deisenhammer
Copenhagen, Denmark Finn Sellebjerg
Amsterdam, The Netherlands Charlotte E. Teunissen

Ulm, Germany Hayrettin Tumani
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Abstract

There is a long history of the CSF and its anatomical spaces dating back to
ancient Egypt when it occurred first in human literature between 3000 and
2500 BC. The development of knowledge of this fluid goes hand in hand with the
history of neuroanatomy. Many famous names in medical history turn up in con-
text with the history of CSF such as Hippocrates, Galen of Pergamon, Leonardo
da Vinci and Francois Magendie. Most authors feel that the first full account of
the CSF was given by Domenico Cotugno in 1764, and for some time the fluid
was referred to as “liquor cotugnii”. There is also wide consensus that Heinrich
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Quincke performed the first diagnostic lumbar puncture in 1891 which paved the
way for modern CSF diagnostic procedures.

This chapter provides milestones of the history of CSF, the associated neuro-
anatomy and the diagnostic use.

1.1 Introduction

The history of cerebrospinal fluid (CSF) is not restricted to the fluid itself but must
be seen in context with the history of neuroanatomy, neurophysiology and neuropa-
thology. Although a fluid within the skull and vertebral column has been described
dating back as early as 2500 BC, the CSF as such has not been discovered before the
sixteenth century. Several thoughts on the origin and function have been brought
forward, e.g. the CSF replaced or corresponds the ocean as it surrounded all crea-
tures in prehistoric times (Schaltenbrand 1953). For a long time, it was thought that
the ventricles contain spirits rather than a fluidic substance, and after the discovery
of the fluid, it took roughly two centuries to accept the CSF as a normal constituent
in the eighteenth century.

1.2  The Edwin Smith Surgical Papyrus

In 1862 an antique dealer named Edwin Smith bought a papyrus scroll from a
local dealer in Luxor, Egypt. This scroll is almost 5 m long and it turned out that
it contains one of the most fascinating medical texts from ancient Egypt. It is the
oldest known manuscript on traumatic injuries, mostly in the field of neu-
rotrauma. The very scientific approach, omitting magic and spells, makes it out-
standing compared to other documents from this age. It dates back to 1500 BC,
the time of dynasties 16—17 in ancient Egypt, and it is believed to be a copy of a
text written during the period of the old kingdom between 3000 and 2500 BC. Some
authors speculated that the author of the original manuscript was Imhotep
(Breasted 1930).

The Edwin Smith Papyrus is composed of 48 case reports describing various
traumas beginning with the head followed by spinal cord and peripheral nerve inju-
ries. Each case is neatly structured into examination, diagnosis, prognosis and treat-
ment, followed by a gloss, which has been added as an explanation of the original
text using terms that were unfamiliar at the time when the Smith Papyrus was writ-
ten. The document is now displayed at the New York Academy of Medicine
(Fig. 1.1).

Case number six is of utmost interest with respect to CSF. The patient had “a
gaping wound in the head with compound comminuted fracture of the skull and
rupture of the meningeal membrane” (Breasted 1930). In this case the meninges
were described, but moreover, the word brain (marrow of the skull) occurs the first
time in any kind of literature. Apart from the anatomical details, the fluid surround-
ing the brain, by which the author most likely refers to the cerebrospinal fluid, is
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Fig. 1.1 Bottom of the second column of the Edwin Smith Papyrus. The hieroglyphs in blue cir-
cles refer to watery fluid in context with the surface of the brain (Courtesy of The New York
Academy of Medicine Library)

also described in this case of brain injury. A number of authors therefore refer to the
Smith Papyrus as the first occurrence of the CSF in the medical literature (Clarke
and O’Malley 1996; Wilkins 1964) (Fig. 1.2a, b).

1.3  The Greek Physicians and Philosophers

After a long period of lack of documents regarding CSF, it was not before the times
of the famous philosophers when further milestones in CSF discovery were achieved
by physicians and scientists of ancient Greece (Woollam 1957).
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a /% nh,“fluid” is evidently the same as __ 1 nk (Pyr.1965a) and __ = (Pyr.
686b). The determinativeof thelatter example is l.he human mouthspitting or drooling.
Very important in this connection is the form — “ water " (Pyr. 25¢). Compare
also the noun _¥ (" (Pyr. 19658). Elsewhere this word occurs five times in our
papyrus (XIII 19; XIV 15, where m is an error for w; XIV 16; XVII 9; X 20),
written with § instead of k, the interchange so often observable in the Pyramid Texts,
and another evidence of the great age of our treatise. It is explained in a gloss (XIV
16-16; consult commentary) as meaning to “ issue, stream torth flow out.” Asa noun
it means “ exudation,” ** fluid,” and the like. Thenoun e ® is found designating
gome fluid secretion (in Mutter und Kind, 1,2: 8, 1 et passim) which is adjured to
“runout” (ONA721,2-8or PN A 2¢778,4). CL Oefele, Zeitschrift, 89 (1901),
pp. 149 ff. The reference in our passage is possibly to the soft or viscous consistency
of the brain itself. Dr. Luckhardt remarks that this description * most certainly
refers to the cerebrospinal fluid by which the brain is surrounded.” & *his head"
is abbreviated to the determinative, Itisimpossible to determine whether the surgeon
means ** head "' (ip or d’d’) or ** skull ' (dnn-t).

b ()= yé  brain,” is & word of extraordinary interest, being the earliest refor-
ence to the brain anywhere in human records. In the known documents of ancient
Egypt it occurs only eight times, seven of which are in Pap. Smith. The eighth case

Fig. 1.2 (a) Self-explaining text from page 172 in Breasted’s translation of the Edwin Smith
Papyrus (Breasted 1930). (b) Text from page 166 in Breasted’s translation of the Edwin Smith
Papyrus (case six), mentioning the word brain for the first time in medical literature (Breasted
1930) (Public domain)

With Hippocrates CSF-related topics reappeared in the literature. The Corpus
Hippocraticum dating back to the fifth century BC, a work of many different authors,
describes the brain as an organ attracting water from the rest of the body as a patho-
logical process.

In contrast to Hippocrates, Aristotle thought that the heart was the centre of intel-
ligence and the task of the brain was to alleviate the temperature that came from the
heart (Clarke and O’Malley 1996). In Historia Animalium he wrote of the mem-
branes around the brain as well as the ventricles which can be found in the “great
majority of animals” (Thompson 1910).

Herophilus was specifically interested in the anatomy of the nervous system. As
a member of the Hippocratic School, he found the brain to be the centre of thoughts
and soul, and the latter he placed to the ventricles. He described the fourth ventricle,
the most important one to his mind, as well as the meninges, and his name is still
associated with the confluence of sinuses, the torcula Herophili. Also, the choroid
plexus appears in his scripts for the first time.

Of note however, there is no direct mentioning of the CSF itself in the ancient
Greek literature.
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1.4  Claudius Galenus (Galen of Pergamon)

Galen (AD 129-216), a physician and philosopher, was an extremely influential
figure in that his work was standard knowledge until the sixteenth century when
postmedieval medicine developed and got generally accepted.

Galen developed the famous pneuma (spirits) theory. There were three pneumas,
the pneuma zoticon (vital spirit), pneuma physicon (natural spirit) and pneuma psy-
chicon (animal spirit).

The pneuma in general enters the body via respiration into the lungs and through
the pulmonary veins as well as the portal veins and reaches the blood where it
mingles with the pneuma physicon of the body. The exchange between left and right
ventricle of the heart transforms it to the pneuma zoticon, and finally it becomes the
pneuma psychicon in the rete mirabile — a vascular network of tiny arteries — at the
base of the brain. From there on it enters the anterior horns of the cerebral ventricles
and spreads to the rest of the ventricular system. The interesting part is that the
pneuma moves along the nerves and by that it operates the muscles (Woollam 1957).
The rete mirabile tells us that the anatomical studies were done in oxen, because it
does not occur in the human cerebral circulation. Dissection of human bodies was
an absolute no-go at that time and in fact for a very long period thereafter. This and
the compatibility with Christian trinity were reasons why the pneuma theory held
up for more than a millennium.

Before the time of a more fact-based approach, the cerebral ventricles were given
various functions; mostly the lateral ventricles were assigned to imagination, the
third ventricle to cognition and the fourth ventricle to memory (Sudhoff 1914).

Apart from the flow of pneumas, Galen was ascribed to have discovered a “vapor-
ous humor in the ventricles that provided energy to the entire body” (Conly and
Ronald 1983), and also Torack referred to Galen discovering the CSF (Torack
1982). Moreover, he thought that the CSF was produced in the choroid plexus of
lateral ventricles and from there passed on to the third and fourth ventricles, an idea
that was picked up again only much later in history. Apart from a fluidlike substance
in the ventricles, he suggested a fluid between the pia and dura mater. The arachnoid
was not mentioned in his books.

This status of knowledge held up through the dark medieval times and was only
further developed by the next generation of researchers during the renaissance.

1.5 Leonardo Da Vinci, Andreas Vesalius, Costanzo Varolio
(Varolius) and Colleagues

Further advance in the discovery of ventricular and CSF functions started in the renais-
sance when dissection — particularly human dissection — was reintroduced in medical
science. This allowed a more fact-based approach to medical research and started a new
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epoch in science in general. One milestone was a wax cast of the ventricular system by
da Vinci which came, however, probably from an ox’s brain as there were signs of the
rete mirabile. Da Vinci used these casts for anatomical drawings of the human brain.
His findings came to public knowledge only in the nineteenth century (Clark 1935). The
first sketches of the ventricles showed a very vague picture of their topographical order
which improved clearly after the wax casts were constructed (Fig. 1.3).

Andreas Vesalius became professor of surgery and anatomy in Padova and later
taught at Bologna where he performed public dissections at the specifically designed
anatomy theatre. He was strongly opposed to Galen’s work and put much effort in
rewriting human anatomy which ended in his most famous book De humani corpo-
ris fabrica libri septem (Vesalius 1543). Vesalius initiated a paradigm shift from
philosophical approaches to anatomy towards fact-based description of the human
body. In order to achieve this goal, he relied on dissection and apparently had access
to skilled draughtspersons which led to an unprecedented accurate illustration not
only of the ventricles but also of the whole central nervous system. He failed, how-
ever, to describe the inter-ventricular foramina explicitly but at least gave credit to a
“watery humour” which often was found to fill the ventricles. In his illustration the
arachnoid granulations as well as the choroid plexus were depicted in great detail
(Singer 1952). Varolius, like Vesalius teaching at the University of Padova, further
developed the idea of fluid filling the ventricles rather than spirits, and since then,
the pneuma theory was finally left for good (Varolius 1573).

An anatomical fact that was not well covered by the above-mentioned anatomists
is the existence of the arachnoid as an important border of the CSF space. The name
of the membrane was created by Gerardus Blasius one century later (Blaes 1666).
Raymond Vieussens and Frederik Ruysch completed the knowledge by describing
its entirety shortly thereafter (Ruysch 1737; Vieussens 1685). Around that time,
Antonio Pacchioni precisely described the arachnoid granulations, and he still
stands for these structures eponymously (Pacchionus 1705).

1.6 The Next Generation of Neuroanatomists: Monro,
Sylvius, Von Luschka and Magendie

It was now time to discover the relationship between the ventricles and the CSF
itself. Interestingly, it was Galen who found a physical communication between the
lateral and third ventricle which got forgotten for a long time. The first to describe
the inter-ventricular foramen in a distinct and accurate way was Alexander Monro
secundus, and he also made it clear that there were no other routes of communica-
tion between both laterals as well as between the lateral and third ventricles (Monro
1783). Since then these structures are eponymously known as foramina Monro.
Monro was a Scottish anatomist at the University of Edinburgh where he succeeded
his father Alexander Monro primus. There were of course others who hinted to or
gave partial descriptions before mainly referring to the openings, sometimes as anus
or vulva (Casserio 1627; Marchetti 1665). A similar precise account of the foramina
was provided by Vicq d’Azyr previous to Monro but not published before 1805.
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Fig. 1.3 View of the ventricles by Leonardo da Vinci before (upper panel) and after (lower panel)
performing wax casts illustrating how facts influence knowledge. This fact-based approach was rein-
troduced during the Renaissance (Royal Collection Trust/© Her Majesty Queen Elizabeth I 2014)
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The connection between the third and fourth ventricle, the aqueduct, has been
described in full detail for the first time by Franciscus Sylvius after whom also the
lateral cerebral sulcus is named (Baker 1909). Sometimes Franciscus is mixed up with
Jacobus Sylvius, teacher of Andreas Vesalius, who provided a rather accurate descrip-
tion but misplaced it as a tube between the midbrain and the cerebellar vermis. Galen
already placed a channel close to the aqueduct; it is thought however that this corre-
sponded a portion of the subarachnoidal space of the midbrain. Julius Caesar Aranzi
(Arantius), professor of anatomy and surgery at the University of Bologna, came clos-
est to the description of the aqueduct before Sylvius. He actually named it aqueduct
but still stuck to the belief that it contained the pneuma psychicon.

Finally, the efflux of CSF from the inner to the outer space — the lateral and
median apertures — had to be discovered. There is no known description of these
orifices in ancient and medieval literature. Maybe there was no momentum to look
into this further as there was the general notion that the pneuma was not to leave the
fourth ventricle. It is well established that Magendie gave the first account of the
median aperture presenting a wax model of the ventricles including the foramen
Magendie. As a profound novelty in brain anatomy, this discovery was a matter of
debate for quite a while, not least because he was a difficult character described as
vain, stubborn and rash by his contemporaries (Enersen 2014). The median foramen
got finally accepted by the work of Key and Retzius (Key and Retzius 1876).

The history of the lateral apertures is less spectacular. They were described by
von Luschka (foramina Luschka) (von Luschka 1855) and also by an interesting
person named Swedenborg (see below) whose manuscript went unpublished and
contained a detailed description of the CSF. The notion that the CSF is produced by
the choroid plexus was introduced by Willis and finally established by von Luschka
(Willis 1664), whereas its absorption by the arachnoid granulations was acknowl-
edged by the landmark publication of Key and Retzius (Key and Retzius 1876)
(Fig. 1.4).

1.7  The Cerebrospinal Fluid

It took a long time to full acceptance of the CSF as a physiological fluid filling the
ventricles and the subarachnoidal space. Although it went rather unnoticed by the
scientific world at that time because the publication was not specifically dedicated
to CSF, it is now widely accepted that Domenico Felice Antonio Cotugno discov-
ered and described the CSF in its entirety as a physiological constituent of the ner-
vous system. In fact the CSF used to be referred to as liquor cotugnii for some time
(Di and Yasargil 2008). He gave a quite precise account of the location of CSF in
the subarachnoidal space of the brain as well as the spinal cord and in the ventricles,
the circulation through the inter-ventricular foramina and the flow from the fourth
ventricle through the foramina of Magendie and Luschka. Moreover, he made it
clear that the fluid in all these compartments was of the same origin and of water-
like appearance. Also, an approximate total volume was stated (Cotugno 1764).
Interestingly, Cotugno believed that Albrecht von Haller had to be given credit for
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Fig. 1.4 Various sections of the brain demonstrating the subarachnoidal and ventricular spaces
based on post-mortem injections with Berlin blue staining. Table VII, page 248 in Key and Retzius
(1876) (With permission from the Bayerische Staatsbibliothek Miinchen, document signature:
urn:nbn:de:bvb: 12-bsb00002349-4)
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discovery of CSF. Indeed von Haller was mostly right in his CSF work, he felt,
however, that this “viscid” fluid evaporates after death and becomes gelatinous
(von Haller 1762).

There were a few others who came close to be recognised as the discoverers of
CSF but not quite. The first to be mentioned is Emanuel Swedenborg from Sweden,
who was not a physician but was interested in science in general as well as in theology.
One could say he was a multi-talent and so he performed also studies of anatomy and
physiology. Many of his manuscripts were not immediately published, among them a
paper which was published only in 1887 including a detailed description of the CSF
very similar to Cotugno’s discoveries (Gordh et al. 2007). However, the manuscripts
must have been available before that time because in textbook (von Haller’s 1803),
there is a reference to Swedenborg’s work (Herbowski 2013).

Much earlier in 1536, Niccold Massa, Venetian physician and anatomist, discov-
ered several anatomical novelties among which he described the existence of fluid
in the ventricles of the human brain using post-mortem autopsies (Massa 1536).
Mario Valsalva is generally given credit for discovering the spinal fluid which he
obtained during a dissection of a dog’s spinal cord (Woollam 1957).

The final breakthrough came with Francois Magendie who eventually estab-
lished the place of CSF in neuroanatomy and physiology mainly by republishing
Cotugno’s previous work. He also stressed that the CSF is a normal rather than a
pathological constituent of the human body, and most importantly he gave the name
“liquide cerebrospinal” (Magendie 1842) which has been used since then.

1.7.1 Getting Access to the CSF for Diagnostic Testing

After getting familiar with the CSF as a physiological body fluid, it was about time
to use it for diagnostic purposes. Again several physicians and scientists were
involved, and although in close temporal relationship with others who performed
punctures of the subarachnoidal space, it was Heinrich Irenaeus Quincke (Quincke
1891a, b) to whom the first diagnostic lumbar puncture has been ascribed by most
authors (Hajdu 2003; Woollam 1957), although it must be said that the diagnostic
part was secondary (Fig. 1.5).

Quincke’s report at the conference in Wiesbaden included lumbar puncture (LP)
in children with increased CSF pressure, one of whom had tubercular meningitis.
The procedures dated back to 1888 and 1890 (Pearce 1994). The primary goal in
Quincke’s report in the Berliner Klinische Wochenschrift was to relieve intracranial
pressure in five patients with cerebral tumours, subarachnoidal haemorrhage and
hydrocephalus due to chronic meningitis. The outcome was recovery in two
and death in three patients. The diagnostic part included measurement of opening
and closing pressure as well as determination of protein concentrations.

Almost at the same time, Walter Essex Wynter described LP in order to decrease
intracranial pressure in four children with tubercular meningitis with fatal outcome
(Wynter 1891). In contrast to Quincke who used a fine cannula, he performed the LP
with a Southey tube following incision in the lumbar region demonstrating the dura
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Fig. 1.5 (a) Heading of Quincke’s publication on LP in hydrocephalus (From Quincke (1891a),
with kind permission of Springer Science + Business Media). (b) Results in Quincke’s report on
LP in five cases including clinical outcomes, location of LP, opening and closing pressure as well
as volume, specific weight and protein contents of CSF (From Quincke (1891a), with kind permis-
sion of Springer Science + Business Media)

which probably served the purpose of constant CSF drainage better. Some chemical
analyses of the obtained CSF were done such as albumen, glucose and chloride
measurements as well as Fehling’s reaction. The results of these measurements
were rather qualitative than quantitative and therefore somewhat inconclusive in
both Quincke’s and Wynter’s cases.

In the context of first LPs, it is worthwhile mentioning that spinal anaesthesia
was introduced before. James Leonard Corning in 1885 described two experiments,
one in a dog and one in a man; in the latter he applied cocaine — possibly
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unintentionally — to the lumbar subarachnoidal space because the person com-
plained of typical post-LP headache the next day (Corning 1885). Originally, he
planned to apply the substance subcutaneously.

1.7.2 The Advance of Diagnostic Methods

Perhaps one should refer to Ludwig Lichtheim who first performed quantitative
CSF analyses by determining protein and glucose in patients with tubercular men-
ingitis (Lichtheim 1893) and found them elevated compared to a reference group of
tumour patients. Quite remarkably, he clearly stated that the LP can be done easily
and is a safe procedure and anaesthesia is not needed.

In his thesis William Mestrezat in 1911 gave a comprehensive account of normal
values in the CSF for protein and glucose concentrations as well as pressure and cell
constitutions (Mestrezat 1911). This is really the cradle of CSF diagnostics as these
variables still constitute the basic CSF analysis, and by combining them, one gets
relatively specific patterns for various infectious and haemorrhagic diseases
(Deisenhammer et al. 2009). Subsequently, several authors published normal values
of a great variety of CSF components. An extensive summary of these efforts can be
found in Houston Merritt’s and Frank Fremont-Smith’s book The Cerebrospinal
Fluid published in 1937 (Meritt and Fremont-Smith 1937).

The laboratory methods developed and with that came progress in CSF analyses.
Microbiological staining and bacterial cultivation were used to provide direct evi-
dence of bacterial meningitis, and differentiation of bacteria was made possible by
the method developed by Hans Christian Gram in 1884 which is still in use today.
Another staining method by Ziehl-Neelsen, also used nowadays, has enriched
microbiological diagnostics for tubercle bacillus (Bulloch 1938). Wasserman devel-
oped the eponymic serologic reaction as a test for syphilis (von Wassermann and
Plaut 1906), which, however, has been replaced by newer methods today.

The colloidal gold test, a precipitation method which specifically detects globu-
lins excluding albumin, was introduced by Carl Friedrich Lange (Lange 1912).
Further progress in CSF analytical progress was provided by Elvin Kabat who intro-
duced electrophoresis in clinical neurology. Kabat and colleagues were able to dem-
onstrate an increase of intrathecal immunoglobulin independent of serum
concentrations, particularly in multiple sclerosis and neurosyphilis (Kabat et al.
1942). The refinement of electrophoretic methods towards higher resolution of
immunoglobulins came about in 1959 by Ewald Frick who published an immuno-
electrophoretic method which was further developed by Hans Link and finally
turned into isoelectric focusing demonstrating CSF-restricted oligoclonal bands by
Delmotte (Delmotte 1972; Frick 1959; Link 1967). This method is still widely used
in diagnostic workup of CSF with some methodological adjustments until today.
Although oligoclonal bands are not specific for multiple sclerosis (McLean et al.
1990), their diagnostic sensitivity and specificity for this disease is very high
(beyond 90 % for each), which makes it difficult to understand why this test has
been deleted from the diagnostic criteria in the latest version (Polman et al. 2011).
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In recent decades the CSF has been investigated in a great number of diseases. A
PubMed search for CSF and biomarkers shows roughly 50 hits at the end of the
1980s, around 100 hits at the end of the 1990s and more than 500 hits in the last
couple of years.
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Abstract

Cerebrospinal fluid (CSF) circulates in cerebral ventricles and subarachnoid
spaces which represent a compartment within the central nervous system (CNS)
consisting of the components brain parenchyma, vascular system, and CSF
space. The CSF space is separated from the vascular system by the blood-CSF
barrier, whereas the blood-brain barrier responsible for maintaining the homeo-
stasis of the brain is located between brain parenchyma and vascular system.
Both barriers differ with regard to their morphological and functional properties,
and they are permeable not only for small molecules but also for macromolecules
and circulating cells. Aquaporin-4 is particularly prevalent in astrocytic mem-
branes at the blood-brain and brain-CSF interfaces.

Alterations of lumbar CSF are influenced by processes of the CNS located
adjacent to the ventricular and spinal CSF space but not by pathologies in corti-
cal areas remote from the ventricles.
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2.1 Anatomy of CSF Spaces

The anatomy of CSF spaces comprises all intracerebral ventricles, spinal and brain
subarachnoid spaces, such as cisterns and sulci, and the central canal of the spinal
cord (Fig. 2.1). The total volume of CSF space is between 90 and 150 mL in adults,
and the spinal CSF space (subarachnoid space) makes up about 30 mL (Davson
et al. 1970).

The CSF space is regarded as one of the four compartments within the central
nervous system (CNS) consisting of the vascular system, the brain parenchyma with
extracellular space (ECS) and intracellular space (ICS), and the CSF compartment
(Felgenhauer 1995) (Fig. 2.2).

These compartments of the CNS are separated by a barrier system (blood-brain
barrier (BBB) and blood-CSF barrier (BCB)) which is important for maintenance
of the cerebral environment and protection of the brain from the systemic circula-
tion. The barriers are not completely impermeable, as assumed in earlier times
based on the trypan blue experiments by Ehrlich and Goldmann, but permeable
even for macromolecules and circulating cells (Davson 1976; Felgenhauer 1995).
Both barrier systems allow an exchange between compartments next to each
other, while the blood-brain barrier and the blood-cerebrospinal barrier differ both
morphologically and with regard to their transfer properties (Abbott et al. 2010).
A barrier between the parenchyma of the brain and the CSF compartment has not
yet been defined. It is also unclear whether the protein content of the extracellular
space differs from that in the CSF compartment (Davson et al. 1970).
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Fig. 2.2 The central nervous system (CNS) consists of compartments separated by blood-brain
( ) and blood-CSF ( ) barriers (BBB, BCB). Cerebrospinal fluid (CSF) is formed mostly
at the choroid plexus and other sites along the BCB (80 %). Epithelia of the CSF space and the
extracellular space of the CNS contribute a smaller fraction (20 %). Arrows indicate bulk flow
within the CSF space and bilateral transfer processes across the barriers. CP choroid plexus

2.2 The Blood-Brain Barrier (BBB)

The concept of an anatomical barrier separating blood and CNS first emerged from
the studies of Goldmann (1913) who injected trypan blue into the venous system
and observed that staining occurred throughout the body, whereas only the brain
and CSF remained unstained. When he injected the dye into the CSF, the CNS tissue
including the leptomeninges was strongly stained (Goldmann 1913). The role of
this barrier system is to protect the brain from the outside environment and to main-
tain homeostasis of the brain (Dunn and Wyburn 1972; Abbott et al. 2010).

The special components of the BBB include capillary walls of endothelial cells,
the basal membrane, and the perivascular layer of astrocytic end-feet. The BBB
structures comprise a large surface area of 12-18 m? in adult humans for exchange
of humoral and cellular factors across this barrier (Abbott et al. 2010).

The capillary wall consists of a monolayer of non-fenestrated endothelial
cells which form the functionally most important part of the BBB (Fig. 2.3)
(Stissmuth et al. 2008). Where the endothelial cells overlap, their cell membranes
are connected to each other by tight junction protein complexes known as zonulae
occludentes. The tight junctions of the BBB consist of different integral membrane
proteins including occludins, claudins, junctional adhesion molecules, and associ-
ated cytoplasmatic proteins (Koziara et al. 2006). The presence of tight junctions
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and the lack of fenestrae severely restrict paracellular transport. Accordingly, any
transport of molecules to the brain must occur via the transcellular route by passive
diffusion or active transport, which may be adsorption mediated, carrier mediated,
or receptor mediated (Koziara et al. 2006).

The endothelium basement membrane with a width of about 300-500 A offers
no barrier to the passage of hydrophilic molecules such as ferritin (Brightman
1965). The vascular system and the neuronal system are not in direct contact but
are covered by a sheath made up from processes of neuroglial cells including
astrocytes and oligodendrocytes. The astrocytes dominate the transport route
from capillaries to the neuron as seen in electron microscopy (Dunn and Wyburn
1972). Their processes variously called pedicles, end plates, or foot plates form a
sheath covering the neurons, dendrites, axons, and capillaries. Another part of the
satellite cells closely located to the neurons is the oligodendrocytes. Besides
forming the myelin sheaths in the CNS, oligodendrocytes also take part in the
formation of the glial sheath covering neuronal and vascular cells. A further ele-
ment of the BBB is the extracellular space with a width of about 200A that is
labyrinthically ramifying between neurons, glial cells, and capillaries. It allows
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the unrestricted passage of ions and substances of colloidal size (Davson et al.
1970; Davson 1976).

Recent findings describe highly abundant AQP4 channels localized to perivascular
and subpial end-foot membranes of astrocytes throughout the brain involved in regu-
lation of extracellular space volume (Nagelhus and Ottersen 2013).

2.3 The Blood-CSF Barrier (BCB)

The BCB is formed by epithelial cells of the choroid plexus located in the four ven-
tricles of the brain and the subarachnoid epithelial structures facing the CSF space
in intracranial and spinal areas.

While the BBB is sealed by “tight junctions” and does not show any permanent
fenestration, the BCB has several fenestrations (“gap junctions”) and pinocytosis
vesicles, which form a macrofilter for proteins (Goldstein and Betz 1986; Westergaard
1977) (Fig. 2.4).

The extent of passive transfer across the BCB depends on the hydrodynamic size
of the proteins (Felgenhauer 1974; Felgenhauer et al. 1976; see also Chap. 4, Fig. 4.1,
physiology of CSF). In addition, the respective blood concentration of a given protein
and the permeability of the BCB influence the concentration of molecules in the CSF.

Vascular system

Fenestrae Pinocytosis

DD S LI —

\V4

0000202000 e—

Basal membrane

Plexus epithelia

Zonulae occludentes

Fig.2.4 Morphologic structure of the blood-CSF barrier (Modified according to Felgenhauer and
Beuche (1999))
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The CSF proteins are not only exposed to the structural properties of the barriers
which have to be crossed on their way to the subarachnoid space (vessels, plexus cho-
roideus, ventricle, cisterna, lumbar subarachnoid space) but also to physiological and
biophysical processes along the craniocaudal neuraxis. Because the sum of multiple
processes influences the empirical concentration of CSF proteins, the integrity of the
BCB is referred to as BCB function rather than described by its morphological proper-
ties (Reiber 1994; Reiber and Felgenhauer 1987). According to Reiber, all factors con-
tributing to increases of CSF protein concentration can be explained by a reduced CSF
flow. A spinal block as well as polyradiculitis or purulent meningitis will lead to a
reduced CSF flow which in turn will result in an increased CSF protein concentration.

The relationship between CSF flow and CSF protein concentration has been
characterized by a flow rate formula by Reiber (1994) and can be explained mecha-
nistically such that reduced CSF flow causes a holdup of proteins in the vascular
system, which in turn leads to an increased gradient between blood and CSF com-
partments which finally will result in an increase of protein transfer across the
BCB. According to this concept (Reiber 1994), any increase of CSF protein concen-
tration can be ultimately attributed to reduced CSF flow rate independent of the
underlying disease etiology.

2.4  Brain Areas Reflected by CSF Analysis

Only defined cerebral regions appear to be of relevance to CSF analysis done in
lumbar CSF. This means that only some areas of the central nervous system are
drained to the lumbar sac and that processes in cortical areas remote from the ven-
tricles very often may not result in alterations of CSF composition.

This notion is supported by the following frequently made observation: focal
cerebral lesions related to infectious or to autoimmune inflammation located in the
frontal, temporal, or parietal regions of the brain may not be associated with inflam-
matory changes of the lumbar CSF.

For instance, CEA-producing metastasis in frontal brain areas does not influence
CEA levels in the lumbar CSF (Jacobi et al. 1986).

As shown for the adhesion molecules SICAM-1 and sVCAM-1 in patients with
MS, there is an inverse relationship between the distance of enhancing single lesion
to the ventricular surface and the CSF levels of the adhesion molecules, i.e., the
smaller the distance, the higher the CSF concentration (Felgenhauer 1995;
Rieckmann et al. 1997) (Fig. 2.5).

Diseases localized in brain areas adjacent to CSF space are more easily accessi-
ble to CSF diagnostics. In this context, Felgenhauer introduced the term “CSF ana-
lytic brain” (Felgenhauer 1995). In contrast, CNS pathologies of the meninges,
periventricular areas, temporobasal regions, spinal cord, and roots can be reliably
detected by inflammatory changes of the CSF.

Therefore, analysis of the lumbar CSF allows only a topographically restricted
assessment of inflammatory diseases of the CNS and may not rule out any inflam-
mation of the CNS.
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Abstract

CSF protects the CNS in different ways involving metabolic homeostasis, supply
of nutrients, functioning as lymphatic system, and regulation of intracranial
pressure.

CSF is produced by the choroid plexus, brain interstitium, and the meninges,
and it circulates in craniocaudal direction from ventricles to spinal subarachnoid
space from where it is removed via craniocaudal lymphatic routes and venous
system. The CSF is renewed 3-5 times daily, and its molecular constituents are
mainly blood derived (80 %), while the remainder consists of brain-derived and
intrathecally produced molecules (20 %).

The transfer of molecules between the blood—brain and blood—CSF barriers is
selectively regulated by diffusion (e.g., passive or facilitated transport for
proteins) or active transport (e.g., glucose). Aquaporin-4 channels, abundantly
localized at the blood-brain interface, are involved in the regulation of extracel-
lular space volume, potassium buffering, cerebrospinal fluid circulation, and
interstitial fluid absorption.
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The concentration of CSF constituents is influenced by multiple factors most
significantly by blood concentration, protein size, blood—CSF barrier integrity,
and intrathecal production.

3.1 Biological Function of CSF

The CSF is a clear colorless fluid with several protective functions within the nervous
system involving structural, hydrodynamic, metabolic, and immunological aspects.

It is assumed that CSF and its spaces provide a mechanical protection system by
acting as a cushion to protect the brain from hitting the own skull in case of fast and
abrupt head movements and mild head traumas. In severe traumas such as traffic
accidents or sports injuries, the protection system of the CSF may not suffice to
avoid brain damage such as contusio cerebri. An animal model (miniature pig) has
been developed as an appropriate model for studying CSF, spinal cord, and dura
interactions during injury (Jones et al. 2012).

The CSF influences the metabolic homeostasis of the central nervous system
(CNS) by maintaining the electrolytic environment and the systemic acid-base
balance, serving as a medium for the supply of nutrients to neuronal and glial cells,
functioning as a lymphatic system for the CNS by removing the degradation prod-
ucts of cellular metabolism, and transporting hormones, neurotransmitters, releas-
ing factors, and other neuropeptides throughout the CNS.

According to a classical concept, CSF functions as a “sink” by which the various
substances formed in the CNS tissue during its metabolic activity diffuse rapidly
into the CSF, and from there, they are reabsorbed into the vascular system (Davson
et al. 1970).

Enhanced removal of potentially neurotoxic waste products (e.g., p-amyloid
clearance) that accumulate in the awake CNS occurs predominantly in natural
sleep or anesthesia. This has been discussed as a consequence of an increase in
convective exchange of cerebrospinal fluid with interstitial fluid (Xie et al. 2013;
1liff et al. 2012).

Moreover, CSF is directly involved in regulation of sleep—wake cycle via the
prostaglandin D2 (PGD2) and prostaglandin-D-synthase (PGDS) system, both of
which occur in a very high concentration in the CSF (Hayaishi 2000).

Immunoperoxidase staining and direct enzyme activity determination revealed
that PGDS is mainly localized in the membrane systems surrounding the brain
including the arachnoid membrane and choroid plexus (Blodorn et al. 1999).
From there, PGDS is secreted into the CSF to become beta-trace, a major protein
component of the CSF intrathecally produced (Tumani et al. 1998). PGD2 exerts
its somnogenic activity by binding to PGD2 receptors exclusively localized at the
ventrorostral surface of the basal forebrain suggesting that PGD2 may induce
sleep via leptomeningeal PGD2 receptors localized on neurons in these areas
(Hayaishi 2000).

Intrathecal application of anesthetics, steroids, or chemotherapies via puncture
of lumbar CSF space is an established treatment option underscoring the
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importance of CSF as a route and medium for the supply of therapeutic compounds
to neuronal and glial cells. In addition, pressure-related diseases such as intracranial
hypotension and hypertension can be diagnosed, monitored, and treated by access-
ing the CSF space (spinal tap, lumbar catheter, lumbar blood patch, ventriculoperi-
toneal or lumboperitoneal shunt, etc.) (Torbey et al. 2004; Yadav et al. 2010).

Apart from being a transport medium, CSF serves as an important diagnostic
tool in the evaluation of CNS diseases (Deisenhammer et al. 2009). It is the only
tool besides brain biopsy to confirm or to rule out inflammatory processes within the
CNS. Furthermore, it allows diagnostic evaluation of noninflammatory diseases
such as intracranial bleeding and neoplastic and neurodegenerative processes as
outlined in the following chapters of this book.

3.2  CSF Production, Circulation, and Absorption

CSF is mainly produced by the choroid plexus in the ventricles. The remainder of
CSF is formed by the interstitium and the meninges. While the choroid plexus and
brain parenchyma give rise to most of ventricular CSF, the meninges and dorsal
roots contribute significantly to the formation of lumbar CSF (Stewart 1922; Davson
et al. 1970; Cserr et al. 1992; Thompson and Zeman 1992). Recent findings suggest
that aquaporin-4 channels abundantly localized at blood—brain interface contribute
significantly to water flux in the pericapillary (Virchow—Robin) space and thereby
to CSF production (Nagelhus and Ottersen 2013; Nakada 2014).

The amount of CSF produced at a rate of 0.3-0.4 mL min™! is approximately
450-550 mL in 24 h. The overall CSF turnover ranges roughly between 3 and
5 times per day given a total volume of the CSF space in adults between 90 and
150 mL (Davson et al. 1970; Battal et al. 2011; Nakada 2014).

According to the classical concept, CSF circulates through the ventricles, the
cisterns, and the subarachnoid space ultimately to be absorbed into the blood at
the level of the arachnoid villi. Ten to fifteen percent of CSF is drained into the
lymphatics that flow via the perineural spaces of the cranial and spinal nerves
(Davson et al. 1970; Cserr et al. 1992).

The CSF circulation has been explained by two different concepts: (1) bulk flow
(unidirectional circulation) and (2) pulsatile flow (back and forth motion). According
to the bulk flow concept, a hydrostatic pressure causes a gradient between the site of
its formation (choroid plexus in the ventricles with a slightly high pressure) and its
site of absorption (arachnoid granulations with a slightly low pressure). In contrast,
recent insights into a new hydrodynamics of the CSF visualized by phase-contrast
MR imaging provide evidence for the pulsatile flow concept, according to which
circulation of the CSF results from pulsations related to cardiac cycle of the cerebral
arteries (Battal et al. 2011; Bulat and Klarica 2011; Oreskovic and Klarica 2010;
Greitz and Hannerz 1996).

A study on laboratory animals found that 77 % of the lumbar CSF pulse wave
was caused by arterial and venous pulses in the spinal canal, and 23 % was caused
by spinal transmission of the intracranial pressure pulse wave (Urayama 1994).
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Based on the findings described above, CSF circulation appears much more
complex and most likely is driven by a combination of directed bulk flow, pulsatile
to-and-fro movement, and continuous bidirectional fluid exchange at the blood—
brain barrier and the cell membranes at the borders between CSF and interstitial
fluid spaces (Oreskovic and Klarica 2010; Brinker et al. 2014).

Traditional models of CSF physiology based on studies until the 1980s assumed
that any absorption would require a CSF pressure higher than the intravascular pres-
sure (McComb 1983). However, current concepts derived from studies on aquapo-
rins and blood-brain interfaces postulate the involvement of osmotic forces in brain
water homeostasis in addition to classical pressure gradient (Oreskovic and Klarica
2010; Brinker et al. 2014).

3.3 Transfer Mechanisms

All molecules stemming from the blood cross the blood—brain barrier or the blood—
CSF barrier by diffusion (e.g., passive or facilitated transport for proteins) or via
active transport (e.g. glucose).

The transfer properties of the blood—brain barrier are characterized by a charac-
teristic identification line (Oldendorf curve) for the lipophilic transport of small
molecules (Oldendorf et al. 1972). Substances of low solubility in olive oil (<1 %)
have little chances to pass the blood—brain barrier. Substances insoluble in fat such
as glucose and amino acids pass the barrier with the help of specific carrier mole-
cules (Abbott et al. 2010). Lipid-soluble substances of a molecular weight of more
than 500 Da also have problems passing the blood—brain barrier. However, larger
molecules, even when insoluble in fat (hydrophilic), can pass the blood—CSF barrier
more easily. This passage is governed by the Meyer—Overton rule (Nau et al. 1994;
Honkanen et al. 1995). In “steady state,” the ratio of CSF to serum concentrations
of hydrophilic molecules correlates with the hydrodynamic radii of molecules
(Felgenhauer 1974, 1995). The filtration line according to Felgenhauer (Fig. 3.1)
shows these ratios in molecular level with a hydrodynamic radius of 1-100 A.

The basic principles of secretion and transport at the blood—CSF barrier are iden-
tical to those of the blood—brain barrier. These are active transportation and facili-
tated diffusion, so that the inner lining of the plexus (epithelium) is either
characterized by secretion or absorption of isotonic fluid (Davson et al. 1970). The
most important transportation system at the blood—CSF barrier is the sodium®*/
potassium* ATPase located at the apical ciliated ridge (microvilli) of the plexus
choroideus (Keep et al. 1999). In addition, carboanhydrase for the exchange of
HCO= and CI- plays a role. Blocking these transportation systems is used therapeu-
tically (furosemide, acetazolamide) to reduce CSF formation (Carrion et al. 2001).
Although the main route of transport is unidirectional from the blood to the sub-
arachnoid space, there is also a bidirectional transport at the blood—CSF barrier
(Oreskovic and Klarica 2010; Brinker et al. 2014). This way, certain substrates
(inorganic ions, metabolites of neurotransmitters, antibiotics) can be removed from
the brain and the CSF. According to a recent two-photon imaging study visualizing
fluorescent tracers through a cranial window of living mice, a significant proportion
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of CSF recycles into the brain along paravascular pathways mediated by aquapo-
rin-4 channels (Iliff et al. 2012). The authors conclude that AQP4-mediated water
flow along vessels may be relevant for clearing brain interstitial water, interstitial
waste, and soluble proteins.

3.4  CSF Proteins and Factors Influencing
Their Concentration

The composition of the lumbar CSF has been intensively studied, since the introduc-
tion of the spinal tap more than a century ago (Quincke 1891; Wynter 1891). The CSF
is a cell-free clear fluid and contains approximately 0.3 % plasma proteins, or approxi-
mately 150-450 mg/L, depending on age and sampling site (ventricular vs. lumbar).

The majority of the protein content of the lumbar CSF is blood derived (80 %),
and the remainder consists of brain-derived or intrathecally produced proteins (20 %)
(Fig. 3.1, Tables 3.1 and 3.2) (Felgenhauer 1974; Thompson and Zeman 1992).

Under physiological conditions, blood-derived proteins enter the CSF compart-
ment via passive diffusion across the blood—CSF barrier. Depending on their molec-
ular size and their blood concentration, CSF proteins of blood origin show a specific
CSF-to-blood ratio The larger the protein size, the higher the concentration gradient
between blood and CSF (e.g., IgM > IgA > IgG > albumin) (Fig. 3.1, Tables 3.1 and
3.2) (Felgenhauer 1974).
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Table 3.1 Major blood-derived proteins in CSF (80 % of total CSF proteins)

Compound
Total protein
Albumin
1gG

IgA

IegM

CSF

Reference range (mean)
200-500 mg/L
150-350 mg/L
<40 mg/L
<6 mg/L
<1 mg/L

Blood (serum or plasma) | CSF—serum ratio

60-80 g/L

35-55 g/l <8x 1073
7-16 g/L <6x1073
0.7-4.0 g/l <4x1073
0.4-2.3 g/L <1.8x1073

Table 3.2 Mainly brain-derived proteins in CSF (20 % of total CSF proteins)

Compound
Transthyretin

Prostaglandin-p
synthase
(beta-trace)

Cystatin C
(y-Trace)

Apolipoprotein E
Neopterin

Neuron-specific
enolase (NSE)

Glial fibrillary
acidic protein
(GFAP)
Ferritin

S-100 protein
Myelin basic
protein (MBP)

Tau protein

Neurofilaments

Blood (serum or

CSF plasma)

Reference range (mean)
17 mg/L 250

15 mg/L 0.5

3 mg/L 0.5
6 mg/L 93.5
4.2 nmol/L |5.3
5 mg/L 6

0.12 mg/L 0

6 mg/L 120

2.9 mg/L 0.12
0.5 mg/L 0
0.2 mg/L 0

0.1 mg/L 0

mg/L

mg/L

mg/L

mg/L

nmol/L

pg/L

pe/L

pe/L

Intrathecal

synthesis (%)
Noteworthiness

93 Produced by
choroid plexus;
thyroid transporter

>99 Marker for CSF
fistula; enzyme and
retinol transporter

>99 Proteinase inhibitor
90 Lipid transporter
98 Marker for

microglia and
macrophage activity

>99 Marker for neuronal
damage
100 Marker for glial

activity or damage

97 Marker for
subarachnoid
bleeding

>99 Marker for glial
activity or damage

100 Marker for myelin
damage

100 Marker for neuronal
and axonal damage

100 Marker for axonal
damage

When molecular size and serum levels are known, the CSF concentration of a
given blood-derived protein can be calculated. A concentration in the CSF exceed-
ing the calculated value indicates a local production of that given protein within the
CNS, i.e., intrathecal synthesis (Felgenhauer 1995).
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Erythropoietin (EPO) in CSF may serve as an example (Fig. 3.1): Based on the
molecular weight (30 kd) and the corresponding hydrodynamic radius of 24 A, the
estimated CSF—serum ratio of EPO would be 0.01, if EPO found in CSF originated
from the blood compartment via passive diffusion only. The CSF—serum concen-
tration ratio of EPO in symptomatic controls (tension-type headache) appears how-
ever to be 0.126. Therefore, the approximate proportion of CSF EPO originating
from intrathecal synthesis can be estimated being 92 % (Widl et al. 2007).
Additional evidence for its intrathecal origin is that CSF EPO concentrations are
independent of blood—CSF barrier function, i.e., there is no Q,.-related increase of
EPO in the CSE.

Another way to determine the extent to which a given protein is produced within
the CNS formula taking into account the serum concentration of the respective pro-
tein (e.g., IgG) and the albumin CSF-to-serum ratio can be used. Various formulae
such as IgG index, IgG synthesis rate, and IgG(loc) have been developed to dis-
criminate between blood- and brain-derived fractions of IgG (Link and Tibbling
1977; Tourtellotte et al. 1980; Reiber and Felgenhauer 1987).

Another important factor influencing the protein content is the permeability at
the blood—CSF barrier (Felgenhauer et al. 1976). The function of the blood—CSF
barrier is best characterized by the albumin CSF-to-serum ratio, since albumin is
exclusively produced in the liver and not by the nervous system (Brettschneider
et al. 2005).

In blood-CSF barrier dysfunctions (elevated albumin CSF-serum ratio), the
concentration of proteins originating from blood (IgG, IgA, IgM) increases in
accordance with a nonlinear hyperbolic function (Reiber 1994).

In contrast, CSF proteins which are predominantly synthesized in the CNS
(>95 %) such as tau protein or NSE are not influenced by the respective blood con-
centration or the blood—CSF barrier function and therefore do not have to be related
to their respective blood levels or Q,;, when measured in the CSF (Reiber 2001;
Sussmuth et al. 2001).

Several additional factors may influence concentration of CSF proteins and have
to be considered when studying CSF parameters such as (a) circadian variation, (b)
volume of sampled CSF, and (c) rostrocaudal concentration gradient (Tumani and
Brettschneider 2005).

In addition, posture, physical activity, circadian influence, medication, surgical
intervention, intrathoracic pressure, and site of sampling may affect the CSF pro-
duction rate and thereby the concentration of CSF analytes as well.

CSF levels of IL-6, TNF-alpha, and HSP72 do not change with exercise and
remain below their corresponding plasma levels (Steensberg et al. 2006).

* In patients with a spinal needle placed in the lumbar region for continuous anal-
gesia, CSF substance P increased very rapidly with surgical intervention, whereas
the CSF norepinephrine concentration tended to decrease. Pregabalin at clinical
doses did not modulate the spinal neurotransmitter concentrations (Buvanendran
etal. 2012).
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» There is a large circadian variation with nearly fourfold difference of CSF
production rate between 6 p.m. (12 mL/h) and 2 a.m. (42 mL/h) as demonstrated
by CSF flow analysis by MRI (Nilsson et al. 1992). Accordingly, levels of the
brain-derived proteins such as tau protein and GFAP are likely to be influenced
by the CSF production rate. It has been reported that the levels of specific pros-
taglandin-d synthase (beta-trace) in CSF, which is mainly produced by lepto-
meninges and glia, undergo circadian changes (Jordan et al. 2004).

* While the lumbar CSF is most prevalent in the first CSF portion, more ventricu-
lar CSF will be present when an increasing volume is sampled. Accordingly, the
levels of blood-derived CSF proteins such as albumin will decrease and those of
brain-derived proteins such as tau protein will increase with increasing volumes
of obtained lumbar CSF (Reiber 2001; Sussmuth et al. 2001).

Serum proteins are constantly added to the descending ventricular CSF via the
blood—CSF barrier, represented by the arachnoid vessels, that apparently stretches
along the craniocaudal neuraxis. For this reason, under physiological conditions,
there is a rising gradient of total CSF protein from ventricles (256 mg/L) and cis-
terna magna (316 mg/L) to the lumbar subarachnoid space (420 mg/L) (Weisner and
Bernhardt 1978).

Similarly, the albumin concentration rises approximately 2.2-fold from the ven-
tricular CSF to the lumbar CSF (Gerber et al. 1998; Reiber 2001). CNS proteins of
parenchymal origin (e.g., tau protein) have a tendency to decrease, while CNS pro-
teins of meningeal origin (e.g., beta-trace) have a rising ventriculo-lumbar concen-
tration gradient (Tumani et al. 1999; Blodorn et al. 1999).
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Abstract

Lumbar puncture (LP), also known as spinal tap, is the most frequently used
technique through which the restricted compartment of the subarachnoid space
is accessed to sample cerebrospinal fluid. An LP can have both diagnostic and
therapeutic indications. To perform an LP, the optimal length, size, and type of
needle should be used, depending on the medical indication. Needles used for LP
can differ in length, diameter, and design. Head-to-head studies are in favor of
atraumatic-type and small-diameter needles given the lower incidence of post-
lumbar puncture headache (PLPH), and consensus-based guidelines recommend
to use 25G atraumatic needles.

The most important contraindication to perform an LP is a posterior fossa
mass and intracranial hypertension, given the risk of central nervous system or
tonsillar herniation. Other contraindications are local infections at the puncture
site, congenital abnormalities, and uncorrected bleeding diathesis. The LP proce-
dure is easy to perform by an experienced physician with proper understanding
of the anatomical implications and results in low risks of complications. The
most common complaint after an LP is PLPH; other infrequent complications
include infections, local hematomas, pain, and local discomfort.

In conclusion, an LP is a viable therapeutic technique and a common diagnos-
tic procedure, which, if performed correctly, has a low complication rate and a
high diagnostic yield and is usually more tolerable than patients expect.

Abbreviations

AD Alzheimer’s disease
BMI  Body mass index
CNS  Central nervous system

CS

F Cerebrospinal fluid

CT Computed tomography

Gauge

ICP Intracranial pressure
JPND The EU Joint Programme — Neurodegenerative Disease Research

LP

Lumbar puncture

MRI  Magnetic resonance imaging
PD Parkinson’s disease
PLPH Post-lumbar puncture headache

4.1 Technique

Lumbar puncture (LP), also known as spinal tap, is an invasive technique through
which the restricted compartment of the subarachnoid space is accessed to sample
cerebrospinal fluid (CSF). The procedure involves introducing a needle in the spine,
usually at a level below the medullary cone, and permitting access to the subarachnoid
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space. Another possibility to obtain CSF is to puncture at a higher level of the spine,
at the cervical vertebrae (C1-C2) referred as a lateral cervical puncture, or by a suboc-
cipital puncture that is not routinely applied.

LP has both diagnostic and therapeutic purposes. For diagnostic purposes, CSF
can be analyzed for differential cell counts and cytology; biochemistry like total
protein levels, protein electrophoresis, and albumin and glucose levels; as well as
bacteriological or virological cultures, immunoglobulins, or disease-specific bio-
markers, whereas the therapeutic indication can be either CSF removal to reduce
intracranial pressure (ICP) or to gain access to the central nervous system (CNS)
compartment for drug delivery, such as anesthesia or intrathecal chemotherapy.
Epidural and spinal anesthesia delivery uses the same technique as diagnostic LP
except that by epidural anesthesia, the needle tip is positioned in the epidural space
instead of in the subarachnoid space. An LP is a viable therapeutic technique and
remains a common diagnostic procedure, which, if performed correctly, has a low
complication rate and a high diagnostic yield and is usually more tolerable than
patients expect.

4.1.1 Procedure of LP

An LP is a stepwise procedure, from informing the patient to inserting the needle and
collecting CSF. A first step is to obtain consent from the patient, whereby the physi-
cian explains the procedure and outlines the potential common complications (see
Sect. 4.3). Verbal consent is often sufficient, but it is standardized in practice to obtain
written consent prior to invasive procedures (Beresford 1980). Next, the equipment,
such as sterile gloves, sterile drape, sterile gauze dressings, antiseptic solution, even-
tually a local anesthetic, syringe, needles, collection tubes, and wound dressing or
plaster are placed at a sterile field to avoid contamination. The physician should wash
his/her hands, put on sterile gloves, and make sure all of the equipment is sterile.

To start the procedure, the patient has to be positioned in either the left lateral
recumbent position (for right-handed physicians) with or without knees to chest or
in a sitting position. In the lateral recumbent position with knees to chest, the patient
should be positioned with the back flexed forward as far as possible, and the coronal
plane of the trunk should be perpendicular to the floor with one hip exactly above
the other. Lumbar lordosis is overcome in this position, and the neck is maintained
in the neutral position. The needle has to stay in the midline of the spine; therefore,
it is placed parallel to the floor. In the sitting position, the patient is positioned with
the neck and back completely flexed forward as this flexion facilitates the course of
the needle by widening the gap between adjacent lumbar spinal processes.

The position (recumbent or sitting up) depends on the physician, which position
he or she prefers to perform the LP, and on the patient. In case of immobilized
patients, being unable to sit up, the lateral recumbent position should be applied.
For lumbar CSF pressure measurement, patients need to be in the lateral recumbent
position (Van Dellen and Bill 1978; Adams et al. 1997). Advantages of the sitting
position are a higher CSF pressure and flow and thus a shorter procedure time,
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whereas an increased risk of severe headache might be a disadvantage of sitting up
(see Sect. 4.3.1) (Duits et al. submitted). Therefore, it is advised to perform LP in
the lateral recumbent position, as the sitting position during LP procedure is associ-
ated with more severe headache (Engelborghs et al. submitted).

Next, the site of insertion is defined as the intersection of the line joining the
most superior part of both iliac crests (Tuffier’s line) and the midline at the L4 spinal
process or L4/L5 interspace (Ellis and Feldman 1997; Ievins 1991). The needle is
inserted at the L3/L4 or L4/L5 interspace (Abrahams and Webb 1975), as both
spaces are below the level of the medullary cone (L1/L2) in the majority of adults if
no other spinal malformation is present (Ellis and Feldman 1997). The L4/L5 or L5/
S1 interspace should be used in children as the spinal cord ends at the L3 level. The
skin of the patient should be cleaned with disinfectant, and if a local anesthetic is
used, it should only be infiltrated subcutaneously because deeper structures are less
sensitive to pain and an increased volume may distort the tissues.

The final step is the insertion of the needle at the superior aspect of the inferior
spinal process angling the needle toward the umbilicus (15° toward the head) in
case the interspace L3/L4, L4/LS, or L5/S1 is used (American Association of
Clinical Anatomists EAC 1999). It is preferred to hold the bevel in the sagittal
plane as this diminishes injury to the dura mater by separating its longitudinal
fibers rather than cutting through them and reduces the risk of leakage of CSF
after the LP. The needle passes through the supraspinal ligament that connects
the tips of spinal processes and the interspinal ligaments between adjacent bor-
ders of spinal processes. In a following step when the needle gets through the
ligamentum flavum, a resistance can be felt, which is referred to by the physi-
cians as a “pop.” The needle is then in the epidural space containing the internal
vertebral venous plexus. A second “pop” or “give” represents penetration of the
needle through the dura mater into the subarachnoid space; nevertheless, these
pops cannot be felt by applying a small-gauge (G) needle. During the procedure,
the stylet is removed every 2 mm interval to check for flow of CSF. When using
an atraumatic needle instead of a cutting bevel needle (standard Quincke)
(Quincke 1891), the technique is the same, but an introducer could be inserted
into the interspinal ligament first, after which the smaller atraumatic needle is
inserted through the introducer.

By an unsuccessful attempt or if the needle strikes the bone, the needle has to be
withdrawn partially to the subcutaneous tissue, and the needle should be re-angled
as the needle opening may be obstructed by a nerve root (Van Dellen and Bill 1978).
If the attempt is still unsuccessful, it should be made sure the needle is in the mid-
line, through re-palpation, before trying again. Multiple attempts at different sites
should be avoided during the procedure, as this may cause local swelling and/or
bruising and sometimes muscle spasms. Furthermore, it will obscure surface ana-
tomical landmarks, making future attempts technically more difficult. If the LP
attempt is completely unsuccessful, despite due care and advice from a colleague
experienced in LP technique, fluoroscopy and ultrasound can be employed to guide
the procedure (see Sect. 4.1.2.2).
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Finally, in case of a successful LP, the CSF drips directly into the collection
tube(s). Normal CSF is transparent and colorless (“eau de roche,” according to the
historical neurology textbooks). If the LP is traumatic, the collected CSF will be
tinged with blood, which disappears if the CSF is collected in serial collections.
Even if the CSF looks transparent and colorless, it still can contain red blood cells
as the detection limit of visual inspection of CSF for blood contamination is about
0.05 % vol/vol blood (You et al. 2005). Aspirating CSF with a syringe should be
avoided in the sitting position because a slight negative pressure can cause subdu-
ral hemorrhage or herniation. Aspirating CSF is probably safe in the lateral recum-
bent position and is only applied with small-diameter needles due to the slow flow
rate; moreover, it is routinely performed in certain centers. However, active CSF
withdrawal is associated with a higher risk of severe headache and should be per-
formed with care. If a large CSF volume should be withdrawn (e.g., evacuating
LP), a large needle size is preferable above active withdrawal using a syringe
(Engelborghs et al. submitted). Throughout the procedure, it is essential to main-
tain a conversation with the patient, explain the steps, and reduce the patient’s
possible anxiety and discomfort. Moreover, psychological factors could play a role
in the appearance of complications, and thus, patients experiencing fear before the
procedure have a higher frequency of post-LP complaints (Duits et al. submitted;
Alcolea et al. 2014). Routine analysis of CSF requires only 3—6 mL of fluid instead
of the 30—60 mL routinely removed when the procedure was first described (Gower
et al. 1987); however, the volume of CSF withdrawn is not associated with post-
lumbar puncture headache (PLPH), local back pain, or other post-LP complaints
(Duits et al. submitted).

CSF Pressure Measurement Pressure measurements are executed prior to CSF
sampling, with a manometer connected to the end of the spinal needle once the
stylet has been removed. Patients should be in the lateral recumbent position.
However, if the dura can only be punctured in the sitting position, extreme care is
advised in moving the patient to a lateral position, ensuring the needle is neither
displaced nor broken during movement. During the pressure reading, the patient’s
legs should also be straightened slightly at the hips to avoid compression of the
intra-abdominal cavity, which could artificially elevate CSF pressure through trans-
mission of raised pressure within the intrathoracic cavity and consequently increase
cerebral venous blood pressure. With the use of a manometer, the opening pressure
is measured in terms of the height of the fluid column, in cmH,O (Wright et al.
2012). CSF flow depends on the diameter of the needle, and normally the manom-
eter will stabilize in a couple of minutes. To ensure peak pressure has been reached,
the patient is asked to breathe quietly several times in a calm state, and the CSF level
should oscillate slightly within the manometer, but not increase further.
A Queckenstedt’s or Valsalva maneuver should result in an increase of CSF pres-
sure. If absent or delayed, this is indicative of spinal stenosis. Nowadays, magnetic
resonance imaging (MRI) techniques have replaced these obsolete maneuvers to
diagnose spinal stenosis.
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4.1.2 Needle and Equipment to Perform LP

To perform an LP, the optimal length, size, and type of needle should be used, also
depending on the medical indication (e.g., LP to diagnose acute bacterial meningitis
vs. scheduled LP to sample CSF for biomarker analyses in case of Alzheimer’s
disease (AD)). Requirements include adequate flow rate, rapid and accurate trans-
duction of CSF pressure, and minimizing traumatic taps, leakages, failures, and
post-LP complications. Besides choosing the right needle, other supportive equip-
ment can reduce failures and facilitate the procedure.

4.1.2.1 The LP Needle

Needles used for LP can differ in length, diameter, and design. Depending on the
age and weight of the patient, purpose of the procedure, and minimizing discomfort
and complications, a correct choice of needle should be made (Table 4.1)!.

Length of the Needle Short needles are used for neonates and children, whereas
longer spinal needles are used in adults and in obese patients. The procedure is more
difficult with longer needles because the needles will typically be more flexible and
consequently often divert off course during the procedure (Wright et al. 2012).
Therefore, standard needles should be used where possible and, if necessary in case
of a dry tap, the needle should be advanced further as required to obtain CSF.

Table 4.1 Differences with regard to needle characteristics based on systematic review conducted
in April 2014

Needle Comparison Advantages Disadvantages
Length Short Children -
Long Adults or obese patients Procedure more difficult
Diameter Small Less complications, pain, Slow flow, longer collection
discomfort, blood time, more failures, and more
contaminations, medication, training/practice needed
and medical assistance
Large Fast flow, shorter collection More complications, large
time, and less failures perforations, and higher risk
of contaminations
Type Cutting bevel Feeling of penetration More complications,
through skin medication, medical
assistance, and costs
Atraumatic Reduced complication risk Low CSF flow, longer

and less costs, medication,
medical assistance, and
traumatic taps

collection time, more failures
and attempts, and no feeling
of penetration through skin

!'"The recommendations described are based on a systematic review conducted in April 2014. All
relevant studies published between January 1970 and March 2014 were identified and included in
the systematic analysis. Searches were conducted in PubMed and Google Scholar, with a filter for
English and search terms in title and/or abstract: needle and lumbar puncture.
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Diameter of the Needle There are many considerations to use needles with a small
or a large diameter, in gauge. Small-diameter needles yield less complications after
the procedure, less pain and discomfort for the patient, and lower blood patch rates
as PLPH is less frequent (Hatfield et al. 2008; Lambert et al. 1997; Flaatten et al.
1998; Wilkinson and Sellar 1991; Aamodt and Vedeler 2001). Otherwise, they pro-
duce longer collection times and more failures (Tourtellotte et al. 1972; Crock et al.
2014; Ginosar et al. 2012). Another disadvantage of a smaller diameter, reported by
medical staff during questionnaires in different institutions, is the need for more
training during the medical education, as well as into practice to avoid the problem
of failures and to increase confidence in using these needles (Tung 2013; Stendell
et al. 2012; Birnbach et al. 2001; Moller et al. 2013). Considerations are vice versa
for larger-bore needles.

In a total of 19 previous studies, from 1970 to 2014, different sizes of needles
were compared (Table 4.2). Two study groups detected no differences in the com-
pared needle sizes (20G vs. 22G, 23G vs. 25G) (Hammond et al. 2011; Kim and
Yoon 2011); three other articles described a positive effect, such as faster collec-
tion time and less failures, when larger-bore needles were used (Ellis et al. 1992;
Ready et al. 1989; Kokki and Hendolin 1996), whereas the majority of studies
suggest the use of smaller-diameter needles (Hatfield et al. 2008; Lambert et al.
1997, Flaatten et al. 1998; Wilkinson and Sellar 1991; Aamodt and Vedeler 2001;
Muller et al. 1994; Kleyweg et al. 1998; Vilming et al. 2001; Tourtellotte et al.
1972; Kaukinen et al. 1981; Crock et al. 2014; Lowery and Oliver 2008; Kovanen
and Sulkava 1986; Palmers et al. 2002; McConaha et al. 1996; Tung 2013; Stendell
et al. 2012). The articles reported a lower incidence of PLPH, low back pain, and
discomfort and consequently a reduced use of medical assistance and medication
after the procedure, when using small-diameter needles. Needles with a smaller
diameter are also normally used to reduce the risk of PLPH and to avoid blood
contaminations, defined as >5/pL red blood cells in the first tube of CSF collected
(Armon et al. 2005).

In diagnostic context, LPs are often performed with larger-gauge needles
(20-22G), whereas for therapeutic purposes, the needles are more narrow
(25-27G) (Ginosar et al. 2012; Boon et al. 2004).

Reasons for using large-bore spinal needles include the increased speed in
obtaining CSF samples by passive flow and the shorter time required to equilibrate
the CSF pressure, when using a manometer. For CSF pressure measurement, nee-
dles smaller than 22G (thus >22G) are not suitable. Moreover, it is not recom-
mended to use the smallest needle available because more technical difficulties
occur, leading to failures, and because the duration of the procedure will be pro-
longed through the slow flow with these small spine needles (Flaatten et al. 1989).
On the other hand, large needles are also not preferred as they produce large dural
perforations with a higher risk of PLPH and contaminations. Needles used in chil-
dren are selected based on the same criteria used for adults as described above.

In conclusion, a balance between the risk of PLPH, procedure duration, flow,
and technical failure has to be considered for each patient individually (Turnbull
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Table 4.2 Comparison between needle diameters in articles published between 1970 and 2014

Conclusion

No difference in
performance
between needle
sizes

Large-bore needles
are preferred

Small-bore needles
are preferred

Questionnaire to
medical institutions,
favors the small-
needle type

Comparison
between needle
diameters (gauge)
20 vs. 22

23 vs. 25

20 vs. 22

22 vs. 25

25vs.29

20 vs. 22

22 vs. 26

22 vs. 25
20 vs. 22 vs. 23

22 vs. 24
22 vs. 29
25 vs. 26 vs. 27

19 vs. 20 vs. 22
22 vs. 25 vs. 27
20 vs. 22
22 vs. 24

Reasons for
choosing a needle
diameter

= PLPH, traumatic
tap incidence

= PLPH, low back
pain, attempts

| Collection time,
CSF pressure
measurement

| Leakage

| Collection time,
failures, PLPH

| PLPH, complaints,
blood patch rates

1 Collection time

| PLPH, pain

1 Practice

| PLPH interval,
low back pain

| PLPH

| PLPH
| PLPH, failures

| PLPH, blood patch
rates

| PLPH

| PLPH, costs
| Complaints

References
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(1998), Vilming et al.
(2001)
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PLPH post-lumbar puncture headache, = no difference, | reduced/faster/less, 1 more

and Shepherd 2003). The smallest needle as possible is recommended; however,
longer sampling time and more failures should be taken into account for small-
diameter needles, though with a reduced risk of PLPH, low back pain, and less
discomfort. Nevertheless, in most centers, a 22G needle or larger needle diameter
is used (Stendell et al. 2012; Birnbach et al. 2001). Once the practitioner is more
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confident, by often usage, the use of smaller needle types should be considered,
which will lead to less failures and an easier procedure (Tung 2013).

Design of the Needle To date, different designs of needles are available; Quincke-
type needles (Spinocan® and Yale™) are the standard needles with a cutting bevel
and the orifice at the needle tip. Whitacre™, Sprotte®, Atraucan®, Pencan®, and
Pajunk® needles are noncutting, pencil-point, or atraumatic needles (Fig. 4.1).

Cutting bevel needles are still the standard needles mostly used in practice,
because of the disadvantages of the atraumatic needles, such as low CSF flow and
longer sampling time, little availability of these needles, less practical experience,
a high failure rate, and the fact that when using local anesthetics, due to the thick
introducer needle that penetrates the skin, it cannot be felt as well as with the stan-
dard needles when the dura is penetrated (Tung 2013; Stendell et al. 2012; Birnbach
et al. 2001; Moller et al. 2013; Sharma et al. 1995). Needle types were compared
in 35 studies between 1970 and 2014 (Table 4.3). No difference was reported in
two studies (Quincke vs. Whitacre™) by comparing transdural fluid leakage and
vascular trauma associated with blood contamination in CSF (Ready et al. 1989;
Knowles et al. 1999). Three studies investigated the incidence of post-LP compli-
cations, such as PLPH and low back pain, and found no differences for all compari-
sons (Yale™ vs. Sprotte®, Spinocan® vs. Whitacre™, Quincke vs. an atraumatic
needle type) (Aamodt and Vedeler 2001; Lenaerts et al. 1993; Luostarinen et al.
2005).

Nevertheless, in the 35 published articles, most studies recommended atraumatic
needles as the best needle to perform LPs, when different needle types were compared
(Table 4.3) (Alcolea et al. 2014; Hatfield et al. 2008; Lambert et al. 1997; Hammond
etal. 2011; Muller et al. 1994; Kleyweg et al. 1998; Lowery and Oliver 2008; Palmers
et al. 2002; Braune and Huffmann 1992; Ohman et al. 1995; Strupp et al. 2001;

3 3

\
I s
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Fig.4.1 Schematic representative of lateral (a) and superior (b) aspects of the tips of spinal nee-
dles. I standard large-bore beveled needle, 2 standard small-bore beveled needle, and 3 atraumatic
small-bore needle
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Tung et al. 2012; Vakharia and Lote 2012; Davis et al. 2014; Pedersen 1996; Kokki
et al. 1999; Lavi et al. 2007; Lavi et al. 2006; Puolakka et al. 2000; Quinn et al. 2013;
Carson and Serpell 1996; Thomas et al. 2000; Kokki et al. 2000; Reynolds and
O’Sullivan 1998; Dakka et al. 2011; Vidoni et al. 2014). Advantages of the atraumatic
needles are a lower incidence of PLPH, low back pain, and nausea/vomiting than cut-
ting bevel needles, which consequently reduce healthcare costs as less medication and
medical assistance, such as blood patches, are needed after the procedure (Cruickshank
and Hopkinson 1989). Furthermore, lower incidence in traumatic taps is described
when atraumatic needles are used; however, more attempts and failures are reported
for these needle types. No exact data is available concerning other post-LP complaints
than PLPH, number of traumatic taps, or failures. The technical drawbacks of atrau-
matic needles can be overcome with more training, also within practice, and likewise,
several authors conclude that the disadvantages seem less decisive if the reduced risk
of PLPH and, therewith, the time and cost savings for the healthcare system are taken
into account (Strupp et al. 2001; Tung et al. 2012; Linker et al. 2002; Peskind et al.
2005; Arendt et al. 2009), which especially holds true for younger patients who have
a higher risk of PLPH than the elderly.

Conclusion In conclusion, head-to-head studies are in favor of atraumatic-type
and small-diameter needles with regard to the lower incidence of PLPH. Recently
published consensus-based recommendations for preanalytical issues on AD and
Parkinson’s disease (PD) CSF biomarker analysis recommend to use 25G atrau-
matic needles (del Campo et al. 2012). However, at least in Europe, many centers
keep using small to medium cutting bevel-type needles, arguing that a higher CSF
flow and, thus, shorter sampling time with a lower failure rate are important, with
still very acceptable complication rates. Nevertheless, 25G atraumatic needles are
recommended based on the JPND (the EU Joint Programme — Neurodegenerative
Disease Research) “BIOMARKAPD” consortium on the standardization and har-
monization of biomarkers for AD and PD (Engelborghs et al. submitted).

4.1.2.2 Complementary Equipment That Guide the LP Procedure
Difficulties in CSF sampling can occur, such as hemorrhagic CSF in case of a
traumatic LP or a misplaced needle due to incorrect estimation of the anatomical
landmarks in case of obese patients or spinal malformations. A standard LP pro-
cedure is mostly successful; nevertheless, in some patients, the execution of the
technique is difficult. Alternatives to surface landmark-guided LP are fluoroscopy
and ultrasound guidance (Table 4.4).

Table 4.4 Advantages and disadvantages of equipment that guide the LP procedure

Type of equipment Advantages Disadvantages
Fluoroscopy Real time, less traumatic taps due | Radiation exposure and

to a single pass of the needle requirement of a radiologist
Ultrasound More certainty and no radiation Not real time, asset is inversely

related to BMI
BMI body mass index
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Fluoroscopy shows the bone structures of the lumbar spine and provides real-
time information about the precise position of the needle as it is being inserted
(Eskey and Ogilvy 2001). During fluoroscopy, it is almost always possible to access
the subarachnoid space with a single pass of the needle, whereas LPs at bedside rely
on manual and mental estimation of the bone anatomy to guide the needle. While
fluoroscopy is rarely needed to access the subarachnoid space with a spinal needle,
it is routinely used for difficult cases in which bedside LP has failed. Traumatic taps
are reduced by minimizing disruption of vascular structures, which is best accom-
plished by accessing the subarachnoid space with a single pass of the needle and
avoiding the anterior epidural venous plexus entirely; this is easily done with the use
of fluoroscopy. Disadvantages of this technique are the radiation exposure for the
patient and the requirement of a radiologist to perform the procedure. To avoid these
problems of fluoroscopy, ultrasound can be used to identify pertinent landmarks in
those patients whose anatomical structures are difficult to palpate or whose body
mass index (BMI) is in the obese category (Stiffler et al. 2007). Ultrasound may thus
provide enough information to allow the physician to proceed with more certainty.
However, the asset of this technique is inversely related to the patient’s BMI, and
ultrasound is often used before the actual LP takes place and, thus, not in real time.

4.2 Contraindications

An LP is an extremely safe procedure when performed by an experienced or prop-
erly supervised practitioner using standard methods. Nevertheless, contraindica-
tions can appear due to fluid shifts and pressure gradient changes between CNS
compartments.

Lowering of the spinal compartment pressure, by removal of CSF, can cause a
caudal shift of the transtentorial or tonsillar structures from their normal position,
referred to as a CNS herniation (Sinclair et al. 2009). For this reason, all patients
undergoing an LP have, theoretically, a risk of cerebral herniation. In patients with
normal intracranial anatomy and pressure, this risk is negligible. However, by per-
forming an LP in patients with abnormal ICP, the lumbar CSF pressure is lowered
further, allowing the raised pressure compartment above the puncture site to move
along the pressure gradient and consequently cause herniation. This is different
from uniformly raised ICP within the whole CNS compartment, e.g., idiopathic
intracranial hypertension, where no internal pressure gradient has developed and
where it is safe to perform an LP.

While structural brain imaging frequently eliminates the need for diagnostic LP
by providing a firm diagnosis, such as subarachnoid hemorrhage or brain tumor,
indications for diagnostic LP still remain, such as suspected bacterial, viral, or carci-
nomatous meningitis and meningoencephalitis, suspected subarachnoid hemorrhage
in case of negative structural imaging of the brain, AD and related disorders, atypical
multiple sclerosis (Stangel et al. 2013), and suspected spinal cord compression from
metastatic diseases requiring myelography (Gower et al. 1987; Engelborghs 2013).
For these indications, drug administration, and other diagnostic purposes, the LP is
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contraindicated if the risk of the procedure outweighs the potential benefit. In practice,
a brain computed tomography (CT) or MRI scan is always performed prior to LP if
a patient is over the age of 60 years, or immunocompromised, or has a previous CNS
disease, any recent seizures, reduced consciousness, papilledema, or an abnormal
neurological examination. This is why, in many centers, it is routine to perform brain
imaging before an LP to exclude potential risks. In some circumstances requiring
urgent medical care, the physician can decide to perform a fundoscopy only in order
to rule out papilledema before proceeding to LP.

The following CT criteria should be considered as a contraindication, while they
can be applied for MRI imaging too. However, it should be emphasized that imag-
ing appearances should always be put in context of the individual case (Hasbun
et al. 2001; Gopal et al. 1999).

* CT evidence of unequal pressures across the falx cerebri
Unequal supratentorial pressures are found by lateral shift of the midline struc-
tures (septum pellucidum, third ventricle, pineal gland). Asymmetry of the lat-
eral ventricles alone is not an accurate sign, since ipsilateral ventricular dilation
may occur secondary to stroke, or coaptation of a frontal horn may represent a
normal anatomical variant. Result of LP of unequal supratentorial pressures
would most likely lead to compression of the ipsilateral temporal lobe, leading to
an uncal herniation.

* CT evidence of unequal pressures between the supratentorial and infratentorial
compartments
Two increased pressure types may be detected: the elevated pressure upward to
the tentorium, pushing structures into the posterior fossa, and the elevated pres-
sure caudal to the tentorium, pushing structures upward as well as through the
foramen magnum. Decompression of the spine and posterior fossa compart-
ments by LP may cause the medial temporal lobes to impact into the tentorial
hiatus bilaterally (bilateral uncal herniation).

The most important contraindication to LP is a posterior fossa mass. Increase of
pressure in this region may move the cerebellar tonsils into the region of the fora-
men magnum, predisposing the patient to tonsillar herniation, even when only a
small amount of CSF is removed.

Other contraindications can appear at the site of the LP, such as local infec-
tions at the puncture site, congenital abnormalities, and uncorrected bleeding
diathesis. Needle puncture through infected tissue prior to entry into the arach-
noid space could allow infective organisms a direct route of entry into an other-
wise sterile compartment. This increases the risk of CNS infection and reduces
the diagnostic validity in case of suspected CNS infection. Another contraindica-
tion described is the risk of hemorrhage and spinal hematoma formation. To
minimize the risk of spinal hematoma, it is recommended that prior to LP, plate-
let count (should be above 40x 10°/L) and coagulation status are checked and
that increased bleeding risk is excluded (e.g. coagulopathy, uncorrected bleeding
diathesis, anticoagulant medication). Where possible, drugs affecting
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coagulation should be discontinued to allow the coagulation profile to normalize
to minimize hemorrhagic risks, although the risk of discontinuation and conse-
quent risk of thrombosis need to be considered (Keeling et al. 2011). The use of
antiplatelet drugs is only a very relative and weak contraindication to perform
LP, and many centers perform LPs routinely in patients treated with antiplatelet
drugs. Therefore, it is assumed that an LP can be safely performed in patients
taking antiplatelet drugs.

4.3 Complications

The LP procedure is easy to perform by an experienced physician with proper
understanding of the anatomical implications and results in low risks of complica-
tions. The most common complaint after an LP is PLPH; other infrequent complica-
tions include infections, local hematomas, pain, and local discomfort (Table 4.5).
Due to precautions (like pre-LP brain imaging; see Sect. 4.2), the risk of CNS her-
niation is a theoretical risk. Also, the development of a post-LP subdural hematoma
is extremely rare (Duffy 1969). Nevertheless, a traumatic tap, difficulties in finding
landmarks, and even a successful procedure can result in an intraspinal epidermoid
tumor due to introducing epithelial cells into the spinal canal because of wrong use
of the stylet (McDonald and Klump 1986). Rare cases of retroperitoneal abscess
produced by dural laceration in a patient with meningitis have been reported (Levine
et al. 1982). Lastly, hypoxia and ventilation-perfusion mismatches due to a long
period of flexion of the neck which obstructs the airway in children are reported in
some rare cases (Gleason et al. 1983).

Currently, the Alzheimer’s Association multicenter study on LP feasibility is
running. This global and multicenter study aims to establish the incidence of PLPH
and other complications in patients admitted for cognitive disturbances. The study
is powered to allow evaluation of factors influencing complications, including both
patient-related (age, history of headache, cognitive status, and psychological fac-
tors) and procedure-related (needle type and size, number of LP attempts, active vs.
passive withdrawal of CSF, positioning of the patient during LP, local anesthesia,
volume of CSF withdrawn, and bed rest after LP) factors. Preliminary data have led
to consensus recommendations that are in line with those described in this chapter
(Duits et al. submitted; Engelborghs et al. submitted).

Table 4.5 Prevalence of complications after LP

Complications Prevalence (%) References

PLPH 1-40 Strupp et al. (2001), Linker et al. (2002), Evans et al.
(2000), Boonmak and Boonmak (2010)

Back pain 16 Alcolea et al. (2014)

Infection <0.01 Baer (2006), van de Beek et al. (2010)

Spinal hematoma | <0.01 Dakka et al. (2011), Zetterberg et al. (2010)

PLPH post-lumbar puncture headache
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4.3.1 Post-LP Headache

PLPH is the most common complication of LP, ranging between 1 and 40 % depend-
ing on needle type and patient population (Strupp et al. 2001; Linker et al. 2002;
Evans et al. 2000; Boonmak and Boonmak 2010). In the majority of patients, the
headache occurs within 3 days after the procedure, and in 66 % of patients suffering
from PLPH, it starts within the first 48 h (Leibold et al. 1993). Rarely, PLPH devel-
ops either between 5 and 14 days or immediately after the LP. The location of PLPH
varies, but it most commonly radiates from the frontal and occipital areas to the
neck and shoulders. PLPH mostly has a moderate to severe intensity and worsens by
head movement, upright posture, and Valsalva maneuvers. The pain can be relieved
by lying down, which is often also recommended directly after an LP to mitigate the
chance of developing a low-pressure headache. However, there is no evidence to
suggest a benefit of this approach (Duits et al. submitted; Vilming et al. 1988;
Dieterich and Brandt 1985; Handler et al. 1982; Winsvold et al. 2011; Arevalo-
Rodriguez et al. 2013). Sometimes PLPH is accompanied by transient symptoms as
nausea, vomiting, vertigo, hearing loss, tinnitus, dizziness, upper and lower limb
pain, and visual disturbances.

PLPH is thought to be caused by faster leakage of CSF through the dural punc-
ture site into the epidural and paravertebral spaces than it can be compensated by its
production rate (Tourtellotte et al. 1972). Consequently, excess loss of CSF leads to
intracranial hypotension and an absolute reduction of CSF volume below the cis-
terna magna with resultant downward movement of the brain and traction on pain-
sensitive structures in the cranial cavity (Raskin 1990; Grant et al. 1991).

Risk factors for PLPH are female sex (Muller et al. 1994; Kleyweg et al. 1998;
Vilming et al. 2001; Tourtellotte et al. 1972; Crock et al. 2014), younger age (<60,
but not often found in children <18) (Alcolea et al. 2014; Muller et al. 1994; Dakka
etal. 2011; Vidoni, et al. 2014; Zetterberg et al. 2010; Bolder 1986; Wee et al. 1996;
Janssens et al. 2003), lower BMI (<25 kg/m?) (Muller et al. 1994; Lavi et al. 20006;
de Almeida et al. 2011), sitting position during LP, standard cutting bevel needle
type compared to atraumatic needle of same size (see Sect. 4.1.2.1), multiple punc-
tures, use of anticoagulants, and large needle bore (see Sect. 4.1.2.1) (Boon et al.
2004). No negative association between PLPH and cognitive dysfunction or demen-
tia with cerebral atrophy or larger CSF spaces has been demonstrated, although
PLPH occurs significantly less frequent in elderly as compared to adolescents and
adults (Zetterberg et al. 2010). Three independent studies have shown that the prev-
alence of PLPH is systematically less than 5 % in the elderly (Zetterberg et al. 2010;
Andreasen et al. 2001; Blennow et al. 1993). This suggests that PLPH is associated
with factors related to aging, such as lower pain sensitivity, more rigid dural fibers
or arteriosclerotic vessels, and possibly also to a lower degree of anxiety regarding
the procedure. Importantly, PLPH incidence is not related to volume of CSF with-
drawal (Duits et al. submitted; Grant et al. 1991; Kuntz et al. 1992).

Treatment for PLPH Conservative treatment for PLPH consists of bed rest,
analgesics, and adequate hydration, as it is mostly a self-limiting headache. When
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conservative management fails, the aims of treatment of PLPH are to replace the
lost CSF, seal the puncture site, and control the cerebral vasodilatation. Therefore,
in case of persistent and severe PLPH, epidural blood patches are used with high
success rates and low incidence of complications (van Kooten et al. 2008).

A blood patch consists of injecting the patient’s own blood into the epidural
space at the level of the original LP, where the blood will clot and occlude the per-
forations, preventing further CSF leak. There is no consensus on the precise volume
of blood required. Likely, 20-30 mL is successful, whereas lower volumes are inad-
equate (Turnbull and Shepherd 2003). After injection, the blood distributes caudally
and cranially and passes circumferentially around the anterior epidural space,
hereby compressing the thecal space, and additionally, the blood passes out of the
intervertebral foramina and into the paravertebral spaces. During the procedure, it is
preferred to avoid advancing the needle through the dura, as this additional dural
puncture may prolong the intracranial hypotension. If the patient describes lancinat-
ing pain of dermatomal origin, the procedure should be stopped.

Symptoms typically improve within a few hours after the blood patch is applied.
Still, it is recommended that patients lie recumbent for at least 2 h before mobiliz-
ing; this is to avoid movement of the epidural blood (Martin et al. 1994). If symp-
toms do not improve within two days, it is likely that the procedure has failed, either
due to using the wrong location, incomplete dispersing of the blood within the epi-
dural space to the puncture site, or creating a further additional dural puncture. In
such cases, MRI of the spine should be performed to ensure the correct CSF leaking
site has been identified, which however may be more difficult after a blood patch.

Other therapeutic agents also exist to prevent PLPH; however, due to the lack of
large, randomized, controlled clinical trials, blood patches are the gold standard
(Turnbull and Shepherd 2003; van Kooten et al. 2008).

4.3.2 Infection

Post-LP infections, such as meningitis or local infections at the LP site, are uncom-
mon. However, if infections occur, they are mostly due to accidental contamination.
Potential routes of infection include from practitioner’s hands, from patient’s skin,
or through aerosolization of organisms from the practitioner’s mouth. Appropriate
antimicrobial therapy depends on local hospital guidelines and should be discussed
with the microbiologists.

4.3.3 Local Discomfort, Radicular Pain, and Pain Referred
to the Limb

Post-LP discomfort at the puncture site is common and could be minimized by
using small-diameter-bore needles and/or atraumatic needles with a single success-
ful attempt (see Sect. 4.1.2.1) (Wright et al. 2012). Moreover, a maximum of four
LP attempts is probably still acceptable (Engelborghs et al. submitted). The pain
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should settle promptly, within a couple of hours. However, if the pain is more severe
or persistent, further investigation of possible hematoma formation (see Sect. 4.3.4)
or local infection (see Sect. 4.3.2) is required. Although persistent radicular pain is
infrequent, pain referred to the limb could occur if a nerve root has been damaged.
By avoiding negative pressure, through withdrawal with a syringe (attached to the
needle) or when an anesthetic solution is injected, the risk of nerve injury is reduced.
Moreover, negative pressure may pull a spinal nerve root against the needle tip and
produce paresthesia, pain, or nerve injury. Treatment for discomfort and pain
depends on the severity of the complication.

4.3.4 Spinal Hematoma

A spinal hematoma occurs rarely but could cause spinal cord or cauda equina com-
pression. The physician should be alert for the possibility of hemorrhage if post-LP
the patient develops severe, persistent back pain or radicular pain, new sensory or
motor symptoms, sphincter disturbance, or meningism (Sinclair et al. 2009). Spinal
hematomas typically present within the first 6 h after the LP, although in 22 % of
cases, it appears after 24 h. A spinal MRI scan may be indicated. Blood sampling with
platelet count should be repeated, and antiplatelet or anticoagulant medications should
not be restarted. Conservative treatment could be applied if the symptoms are mild
and there are early signs of neurological recovery, whereas in more severe cases or
when the patient deteriorates, surgical evacuation of the hematoma could be required.

4.4 Conclusions and Recommendations

LP is a viable therapeutic technique and a common diagnostic procedure, which, if
performed correctly, has a low complication rate, a high diagnostic yield, and is usu-
ally more tolerable than patients expect. The most important contraindication to per-
form an LP is a posterior fossa mass and intracranial hypertension, given the risk of
CNS or tonsillar herniation. To perform an LP, the optimal length, size, and type of
needle should be used, which may differ according to the medical indication. PLPH
is the most common complication of LP, with an incidence ranging between 1 and
40 %, depending on needle type and patient population. Head-to-head studies are in
favor of atraumatic and small-diameter needles, given the lower incidence of post-LP
complaints. However, regardless of needle type, frequency of severe complications is
very low; hence, small- to medium-diameter cutting bevel-type needles can be used
with good confidence. For more detailed guidelines, we refer to the consensus-based
guidelines of the JPND “BIOMARKAPD” consortium on the standardization and
harmonization of biomarkers for AD and PD (Engelborghs et al. submitted).

Acknowledgments This work was supported by the University of Antwerp Research Fund;
the Alzheimer Research Foundation (SAO-FRA); the Research Foundation Flanders (FWO); the
Agency for Innovation by Science and Technology (IWT); the Belgian Science Policy Office



4 Techniques, Contraindications, and Complications of CSF Collection Procedures 53

Interuniversity Attraction Poles (IAP) program; and the Flemish Government initiated Methusalem
excellence grant, Belgium.

This is an EU Joint Programme — Neurodegenerative Disease Research (JPND) project, which
is supported through the following funding organization under the aegis of JPND: ZonMw
(the Netherlands).

References

Aamodt A, Vedeler C (2001) Complications after LP related to needle type: pencil-point versus
Quincke. Acta Neurol Scand 103(6):396-398

Abrahams PH, Webb P (1975) Clinical anatomy of practical procedures. Pitman Medical, London,
pp 13-15

Adams RD, Maurice V, Ropper AH (1997) Principles of neurology, 6th edn. McGraw-Hill,
New York, pp 13-14

Alcolea D, Martinez-Lage P, Izagirre A, Clerigue M, Carmona-Iragui M, Alvarez RM et al (2014)
Feasibility of lumbar puncture in the study of cerebrospinal fluid biomarkers for Alzheimer’s
disease: a multicenter study in Spain. J Alzheimers Dis 39(4):719-726

American Association of Clinical Anatomists EAC (1999) The clinical anatomy of several inva-
sive procedures. Clin Anat 12:43-54

Andreasen N, Minthon L, Davidsson P, Vanmechelen E, Vanderstichele H, Winblad B et al (2001)
Evaluation of CSF-tau and CSF-Abeta42 as diagnostic markers for Alzheimer disease in clini-
cal practice. Arch Neurol 58(3):373-379

Arendt K, Demaerschalk BM, Wingerchuk DM, Camann W (2009) Atraumatic lumbar puncture
needles: after all these years, are we still missing the point? Neurologist 15(1):17-20

Arevalo-Rodriguez I, Pedraza OL, Rodriguez A, Sanchez E, Gich I, Sola I et al (2013) Alzheimer’s
disease dementia guidelines for diagnostic testing: a systematic review. Am J Alzheimers Dis
Other Demen 28(2):111-119

Armon C, Evans RW, Therapeutics, Technology Assessment Subcommittee of the American
Academy of N (2005) Addendum to assessment: prevention of post-lumbar puncture head-
aches: report of the Therapeutics and Technology Assessment Subcommittee of the American
Academy of Neurology. Neurology 65(4):510-512

Baer ET (2006) Post-dural puncture bacterial meningitis. Anesthesiology 105(2):381-393

Beresford HR (1980) Informed consent before lumbar puncture. N Engl J Med 303(26):1534

Birnbach DJ, Kuroda MM, Sternman D, Thys DM (2001) Use of atraumatic spinal needles among
neurologists in the United States. Headache 41(4):385-390

Blennow K, Wallin A, Hager O (1993) Low frequency of post-lumbar puncture headache in
demented patients. Acta Neurol Scand 88(3):221-223

Bolder PM (1986) Postlumbar puncture headache in pediatric oncology patients. Anesthesiology
65(6):696—-698

Boon JM, Abrahams PH, Meiring JH, Welch T (2004) Lumbar puncture: anatomical review of a
clinical skill. Clin Anat 17(7):544-553

Boonmak P, Boonmak S (2010) Epidural blood patching for preventing and treating post-dural
puncture headache. Cochrane Database Syst Rev (1):CD001791

Braune HJ, Huffmann GA (1992) A prospective double-blind clinical trial, comparing the sharp
Quincke needle (22G) with an “atraumatic” needle (22G) in the induction of post-lumbar punc-
ture headache. Acta Neurol Scand 86(1):50-54

Carson D, Serpell M (1996) Choosing the best needle for diagnostic lumbar puncture. Neurology
47(1):33-37

Crock C, Orsini F, Lee KJ, Phillips RJ (2014) Headache after lumbar puncture: randomised cross-
over trial of 22-gauge versus 25-gauge needles. Arch Dis Child 99(3):203-207

Cruickshank R, Hopkinson J (1989) Fluid flow through dural puncture sites. Anaesthesia
44(5):415-418



54 E. Niemantsverdriet et al.

Dakka Y, Warra N, Albadareen RJ, Jankowski M, Silver B (2011) Headache rate and cost of care
following lumbar puncture at a single tertiary care hospital. Neurology 77(1):71-74

Davis A, Dobson R, Kaninia S, Espasandin M, Berg A, Giovannoni G et al (2014) Change practice
now! Using atraumatic needles to prevent post lumbar puncture headache. Eur J Neurol
21(2):305-311

de Almeida SM, Shumaker SD, LeBlanc SK, Delaney P, Marquie-Beck J, Ueland S et al (2011)
Incidence of post-dural puncture headache in research volunteers. Headache 51(10):1503-1510

del Campo M, Mollenhauer B, Bertolotto A, Engelborghs S, Hampel H, Simonsen AH et al (2012)
Recommendations to standardize preanalytical confounding factors in Alzheimer’s and
Parkinson’s disease cerebrospinal fluid biomarkers: an update. Biomark Med 6(4):419—430

Dieterich M, Brandt T (1985) Is obligatory bed rest after lumbar puncture obsolete? Eur Arch
Psychiatry Neurol Sci 235(2):71-75

Duffy GP (1969) Lumbar puncture in the presence of raised intracranial pressure. Br Med J
1(5641):407-409

Duits FH, Martinez-Lage P, Paquet C, Engelborghs S, Lleo A, Hausner L et al (submitted)
Performance and complications of lumbar puncture in memory clinics: results of a multicenter
study. JAMA Neurol

Ellis H, Feldman S (1997) Anatomy for anesthetists, 7th edn. Blackwell Science, Oxford,
pp 108-112

Ellis RW 3rd, Strauss LC, Wiley JM, Killmond TM, Ellis RW Jr (1992) A simple method of esti-
mating cerebrospinal fluid pressure during lumbar puncture. Pediatrics 89(5 Pt 1):895-897

Engelborghs S (2013) Clinical indications for analysis of Alzheimer’s disease CSF biomarkers.
Rev Neurol (Paris) 169(10):709-714

Engelborghs S, Niemantsverdriet E, Struyfs H, Duits F, Teunissen C (submitted) Consensus guide-
lines to perform lumbar puncture for CSF sampling in neurological patients. Lancet Neurol

Eskey CJ, Ogilvy CS (2001) Fluoroscopy-guided lumbar puncture: decreased frequency of trau-
matic tap and implications for the assessment of CT-negative acute subarachnoid hemorrhage.
AJNR Am J Neuroradiol 22(3):571-576

Evans RW, Armon C, Frohman EM, Goodin DS (2000) Assessment: prevention of post-lumbar
puncture headaches: report of the therapeutics and technology assessment subcommittee of the
american academy of neurology. Neurology 55(7):909-914

Flaatten H, Rodt SA, Vamnes J, Rosland J, Wisborg T, Koller ME (1989) Postdural puncture headache.
A comparison between 26- and 29-gauge needles in young patients. Anaesthesia 44(2):147-149

Flaatten H, Krakenes J, Vedeler C (1998) Post-dural puncture related complications after diagnos-
tic lumbar puncture, myelography and spinal anaesthesia. Acta Neurol Scand 98(6):445-451

Ginosar Y, Smith Y, Ben-Hur T, Lovett JM, Clements T, Ginosar YD et al (2012) Novel pulsatile
cerebrospinal fluid model to assess pressure manometry and fluid sampling through spinal
needles of different gauge: support for the use of a 22G spinal needle with a tapered 27G
pencil-point tip. Br J Anaesth 108(2):308-315

Gleason CA, Martin RJ, Anderson JV, Carlo WA, Sanniti KJ, Fanaroff AA (1983) Optimal posi-
tion for a spinal tap in preterm infants. Pediatrics 71(1):31-35

Gopal AK, Whitehouse JD, Simel DL, Corey GR (1999) Cranial computed tomography before
lumbar puncture: a prospective clinical evaluation. Arch Intern Med 159(22):2681-2685

Gower DJ, Baker AL, Bell WO, Ball MR (1987) Contraindications to lumbar puncture as defined
by computed cranial tomography. J Neurol Neurosurg Psychiatry 50(8):1071-1074

Grant R, Condon B, Hart I, Teasdale GM (1991) Changes in intracranial CSF volume after lumbar
puncture and their relationship to post-LP headache. J Neurol Neurosurg Psychiatry
54(5):440-442

Hammond ER, Wang Z, Bhulani N, McArthur JC, Levy M (2011) Needle type and the risk of post-
lumbar puncture headache in the outpatient neurology clinic. J Neurol Sci 306(1-2):24-28

Handler CE, Smith FR, Perkin GD, Rose FC (1982) Posture and lumbar puncture headache: a
controlled trial in 50 patients. J R Soc Med 75(6):404—407

Hasbun R, Abrahams J, Jekel J, Quagliarello VJ (2001) Computed tomography of the head before
lumbar puncture in adults with suspected meningitis. N Engl J Med 345(24):1727-1733



4 Techniques, Contraindications, and Complications of CSF Collection Procedures 55

Hatfield MK, Handrich SJ, Willis JA, Beres RA, Zaleski GX (2008) Blood patch rates after lumbar
puncture with Whitacre versus Quincke 22- and 20-gauge spinal needles. AJR Am J Roentgenol
190(6):1686-1689

Ievins FA (1991) Accuracy of placement of extradural needles in the L3-4 interspace: comparison
of two methods of identifying L4. Br J Anaesth 66(3):381-382

Janssens E, Aerssens P, Alliet P, Gillis P, Raes M (2003) Post-dural puncture headaches in children.
A literature review. Eur J Pediatr 162(3):117-121

Kaukinen S, Kaukinen L, Kannisto K, Kataja M (1981) The prevention of headache following
spinal anaesthesia. Ann Chir Gynaecol 70(3):107-111

Keeling D, Baglin T, Tait C, Watson H, Perry D, Baglin C et al (2011) Guidelines on oral antico-
agulation with warfarin — fourth edition. Br J Haematol 154(3):311-324

Kim M, Yoon H (2011) Comparison of post-dural puncture headache and low back pain between
23 and 25 gauge Quincke spinal needles in patients over 60 years: randomized, double-blind
controlled trial. Int J Nurs Stud 48(11):1315-1322

Kleyweg RP, Hertzberger LI, Carbaat PA (1998) Significant reduction in post-lumbar puncture
headache using an atraumatic needle. A double-blind, controlled clinical trial. Cephalalgia
18(9):635-637

Knowles PR, Randall NP, Lockhart AS (1999) Vascular trauma associated with routine spinal
anaesthesia. Anaesthesia 54(7):647-650

Kokki H, Hendolin H (1996) Comparison of 25 G and 29 G Quincke spinal needles in paediatric
day case surgery. A prospective randomized study of the puncture characteristics, success rate
and postoperative complaints. Paediatr Anaesth 6(2):115-119

Kokki H, Salonvaara M, Herrgard E, Onen P (1999) Postdural puncture headache is not an age-
related symptom in children: a prospective, open-randomized, parallel group study comparing
a22-gauge Quincke with a 22-gauge Whitacre needle. Paediatr Anaesth 9(5):429-434

Kokki H, Heikkinen M, Turunen M, Vanamo K, Hendolin H (2000) Needle design does not affect
the success rate of spinal anaesthesia or the incidence of postpuncture complications in
children. Acta Anaesthesiol Scand 44(2):210-213

Kovanen J, Sulkava R (1986) Duration of postural headache after lumbar puncture: effect of needle
size. Headache 26(5):224-226

Kuntz KM, Kokmen E, Stevens JC, Miller P, Offord KP, Ho MM (1992) Post-lumbar puncture
headaches: experience in 501 consecutive procedures. Neurology 42(10):1884—1887

Lambert DH, Hurley RJ, Hertwig L, Datta S (1997) Role of needle gauge and tip configuration in
the production of lumbar puncture headache. Reg Anesth 22(1):66-72

LaviR, Yarnitsky D, Rowe JM, Weissman A, Segal D, Avivi I (2006) Standard vs atraumatic Whitacre
needle for diagnostic lumbar puncture: a randomized trial. Neurology 67(8):1492-1494

Lavi R, Rowe JM, Avivi I (2007) Traumatic vs. atraumatic 22 G needle for therapeutic and diag-
nostic lumbar puncture in the hematologic patient: a prospective clinical trial. Haematologica
92(7):1007-1008

Leibold RA, Yealy DM, Coppola M, Cantees KK (1993) Post-dural-puncture headache: character-
istics, management, and prevention. Ann Emerg Med 22(12):1863-1870

Lenaerts M, Pepin JL, Tombu S, Schoenen J (1993) No significant effect of an “atraumatic” needle
on incidence of post-lumbar puncture headache or traumatic tap. Cephalalgia 13(4):296-297

Levine JF, Hiesiger EM, Whelan MA, Pollock AA, Simbekoft MS, Rahal JJ Jr (1982) Pneumococcal
meningitis associated with retroperitoneal abscess. A rare complication of lumbar puncture.
JAMA 248(18):2308-2309

Linker G, Mirza N, Manetti G, Meyer M, Putnam K, Sunderland T (2002) Fine-needle, negative-
pressure lumbar puncture: a safe technique for collecting CSF. Neurology 59(12):2008-2009

Lowery S, Oliver A (2008) Incidence of postdural puncture headache and backache following
diagnostic/therapeutic lumbar puncture using a 22G cutting spinal needle, and after introduc-
tion of a 25G pencil point spinal needle. Paediatr Anaesth 18(3):230-234

Luostarinen L, Heinonen T, Luostarinen M, Salmivaara A (2005) Diagnostic lumbar puncture.
Comparative study between 22-gauge pencil point and sharp bevel needle. J] Headache Pain
6(5):400-404



56 E. Niemantsverdriet et al.

Martin R, Jourdain S, Clairoux M, Tetrault JP (1994) Duration of decubitus position after epidural
blood patch. Can J Anaesth 41(1):23-25

McConaha C, Bastiani AM, Kaye WH (1996) Significant reduction of post-lumbar puncture head-
aches by the use of a 29-gauge spinal needle. Biol Psychiatry 39(12):1058-1060

McDonald JV, Klump TE (1986) Intraspinal epidermoid tumors caused by lumbar puncture. Arch
Neurol 43(9):936-939

Moller A, Afshari A, Bjerrum OW (2013) Diagnostic and therapeutic lumbar puncture performed
safely and efficiently with a thin blunt needle. Dan Med J 60(9):A4684

Muller B, Adelt K, Reichmann H, Toyka K (1994) Atraumatic needle reduces the incidence of
post-lumbar puncture syndrome. J Neurol 241(6):376-380

Ohman S, Ernerudh J, Forsberg P, Roberg M, Vrethem M (1995) Lower values for immunoglobu-
lin M in cerebrospinal fluid when sampled with an atraumatic Sprotte needle compared with
conventional lumbar puncture. Ann Clin Biochem 32(Pt 2):210-212

Palmers Y, Kuhn FP, Petersen D, De Greef D (2002) Comparison in myelography between iodixa-
nol 270 and 320 mgl/ml and iotrolan 300 mgl/ml: a multicentre, randomised, parallel-group,
double-blind, phase III trial. Eur Radiol 12(3):686—-691

Pedersen ON (1996) Use of a 22-gauge Whitacre needle to reduce the incidence of side effects
after lumbar myelography: a prospective randomised study comparing Whitacre and Quincke
spinal needles. Eur Radiol 6(2):184—187

Peskind ER, Riekse R, Quinn JF, Kaye J, Clark CM, Farlow MR et al (2005) Safety and accept-
ability of the research lumbar puncture. Alzheimer Dis Assoc Dis 19(4):220-225

Puolakka R, Andersson LC, Rosenberg PH (2000) Microscopic analysis of three different spinal
needle tips after experimental subarachnoid puncture. Reg Anesth Pain Med 25(2):163-169

Quincke H (1891) Die lumbarpunktion des hydrocephalus. Klin Wochenschr 28(929-33):65-68

Quinn C, Macklin EA, Atassi N, Bowser R, Boylan K, Cudkowicz M et al (2013) Post-lumbar
puncture headache is reduced with use of atraumatic needles in ALS. Amyotroph Lateral Scler
Frontotemporal Degener 14(7-8):632-634

Raskin NH (1990) Lumbar puncture headache: a review. Headache 30(4):197-200

Ready LB, Cuplin S, Haschke RH, Nessly M (1989) Spinal needle determinants of rate of trans-
dural fluid leak. Anesth Analg 69(4):457-460

Reynolds F, O’Sullivan G (1998) Lumbar puncture and headache. “Atraumatic needle” is a better
term than “blunt needle”. BMJ 316(7136):1018

Sharma S, Gambling D, Joshi G, Sidawi J, Herrera E (1995) Comparison of 26-gauge Atraucan®
and 25-gauge Whitacre needles: insertion characteristics and complications. Can J Anaesth
42(8):706-710

Sinclair AJ, Carroll C, Davies B (2009) Cauda equina syndrome following a lumbar puncture.
J Clin Neurosci 16(5):714-716

Stangel M, Fredrikson S, Meinl E, Petzold A, Stuve O, Tumani H (2013) The utility of cerebrospi-
nal fluid analysis in patients with multiple sclerosis. Nat Rev Neurol 9(5):267-276

Stendell L, Fomsgaard JS, Olsen KS (2012) There is room for improvement in the prevention and
treatment of headache after lumbar puncture. Dan Med J 59(7):A4483

Stiffler KA, Jwayyed S, Wilber ST, Robinson A (2007) The use of ultrasound to identify pertinent
landmarks for lumbar puncture. Am J Emerg Med 25(3):331-334

Strupp M, Schueler O, Straube A, Von Stuckrad-Barre S, Brandt T (2001) “Atraumatic” Sprotte
needle reduces the incidence of post-lumbar puncture headaches. Neurology 57(12):2310-2312

Thomas SR, Jamieson DR, Muir KW (2000) Randomised controlled trial of atraumatic versus
standard needles for diagnostic lumbar puncture. BMJ 321(7267):986-990

Tourtellotte WW, Henderson WG, Tucker RP, Gilland O, Walker JE, Kokman E (1972) A random-
ized, double-blind clinical trial comparing the 22 versus 26 gauge needle in the production of
the post-lumbar puncture syndrome in normal individuals. Headache 12(2):73-78

Tung CE (2013) Education research: changing practice. Residents’ adoption of the atraumatic
lumbar puncture needle. Neurology 80(17):e180—182



4 Techniques, Contraindications, and Complications of CSF Collection Procedures 57

Tung CE, So YT, Lansberg MG (2012) Cost comparison between the atraumatic and cutting lum-
bar puncture needles. Neurology 78(2):109-113

Turnbull DK, Shepherd D (2003) Post-dural puncture headache: pathogenesis, prevention and
treatment. Br J Anaesth 91(5):718-729

Vakharia VN, Lote H (2012) Introduction of Sprotte needles to a single-centre acute neurology
service: before and after study. JRSM Short Rep 3(12):82

van de Beek D, Drake JM, Tunkel AR (2010) Nosocomial bacterial meningitis. N Engl J Med
362(2):146-154

Van Dellen JR, Bill PL (1978) Lumbar puncture — an innocuous diagnostic procedure? S Afr Med
J53(17):666-668

Van Kooten F, Oedit R, Bakker SL, Dippel DW (2008) Epidural blood patch in post dural puncture
headache: a randomised, observer-blind, controlled clinical trial. J Neurol Neurosurg Psychiatry
79(5):553-558

Vidoni ED, Morris JK, Raider K, Burns JM, Alzheimer’s Disease Neuroimaging I (2014) Reducing
post-lumbar puncture headaches with small bore atraumatic needles. J Clin Neurosci
21(3):536-537

Vilming ST, Schrader H, Monstad I (1988) Post-lumbar-puncture headache: the significance of
body posture. A controlled study of 300 patients. Cephalalgia 8(2):75-78

Vilming ST, Kloster R, Sandvik L (2001) The importance of sex, age, needle size, height and body
mass index in post-lumbar puncture headache. Cephalalgia 21(7):738-743

Wee LH, Lam F, Cranston AJ (1996) The incidence of post dural puncture headache in children.
Anaesthesia 51(12):1164-1166

Wilkinson AG, Sellar RJ (1991) The influence of needle size and other factors on the incidence of
adverse effects caused by myelography. Clin Radiol 44(5):338-341

Winsvold BS, Hagen K, Aamodt AH, Stovner LJ, Holmen J, Zwart JA (2011) Headache, migraine
and cardiovascular risk factors: the HUNT study. Eur J Neurol 18(3):504-511

Wright BL, Lai JT, Sinclair AJ (2012) Cerebrospinal fluid and lumbar puncture: a practical review.
J Neurol 259(8):1530-1545

You JS, Gelfanova V, Knierman MD, Witzmann FA, Wang M, Hale JE (2005) The impact of blood
contamination on the proteome of cerebrospinal fluid. Proteomics 5(1):290-296

Zetterberg H, Tullhog K, Hansson O, Minthon L, Londos E, Blennow K (2010) Low incidence of
post-lumbar puncture headache in 1,089 consecutive memory clinic patients. Eur Neurol
63(6):326-330



Eline A.J. Willemse and Charlotte E. Teunissen

Contents
5.1 INtroduction. ... ... 60
5.2 Patient-Related Factors . .. ....... ... . . 64
5.2.1 TItem I of Table 5.1: Time of the Day of Withdrawal and Storage............ 64
5.3 Laboratory Processing. . .. ... ....oout ittt 65
5.3.1 Item 2 of Table 5.1: Volume of Withdrawal of at Least 12ml .............. 65
5.3.2 Item 3 of Table 5.1: Location of Puncture, L3-L5 ....................... 66
5.3.3 Item 4 of Table 5.1: Removal of Bloody CSF Samples. ................... 66
5.3.4 [Item 5 of Table 5.1: Use of Atraumatic Needles......................... 67
5.3.5 Item 6 of Table 5.1: Use of Polypropylene Collection Tubes . .............. 67
5.3.6 Items 7 and 8 of Table 5.1: Withdrawal of Serum and Plasma Linked
tothe CSESample. . ... ..o 68
5.3.7 Item 9 of Table 5.1: Storage at Room Temperature Until Spinning
and AHQUOLING . . . . ..ot 68
5.3.8 Item 10 of Table 5.1: Standardized Spinning Conditions . ................. 68
5.3.9 Item 11 of Table 5.1: Standardization of Time Delay Between
Withdrawal, Spinning, and Freezing . . ............. ... ... ... ... ..... 69
5.3.10 Item 12 of Table 5.1: Use of Small Polypropylene Tubes for Aliquoting 69
5.3.11 Item 13 of Table 5.1: Aliquoting . . . ........ ... .. ... . ... . ooiiio.. 70
E.A.J. Willemse
Neurochemistry Laboratory Department
of Clinical Chemistry and Alzheimer Center,
VU University Medical Center Amsterdam,
7057, Amsterdam 1007 MB, The Netherlands
C.E. Teunissen (<)
Neurochemistry Laboratory and Biobank,
Department of Clinical Chemistry,
VU University Medical Center Amsterdam,
Amsterdam, The Netherlands
e-mail: c.teunissen @ vumc.nl
© Springer International Publishing Switzerland 2015 59

F. Deisenhammer et al. (eds.), Cerebrospinal Fluid in Clinical Neurology,
DOI 10.1007/978-3-319-01225-4_5


mailto: c.teunissen@vumc.nl

60 E.A.J. Willemse and C.E. Teunissen

5.3.12 Item 14 of Table 5.1: Volumes of Aliquots of 0.2, 0.5, and 1 ml

(Depending on Total Volume of Tube and Minimally 0.1 ml) .............. 70

5.3.13 Item 15 of Table 5.1: Coding and Use of Freezing-Proof Labels . ........... 70
5.3.14 Item 16 of Table 5.1: Freezing Temperature of =80 °C.................... 71
5.3.15 Long-Term Storage of CSF . .. ... ... . 71

5.4  Variation in Biomarker ASSays . ... ... ...uuuttetn e 72
5.5 Other Strategies to Solve Pre-analytical Variability: Use of Quality Markers . ....... 73
5.6 Conclusion and Recommendations. . .. ........ ... ... i, 73
RefeIENCES . . . oot e 74

Abstract

Variability in pre-analytical procedures is an important source of variation in
laboratory medicine for diagnostics and research. The term “pre-analytical varia-
tion” is used to indicate variation in many aspects of the total biomarker analysis
process, ranging from correct labeling of samples or patient misidentification,
patient-related factors as dietary intake or circadian rhythm, and variation in the
CSF collection processes, such as delayed processing or use of different tubes, to
variation in assay performance.

We here describe pre-analytical factors that can affect CSF biomarkers and
discuss the available literature. The effects of pre-analytical variability on CSF
biomarker outcomes appear to differ between molecules and conditions and
between laboratories. The current lack of extensive information precludes devel-
opment of predictive models. Therefore, effects of pre-analytical variation need
to be established in detail for every novel CSF biomarker. Moreover, quality
indicators for CSF biomarkers need to be developed.

The awareness of this variation has been the basis for international consensus
guidelines for pre-analytical procedures to minimize variation as presented in
this chapter. These protocols have been implemented and adopted worldwide for
diagnostic use of Alzheimer biomarkers and for long-term biobanking in diverse
neurological diseases, including Alzheimer, multiple sclerosis, and amyotrophic
lateral sclerosis.

5.1 Introduction

Pre-analytical variation can be an important source of variation in cerebrospinal fluid
(CSF) biomarker analysis. In general, pre-analytical errors are known to account for
60 % of total laboratory errors (Plebani et al. 2014) and are relevant for both diagnos-
tic and research settings. The term “pre-analytical variation” is used to indicate varia-
tion in many aspects of the total biomarker analysis process, ranging from
patient-related factors and variation in the CSF collection process to variation in assay
performance (Fig. 5.1). In this chapter, we describe pre-analytical factors that can
affect CSF biomarkers specifically and discuss the available literature. We will expand
largely on laboratory processing, to focus on CSF-specific effects and to carefully
introduce the international consensus guidelines for CSF collection and biobanking.
There are not many reports available in the literature addressing the effects of these
issues specifically for CSF biomarkers. Nevertheless, the interest in the subject is
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' 1.

l' an !

Patient Laboratory processing Assay performance
- Diet - Transport time and temperature - Buffer composition
- Exercise - Time delay to spinning - Machine settings
- Diurnal rhythm - Spinning conditions - Compliance with the protocol
- Clinical history documentation - Time to freezing - Others, depending on type of
- Sample labeling - Freezing temperature assay

- Duration of freezing - Lack of certified reference

- Type of lab plastics material

Fig.5.1 Flowchart of pre-analytical steps in CSF analysis and common variability factors influ-
encing outcome measures

increasing since several years due to several international initiatives to improve the
(diagnostic) analysis of CSF biomarkers and long-term biobanking (del Campo et al.
2012; Otto et al. 2012; Teunissen et al. 2009, 2013, 2014; Vanderstichele et al. 2012).

To generate recommendations for pre-analytical procedures, a distinction can be
made between analysis of a specific biomarker in the clinical diagnostic setting and
biobanking for research purposes, where samples are usually stored to identify novel
biomarkers with unknown pre-analytical specifics. To illustrate this, adding Tween-20
to a CSF sample prevents amyloid beta (Abeta)(1-42) peptides from absorbing to
several lab plastic surfaces (Pica-Mendez et al. 2010). Adding Tween-20 will decrease
pre-analytical variation in these samples when they are collected for amyloid determi-
nation only. On the other hand, they will be unserviceable to many other purposes,
e.g., studies targeting potential new biomarkers, because Tween-20 might interact
with CSF components or the assays. In biobanking practice, we therefore advise to
not add any substance to CSF samples in order to avoid possible adverse effects.

Another major difference between routine analysis and biobanking for research
purposes is the storage duration, which can be as short as one hour for routine tests
which are often automated, including cell counts, protein concentration, and IgG
index, up to 1 month for special tests as oligoclonal bands, IgG index in some set-
tings, and Alzheimer biomarker analysis by ELISA. The value of a biobank in the
research setting, in contrast, increases upon long-term follow-up of patients and
when cohort sizes are allowed to increase. Thus, storage of material will be rather
multiple years than months. Therefore, protocols for long-term biobanking pur-
poses are more stringent and require storage at —80 °C.

One approach to reduce variation due to patient issues and laboratory processing
is to standardize CSF collection protocols as much as possible, which has been
addressed by several consortia in recent years. The current protocols are in the
majority based on the initial consensus guideline of the BioMS consortium
(Teunissen et al. 2009) that felt that the first step to improve the quality of biomarker
studies and minimize variation between studies was to standardize the collection
procedures. The most updated version of the protocol is presented in Table 5.1,
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which includes a standardized protocol for blood collection as well. The idea behind
the protocols is to standardize every aspect during the CSF process to minimize
variation, even if the rationale for specific decisions cannot as yet be given due to
lack of experimental data.

We used the framework of Fig. 5.1 to discuss effects of pre-analytical variation
on CSF biomarker concentrations in the next paragraphs.

5.2 Patient-Related Factors

Patient misidentification or incorrect requesting are major sources of variation in
laboratory settings and are not specific for CSE. These can be improved, e.g., by the
introduction of electronic patient records and linkage of these systems to research
databases. For example, one study reported a striking reduction of 80 % in errors,
where major factors in which a reduction in errors was attained were the correct
information on the sample tube (patient name, unique patient ID number, date of
collection), the correct sample received, and the availability of a clinical history in
primary care setting (Turner et al. 2013). The future of sample labeling in biobank-
ing for research presumably lies in 2D barcoding, which will serve automated sam-
ple retrieving and picking, will further reduce mistakes, and facilitates research
using pseudonymized samples.

5.2.1 Item 1 of Table 5.1: Time of the Day of Withdrawal
and Storage

Patient-related pre-analytical factors also can influence biomarkers outcomes
(Fig. 5.1). Such factors include effects of fasting, smoking, alcohol use, caffeine
intake, and exercise. It is conceivable that dietary factors would primarily affect
specific blood markers rather than CSF biomarkers. However, fluctuations in fatty
acid amide concentrations were measured in CSF of rats between day and night, due
to differences in food intake (Murillo-Rodriguez et al. 2006). Experimental evi-
dence in humans is lacking, and where compounds, such as alcohol or smoking,
have effects on neurons (Downer and Campbell 2010; Oliveira-da-Silva et al. 2009),
they may also have an effect on CSF. Thus, there are limited descriptions of CSF
biomarkers being affected by these lifestyle factors. However, if there are effects of
smoking or drinking on CSF biomarker concentrations, it will be hard to define if
these are trait markers or should be seen as direct pre-analytical confounders. For all
these factors, documentation is important for long-term biobanking and future
research.

Studying the effect of circadian rhythm (and fasting) of specific proteins in CSF
is not easy to perform, as repeated sampling within a person needs to be performed.
However, some recent reports showed fluctuations in CSF protein levels due to
diurnal rhythm. For example, Kang and colleagues detected a diurnal rhythm of
Abeta(1-42) levels in a group of ten healthy individuals, with a variation of 27.6 %
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between morning and evening (Kang et al. 2009). A variation of 5.5-12.2 % was
found in levels of Abeta(1-42), Abeta(40), Tau, and pTau, measured once per 6 h,
in patients who were on CSF drainage as part of their clinical routine since they
were suspected of idiopathic normal pressure hydrocephalus (n=9) or pseudotu-
mor cerebri (n=1). This circadian variation was only slightly higher than the inter-
assay coefficient of variation, and there was too much variation in rhythm between
individuals to indicate a circadian fluctuation at group level (Moghekar et al. 2012).
Another study from the Bateman Group reports diurnal fluctuation of amyloid CSF
biomarkers (sAPPalpha, sAPPbeta, Abeta(42), and Abeta(40)) in three cohorts: a
young cohort and two older cohorts, one with and one without amyloid pathology
present. Amplitudes of the biomarkers were fluctuating in the range of 2-20 %
over 36 h, dependent on group (diminishing with age) and specific per biomarker
(Dobrowolska et al. 2014). Thus, the effects of circadian fluctuations were small
since they marginally exceed the variation of the assay. The peak hours of bio-
marker fluctuation could not be patterned (Dobrowolska et al. 2014), indicating
that standardizing time of withdrawal will not eliminate pre-analytical variation on
an individual basis.

Taken together, the only option to document this variation seems to be to drain
CSF during 24 h and monitor circadian protein fluctuation per individual. This is
however too time-consuming, not cost-efficient, and uncomfortable for patients to
realize in practice. Given the fact that most lumbar punctures are performed during
clinical work-up, it will be hard to standardize time of withdrawal. Standardizing
time of withdrawal is thus not recommended, also since biomarker fluctuations dif-
fer per person and accounted so far only for minor variation in outcome, which may
also be even less in the short time window of office hours. Since effects cannot be
excluded for every biomarker, recording time of withdrawal is important for bio-
marker development.

5.3 Laboratory Processing

In this paragraph, we discuss the guidelines for CSF processing and biobanking as
presented in Table 5.1, supported by experimental research when available.

5.3.1 Item 2 of Table 5.1: Volume of Withdrawal of at Least 12 ml

The CSF volume taken can influence the concentration of biomarkers. If a small
volume is taken, the CSF will reflect the composition of the lumbar dural sack,
whereas large volumes may reflect the rostral spinal or even ventricular CSF. Most
molecules and cell numbers are not equally distributed throughout the spinal fluid,
and it is known that an increasing gradient in protein concentration from ventricular
to lumbar CSF exists (Reiber 2003; Tarnaris et al. 2011). Therefore, if biomarker
levels in a sample from a puncture of 2 ml are compared to that in a puncture of
15 ml, this can lead to erroneous comparisons for specific proteins.
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In a recent study, CSF protein concentrations of the neuron-specific protein
S100B and the neuron-specific enolase did not differ between ventricular and lum-
bar CSF in the same patients, though the leptomeningeal beta-trace and the blood-
derived albumin did (Brandner et al. 2013). A proteomic study comparing the first
and the tenth ml from one CSF withdrawal revealed only one protein, apolipopro-
tein Cl1, to be significantly increased among 41 identified masses of which 11 pro-
teins were identified (Simonsen et al. 2010). Probably, the production location of a
protein is crucial for the presence of a ventriculo-lumbar gradient in CSF (Tumani
and Brettschneider 2005); however, this does not solve the uncertainty for CSF
gradients being present for individual proteins, especially not if they are relatively
unknown proteins. Therefore, we generally recommend to puncture a standard vol-
ume of CSF, especially for biobanking, but at least record the volume. The first 2 ml
can be used for basic CSF analysis, and the remainder of the sample should be
pooled before aliquoting. If this is not possible, the fraction of each portion must be
recorded. Of course, a larger volume of spinal fluid will facilitate the number of
possible analyses. It is well established that the volume of collected CSF does not
correlate with the risk of post-lumbar puncture headache (Grant et al. 1991; Kuntz
et al. 1992) (Chapter 4).

5.3.2 Item 3 of Table 5.1: Location of Puncture, L3-L5

Usually, diagnostic CSF is obtained by lumbar puncture, and the rationale for the
location in relation to patient safety and to avoid discomfort is described in chapter
5. In practice, CSF will be taken only rarely from other locations than L3-L5, such
as the cervical cisterns or from the lateral ventricles (e.g., ventricular drainage).
Location of the puncture should thus be recorded since it matters for a few peptides
(Tarnaris et al. 2011; Brandner et al. 2013) and it might affect concentrations of not
yet detected CSF proteins.

5.3.3 Item 4 of Table 5.1: Removal of Bloody CSF Samples

A traumatic tap causing blood contamination of CSF occurs in about 14-20 % of
standard lumbar punctures (Petzold et al. 2006). For markers that have high blood
concentrations, such as coagulation factors, blood contamination can lead to false-
positive results, while no effects have been reported for proteins from neuronal ori-
gin as neurofilament light and heavy chains (Koel-Simmelink et al. 2014). Vascular
endothelial growth factor (VEGF) and neuron-specific enolase (NSE) are predomi-
nantly present in blood platelets and are CSF biomarker candidates for some neuro-
logical and neurodegenerative diseases. NSE levels linearly rise with increased
hemolysis of both serum and CSF (Ramont et al. 2005). Also, the presence of cel-
lular components in the CSF influences the levels of these proteins, the effect of
which will be minimized by centrifugation. For example, VEGF levels remained
relatively stable after spinning (Yang et al. 2011). In addition, the presence of blood
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proteins leads to suppressed MALDI-TOF proteomic patterns in CSF. This suppres-
sion by blood proteins is, however, highly reduced after removal of the blood cells
by centrifugation of the sample prior to initial freezing and subsequent analysis
(Berven et al. 2007; Jimenez et al. 2007). Recording of erythrocyte count is essen-
tial to select CSF samples appropriate for these measurements. Based on the pro-
teomic studies, CSF samples with an erythrocyte count up to 500/pl can be included
for biomarker studies, though lower percentage contamination is preferred to avoid
effects on as yet unknown molecules. It is highly recommended though to spin
samples to avoid blood contamination. The use of alternative markers as quality
indicators to indicate hemolysis of CSF (e.g., hemoglobin alpha and beta chains) is
indicated (Jimenez et al. 2007), but thresholds remain to be defined.

5.3.4 Item 5 of Table 5.1: Use of Atraumatic Needles

There is no evidence that the type of needle for lumbar puncture influences bio-
marker concentrations. However, atraumatic or small-gauge needles are best toler-
ated by patients and are associated with a lower risk for post-lumbar puncture
headache (chapter 5). An advantage of the traumatic needles is an increased CSF
flow. Selecting the optimal type of needle for CSF sampling is elaborated in detail
in chapter 5.

5.3.5 Item 6 of Table 5.1: Use of Polypropylene Collection Tubes

Proteins can stick to lab plastics, a characteristic that is exploited during, e.g.,
ELISA assays. This characteristic becomes disadvantageous though when the type
of collection tube influences biomarker outcomes. Moreover, many collection tubes
release polymeric components (Bowen et al. 2005) that can in some cases affect
immunoassays. The Abeta(1-42) peptide in particular proves sensitive to different
tubes used (Lewczuk et al. 2006; Lehmann et al. 2014; Perret-Liaudet et al. 2012;
Toombs et al. 2014). The use of polypropylene tubes, with their low protein-binding
potential, was proposed for collecting CSF. Actually, experimental evidence did not
confirm the advantage of tubes purely composed of polypropylene (Perret-Liaudet
et al. 2012), and comparing multiple polypropylene tubes did not give congruous
results (Lehmann et al. 2014). Thus, harmonization of the tubes proves a worth-
while effort to reduce variation and introducing one tube type with the lowest bind-
ing capacity for universal use still lies ahead. The European JPND “BIOMARKAPD”
consortium was initiated to standardize and harmonize the use of biomarkers for
AD and Parkinson’s disease, and it is addressing many of the before-mentioned top-
ics. This consortium decided to use so far a Sarstedt polypropylene tube (cat nr:
62.610.018, 10 ml collection tube, round base; cat no. 62.554.502, 15 ml tube with
conical base to use if a pellet is to be kept). An additional component causing varia-
tion is transferring CSF to new tubes: the more transfers, the more protein concen-
trations are reduced, especially for sticky peptides such as Abeta(1-42) (Toombs
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et al. 2014). The focus currently is on detailed examination of tube types, tube
transfers, and additional elements such as tube caps in order to further optimize the
recommendation of the use of specific tubes for CSF collection.

5.3.6 Items 7 and 8 of Table 5.1: Withdrawal of Serum
and Plasma Linked to the CSF Sample

It is important to collect matched serum and/or plasma samples for evaluation of
CSF biomarkers because the concentration of the marker in blood often influences
that in CSF. Blood collection is moreover needed to calculate the IgG index for
diagnostic purposes and to define the intrathecal origin of a biomarker and thus its
specificity for the CNS (Deisenhammer et al. 2006). For novel biomarkers of neu-
ronal origin, it is relevant to determine the presence of a candidate CNS marker in
serum/plasma. Blood tests are ideal for monitoring biomarker concentrations over
time for monitoring of disease progression or even population screening.

For work-up, vacutainer tubes that use EDTA (in dried format) are preferred over
those that use citrate (in solution) because if tubes containing a standard volume of
citrate solution are filled incompletely, the final biomarker concentration is diluted
artificially. Serum/plasma samples should not be hemolyzed or lipemic, and a stan-
dardized blood collection protocol is also provided in Table 5.1.

5.3.7 Item 9 of Table 5.1: Storage at Room Temperature Until
Spinning and Aliquoting

For CSF, there are no data available yet that support a preference for leaving the
samples at either room temperature or 4 °C until processing. A direct comparison
was made between neurofilament protein levels stored at room temperature or 4 °C,
and no difference in protein levels was found (Koel-Simmelink et al. 2014). CSF
enzymes, such as adenosine deaminase and acid sphingomyelinase, do not have a
decreased enzymatic activity when stored for a maximum of 24 h at room tempera-
ture (Lu and Grenache 2012; Miihle et al. 2013). Therefore, processing at room
temperature for both serum/plasma and CSF, including during and after spinning, is
suitable for most studies. However, if RNA is to be sampled from CSF immune
cells, the CSF should be spun immediately or stored at 4 °C until processing.

5.3.8 Item 10 of Table 5.1: Standardized Spinning Conditions

We propose to adhere to a standardized spinning protocol of 400 g for 10 min at
room temperature for CSF if cells are to be collected, otherwise between 1,800 and
2,200 g (10 min at room temperature). For serum, we recommend to spin at 2,000 g
for 10 min at room temperature. Not many experimental reports on this topic exist.
A preliminary study showed lower concentrations of CSF protein DJ-1 with
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spinning at 2,000 g compared to spinning at 1,300-1,800 g; however, the effect was
small and possibly due to other pre-analytical factors which differed between the
experimental groups (Salvesen et al. 2014). For plasma and serum, temperature of
processing is known to be critical for specific biomarkers, such as TIMP-1, proba-
bly due to degranulation of platelets at room temperature (Lombholt et al. 2007).

5.3.9 Item 11 of Table 5.1: Standardization of Time Delay
Between Withdrawal, Spinning, and Freezing

Proteomic studies proved stability of CSF proteome for up to 2 h after withdrawal
prior to further processing (Berven et al. 2007; Jimenez et al. 2007). Similar stability
was shown for neurofilament heavy- and light-chain proteins for up to 24-h time delay
between lumbar puncture and spinning, independent of the temperature as indicated
atitem 9 (Koel-Simmelink et al. 2014). Also after spinning, a delay of 2 h before stor-
age did not result in changes in CSF protein profiles (Klener et al. 2014; Rosenling
et al. 2011), whereas delayed storage of more than 6 h significantly changes peptide
profiles (Bruegel et al. 2009). A proton nuclear magnetic resonance study showed
stability of myoinositol, glucose, acetate, and alanine levels; a substantial decrease of
citrate; and an increase in lactate, glutamine, creatine, and creatinine levels after a
72-h delay in processing of CSF at room temperature (Levine et al. 2000).

CSF stability studies suggest that the effect of time delay before spinning is more
prominent than a delay to storing samples after centrifugation. Studies investigating
delay before processing report differences in Alzheimer biomarker levels after a
24-h (Kaiser et al. 2007) or 2-day delay (Schoonenboom et al. 2005), whereas stud-
ies testing delay between processing and storage report stability after a delay of
several days (Bjerke et al. 2010; Zimmermann et al. 2011) or up to 14 days
(Simonsen et al. 2013). Still, Bruegel and colleagues found changes in CSF peptide
profiles after 6 h of delay after spinning before storage (Bruegel et al. 2009). Despite
of actual experimental data published on this subject, results thus remain discrepant.
It is clear though that stability of AD biomarkers and probably many other biomark-
ers can be guaranteed following the proposed guideline which does not exceed a 4-h
delay in total (2 before and 2 after spinning). New biomarkers should however
always be tested on these aspects of stability.

5.3.10 Item 12 of Table 5.1: Use of Small Polypropylene Tubes
for Aliquoting

Due to the same rationale as for CSF withdrawal (item 6), we recommend that poly-
propylene tubes should be used for aliquoting. Furthermore, vials with screw caps
should be used for a secure sealing and should be properly closed for long-term
biobanking. The proposed tube size is usually 2 ml for routine biomarkers and
0.5 ml for biobanking; however, since tubes should preferably be filled up to 75 %,
other tube sizes in this range are used in practice too.
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5.3.11 Item 13 of Table 5.1: Aliquoting

Freezing and thawing cycles can influence CSF biomarker concentrations, as was also
shown for some specific blood biomarkers (Chaigneau et al. 2007). Studies show
conflicting results in Alzheimer diagnostic CSF proteins after several freeze-thaw
cycles though. One study observed a significant loss of Abeta(1-42) after one freeze-
thaw cycle (Bibl et al. 2004), while others see no effects in Abeta(1-42) at all after up
to three times freeze-thawing (Zimmermann et al. 2011; Simonsen et al. 2013), but
rather a small decrease in Tau proteins after two to three cycles (Simonsen et al. 2013).
Another study found a 20 % decrease in Abeta(1-42) after minimum three thawing
cycles (Schoonenboom et al. 2005). The discrepancy in these results might lie in as
yet unidentified other pre-analytical variables that differed between these studies.

Levels of several cytokines, vascular endothelial growth factor (VEGF), matrix
metalloproteinase-2 (MMP-2), and neurofilament proteins were not affected by
repeated freezing and thawing (Aziz et al. 1999; Koel-Simmelink et al. 2014; Sulik
etal. 2008; Yang et al. 2011). Spectroscopy techniques show contradictory data too,
e.g., no effects on CSF proteome profiles as determined by MALDI-MS have been
observed after up to four cycles in a proteomic study (Jimenez et al. 2007). On the
other hand, a Raman spectroscopy study showed a decrease in peptides, also
Abeta(1-42), after one freeze-thaw cycle (Klener et al. 2014).

Altogether, freeze-thaw cycles should be avoided in principle, as data addressing
this topic are available for only a few molecules and the response to freeze-thaw
cycles of new molecules is not known. Thus, splitting the samples in multiple small
aliquots is recommended. As indicated at item 2, the total CSF sample must be
pooled before aliquoting to avoid concentration gradients.

5.3.12 Item 14 of Table 5.1: Volumes of Aliquots of 0.2, 0.5,
and 1 ml (Depending on Total Volume of Tube
and Minimally 0.1 ml)

Storage in small aliquots prevents CSF from degrading due to freeze-thawing.
Tubes should preferably be filled up to 75 % to preserve concentration, since this
could be influenced by evaporation and absorbance of CSF components to the sur-
face of the tube wall and bottom. The true influence of both factors is under current
study, but initial data show that evaporation is not relevant during 2 years of storage
in at least one type of tube (del Campo et al. 2012). Preferred tube sizes are indi-
cated at item 12.

5.3.13 Item 15 of Table 5.1: Coding and Use of Freezing-Proof
Labels

All biobank samples need a unique pseudonymized coding which is coupled to a
protected database providing, e.g., clinical patient information or informed consent
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information. Barcoded sample tubes are preferred, since it enables automation, per-
mits double-blinded research effortlessly, and protects the privacy of the patient.
Labels should be suitable for prolonged storage at —80 °C.

5.3.14 Item 16 of Table 5.1: Freezing Temperature of —80 °C

Most large proteins such as antibodies are stable at —20 °C for several months (Triendl
2000). However, epitopes of smaller molecules may change due to oxidation resulting
from pH changes during storage (Poulsen et al. 2012), and this could affect protein
concentration results, which depends on the particular assay used for detection. There
is little published data on the effect of storage temperature on CSF constituents. Effect
of storage of CSF at —20 and —80 °C on cystatin C was investigated by mass spec-
trometry. Cleavage of eight amino acids of this protein occurred in samples stored at
—20 °C but not in samples stored at —80 °C (Berven et al. 2007; Carrette et al. 2005;
Del Boccio et al. 2007; Jimenez et al. 2007). Apart from the cystatin C truncation,
changes in the remainder of the low molecular weight polypeptide profile due to CSF
sample storage at —20 °C for 3 months appeared to be minimal (Berven et al. 2007;
Jimenez et al. 2007). Activity of secretory acid sphingomyelinase was increased when
CSF samples were stored at —20 °C for 2 months compared to at —80 °C (Miihle et al.
2013), indicating that for activity of this enzyme storage at —20 °C is not sufficient.
Also neuron-specific enolase is instable when CSF is stored at —20 °C (27 % concen-
tration decrease after 1 month) and better conserved at —80 °C (22 % concentration
decrease after 9 months) (Ramont et al. 2005). Oligoclonal bands in CSF may be
recovered after several years of storage at —20 °C, indicating a high stability of immu-
noglobulins (Triendl 2000). Short-time freezing of samples at —80 or —196 °C did not
change the CSF peptide profile (Bruegel et al. 2009).

There might be a beneficial effect of quick freeze-drying CSF in liquid nitrogen
prior to storage at —80 °C, since the protein conformation seems less affected when
compared to slow freezing at —80 °C (Klener et al. 2014). For many specific CSF
markers, it is not known how freeze-drying affects their conformation and binding
capacity, and it is conceivable that conformational change may be the cause of
observed effects of repeated freeze-thawing. Since freeze-drying in liquid nitrogen
is an expensive technique and not available in all laboratories, it is not implemented
in the protocols.

Taken together, we recommend that samples should be transferred to —80 °C as
soon as possible to ensure long-term stability of biomarkers. For specific biomark-
ers already implemented in the diagnostic work-up, such as Abeta(1-42) and oligo-
clonal bands, short-term storage at —20 °C will not be problematic.

5.3.15 Long-Term Storage of CSF

Long-term biobanking of human body fluids is of great importance for the discov-
ery of novel biomarkers, but the effects of long-term storage on molecular
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constituents of CSF or blood are not known. There are few reports published on this,
indicating stability of Abeta(1-42) and Tau proteins for at least 6 years (Schipke
etal. 2011). Using an Arrhenius plot, these CSF biomarkers, and also neurofilament
proteins, were predicted to be stable during storage at —80 °C (Koel-Simmelink
et al. 2014; Schoonenboom et al. 2005), but real experimental evidence on this sub-
ject is lacking. Neuroactive amino acid, such as aspartate, glutamate, glycine, and
taurine, concentrations can be measured reliably after up to 30 days when stored at
either —20 or —80 °C, although the samples should be deproteinized and subse-
quently neutralized before freezing to protect from in vitro modification of amino
acid concentrations in CSF (Anesi et al. 1998). The effects of long-term storage on
other CSF molecules and potential beneficial effects of additives need to be estab-
lished. As shown by Anesi and colleagues, additives might be necessary to detect
amino acids in CSF after storage at temperatures below zero (Anesi et al. 1998).
Structural changes occurring in molecules due to freezing (and thawing) and pos-
sible effects of evaporation suggest that there could indeed be changes in CSF mea-
sures after long-term storage. As this process is not yet understood, we have to settle
for now with assessing long-term stability per biomarker. Hopefully, experimental
data in the future will contribute to our understanding of processes during long-term
storage on a molecular level since more and more samples are stored to be used for
biomarker research.

5.4  Variation in Biomarker Assays

It is conceivable that a considerable part of variation in biomarker outcomes will
depend on the detection method. For most proteins, more than one manufacturer
provides these assays and variation may be epitope specific. For many non-
standardized assays, laboratories develop their own in-house assays. Although all
these assays are extensively validated, the use of different assays can lead to varia-
tions in absolute values (Malekzadeh et al. 2012) which can be problematic when
replicating results of other researchers. Moreover, even using the same assays and
the same samples, variation in outcomes is observed for the Alzheimer biomarkers
(Mattsson et al. 2013; Teunissen et al. 2010; Sunderland et al. 2003; Verwey et al.
2009; Vos et al. 2014).

It is also possible that specific epitopes detected by an immunoassay are pre-
served during pre-analytical variability, while the remainder of that protein may
have disappeared. These changes in proteins may remain unnotified using specific
assays while they are apparent in other assays. Nevertheless, these pre-analytical
effects may also not be problematic for correct diagnosis using these specific
assays.

Variance while performing an ELISA thus easily occurs, e.g., due to batch varia-
tion, the lack of certified reference material, and the tendency of some proteins to
aggregate during the analysis procedure (Fig. 5.1). The use of high-throughput ana-
lyzers with high precision can reduce the variation in the assays. Such tests usually
only become cost-effective when a biomarker enters routine clinical practice.
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5.5 Other Strategies to Solve Pre-analytical Variability:
Use of Quality Markers

Another approach to solve pre-analytical variation in CSF, complementing stan-
dardization efforts, would be to use an independent sentinel molecule reflecting
laboratory handlings. This molecule should be instable and ideally relates linearly
to one specific pre-analytical step in the process, so that the effect of this step could
be predicted by a formula. Sample quality could thus be measured according to this
indicator. Presumably, a panel of sentinel molecules is required, together covering
multiple laboratory steps likely causing pre-analytical variation, such as delayed
storage, freeze-thaw cycles, duration of storage, temperature during transport, spin-
ning, and storage, since they might all affect quality in a different manner. The
International Society for Biological and Environmental Repositories (ISBER)
Biospecimen Science working group recently reviewed the current state of this art
of quality control of human biospecimens (Betsou et al. 2013), but in CSF there are
no examples yet for possible quality indicators. Promising reports were published
recently revealing several enzymes in blood whose levels were changed upon varia-
tion in laboratory processing, reflecting the effect of specific pre-analytical steps
(Kang et al. 2013; Zander et al. 2014). These studies need replication and optimiza-
tion to be implemented in the biobanking processing protocol. In CSF, the identifi-
cation of such quality markers is a bit more complicated since CSF proteins are less
abundant and sometimes below detection threshold and consequently fewer assays
are available for screening such effects.

5.6 Conclusion and Recommendations

Pre-analytical variation is a major cause of variation in CSF biomarker outcome
measures.

One may argue that CSF may be particularly prone to pre-analytical variation
due to its low protein content (factor 200 lower than in blood), yet there is also a low
protease activity (Berven et al. 2007; You et al. 2005).

Several studies discussed above revealed discrepant results. For example, the
stability of Abeta(1-42) in CSF after spinning at room temperature was sometimes
set at 3 days (Zimmermann et al. 2011), while others found a decrease after 2 days
even using the same assays (Schoonenboom et al. 2005). So, even when focusing on
one specific molecule, different laboratories observe different stabilities of this pro-
tein. These data leave the impression that stability is very sensitive to other han-
dlings in the laboratory, which are not yet defined but can make the crucial difference.
Or, protein changes are not detected consistently due to the use of different assays
which focus on other epitopes. Due to the paucity of data on a variety of molecules,
there are no predictions possible as yet.

Whereas published research on this topic is so far not extensive, the interest in
the subject is currently expanding. In 2009, a recommendation protocol was estab-
lished in order to standardize collection and biobanking procedures of CSF samples,
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to facilitate interlaboratory exchange of samples and long-term usage (Teunissen
et al. 2009). Here, we updated the background information that formed the basis of
this protocol and discussed recent experimental evidence. These guidelines should
be used by anyone working with CSF to prevent erroneous results and to be able to
exchange samples with already over 80 centers now worldwide (i.e., the participat-
ing centers of BioMS and BIOMARKAPD and ALS working group). The fact that
different laboratories find discrepant results, even when investigating the same vari-
able, emphasizes the importance of obeying these recommendations. We expect that
pre-analytical variation will be better understood in the future, since the number,
contents, and use of CSF biobanks are increasing, and with it the importance to
control pre-analytical effects.
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Abstract

Total cell count and differentiation of cells into their physiological and patho-
logical forms are basic and the most valuable procedures of CSF analysis. A
volume of 5-10 ml should be transferred without delay and cells separated
immediately from the CSF fluid by centrifugation in order to obtain a sufficient
amount of both elements for analysis. Total cell and erythrocyte count are still
most accurately assessed personally in the counting chamber. After staining with
the Pappenheim method, cells can be differentiated microscopically into physi-
ological CSF cells, physiological CSF-neighbouring cells, alterations of physi-
ological cells and pathological cells. For this purpose, good knowledge of all
these cell forms is essential.

6.1 Significance of Cellular Analysis

Correct assessment of the total number and differentiation of cells is a key element
of CSF diagnostics. An elevated cell count provides the most valuable information
on pathological processes within the central nervous system, although normal cell
counts do not completely exclude any disease. Moreover, elevated cell counts only
unspecifically indicate pathological changes, because the unstained material does
not allow for conclusions on the cause of pleocytosis. Therefore, in the next step,
preparation and staining of the CSF sample are necessary to differentiate physiolog-
ical and pathological cell types and to draw conclusions (Koelmel 2003).

CSF cells are special in that they are instable once they leave the homeostasis of
the organism with constant temperature and pH. Therefore, correct sampling and
processing are essential in order to obtain a high-quality sample that allows for
precise evaluation (Kolmel 1977; Gondos and King 1976). In the following parts of
this chapter, the necessary steps from sampling to cytological evaluation will be
described.

6.2 Sampling of CSF Cells

A technically correct lumbar puncture is the first prerequisite for a good cytological
assessment. In order to obtain a sufficient number of cells for a thorough cytological
evaluation, 5-10 ml of CSF should be transferred to the laboratory (Grover et al.
1995). Centrifugation of the CSF separates the cells from the fluid, allowing to
assess approximately 5,000 cells on the cytological slide and providing at the same
time the full volume of cell-free CSF for protein analysis (Gondos and King 1976;
Hansen et al. 1974; Lehmitz and Kleine 1995). Puncture of the surrounding struc-
tures can cause contamination with cartilage or bone marrow cells which can be
mistaken as neoplastic by unexperienced cytologists. Long-lasting transfer to the
laboratory may cause autolytic changes, because the pH of the CSF rapidly turns to
basic values and cold or hot temperature outside the body additionally induces rapid
cellular lysis. Fast transfer of the CSF sample to the laboratory within one hour,
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avoidance of cold or hot temperature and rapid procession of the cells are therefore
mandatory (Koelmel 2003).

During preparation of the CSF sample, the resuspension of the sample with a
special suspension-containing buffer and foetal calf serum is helpful to prevent fast
deterioration of the status of the cells (Veerman et al. 1985). High protein concentra-
tion, if endogenous in the CSF or added artificially, is known to stabilise CSF cells.
The application of a pH-stabilising buffer also prevents cellular autolysis.

6.3 Cell Count

The total cell count predominantly reflects the number of leucocytes. It is
assessed with unstained cells, allowing to differentiate between cells with and
without nucleus, corresponding to leucocytes and erythrocytes (Kleine 2003).
This differentiation is essential, since erythrocytes must not be mistaken as leu-
cocytes, which would false-positively elevate the total cell count. A further dis-
tinction of leucocytes into lymphocytes, monocytes and granulocytes is not
possible, so cells lining the CSF space cannot be distinguished and will also
contribute to the total number of cells counted. Also the detection of tumour cells
is unreliable and can only be supposed if cells are extremely large. An exception
of the rule that specific diagnoses cannot be assured with unstained CSF is the
rare occurrence of cryptococcosis. These fungi have a specific appearance that is
pathognomonic.

6.4 Practical Performance of Cell Count

Uncentrifuged CSF is pipetted into a Fuchs-Rosenthal counting chamber with a
volume of 3.2 pl. The number of counted cells has to be divided by 3 to obtain the
cell count per pL. Providing cell counts with “thirds of cells” is obsolete and may
lead to confusion.

The counting chamber consists of the chamber itself that is filled with CSF and
a background with a visible net which provides orientation for counting. The net
consists of 16 larger squares, each of which contains 16 small squares (Fig. 6.1).
The border of the squares is marked by double lines. Cells are counted within the 16
large squares at 250-fold magnification. Cells lying on the lines at the top or left will
be counted; bottom or right side is not counted. Erythrocytes have to be counted
separately. They can be identified through their double-ring structure without
nucleus, while leucocytes contain nuclei with a visible internal structure (Fig. 6.2).
Optionally, erythrocytes can be stained red to enable easier detection. A possible
confounder of correct cell count may be caused by previous intrathecal treatment
with liposomal cytarabinoside. These liposomes can be found within the counting
chamber and up to 4 weeks after treatment and lead to erroneously elevated cell
counts. Liposomes can be identified by their regular round form, small border and
optically empty centre (Fig. 6.2, blue arrows).
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Fig.6.1 Counting chamber.
Nucleus-containing cells

are counted within the
double-lined space. Cells
lying on the upper or left
border are counted and on
the lower or right border are
not counted. The result is
divided by 3 to obtain the
cell count per pL

4.00 mm

| 1.00 mm —>~| —J I<—O.25 mm

Fig.6.2 Cell count. Red,
erythrocyte: no nucleus,
double-ring structure, grey,
leucocyte. Irregular border

of cytoplasm, ins.ide visible —
structure. Blue, liposomes:
round form, regular, slim
. ) >
border, optically empty —
—@ i

A total cell count of up to 4 cells per microlitre is normal; 5 or more is pathologi-
cal. In cases of strong artificial contamination, 1 leucocyte per 1,000 erythrocytes
can be subtracted from the total cell count as a rule of thumb.

Automated cell count has been propagated by several manufacturers of cytom-
eters designed for blood cells and is used by some laboratories. These machines
provide a reasonable cell count only in case of marked pleocytosis, where an
exact result is less relevant. With normal cell counts or mild pleocytosis, where
precise assessment is required to differentiate between normal and elevated
counts, the result of automated cell counting is far less exact. Moreover, contami-
nation with peripheral blood interferes with the results of automated cell count-
ing. Automated analyses of CSF cell counts should therefore be regarded with
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caution and approved personally by an experienced technician (Strik et al. 2005;
Heller et al. 2008).

6.5 Cell Differentiation

Differentiation of the different types of physiological and pathological CSF cells
requires preparation and staining. Two different methods of preparation are used:
sedimentation with the Sayk chamber and centrifugation with the cytospin method
(Lehmitz and Kleine 1995). No clear recommendation can be made for either method,
since the selection rather relies on personal preference and being familiar with one
method. The sedimentation method is said to have a better efficiency of cell collection
and to avoid preparation artefacts (Kolmel 1977; Gondos and King 1976). In our
experience, however, cell preservation appears to be better with the cytospin method,
probably because the preparation is faster and avoids autolysis (Hansen et al. 1974;
Woodruff 1973). Centrifugation artefacts are rare and easy to detect and will not lead
to misinterpretation. The technique of cytospin preparation is described in Fig. 6.3.

CSF: cytospin preparation and postage

Protein diagnostic

or postage
ec U Y
20 min.
1000 rpm Pappenheim /

Microscopy or postage

CSF medium
10 min.
1000 rpm

Fig. 6.3 Cytospin preparation. The CSF sample is centrifuged 20 min. with 1000 rpm. The
supernatant is used for protein analysis. The remaining cells are resuspended with CSF medium
containing fetal calf serum and buffer. Subsequently, the cell-containing medium is centrifuged
for 10 min. at 1000 rpm on the slide. After air-drying, the preparation can be stained with
May-Gruenwald — Giemsa (Pappenheim) or stored or posted for reference evaluation
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Staining of the prepared cells is usually done with the Pappenheim method, a
combination of May-Griinwald and Giemsa staining (Koelmel 2003). Basophilic
structures are stained dark violet, eosinophilic in pink. Erythrocytes are stained in
grey-shaded pink and haemosiderin in dark blue.

6.6  Physiological Cell Types

Leucocytes and monocytes (Fig. 6.4) are part of a physiological cell composition
(Oehmichen 1976; Kluge et al. 2006; Worofka et al. 1997). Single polymorphonu-
clear, basophilic or eosinophilic granulocytes can be present. Single erythrocytes
are often intermingled as a contamination artefact during lumbar puncture
(Table 6.1).

Leucocytes are characteristically small to intermediate sized, approx. 1-1.5
times as large as an erythrocyte. They are round with round nuclei and have regu-
larly shaped borders. Monocytes are more irregularly formed, often beanlike shaped,
and can contain small vacuoles which are interpreted as a sign of unspecific activa-
tion. Erythrocytes are small and round and have a double-ring structure because
they lack a nucleus.

Granulocytes can sporadically occur in a normal cell composition without
being a sign of a pathological process. Most often, polymorphonuclear granulo-
cytes are seen, small round cells with highly irregular, often intersected nuclei
(Fig. 6.5). Less frequently, eosinophilic (Fig. 6.6) or basophilic granulocytes are
found.

A normal cell composition consists primarily of lymphocytes and monocytes
with a relation of 3:1—4:1 and probably single granulocytes and artificially contami-
nated erythrocytes.

Fig.6.4 Small- to medium- .

sized lymphocytes, round
with thin cytoplasm (right
and lower left) and
monocytes with a broader,
less homogeneous cytoplasm.
Typical ratio of 2:1
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Table 6.1 Cell types within the CSF

Physiological cells

Lymphocytes and monocytes, ratio 3:1—4:1

Single granulocytes or erythrocytes

Alterations of physiological cells

Lymphocytes: inflammatory changes, lymphoid cells, plasma cells

Monocytes: activated monocytes (small vacuoles), macrophages (larger vacuoles, probably
visible object of phagocytosis like cells, erythrocytes, infectious agents)

Cells lining the CSF space and rarely occurring cells

Cartilage cells

Bone marrow cells

Ependymal, plexus, leptomeningeal cells

Multinucleated giant cells

Inflammatory reactions

Lymphocytic cell composition

Granulocytic cell composition

Monocytic and macrophage reaction — reparative phase

Haemorrhagic changes

Erythrophages, masked erythrophages, siderophages, haematoidin-containing macrophages

Neoplastic diseases

Neoplastic morphology (see Table 6.2)

Pigmented melanoma cells

Blast-like cells in haematological malignancy

Signet ring cells in adenocarcinoma

PR
® o 'wn

Fig.6.5 Normal cell *_‘ . ] 3
composition with single * €
polymorphonuclear ~

granulocytes (arrows)
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Fig.6.6 Multiple
eosinophilic granulocytes,
one small lymphocyte

Fig.6.7 Lymphocytes and
peripheral blood.
Erythrocytes are small and
stain greyish-red. The
absence of phagocytosis
indicates that the erythrocytes
result from artificial
contamination

6.7  Cell Types Lining the CSF Spaces

Several cell types that are located in close vicinity to the CSF spaces can occur in
the CSF (Worofka et al. 1997):

Erythrocytes, which contaminate the CSF sample during the puncture, have
already been mentioned (Fig. 6.7).

Cartilage cells can be intermingled when the puncture is too deep and reaches the
vertebral disk. Cartilage cells can be somewhat larger than physiological CSF cells
and dark basophilic (Fig. 6.8). A less experienced cytologist may mistake these cells
as malignant cells.
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Fig. 6.8 Left: cartilage cell with typical dark basophilic staining of the nucleus and cytoplasm
(lower right), monocyte (upper left), autolytic cell (middle left) and artificial blood contamination.
Right: cartilage cells lined up

Fig.6.9 Plexus cells with
round nucleus and basophilic
cytoplasm. Background of
detritus with confluent
erythrocytes

Bone marrow cells can contaminate the CSF during the puncture if blood-
forming bone is affected. Therefore, blood precursor cells like erythroblasts or
myeloblasts should be clearly identified. One hallmark to detect bone marrow con-
tamination as opposed to malignant proliferation is the occurrence of cells from
different lineages in different stages of development, while neoplastic proliferation
will affect only one lineage and one certain stage of development. In case of bone
marrow contamination in haematological malignancies, blasts in the CSF are not a
proof of neoplastic meningitis, since artificial contamination deriving from the bone
marrow cannot be differentiated from neoplastic affection of the CSF.

Other cell types that may enter the CSF space include choroid plexus (Fig. 6.9),
ependymal (Fig. 6.10) and leptomeningeal cells (Fig. 6.11). Ependymal cells are up
to approx. two times larger than leucocytes; their eosinophilic cytoplasm and
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Fig.6.10 Ependymal cells: P e
large, eosinophilic, bean- -~
shaped nucleus, loose

A
cytoplasm. Peripheral blood .
in the background ¢

Fig.6.11 Leptomeningeal
cells. Small, beanlike shaped,
always found in cellular
complexes

-

regular appearance make them relatively easy to identify. Plexus cells are relatively
small, round and basophilic and usually occur in agglomerations. Leptomeningeal
cells are smaller than small lymphocytes and bean shaped and always occur in
agglomerations of multiple cells.

6.8 Alterations of Physiological CSF Cells

Physiological cells can modify their appearance depending on their function
(Koelmel 2003; Kluge et al. 2006).
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Fig.6.12 Activated ﬁ V
lymphocytes (arrows) —

larger than normal

lymphocytes and with more

basophilic cytoplasm. The 3

nuclear chromatin is still

homogeneous and no

perinuclear halo is visible,

which distinguishes these

cells from plasma cells

 §
S a e

Fig.6.13 Lymphoid cell.
Large, with nucleus in the
centre, basophilic cytoplasm,
surrounded by small
lymphocytes and monocytes

Inflammatory processes can result in activation of lymphocytes. After enlarge-
ment and more basophilic appearance of the cytoplasm (Fig. 6.12), an intermediate
state of activation is a large cell with centrally positioned nucleus, the so-called
lymphoid cell (Fig. 6.13). Further activation into a plasma cell results in reduced
size with even more basophilic cytoplasm, eccentric nucleus with indentation and
perinuclear halo (Fig. 6.14). A combination of these cells results in a typical inflam-
matory cell composition (Fig. 6.15).

Monocytes can be activated with small intracytoplasmic vacuoles. Macrophages,
by contrast, are characterised by larger vacuoles and probably a visible object of
phagocytosis (Fig. 6.16). Most often, erythrocytes or their transformation product
haemosiderin or haematoidin can be observed (Fig. 6.17). Other cells can be incor-
porated such as lymphocytes, infectious agents like bacteria or just fatty substance.
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Fig.6.14 Plasma cells
(arrows): large,
inhomogeneous nuclear
chromatin, basophilic
cytoplasm and perinuclear
halo

Fig.6.15 Inflammatory cell
composition in a case of
neuroborreliosis. Numerous
small lymphocytes, activated
lymphocytes activated
lymphocytes (#), monocytes,
plasma cells (arrows),
polymorphonuclear
granulocytes (*) and one
eosinophilic granulocyte (+)

Correspondingly, macrophages are named after the object of phagocytosis if visi-
ble, such as erythrophages, siderophages, leucophages, bacteriophages or lipo-
phages. Most importantly, lipophages can contain very large single vacuoles and
by such may appear as signet ring cells (Fig. 6.18). Cell size, appearance of the
nucleus and the cellular context will give important information for the
differentiation.

Cellular proliferation can occur in the case of inflammatory or reparative pro-
cesses and become obvious through the appearance of mitoses. These can occur in
lymphocytes and granulocytes in cases of inflammation or infection and in mono-
cytes in the case of reparative processes in postinfectious situations, after cerebral
ischaemia or trauma. Thus, the occurrence of mitoses, especially if regularly shaped,
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Fig.6.16 Activated
monocytes (arrows) — larger
than the surrounding small
lymphocytes, cytoplasm with
single small vacuoles.
Macrophage (#) — large with
multiple cytoplasmic
vacuoles

Fig. 6.17 Haemorrhage. Lefr: Huge macrophage with erythrocytes, many of them masked
(arrows), and some leucocytes. Right: Macrophage containing fresh (*) and masked (+) erythro-
cytes, haemosiderin (arrow) and haematoidin (blue arrow)

is not necessarily a sign of malignancy (Fig. 6.19). A thorough analysis of the
surrounding cell types will give important clues for the cause of cellular
proliferation.

6.9 Artefacts

Several influences can alter the cellular appearance which sometimes causes diffi-
culty to establish a reliable evaluation. Most often, autolytic changes — caused by
long transportation periods, heat or cold — will change cellular morphology (Worofka
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Fig.6.18 Lipophage, - 4

pseudo-signet ring cell ¢ 6 C"lﬂ"‘"
(right). Very large, eccentric g
nucleus, optically empty —_— . O‘; ' Py
cytoplasm. Inflammatory g %
background with ec® 0 ;
granulocytes. One 3 @ 4
leucophage with fragments of & ,.(2 . 4

»

a leucocyte, supposedly a

lymphocyte (arrow) @ ,?,3
o

Fig.6.19 Regular mitosis.
Inflammatory proliferation in
a case of neuroborreliosis

et al. 1997). It is characterised by disappearance of the borders of the nucleus and
cytoplasm and fading of the staining intensity. Marked autolysis makes cytological
evaluation of the cells impossible. This should be clearly communicated with the
treating physician.

Centrifugation artefacts can be easily recognised by an elongation of the cyto-
plasm. Preservation solutions such as formalin or glutaraldehyde cause an intense
shrinking of the cytoplasm which makes it impossible to further differentiate the
cells. All kinds of cellular preservation should therefore be strictly avoided.

6.10 Cell Types Without Pathological Significance

Multinucleated giant cells are very rare cell types that can contain five to eight
nuclei. They are assumed to develop through fusion of multiple cells and have no
pathological significance (Worofka et al. 1997). Although they may appear
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malignant at the first glance, their singular occurrence and multiple, normal-appear-
ing nuclei will lead to the correct diagnosis at thorough observation.

Lipophages are macrophages with large, optically empty spaces containing fatty
particles. They are not associated with a specific pathology.

6.11 Inflammatory Reactions

Inflammatory alterations of CSF cells and their composition can be roughly divided
into infectious and noninfectious disease and affect lymphocytes, monocytes and
granulocytes. Cell composition will usually appear as mainly or exclusively lympho-
cytic (Fig. 6.15) in noninfectious inflammatory reactions, viral infections or Lyme
borreliosis (Oehmichen 1976; Kluge et al. 2006; Worofka et al. 1997). Inflammatory
alterations of lymphocyte morphology have already been described. Granulocytic
reactions are typical in bacterial infections (Fig. 6.20). Predominant monocyte and
macrophage reactions are seen in subacute, reparative phases of infections. A mixed-
cellular picture with lymphocytes, granulocytes and monocytes/macrophages can be
observed in subacute infections that develop within several days to weeks, such as
listeriosis, tuberculosis or fungal infections (Fig. 6.21) (Oehmichen 1976). With
inflammatory and especially infectious cellular compositions, leucophages can some-
times be found — macrophages containing lymphocytes or granulocytes. Mitoses can
occur as well. Both reactions, however, can also be observed in neoplastic disease.
These rules, however, can only point towards the correct diagnosis. Only if intra-
cellular infectious agents such as bacteria can be demonstrated, the diagnosis can be
assured. Visible extracellular bacteria without signs of cellular inflammatory

= (&
. o X .l ’ ;\\
. ';?. \ . l—
. .
&8 e 4 S

Fig.6.20 Bacterial
meningitis, E. coli.
Polymorphonuclear
granulocytes with multiple
intracellular cocci (arrows)

'g-"!.
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9)

Fig. 6.21 Cryptococcal meningitis. Left: large cell with optically empty halo and dark rim.
Second cell developing at its left. Surrounding granulocytes. Right: black ink preparation. The ink
is kept away by the mucous rim of the cryptococci, resulting in a visible light halo

Fig.6.22 Bacterial

contamination. All bacteria
(multiple dark spots) are =
located extracellularly. '
Monocytic predominance

without inflammatory

reaction

reactions are signs of contamination after CSF sampling (Fig. 6.22). The report on
the cytological assessment should always recommend microbiological assessment.

6.12 Haemorrhagic Diseases

Haemorrhages can affect the CSF space directly as subarachnoid bleeding to the
external CSF space or indirectly after bleeding into the brain parenchyma that enters
the ventricles. In rare cases, direct intraventricular haemorrhage can occur, most
probably as bleeding from the ventricular plexus.
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The most important task for CSF analysis is to differentiate artificial contamina-
tion from genuine bleeding into the CSF. For this purpose, it is essential to recognise
the different states of erythrocyte phagocytosis. According to the timecourse of
their phagocytosis and digestion of their content, macrophages containing erythro-
cytes, haemosiderin and haematoidin can be observed (Fig. 6.17). Erythrophages
containing normal, coloured erythrocytes are regarded as an insecure sign of haem-
orrhage, since it is assumed that phagocytosis may occur ex vivo in the sample
containment up to 12 h after bleeding or lumbar puncture, respectively (Oehmichen
1976; Worofka et al. 1997). Colourless, so-called “masked” erythrocytes can be
easily mistaken as vacuoles within the macrophage. The size and regular round
shape of the erythrocytes will lead to the correct diagnosis. Masked erythrocytes are
a more reliable sign of intra-CSF haemorrhage. After 24—72 h, the masked, white-
appearing erythrocytes turn light and later on dark blue, as haemosiderin becomes
visible. Siderophages are a secure sign of intra-CSF haemorrhage, since digestion
will not reach this state ex vivo. After several weeks, haemosiderin turns into honey-
yellow haematoidin crystals which are only rarely found.

6.13 Neoplastic Alterations

The differentiation of neoplastic cells from other physiological or pathological cell
types remains one of the most important tasks of CSF cytology. With a frequency of
5-10 % of patients, breast and lung cancer, malignant melanoma and aggressive
haematological malignancies like acute leukaemias or lymphomas most often cause
tumour cell dissemination into the CSF and leptomeninges, called neoplastic men-
ingitis. Among the primary CNS neoplasms, medulloblastomas, primitive neuroec-
todermal tumours (PNET) and ependymomas most frequently affect the CSF (Strik
and Prommel 2010).

In general, increased total cell size, basophilic cytoplasm, nucleoli, increased size
of nucleus relative to cytoplasm and deformation of total cell or nucleus are regarded
as signs of malignancy (Table 6.2) (Koelmel 2003; Oehmichen 1976; Worofka et al.
1997; Bigner 1994). Mitoses often have atypical morphology with irregular chromo-
some composition (Fig. 6.23). Epithelial cells, usually causing neoplastic meningitis
from solid tumours, often express one or several of these characteristics. Moreover,
this cell type does not usually occur in the CSF. Therefore, neoplastic meningitis
from solid tumours most often does not cause a major diagnostic problem. As a rule,
a cytological diagnosis for certain types of malignancies is not possible, since single

Table 6.2 Classical
morphological signs
of malignancy

Patterns of neoplastic morphology
Increased cellular size
Increased nucleus-cell ratio
Basophilic cytoplasm
Nucleolus
Deformation of cell form
Deformation of nucleus
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Fig.6.23 Atypical mitosis
with irregular chromosomes

Fig.6.24 Tumour cells in a
case of malignant melanoma.
Multiple times the size of the
surrounding erythrocytes,
eosinophilic cytoplasm, dark
nucleoli and dark pigment
within the cytoplasm of the
upper median cell

cells share morphological similarities between different tumour types. There are,
however, some characteristics that may give strong evidence for certain tumours.
Dark pigmentation of cells, for example, is a morphological hallmark for melanoma
cells. Although pigment can sometimes be found in neoplastic meningitis from mela-
nomas, it is rarely found, and if so, it most often stains dark blue instead of black
(Fig. 6.24). This is in contrast to the appearance in histological slides and can be
explained by the decreased absorption of light by the singular cells in the cytological
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Fig.6.25 Gastric signet cell carcinoma: malignant signet ring cells with basophilic, thick border
of cytoplasm and background of large, basophilic tumour cells with vacuoles and pointed borders
of the cytoplasm. Single erythrocytes and leucocytes

Table 6.3 Morphologically similar cell types that can be counfounded

Possible confounders

Melanophages Siderophages Pigmented melanoma cells
Lipophages Signet ring cells

Cartilage cells Multinucleated giant cells Tumour cells

Cryptococci Lymphocytes

Inflammatory lymphocytes Neoplastic lymphocytes

preparation as compared with multiple layers of cells in a histological section. A
typical sign for certain types of adenocarcinomas are signet ring cells, large cells
with an optically empty centre and peripheralised nucleus (Fig. 6.25). These cells,
however, can be confounded with lipophages and macrophages with a large intracy-
toplasmic vacuole. Markedly increased cell size, dark basophilic cytoplasm and the
cellular context with surrounding tumour cells may distinguish neoplastic signet
cells from lipophages (Table 6.3).

Haematological malignancies are often difficult to distinguish from non-
neoplastic alterations, since lymphocytes also occur physiologically in the
CSF. Long-lasting inflammatory reactions — especially of infectious origin —
can lead to changes in morphology that can resemble neoplastic disease and
make differentiation difficult. Very large total cell size, deep incision of the
nuclei or alterations of the whole cell form (Fig. 6.26) may help to establish
the diagnosis of neoplastic disease especially in B-cell lymphoma (Perske
et al. 2011).
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Fig.6.26 B-cell non-Hodgkin’s lymphoma. Cells are four to six times larger than the surrounding
lymphocytes, nuclei have in part deep notches and the dark basophilic cytoplasm has pointed
extensions
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Abstract

Determination of the CSF/Sg,, ratio and/or CSF lactate concentration is part of
the routine CSF work-up enabling the verification of an anaerobic glucose
metabolism in the CNS. Since lactate is an end product of the anaerobic glucose
metabolism and since there is an inverse relationship between CSF lactate and
CSF/Sg, ratio, both parameters can be used for the same diagnostic purposes. A
decrease of CSF/Sg), ratio and increase of CSF lactate, respectively, is found in
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various neurological diseases such as bacterial and fungal meningitis or lepto-
meningeal metastases. In glucose transporter-1 (GLUT1) deficiency syndromes,
only the CSF/Sg), ratio is pathologic. A CSF/Sq), ratio <0.4 (with variations
depending on blood glucose concentration) and CSF lactate >3.5 mmol/L are
widely accepted as pathologic.

7.1 Glucose

Glucose is actively transported from the blood into the CSF compartment by spe-
cific carrier mechanism, in the first instance GLUT1. CSF glucose concentration
depends on serum concentration; therefore, it is indispensable to calculate the CSF/
Sci, ratio (Watson and Scott 1995; Deisenhammer et al. 2006). As already men-
tioned above, glucose in CSF is decreased in some neurological diseases, and one
of the main diagnostic purposes of the CSF/Sg), ratio is to differentiate between
bacterial and viral infections of the CNS. Furthermore, pathologic CSF/Sg, ratio
supports diagnosis of leptomeningeal metastases or GLUT1 deficiency syndrome.

7.1.1 Preanalytics

For analysis of glucose, a pair of CSF and blood samples needs to be collected at the
same time, since CSF concentration is dependent on blood concentration and requires
expression as CSF/Sq, ratio. Glucose in CSF samples is stable for 5 h at room tem-
perature and for 24 h at4 °C independent of cell counts (Dujmovic and Deisenhammer
2010). Glucose concentration in untreated serum samples decreases over time lead-
ing to a falsely increased CSF/blood ratio. Sodium fluoride-treated blood specimens
remain stable for up to 3 days, whereas heparin-treated specimens tend to decline
continuously. If, however, the concentration of glucose is to be measured within the
first hour after sampling, use of sodium fluoride is unnecessary (Chan et al. 1989).
With regard to which blood preparation should be used, it is noteworthy that
there is an average 11 % difference in glucose concentration between plasma and
blood (1.11:1.0) according to the IFCC recommendations (Steffes and Sacks 2005).
Plasma and blood glucose are used interchangeably with a consequent risk of mis-
interpretation. Serum should not be used because the glucose concentration may
decrease as a result of glycolysis during its preparation (Steffes and Sacks 2005).

7.1.2 Method

Most current photometric methods to measure glucose use enzymatic conversion
(e.g., hexokinase/glucose oxidase/glucose dehydrogenase) and absorbance mea-
surements near or at 340 nm (Steffes and Sacks 2005; Thomas 2005). The concen-
tration can also be determined by a kinetic measurement, comparing sample to a
calibrator. Other methods include protein precipitation, associated with a positive
bias, depending on the degree of dilution and concentration of protein. Nevertheless,
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all detection methods measure glucose concentration (amount of glucose per vol-
ume of sample) with sufficient trueness and precision (Steffes and Sacks 2005).

7.1.3 Reference Range

Lumbar CSF glucose levels of healthy persons are roughly 60 % of blood levels
(Leen et al. 2012; Hegen et al. 2014). Reference ranges for capillary, venous, and
whole blood differ. There are no sex-related differences, and reported changes of
CSF/Sg, ratios with age are most likely an epiphenomenon with increased serum
glucose concentrations with increasing age (Hegen et al. 2014; Leen et al. 2012).

Parameter Range

CSF glucose 2.7-4.2 (mmol/L)

Blood glucose 3.3-5.5 (mmol/L)

Glucose CSF/blood |0.61-0.89

ratio (Cave: CSF/serum ratio may be lower than 0.5 if serum glucose

concentration is >100 mg/dL) (see Fig. 7.1)

7.1.4 Interpretation

CSF/blood ratios below 0.5 are indicative of bacterial CNS infections caused by
organisms such as streptococcus, meningococcus, mycobacteria, and funguses.
During meningeal blastomatosis, CSF levels of glucose may also drop below this ratio
of 0.5. However, in cases with increased serum glucose concentrations, the normal
CSF/blood glucose ratio may drop up to below 0.4 (see Fig. 7.1a, b), and therefore an
apparently decreased CSF/serum ratio may be due to a diabetic dysmetabolism which
requires adjustment to avoid a misinterpretation (Hegen et al. 2014; Leen et al. 2012).
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Fig. 7.1 (a) Relationship between blood glucose (mmol/L) and CSF/blood glucose ratio (Leen
et al. 2012) (b) and relationship between serum glucose (mg/dL) and CSF/serum glucose ratio
(Hegen et al. 2014). Due to the inverse correlation, cutoff levels for normal CSF/serum glucose
ratio require adjustment to the glucose concentration in blood or serum, respectively
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According to a recent study, cutoff values for normal CSF/Sg,, ratio defined as the 5th
percentile were 0.5 for patients with serum glucose concentrations <100 mg/dL, 0.4
for those with a glucose level of 100-149 mg/dL, and 0.3 for serum glucose concen-
trations >150 mg/dL (Hegen et al. 2014).

7.2 Lactate

Lactate in human brain is produced by glial cells, mainly astrocytes, and it is aerobi-
cally metabolized by neurons (Brooks 2002). Lactate in CSF is derived from the
CNS and from blood. However, changes in blood concentration do not affect the
CSF concentration, since the lactate transporter at the blood-brain barrier is satu-
rated (Barros and Deitmer 2010). Therefore, when evaluating CSF concentration of
lactate, knowledge of the blood level is not required.

Lactate occurs in two optical isomers, L-lactate and D-lactate. L-Lactate concen-
tration predominates with up to 99 %; thus it is of major importance in routine CSF
analysis and D-lactate has no established role in routine CSF diagnostics. L-Lactate
represents the end product of the anaerobic glucose metabolism, so it can replace
glucose analysis (Fig. 7.2). Elevation of lactate indicates hyperlactatemia or lactic
acidosis which is an important diagnostic aspect in intensive care units.

7.2.1 Preanalytics
Stability of lactate in CSF strongly depends on the number of leukocytes, red blood

cells and pathogens. Red cells in CSF cause significant increases in lactate concen-
trations, more so when exposed to air. This has to be considered when interpreting
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lactate in CSF contaminated by blood (Venkatesh et al. 2003). Lactate is stable at
room temperature for up to 24 h independent of CSF leukocyte count without addi-
tion of sodium fluoride (Dujmovic and Deisenhammer 2010; Thomas 2005).

7.2.2 Method

Lactate is measured by enzymatic tests and photometry either using lactate dehy-
drogenase (conversion to pyruvate in the presence of NAD) or using lactate oxidase
(conversion to pyruvate and hydrogen peroxide) (Thomas 2005).

7.2.3 Reference Range

CSF lactate concentration is age dependent with a range between 1.0 and 2.7 mmol/L
(9.9-23.4 mg/dL) but not sex dependent (Zhang and Natowicz 2013).

Age (years) L-Lactate range

1-15 1.0-2.0 (mmol/L) 9.9-16.2 (mg/dL)
16-50 1.2-2.4 (mmol/L) 13.5-18.9 (mg/dL)
>51 1.3-2.7 (mmol/L) 15.3-23.4 (mg/dL)

7.2.4 Interpretation

A mild to moderate lactate acidosis (2.7-3.5 mmol/L) in the CSF can be observed
in many neurological diseases such as metabolic encephalopathies, autoimmune
encephalitis, cerebral hemorrhage and insults, epileptic seizures, brain malignan-
cies (glioblastoma) with a tendency for anaerobic glycolysis, viral infections (her-
pes viruses), Lyme neuroborreliosis, and polyradiculitis. Bacterial meningitis
(pneumococcus, meningococcus, tuberculosis, listeria), cerebral metastases, neuro-
sarcoidosis, and septic encephalopathy may be associated with severe abnormal
elevations of lactate (>4.0 mmol/L).
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Abstract

The CSF total protein concentration is used in emergency diagnostics as a rough
evaluation tool for the blood-CSF barrier function that may be disturbed by
reduced CSF turnover occurring in different diseases such as purulent meningi-
tis, spinal canal stenosis or polyneuroradiculitis.

The interpretation of elevated CSF protein concentration may, however, be
difficult since several disease-independent factors may contribute to interindi-
vidual variability such as the individual’s blood concentration, volume of sam-
pled CSF and site of puncture in addition to intrathecally produced proteins. This
shortcoming can be overcome by additional CSF analysis including albumin and
immunoglobulins.
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8.1 Preanalytics

For analysis of total protein, only the CSF sample is necessary. Total protein con-
centration is stable for at least 1 week even at room temperature(s) and when stored
at fridge temperature up to a couple of months. Considerable changes due to artifi-
cial blood contamination or haemolysis are possible; for artificial blood contamina-
tion, an estimated adjustment is possible if the respective blood or serum findings
are known (Reiber 1983; Reiber et al. 2003).

8.2 Method

CSF total protein is measured by turbidimetry, nephelometry and dye-binding
assays. The modified dye-binding assays (e.g. biuret, pyrogallol red) have been
established and validated for protein analysis in serum, but not for CSF.

The preferred method for measurement of total protein in CSF is kinetic nephe-
lometry in 40 % trichloroacetic acid (TCA), because it is mass related and indepen-
dent of the molecular form (Reiber 1983). Nephelometric two-point and turbidimetric
assays with low acid concentrations are prone to instability and a tendency to floc-
culate. Accuracy of dye-binding reactions varies depending on the fraction of the
aromatic amino acids.

A fast and simple alternative is the semiquantitative Pandy’s test (phenol reac-
tion) which can be used as a bedside test for a rough guidance in emergency condi-
tions when quantitative techniques are not available right away (Petereit et al. 2007).

8.3  Reference Range

Concentration of total protein increases from ventricles to lumbar CSF space
(Gerber et al. 1998), and it is age dependent (Breebaart et al. 1978). Therefore,
reference range has to be adapted for age and site of CSF collection
(Deisenhammer 2006). The ratio of ventricular to lumbar concentration of total
protein is 1:2.5. Another pitfall of total protein is that upper limits of reference
range highly depend on the individual protein concentration in blood and the
intrathecally produced protein fraction. This might explain why several studies
suggest even a higher normal cut-off, somewhere between 500 and 600 mg/L
(Deisenhammer 2006).

Age (years) Lumbar total protein range (mg/L)
Newborn <1,700
1-15 90-350

16-60 150-450
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8.4 Interpretation

Many acute inflammatory diseases of the CNS are characterized by a mild to mod-
erate increase in total protein concentration caused either by an increased capillary
permeability of the blood-CSF barrier (purulent meningitis), by disturbed elimina-
tion of CSF at the spinal radices (Guillain-Barré syndrome polyradiculitis, Lyme
Neuroborreliosis) or by mechanic disturbance of CSF bulk flow (spinal canal
stenosis).

Purulent meningitis is an example of severe increase of total protein (>1,000 mg/
IL). Acute Lyme disease (borreliosis) and the Guillain-Barré syndrome polyradicu-
litis are examples for moderate (750—1,000 mg/L), and viral meningitis and poly-
neuropathies examples for mild abnormal elevations (500-750 mg/L).

Interpretation of total protein will be described in detail in chapters on CSF in
clinical syndromes.
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Abstract

CSF albumin serves as an ideal parameter to evaluate the permeability of the
blood-CSF barrier. The CSF/serum albumin ratio (Q-Alb) has to be used in order
to correct for the individual blood concentration of albumin.

Abnormal elevations of Q-Alb occur in various disorders including inflamma-
tory and noninflammatory neurological diseases. Mild-to-moderate elevations of
Q-Alb are typical for diabetic and immune-mediated polyneuropathies or viral
meningitis, while moderate-to-severe Q-Alb elevations are associated with CNS
infections, immune-mediated polyradiculitis or severe spinal canal stenosis.
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9.1 Introduction

Albumin is produced exclusively in the liver, so all albumin detected in the CSF
originates by definition from blood. Therefore, it serves as an ideal parameter to
evaluate the permeability of the blood-CSF barrier. However, for a reliable evalua-
tion of the blood-CSF barrier integrity, CSF/serum ratio of albumin (Q-Alb) that
reflects the diffusion gradient of albumin has to be used in order to correct for the
individual’s blood-derived fraction. An additional role of Q-Alb is that it serves as a
reference for other serum proteins to allow calculation of their intrathecal synthesis,
as known from the formula for IgG index (Link and Tibbling 1977; Andersson et al.
1994; Reiber 1994; Brettschneider et al. 2005).

9.2  Preanalytics

Albumin is stable in CSF for at least 1 week even at room temperature; when
stored at 4 °C, several weeks up to months; and, when frozen at —20 °C, up to

2 years (Petereit et al. 2007; Thomas 2005). Considerable changes due to artificial
blood contamination or haemolysis are possible.

9.3 Detection Methods

Albumin is measured immunochemically by turbidimetry or by nephelometry with
a two-point or a kinetic analysis. CSF and serum samples should be analysed simul-
taneously in the same assay, same run and standard curve to keep the analytical
variability to a minimum (Thomas 2005; Reiber et al. 2003).

9.4 Reference Intervals

An intact blood-CSF barrier in adults is associated with a CSF/serum albumin
ratio of <8 x107%. The reference range is age dependent, and for individuals
above 5 years, following the formula according to age has been suggested:
Q-Alb=((age in years/15) +4) x 10~* (Reiber and Peter 2001). For example, the
upper limit of the reference range of a 15-year-old person would be (15/15)
+4=5x102. However, this formula still returns elevated results in roughly 15 %
of patients without evidence of neurological disorder (ruled out by clinical, labo-
ratory and imaging diagnostics) (Brettschneider et al. 2005). There are several
studies on normal Q-Alb that have reported higher cut-off levels (Link and
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Tibbling 1977, Blennow et al. 1993). Of note, Q-Alb may be influenced by body
weight or BMI, which also contributes to a large interindividual variability within
a same age group (Brettschneider et al. 2005).

Age (years) Lumbar CSF/serum ratio of albumin range (x10~)
Newborn <28

1-15 4-5

15-60 5-8

60-90 8-10

9.5 Interpretation

A dysfunction of the blood-CSF barrier, i.e. abnormal elevation of Q-Alb, occurs in
various neurological diseases of inflammatory as well as noninflammatory aetiol-
ogy. While mild-to-moderate Q-Alb elevations (8—25x 10~%) are seen in many dis-
eases such as diabetic and immune-mediated polyneuropathies (PNP), viral
meningitis or vertebral disc pathologies, moderate-to-severe Q-Alb elevations
(>25x 107%) are associated with a purulent meningitis, acute Lyme neuroborreliosis,
neurotuberculosis, immune-mediated polyradiculitis and myelitis or severe spinal
canal stenosis.

Among patients with PNP, no significant correlation was found between duration
of disease and extent of Q-Alb. There was also no significant difference between
subtypes of PNP as classified by electroneurography or by underlying aetiology
such as diabetes, vitamin B12 deficiency and others (Brettschneider et al. 2005)
(Table 9.1).

Table 9.1 Spectrum of diseases associated with mild, moderate or severe Q-Alb elevations
according to Brettschneider et al. 2005

Abnormal
Q-Alb ranges | Neuropsychiatric diseases

<12.5%x1073 Bell’s palsy, dementia, depression, idiopathic Parkinson syndrome, migraine,
optic neuritis, schizophrenia, tension-type headache

<15%x107? Amyotrophic lateral sclerosis, atypical Parkinson syndromes, diabetic
polyneuropathy, epileptic seizure, ischaemic stroke, mild spinal stenosis,
normal pressure hydrocephalus, transverse myelitis, viral meningitis

<20x 1073 Brain tumour, moderate spinal stenosis, viral encephalitis
<35x107? Guillain-Barre syndrome, CIDP, herpes simplex encephalitis

25-100x10* | Lyme neuroborreliosis, neurotuberculosis, purulent meningitis, severe spinal
stenosis, tick-borne encephalitis
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Abstract

The assessment of intrathecally synthesised immunoglobulin is an important part
of routine cerebrospinal fluid (CSF) analysis. Immunoglobulins can be detected
in normal CSF and are derived from plasma. The appearance of immunoglobu-
lins in normal CSF is readily explained by size-dependent diffusion across
blood-CSF barriers, and their concentrations increase with the general increase
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in CSF protein concentrations observed in a wide range of neurological diseases.
Therefore, methods that take the normal diffusion of immunoglobulins into
account are needed for quantitative assessment of intrathecal immunoglobulin
synthesis. Intrathecally synthesised immunoglobulins are usually of restricted
clonality, and electrophoresis-based methods can be used for detecting this in the
form of oligoclonal bands. These methods depend on comparing paired CSF and
blood samples. Qualitative analyses for the assessment of intrathecally synthe-
sised oligoclonal bands are more technically demanding, but are more sensitive
for the detection of intrathecal immunoglobulin synthesis, and are less suscepti-
ble to artefacts induced by blood-CSF barrier disturbances than quantitative
methods. The same general principles apply both for the detection of total intra-
thecal immunoglobulin synthesis and for the detection of specific antibody
responses in infectious or autoimmune conditions.

10.1 Introduction

The mammalian immune system has evolved to protect against infections against
a plethora of infectious agents and employs a wide range of responses to protect
the host against bacterial, viral and parasitic infections. The immune system is
also involved in inflammatory responses to tissue damage and in the pathogene-
sis of autoimmune and autoinflammatory diseases. Basically, the immune system
can be divided into an innate and an adaptive part (Paul 2008). The innate immune
system comprises granulocytes; mononuclear phagocytes such as monocytes,
macrophages and microglia; and dendritic cells which are specialised antigen-
presenting cells. These cells express a wide range of molecules including pattern
recognition receptors for molecules associated with pathogens (Broz and Monack
2013). In addition, humoral factors, including pentraxins such as the acute-phase
proteins C-reactive protein and serum amyloid, complement proteins, and the
coagulation and kinin system are part of the innate immune system (Shishido
et al. 2012).

The adaptive immune system comprises B cells and T cells, which are lympho-
cytes developing in the bone marrow and thymus (Paul 2008). Each newly devel-
oped B or T cell expresses a unique antigen receptor in the form of an immunoglobulin
or a T-cell antigen receptor. The development of unique antigen receptors is the
result of genetic recombination combined with stochastic addition of single nucleo-
tides to the receptor-encoding DNA sequence. Developing lymphocytes undergo
positive selection processes to ensure that they express functional antigen receptor
molecules. This is followed by negative selection, where potentially harmful, auto-
reactive cells are pruned from the developing lymphocyte repertoire.

Following the activation of an antigen-specific lymphocyte in secondary lym-
phatic tissue, e.g. lymph node or spleen, it proliferates vigorously. This initial
clonal expansion is followed by the differentiation of cells into various effector
cell types and memory cells, which are long-living cells that continue to
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recirculate in the body or remain in peripheral tissues after the initial immune
response, thus ensuring a more rapid and efficient immune response upon a sec-
ond encounter with an infectious agent (Heyzer-Williams and Heyzer-Williams
2005; Sprent and Surh 2011).

10.2 The Humoral Immune Response
10.2.1 B-Cell Development and Activation

Humoral immune responses depend on the primary activation of antigen-reactive
B cells, which is initiated by the binding of antigen to immunoglobulins on the
B-cell surface (Harwood and Batista 2010). This activates a signalling cascade
involving protein kinases, the induction of second messenger molecules and gene
expression (Kurosaki et al. 2010). In addition, immunoglobulins with their bound
antigen are internalised, and the antigen is processed by proteases in endosomes.
This is followed by the binding of peptide fragments of the antigen to major histo-
compatibility class II molecules (human leucocyte antigen or HLA molecules in
humans), which are subsequently expressed on the cell surface (Neefjes et al.
2011). This allows interactions between antigen-specific CD4 T cells and antigen-
specific B cells, resulting in the activation of CD4 T cells with specificity for the
same antigen that initially activated the B cell. A hallmark of the humoral immune
response is the development of plasma cells secreting high-affinity antibodies that
are class switched from the initial IgM isotype to other isotypes (see below) and
the development of a long-living pool of memory B cells. Although T-cell-
independent B-cell responses can provide some protection early in the course of an
immune response, the development of memory B cells and plasma cells secreting
high-affinity antibodies requires T-cell help (Miller et al. 1965; Vos et al. 2000).
This reaction takes place in the germinal centres of secondary lymphoid organs,
where targeted recombination and somatic hypermutation in the immunoglobulin
genes induced by the enzyme activation-induced deaminase result in the selection
of B cells producing high-affinity, class-switched antibodies (Nutt and Tarlinton
2011; Victora and Nussenzweig 2012). Based mainly on research in rodents, it was
previously thought that T-cell help depends on T-helper type 2 (Th2) cells. It is
now, however, widely accepted that help to B cells involves a recently discovered
subtype of CD4 T cells termed follicular helper (Tgy) cells rather than Th2 cells
(Crotty 2011; Tangye et al. 2013).

10.2.2 Immunoglobulins
Basically, immunoglobulins are composed of two heavy chain and two light chain

molecules with a molecular weight of approximately 150,000 kD (Paul 2008). The
heavy chains with a molecular weight of 50-70 kD are composed of four
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Fig.10.1 Schematic representation of the basic structure of immunoglobulins. Immunoglobulins
are composed of two heavy chains, each consisting of one variable (V}, red) and three constant
(Cys-Chs, blue) immunoglobulin domains and two light chains, each consisting of one variable (V,
orange) and one constant (C;) immunoglobulin domain (Paul 2008). Internally the immunoglobu-
lin domains are stabilised by disulphide bonds. The light chain and Vy and Cy;; domains constitute
the Fab (fragment, antigen binding) part of an immunoglobulin, and the Cy;, and Cy; domains from
the two heavy chains form the Fc (fragment, crystallisable) part. The Cy, and Cy; domains are
linked by the hinge region (black), and the hinge regions of the two heavy chain molecules are
linked by disulphide bonds (red). The Fc parts of the heavy chains are glycosylated (not shown).
Membrane-bound immunoglobulins have an additional, short transmembrane amino acid chain.
The paratope is the distal, antigen-binding part, which consists of three hypervariable or
complementarity-determining regions (CDRI-3) in the Vi and Vy domains. Variation in the amino
acid sequence of the VL and VH chains arises from somatic recombination of V, D and J gene
segments in the immunoglobulin heavy locus (/GH) and somatic recombination of V and J gene
segments in the immunoglobulin kappa locus (/GK) and immunoglobulin lambda locus (/GL)

immunoglobulin superfamily domains linked by a hinge region, and the light chains
with a molecular weight of 23 kD consist of two immunoglobulin superfamily
domains (Fig. 10.1). The heavy chains specify the isotype and subclass of the immu-
noglobulin and are linked by disulphide bonds in the Fc (fraction, crystallisable)
part of the molecule. The light chains are either kappa or lambda light chain mole-
cules, which are linked by disulphide bonds to the other end of the heavy chain
molecule, forming the Fab part (fragment, antigen binding) of the immunoglobulin.
Hypervariable regions of the heavy and light chain molecules (termed complemen-
tarity-defining regions, CDR) are flanked by framework regions which together
make up the antigen-binding region of the Fab part, which is also known as the
paratope (Table 10.1).
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Table 10.1 Immunoglobulin isoforms, subclasses and effector functions. Immunoglobulins differ
in their biological function due to differences in their ability to activate the complement cascade
and differences in their ability to bind to different Fc receptors on the surface of immune cells,
which may have highly variable biological functions (Paul 2008)

Complement
Fc binding activation Biological role

IgA Mucosal immunity (secreted)

IgAl Yes - Major IgA subclass

IgA2 Yes - More prevalent in secreted IgA

IgD ? - Initial B-cell activation, role in mucosal
immunity?

IgE Yes - Parasite immunity, allergy

IeG Broad role in immunity to infectious agents

I1gGl1 High affinity Yes

IgG2 | Low affinity Yes

IgG3 | High affinity Yes

IgG4 | Intermediate -

IgM Yes Yes Initial immune responses, natural
autoantibodies

10.2.3 Plasma Cells and Plasmablasts

After activation by binding of cognate antigen to cell surface immunoglobulin,
B-cell proliferation is induced, and in the absence of T-cell help, this may be suffi-
cient to induce an antibody response, which is dominated by the secretion of IgM
antibodies by plasmablasts. Plasmablasts are B cells that have developed into a
phenotype where they retain some B-cell surface markers, but also secrete immuno-
globulins (Heyzer-Williams and Heyzer-Williams 2005; Kurosaki et al. 2010). Such
T-cell-independent immune responses can be induced by multivalent antigens, e.g.
bacterial surface antigens, and elicit initial antibody responses which provide some
protection until high-affinity, class-switched T-cell-dependent antibody responses
have evolved (Berland and Wortis 2002; Mebius and Kraal 2005).

T-cell-dependent antibody responses develop in germinal centres in secondary
lymphatic tissues and involve interactions between antigen-specific Tgy cells, B cells
and follicular dendritic cells (FDCs) (Victora and Nussenzweig 2012). FDCs are spe-
cialised stroma cells that express antigen complexed with complement or immuno-
globulins on their surface in the follicular area of secondary lymphoid organs. FDCs
are important for the selection of high-affinity, mutated immunoglobulin-expressing
B cells (Gonzalez et al. 2011). The interaction between antigen-specific Try and B
cells induces the expression of the enzyme activation-induced deaminase (AID) in B
cells. This results in class switch recombination from the initial expression of IgM and
IgD to other immunoglobulin isotypes. The precise class switch undertaken is influ-
enced by cytokines present in the environment with, e.g. transforming growth factor-§
(TGF-p) inducing class switching to IgA and Th2 cytokines inducing class switching
to IgE (Fagarasan et al. 2010). Furthermore, AID induces somatic hypermutation in
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the variable region of immunoglobulin genes. This stochastic reaction results in the
chance generation of B cells expressing immunoglobulin genes, which show increased
affinity for antigen (Heyzer-Williams and Heyzer-Williams 2005). Such high-affinity
antibody-secreting cells are selected by poorly understood processes and differentiate
either to plasma cells or to long-living memory B cells, which are able to generate a
swift antibody response upon re-exposure to the same antigen.

10.3 B Cells and Immunoglobulins in the Central Nervous
System

10.3.1 CNS Immunoprivilege and B-Cell Responses

The CNS is conventionally considered an immunoprivileged organ (Carson et al.
2006). The presence of a blood-brain barrier, the lack of a conventional lymphatic
drainage system and the sparseness of conventional antigen-presenting cells do,
indeed, impose constraints on intrathecal immune responses. B-cell responses are,
however, readily induced in the CNS and may be of a similar or even higher magni-
tude than systemic responses to the same antigen (Gordon et al. 1992). Interestingly,
it is possible to induce antibody responses to myelin basic protein (MBP) infused
into the CSF, and this results in the subsequent protection against experimental
autoimmune encephalomyelitis induced by MBP (Harling-Berg et al. 1991). It
appears that the administration of antigen to the CSF is especially immunogenic and
the induction of an intrathecal antibody response is associated with the development
of a clonally restricted, specific antibody response as assessed by analysis for oligo-
clonal bands (Harling-Berg et al. 1989; Knopf et al. 1995).

10.3.2 Quantitative Assessment of Intrathecal Inmunoglobulin
Synthesis

Normal CSF contains low concentrations of all immunoglobulins. Immunoglobulins
in normal CSF derive from passive diffusion across the blood-CSF barriers
(Thompson 1988). Diffusion is size-dependent, and the CSF-plasma concentration
quotient for various proteins correlates negatively with the size of the individual
molecules (Felgenhauer et al. 1976; Felgenhauer and Renner 1977). The CSF-
plasma concentration quotient for albumin (Q,;) is commonly used as a measure of
barrier integrity and is used to correct for general blood-CSF protein transfer in
formulae for the quantitative assessment of intrathecal immunoglobulin synthesis.
The size selectivity of the blood-CSF barriers may, however, become disturbed in
disease states, leading to erroneous results when the Qalb is used for correction,
especially for larger molecules such as IgA and IgM (Thompson 1988).

There is a close relationship between the Q,;, and the CSF-plasma concentration
quotient for IgG (Q.s) in control subjects (Delpech and Lichtblau 1972; Ganrot and
Laurell 1974). This relationship led to the development of the IgG index, which is
16/ Qan, for the assessment of intrathecal IgG synthesis (Link and Tibbling 1977).
The IgG index assumes that there is a linear relationship between the Qalb and the
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Fig.10.2 Graphic representation of the consequence of measuring inaccuracy for the use of intra-
thecal immunoglobulin synthesis formulae (see text for discussion). (a) models a linear relationship,
e.g., (b) a double-logarithmic relatoinship, and (c) a hyperbolic relationship between the CSF-plasma
quotient of a reference protein (a) and an immunoglobulin of interest (b)

QIgG. This has, however, been questioned by other researchers, who argue that CSF
bulk flow is the major determinant of the CSF protein content and that the diffusion
theory indicates that the relationship between the Qalb and the QIgG is better
explained by a hyperbolic formula (Reiber 1994). Hyperbolic formulae have also
been developed for assessing intrathecal synthesis of IgA and IgM (Reiber 1994).

The hyperbolic model is not universally accepted as other researchers have reported
that the relationship between the Qalb and the QIgG is linear in a double logarithmic plot
and that there is no statistical evidence suggesting that a hyperbolic formula provides a
better fit for the data (Ohman 1994). The relationship observed in double logarithmic
plots led to the development of the extended IgG index (Ohman et al. 1989) and was later
developed into similar extended indices for IgA and IgM (Ohman et al. 1993).

The extended index model is, indeed, the expected model if a linear relationship
between the Qalb and the QIgG is assumed, but measuring inaccuracy is also taken into
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Table 10.2 Selected formulae for assessment of intrathecal immunoglobulin synthesis
Conventional immunoglobulin indices (Delpech and Lichtblau 1972; Ganrot and Laurell 1974;
Link and Tibbling 1977; Lolli et al. 1989)

IgG index = Q6! Qup IgA index = Qiea/ Oup IgM index = Qiom/ Qurn
Extended immunoglobulin indices (Ohman et al. 1989, 1993). Values for parameter a are IgG,
a=1.12; IgA, a=1.15; IgM, a=1.9

Extended Ig index= Q0,,/Qy"

Hyperbolic immunoglobulin formulae (Reiber 1994). Hyperbolic 99 % upper reference limits
for immunoglobulin quotients are calculated from the Q., (IgG: a=0.93, b=6x 107,
c=1.7x1073;IgA: a=0.77, b=2.3%x 1075, ¢=3.1x 1073, [gM: a=0.67, b=1.2x 107,
¢=7.1x107)

Upper limit of Qj,=a \/(Qﬂlb2+b)+c

account (Fig. 10.2). If there is no inaccuracy in the measurements, a linear formula
such as the IgG index is well suited to establish increased levels of IgG synthesis. Some
measuring inaccuracy is, however, unavoidable, and if the same relative measuring
inaccuracy applies both for the Qalb and the QIgG at high and low values, this will
result in increased variability in the relationship at higher levels. Thus, the linear for-
mula (the IgG index) will tend to give false-positive results at higher Qalb values
(Fig. 10.2a), whereas the formulae based on non-linear relationships, i.e. the extended
index (Fig. 10.2b) and hyperbolic formula (Fig. 10.2c), are less prone to this error.
Indeed, extended immunoglobulin indices and hyperbolic formulae perform better
than conventional indices for the quantitative assessment of intrathecal immunoglobu-
lin synthesis (Ohman et al. 1989, 1993; Sellebjerg et al. 1996). None of the formulae
are comparable to the detection of oligoclonal bands for the assessment of intrathecal
IgG synthesis (Ohman et al. 1992; Sellebjerg et al. 1996). There may, however, be a
role for the assessment of intrathecal IgA and IgM synthesis in the diagnosis of infec-
tious diseases in the nervous system (Deisenhammer et al. 2006).

The passive diffusion of immunoglobulins from plasma into the CSF should also
be considered when specific antibodies are investigated in patients with CNS infec-
tions. Simply calculating an antibody index by comparing the concentration of the
specific antibody in CSF and plasma to the CSF and plasma concentrations of IgG
is usually sufficient, and similar methods can be applied for the analysis of specific
IgM antibodies (Deisenhammer et al. 2006). The application of antibody indices
has been used for many antigens, but the results should be interpreted with caution
as some patients with MS also show intrathecal synthesis of several virus-specific
antibodies, mostly directed against measles, rubella and varicella-zoster virus, the
so-called MRZ reaction (Table 10.2) (Felgenhauer and Reiber 1992).

10.3.3 Qualitative Assessment of Inmunoglobulin Synthesis

The detection of clonally restricted, intrathecally synthesised IgG is a hallmark of
multiple sclerosis and is observed in more than 90 % of patients with MS (Freedman
et al. 2005). IgG oligoclonal bands can, however, also be observed in other diseases
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Fig. 10.3 Isoelectric focusing patterns (immunostaining for IgG) showing / normal (polyclonal)
serum (S) and CSF (C) (no intrathecal IgG synthesis), 2 normal serum and oligoclonal CSF (intrathe-
cal oligoclonal IgG synthesis present), 3 oligoclonal serum and CSF with additional bands in CSF not
present in serum (intrathecal oligoclonal IgG synthesis present), 4 identical oligoclonal bands in serum
and CSF (mirror pattern, no intrathecal IgG synthesis), 5 paraprotein (monoclonal) resolving in several
adjacent bands with a similar pattern in serum and CSF (no intrathecal oligoclonal IgG synthesis), 6
normal serum and single band in CSF (equivocal pattern not considered to represent intrathecal oligo-
clonal IgG synthesis) (Figure supplied by Poul Erik Hyldgaard Jensen, Neuroimmunology Laboratory,
Danish Multiple Sclerosis Center, Rigshospitalet, University of Copenhagen)

(Kostulas et al. 1987; McLean et al. 1990). An account of the development of oligo-
clonal band analyses is given in the chapter on the history of the CSF earlier in this
book. Briefly, it is recommended that oligoclonal bands are analysed by isoelectric
focusing followed by immunochemical detection of IgG (Keir et al. 1990). The
simultaneous analysis of the CSF and serum with similar amounts of IgG being
analysed is mandatory in order to distinguish between CSF bands resulting from
local synthesis and bands derived from plasma (Fig. 10.3).

Itis generally recommended that five different patterns are distinguished: normal
pattern, paraprotein, oligoclonal IgG bands only in the CSF, oligoclonal IgG synthe-
sis with identical bands in the CSF and plasma and systemic IgG synthesis with
additional bands only in the CSF (Andersson et al. 1994). The latter two patterns are
observed in many infectious and inflammatory diseases, whereas the majority of
MS patients have IgG oligoclonal bands only in the CSF.

Isoelectric focusing has also been used for the analysis of other immunoglobulin
isoforms and for detection of intrathecal synthesis of free immunoglobulin light
chains, but these analyses are not in routine use (Deisenhammer et al. 2006;
Freedman et al. 2005).
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Isoelectric focusing followed by immunoblotting to membranes coated with
antigen from infectious agents can be helpful in the diagnosis of CNS infections, but
is technically challenging. Interestingly, using methods that provide an estimate of
the affinity of the antibody, it has been suggested that antibodies against viral anti-
gens in MS are of low affinity compared to antibodies to the same antigens in
patients with viral encephalitis (Luxton et al. 1995; Luxton and Thompson 1990).

10.3.4 Intrathecal IgM Synthesis

Monomers of IgM molecules are joined in pentamers by J chains to form secreted
IgM but may also exist as IlgM monomers. The high molecular weight of pentameric
IgM (900,000 kD) means that quantitative assessment of intrathecal IgM synthesis
is especially prone to artefacts due to alterations in blood-CSF barriers. Intrathecal
IgM synthesis is observed in MS and infectious and other inflammatory diseases
(Ohman et al. 1993; Sellebjerg et al. 1996). The analysis of IgM oligoclonal bands
is technically challenging but is less prone to artefacts than quantitative analysis,
and it has been suggested that the presence of IgM oligoclonal bands in MS associ-
ated with disease activity and a poor prognosis (Sharief and Thompson 1991, 1992;
Villar et al. 2002, 2003). Interestingly, intrathecally secreted IgM in the CSF is
derived from cells carrying somatic hypermutations, suggesting that they may be
derived from an intrathecal germinal centre-like reaction (Beltran et al. 2014).

10.3.5 Intrathecal IgG Synthesis

The major indication for assessing intrathecal IgG synthesis is for the diagnosis of
MS (Deisenhammer et al. 2006; Freedman et al. 2005). Intrathecal IgG synthesis is,
however, observed in a wide variety of inflammatory diseases and infections, and
the IgG index or IgG oligoclonal band analysis is often used to screen for inflamma-
tory CNS diseases. Due to its higher sensitivity and specificity, oligoclonal band
analysis is the preferred method for assessment of intrathecal IgG synthesis. The
IgG oligoclonal bands observed in MS are synthesised by local plasmablasts and
plasma cells and have accumulated somatic mutations, suggesting that they repre-
sent high-affinity antibodies, but the antigenic target of these antibodies is unknown
(Obermeier et al. 2008, 2011). Interestingly, similar clones have been observed
among circulating B cells in MS patients (Palanichamy et al. 2014).

10.3.6 Intrathecal IgA Synthesis

IgA is mainly secreted as a dimer, and upon addition of the secretory component, it
is excreted from mucosal surfaces where it has an important role in mucosal immune
responses (Holmgren and Czerkinsky 2005). The IgA1 subclass accounts for the
majority of circulating and secreted IgA (Delacroix et al. 1982). The IgA2 subclass
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is more prevalent in secreted IgA. IgA can also be produced intrathecally. However,
when intrathecally produced, it is not associated with the secretory component
(Woo et al. 1993), and monomeric IgA is produced in substantial amounts during an
intrathecal antiviral immune response (Ohman et al. 1995). The class switch to IgA
production is directed by TGF-f, and mice with selective deficiency of TGF-f in B
cells show a complete absence of IgA in plasma (Cazac and Roes 2000; van
Vlasselaer et al. 1992). Interestingly, the endogenous production of TGF-f in B
cells contributes to class switching to IgA in human B cells (Zan et al. 1998).

Most studies addressing intrathecal synthesis of IgA have used quantitative
methods. Intrathecal synthesis of IgA is less prevalent than intrathecal IgG synthe-
sis but has been reported to occur commonly in patients with bacterial meningitis,
including neurotuberculosis (Felgenhauer and Schadlich 1987; Lolli et al. 1989;
Sellebjerg et al. 1996). Interestingly, two studies have demonstrated that intrathecal
IgA synthesis as assessed by extended immunoglobulin indices is associated with a
less severe disease course in patients with MS. The first study showed that the quan-
titatively assessed intrathecal IgA synthesis correlated negatively with the CSF con-
centration of MBP as biomarker of demyelination (Sellebjerg et al. 1998). The
second study found a relationship between intrathecal IgA synthesis and overall
mortality (Vrethem et al. 2004). It is tempting to speculate that this might relate to
an immunoregulatory effect of the IgA isotype shift factor TGF-p or IgA itself
(Fagarasan et al. 2010).

10.3.7 Intrathecal IgE Synthesis

Only few studies have investigated IgE in the CSF, and at present the assessment of
intrathecal IgE synthesis has no role in routine CSF diagnostics. IgE is secreted as
a monomer and is involved in the host response against parasitic infections and
allergic reactions. The isotype shift to IgE and the IgG4 subclass is associated with
Th2 immune responses, and in multiple sclerosis (MS) there is predominantly intra-
thecal synthesis of the Thl-associated IgG1 subclass, whereas IgE indices are
reduced (Greve et al. 2001). Conversely, in patients with eosinophilic meningitis
due to infection with the nematode Angiostrongylus cantonensis, intrathecal synthe-
sis of IgE is prominent, consistent with the known role of Th2 immune responses in
parasitic infections (Padilla-Docal et al. 2008). Such patients do, however, also
show evidence of intrathecal synthesis of other immunoglobulins than IgE (Dorta-
Contreras et al. 2005).

10.3.8 Intrathecal IgD Synthesis

The biological role of IgD in immune responses is poorly understood. IgD is coex-
pressed with IgM on the surface of naive B cells, and IgD or IgM signalling is
involved in initial B-cell activation (Harwood and Batista 2010). Only a small pro-
portion of B cells do, however, undergo somatic hypermutation and class switching
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for the development of IgD-secreting plasma cells. IgD may have a role in mucosal
immunity in the airways, providing a link between innate and adaptive immune
responses by binding to basophilic granulocytes (Chen et al. 2009). In one study
using immunoglobulin indices to compare intrathecal synthesis of IgG, IgM, IgA
and IgD, increased IgG index values were more commonly increased in MS than in
patients with other inflammatory diseases, whereas the latter patient group more
commonly showed increased IgA index, IgD index and IgM index values than did
patients with MS (Lolli et al. 1989). In other studies, IgD oligoclonal bands were
found mainly in patients with demyelinating diseases, infections and tumours
(Mavra et al. 1992, 1999).

Conclusions

The analysis of intrathecal immunoglobulin synthesis is important for the diag-
nosis of multiple sclerosis and other inflammatory neurological diseases. The
analysis of IgG is most widely used, and it is recommended that this is done by
isoelectric focusing with specific immunochemical detection of IgG bands. For
quantitative analysis, the IgG index is often used, but non-linear formulae such
as hyperbolic formulae and extended indices are better suited, especially for the
analysis of IgA and IgM and when there is an impairment of the blood-CSF bar-
rier function independent of its cause.
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Abstract

Cerebrospinal fluid (CSF) analysis is of utmost importance to establish an early
diagnosis of central nervous system (CNS) infections and to start appropriate
therapy. Besides the basic diagnostics containing CSF white cell count, lactate
concentration and protein analysis, substantial efforts have to be made to identify
and characterise the causing pathogen. Decisive methods are bacterial and fungal
staining, microbiological culture methods, antigen and serologic testings includ-
ing the determination of pathogen-specific intrathecal immunoglobulin synthesis
and nucleic acid amplification methods. As preanalytic requirements and the
choice of analytical methods depend on the suspicion of bacterial, fungal or viral
CNS infections, a close communication between the laboratory and the clinician
is important.
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In search for viral, bacterial or parasitic agents of CNS infection, the examination of
cerebrospinal fluid is of particular importance. It is the treating physician who
hypothesises the CNS infection prior to further diagnostic procedures, and it is the
clinician’s hypothesis that triggers the preanalytic and analytic process and the spe-
cial diagnostic assays of CSF analysis.

In suspected acute infections, direct methods of pathogen detection are impor-
tant; CSF specimens require immediate processing as well as prompt reporting of
results of Gram stain or of other direct tests as cryptococcal antigen test. In subacute
or chronic infections, indirect serological methods are relevant diagnostic tools. In
search for bacterial, fungal and parasitic agents, the direct microscopy and bacterio-
logical culture methods are of outstanding importance; in case of suspected viral
CNS infection, the direct detection of viral genome by polymerase chain reaction is
often the method of choice. Therefore, a close communication between the labora-
tory physicians and the clinicians improve early and goal-directed diagnostic mea-
sures and early confirmation of diagnoses.

11.1 Sampling and Transport of CSF for Microbiological
Examination

CSF sampled to detect bacterial, fungal or viral infectious agents has to be drawn
under sterile conditions. Prior to puncture, the skin has to be disinfected thoroughly
to avoid nosocomial infection of the patient and to avoid contamination of the sam-
ple with resident dermal bacteria (e.g. coagulase-negative staphylococci). In gen-
eral, 10 ml should be drawn for CSF analysis; in case of suspected tuberculous
meningitis, larger volumes and repeated punctures are recommended. Gram stain
and routine culture may require only 1-2 ml of CSF; however, if fungal or mycobac-
terial infection is suspected, larger volumes increase the likelihood of successful
culture. Thus, a recommended minimal sample volume for bacteriological-myco-
logical examination is 5 ml, for virological examinations 2 ml and for suspected
tuberculosis 10-15 ml (Wildemann et al. 2006; Kennedy and Fallon 1979).

CSF for bacterial culture should not be centrifuged and should be transported at
room temperature as soon as possible to the microbiological laboratory. Transport
time should not take longer than 30 min. Beyond the common causative agents of
bacterial meningitis, especially meningococci and H. influenza are fastidious organ-
isms. In infections with these organisms, high or low temperatures and long storage
time in nutrient-poor culture medium (as it is cerebrospinal fluid) can decrease bac-
terial cell viability and sensitivity of microbiological culture methods. Pneumococci
and Listeria monocytogenes are more resistant to low temperature and can still be
grown despite storage at 4 °C for several hours. If these requirements of transport
conditions are not realisable, it is recommended to transport a part of CSF after
addition into an aerobic blood culture flask (Nau 2005).

On the other hand, CSF sampled for supposed acute viral meningoencephalitis
should be analysed for viral DNA or RNA by PCR. For this purpose, the PCR is
optimally run on freshly obtained and non-centrifugal CSF samples. The decline in
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sensitivity has not been studied in detail. The stability of RNA viruses is less than
that of DNA viruses. In general, it is recommended to store CSF for PCR analysis
at4 °C or —20°, and it should be analysed within few days (Debiasi and Tyler 2004).

11.2 Staining and Microscopy

Preparation of CSF cytospins, cell sedimentation or at least smears should be a
routine part of CSF analysis. The morphological detection of infectious agents in
stained cytological preparations allows nearly immediate diagnosis of bacterial and
fungal CNS infection (Fig. 11.1).

In acute bacterial meningitis, Gram staining of CSF preparations allows rapid
diagnosis in 60-90 % of cases. However, the sensitivity varies between the patho-
gen species between 90 % in pneumococcal meningitis and <50 % in CNS infection
with Listeria monocytogenes (Tunkel and Scheld 2005). Likewise, sensitivity
depends on the preparation and staining technique. Cytocentrifuge preparations

™) oW

Fig. 11.1 Examples of stainings visualising meningitis-causing agents. Upper panel: May—
Griinwald—Giemsa-stained cytospin for cytological differentiation of CSF cells can already visualise
bacteria or fungi, and thorough inspection is mandatory: (a) mostly intracellularly located diplococci,
culturally confirmed Neisseria meningitides; (b) extracellularly located diplococcic, culturally con-
firmed Streptococcus pneumonia; (c) budding yeast surrounded by a capsule, culturally confirmed
Cryptococcus neoformans. Lower panel: Pathogen-specific staining for further characterisation:
(d) Gram-negative, mostly intracellularly located diplococci, culturally confirmed Neisseria menin-
gitides (same patient as upper panel a); (e) Gram-positive bacilli, culturally confirmed Listeria
monocytogenes; (f) Indian ink visualising the capsule of Cryptococcus neoformans in CSF (same
patient as upper panel c) (Special thanks to Ingelore Nagel for images and continuous support)
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showed greater sensitivity in comparison to smears after conventional centrifuga-
tion (Chapin-Robertson et al. 1992). Low bacterial CSF load, of course, results in
lower sensitivity than high bacterial load; microscopical detection can be achieved
in samples with bacterial cell counts below <10° CFU/ml (colony-forming units per
ml) in 25 %, in samples with >10° CFU/ml in 97 % (La Scolea and Dryja 1984).
After onset of antibiotic treatment, sensitivity of Gram-stained smear is reduced to
40-60 %, and sensitivity of cultural detection is reduced to less than 50 %. In chil-
dren, effective antibiotic treatment results in sterilisation of initially positive CSF
cultures after 24-36 h (Bonadio 1992). Due to this reason, it should never be missed
to draw blood cultures and in suspected meningococcal meningitis also pharyngeal
swabs and samples of petechial skin lesions prior to start of antibiotic treatment.

In suspected tuberculous meningitis, CSF cell sediment should be analysed after
Ziehl-Neelsen staining with a low sensitivity of about 30 % (Erdem et al. 2013), but
the sensitivity can be increased by repeated lumbar punctures for CSF analysis
(Kennedy and Fallon 1979).

Fungal CNS infections occur in Europe mainly in immunocompromised patients
with especial importance of the yeasts Cryptococcus and Candida and the mould
Aspergillus. Meningitis due to Cryptococcus neoformans is one of the most fre-
quent opportunistic infections in patients with impaired cellular immunity.
Sensitivity of microscopic detection of cryptococci after CSF staining with Indian
ink or May—Griinwald—-Giemsa is with 80-90 % high (Zhang et al. 2014; Saha et al.
2009); cultural methods and antigen detection in CSF and serum are important, too
(Perfect 2005; Marchetti et al. 2012).

11.3 Antigen Tests

Detection of antigens of pathogenic agents within the CSF can be a helpful supple-
ment for diagnosing bacterial and fungal CNS infections. These tests are based
upon the principle to detect antigens by antibody-coated latex particles that will
agglutinate with specimens containing the respective pathogens. The advantage of
these tests is the rapid procedure and result. Sensitivity is only high in case of a high
pathogen load in the CSF, and by this way, the sensitivity of antigen tests is not
superior to microscopy after pathogen-specific CSF staining.

Bacterial antigen tests are available to detect Streptococcus pneumoniae,
Neisseria meningitidis (serotypes A, B, C, Y, W135), group B streptococci and
Escherichia coli K1. There is a certain benefit of bacterial antigen tests to confirm
diagnosis and bacterial species in case of antibiotic pretreatment that lowers the
sensitivity of bacterial culture; the method should be used in sense of confirmation
and not exclusion. As the diagnostic value of bacterial antigen tests has been ques-
tioned repeatedly, there are no clear recommendations (Tunkel et al. 2004) and
many laboratories have discontinued the use of the bacterial antigen tests. In any
case, additional routine microbiological analyses including microscopy and cultural
methods are mandatory.
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In contrast, in the diagnosis of cryptococcal meningitis, the use of cryptococcal
antigen test is clearly recommended in addition to staining and fungal culture
(Portegies et al. 2004; Arendt 2012). The test detects polysaccharide antigens of the
encapsulated yeast Cryptococcus neoformans in serum and CSF (Bennett et al.
1964), and its sensitivity is very high (in CSF 95-99 %) in comparison to fungal
culture.

11.4 Microbiological Culture

Microbial cultures are the gold standard to determine the pathogenic agent in bacte-
rial or fungal CNS infection. Beyond the determination of the type of organism, it
allows the detection and quantification of the strain-specific susceptibility to antibi-
otic or antifungal drugs.

Most bacteria that cause acute meningitis grow well on solid or fluid culture
media like blood and chocolate agar or tryptic soy broth, unless they have been
damaged by antibiotic intervention (Gill et al. 2005). Selective culture media are,
for example, Sabouraud agar suitable for the cultivation and differentiation of fungi
or Lowenstein—Jensen medium, specially used for culture of Mycobacterium.

CSF specimens drawn for suspected acute bacterial meningitis will be cultivated
for at least 72 h at 35-37 °C and in CO,-enriched aerobic atmosphere. Other sus-
pected CNS infections, as fungal or tuberculous meningitis, require different and
specialised growth media and conditions (selective media, special temperatures,
longer cultivation time). Therefore, it is of outstanding importance that the treating
physician informs the microbiological laboratory about the suspected diagnosis.

In any case of suspected bacterial meningitis, it should be kept in mind to draw
specimens for aerobic and anaerobic blood cultures prior to antibiotic treatment.

11.5 Molecular Assays

Amplification techniques such as those using PCR provide increased sensitivity and
specificity with short processing time because of the rapid and extensive amplifica-
tion of target nucleic acid. They are method of choice in the diagnosis of numerous
viral CNS infections and improve the diagnosis of bacterial, tuberculous and para-
sitic infections and can detect, for example, herpes simplex virus (HSV) DNA by
amplification of below ten copies DNA per ml. Due to the high sensitivity of PCR,
care must be taken to avoid contamination with other templates and amplicons that
may be present in the laboratory environment; thus, strict intra-laboratory quality
standards are necessary to ensure accurate results. In addition to the high clinical
utility of PCR in identifying aetiologic agents of CNS disease, also quantification of
viral load to monitor duration and adequacy of antiviral drug therapy (e.g. HIV) is
routinely used.

In most PCR protocols and assays, DNA or RNA is extracted from a sample
volume of about 100-200 pl (Debiasi and Tyler 2004). For CSF analysis in
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suspected tuberculous meningitis, relevant larger sample volumes up to volumes
>6 ml CSF are recommended (Thwaites et al. 2004).

In general, endogenous polymerase inhibitors are much less commonly present
in CSF than in other body fluids or tissues. Nevertheless, false-negative results also
occur in CSF analysis. Factors, which might contribute to low sensitivity, include
low viral load, delay in CSF processing or rapid clearance due to robust host neu-
tralising antibody response. False-negative results may also occur in the presence of
endogenous polymerase inhibitors; especially haeme products from artificial blood
contamination may inhibit the PCR, and this should be kept in mind in case of unex-
pected negative results as in suspected herpes simplex encephalitis (Debiasi and
Tyler 2004).

Important applications of PCR-based CSF analytics are suspected herpes sim-
plex encephalitis caused by HSV-1 or less common HSV-2, CNS infections by vari-
cella zoster virus (VZV), Epstein—Barr virus (EBV), cytomegalovirus (CMV),
enteroviruses or the polyomavirus JC virus causing progressive multifocal leukoen-
cephalopathy (PML).

In herpes simplex encephalitis, the sensitivity of PCR-based assays is above
95 % with likewise high specificity of 99 %. HSV DNA can still be detected
after onset of antiviral treatment for at least 5-7 days. In this early stage of the
disease, serological assays to detect intrathecal antibody synthesis against HSE
are not of clinical relevance. However, within the first 72 h of herpes simplex
encephalitis, false-negative results occur. In well-founded clinical suspicion of
herpes simplex encephalitis, antiviral treatment must not be interrupted because
of a negative PCR result. Negative results should be interpreted with particular
caution, if the CSF specimen was sanguineous or xanthochrome (Tyler 2004;
Steiner et al. 2012).

Also diagnostic of bacterial CNS infections is improved by PCR methods. The
availability of results (within 8-24 h) is faster in comparison to conventional cul-
ture methods, for which results usually are not available for 48 h. Real-time multi-
plex PCR methods detect H. influenzae, N. meningitidis, S. pneumoniae and L.
monocytogenes with high sensitivity (87-100 %) and specificity (98-100 %)
(Chaudhuri et al. 2008). PCR methods are of special interest in specimen with
delayed processing time or sampling after onset of antibiotic treatment, in which
sensitivity of microscopy and bacterial culture decreases. In cases of uncommon or
unsuspected bacterial agents, broad-range bacterial PCR assays can be useful in
detecting the bacterial gene coding for the 16S ribosomal ribonucleic acid, fol-
lowed by DNA sequencing for species identification (Greisen et al. 1994; Srinivasan
et al. 2012). In suspected neurotuberculosis, PCR assays are supplemental diag-
nostic tools, especially due to the rapid availability of results in comparison to the
long duration of cultivation of up to 6 weeks. But the reported sensitivities of PCR-
based tests for Mycobacterium tuberculosis in CSF samples range from 46 to 66 %
and specificities from 97 to 99 %. Thus, results must be interpreted with caution
(Steiner et al. 2012).
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11.6 Serology

Besides the methods for direct detection of pathogens, serological tests play an
important in role in diagnosing and confirming CNS infections. Serological tests to
identify pathogen-directed antibodies in serum and CSF are especially important in
subacute or chronic infectious diseases, as, for example, neuroborreliosis or the
second phase of the biphasic presenting tick-borne encephalitis. In contrast to the
acute infections in bacterial meningitis and herpes simplex encephalitis, clinical
signs of CNS involvement present weeks after infection.

For example, neuroborreliosis is diagnosed by the combination of typical neuro-
logical symptoms, parameter of acute meningeal inflammation within the CSF
(pleocytosis, blood—CSF barrier dysfunction) and Borrelia burgdorferi-specific
antibodies produced intrathecally. Serological evidence of intrathecal immune
response by detection of B. burgdorferi-specific IgG and IgM antibody index (AI)
values is gold standard in the diagnosis of neuroborreliosis and has a sensitivity of
80 % (duration of infection <6 weeks) to nearly 100 % (>6 weeks). Due to its low
sensitivity of only 10-30 %, B. burgdorferi PCR is not of significant clinical rele-
vance and should be limited on very early stages of disease or in patients with
immunosuppression (Mygland et al. 2009).

Tick-borne encephalitis (TBE) is a characteristic biphasic febrile illness, involv-
ing the central nervous system with symptoms of meningitis, encephalitis or menin-
goencephalitis. After an asymptomatic incubation period between 7 and 14 days, an
initial phase of fever and non-specific symptoms occurs. After about 1 week of
remission, CNS affection occurs in 10-30 % of patients. CSF analysis reveals signs
of acute viral infection with pleocytosis, blood—CSF barrier dysfunction and intra-
thecally produced antibodies against TBE virus by detection of TBEV-specific anti-
body index values (Holzmann 2003).

11.6.1 Detection of Antigen-Specific Intrathecal Inmune
Response

Intrathecal synthesis of total IgG, IgA and IgM can be detected by immunonephelo-
metric determination of the CSF-to-serum ratios of IgG, IgA, IgM and albumin and
plotting IgG, IgA and IgM ratios versus albumin ratio according to the nomogram
of Reiber and Felgenhauer (Reiber and Felgenhauer 1987) (see also Chap. 10).

To detect a pathogen-specific intrathecal antibody synthesis, calculation of
antigen-specific antibody index (AI) values is commonly used (Reiber and Lange
1991). The determination of specific antibody index values allows detecting a path-
ological, brain-derived fraction of specific antibodies in CSF, not deriving from
serum by flow-depended diffusion via the “blood—CSF barrier”. Species-specific
immunoglobulins deriving from serum enter the CSF at equal proportion as total
immunoglobulin of the same isotype (Fig. 11.2a). Therefore, the quotient of
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Fig. 11.2 Schematic diagram of antigen-specific antibody index calculation. (a) Species-specific
immunoglobulins deriving from serum enter the CSF at equal proportion as total immunoglobulin
of the same isotype; this results in equality of the quotient of pathogen-specific immunoglobulin
concentration in CSF divided by pathogen-specific immunoglobulin concentration of in serum
(Qpec) and the quotient of total immunoglobulin concentration in CSF divided by total immuno-
globulin concentration in serum (Qy,). (b) In case of intrathecal immunoglobulin synthesis, the
pathogen-specific antibody concentration ratio (Q,..) increases in relation to the total antibody
concentration ratio (Qy,) resulting in elevated antibody index values above 1. (¢) Equation for cal-
culation of antigen-specific antibody index (Al) if QIg < QLim

arbitrary or absolute concentration of pathogen-specific immunoglobulin in CSF
divided by concentration of pathogen-specific immunoglobulin in serum (Qs,..) has
to be the same as the quotient of total immunoglobulin concentration in CSF divided
by total immunoglobulin concentration in serum (Qy,). As the antibody index is the
ratio of Qg divided by Q,, (Fig. 11.2c¢), the resulting antibody index is 1. In case of
intrathecal immunoglobulin synthesis (Fig. 11.2b), the pathogen-specific antibody
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concentration ratio (Qy,..) increases in relation to the total antibody concentration
ratio (Q),) resulting in elevated antibody index values above 1.

In practice, absolute or arbitrary concentration units of species-specific anti-
bodies are determined with respect to a standard curve, for example, derived
from twofold serial dilutions of a positive standard serum pool or (if available)
commercial standard samples. The CSF and serum pair of a patient has to be
essentially analysed in the same run of the same analytical test system (e.g. the
same plate of an ELISA), and CSF and serum samples should be diluted to yield
concentrations that are located in similar parts of the standard curve. Qg Will
be related to either the total immunoglobulin quotient (Qy, o = total immuno-
globulins in CSF: total immunoglobulins in serum) (Qec/OQig toral), OT in cases
with a local IgG or IgM synthesis (IgIF >0 %), Q.. is related to the limiting IgG
or IgM quotient (Qyim) (Qspec/ OLim) (Reiber and Lange 1991; Kaiser and Lucking
1993). The antibody index value mostly is defined as pathologic (i.e. indicating
the synthesis of antibodies against the specific pathogen within the CNS), when
itis >1.5).

Table 11.1 Examples of agents and diagnostic methods in CNS infections

Infectious agent Clinical presentation and hints | Diagnostic methods

Bacteria

Streptococcus pneumoniae Microscopy (Gram-positive
extracellular diplococcus),
culture, antigen test, PCR
(specific, multiplex or

broad-range 16S RNA)

Ambulant acquired purulent
meningitis

Neisseria meningitides

Haemophilus influenzae

Listeria monocytogenes

Ambulant acquired purulent
meningitis, petechial skin
lesions

Ambulant acquired purulent
meningitis, rare since
implementation of vaccination

Ambulant acquired purulent
meningoencephalitis,
predisposing
immunosuppressive factors or
age, pregnancy

Microscopy (Gram-negative
intracellular diplococcus),
culture, antigen test, PCR
(specific, multiplex or
broad-range 16S RNA)

Microscopy (Gram-negative
extracellular coccobacillus),
culture, antigen test, PCR
(specific, multiplex or
broad-range 16S RNA)
Microscopy (Gram-positive
bacillus), culture, PCR
(specific, multiplex or
broad-range 16S RNA)

(continued)
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Table 11.1 (continued)

Infectious agent
Escherichia coli K1

Staphylococcus aureus
and other staphylococci

Enterobacteriaceae or
Pseudomonas aeruginosa

Borrelia burgdorferi

Treponema pallidum

Mycobacterium
tuberculosis

Viruses

Herpes simplex virus
(HSV) 1,2

Varicella zoster virus
(VZV)

Epstein—Barr virus (EBV)

Cytomegalovirus (CMV)

Enteroviruses (Coxsackie
virus, echovirus,
enterovirus)

Poliovirus

Clinical presentation and hints

Purulent meningitis in
neonates

Nosocomial infections,
predisposing
immunosuppressive factors,
brain abscess

Nosocomial infections,
predisposing
immunosuppressive factors,
brain abscess

Lymphocytic
meningoradiculitis, facial
nerve palsy, rarely
encephalomyelitis, medical
history or risk of tick bite
Medical history of syphilis

Basal meningitis, medical
history of extracerebral
tuberculosis

Sporadic focal necrotising
encephalitis, meningitis,
neonatal sepsis

Radiculitis, facial nerve palsy,
meningitis, myelitis, vasculitis,
encephalitis
Meningoencephalitis in
immunocompromised patients,
association with primary CNS
lymphoma

Necrotising encephalitis in
immunocompromised patients,
polyradiculomyelitis, retinitis
Meningitis, encephalitis,
neonatal sepsis syndrome,
extracerebral manifestations
Poliomyelitis, meningitis,
encephalitis

A. Spreer

Diagnostic methods

Microscopy (Gram-negative
bacillus), culture, antigen test,
PCR (specific or broad-range
16S RNA)

Microscopy (Gram-positive,
extracellular cocci), culture,
PCR (specific or broad-range
16S RNA)

Microscopy (Gram-negative
bacilli), culture, PCR (specific
or broad-range 16S RNA)

Serology, antigen-specific
antibody index (PCR very
early in disease)

Serology, antigen-specific
antibody index

Microscopy (Ziehl-Neelsen
staining), culture (long
cultivation time), specific PCR
(variable sensitivity), large
sample volumes

PCR (in acute infection),
antigen-specific antibody index
(>2 weeks after onset of
symptoms)

PCR, antigen-specific
antibody index

PCR, antigen-specific antibody
index

PCR, antigen-specific antibody
index

Group-specific PCR

PCR, virus isolation (cell
culture), serology, poliovirus
neutralisation test

(continued)
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Table11.1 (continued)

Infectious agent
JC polyomavirus

Tick-borne encephalitis
virus (FMSE, RSSE)

Human immunodeficiency
virus (HIV)

Mumps virus

Measles virus

Fungi

Aspergillus fumigatus
Candida albicans
Cryptococcus neoformans

Parasites
Toxoplasma gondii

Clinical presentation and hints
Progressive multifocal
leukoencephalopathy in
immunocompromised patients
Tick-borne encephalitis,
medical history or risk of tick
bite in endemic areas of
Europe and Asia

HIV dementia, myelopathy,
neuropathy, myopathy,
immunosuppression
Meningitis, parotitis

Acute encephalitis, SSPE, skin
rash

Immunocompromised patients

Immunocompromised patients
Immunocompromised patients
Reactivation in

immunocompromised patients,
prenatal infection

141

Diagnostic methods

PCR, brain biopsy (serology for
risk estimation)

Serology, antigen-specific
antibody index (exceptionally
PCR in immunocompromised
patients or vaccine failure)

Serology, PCR, antigen-
specific antibody index

Serology, PCR, antigen-
specific antibody index
Serology, antigen-specific
antibody index, PCR

Culture, antigen test, broad-
range PCR (18S RNA), brain
biopsy

Culture, antigen test, broad-
range PCR (18S RNA)
Culture, microscopy (Indian
ink staining), antigen test

PCR, antigen-specific
antibody index

List of some frequent agents of CNS infections in Europe with selected remarks to clinical findings
and typical diagnostic methods (predominantly used methods or methods of choice are marked in

bold)
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encephalitis and demyelinating diseases. The autoantibodies target neuronal and
glial channels, channel-associated proteins, and surface receptors, and their
detection is strongly dependent on the usage of high-affinity immunoassays.
Immunohistochemistry and immunofluorescence techniques are used to detect a
certain staining pattern on brain tissue (tissue-based assays), or cells are used
expressing autoantigens (cell-based assays) that reflects the presence of a spe-
cific antibody in serum or cerebrospinal fluid of patients. Tissue-based assays use
frozen brain slides of rodents or primates, and immunolabeling is performed on
cryostat sections. Epitopes of intracellular antigens need retrieval techniques
using perfusion and chemical fixation of brains, whereas epitopes of surface anti-
gens require the use of fresh brains that are post-fixed. Cell-based assays use
mammalian cells transfected with a plasmid encoding the specific antigen for the
detection of antibodies. Antibodies can recognize conformational epitopes, and
assays are highly specific. Anti-neuronal antibodies associated with autoimmune
encephalitis are directed against intracellular (e.g., Hu, Yo, Ri) or surface anti-
gens (e.g., NMDAR, LGI1, CASPR2) and are usually detected by a combination
of tissue- and cell-based assays. Among the antibodies to glial autoantigens,
aquaporin-4 antibodies have emerged as sensitive and specific biomarkers for
neuromyelitis optica, and antibodies to the myelin oligodendrocyte glycoprotein
are associated with a subset of predominantly pediatric demyelinating diseases.
These antibodies are usually detected by cell-based assays.

In the past years several novel autoantibody-associated neurological diseases of the
central nervous system (CNS) have been described, and further specific antibodies
are identified every year (Lancaster and Dalmau 2012; Reindl et al. 2013; Vincent
et al. 2011; Wildemann and Jarius 2013; Wingerchuk et al. 2007). These autoanti-
bodies target neuronal and glial channels, channel-associated proteins, and surface
receptors and can only be detected using high-affinity immunoassays. The clinical
symptoms and disorders associated with these autoantibodies are diverse, including
limbic encephalitis and demyelinating diseases such as neuromyelitis optica (NMO)
or acute disseminated encephalomyelitis (ADEM). In this chapter we will give an
overview on these autoantibodies and the immunological methods used for their
detection.

12.1 Detection of Anti-neuronal Antibodies
12.1.1 Introduction

Immunohistochemistry has an essential role in the diagnosis of anti-neuronal
antibodies. The technique is applied to detect a certain staining pattern that reflects
the presence of a specific antibody in serum and/or CSF of the patient. Several
aspects should be taken into consideration in the interpretation of the results: (1) the
currently available conventional test systems and commercial kits are optimized to
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detect already known and well-characterized antibodies, while novel antibodies
might be missed; (2) labeling may sometimes be absent in serum, while CSF gives
strong results and vice versa; and (3) immunohistochemistry is an excellent diag-
nostic tool, but the results should always be interpreted in context with the clinical
presentation of the patient.

There is a rapid advance in the identification of new antigens that play a role in
autoimmune encephalitis, and the number of anti-neuronal antibodies that can be
identified with immunohistochemistry is growing. Currently, the antibodies are
classified according to the localization of the targeted antigen in antibodies against
intracellular antigens (e.g., Hu, Yo, Ri) and antibodies targeting surface antigens
(e.g., NMDAR, LGI1, CASPR2) (Graus et al. 2010). This chapter aims to sum-
marize the principles of the methodology and to describe the specific immunohis-
tochemical staining patterns of the currently known antibodies relevant to
diagnosis. Aspects relating to specific disorders will be described in the chapter by
Titulaer.

12.1.2 Methods for Inmunohistochemistry

Immunohistochemistry is used to visualize and localize a certain binding pattern
either on brain tissue (tissue-based assay) or on cell lines, transfected with a particu-
lar antigen (cell-based assay). The principle of the technique is the specific affinity
of the patient’s antibody for its antigen.

12.1.2.1 Tissue-Based Assay

The tissue-based assay uses brains either of rodents or primates that are frozen, and
immunolabeling is performed on cryostat sections. The epitopes of intracellular
antigens need retrieval techniques using perfusion and fixation of brains with para-
formaledehyde. In contrast, the epitopes of surface antigens require the use of fresh
brains (not perfused) that are only post-fixed. Sections pretreated for the detection
of intracellular antigens are usually obtained from the cerebellum, whereas surface
antigens are analyzed in the hippocampus. Tissue-based assays can be made in-
house, but they are also commercially available.

12.1.2.2 Cell-Based Assay
The cell-based assay uses mammalian cells (e.g., human embryonic kidney cells
HEK?293) that are transfected with a plasmid encoding the specific antigen and is
used for the detection of antibodies against surface antigens. Non-transfected cells
are used as controls. With this technique, the antibodies can recognize a conforma-
tional epitope, and the tests are thus highly specific. Most cell-based assays cur-
rently used for the diagnosis are formalin-fixed and can be stored until required.
However, some antibodies may only give satisfactory results with live cell staining,
which is time effective and requires cell culture facilities in the laboratory.

To visualize the patient’s antibodies, a secondary antibody against human
immunoglobulin is applied (indirect detection method) that either detects a specific
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immunoglobulin class (IgG, IgA, IgM) or recognizes all classes. The secondary
antibody may be subsequently conjugated either with an avidin-biotin-peroxidase
method (tissue-based assays) or fluorochromes (cell-based assays and tissue-based
assay; for tissue-based assays, it is a matter of personal preference to either use
peroxidase or fluorochrome).

12.1.3 Immunohistochemical Staining Patterns of Anti-neuronal
Antibodies

The number of anti-neuronal antibodies that are detectable by immunohistochemis-
try is constantly increasing and summarized in Table 12.1.

12.1.3.1 Antibodies Targeting Intracellular Antigens

All antibodies targeting intracellular antigens are paraneoplastic except anti-GAD65
antibodies, anti-Homer3, and anti-AKS5. The detection of these antibodies confirms
the immune-mediated origin of the neurological disorder and is helpful in tumor
search. The following immunohistochemical staining patterns can be observed:

Hu antibodies (type 1 anti-neuronal nuclear autoantibodies, ANNA1) and
Ri antibodies (type 2 anti-neuronal nuclear antibodies, ANNA?2) label nuclei and
cytoplasm of neurons in cerebrum, cerebellum, and brain stem; nucleoli are spared
(Fig. 12.1a). In the peripheral nervous system, Hu-antibodies stain the myenteric
plexus, while Ri-antibodies do not. Both antibodies bind to neuron specific RNA-
binding proteins with wide distribution in the nervous system (Graus et al. 2001;
Pittock et al. 2003). Anti-Yo antibodies (PCA1) label the cytoplasm of Purkinje cells
and some stellate and basket cells in the molecular layer of the cerebellum
(Fig. 12.1b). The antibodies recognize the cerebellar degeneration—related protein 2
(CDR-2), a Purkinje cell protein that is involved in signal transduction and gene
transcription. Anti-CV2 antibodies (CRMPS) label oligodendrocytes in the white
matter of cerebellum, brainstem, and spinal cord (Fig. 12.1c). The antibodies target
a cytoplasmic protein of the collapsin response mediator protein family with a
potential role in synaptic events (Honnorat et al. 1996). Anti-amphiphysin antibod-
ies show a synaptic staining of the molecular and granular cell layer of the cerebel-
lar cortex, and midbrain, the Purkinje cells are unstained (Pittock et al. 2005).
Amphiphysin is a synaptic vesicle protein that is important for vesicle membrane
recycling after depolarization. Anti-Mal/2 antibodies show a dot-like staining pat-
tern that is found in the nuclei and cytoplasm of large neurons of the brainstem and
hippocampus (Fig. 12.1d). The Ma protein family concentrates in interchromatin
granule clusters and coiled bodies in nuclei and cytoplasm and is involved in tran-
scription and pre-mRNA processing (Rosenfeld et al. 2001). Anti-PKCy (protein
kinase Cy), anti-ARHGAP26 (thoGTPase-activating protein 26), and anti-CARPVIII
antibodies (carbonic anhydrase-related protein VIII) label the cytoplasm, axons,
and dendrites of Purkinje cells (Fig. 12.1e). The antibodies recognize the respective
intracellular proteins that are all specific for Purkinje cells (Doss et al. 2014;
Hoftberger et al. 2013a, 2014). Anti-SOX1 antibodies (anti-glial nuclear antibody,
AGNA) label the nuclei of Bergmann glia of the cerebellum (Fig. 12.1f). SOX1
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Table 12.1 Clinical symptoms and associated malignancies of anti-neuronal antibodies (Dalmau
and Rosenfeld 2014; Graus et al. 2010)

Intracellular antigen | Associated tumor Clinical symptoms

Hu (ANNA1) SCLC Encephalomyelitis, PCD, LE, brainstem
encephalitis

Ri (ANNA2) Breast, SCLC Brainstem encephalitis, opsoclonus myoclonus

Yo (PCA1) Ovary, breast PCD

CV2 (CRMPS) SCLC, thymoma Encephalomyelitis, Chorea, PCD, LE

Amphiphysin SCLC, breast SPS, myelopathy and myoclonus,
encephalomyelitis

MA-1/2 Testicular seminoma, NSCLC | LE, brainstem encephalitis

PKCy Adenocarcinoma PCD

ARHGAP26 Ovary PCD

CARPVIII Ovary, melanoma PCD

SOX1 (AGNA) SCLC LEMS, PCD

ZIC4 SCLC Cerebellar ataxia

GADG65 - SPS, cerebellar ataxia, LE

Homer3 - Cerebellar ataxia

AKS - LE

Surface antigens

NMDAR Ovarian teratoma (58 % in Encephalitis

patients >18 years)

LGI1 LE, tonic seizures

CASPR2 Thymoma (38 %) LE, Morvan syndrome

AMPAR SCLC, breast, thymoma (60 %) | LE, psychosis

GABAgR SCLC (50 %) LE, ataxia

GABA,R - Status epilepticus, seizures, encephalitis

mGluR1 M. Hodgkin Cerebellar ataxia

mGluRS M. Hodgkin Ophelia syndrome

DPPX (Kv4.1)

Hallucinations, agitation, myoclonia, tremor,
seizures, diarrhea

Iglon5 - NREM/REM parasomnia, sleep apnea, and
brainstem dysfunction

GlyR Lung cancer PERM, SPS

D2R - Basal ganglia encephalitis, Sydenham’s chorea

VGCC SCLC LEMS, PCD

DNER (TR) M. Hodgkin PCD

Abbreviations: ANNA anti-neuronal nuclear antibody, PCA Purkinje cell autoantibody, CRMP col-
lapsin response mediator protein, PKCy protein kinase C gamma, ARGHAP26 rhoGTPase-activating
protein 26, CARPVIII carbonic anhydrase-related protein VIII, AGNA anti-glial nuclear antibody,
ZIC4 zinc-finger protein 4, GAD65 glutamic acid decarboxylase 65, AK5 adenylate kinase 5, NUDAR
N-methyl-D-aspartate receptor, LG/ leucine-rich glioma-inactivated 1, CASPR2 contactin-associ-
ated protein-like 2, AMPAR amino-3-hydroxy-5-hydroxy-5-methyl-4-isoxazolepropionic acid recep-
tor, GABA A/B R gamma-aminobutyric acid A/B receptor, mGIluR1/5 metabotropic glutamate
receptor type 1/5, DPPX dipeptidyl-peptidase-like protein-6, GlyR Glycine receptor, D2R dopamine
2 receptor, VGCC P/Q type calcium channel, DNER delta/notch-like epidermal growth factor-related
receptor, SCLC small-cell lung cancer, NSCLC non-small-cell lung cancer, PCD paraneoplastic cer-
ebellar degeneration, LE limbic encephalitis, SPS stiff-person syndrome, PERM progressive enceph-
alomyelitis with rigidity and myoclonus, LEMS Lambert-Eaton myasthenic syndrome
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belongs to a family of transcription factors that is expressed in the developing brain
(Graus et al. 2005). Anti-ZIC-antibodies (zinc-finger proteins) label the granule cell
layer of the cerebellum and less intensively the cytoplasm of Purkinje cells. ZIC
proteins play a role in cerebellar development, and the antibodies target a conserved
zinc-finger domain that is common in different ZIC proteins (Bataller et al. 2002).
Anti-GADG65 antibodies (glutamic acid decarboxylase 65 antibodies) label axonal
terminals in the molecular layer, at the base of Purkinje cells, and rosettes of axonal
terminals in the glomeruli of the granular layer of the cerebellum (Fig. 12.1g)
(Solimena et al. 1990). GAD®6S is the brain-specific isoform of GAD and the rate-
limiting enzyme for the synthesis of the transmitter gamma-aminobutyric acid
(GABA). Anti-Homer3 antibodies show an intense labeling of the molecular layer
of the cerebellum and weaker reactivity with the cytoplasm of Purkinje cells. Homer
3 interacts with the metabotropic glutamate receptor type 1 (mGluR1) and enables
clustering of the receptor (Hoftberger et al. 2013c). Anti-adenylate kinase 5 (AK5)
antibodies react with the cytoplasm of neurons in cerebrum, cerebellum, and brain
stem; nuclei are spared. The protein AKS is neuron specific and involved in meta-
bolic processes and RNA/DNA synthesis (Tuzun et al. 2007). Anti-Tr antibodies
label the Purkinje cell cytoplasm and show a dot-like staining pattern in the molecu-
lar layer of the cerebellum. The antigen was initially described intracellular but was
recently identified as delta/notch-like epidermal growth factor-related receptor
(DNER) (De Graaff et al. 2012).

12.1.3.2 Antibodies Targeting Surface Antigens
The association of antibodies targeting surface antigens with malignancy is less
consistent. The detection of these antibodies is important because patients usually
respond to immunotherapy. Both serum and CSF should be tested, and it is reason-
able to follow an algorithmic diagnostic approach (Fig. 12.2):

A first screening should be performed by a tissue-based assay optimized for
surface receptor antibodies, where most of the antibodies show a characteristic

<
<

Fig. 12.1 Staining pattern of antibodies targeting intracellular antigens. (a) Anti-Hu-antibodies
show an intensive labeling of cytoplasm and nuclei of Purkinje and granule cells. (b) Anti-Yo anti-
bodies label the cytoplasm of Purkinje cells (arrow heads) and stellate and basket cells in the molec-
ular layer (arrows). (¢) Anti-CV2-antibodies mark a subgroup of oligodendrocytes in the brainstem
(arrows). (d) Anti-Ma2-antibodies show a dot-like staining pattern in large neurons of the brainstem
(arrows). (e) Anti-PKC-antibodies label the cytoplasm, axons (arrows), and dendrites (arrow heads)
of Purkinje cells. (f) Anti-SOX1-antibodies stain the nuclei of Bergmann glia in the cerebellum
(arrows). (g) Anti-GAD65-antibodies show a rosette-like staining pattern in the granular layer of the
cerebellum and a dot-like staining of the base of Purkinje cells (arrows). (h) Serum of a healthy
individual remains negative. Magnification: (a—h) x400
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Fig.12.2 Algorithmic
approach for the diagnosis
of antibodies targeting
surface antigens.
Abbreviations: CBA
cell-based assay, Gly R
Glycine receptor, D2 R
Dopamine 2 receptor, VGCC
P/Q type calcium channel

R. Hoftberger et al.

Positive neuropil staining

Characterize the
antibody with CBA

.. o TR T
.- If all available CBAs

remain negative

—_— Fe

live neurons

Negative neuropil staining

Check clinical data and
—= if compatible test for
Gly R, D2 R, or VGCC




12 Immunohistochemistry 151

neuropil staining pattern in the hippocampus. In case of a positive result, the
sample should be tested on a cell-based assay that specifically expresses the anti-
gen of interest (e.g., NMDAR, GABA(B)R, AMPAR). If all currently available
cell-based assays remain negative, the sample should be stained on live hippo-
campal neurons. A positive result confirms that the patient’s antibody recognizes
a surface receptor antigen, and the technique can be used for characterizing the
novel antibody by immunoprecipitation. Glycinreceptor (GlyR) antibodies, dopa-
min2 receptor (D2R) antibodies, and P/Q type calcium channel (VGCC) antibod-
ies are not detectable by immunohistochemistry and have to be tested either
directly by a cell-based assay (GlyR antibodies, D2R antibodies) or by radioim-
munoassay (VGCC antibodies).

12.2 Detection of Anti-glial Antibodies

As mentioned above, various anti-neuronal antibodies have been described in the
past few years. In contrast, the role of antibodies to glial antigens for the pathogen-
esis and diagnosis of inflammatory demyelinating CNS diseases is still unclear,
except for antibodies to astrocytic aquaporin-4 (AQP4) in NMO. Evidence for a
role of antibodies and B-cells in demyelinating diseases comes from neuropatho-
logical investigations (Lassmann et al. 2007), the effect of B-cell directed therapies
(Hauser et al. 2008; Keegan et al. 2005; Krumbholz et al. 2012) and the finding of
intrathecal immunoglobulin (Ig)G antibody production, dominance of B-cells and
oligoclonal IgG bands in the CSF (Cepok et al. 2001; Freedman et al. 2005;
Krumbholz et al. 2012; Kuenz et al. 2008; Reindl et al. 2006). Various myelin and
non-myelin antigens were suspected as targets for humoral immune reactions in
demyelinating diseases (Krumbholz et al. 2012; Reindl et al. 2006). Recently, anti-
bodies to aquaporin-4 (AQP4) have emerged as sensitive and specific biomarkers
for NMO (Wingerchuk et al. 2007), and antibodies to the myelin oligodendrocyte
glycoprotein (MOG) are associated with a subset of predominantly pediatric demy-
elinating diseases (Reindl et al. 2013).

12.2.1 Antibodies to Astrocytic Aquaporin-4 (AQP4) in NMO
Spectrum Disorders

So far NMO is the only disease among the spectrum of inflammatory demyelinating
diseases, which was proven to be antibody mediated. In 2004 Lennon and col-
leagues identified an autoantibody targeting the astrocytic water channel protein
aquaporin-4 (AQP4) as a highly sensitive and specific biomarker for NMO (Lennon
et al. 2004), which was included into the diagnostic criteria of NMO (Wingerchuk
et al. 2006) and helped to define NMO spectrum disorders (NMOSD) (Wingerchuk
et al. 2007). Moreover, recent studies have also confirmed that AQP4-IgG are not
only important diagnostic biomarkers but are also relevant in the pathogenesis of
NMO by direct transfer of pathology by human AQP4-IgG antibodies to rodents
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Fig.12.3 Staining pattern of AQP4 antibodies on a tissue-based assay optimized for surface recep-
tor antibodies. (a) Anti-AQP4-antibodies show a mild neuropil staining pattern in the hippocampus
with a stronger laminar staining in the subgranular zone (arrow) and (b) labeling of the glia limitans
perivascularis in the entire brain (arrows). (¢) The cerebellum shows a marked reticular staining of
the granular layer (asterisks) with basket-shaped processes around Purkinje cell bodies (arrow).
(d—f) Cell-based assay for AQP4 antibodies. AQP4-EmGFP expressing HEK cells are shown in
green (d), bound serum AQP4 IgG antibodies in red (e), and the colocalization of serum autoanti-
body binding and AQP4-EmGFP expression in yellow (f). (g—i) Cell-based assay for MOG antibod-
ies. MOG-EmGFP expressing HEK cells are shown in green (g), bound serum MOG-IgG antibodies
in red (h), and the colocalization of serum autoantibody binding and MOG-EmGFP expression in
yellow (i). Magnification: a, x20; b, x100; ¢, x200; d and 2, x200

(Bennettetal. 2009; Bradl et al. 2009; Saadoun et al. 2010), thus fulfilling Witebsky’s
criteria for autoimmune diseases (Witebsky et al. 1957).

AQP4-IgG antibodies were first discovered by Vanda Lennon using an indirect
immunofluorescence assay with a composite substrate of mouse tissue (Lennon et al.
2004). After this discovery, various assays with different sensitivity and specificity have
been developed, including tissue-based and cell-based assays (Chan et al. 2010; De Vidi
et al. 2011; Fazio et al. 2009; Granieri et al. 2012; Hoftberger et al. 2013b; Iorio et al.
2013; Isobe et al. 2012; Jarius et al. 2007, 2008, 2010b; Jiao et al. 2013; Lennon et al.
2005; Mader et al. 2010; Marignier et al. 2013; Matsuoka et al. 2007; Mckeon et al.
2009; Paul et al. 2007; Pisani et al. 2013; Takahashi et al. 2006, 2007; Waters et al. 2008,
2012). Pictures from tissue- and cell-based assays for AQP4-IgG are shown in Fig. 12.3.

Multicenter studies comparing different assays for AQP4-IgG detection showed
the highest sensitivity and specificity for cell-based assays (Waters et al. 2012).
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Recently, we have compared 21 different AQP4-IgG assays from 15 European labo-
ratories in 101 NMOSD patients and 92 controls for the ERAENET ERARE project
EDEN in 2013, and the results indicated that cell-based assays expressing the M23
AQP4 isoform in human cells yielded the highest sensitivity and specificity.
Consensus on AQP4-IgG detection method has been established, and cell-based
assays should be used for the detection of AQP4 IgG in serum samples. AQP4-IgG
are found in 60-95 % of patients who are positive for the diagnostic criteria for
NMO (Wingerchuk et al. 2006), and the specificity of the assays used is 90-100 %.
Like with most other autoantibodies, the prevalence of AQP4-IgG is higher in
female patients (Trebst et al. 2014). Although in most patients AQP4-IgG remain
detectable despite immunosuppressive treatment, antibody testing should be per-
formed on samples taken prior to treatment commencement (Jarius et al. 2008;
Trebst et al. 2014). According to recent guidelines of the German Neuromyelitis
Optica Study Group (NEMOS) AQP4-IgG test results should either be confirmed
using a second, methodologically independent assay with high sensitivity and spec-
ificity, or testing should be repeated (Trebst et al. 2014).

The diagnostic value of AQP4-Ab in the CSF is controversial because most stud-
ies indicate that AQP4-IgG are produced peripherally without clear evidence of
intrathecal synthesis (Dujmovic et al. 2011; Jarius et al. 2010a; Takahashi et al.
2007). Only two studies reported the presence of CSF AQP4-IgG in a small number
of AQP4-IgG seronegative patients (Klawiter et al. 2009; Long et al. 2013).

12.2.2 Antibodies to the Myelin Oligodendrocyte Glycoprotein
(MOG) in Demyelinating Diseases

Antibodies to MOG were extensively analyzed in the past 20 years and results
indicated a possible role in MS pathogenesis. Cell-based assays turned out to be
of major importance for detecting MOG-specific serum autoantibodies and helped
to (re)define the spectrum of MOG autoantibody-associated demyelinating dis-
eases (Reindl et al. 2013). The autoantigen MOG makes up a small part of the
myelin sheath and is expressed on the surface of the myelin sheath and plasma
membrane of oligodendrocytes (Brunner et al. 1989). In addition MOG is a CNS-
specific protein (Brunner et al. 1989), which belongs to the highly conserved
immunoglobulin superfamily (Pham-Dinh et al. 1993). The presence of MOG
antibodies in CNS demyelinating disease has been controversially described over
the last decade of years (Krumbholz et al. 2012; Reindl et al. 2006). This is mainly
due to the fact that the detection of conformational dependent anti-MOG antibod-
ies depends on the antigen preparation and detection system. Former studies used
Western blot or ELISA assays which do not represent the correct conformation
and glycosylation of MOG. A successful detection of conformational MOG-IgG
antibodies depends on fluid-phase and cell-based assays. O’Connor and col-
leagues developed a radioimmunoassay (RIA) and were the first to detect confor-
mational dependent anti-MOG antibodies in a cohort of patients with acute
disseminated encephalomyelitis (ADEM) but only rarely in adult onset MS
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(O’connor et al. 2007). This finding was confirmed by several groups using cell-
based assays. Despite the reproducible detection of MOG-IgG antibodies in pedi-
atric ADEM patients, all studies showed a variable degree of MOG-IgG detection
in CNS demyelinating diseases and controls (Brilot et al. 2009; Di Pauli et al.
2011; Gredler et al. 2013; Hacohen et al. 2014; Kitley et al. 2012, 2014; Lalive
et al. 2011; Mader et al. 2011; Mayer et al. 2013; Mclaughlin et al. 2009; Probstel
et al. 2011; Rostasy et al. 2012, 2013; Sato et al. 2014; Selter et al. 2010; Titulaer
et al. 2014; Woodhall et al. 2013). The clinical spectrum of MOG-IgG-associated
CNS demyelinating diseases is broad, with a higher frequency of MOG-IgG found
in pediatric patients with ADEM, CIS, MS, monophasic and recurrent optic neu-
ritis and myelitis, NMO, and patients with NMDAR-encephalitis and demyelin-
ation. These differences could be due to variations in methodology, antigen, titer
cutoff levels, and age differences of patients, emphasizing the need for a standard-
ized method as well as cutoff values (Reindl et al. 2013). Most groups use a cell-
based assay with human MOG transfected cells, and they detect bound antibodies
by immunofluorescence or FACS. We have developed a cell-based immunofluo-
rescence assay using living HEK cells transfected with MOG which is labeled
with a fluorescence protein on the C terminus (Di Pauli et al. 2011). Like most
other groups, we implemented a high titer cutoff value at 1:160 as the antibodies
at lower titers can also be found in controls, indicating a more unspecific immune
reaction at lower titer levels.

Longitudinal analysis using cell-based assays showed a decrease of serum
MOG-IgG titers in monophasic ADEM patients compared to persisting MOG-
IgG in ongoing diseases (Di Pauli et al. 2011; Probstel et al. 2011). Recent stud-
ies indicate that MOG-IgG are also present in 20-40 % of AQP4-IgG negative
adult and pediatric NMO cases (Gredler et al. 2013; Hacohen et al. 2014; Kitley
et al. 2012, 2014; Mader et al. 2011; Mayer et al. 2013; Rostasy et al. 2012,
2013; Sato et al. 2014; Woodhall et al. 2013). These MOG-IgG-positive patients
often present with a severely disabling clinical phenotype at onset but have a
good recovery and outcome, a higher prevalence in male patients and a younger
age at onset.

There is only limited data available concerning conformational dependent anti-
MOG antibodies in the CSF of patients with ADEM, CIS, or MS. So far MOG-IgG-
positive NMOSD patients have not been tested for CSF MOG-IgG. We analyzed
MOG antibodies in matched serum and CSF samples of 33 patients with ADEM,
CIS, and MS (Di Pauli et al. 2011). Out of 12 MOG-IgG-seropositive patients, we
detected MOG-IgG in the CSF of seven patients, who all had serum MOG-IgG
titers of 1:640 and above (Di Pauli et al. 2011), whereas none of the MOG-IgG
seronegative patients and controls turned out to be MOG-IgG positive in the
CSF. Therefore, our data indicate a mainly peripheral production of MOG-IgG as
the majority of CSF MOG-IgG-positive ADEM patients had significantly less OCB
and lower IgG indices compared to CSF MOG-IgG-seronegative patients (Di Pauli
et al. 2011). Overall the findings of MOG antibodies in the CSF of patients with
high titer serum MOG antibodies are similar to the findings shown with CSF AQP4
antibodies in AQP4-IgG-seropositive NMOSD.
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Abstract

Neuroinflammatory disorders such as multiple sclerosis (MS) encountered a
therapeutic revolution in the last 20 years and have raised hope also for neurode-
generative diseases affecting especially the elderly population in western coun-
tries. Biomarkers, especially those from the field of neuroimaging, were decisive
in accelerating drug development and optimization of treatments. Neuroimaging,
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however, may be not sufficient in the case of neurodegeneration, where structural
alterations accumulate at a very low rate over several years. To capture this slow
evolution, biomarkers in the cerebrospinal fluid appear as a very plausible
candidate. We will review here, in general terms, the state of the art in the field
biomarkers in the CSF with a special focus on the application of “omics”
platforms.

13.1 Introduction

The availability of reliable biomarkers is a cornerstone of the up-to-date medicine.
However, it may happen that new biomarkers prove weak, whereas old, consistent
ones are downgrading. For instance, the analysis of the cerebrospinal fluid (CSF)
has considerably lost relevance in the revised diagnostic criteria for multiple scle-
rosis (Polman et al. 2011). For decennia, oligoclonal IgG bands in the CSF have
been one major supporting diagnostic criterion for multiple sclerosis (Freedman
et al. 2005), and their down qualification has raised a certain debate (Siritho and
Freedman 2009; Galea et al. 2011). This appears paradoxical if one considers that
huge investments have been made by the academy but especially by the industry to
find new biomarkers in the CSF in the last few years (over 3,000 papers published
in the last 5 years). This great effort has yielded an enormous list of candidate bio-
markers for neurological disorders, of which only few have reached the bedside.
The difficulty to translate this enormous amount of data into useful tools for the
clinical neurologist is due to several problems. The first is the relatively poor meth-
odological quality of most studies. The general impression is that in several cases,
the isolated finding of the involvement of a certain pathway during disease, lacking
mechanistic insight, is reported by authors as a potential biomarker, to pretend a
more focused aim to a study with limited ambition. Secondly, pre-analytical errors,
which account for the most part of the analytical errors (Plebani et al. 2014) and
affect many different aspects (comparable sample selection in multicentric studies,
time to processing, sample storage, etc.), are rarely considered. The third most
common error is that many studies are designed to answer a clinically irrelevant
question (such as distinguishing established AD from healthy donors), rarely
addressing the real diagnostic dilemma (e.g., comparing the many different condi-
tions leading to mild cognitive decline). This approach is preliminary and useful
for the selection of candidate biomarkers, requiring validation studies on appropri-
ate case series.

On the other hand, the development of technologies able to perform unbiased
analysis of nucleic acids, proteins, lipids, and metabolites has provided powerful
tools to identify potential biomarkers in the CSF, and these technologies have been
applied and are currently applied to this kind of investigations. As for other biologi-
cal fluids, the enormous amount of data generated by these technologies represents
a challenge that needs complex statistical and bioinformatics analyses. The general
concept, in fact, is that for most multifactorial diseases, to find a pattern or signa-
ture, possibly of different molecular nature, will be more likely than the golden
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bullet, the perfect biomarker. Thus, new approaches such as neural networks and
machine learning are increasingly used for data mining.

This field of investigation on the CSF topic has already changed the way we
approach cognitive decline and the differential diagnosis of Alzheimer’s disease
(AD). In this disease, lumbar puncture was rarely performed (and mostly by mis-
take), while today, CSF biomarkers, such as low beta-amyloid 1-42, elevated pro-
tein tau, and phosphorylated protein tau, are routinely used also in prodromal AD
(Ritchie et al. 2014) to help diagnosis or to confirm diagnosis in later stages. Despite
the final validation of these CSF biomarkers, especially in combination with other
markers such as neuroimaging pictures and psychological tests (Filippi et al. 2013),
is still missing (Ferreira et al. 2014), they are cost-effective in identifying AD among
MCI patients (Nazco et al. 2014). CSF biomarkers in AD are also aimed at captur-
ing phenomena that associate with underlying pathogenetic mechanisms, such as
neuroinflammation (Alcolea et al. 2014) and structural damage (Fortea et al. 2014),
and, possibly, at monitoring disease progression in clinical trials (Dumurgier et al.
2014). CSF biomarkers have been linked to cognitive performance also during
aging (Li et al. 2014), thus becoming, in perspective, a monitoring that will be pro-
posed to the general elderly population to predict cognitive decline. We can only
expect that extensive evaluation of currently used biomarkers in MCI/AD patients
over the next years, with accumulation of further experience, and possibly the iden-
tification of new biomarkers will most likely yield more accurate diagnostic and
prognostic information in the future (Lista et al. 2014).

While CSF beta-amyloid 1-42, protein tau, and phosphorylated protein tau are
routinely tested in most neurology departments for the differential diagnosis
between AD and other forms of dementia, the field is moving forward also in other
neurodegenerative disorders. In Parkinson’s disease (PD), for example, the evalua-
tion of AD biomarkers appears to be useful to predict the occurrence of associated
dementia (Alves et al. 2014; Siderowf and Logroscino 2014), rather than to dis-
criminate PD with cognitive onset from AD (Vranova et al. 2014). In PD, investiga-
tions on several CSF biomarkers, including synuclein, are ongoing but are far from
being conclusive or clinically validated (Parnetti et al. 2014; Malek et al. 2014).

In several other neurological disorders such as infections (Fraisier et al. 2014;
Cassol et al. 2014), spinal cord injury (Pouw et al. 2014), amyotrophic lateral scle-
rosis (Tortelli et al. 2014), and stroke (Hjalmarsson et al. 2014), investigations are
actually in progress, revealing the enormous interest in finding new ways to stratify
neurological disorders, especially in view of forthcoming clinical trials. A very
interesting field, characterized by a reappreciation of possible organic causes, is
psychiatry. As a result of such reappreciation, CSF biomarkers are, of course, matter
of intense investigation. While a neuroimmunological pathophysiology is evident in
the multifaceted psychiatric manifestations of limbic encephalitis, characterized by
the presence in the CSF of specific antibodies, such as anti-NMDA-R, anti-VGKC,
anti-glycine, etc., in mood disorders, organic causes are less evident. Depression,
bipolar disorder, and other major psychoses have been linked to altered innate
immunity (Bergink et al. 2014). Major depression seems currently the most promis-
ing disease to be characterized by CSF abnormalities: protein profiles (Woods et al.
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2014), choroidal gene expression (Turner et al. 2014), neurofilaments (Jakobsson
et al. 2014), and cytokines (Kern et al. 2014) are all examples of potential CSF bio-
markers that have been investigated and proposed as biomarkers.

The development of more potent technological platforms, the identifications in
relatively recent years of new entities in molecular and cellular biology, such as
miRNA and microvesicles, both promising categories of biomarkers, increase the
expectation that in the near future, clinicians will have refined tools to diagnose
neurological and psychiatric disorders, foresee disease evolution, plan therapy, and
monitor outcomes. But, as stated above, the field is invaded by relatively low-qual-
ity literature, and the issue that only a very limited number of apparently promising
biomarkers undergo proper clinical validation still remains. Is this shortcoming
unavoidable? Not necessarily. Over a decennium ago, this same concern resulted in
the development, during a consensus meeting, of a checklist and a generic flow
diagram for studies of diagnostic accuracy called the STARD initiative (Bossuyt
et al. 2003). Over the years, this checklist has been published in numerous medicine
journals and has been implemented by many editors. Nevertheless, a minority of
biomarker studies, even among those cited in the present chapter, do adhere to these
guidelines. Implementation of these guidelines is mandatory, in our opinion, to
strengthen studies and focus investments on solid results. Further, clinical validation
of biomarkers needs large cohorts that are difficult to put together in single centers,
not mentioning that the challenge of the slight differences in terms of clinical clas-
sification, processing, and storage of samples constitutes a necessary test for bio-
markers that aim at being employed in daily clinical practice. To this respect, it is
noteworthy to mention the publication of a consensus protocol for the collection and
storage of CSF aimed at minimizing preclinical errors, standardize procedures, and
allowing, therefore, biomarker validation studies on large number of relatively
homogeneous samples (Tumani et al. 2009; Teunissen et al. 2009). In the following
paragraphs, we will discuss the main findings and the major technical difficulties in
the CSF biomarkers research that exploits various approaches such as proteomic
analysis, gene expression studies, and characterization of miRNA.

13.2 Proteomics Analysis of CSF

Different methodological approaches can be used for the analysis of the CSF’s pro-
tein content. The most frequently used techniques are addressed to perform the total
differential protein expression analysis comparing two or more experimental condi-
tions or group of samples. Quantitative proteomics measures the relative or absolute
protein abundance or specific post-translation modifications (van Gool and
Hendrickson 2012; Craft et al. 2013) and is nowadays principally based on mass
spectrometry approaches, even though classical gel-based analyses (namely,
2-dimensional electrophoresis and 2-dimensional differential fluorescence gel elec-
trophoresis) are still largely used. Gel-based methodologies are limited in the num-
ber and in the specific type of protein that can be resolved, while the tandem mass
spectrometry approaches coupled with liquid chromatography (LC-MS/MS) are
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able to resolve without limitation thousands of proteins (Yuan and Desiderio 2005a;
Huang et al. 2007b). The relative quantitation of protein expression is typically
reported as a fold change and can be obtained by label-based or label-free methods,
while absolute quantitation can be determined by addition in the samples of internal
stable-isotopic standards (see Craft et al. (2013) for a detailed methodological
review).

Using these approaches, CSF studies have been conducted in several neurologi-
cal diseases including neurodegenerative diseases, in particular in Alzheimer (see
Liu et al. (2014) for review) (Lista et al. 2014), in psychosis (Huang et al. 2007a),
multiple sclerosis (Stoop et al. 2010b; Lourenco et al. 2011), amyotrophic lateral
sclerosis (Conti et al. 2008), brain injury (Conti et al. 2004), peripheral neuropathies
(Conti et al. 2005), etc. (see Craft et al. (2013) for a review). However, the biologi-
cal implications and the relevance of the proposed biomarker of many of the pub-
lished studies remain to be clearly established.

In addition to the analysis of differential protein expression level, some interest-
ing results have been obtained, investigating specific post-translation modifications
promoted by the pathological conditions that can be used as putative source of bio-
marker discovery. In fact, in several neurological diseases characterized by the pres-
ence of neuroinflammation or oxidative stress conditions, like in the case of some
neurodegenerative disease, oxidative modifications of the CSF protein have been
investigated as acidification of the protein isoelectric point (Olivieri et al. 2011) or
as increase in protein carbonylation (Olivieri et al. 2011; Tannaccone et al. 2013),
protein nitration (Castegna et al. 2003), protein thiol group modifications
(S-cysteinylation, S-glutathionylation, S-nitrosylation) (Nakamura et al. 2013;
Poulsen et al. 2014), and protein deamidation (Barbariga et al. 2014) the latest
reflecting accelerated protein aging under pathological conditions. Furthermore, the
protein phosphorylation, the most common post-translational modification for the
reversible regulation of protein function, has also been investigated (Yuan and
Desiderio 2003).

An alternative proteomics approach for CSF investigation might be the serologi-
cal proteome analysis (SERPA) (De Monte et al. 2008; Privitera et al. 2013) that
exploits the presence of autoantibodies in some neurological disease like multiple
sclerosis (Menon et al. 2011). In the SERPA approach, the autoantibodies present in
the CSF of the patients are used to screen the proteome of the patient resolved by
2-dimensional electrophoresis in order to identify putative autoantigen/s. The pres-
ence and the titer of specific autoantibodies might be considered itself a putative
biomarker.

Regardless of the type of the methodological approaches used, the biological and
chemical features of the CSF made necessary the introduction in the experimental
pipeline of sample preprocessing steps to improve the quality of the results. For
example, for the gel-based approaches, the high salt concentration (>150 mM) and
the relative low protein concentration (0.2-0.7 mg/ml) require the introduction of
desalting and protein concentration steps that can be performed by ultrafiltration,
dialysis, and protein precipitation (Yuan and Desiderio 2005a). Another technical
problem for CSF proteins is the wide dynamic range (several orders of magnitude)
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of some specific protein concentration that causes difficulties in the detection of
low-abundant proteins. Therefore, very abundant proteins like albumin, immuno-
globulin, transthyretin, etc. can be eliminated by affinity chromatography removal
or by CSF sample pre-fractionation (Yuan and Desiderio 2005a). Protein pre-
fractionation can be achieved by standard biochemical methods that exploit differ-
ent biochemical features of the protein like hydrophobicity, size, charge, etc. (Zhang
et al. 2005; Yuan and Desiderio 2005a). The most popular techniques used for CSF
protein fractionation are the reversed-phase solid-phase extraction (Yuan and
Desiderio 2005b) and liquid- or semi-solid-phase isoelectric focusing that allow
protein separation on a solid pH gradient and a protein recovery in liquid phase.
These kinds of approaches allow the separation and concentration of low-abundant
proteins, but generate for each CSF sample a large number of fractions that must be
analyzed.

Some other warning rises for specific post-translation modification analysis like
in the case of oxidative modifications; in fact, the risk of artifactual modification
does exist due to the ex vivo protein oxidation fostered by the experimental condi-
tions or by sample storage conditions (Olivieri et al. 2011; Poulsen et al. 2014). In
our experience, we avoid experimental oxidation by storing the sample and per-
forming the experiments under nitrogen-conditioned atmosphere (Olivieri et al.
2011; Barbariga et al. 2014). In the case of protein deamidation, for example, it is
mandatory to set up a different protocol for tryptic digestion necessary for mass
spectrometry analysis because the standard conditions used (ammonium bicarbon-
ate buffer at pH 8.5, at 37 °C) are the ideal conditions to promote very strong in vitro
deamidation (Barbariga et al. 2014). Thus, for every kind of analysis, methods for
simple, robust, and reproducible inhibition of artificial modifications should be
developed.

Other general critical points that must be taken into consideration are the risk of
CSF contamination by blood proteins that may occur during sample collection, the
interindividual variation of the specific protein concentration (Stoop et al. 2010a;
Perrin et al. 2013), and the age-related changes in protein relative abundance (Zhang
et al. 2005) that might dramatically affect the outcome of the analyses.

In conclusion, the proteomics approaches may offer very interesting input for
CSF biomarker discovery; however, in order to transform this vast experimental
effort in meaningful information, there is still a need for standardization of methods
and experimental design.

13.3 mRNA in the CSF

Gene expression studies are possible in the CSF only if examined mRNA is cell
associated or if it is protected from degradation, i.e., it is packaged in extracellular
membrane vesicles (EMVs). In the last years, EMVs and their content have gained
attention as potential biomarkers also in clinical neurosciences (Borgiani et al.
2012; Rao et al. 2013). There are two main populations of EMVs, exosomes (50—
80 nm in diameter, of intracellular origin) and shed vesicles or ectosomes
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(200-2,000 nm in diameter, budding from plasma membrane). For biomarker stud-
ies, this difference is not only relevant for biological reasons, but because, despite a
certain loss, exosomes survive freeze and thawing, shed vesicles/ectosomes don’t.
In practical terms, archival CSF samples, stored frozen, are inadequate for shed
vesicles/ectosomes analysis. Further, processing and storage of CSF determine
what kind of molecules, formerly packaged into EMVs, are detectable in cell-free
CSF. Nevertheless, the content, especially RNA species of EM Vs, is considered a
very promising biomarker (Ratajczak et al. 2006; Valadi et al. 2007; Deregibus et al.
2007; Skog et al. 2008; Hong et al. 2009; Choi et al. 2013a, b). To date, around 50
high-throughput extracellular vesicles (EVs) transcriptomic studies based on micro-
array and next-generation sequencing have been published (Choi et al. 2013a).
However, these studies are controversial. It has been described in several different
systems that mRNAs and miRNAs are packaged into EVs. Several studies have
reported that specific mRNA is enriched into EVs by means of sorting a specific
mRNA present in the cell cytoplasm (Valadi et al. 2007; Deregibus et al. 2007;
Palanisamy et al. 2010). Also, Hong and Skog have demonstrated that the mRNA
content of EVs reflects the cellular mRNA of the cell of origin. In contrast, they
demonstrated that EVs and their original cells have a similar number of mRNA, and
some vesicular RNAs were relatively enriched (Skog et al. 2008; Hong et al. 2009;
Choi et al. 2013a).

Discordant results emerging among these transcriptomic studies have been
affected by non-vesicular RNAs, degraded RNAs, or bovine serum-derived EVs
contamination. To avoid this contamination, EVs purification requires critical steps
such as RNase digestion and differential centrifugation EVs isolation using swing-
ing bucket rotor (Choi et al. 2013a; Cvjetkovic et al. 2014). Thus, EVs isolation
protocols affect the yield and purity of EVs RNA.

We have previously described that microvesicles (MVs) of myeloid origin in the
cerebrospinal fluid (CSF) are a marker of microglia/macrophage activation (Verderio
et al. 2012). Starting with the hypothesis that MVs content reflects processes ongo-
ing in pathologically relevant cell types and may be a useful biomarker in several
pathological processes, we performed in vitro and in vivo mRNA studies in MVs
from classically M1- and alternatively M2-activated macrophages. Because the
number of myeloid MVs in the CSF does not allow collecting enough material for
transcriptome analysis, we performed mRNA studies in murine macrophages.

In accordance to previous reports (Valadi et al. 2007; Skog et al. 2008; Pegtel
et al. 2011; Chen et al. 2012), our microarray data indicate that MVs content is not
the mere sampling of mRNAs present in the cell cytoplasm: a specific set of tran-
scripts are enriched in MVs as compared to parental cells. Furthermore, there is
certain number of transcripts that are packaged into MVs regardless of activation
state and type. Both M1 and M2 activation, however, induce the expression and
sorting into M'Vs of specific transcripts. We validated by real-time RT-PCR typical
M1 and M2 markers, identified as enriched in MVs by the microarray analysis. To
perform RT-PCR assays, we had to overcome the lack of a validated housekeeping
gene for MVs. Using bioinformatic tools and assessing stability and expression
levels, we identified PSAP, a known marker of extracellular membrane vesicles
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(Shan 2011), as a reliable housekeeping gene for myeloid MVs (Garzetti et al.
2013). All these studies have demonstrated that mRNAs associated to M Vs reflect
the functional phenotype of parental cells. Thus, for neurological disorders charac-
terized by microglial activation, the idea will be to exploit these data to identify
biomarkers able to measure microglia activation and activation type.

13.4 miRNAs in the CSF

Among noncoding RNAs, miRNAs are short RNA molecules that, through regula-
tion of translation of messenger RNAs into proteins, control all cellular processes,
including cell cycle, differentiation, functional phenotype, etc. (Cech and Steitz
2014). The discovery that miRNAs can be detected in biological fluids has made the
obvious candidates as biomarkers. In biological fluids, miRNAs are more stable
than expected, because they are complexed with proteins or encapsulated in extra-
cellular membrane vesicles (EMVs). Their detection, upon purification of total
RNA or using techniques specific for short RNA species, is performed using
RT-PCR, deep sequencing, or microarrays. Advantages and pitfalls of these
approaches are not the topic of this chapter. The experience accumulated in the field
of oncology, which has pioneered the use of miRNAs as biomarkers, can be useful
to evaluate promises and pitfalls of this research topic (Jarry et al. 2014).

Most of the studies in the CSF deal with the search for miRNAs able to identify
AD patients. The design of all reports is of little clinical relevance, comparing already
diagnosed, frankly demented AD patients either with healthy donors or with nonde-
mented patients affected by other neurological disorders. Mild cognitive decline and
different types of dementia, whose differential diagnosis represents the real chal-
lenge for the clinical neurologist, are never investigated, as also a possible prognostic
value. Reproducibility of results is also disappointing. Out of 60 miRNAs identified
in one small study (10 demented AD patients vs. 10 nondemented controls) (Cogswell
et al. 2008), none was shared by the others, although some miRNAs were found
significantly altered at least in two studies. The only miRNA found altered in three
reports, hsa-miR-146a, was detected as decreased in two studies (Kiko et al. 2013;
Miiller et al. 2014) and elevated in another (Alexandrov et al. 2012). The only study
trying to validate a single miRNA in two independent cohorts identified a decreased
miRNA that has not been identified in the other investigations (Frigerio et al. 2013).
Patient selection and stratification, preclinical errors, technical issues, all may have
contributed to contradictory results. Despite short RNAs are the most abundant RNA
species in the CSF (Pogue et al. 2014), still their purification and analysis using dif-
ferent techniques may lead to incoherent results. Most of the studies use commercial
kits designed for small RNA species for extraction and RT-PCR, either candidate
miRNAs or cards encompassing assays for most known miRNAs. Quantification
using microarrays for miRNA is certainly less reliable and may explain some contra-
diction in reports. The most robust approach, deep sequencing, is rarely used also
because of relatively high costs as compared to RT-PCR and microarrays, although
costs should be calculated also taking in account reliability of results.
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The situation, both for patient selection and for technical hurdles, is slightly bet-
ter in the only other CNS pathology where more than one report is available, namely,
brain tumors. Three reports agree that hsa-miR21 is elevated in the CSF of patients
with glioblastoma in comparison with brain metastasis (Baraniskin et al. 2011b;
Teplyuk et al. 2012; Akers et al. 2013); however, the same miRNA is elevated also
in the main CNS brain tumor that goes in differential diagnosis with glioblastoma,
primitive B-cell lymphoma (Baraniskin et al. 2011a).

Pioneering, preliminary studies are available in other neurological disorders. In
multiple sclerosis (MS), Hagikia and colleagues preliminarily identified miRNAs
able to differentiate MS patients from those affected by other neurological disorders
and MS patients with different disease courses (Haghikia et al. 2012). After the
identification of miRNA binding TDP-43, a gene involved in familial amyotrophic
lateral sclerosis (ALS), Freischmidt and coworkers measured five of them as being
dysregulated also in the CSF of sporadic ALS (Freischmidt et al. 2013). A pilot
study has identified that a certain number of miRNAs have been found in the CSF
associated to HIV infection and to HIV encephalitis (Pacifici et al. 2013). Finally,
miRNAs specific to psychoses have been identified in the CSF of a very small
cohort of psychiatric patients in comparison with healthy donors using microarrays
(Gallego et al. 2012).

Conclusions

CSF is a difficult specimen to obtain; very few longitudinal studies are
allowed; it can be easily contaminated by blood; it has peculiar matrix effects
altering the detection of molecules. Nevertheless, it holds an enormous poten-
tial as source of biomarkers for neurological disorders. The application of the
powerful technologies of the current “omics” era, now also encompassing lip-
ids, metabolites, etc., calls for the prompt identification of such biomarkers.
The field needs however a strengthening of research criteria, at all levels:
clinical inclusion and stratification criteria, proper control groups, adequate
sample size, standardization of processing, storage, measurements, and statis-
tical or bioinformatics analysis. Existing guidelines are adequate, but need to
be implemented by editors and reviewers, granting agencies to favor that the
current huge effort on biomarker research in the CSF results in clinically use-
ful tools supporting the development of new treatments for neurological
diseases.
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Abstract

Acute infectious diseases of the nervous system are potentially life threatening,
inherently carrying a high long-term morbidity and mortality. Therefore, the ear-
liest possible diagnosis is absolutely essential. Examination of cerebrospinal
fluid frequently leads the way towards correct diagnosis and allows for focused
antimicrobial and adjunctive therapy. This chapter deals with acute infectious
diseases of the nervous system, diagnostic procedures being indispensable.
Encephalitis, meningitis, poliomyelitis and polyradiculoneuritis are the most
important clinical/neurological entities in case of viral infection. It is the acute
bacterial meningitis for which the earliest possible diagnosis carries the most
important prognostic implication. For this disease, the appropriate examination
of the cerebrospinal fluid (including glucose, cell count, lactate) is of utmost
importance. Besides antimicrobial chemotherapy, the best possible adjunctive
therapies are essential for acute bacterial meningitis. Fungal, protozoal and hel-
minthic infections of the central nervous system are detailed with respect to diag-
nostic aspects and therapeutic implications (e.g. eosinophilic meningitis,
radiculitis, etc.); for some of these diseases, e.g. cerebral malaria, a normal CSF
leads the way to correct diagnosis in a patient with severe impairment of con-
sciousness, high fever and history of exposure to Plasmodium falciparum,
thereby easily mistaken for viral encephalitis or acute bacterial meningitis.
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14.1 Introduction

Virtually every pathogen can cause disease of the nervous system if it succeeds to
traverse the blood-brain barrier (Brouwer et al. 2013a). Besides its inherent patho-
genicity, being responsible for the type of disease, the acuteness of disease and the
course of disease, but also the anatomical predilection and the anatomically affected
region and the systemic as well as the local immune response play a decisive role
for clinical presentation, neurological signs and symptoms and eventually the course
of disease and prognosis, i.e. morbidity and mortality.

History, epidemiologic features, initial presenting signs and symptoms as well as
peracute, acute or subacute evolution of the initial disease are — in a reasonable
number of cases — highly suggestive for a suspected pathogen, thus allowing best
possible emergency management. As in sepsis syndrome, the earliest possible max-
imal focused therapy has the most important impact on morbidity and mortality,
proven both in acute bacterial meningitis and in sepsis syndrome. Each subchapter
contains a short review of epidemiology; discusses etiologic agents, clinical fea-
tures, diagnostic procedures, in particular, imaging, CSF changes and microbiologi-
cal findings; discusses specific peculiarities and differential diagnoses; and
summarises specific and adjunctive therapies, prognosis and potential preventive
measures.

14.2 Acute Viral Diseases of the Nervous System
14.2.1 Introduction

Each part of the central and peripheral nervous system, even arteries and muscles,
may be the target of viral pathogens. Therefore, viruses may cause a wide range of
clinical signs and symptoms, as listed in Table 14.1. Viruses may behave differently
in the state of immunosuppression or immunocompromise potentially leading to
more acute or progressive disease, as seen in progressive multifocal leucoencepha-
lopathy or EBV-associated lymphoproliferative disease. Besides this, post- or

Table 14.1 Clinical features

Meningitis
in viral disease of the nervous o
Encephalitis
system (any of any
combination is possible) Encephalopathy
(Cree 2014; Handique Myelitis
dIld Hapdique 2011; Mye]opathy
Nigrovic 2013; Radiculitis
Putz et al. 2013; Ross 2014, - .
Roman 2014) Radiculoneuritis

Cranial neuritis
Meningovasculitis
Myositis (not discussed in this chapter)
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parainfectious and post-paravaccinal diseases of the central (and also peripheral)
nervous system as well as secondary encephalopathy — as seen in influenza virus
infection — may be the cause of an even potentially life-threatening disease
(Handique and Handique 2011). These secondary diseases of the nervous system
are not dealt with in this chapter. Most viruses have specific predilections, causing
meningitis or encephalitis or myelitis or any type of combination of the clinical
features, listed in Table 14.1.

14.2.2 Epidemiology

Many of the viruses causing acute disease of the nervous system can be acquired
worldwide, e.g. measles, mumps, coxsackievirus, echovirus, enterovirus, herpes-
viridae, HIV, lymphocytic choriomeningitis virus, papovavirus, etc. Some of the
viruses, in particular those which are acquired by mosquito bite or tick bite, show a
clear-cut regional or continental occurrence, e.g. tick-borne encephalitis virus, West
Nile virus, Japanese encephalitis virus or other arboviruses. Other viruses which
have been the aim of eradication campaigns occur only in well-circumscribed
regions, e.g. poliomyelitis virus, enterovirus 68—71, Nipah virus or Zika virus,
occurring in certain tropical areas both as epidemics and endemically. Besides the
geographic distribution of these various viruses, the way of transmission may play
an important epidemiological role (Handique and Handique 2011; Lyons and
McArthur 2013). Due to various programmes of eradicating viral diseases by global
vaccination campaigns as for measles, mumps and poliomyelitis or regional cam-
paigns to prevent diseases like Japanese encephalitis or tick-borne encephalitis, a
changing epidemiology requires the best possible and regular flow of information,
i.e. an international surveillance system.

14.2.3 Pathogenesis and Pathophysiology

Tables 14.2a, 14.2b and 14.2c list the more important viral causes of acute meningi-
tis, encephalitis, myelitis or any combination of these; in rare cases, meningovascu-
litis, encephalomyelitis or radiculomyelitis may be caused.

The route of infection differs greatly: enteroviridae being transmitted via the faeco-
oral route, arboviruses — as the name arthropod-borne viruses indicates — are transmit-
ted by mosquitoes or ticks and herpesviridae and most of the other viruses are
transmitted via droplet infection, by direct contact and/or exchange of body fluids.

14.2.4 Clinical Features
14.2.4.1 Viral Meningitis

The term viral meningitis (lymphocytic/aseptic meningitis used as synonym) is a
syndrome with the triad of fever, headache and stiff neck associated with
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Table 14.2a Viral causes of meningitis (Franzen-Rohl et al. 2008; Handique and Handique 2011;
Huang and Shih 2014; Nicolasora and Kaul 2008; Nigrovic 2013; Putz et al. 2013)
Enteroviridae
Coxsackieviruses A and B
Echoviruses

Enteroviruses (Pomar et al. 2013; Postels and Birbeck 2013; Putz et al. 2013; Rodgers
2010)

In rare cases: poliomyelitis virus
Arboviruses

Tick-borne encephalitis virus

West Nile virus

Japanese encephalitis virus

St. Louis encephalitis virus

La Crosse virus

Western equine encephalitis virus

Colorado tick fever virus

Dengue viruses

Zika viruses
Herpesviridae

Herpes simplex virus type 2 (in particular relapsing meningitis — Mollaret meningitis)

Epstein-Barr virus

Varicella zoster virus
Human herpes virus 6 (potentially also 7 and 8)
Human immunodeficiency virus (after acute infection)
Mumps virus
Lymphocytic choriomeningitis virus
Adenoviruses
Arenaviruses
Filoviridae
Rubella

photophobia and possibly signs and symptoms of the autonomic nervous system. It
is associated with cerebrospinal fluid lymphocytic pleocytosis. A viral meningitis
might evolve into a meningoencephalitis, myelitis, etc.; in these cases, the prognosis
is determined by the encephalitic, radiculitic or myelitic part of the disease. A viral
meningitis in its pure form has virtually zero mortality and an extremely low long-
term morbidity.

14.2.4.2 Viral Encephalitis

The typical clinical presentation of encephalitis is an acute, sometimes subacute
condition of fever, headache (frequently holocranial sometimes hemicranial),
increasing behavioural abnormalities, mental disturbances, focal or generalised sei-
zure activity, focal or generalised neurological deficits (aphasia, hemiparesis) and
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Table 14.2b Viral causes
of encephalitis (De Souza
and Madhusudana 2014;
Handique and Handique
2011; Kant Upadhyay 2013;
Lyons and McArthur 2013;

Mann et al. 2013; Misra et al.

2014; Moritani et al. 2014;
Nicolasora and Kaul 2008;
Ross 2014; Rudolph et al.
2014; Tyler 2014)

Table 14.2c Viral causes
of myelitis (direct viral
invasion) (Cree 2014;
Roman 2014)

E. Schmutzhard and B. Pfausler

Arboviruses
Tick-borne encephalitis virus
Powassan virus
Colorado tick fever virus
West Nile virus
La Crosse virus
St. Louis encephalitis virus
Japanese encephalitis virus
Yellow fever
Dengue virus
Equine encephalitis viruses
Adenoviruses
Herpesviridae
Herpes simplex 1
Herpes simplex 2 (in neonates)
Varicella zoster virus
Epstein-Barr virus
Cytomegalovirus (rare in immune competent)
Enteroviruses
Nipah virus
Zika virus
Measles virus
Rubella virus (very rare)

Filoviridae (very rare encephalitis, more frequent intracranial
haemorrhage)

Rabies viruses

Poliomyelitis viruses

West Nile virus

Tick-borne encephalitis virus

Japanese encephalitis virus

Chikungunya virus (mainly myelo-radiculitic form)

Rabies viruses (dumb rabies: radiculomyelitis)

increasing qualitative and quantitative impairment of consciousness. It must be,
however, noted that the clinical presentation also depends, at least to some extent,
on the specific virus. Arboviruses, in particular Japanese encephalitis virus, West
Nile virus and tick-borne encephalitis virus, may manifest with a predominating
basal ganglia syndrome, tremor, bradykinesia and rigidity being the most important
signs and symptoms. The course of the disease might evolve into a status epilepti-
cus, a condition which carries a very high morbidity and acute mortality. In enceph-
alitis, focal and/or generalised seizures may occur in up to 60 % of the cases
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(Handique and Handique 2011; Lyons and McArthur 2013; Misra et al. 2014;
Nicolasora and Kaul 2008; Ross 2014; Rudolph et al. 2014).

14.2.4.3 Viral Myelitis

A direct invasion of viruses into the myelon is rather typical for enteroviruses
(Huang and Shih 2014), frequently causing a well-circumscribed myelitis within
the grey matter of the myelon, i.e. a poliomyelitic course of disease. Besides entero-
viruses (poliomyelitis viruses, enterovirus 69—71), West Nile viruses and tick-borne
encephalitis virus may also cause a poliomyelitic course of disease. Rare cases of
“poliomyelitis” have been described in Chikungunya virus and in Japanese enceph-
alitis. Completely different — from a direct viral invasion into the myelon — is the
post- or parainfectious myelitis which frequently presents as a transverse myelitis
(Cree 2014; Roman 2014; Tyler 2014).

14.2.5 Diagnostic Features

History of exposure (mumps, measles) and the clinical syndrome of the respective
infectious disease (again mumps, measles or varicella, shingles, etc.) are — in case
the patients develop signs and symptoms of acute meningitis — highly suggestive of
the aetiology of meningitic disease. In pure meningitis, neuroimaging neither is
indicated nor carries a chance of suggestive findings. However, if the viral menin-
gitis progresses to meningoencephalitis or meningoencephalomyelitis or if the pre-
senting features suggest encephalitis or myelitis, neuroimaging is essential, both in
ascertaining and confirming the neurological syndrome and being helpful in estab-
lishing the appropriate diagnosis and prognosis. The most important is neuroimag-
ing — if possible, at any rate, nuclear magnetic resonance imaging — in case of
meningoencephalitis, since certain patterns of affection within the brain frequently
allow the best possible “guess” in attributing the disease to a certain virus family
(Table 14.3).

Electroencephalography is indicated in case of encephalitic signs and symp-
toms, with or without epileptic features. Both epilepsy-specific EEG changes and
focal or diffuse abnormalities are clearly associated with a malfunction of the
cortical areas, thereby allowing to objectivise the clinical syndrome of an enceph-
alitis. In case of myelitis, somatosensory-evoked potentials and motor-evoked
potentials help to classify an incomplete poliomyelitic or transverse myelitis
course of disease, both allowing early diagnosis and accompanying ascertain-
ment of the clinical course.

Table 14.3 Virus-specific
typical localisation in

neuroimaging (Gupta -
etal. 2012) Herpes simplex type 1: fronto-temporo-basal

Flaviviruses: basal ganglia, thalami
Enteroviruses: thalami

Rabies: brainstem, initially in particular medulla oblongata
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14.2.6 Non-CSF Laboratory Analyses

In viral CNS disease, the extra CSF laboratory values do not usually yield a specific
result. It is essential to point towards the capacity of a wide range of viruses to
involve — beside the meninges — also other organs, like the liver, kidney, etc.
Therefore, minor laboratory signs of hepatic or renal involvement might easily
underline the viral pathogenesis. However, only Epstein-Barr virus or cytomegalo-
virus clearly and regularly affect the kidney and/or liver so that the aetiological
involvement of one of these viruses might correctly be surmised. Leucocyte count,
C-reactive protein or procalcitonin do not show a clear pattern in the case of viral
meningitis. In contrast to this, the differential count frequently shows a relative
lymphocytosis; in case of Epstein-Barr-virus or cytomegalovirus infection, mono-
cytes predominate differential white blood cell count.

14.2.7 Cerebrospinal Fluid (CSF)

In many cases of viral meningitis, in the earliest hours of the disease, a mixed or
even predominantly polymorphonuclear leucocytosis in the CSF might be found.
However, this is rapidly followed (within 12-24 h) by a predominance of the lym-
phocytes and monocytes. The CSF glucose and the CSF/serum glucose ratio are
normal, and in the case of viral meningitis, CSF protein is only mildly elevated and
CSF lactate normal. The microbiological diagnostic studies in a patient with viral
meningitis or encephalitis are shown in Table 14.4.

14.2.8 Differential Diagnosis

Table 14.5 lists nonviral causes of lymphocytic/aseptic meningitis syndrome, a dis-
ease which might be mistaken for a viral CNS infection.

14.2.9 Therapeutic Management

14.2.9.1 Antiviral Therapies

If diagnosed early enough, enteroviral meningitis can be treated with pleconaril
200 mg t.i.d. for 1 week, herpes simplex virus type 2 meningitis with acyclovir
1,000 mg daily for 10 days and varicella zoster virus meningitis with acyclovir 2-3 g
daily for 5 days, and a patient with acute HIV meningitis should receive a combina-
tion therapy (2 nucleoside analogue reverse transcriptase inhibitors or a non-nucleo-
side reverse transcriptase inhibitor combined with 2 nucleoside analogues). Every
patient with signs and symptoms of viral encephalitis receives acyclovir intravenously
(10 mg/kg b.w. t.i.d.). If the clinical course and both the neuroimaging/EEG and the
CSF PCR clearly exclude HSV1 aetiology, acyclovir is stopped and either another
specific treatment, if indicated, or at least symptomatic therapy is initiated.
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Table 14.4 Diagnostic studies for microbiological/serological studies

Enteroviruses including poliomyelitis
CSF viral culture
CSF RT-PCR
Throat and stool culture
Arboviruses
CSF IgM antibody-capture ELISA
CSF PCR West Nile virus
Paired acute and convalescent sera®
Herpes simplex virus (HSV)
CSF PCR HSV DNA
Genital lesions
Epstein-Barr virus
Serology
Heterophilic antibodies
Antiviral capsid antigen (VCA) titres of 1:320 or higher
EBV VCA IgM antibodies
Absence of anti-EBNA IgG antibodies
CSF PCR EBV DNA
Human immunodeficiency virus (HIV)
CSF PCR HIV-1 RNA
Anti-HIV-1 IgG in CSF
CSF viral culture
Varicella zoster virus (VZV)
CSF PCR VZV DNA
CSF VZV IgG antibodies (serum/CSF ratio)
CSF VZV IgM antibodies
HHV-6
Isolation of virus in CSF culture
Plus
Paired acute and convalescent sera®*
Lymphocytic choriomeningitis virus
Herpes simplex virus 2
Cultures are positive for herpes simplex virus 2 in the majority of cases of meningitis
associated with primary genital herpes, but they rarely are positive in recurrent episodes
Paired acute and convalescent sera mumps
Paired acute and convalescent sera®

Modified according to Brouwer et al. (2013), Franzen-Rohl et al. (2008), Nigrovic (2013), Putz
et al. (2013), Ross (2014)

CSF cerebrospinal fluid, PCR polymerase chain reaction, R7-PCR reverse transcription-polymerase
chain reaction

*Fourfold or greater increase in IgG between acute and convalescent sera
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Table 14.5 Nonviral causes  [pfectious causes
of acute lymphocytic/aseptic

L Trypanosoma cruzi
meningitis syndrome P

Cysticercus cellulosae

Larva migrans

Cryptococcus neoformans

Coccidioides immitis

Histoplasma capsulatum

Sporothrix schenckii

Mycobacterium tuberculosis

Mpycoplasma pneumoniae

Rickettsia spp.

Bartonella henselae

Anaplasma spp.

Treponema pallidum

Borrelia burgdorferi
Noninfectious causes

Sarcoidosis

Leptomeningeal carcinomatosis

Lymphoma

Wegener granulomatosis

Behcet’s disease

Systemic lupus erythematosus
Drugs

Nonsteroidal anti-inflammatory agents

Sulphonamides

Intravenous immunoglobulins

OKTS3 antibodies

Isoniazid

Table adapted according to Auriel et al. (2014), Blasi et al. (2009),
Greenblatt et al. (2013), Putz et al. (2013), Ross (2014)

Patients with viral meningitis do not need specific antiviral therapy; however, the
best possible symptomatic care, e.g. analgesics, anti-emetics, etc., is essential. Clinical
observation supplements the acute care. Specific antivirals or the administration of
hyperimmunoglobulins is not recommended in a case with pure viral meningitis (De
Souza and Madhusudana 2014; Nigrovic 2013; Putz et al. 2013; Ross 2014).

14.2.9.2 Symptomatic/Adjunctive Therapies

Every patient with a potentially life-threatening course of encephalitis and/or myeli-
tis must be managed in an (neuro) ICU. If intracranial pressure is suspected, the
placement of an ICP probe is indispensable; if ICP remains elevated or cerebral
perfusion pressure is dangerously low (<50 mmHg), immediate follow-up neuroim-
aging is mandatory.
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Fig.14.1 Epstein-Barr
virus encephalitis with
life-threatening diffuse
brain oedema, successful
bilateral decompressive
craniectomy

Encephalitic brain oedema may be diffuse or focal; however, anti-oedematous
therapy with corticosteroids or osmotherapy is still a matter of discussion. No pro-
spective randomised trials with respect to corticosteroids or osmotherapy exist for
viral encephalitides. A small group of patients with severe viral encephalitis and
hyperpyrexia may benefit from therapeutic hypothermia or, at least, therapeutic nor-
mothermia, i.e. targeted temperature management or decompressive craniectomy
(Fig. 14.1).

Isolated seizures, a common finding in encephalitis, need to be treated as any
other symptomatic epileptic seizure. In the case of refractory status epilepticus, bar-
biturates may be considered; however, this group of drugs should only be given in
encephalitic patients if an ICP monitoring probe is in place and the patient is on
continuous EEG monitoring (Edberg et al. 2011).

14.2.10 Prognosis

Short-term and long-term prognosis in a patient with pure lymphocytic, viral men-
ingitis is good, long-term mortality virtually zero and long-term morbidity also very
low. In encephalitis and encephalomyelitis, long-term morbidity and mortality is
definitely much higher than in pure meningitis. Without treatment, herpes simplex
virus type 1 encephalitis carries a mortality rate of 70 %, the European tick-borne
encephalitis or myelitis carries a mortality rate of up to 10 %, and the far eastern
variant of TBE (Russian spring summer time encephalitis) has a mortality rate
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similar to Japanese encephalitis (30 %). Patients who survive an encephalitis or a
myelitis have a likelihood of >10 % to suffer from severe neurological long-term
sequelae, paraplegia or tetraplegia and epilepsy as well as focal or diffuse encepha-
lopathies being the major long-term sequelae in patients with severe encephalitis
and/or myelitis (Nigrovic 2013; Putz et al. 2013; Ross 2014; Zhang et al. 2014).

14.2.11 Prophylaxis

The avoidance of exposure to the various pathogenic agents (by avoiding areas of
increased risk of transmission) and exposure to vectors in the case of arboviruses
and the avoidance of close contacts in the case of droplet-, faeco-oral route of infec-
tion (mumps, measles, enteroviruses, etc.) are the most important steps of preven-
tion. When available, active immunisation is a highly efficacious way to avoid the
respective viral CNS disease (TBE, Japanese encephalitis, measles, mumps, polio-
myelitis etc.).

14.3 Acute Bacterial Meningitis
14.3.1 Introduction

Acute bacterial meningitis is one of the most important acute inflammatory diseases
of the central nervous system, early diagnosis and immediate initiation of the best
possible empirical therapy being extremely important in reducing morbidity and the
still high mortality. Despite improvements in antimicrobial chemotherapy over the
past decades, neurological sequelae and mortality still remain unacceptably high for
which mainly intracranial complications are responsible. The earliest possible rec-
ognition of such intracranial complications, e.g. diffuse brain oedema, status epilep-
ticus, meningovasculitis leading to stroke, sinus or intracranial venous thrombosis,
hydrocephalus, pyocephalus, is needed to allow — equally important — the earliest
possible adequate adjunctive therapeutic measures. Only very recently, neurocriti-
cal care measures, by means of invasive intracranial pressure monitoring, have been
shown to lead to an improvement of mortality in comatose patients with acute bacte-
rial meningitis (from 30 to 10 %). Therefore, the earliest possible diagnosis, earliest
possible specific and adjunctive therapeutic measures as well as monitoring and
management in an intensive care unit setting are, besides prevention, the essential
clue to further improve morbidity and mortality in acute bacterial meningitis.

14.3.2 Epidemiology
Worldwide, the incidence of acute bacterial meningitis is estimated to be 5-10 cases

per 100,000 persons/year. These figures have changed dramatically throughout the
past decade, in particular after the introduction of Haemophilus influenzae type B
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vaccine and the growing number of persons at risk who receive the appropriate
polyvalent pneumococcal vaccine. Since the immunogenicity and safety of the mul-
ticomponent recombinant meningococcal serogroup B vaccine has been shown, the
European Medicines Agency (EMA) issued an approval of this vaccine in January
2013. Serogroup B meningococci being responsible for more than 60 % of menin-
gococcal diseases in central European countries, the other third mostly being caused
by serogroup C meningococci (Bijlsma et al. 2014), it seems reasonable to assume
that within the coming years, acute bacterial meningitis due to the “common patho-
genic agents”, i.e. pneumococci and meningococci, will become rare events, the
incidence dropping well below 1/100,000/year, as has been seen in the 1990s in
Europe or a decade later in African countries for Haemophilus influenzae type B
meningitis. Due to the demographic development and the fact that the ageing popu-
lation will suffer more and more from various co-morbidities, enhancing the risk of
either hitherto unusual or even unknown pathogenic agents leading to bacteraemia
(e.g. Gram negatives, anaerobes, etc.), it might be assumed that in the future years,
both community-acquired meningitis due to unusual bacterial pathogens and noso-
comial bacterial meningitis in the case of invasive therapeutic or monitoring proce-
dures (external ventricular drain, intracranial pressure probe, other monitoring
probes, more invasive neurosurgical procedures, etc.) will replace the so far com-
mon and well-known pathogenic agents, in particular pneumococci and meningo-
cocci (Bhimraj 2012; Kasanmoentalib et al. 2013; Pomar et al. 2013). In the
so-called meningitis belt — Sub-Saharan Africa, Arab Peninsula and northern part of
India and Pakistan — meningococci still are the cause of epidemics, incidence rates
being as high as 1,000/100,000/year in such an epidemic setting. However, even in
sub-Saharan Africa, a change of epidemiology has been seen, these meningococcal
epidemics moving from the immediate semiarid area of the Sahel zone towards the
southern countries, extending towards Angola, Mozambique or Namibia.

Specific attention has to be paid to the development of antibiotic resistance, which
has been shown, in particular, to be the case for Streptococcus pneumoniae (pneumo-
cocci), becoming more and more prevalent in Asia, the USA and in certain European
countries. Almost 20 years ago, already a third of cases of pneumococcal meningiti-
des in the USA were caused by organisms not susceptible to penicillin, in European
countries (Spain, France, Hungary, etc.) penicillin resistance rates even reaching
more than 50 %. Very rare cases of penicillin resistance strains of Neisseria menin-
gitidis (meningococci) have been reported so far. Besides this, age and seasonality
and the place of acquiring the meningitis (community acquired versus nosocomial)
are important epidemiological features in acute bacterial meningitis. Neonates and
young children show a completely different pattern of pathogenic agents as do chil-
dren and adolescents; these, again, show a different distribution of pathogenic agents
compared to elderly and old patients. It is mainly age but also other predisposing
factors like immunocompromised state, e.g. traumatic brain injury, preceding para-
meningeal infection (sinusitis, otitis, mastoiditis) which predispose patients to pneu-
mococcal meningitis (Fig. 14.2). Neurosurgical interventions, open traumatic brain
injury and invasive monitoring devices carry a high risk (up to 3 %/day) for nosoco-
mial meningitis, caused by staphylococci or Gram negatives.
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Fig.14.2 Frontal sinusitis
extending towards the
meninges, causing
pneumococcal meningitis
with subdural empyema

Community-acquired meningitis is usually caused by pneumococci or meningo-
cocci; in neonates, however, group B streptococci, Listeria spp. and Gram negatives
are most frequently seen. In the elderly, potentially immunocompromised patients,
pneumococci, Listeria spp. and Gram negatives are the major causative agents for
bacterial meningitis. In nosocomial meningitis (hospital-acquired meningitis),
staphylococci or streptococci other than S. pneumoniae and, in particular, Gram-
negative rods (e.g. Enterobacter spp., Klebsiella spp., Escherichia coli, Pseudomonas
aeruginosa or Acinetobacter spp.) are the most frequently seen pathogenic agents.

14.3.3 Pathogenesis and Pathophysiology

Table 14.6a lists the most common pathogens of bacterial meningitis with respect to
age and Table 14.6b with respect to predisposing conditions (the latter in adults)
(Roos and van de Beek 2010; Sellner et al. 2010).

Any bacterial pathogen which succeeds to cross the blood-brain barrier has the poten-
tial to cause acute bacterial meningitis. This sequence of events eventually leads to bacte-
rial meningitis: colonisation of the host mucosal epithelium, successfully overcoming the
local (mucosal) immune mechanisms (e.g. with the help of viral pharyngitis, laryngitis,
thinitis), invasion (and survival) within the intravascular space, arrival at the choroid
plexus with successful crossing/penetration of the blood-brain barrier and, finally, sur-
vival and multiplication within the CSE. Replication and autolysis of bacteria lead to the
release of bacterial cell wall components into the CSF, which is the most powerful stimu-
lus to provoke the release of proinflammatory host factors (Mook-Kanamori et al. 2014;
Sellner et al. 2010). Experimental and clinical studies have helped specify the complex
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Table 14.6a Most common pathogens in acute bacterial meningiti

Age Most common bacteria
<1 month Gram-negative Enterobacteriaceae
Streptococcus agalactiae (group B streptococci)
Listeria monocytogenes
1 year — 12 months | S. pneumoniae, N. meningitidis, H. influenzae type B, S. agalactiae,

E. coli
1 year — 18 years N. meningitidis, H. influenza type B, S. pneumoniae
19-50 years S. pneumoniae, N. meningitidis
>50 years S. pneumoniae, Listeria monocytogenes, Enterobacteriaceae,

N. meningitidis

Table 14.6b Acute bacterial meningitis: predisposing factor

Predisposing factor in adults Typical pathogen

Healthy, immunocompetent (community S. pneumonia, N. meningitidis,
acquired) L. monocytogenes

Nosocomial (hospital acquired, post- Staphylococci, Enterobacteriaceae,

neurosurgical, posttraumatic brain injury, device | Pseudomonas aeruginosa
related (e.g. external ventricular drainage, etc.))

Shunt infection Staphylococcus epidermidis,
Staphylococcus aureus, Enterobacteriaceae,
Pseudomonas aeruginosa

Immunosuppressed patients Listeria monocytogenes,
Enterobacteriaceae, Pseudomonas
aeruginosa, pneumococci

Old/elderly patients Listeria monocytogenes, pneumococci,
Enterobacteriaceae

pathogenic network in bacterial meningitis. Part of this network are cytokines (interleu-
kin 1p, interleukin 6, tumour necrosis factor-o), chemokines, reactive oxygen species and
reactive nitrogen intermediates (Mook-Kanamori et al. 2014; Sellner et al. 2010). Such
chemotactic factors, and induced adhesion molecules, mediate the massive influx of leu-
cocytes into the CSF (Sellner et al. 2010). It is this complex pathogenic network which
contributes to CNS complications and brain damage, as there is hydrocephalus, menin-
govasculitis, venous/sinus thrombosis, brain oedema and eventually increased intracra-
nial pressure. Besides these intracranial pathophysiological processes, in many cases,
life-threatening systemic signs and symptoms can be attributed to related septicaemia,
septic shock and even Waterhouse-Friderichsen syndrome. Bilateral adrenal haemor-
rhage, as typically seen in Waterhouse-Friderichsen syndrome, is thought to be rather a
terminal phenomenon than the immediate cause of a potentially fatal adrenal insuffi-
ciency. Patients with meningococcal septicaemia, with overwhelming pneumococcal
sepsis syndrome (in splenectomised patients) (Adriani et al. 2013), and patients with
accompanying Gram-negative sepsis syndrome are highly likely to develop multiorgan
failure, including shock, coagulopathy, kidney and liver failure, myocardial failure, peri-
carditis, arthritis, intestinal failure and metabolic derangement including SIADH, hyper-
glycaemia, etc. All these aspects contribute to morbidity and mortality.
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14.3.4 Clinical Features

Typically, acute bacterial meningitis presents with headache, fever, photophobia,
vomiting and malaise, neck stiffness and, eventually, qualitative and/or quantitative
impairment of consciousness and seizures (Bhimraj 2012). In the very old and in the
very young as well as the deeply comatose patient, neck stiffness may be very mild
or even absent. Almost every patient (>95 %) with acute bacterial meningitis com-
plains at least of two of the four symptoms: headache, fever, neck stiffness and
qualitative/quantitative impairment of consciousness. The potentially life-
threatening clinical signs and symptoms can evolve very rapidly within few hours,
thus, rendering the disease a true neurological emergency. It is the earliest possible
diagnosis with the earliest possible initiation of antimicrobial chemotherapy and the
necessary initiation of adjunctive therapeutic measures that are the most important
factors in reducing morbidity and mortality. Purpura fulminans (on presentation) is
typical for meningococcal meningitis and sepsis syndrome but can also be seen in
staphylococcal or pneumococcal disease. About 10 % of meningococcal infection
shows a fulminant meningococcal septicaemia (Waterhouse-Friderichsen syn-
drome) which is characterised by septic shock, large petechial haemorrhages, mul-
tiorgan failure and disseminated intravascular coagulation (Fig. 14.3a—d). Such
petechiae need to be differentiated from Osler’s spots (typically located on the fin-
gers and toes) which are highly suggestive of infective endocarditis. In up to 15 %

Fig.14.3 (a—d)
Meningococcal meningitis
and meningococcal sepsis
syndrome, purpura
fulminans (a, b, day 3 after
onset; ¢, d, day 19 after
onset)
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Fig.14.3 (continued)
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of patients with bacterial meningitis, focal neurological signs and symptoms may be
found, suggesting brain abscess, subdural or epidural empyema, stroke or venous
thrombosis (Alvis Miranda et al. 2013). Cranial nerve involvement is seen in
approximately 10 % of patients with acute bacterial meningitis; seizures occur in up
to a third of these patients.

The course of meningococcal disease is frequently characterised by sepsis syn-
drome and septic shock, whereas the course of pneumococcal meningitis more often
is characterised by intracranial complications.

Posttraumatic bacterial meningitis is often clinically indistinguishable from commu-
nity-acquired meningitis. Therefore, in any traumatic brain injury patient, fever, deterio-

ration of consciousness and impairment of vital function may indicate the advent or the
presence of acute nosocomial meningitis. The presence of a CSF leak clearly supports
the notion of a nosocomial meningitis which might, however, be hard to detect.
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Fig.14.4 Patient with
clinical signs and symptoms
of acute bacterial meningitis
and left frontal focal

signs — acute bacterial
meningitis + frontal abscess

An infected permanent cerebrospinal fluid shunt usually causes a more insidious
onset of disease with low-grade fever and with features typical for shunt malfunc-
tion, like headache, vomiting and impaired consciousness. Fever, usually a sign of
CNS infection, is frequently absent in shunt infections. It should be noted that the
peripheral part of the shunt may be infected without causing signs and symptoms of
meningitis. Shunts draining into the venous system might produce a right-sided
infective endocarditis; infection of shunts draining into the peritoneal cavity may
produce focal or even diffuse peritonitis (Aftab and Shoaib 2013).

14.3.5 Diagnostic Features

The history, in particular the presence of predisposing factors or meningococcal
disease in contact persons, the typical signs and symptoms of acute bacterial men-
ingitis and/or sepsis syndrome are highly suggestive for the disease. The positive
proof of the diagnosis can only be done by examining the cerebrospinal fluid. Every
patient with suspected bacterial meningitis needs a spinal tap (Gliméker et al.
2013b); however, before that, neuroimaging is indicated if the patient shows impair-
ment of consciousness and/or focal neurological signs and symptoms (Brouwer
et al. 2014) (Fig. 14.4). In such a case, the administration of the first dose of the
empirical antibiotic must never be delayed simply because of waiting for the
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Table 14.7 Emergency algorithm for a patient with suspected acute bacterial meningitis (Bhimraj 2012;
Brouwer et al. 2012; Glimaker et al. 2013a; Heckenberg et al. 2014; Roos and van de Beek 2010)
Bacterial meningitis suspected

Rash/purpura

A

Blood culture

Focal neurological signs and symptoms

and/or impairment of consciousness Empiric antimicrobial
* / chei’notherapy
N+0 \ Yes Netyoimaging
Lumbar puncture No space occupying lesion, no edema

Lumbar puncture

neuroimaging. The very simple algorithm shown in Table 14.7 allows the best pos-
sible emergency care management of a patient with bacterial meningitis.

14.3.6 Non-CSF Laboratory Analyses

In acute bacterial meningitis, septic shock is reflected by deranged laboratory
parameters indicating multiple organ failure, in particular coagulation, kidney
and/or liver failure. Typically, leucocyte count, C-reactive protein and, slightly later,
procalcitonin are highly elevated.

14.3.7 Cerebrospinal Fluid (CSF)

With a pathological CSF analysis, it is important to discriminate between viral men-
ingitis and the potentially life-threatening bacterial meningitis. The CSF in bacterial
meningitis typically shows polymorphonuclear leucocytosis, decreased glucose
concentration, in particular, markedly decreased CSF/serum glucose ratio, increased
protein concentration and, most sensitively, increased CSF lactate. More than 90 %
of patients with acute bacterial meningitis show a CSF pleocytosis of more than
1,000/pl: only in the very old or immunocompromised patient the leucocyte count
in the CSF might be low or even very low. With the normal CSF glucose concentra-
tion being approximately 60—70 % of the serum glucose, any CSF/serum glucose
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ratio below 0.4 is considered indicative of acute bacterial meningitis (Glimaker
et al. 2013a; Hasbun et al. 2013; Heckenberg et al. 2014; Roos and van de Beek
2010; Welch and Hasbun 2010).

CSF Gram stain, CSF PCR and CSF culture are essential components for diag-
nosing acute bacterial meningitis. Gram staining of CSF permits a rapid identifica-
tion of the pathogens with a sensitivity of up to 90 % and a specificity even beyond
90 %. If a patient has received antibiotics prior to the lumbar puncture, CSF culture
will yield a positive result in 40-50 %, whereas CSF Gram stain and CSF PCR still
show a positive result in up to 90 %. Latex particle agglutination tests for detecting
antigens of the various pathogenic agents do not increase the diagnostic yield and
are no longer advised. It is in particular the PCR which has proven to add to the
diagnostic accuracy, in particular if antibiotics have already been administered.
Nevertheless, culture of the CSF is and will remain the golden standard for diag-
nosing acute bacterial meningitis, and the lumbar puncture is obligatory (in the
sequence of events according to Table 14.7). Blood culture, culture from parameni-
ngeal foci and skin biopsy cultures may add to the diagnostic yield (Welch and
Hasbun 2010).

14.3.8 Differential Diagnosis

A subacute course of tuberculous meningitis, as seen in patients on immunosup-
pressive therapies, fungal meningitis, fulminant meningitis due to free-living amoe-
bae, carcinomatous meningitis, infective endocarditis with septic embolism
(Fernandez Guerrero et al. 2012; Ferro and Fonseca 2014) and parameningeal puru-
lent infectious foci such as spinal/intracranial epidural abscess or subdural empy-
ema and brain abscess need to be considered in the differential diagnostic discussion
(Bijlsma et al. 2013; Brouwer et al. 2013a; Greenblatt et al. 2013). Similarly, sinus
or intracranial venous thrombosis, subarachnoid haemorrhage and even severe
migraine might be on the list of differential diagnoses.

14.3.9 Therapeutic Management

In every patient with acute bacterial meningitis, immediate diagnosis and immedi-
ate initiation of the best possible empirical antibiotic therapy are essential to reduce
morbidity and mortality (Deghmane et al. 2009; Forestier 2009; Klein et al. 2009;
Pines 2008; Roos and van de Beek 2010; Tessier and Scheid 2010). Table 14.8
shows the proposed algorithm, which aims to reduce both unnecessary delay of
empirical antibiotic therapy and the risk of secondary damage due to herniation,
brain abscess rupture etc.

It is the age which determines the likelihood of the pathogens causing bacterial
meningitis, thus guiding the empirical antimicrobial therapy. Table 14.9 lists the
empirical antimicrobial chemotherapy according to the age (and, hence, the most
likely and most common pathogen in the respective age group).
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Table 14.8 Algorithm of therapeutic management in acute bacterial meningitis (Bhimraj 2012;
Brouwer et al. 2013b; Klein et al. 2009; Pines 2008; Roos and van de Beek 2010; Tessier and
Scheid 2010)

Suspected bacterial meningitis

A 4

Blood culture

!

Focal neurological deficit and/or qualitative or quantitative impairment
of consciousness, impaired coagulation

Spinal tap

Age >55 years and disease
acquired in Europe

Age >55 years and disease
acquired in Europe

-

Yes l

Yes Dexamethasone 10 mg Empirical
i.v. plus empirical antimicrobial
antimicrobial therapy therapy

v /

Cranial CT scan

Dexamethasone 10 mg i.v.
plus empirical antimicrobial

A\ 4

therapy
! !
No Evidence of
'S intracranial pressure m
Empirical antimicrobial l
therapy
Yes
Spinal
tap

-Immediate admission to
neurocritical care unit

» -ICP probe or EVD

-if abscess, empyema:
neurosurgery

ICP: intracranial pressure
EVD: external ventricular
drainage

g

Cranial CT scan

Table 14.10 lists the initial semiempirical antibiotic therapy for acute bacterial men-
ingitis depending on the predisposing factors and the predisposing clinical condition.

If, by Gram stain PCR or culture, the pathogen finally has been determined, a
de-escalation of the antimicrobial chemotherapy is recommended. Those antimicro-
bial chemotherapeutic agents which should be used in patients with bacterial men-
ingitis and defined pathogen are listed in Table 14.11.
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Table 14.9 Empirical antimicrobial chemotherapy according to the age group (Bhimraj 2012;
Roos and van de Beek 2010; Tessier and Scheid 2010)

Recommended antibiotic

Age Typical microorganisms regimen
<1 month Gram-negative Enterobacteriaceae Cefotaxime plus ampicillin
(E. coli, Klebsiella, Enterobacter, Proteus) Ampicillin plus
S. agalactiae Aminoglycoside
1-23 months | S. pneumoniae, N. meningitidis, S. Ceftriaxone (plus vancomycin)
agalactiae, H. influenzae, E. coli
2-50 years N. meningitidis, S. pneumoniae Ceftriaxone (plus vancomycin)
>50 years S. pneumoniae, N. meningitidis, Listeria Ceftriaxone (plus vancomycin)
monocytogenes, Enterobacteriaceae plus ampicillin

Table 14.10 Initial empirical antibiotic therapy for bacterial meningitis in adults (Bhimraj 2012;
Roos and van de Beek 2010; Tessier and Scheid 2010)

Recommended
Clinical condition Typical pathogens antibiotics
Immunocompetent, community S. pneumoniae, N. meningitidis Ceftriaxone (plus
acquired L. monocytogenes vancomycin) plus
ampicillin
Nosocomial (e.g. post- Staphylococci, Enterobacteriaceae, | Ceftazidime (or
neurosurgical or posttraumatic P. aeruginosa, S. epidermidis, meropenem) plus
brain injury) ventriculitis, S. aureus, Enterobacteriaceae, vancomycin
meningitis shunt infection P. aeruginosa Ceftazidime (or
meropenem) plus
vancomycin
Immunosuppressed or older L. monocytogenes, Ceftazidime plus
patients (T-cell Enterobacteriaceae, P. aeruginosa, | vancomycin plus
immunodeficiency) pneumococci ampicillin

Nosocomial meningitis, ventriculo-meningitis or ventriculitis need to be treated
according to the local (hospital based) resistance pattern of the most likely pathogens,
e.g. Staphylococcus epidermidis, Staphylococcus aureus and Enterobacteriaceae. In
such a clinical setting, either third (fourth)-generation cephalosporin or meropenem
in combination with vancomycin or fosfomycin is recommended. Intraventricular
vancomycin may be used for catheter (EVD)-associated ventriculitis caused by
staphylococci. Linezolid has an antimicrobial efficacy similar to vancomycin or tei-
coplanin and shows a good blood-brain barrier penetration (Roos and van de Beek
2010; van de Beek et al. 2010).

Whether antimicrobial chemotherapy should be given as a bolus or in a continu-
ous infusion is still a matter of discussion, most recent studies point towards the
superiority of continuous administration (at least over a period of 2—4 h given by
means of an injection pump) (Roos and van de Beek 2010; van de Beek et al. 2010).

The duration of antibiotic therapy is determined by the causative agent: menin-
gococci need a minimum of 5 days, pneumococci most likely 10-14 days and
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Table 14.11 Recommended antibiotics for treatment of bacterial meningitis (Bhimraj 2012;
Roos and van de Beek 2010; Tessier and Scheid 2010; Thwaites 2014)

Causative organism

N. meningitidis

S. pneumoniae, penicillin
susceptible

S. pneumoniae, penicillin tolerant
(MIC 0,1-1 mg/ml)

S. pneumoniae, penicillin
resistant (MIC 1 mg/ml)

H. influenzae group B
streptococci

Gram-negative
Enterobacteriaceae (e.g.
Klebsiella, E. coli, Proteus)

Pseudomonas aeruginosa
Staphylococci (methicillin
susceptible)
Staphylococci (methicillin
resistant)

Listeria monocytogenes

Bacteroides fragilis

Drugs of choice
Penicillin G

Penicillin G
(or ampicillin)
Ceftriaxone
(or cefotaxime)

Ceftriaxone + vancomycin
or ceftriaxone +rifampin

Ceftriaxone
(or cefotaxime)
Penicillin G
(£ gentamicin)
Ceftriaxone
(or cefotaxime)

Ceftazidime
(£ gentamicin)
Nafcillin

Vancomycin
Ampicillin (£

gentamicin)
Metronidazole

Alternatives

Ceftriaxone (or cefotaxime),
ampicillin, rifampin
Ceftriaxone (or cefotaxime)

Meropenem, cefepime
Meropenem, cefepime

Ampicillin plus
chloramphenicol

Ceftriaxone, ampicillin (plus
gentamicin), vancomycin

Meropenem, cefepime,
aminoglycoside

Meropenem, cefepime

Fosfomycin, vancomycin

(or flucloxacillin)
Trimethoprim-
sulfamethoxazole, rifampin,
linezolid

Trimethoprim-
sulfamethoxazole, meropenem
Meropenem, clindamycin

MIC minimal inhibitory concentration

Listeria spp. and Gram negatives for a minimum of 3 weeks (Roos and van de Beek
2010; Tessier and Scheid 2010; van de Beek et al. 2010).

14.3.10 Adjunctive Therapies

Accompanying meningovasculitis leading to stroke, diffuse brain oedema and hydro-
cephalus, pyocephalus, empyema and brain abscess, sinus or intracranial venous
thrombosis are the most frequent intracranial complications and need to be monitored,
actively looked for and managed within a neurocritical care unit (Edberg et al. 2011;
Gliméker et al. 2014). Very recently, it has been shown that in case of impaired con-
sciousness, the placement of an intracranial pressure monitoring probe and external
ventricular drainage may reduce mortality from 30 to 10 % (Glimaker et al. 2014).
Therefore, every patient with acute bacterial meningitis and impaired consciousness
needs to be monitored for intracranial pressure in a specialised neurocritical care unit.
The diffuse brain oedema does not respond to osmotherapy (Ajdukiewicz et al. 2011;
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Wall et al. 2013). In the case of therapy-refractory elevated ICP (i.e. nonresponding to
deepening of analgosedation, cautious hyperventilation, external ventricular drain-
age), second-tier management strategies need to be employed; they may include ther-
apeutic hypothermia, barbiturate coma and even decompressive craniotomy
(Mourvillier et al. 2013; Nau et al. 2013; Wall et al. 2013).

14.3.11 Prevention

In patients/subjects having had close (kissing mouth) contact with patients with
meningococcal disease or H. influenzae type B meningitis, chemotherapeutic pro-
phylactic therapy with rifampicin (600 mg p.i.d., for 2 days) or ciprofloxacin
(500 mg once) is recommended.

For H. influenzae type B, all important serogroups of Streptococcus pneumoniae
and, by now, all important serogroups of Neisseria meningitidis, active immunisa-
tion is available (Roos and van de Beek 2010).

14.3.12 Prognosis

By employing both the quickest possible and the best possible antimicrobial chemo-
therapy, the mortality rate of patients with pure acute bacterial meningitis should be
below 10 %, even if the initial clinical situation is dangerously bad (GCS <8).
However, in the case of pre-existing immunocompromised conditions (e.g. splenec-
tomy), pneumococcal meningitis might evolve into an overwhelming pneumococ-
cal sepsis syndrome, and in up to 50 % of the patients with serogroup B or serogroup
C meningococcal disease, the course of the disease is characterised by a sepsis
syndrome with impairment of the adrenal function, coagulopathy, multiorgan fail-
ure and necrosis of the extremities, in the worst case being purpura fulminans
(Waterhouse-Friderichsen syndrome), a condition which still has a very high mor-
bidity and mortality (up to 50 %).

The most common long-term sequela in bacterial meningitis is hearing impair-
ment. Consequences of ischaemic stroke, increased intracranial pressure and sinus
thrombosis might cause diffuse or focal neurological long-term damage (including
epileptic seizures) (Roos and van de Beek 2010).

14.4 Acute Fungal Infections of the Central Nervous System
14.4.1 Introduction

Over the last few decades, fungal infections of the central nervous system have been
increasingly diagnosed. This is due to increased awareness, advances in neuroimag-

ing, microbiological and molecular biological diagnostic techniques and the rapid
expansion of patients being immunocompromised or immunosuppressed and may
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Table 14.12 Central nervous system in invasive fungal disease (Gullo et al. 2013; Lahoti and
Berger 2013; Murthy and Sundaram 2014)

Fungi Neurological presentation Predisposing condition
Candida spp. Meningitis, (micro-)abscesses | Long-term hospitalisation, long-term
antibacterial chemotherapy, critical care
patient
Cryptococcus Subacute, chronic meningitis, | HIV and other cellular-derived
neoformans spp. hydrocephalus, rarely immunocompromised state
cryptococcoma
Aspergillus spp. Meningovasculitis, brain Immunocompromised state, e.g. s.p.
abscess organ transplantation
Histoplasma spp. Meningitis, granuloma Geographic exposure, Latin America,
Southern USA
Blastomyces spp. Granuloma, meningitis Geographic exposure, HIV, Africa,
USA-Mississippi valley
Zygomycetes Meningitis, granuloma, in Immunosuppression diabetes mellitus,
particular, rhinocerebral form, |in particular, diabetic ketoacidosis renal
meningovasculitis failure, severe burns and penetrating
injuries
Coccidioides Meningitis, rarely Geographic exposure (southern USA,
immitis meningovasculitis Mexico, South America)

even be iatrogenically caused. It is mainly the latter condition which has led to a
sharp increase in systemic fungal infection, frequently associated with central ner-
vous system involvement. The type of central nervous system involvement is listed
in Table 14.12.

14.4.2 Epidemiology

An immunocompromised state might be caused by HIV infection, organ transplan-
tation, immunosuppressive chemotherapy, chronic corticosteroid therapy, malig-
nancies in particular chemotherapy of malignant diseases, and other chronic
conditions, in particular autoimmune diseases. However, several fungal pathogens
may also be seen in fully immunocompetent patients, in particular Coccidioides
immitis causing acute or subacute meningitis, Histoplasma spp. causing meningitis
or granuloma and Cryptococcus spp. causing mainly basally accentuated meningi-
tis. In few patients, even aspergillus granuloma or abscess formation has been seen
in immunocompetent individuals (Gullo et al. 2013; Lahoti and Berger 2013;
Murthy and Sundaram 2014; Pappas 2013).

14.4.3 Aetiology and Pathogenesis

The fungal pathogens, causing acute-subacute infection of the central nervous sys-
tem, are listed in Table 14.12. Fungi are saprophytic organisms, found almost
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everywhere in soil, vegetation, skin and faeces of mammals or birds. It is usually the
route via inhalation into the lung which allows entrance of fungal spoors into the
body, colonising the mucosae. Secondarily, fungi spread to the lung but also hae-
matogeneously to other organs, e.g. central nervous system. However, CNS inva-
sion can also be by direct extension from neighbouring structures such as paranasal
sinuses, pharynx or middle ear.

14.4.4 Clinical Features

Table 14.12 lists the most important clinical features of fungal infection: acute-
subacute (also chronic) meningitis, granuloma formation, meningovasculitis and
even spinal cord involvement. Of specific note is the rhinocerebral form in case
of colonised paranasal sinuses by Zygomycetes. It is the focal destructive pro-
cess which involves the orbit, eye, optic nerve and frontobasal brain, even
involving the sinus cavernosus, eye and regional blood vessels causing blindness
by central retinal artery thrombosis. Moulds, in particular, Aspergillus but also
Zygomycetes, are the major cause of cerebrovascular fungal diseases causing
stroke syndrome. Fungal mycotic aneurysmal subarachnoid haemorrhage is
rarely seen but typically associated with very poor outcome. In rare cases spinal
syndromes have been reported, either due to focal granuloma or epidural abscess
or involvement of spinal arteries (Gullo et al. 2013; Lahoti and Berger 2013;
Murthy and Sundaram 2014).

14.4.5 Diagnostic Features

It is mainly the history, the presence of predisposing factors (immunocompromised
state) and geographic exposure which should draw the attention, in association with
specific clinical features, towards a possible fungal aetiology (Jarvis et al. 2013;
Murthy and Sundaram 2014).

14.4.6 CSF

Whereas in cryptococcal meningitis, a lymphocytic pleocytosis is typically found;
a mixture of neutrophils and monocytes predominates in candida infection, blasto-
mycosis, histoplasmosis and, also, Aspergillus spp. infection. However, the latter
frequently shows a predominantly neutrophilic pleocytosis, which is also seen in
coccidioides meningitis; this fungal pathogen, however, is frequently associated
with CSF eosinophilia. Patients who are immunocompromised/immunosuppressed
frequently show a very low level of pleocytosis; in the acute — subacute — course of
the disease, the CSF glucose may be mildly decreased; CSF protein is definitely
increased. Cryptococci can be found by India ink preparation. Cryptococcal
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antigen assays, Histoplasma antigen detection in the CSF and complement fixation
antigen assays are positive in more than 80 % of cases of active cryptococcal,
Histoplasma or coccidioidal meningeal infection (Murthy and Sundaram 2014;
Yansouni et al. 2013).

14.4.7 Serum Antigens and Antibodies

Serum antigen determination for Cryptococcus (Jarvis et al. 2013) or Histoplasma
antigen has a specificity of more than 98 %, while the sensitivity is rather low in
HIV-negative patients (Jarvis et al. 2013; Murthy and Sundaram 2014).

14.4.8 Fungus-Specific Markers

1,3-beta-d-glucan is a cell wall component of fungi and has been used as a
diagnostic adjuvant in invasive fungal infections. It serves as a preliminary
screening tool in the case of invasive fungal disease; however, it needs to be
noted that 1,3-beta-d-glucan is always negative in infection by Zygomycetes.
Other rather unspecific fungal antigens include mannan (Candida spp.), galac-
tomannan (Aspergillus spp.) and galactoxylomannan (Cryptococcus spp.).
These molecules are cell wall polysaccharides which are released by the fungi
during growth. The most intriguing aspect is that these circulating molecules
can be detected up to 1 week before the development of clinical signs and symp-
toms of systemic fungal disease. Sensitivity (for the galactomannan test) has
been reported to be almost 90 % with a specificity of >98 % (Murthy and
Sundaram 2014; Yansouni et al. 2013).

14.4.9 Microbiological/Mycological Diagnosis

Fungal cultures are time consuming and laborious; for this reason, molecular
biologic-based methods offer a highly specific and rather sensitive way to diagnose
within a shorter time. Detection of fungal DNA by means of PCR allows a micro-
biologically based decision for the initiation of antifungal chemotherapy (Murthy
and Sundaram 2014).

14.4.10 Neuroimaging, Histology

Neuroimaging will confirm the clinically suspected neurological features as there
are basal meningitis, meningovasculitis, hydrocephalus and, in particular, granu-
loma formation. It is mainly the latter which will guide the decision to do biopsy,
thereby allowing best possible confirmation diagnosis.
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Table 14.13 Therapy in CNS mycoses (Jarvis et al. 2013; Katchanov et al. 2014; Murthy and
Sundaram 2014)

Fungal pathogen Antifungal agent

Aspergillus spp. Amphotericin B (liposomal amphotericin B), voriconazole,
posaconazole, Caspofungin

Candida spp. Amphotericin B, fluconazole, voriconazole, caspofungin, anidulafungin,
flucytosine

Cryptococcus spp. | Combination therapy: amphotericin B and 5-flucytocine; fluconazole

Coccidioides spp. Liposomal amphotericin

Blastomyces spp. Liposomal amphotericin, ketoconazole (non-immunocompromised)

Histoplasma spp. Liposomal amphotericin, amphotericin B lipid complex, ketoconazole

(non-immunocompromised)
Zygomycetes Liposomal amphotericin, amphotericin B lipid complex

14.4.11 Therapy

Both the earliest possible initiation of antifungal therapy and the earliest possible
reversal of the underlying host immunodeficiency are the cornerstones of treatment
of CNS fungal infection. However, inflammatory responses triggered off by rapid
improvement of the immune status can lead to localised and systemic reactions
which are termed immune reconstitution inflammatory syndrome (IRIS), transito-
rily aggravating and deteriorating the neurological signs and symptoms.

Table 14.13 lists those antifungal agents which should be used if the specific
diagnosis of CNS mycosis has been confirmed.

In rhinocerebral zygomycosis, neuroimaging is essential. Besides antifungal
therapy, aggressive surgical debridement of necrotic tissue is required.

14.4.12 Prognosis

Prognosis depends on the underlying immunocompromised condition, earliest pos-
sible diagnosis, initiation of therapy and earliest possible recognition of immune
reconstitution syndrome.

14.5 Protozoal Infection and Infestation of the Nervous
System

14.5.1 Introduction

Protozoa and metazoa (mainly helminths) can directly or indirectly cause severe
impairment of central nervous system function (Abdel Razek et al. 2011; Kristensson
etal. 2013). Amoebae, Toxoplasma gondii and Trypanosoma spp. may readily invade
the central nervous system causing abscess formation, acute meningoencephalitis,
granuloma formation or chronic encephalitis, whereas Babesia spp. and Plasmodium
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Table 14.14 Protozoal infections of the CNS (Abdel Razek et al. 2011; Schmutzhard and Helbok

2014)

Pathogenic agent

Free-living amoebae
Babesia divergens

Entamoeba histolytica

Plasmodium falciparum

Pathogenetic mechanism,
neurological syndrome

Granuloma, fulminant
meningitis
Anaemia-hypoxic
encephalopathy

Brain abscess

Cerebral malaria (impairment
of microcirculation)

Geographic distribution

Temperate climate zones

Only in splenectomised,
USA, Europe

Tropical/subtropical areas
Tropical regions, mainly
Sub-Saharan Africa, Papua

New Guinea, Solomon

Islands
Toxoplasma gondii Granuloma, encephalitis Worldwide
(immunocompromised
state — HIV)

Trypanosoma brucei Subacute/chronic encephalitis | Tropical Africa

rhodesiense/gambiense

Trypanosoma cruzi Subacute meningitis and Latin America

myocarditis

falciparum cause potentially life-threatening CNS disease via indirect affection of
the brain (Aird et al. 2014; Hawkes et al. 2013; Ho 2014; Ioannidis et al. 2014).

14.5.2 Epidemiology

Table 14.14 lists the protozoa which have the capacity to cause neurologic disease,
the neurological syndrome, the pathogenetic mechanisms and the geographic
distribution.

14.5.3 Clinical Features

It is mainly the history, in particular the history of exposure, as well as the predispos-
ing underlying condition (HIV, etc.) which directs the differential diagnostic consid-
eration towards protozoal disease. Babesiosis and, in particular, the much more
frequent cerebral malaria show normal CSF; diagnosis is made in such patients by
means of blood film examination showing intraerythrocytic ring forms in Giemsa
stain. Cerebral malaria with multiorgan failure due to Plasmodium falciparum infec-
tion is a further typical hallmark of this life-threatening disease (Ho 2014; Ioannidis
et al. 2014; Masocha and Kristensson 2012; Pittella 2013; Sondgeroth et al. 2013).
Entamoeba histolytica brain abscess is only seen in patients suffering from concomi-
tant liver abscess. Free-living amoeba (in particular Naegleria fowleri), occurring
worldwide, invades the human host through the mouth/nasal mucosa via the olfactory
route (when water enters the nostrils or the mouth) and causes a fulminant purulent
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meningitis, rapidly progressing to coma and death. It is the acute purulent, bacterial
meningitis which is the major differential diagnosis. Therefore, such a fulminant fre-
quently fatal disease is to be suspected when the patient reports a history of exposure
to fresh water (jumping into swimming pools, etc.) in summertime.

Subacute meningitis due to Trypanosoma cruzi infection is to be suspected after
exposure to the transmitting vector (reduviid bugs) in Latin America. Frequently,
this meningitis is associated with myocarditis. Very rarely, Trypanosoma brucei
rhodesiense presents as subacute encephalitis; typically, the course of the disease in
sleeping sickness is chronic, i.e. over weeks and months.

14.5.4 Diagnostic Features

It is mainly the history which draws the attention towards this type of diseases.
Detailed consultation of a tropical medical specialist is advised. Depending on the
type of the disease, neuroimaging (Jayakumar et al. 2013), microbiological and
molecular biological techniques are indicated. CSF examination shows an extremely
broad variety of changes, ranging from a mild IgM increase and mild pleocytosis in
sleeping sickness towards a purulent CSF with thousands of polymorphonuclear
neutrophils per pl, high CSF protein and low CSF glucose (in purulent meningitis
due to free-living amoebae) or having virtually normal CSF as seen in Toxoplasma
gondii, cerebral malaria or infection by Babesia spp.

14.5.5 Therapy

In those protozoal diseases which show an acute or even peracute course of disease,
the earliest possible diagnosis and the quickest possible initiation of specific anti-
protozoal therapy are essential. In patients with purulent meningitis due to free-
living amoebae (Naegleria fowleri), immediate initiation of amphotericin B
combined with intravenous miconazole or — alternatively — amphotericin B com-
bined with rifampicin is absolutely essential. Miconazole, however, should never be
combined with rifampicin. A similarly dramatic course of disease may be seen in
cerebral malaria; in such a suspected patient, immediate initiation of intravenous
artesunate (if not available, intravenous quinine) is the cornerstone of therapy.
Adjunctive therapeutic measures include ICU management and recognition and
therapy of complications (e.g. hydrocephalus, brain oedema, etc.).

14.6 Helminthic Infections and Infestations of the Central
Nervous System
14.6.1 Introduction and Epidemiology

Helminths and arthropods are metazoa which can have the capacity to penetrate the
blood-brain barrier, thus invading intracranial structures.
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Table 14.15 Larvae migrantes of the CNS (Finsterer and Auer 2013; Schmutzhard and Helbok
2014)

Neurological
Species Geographic distribution features
Angiostrongylus Meningitis, cranial nerve involvement East Asia, Central
cantonensis and America
Angiostrongylus
costaricensis
Gnathostoma spinigerum Meninges, spinal cord, nerve roots, brain South East Asia, in
rare cases in
Eastern Africa
Strongyloides stercoralis In immunocompromised (HIV): Worldwide
hyperinfection syndrome accompanied
with purulent Gram-negative meningitis
and sepsis syndrome
Toxocara canis and Rarely focal neurological signs and Worldwide
Toxocara cati symptoms, vasculitis, typically ocular
larva migrans
Trichinella spp. Myositis, rarely encephalitis Worldwide

Most helminthoses of the central nervous system cause a subacute or chronic
disease. They may invade in various stages of development into the brain or spinal
cord causing focal or generalised neurological signs and symptoms. Echinococcus
spp., Paragonimus spp., Schistosoma spp. and Cysticercus cellulosae may cause
space-occupying lesions, eventually leading to increased intracranial pressure, epi-
leptic seizures or focal and diffuse encephalopathy (Abdel Razek et al. 2011; Chai
2013; Coyle 2013; Del Brutto 2014; Finsterer and Auer 2013; McConkey et al.
2013; Nicoletti 2013; Petri and Hague 2013; Postels and Birbeck 2013; Rodgers
2010; Schmutzhard and Helbok 2014; Singh et al. 2013; Sondgeroth et al. 2013;
Tudisco et al. 2013).

14.6.2 Clinical Features

The infestation with larvae of certain nematodes, as Angiostrongylus spp.,
Gnathostoma spinigerum, Strongyloides stercoralis, Trichinella spiralis and
Toxocara spp., usually causes a syndrome called larva migrans visceralis. On their
route through the body of the host, they may invade the central nervous system
causing an eosinophilic meningitis, radiculitis, cranial nerve neuritis, myelitis and
even encephalitis and, in rare cases, subarachnoid haemorrhage. The hallmark of
these diseases is a high-grade eosinophilia in the peripheral blood and the CSF. In
rare cases, haemorrhage in the CSF may be seen (mainly in Grathostoma spinige-
rum infestation). Table 14.15 lists those nematodes which are frequently seen as the
cause of eosinophilic CNS infection, their geographic distribution and the typical
neurological involvement

The fish tapeworm, Diphyllobothrium latum, may cause a subacute syndrome of
folic acid deficiency, thereby leading to the neurological syndrome of myelopathy,
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neuropathy and even encephalopathy. Diphyllobothrium latum has been reported
from Europe, East Asia and Latin America and is acquired by ingestion of raw
freshwater fish (Schmutzhard and Helbok 2014).

14.6.3 Diagnostic Features

The direct visualisation of the causative pathogen (e.g. migrating larva) confirms
the diagnosis (Tudisco et al. 2013); in the case of eosinophilic meningitis or
meningoradiculitis, the history (geographic exposure ingestion of suspected food)
guides the differential diagnosis. Serological examination might be helpful to
confirm the diagnosis (Rodriguez et al. 2012; Schmutzhard and Helbok 2014;
Singh et al. 2013). Neuroimaging may also aid in the diagnosis (Abdel Razek
et al. 2011; Lerner et al. 2012; MacLean et al. 2013; McConkey et al. 2013; Petri
and Hague 2013; Pittella 2013).

14.6.4 Therapy

Although for those worms/larvae causing acute CNS disease the best possible
anthelmintic therapy has not been evaluated in prospective and randomised studies,
azole therapies (in particular albendazole) have been used and have been shown to
reduce clinical signs and symptoms and the duration of the disease and to lower the
frequency of long-term sequelae.
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Abstract

Chronic infections of the central nervous system (CNS) tend to progress over
months or years. The incubation period is usually considerably longer than that of
acute infections. Chronic infections of the CNS could be triggered by persistence
of infecting organisms in the brain or spinal cord causing direct tissue damage
(e.g. neurosyphilis, CNS tuberculosis) or by the host immunological response in
the absence of continuing infection. Often both factors are involved. Onset of
symptoms is usually subacute, and CSF findings include predominantly lympho-
cytic pleocytosis and elevated protein and sometimes decreased glucose level.
Several CNS-prone microorganisms are difficult to eradicate from CNS, and con-
firmation of diagnosis may be challenging, but it is critical for prognosis. Infecting
organisms are rarely detected in the CSF by classical culture methods. The meth-
ods used for diagnosis are either serological tests of blood or CSF (e.g. HIV, Lyme
borreliosis, syphilis) or detection of nucleic acids in the CSF (Table 15.1). CNS
inflammation is confirmed by the CSF examination that may need repeated exam-
inations. In infections associated with the persistence of microorganisms, long-
term antibacterial therapy is recommended (syphilis, TBE, toxoplasmosis, Lyme
borreliosis). In diseases in which host immunological response plays a predomi-
nant role, the treatment of chronic CNS infection is usually symptomatic.

Abbreviations

ADA Adenosine deaminase
AIDS Acquired immunodeficiency syndrome
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CATT
CJD
CNS
CSF
CXCL
DNA
EIA
ELISA
FTA
FTA-abs
HIV
IeG
IgM
IGRA
1P-10
ITPA
ICV
MCP-1
MHA-TP
MMP-9
MODS
MRI
NAAT
NFL
NSE
PCR
PML
PrP
RNA
RPR
RT-PCR
SSPE
sVCAM-1
TBE
TBEV
TIMP-1
TNFa
TPHA
TPPA
VDRL
WBC
WHO
p2M

Card agglutination test for trypanosomiasis
Creutzfeldt—Jakob disease

Central nervous system

Cerebrospinal fluid

Chemokine ligand

Deoxyribonucleic acid

Treponemal enzyme immunoassay
Enzyme-linked immunosorbent assay
Fluorescent treponemal antibody
Fluorescent treponemal antibody absorption
Human immunodeficiency virus
Immunoglobulin G

Immunoglobulin M

Interferon-gamma release assays
Interferon protein 10

Intrathecal Treponema pallidum antibody
JC virus/John Cunningham virus
Monocyte chemokine protein 1
Microhaemagglutination for Treponema pallidum
Matrix metallopeptidase 9

Microscopic observation drug susceptibility
Magnetic resonance imaging

Nucleic acid amplification tests

Neuronal injury neurofilament
Neuron-specific enolase

Polymerase chain reaction

Progressive multifocal leucoencephalopathy
Prion protein

Ribonucleic acid

Rapid plasma regain

Real-time polymerase chain reaction
Subacute sclerosing panencephalitis
Soluble vascular adhesion molecule 1
Tick-borne encephalitis

Tick-borne encephalitis virus

Tissue inhibitor of metalloproteinases 1
Tumour necrosis factor alpha

Treponema pallidum haemagglutination
Treponema pallidum particle agglutination
Venereal disease research laboratory
White blood cell

World Health Organisation
Beta-2-microglobulin
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15.1 Human Immunodeficiency Virus (HIV) Infection
15.1.1 Clinical Background

Approximately 35 million people were living with human immunodeficiency virus
(HIV) in the world in 2012, with 2.5 million new cases occurring each year (WHO
2014a). The HIV is a double-stranded enveloped RNA virus belonging to the family
of retroviruses. Two subtypes HIV-1 and HIV-2 exist of which HIV-1 in far the most
common. HIV is a direct cause of acquired immunodeficiency syndrome (AIDS), a
condition in which progressive failure of the immune system allows life-threatening
opportunistic infections and cancers to appear. At present, with almost 30 different
antiretroviral agents registered, the number of AIDS cases has dropped in developed
countries, but the HIV epidemic still has a major impact on the human health in
Sub-Saharan Africa and some areas of the former Soviet Union (UNAIDS 2013:
www.unaids.org last accessed 21.09.2014) Fehler! Hyperlink-Referenz ungiiltig.
The effective treatment has turned HIV into a chronic disease with the life expec-
tancy approaching population norms for patients who comply with an appropriate
antiretroviral treatment. Still specific populations, such as men who have sex with
men in industrialised countries, intravenous drug users in the former Soviet Union
areas, and women of child-bearing age in developing countries, are the main risk
groups for HIV infection. Despite the achievements in the management of HIV
infections, the virus persists in the latency organs of the host for entire life.

HIV is associated with the central nervous system (CNS) in two ways. First,
without antiretroviral treatment, the progressing decline of CD4+ cells leads to the
development of CNS opportunistic infections (cryptococcosis, tuberculosis, toxo-
plasmosis). Second, HIV enters the brain soon after the peripheral infection of cir-
culating T cells and monocytes, and HIV is detectable in the cerebrospinal fluid
(CSF) even without an apparent involvement of CNS in the very early stages of the
infection. A consensus research definition of HIV-associated neurocognitive disor-
der includes manifestations of asymptomatic neurocognitive impairment, mild neu-
rocognitive disorder and HIV-associated dementia (formerly AIDS associated
dementia) (Antinori et al. 2007). HIV-associated dementia is a progressive disabling
disorder characterised by a subcortical dementia that manifests with a loss of atten-
tion and concentration, notable motor slowing and various behavioural disorders
and generally leads to death within a year (Navia et al. 1986). Compared to the
general population, about a half of patients with HIV infection have lower cognitive
performance levels, categorised as a mild neurocognitive disorder. The main differ-
ence between CNS infections and HIV-associated neurocognitive disorders is their
response to antiretroviral therapy. While CNS opportunistic infections and the prev-
alence of HIV-associated dementia have significantly decreased in the era of effec-
tive antiretroviral therapies, still about a half of all treated patients with HIV have
cognitive impairment.

HIV infection is diagnosed by detection of specific antibodies against HIV-1 or
HIV-2 in serum by ELISA and confirmed by using immunoblotting.
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15.1.2 Cerebrospinal Fluid

Detection of HIV in CSF HIV ribonucleic acid (RNA) has been found in CSF
from patients regardless of CSF involvement, but the viral load in CSF is usually
lower than in plasma (Ho et al. 2013). While initial studies suggested correlation
between CSF HIV RNA (viral load) and the HIV-associated dementia (Brew et al.
1997), subsequent reports have shown that virus load correlated neither with the
severity of the HIV-associated dementia nor abnormal quantitative neurological
performance (Spudich et al. 2005).

CSF Inflammatory Parameters CSF pleocytosis, consisting mostly of lympho-
cytes and to a lesser extent of monocytes, is present early in the course of HIV infec-
tion even in neurologically asymptomatic subjects suggesting that it is directly
linked to HIV infection itself, rather than an undiagnosed opportunistic infection or
neurological complications (Ho et al. 2013). Longitudinal trials have indicated reso-
lution of baseline pleocytosis in all patients after the beginning of the antiretroviral
treatment. In untreated patients, CSF pleocytosis correlates with plasma and CSF
HIV RNA levels and with levels of CSF and blood CD8+ cell activation (Spudich
et al. 2005). Recent studies have demonstrated that even during treatment, an
increase in CD8+ T cells, as well as a generalised increase in most other cell types
present in normal CSF, is characteristic to HIV infection. The ratio of CD4+ to
CDS8+ T cells is in favour of CD8+ T cells, similarly to findings in the plasma
(Ho et al. 2013). B and NK cells, which are extremely rare in normal CSF, are found
in HIV-positive subjects even without CNS involvement. Their role and importance
are still poorly investigated.

CSF Immunological and Other Markers While CSF biomarkers have been use-
ful in defining the natural history of HIV infection and their responses to treatment,
they have been found to be of a very limited clinical use for either patient manage-
ment or clinical trials. The CSF biomarkers could be divided into viral (presented
above), immune and neural markers. The immunological markers that have been
studied include neopterin as a cardinal marker but also other soluble markers such
as chemokines CCL2 (MCP-1, monocyte chemokine protein 1), CXCL10 (IP-10,
interferon protein 10) and p2M (beta-2-microglobulin); a component of the MHC-I
complex increased in CSF in HIV-associated dementia; and TNFa (tumour necrosis
factor alpha), sCD14 (a soluble LPS ligand), sSCD163 (a macrophage chemokine),
sVCAM-1 (soluble vascular adhesion molecule 1), MMP-9 (matrix metallopepti-
dase 9) and TIMP-1 (tissue inhibitor of metalloproteinases 1). All these markers
mostly indicate the presence of CNS inflammation during HIV infection rather
being specific for HIV infection (Price et al. 2013).

Neopterin, a pteridine biomarker metabolite, is produced by cells of the mono-
cyte—macrophage lineage and likely also by astrocytes within the CNS compart-
ment and increases as systemic HIV infection progresses, with the highest levels
observed in HIV-associated dementia and CNS opportunistic infections (Hagberg
et al. 2010). The neopterin levels in patients receiving effective antiretroviral treat-
ment are low but still greater than in HIV negative controls (Price et al. 2013).
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A number of neural biomarkers have been explored, including neuronal injury
neurofilament (NFL) and indicators of disturbed amyloid and tau metabolism t-tau
(total tau) and p-tau (phosphorylated tau) proteins. While none of these neural bio-
markers are specific for HIV neuropathology, they importantly indicate active CNS
injury (Gisslen et al. 2009).

15.2 Neurosyphilis
15.2.1 Clinical Background

Syphilis is a systemic infectious disease caused by the spirochete Treponema palli-
dum. The incidence of syphilis decreased after the introduction of penicillin in the
1940s, but during the era of HIV infection, the incidence has increased again. In
recent years, young men who have sex with men have accounted for an increasing
proportion of syphilis, and co-infection with HIV has changed clinical and labora-
tory profiles, demonstrating higher antigen titres and more malignant course of neu-
rosyphilis (CDC 2014; ECDC 2013; Chahine et al. 2011; Gitai et al. 2009; Poliseli
et al. 2008).

CNS involvement can occur at any stage of syphilis. In asymptomatic cases,
there are no neurological manifestations except CSF abnormalities. Symptomatic
neurosyphilis can occur as an early meningeal form within 12 months after infec-
tion, or late or chronic forms as meningovascular syphilis that usually occur 5-10
years after the initial infection, or parenchymatous findings 15-25 years after the
onset of the disease. The pathological basis of chronic neurosyphilis is persistence
of spirochetes in affected tissues: walls of brain arteries, leptomeninges, brain
parenchyma, dorsal roots or spinal cord (Miklossy 2012).

Neurosyphilis has various clinical manifestations, but they lack specificity and
may mimic several other diseases. Meningovascular neurosyphilis with endarteritis
leads to multiple ischaemic lesions, presenting with pareses, aphasia and seizures.
Parenchymatous syphilis may manifest as (1) paretic neurosyphilis (‘general pare-
sis’ or ‘dementia paralytica’) with neuropsychiatric features including behavioural
and cognitive disorders, depression, confusion and hallucinations, sleep impair-
ment, dysarthria, movement disorders and Argyll Robertson phenomenon (anisoco-
ria) or (2) tabetic neurosyphilis (tfabes dorsalis) characterised by sensory ataxia,
sphincter disorders, peripheral neuropathy with pain and paraesthesias and cranial
nerve lesions including facial nerve disorder, optic atrophy and Argyll Robertson
pupils. Uveitis or other ocular manifestations or auditory signs may be associated
with neurosyphilis, but gummas of CNS are very rare (Zhang et al. 2013; Ghanem
2010; Danielsen et al. 2004).

Parenteral penicillin G is the preferred treatment for all stages of syphilis. There
are inconsistent data on the effectiveness of procaine penicillin/probenecid combi-
nation. If the CSF abnormalities are not resolved within 2 years, re-treatment is
recommended (CDC 2010; Ghanem 2010; French et al. 2009).
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15.2.2 Diagnosis of Neurosyphilis

T. pallidum is difficult to culture, and dark field examination and direct fluorescent
antibody stains from ulcers are not highly sensitive. Historically, the Wassermann
test has been used for laboratory testing.

For confirmation of syphilis, combination of reactive serological tests is used:
there are two modern non-treponemal (or lipoidal/cardiolipin) serological tests, the
venereal disease research laboratory (VDRL) and rapid plasma reagin test (RPR),
and treponemal tests including 7. pallidum haemagglutination assay (TPHA),
microhaemagglutination for 7. pallidum (MHA-TP), T. pallidum particle agglutina-
tion (TPPA), fluorescent treponemal antibody (FTA), fluorescent treponemal anti-
body absorption (FTA-abs) or treponemal enzyme immunoassay (EIA) test
(Ghanem 2010; French et al. 2009). Sensitivity of T. pallidum PCR is moderate,
while its specificity is very good: PCR may be helpful in detecting 7. pallidum, but
a negative result does not exclude the diagnosis of neurosyphilis (Gayet-Ageron
et al. 2013; Kingston et al. 2008, 2011).

By the CDC surveillance case definitions, confirmed neurosyphilis is defined as
any stage of syphilis that meets the laboratory criteria for neurosyphilis: a reactive
serologic test for syphilis and a reactive non-treponemal test in CSF. Probable neu-
rosyphilis is defined as syphilis of any stage with a negative non-treponemal test in
the CSF, with elevated CSF protein or pleocytosis and clinical signs consistent with
neurosyphilis, in the absence of other known causes for abnormalities (CDC 2014).

15.2.3 Cerebrospinal Fluid

Lumbar puncture for a CSF examination is mandatory in patients with serological
evidence and clinical signs suggestive of neurosyphilis; it is the only way to diag-
nose asymptomatic neurosyphilis. In guidelines of the HIV era, a CSF examination
is recommended in asymptomatic cases not responding with a fourfold decrease of
serum RPR titres 6—12 months after therapy (CDC 2010; Sparling 2010; Choe et al.
2010; Marra et al. 2008).

Detection of T. pallidum T. pallidum has been recovered from the CSF during sec-
ondary syphilis in 30 % of patients, mostly in those with abnormal CSF (Miklossy
2012). High numbers of T. pallidum has been detected in spinal dorsal roots, brain
parenchyma and brain arteries. Demonstration of T. pallidum specific DNA in CSF
is a strong indicator of active disease, but PCR is more efficient to confirm than to
exclude the diagnosis: the sensitivity estimates of CSF PCR have been close to 50 %
and the specificity 80-90 % (Gayet-Ageron et al. 2013; Marra et al. 2004). In some
patients, T. pallidum DNA could be detected up to 3 years after adequate treatment
(French et al. 2009).

CSF Inflammatory Parameters In neurosyphilis, lymphocyte-predominant CSF
pleocytosis with >5 mononuclear cells/pL as a standard cut-off, and elevated CSF
proteins are characteristic but insensitive and non-specific findings; CSF may be
normal in some patients. In the presence of HIV infection, pleocytosis greater than
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20 is relatively typical for neurosyphilis (CDC 2014; Marra et al. 2004). If CSF
pleocytosis was present initially, follow-up CSF examinations should be repeated
every 6 months until the cell count is normal (CDC 2010; Marra et al. 2008).
However, neurosyphilis may progress despite appropriate therapy and serological
responses; thus a CSF examination should be considered in any treated patient with
evidence of clinical progression (Zhou et al. 2012).

CSF Immunological Markers To establish a diagnosis of neurosyphilis, serologi-
cal testing is used, combining non-specific (non-treponemal/lipoidal) and specific
treponemal tests in CSE. A positive CSF non-treponemal test (VDRL/PRP) is con-
sidered a highly specific diagnostic marker for neurosyphilis, but its sensitivity is
limited; it shows a positive result only in about half of symptomatic cases; thus a
negative CSF non-treponemal test does not exclude neurosyphilis (Marra et al.
2012; Sparling 2010; Castro et al. 2008).

Treponemal-specific CSF tests are more sensitive than lipoidal tests, and a TPHA
index >70 and a CSF TPHA titre >320 support the diagnosis. A negative test
excludes neurosyphilis. However, it lacks specificity, and a positive reaction may
not reflect neurosyphilis but can be caused by other conditions (Harding and
Ghanem 2012; Ho and Marra 2012; French et al. 2009). The IgG index >0.7 is an
indicator for intrathecal antibody production; data on detecting of 7. pallidum spe-
cific IgG have been inconsistent (French et al. 2009; Kingston et al. 2008).

Diagnosis of neurosyphilis is more complicated in co-infection with HIV and
opportunistic infections. Recent studies suggest that the concentration of CXCL13 in
CSF has a potential to be used for the diagnosis of neurosyphilis in HIV-infected
patients (Tsai et al. 2014; Marra et al. 2010). However, increased levels of CXCL13
have been described also in patients with Lyme neuroborreliosis, thus it is not a
specific finding (Cerar et al. 2013).

15.3 Tuberculosis of the Central Nervous System
15.3.1 Clinical Background

Tuberculosis is an infectious disease declared by the WHO as a global public health
emergency that caused 8.6 million new cases and 1.3 million deaths in the world in
2012, including 320,000 deaths among HIV-positive people (WHO 2013). In
Europe, there were more than 70,000 cases reported in 2011, with a significant pro-
portion of multidrug-resistant cases though overall incidence has slightly decreased
(ECDC 2013).

Tuberculosis is caused by Mycobacterium tuberculosis, affecting multiple organs
but the lungs most frequently. CNS involvement accounts about 1 % of cases of
active tuberculosis but is highly predominant in children in endemic areas. CNS
tuberculosis develops by haematogenous dissemination with a release of bacteria to
subarachnoid space and manifests most commonly as tuberculous meningitis or
tuberculomas but also as tuberculous abscess, cerebral miliary tuberculosis, arteritis
or spinal cord lesions (Isabel and Rogelio 2014; Thwaites et al. 2009; Katti 2004).
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Clinical presentations of tuberculous meningitis are non-specific. A prodromal
period with mild fever, headache, vomiting and confusion is followed by variable
manifestations due to of meningeal involvement, cranial nerve lesions or vasculitis
causing ischaemic lesions with focal neurological findings. Tuberculomas without
meningitis may manifest with seizures or focal neurological signs including pareses
and cerebellar signs. Spinal tuberculosis presents with upper or lower motor neuron
involvement (Daniele 2014; Gunawardhana et al. 2013; Christensen et al. 2011;
Christie et al. 2008). Co-infection with HIV is associated with increased risk for
other CNS infections and malignancies and leads to worse outcome (Chamie et al.
2014; Cecchini et al. 2009).

Treatment of CNS tuberculosis is suggested as a combination of isoniazid, pyra-
zinamide, rifampicin and ethambutol for 2 months followed by two drugs for 7-10
months, with adjunctive corticosteroid administration. For tuberculomas, chemo-
therapy is recommended before surgery, and ventricular shunting may be beneficial
for hydrocephalus. All patients with tuberculosis should be tested for HIV and in
case of co-infection, treated concomitantly with antiretroviral drugs additionally to
anti-tuberculosis drugs that are used by the same principles as for patients without
HIV (Chamie et al. 2014; Thwaites et al. 2004, 2009).

The mortality rate of tuberculous meningitis in case series has ranged from 7 to
41 % (Daniele 2014; Gunawardhana et al. 2013; Christensen et al. 2011; Hsu et al.
2010). A poor outcome is associated with older age, severity of disease, impaired
consciousness, seizures, hydrocephalus, HIV co-infection and delayed anti-
tuberculosis therapy (Achazi et al. 2011; Hsu et al. 2010; Cecchini et al. 2009).
Drug-resistant tuberculosis is associated with more severe manifestations and
higher mortality (Garg et al. 2013).

15.3.2 Diagnosis of Tuberculous Meningitis

Various diagnostic criteria for tuberculous meningitis have been used. The consen-
sus case definition proposed by an expert panel in 2009 includes scoring for clini-
cal, CSF and cerebral imaging criteria, evidence of tuberculosis elsewhere and
exclusion of alternative diagnosis. A definite case of tuberculous meningitis is
described as (A) clinical criteria plus acid-fast bacilli seen in the CSF; M. tubercu-
losis cultured in the CSF or a CSF positive nucleic acid amplification (NAA) test;
or (B) acid-fast bacilli identified, with suggestive symptoms and CSF changes or
visible meningitis in autopsy (Marais et al. 2010). Age, length of history, white
blood cell count, clear CSF appearance with white cell count <1,000 cells/pl, lym-
phocytes proportion >30 % and protein >1 g/L. and neurological focal findings
have been shown as predictive for the diagnosis (Thwaites et al. 2002, 20009).
Results of tuberculin skin testing in CNS tuberculosis are variable with a sensitiv-
ity of 17-32 % in adult and 30-77 % in children, but specificity may be reduced by
BCG vaccination. Peripheral blood interferon-gamma release assays (IGRA) have
higher specificity, but sensitivity varies. Magnetic resonance imaging (MRI) may
reveal tuberculomas (Fig. 15.1), vascular lesions, hydrocephalus, basilar
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Fig.15.1 MRI revealing a tuberculoma in the left pons area, in a patient with tuberculous menin-
gitis, manifesting with paresis of n. abducens

arachnoiditis and spinal cord lesions, but the findings are non-specific (Marais
et al. 2010; Thwaites et al. 2009).

15.3.3 Cerebrospinal Fluid

Detection of M. tuberculosis The gold standard for diagnosis confirmation is dem-
onstration of M. tuberculosis in the CSF by smear examination after Ziehl-Neelsen
staining or culture. In CSF microscopy, acid-fast bacilli may be seen in up to 80 %
of adult cases but only 15-20 % in children; large volumes (>6 ml) of CSF increase
the diagnostic yield. Acid-fast bacilli are less frequently found in CSF with tubercu-
loma or spinal tuberculosis, compared to tuberculous meningitis (Marais et al. 2010;
Thwaites et al. 2009).

Mycobacteria are slow-growing organisms; in conventional solid media
(Lowenstein—Jensen), the growth can take up to 68 weeks. The BACTEC liquid
media used in most microbiology labs has improved culture yields and enables
detection of mycobacteria in average of 15 days. After anti-tuberculosis treatment is
started, the sensitivity of smear or culture is lower. For susceptibility testing, direct
culture methods are used, including liquid culture microscopic observation drug
susceptibility (MODS), colorimetric redox indicator methods and the nitrate reduc-
tase assay (Thwaites et al. 2009; Garg et al. 2013).

Molecular-based PCR assay techniques including nucleic acid amplification tests
(NAAT) are effective methods with high specificity but low sensitivity for rapid
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detection of mycobacterial DNA in CSF and other specimens. Molecular methods
may be useful even in partially treated patients as mycobacterial DNA in CSF can be
detected for 1 month after the initiation of the treatment (Solomons et al. 2014; Nhu
et al. 2014; Garg et al. 2013). Quantitative RT-PCR for M. tuberculosis DNA and
multiplex PCR using different primers have been introduced as possible useful meth-
ods for a rapid diagnosis (Takahashi et al. 2012; Kusum et al. 2011).

CSF Inflammatory Parameters For the diagnosis of CNS tuberculosis, examina-
tion of CSF is mandatory; the volume of CSF is important, and repeated lumbar
punctures may be needed. Typical CSF findings included in the consensus diagnos-
tic criteria set are: a clear appearance, pleocytosis 10-500 cells/pL with a lympho-
cytic predominance of >50 %, elevated protein >1 g/L and decreased glucose levels
(<2.2 mmol/L; CSF/plasma ratio <50 %), but atypical findings have been demon-
strated. Lower protein levels and white cell counts or non-inflammatory CSF are
more frequent in patients with HIV co-infection (Marais et al. 2010; Chamie et al.
2014; Cecchini et al. 2009).

Adenosine deaminase (ADA) is an enzyme, considered as an indicator of immu-

nity, and a potential diagnostic marker to improve the diagnosis of tuberculous men-
ingitis. In some studies, increased ADA levels in the CSF have been demonstrated
in tuberculous meningitis but not in bacterial or viral meningitis; however, the
results are inconsistent (Agarwal et al. 2014; Tuon et al. 2010).
CSF Immunological Markers At present, there is insufficient evidence of CSF
antibody or IGRA tests for diagnosis of active tuberculosis, but there are a few
promising reports on possible innovative diagnostic markers (Song et al. 2014; Kim
et al. 2010; Marais et al. 2010).

15.4 Chronic Neuroborreliosis
15.4.1 Clinical Background

Lyme borreliosis, or Lyme disease, is a tick-borne illness caused by a spirochete
Borrelia burgdorferi sensu lato complex that can result in dermatological, neuro-
logical, cardiac and musculoskeletal disorders. Lyme neuroborreliosis develops
usually within 2—-6 weeks after the tick bite, most frequently as lymphocytic menin-
goradiculitis (Bannwarth syndrome) in Europe, meningitis in the United States and
facial nerve palsy in children. The number of cases of neuroborreliosis has increased
in recent years that may be partially explained by higher incidence but also by
improved diagnostic methods (Aguero-Rosenfeld et al. 2005; Stanek et al. 2012).
Chronic or late Lyme neuroborreliosis occurs in less than 5 % of neuroborreliosis
patients, lasting for more than 6 months after tick-transmitted infection. Chronic neu-
roborreliosis is defined as a continuous active disease process with CNS inflammation
and is characterised by various manifestations like recurrent or progressive encepha-
lomyelitis with pareses, movement disorders, seizures, gait and bladder disturbances
or stroke-like syndrome caused by vasculitis, radiculopathy or peripheral neuropathy
(Ljostad and Mygland 2013; Hansen et al. 2013; Mygland et al. 2010). Psychiatric
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features include cognitive impairment, psychosis with visual and auditory hallucina-
tions and obsessive—compulsive disorders. Depressive state among patients with late
Lyme disease is reported to be common, ranging in 20-66 %. Whether the chronic
Lyme neuroborreliosis is caused by the persistence of spirochetes in the brain leading
directly to tissue damage or it is a result of immunological changes in the absence of
continuing infection is still debated. It is believed that the pathological processes in
neurosyphilis and neuroborreliosis are similar as spirochetes are known to be neuro-
trophic (Miklossy 2012). For treatment of chronic neuroborreliosis, intravenous peni-
cillin G and ceftriaxone are empirically effective, and theoretically doxycycline could
be as effective, but there is not enough evidence from trials. Response to antibiotic
treatment in chronic Lyme disease is usually slow and may be incomplete (Ljostad
and Mygland 2013; Hansen et al. 2013; Mygland et al. 2010).

15.4.2 Diagnosis of Chronic Neuroborreliosis

The European guidelines define chronic neuroborreliosis by the following criteria:
(1) clinical syndrome with neurologic manifestation, without other possible causes;
(2) CSF pleocytosis; and (3) intrathecally produced anti-Borrelia antibodies, except
for peripheral neuropathy with antibodies in serum (Stanek et al. 2011, 2012;
Mygland et al. 2010). A diagnosis of chronic Lyme disease based on persistence of
non-specific symptoms without objective clinical and laboratory findings, which
has been reported in the United States but also in other countries, cannot be sup-
ported (Ljostad and Mygland 2013; Feder et al. 2007; Cameron et al. 2004). Imaging
is not essential for the diagnosis, but in chronic neuroborreliosis, MRI may reveal
meningeal enhancement due to chronic inflammation or ischaemic-like white mat-
ter lesions (Agarwal and Sze 2009; Aalto et al. 2007).

15.4.3 Cerebrospinal Fluid

Detection of B. burgdorferi in CSF Direct detection of the causing agent in later
manifestation of Lyme borreliosis is limited. There is not enough evidence for
microscope-based assays for use as a diagnostic tool, due to low sensitivity and
specificity (Mygland et al. 2010). Recovery of B. burgdorferi sensu lato from CSF
is complicated and can be done only in 10-17 % of untreated patients (Cerar et al.
2013; Aguero-Rosenfeld et al. 2005). Furthermore, by most conventional bacterio-
logic standards, borrelial cultures are poorly standardised, labour intensive,
expensive and slow, requiring up to 12 weeks of incubation before being considered
negative. Thus direct culture technique is hardly ever used in diagnosis of neurobor-
reliosis in clinical practice.

B. burgdorferi sensu lato DNA has been detected by PCR in CSF specimens, but
it is of low diagnostic sensitivity, being positive in only 10-30 % cases with lower
detection levels in longer duration of the disease that prevents implementation of
this method in clinical practice (Aguero-Rosenfeld 2008; Wilske et al. 2007). The
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sensitivity of the PCR may depend also on the clinical presentations, CSF WBC
count and whether antibiotic treatment is given or not. The spirochetes have been
detected in the brain biopsy specimens and in autopsy samples (Miklossy 2012).
PCR and CSF culture may be corroborative in the early stage of the disease when
antibodies are absent or in immunosuppressed individuals, but otherwise not recom-
mended for diagnosis (Mygland et al. 2010).

CSF Inflammatory Parameters Most patients with ongoing neuroborreliosis
regardless of clinical symptoms have increased WBC, typically 10-1,000 cells/mm?
(in 60 % in a range of 30 and 300 cells/mm?), mainly lymphocytes and plasma cells,
with an exception in cases with peripheral neuropathies. Further supporting findings
include elevated CSF protein up to 1-3 g/L or even higher and oligoclonal IgG
bands. Unlike in early Lyme neuroborreliosis, chronic patients may have low CSF
glucose levels. In contrast to other meningitides of bacterial origin, the CSF lactate
concentration is in normal ranges (Ljostad and Mygland 2013; Hansen et al. 2013;
Djukic et al. 2012; Stanek et al. 2011).

CSF Immunological Markers: Detection of Antibodies Specific intrathecal pro-
duction of IgM and IgG antibodies is one of the key features of neuroborreliosis
(Ljostad and Mygland 2013; Stanek et al. 2012; Aguero-Rosenfeld 2008; Blanc
et al. 2007). However, there are no uniformly accepted tests to measure Borrelia
antibodies in CSF. Methods that have been used include capture immunoassays,
CSF/serum antibodies determined by ELISA and Western immunoblots (Coyle
et al. 1995, Wilske et al. 2007). Diagnostic yield of CSF antibodies could be
improved when at least two antigens, flagella and one of the new antigens or two of
the new antigens (decorin-binding protein A, BBK32, and outer surface protein C,
and IR(6) peptide of borrelial VISE protein) are used (Panelius et al. 2003). Positive
intrathecal production of Borrelia-specific antibodies is indicated by an antibody
index >1.3 (antibody index=CSF/serum Borrelia antibody concentration ratios:
CSF/serum IgG concentration ratios, see also Chaps. 10 and 16); a pathological
antibody index has a sensitivity of 80 % in early Lyme neuroborreliosis and nearly
100 % in longer duration (Wilske et al. 1986), Tumani et al. 1995). Intrathecal pro-
duction can also be determined by testing CSF and serum at matching concentra-
tions using immunoblotting. Of note anti-Borrelia antibodies may persist for years
after the infection, and thus the specificity is low without other criteria of chronic
neuroborreliosis (Djukic et al. 2012; Mygland et al. 2010; Wilske et al. 2007).
Detection of Chemokines and Cytokines in the CSF Borreliae that enter the
CNS are recognised by monocytes, macrophages or dendritic cells, which produce
proinflammatory cytokines and induce chemokines. Increased concentrations of
interleukin 4 (IL-4), IL-5, IL-6, IL-8, IL-10, IL-12, IL-18 and gamma interferon
(IFN-v) have been found in the CSF samples of patients suffering from Lyme neu-
roborreliosis (Cerar et al. 2013). Various chemokines (CXCLS8, CXCL10, CXCLI11,
CXCL12, CXCL13) are released as a result of inflammation and stimulate chemo-
taxis involved in the CNS (Moniuszko et al. 2014). Studies have suggested that
measuring CXCL13 enables to distinguish neuroborreliosis from other inflamma-
tory diseases of the CNS and to evaluate treatment response (Cerar et al. 2013;
Senel et al. 2010). However, it is not specific as described also in other viral and
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spirochetal infections such as tick-borne encephalitis (TBE), neurosyphilis and
CNS lymphoma (Moniuszko et al. 2014; Marra et al. 2010; Schmidt et al. 2011).
The exact diagnostic cut-off values, however, are not established, and thus potential
diagnostic usefulness of CXCL13 levels in CSF in chronic neuroborreliosis is still
debatable (Ljostad and Mygland 2013; Bremell et al. 2013; Schmidt et al. 2011).

15.5 Tick-Borne Encephalitis (Chronic Form)
15.5.1 Clinical Background

Tick-borne encephalitis (TBE) is caused by the tick-borne encephalitis virus
(TBEV), which is a single-stranded RNA virus that has European, Siberian and Far-
Eastern subtypes. The course of the European subtype is mainly asymptomatic or if
symptomatic then characterised by a biphasic course with development of meningi-
tis, meningoencephalitis or myelitis which can be followed by a postencephalitic
syndrome. The case fatality rate in the European subtype is low around 1-2 %
(Holzmann 2003; Dumpis et al. 1999). In contrast, in the Far-Eastern subtype, the
disease is mostly monophasic but causes more severe forms with neurological
sequelae and the fatality rates of up to 30 %. The Siberian subtype characteristically
induces a less severe acute period with a case fatality rate of 6-8 %, but there is a
tendency to develop chronic TBE (Dumpis et al. 1999).

Acute forms of tick-borne encephalitis (TBE) are described in Chap. 14.a.i. A
chronic form of TBE mainly affects people <35 years and has been associated exclu-
sively with the Siberian subtype of TBEV in Siberia and Far East. Hyperkinesias
(54 %), epilepsia partialis continua, encephalopoliomyelitis and lateral amyotrophic
sclerosis syndrome have been described (Mukhin et al. 2012; Poponnikova 2006;
Gritsun et al. 2003a; Nadezhdina 2001). In the chronic form of TBE, a relapsing
course following the acute TBE has been described or delayed development of the
progressive disease after a long incubation period without the typical acute stage
(Gritsun et al. 2003b; Frolova et al. 1987; Vasilenko and Grigor’eva 1987). Chronic
TBE is very rare in Europe, with only two cases reported in Lithuania (Mickiene et al.
2002). Experimental studies have demonstrated the ability of TBEV Siberian subtype
to persist and produce the chronic disease in animal models (Gritsun et al. 2003a;
Frolova et al. 1987). The chronic form of TBE has been associated with mutations in
the TBEV NSI1 gene (Gritsun et al. 2003b) and immunological changes with defective
T-cell response and imbalance in production of cytokines (Naslednikova et al. 2005).

The diagnostic criteria of chronic TBE are poorly defined, and there is no uni-
form consensus.

15.5.2 Cerebrospinal Fluid

Detection of TBEV in CSF TBEV is very rarely if ever isolated from CSF. The
RT-PCR to detect TBE RNA in CSF has not been successful either
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(Holzmann 2003). In a study in which TBE RNA was successfully detected in all
blood samples, only 1 of 31 CSF samples tested positive during early viraemic
period (Saksida et al. 2005). In fatal cases, the virus has been detected by RT-PCR
in the brain tissue (Holzmann 2003). A strain of the Siberian subtype of TBEV was
isolated postmortem from a patient who died of a progressive (2-year) form of TBE
10 years after being bitten by a tick, and another strain was detected in CSF of a
11-year-old girl with relapsing course of epilepsia partialis continua during 5 years
(Gritsun et al. 2003a).

CSF Inflammatory Parameters Patients with TBE have shown CSF pleocytosis
in the range of 121,100 cells with a predominance of segmented granulocytes (60—
70 %) over lymphocytes (30-40 %) and a moderate impairment of the blood—CSF
barrier (increased CSF—-to—serum albumin ratio) (Holzmann 2003).

Detection of Antibodies in CSF The diagnosis of TBE is based on the demonstra-
tion of TBE-specific IgM and IgG antibodies in blood, which are usually detectable
at the beginning of the second phase and increase to high titres. IgG antibodies
persist over a lifetime and prevent reinfection. In CSF, intrathecally produced spe-
cific antibodies can only be found in 50 % of patients early after the disease onset,
but within 10 days, they almost invariably become detectable (Holzmann 2003).
However, there are limited data on antibodies in chronic TBE. In two patients in
Siberia with progressive or relapsing course of chronic TBE, the TBEV Siberian
serotype strains were isolated, but virus-specific antibodies were not detected that
might show a possible defect of immune mechanisms, contributing to the persis-
tence of the virus (Gritsun et al. 2003b).

15.6 Prion Diseases
15.6.1 Clinical Background

Prion diseases are rare fatal transmissible neurodegenerative disorders, character-
ised by the accumulation of protease-resistant prion protein (PrP), an isoform of a
normal cellular protein. Aetiologically, human prion diseases can be divided into
sporadic, inherited and acquired forms, with a diversity of clinical presentations
(Araujo 2013; Wadsworth and Collinge 2007).

About 85 % of prion disease cases occur as sporadic Creutzfeldt—Jakob disease
(CJD), with a yearly incidence rate of 1-2 cases per million of population. Clinically,
it presents with rapidly progressive dementia, fast development of akinetic mutism,
along with generalised myoclonus, ataxia, extrapyramidal and pyramidal signs and
cortical blindness. Inherited cases that are classified as familial CJD, Gerstmann—
Striussler—Scheinker syndrome or fatal familial insomnia are associated with muta-
tions in the human prion protein gene. Iatrogenic CJD may occur due to transmission
through medical procedures. Variant CJD represents bovine-to-human transmission
associated with the consumption of meat products that was described first in 1996 in
the United Kingdom. Around 230 variant CJD cases have been reported, and global
monitoring continues through the EuroCJD network. Kuru was endemic in Papua
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New Guinea, transmitted by ritual cannibalism and manifested after a long incuba-
tion period with ataxia and dementia developing later (ECDC 2013; Araujo 2013;
Wadsworth and Collinge 2007).

Human prion diseases are ultimately fatal — death follows symptom onset within
2 years. The therapeutic approaches include polyanionic and polycyclic drugs to
prevent conversion of PrP and laminin receptor antagonists that have provided some
experimental promises. Active and passive immunisation against PrP in animals has
shown divergent effects and can trigger neurotoxic pathways (Panegyres and Armari
2013; Aguzzi et al. 2013).

15.6.2 Diagnosis of Creutzfeldt-Jakob Disease

Diagnostic criteria for CJD were formulated in 1979 and updated in 2009, including
clinical criteria and tests/investigations. For probable or possible sporadic CJD, two
clinical signs of the following four should be fulfilled: (1) dementia, (2) cerebellar
or visual signs, (3) pyramidal or extrapyramidal signs and (4) akinetic mutism.
Additionally, for a probable case, one of the following tests should be positive: (1)
periodic sharp wave complexes in EEG that are of high specificity and low sensitiv-
ity or (2) 14-3-3 protein in CSF that has a high sensitivity but modest specificity or
(3) high signal abnormalities in the caudate nucleus and putamen or at least two
cortical regions in MRI (Fig. 15.2). However, the accuracy of diagnostic criteria has
been assessed in a series of rapid progressive dementia and the level of the tau pro-
tein considered as a possible additional marker for the diagnosis (Felix-Morais et al.
2014; Tagliapietra et al. 2013; Zerr et al. 2009).

Fig. 15.2 MRI in sporadic CJD demonstrating bilateral hyperintensities in striatum and fronto-
medial cortex: (a) FLAIR; (b) T2
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For variant CJD, the case definition for reporting communicable diseases has
been approved in the Commission Implementing Decision of the European Council
in 2012, combining preconditions of medical history, of at least four clinical criteria
out of five (early psychiatric symptoms; painful sensory symptoms; ataxia; myoclo-
nus or chorea or dystonia; dementia), epidemiological criteria and negative EEG
findings without periodical complexes typical for sporadic CJD. The diagnostic cri-
teria for a confirmed case are neuropathological findings: spongiform degeneration,
neuronal loss, astrocytosis and PrP immunohistochemistry (EC 2012).

15.6.3 Cerebrospinal Fluid

Detection of Prions PrP cannot be detected in CSF by currently available meth-
ods. A promising novel method of real-time quaking-induced conversion has been
developed for detection of PrP in the diluted CJD brain homogenate, but further
studies are needed for more evidence (Atarashi et al. 2011).

CSF Inflammatory Parameters Typically there are no changes in inflammatory
parameters in CSF in prion diseases, but a routine CSF examination may be of
importance for differential diagnosis to exclude potentially treatable inflammatory
conditions. A large study on standard CSF examination showed isolated mild
increases of white cell count or total protein in a small proportion of patients with
sporadic CJD. The presence of >20 cells/pL or 1 g/L of protein in CSF suggests an
alternative diagnosis (Green et al. 2007).

CSF Immunological Markers In patients with rapidly progressive dementia and
suspected sporadic CJD, it is recommended to examine CSF to detect 14-3-3 pro-
tein as a marker with a high sensitivity of 92 % and specificity of 80 % for CID
(Muayqil et al. 2012; Stoeck et al. 2012). However, the positive results have also
been reported in other dementias and encephalopathies, infections and cerebrovas-
cular diseases and metastases (Deisenhammer et al. 2009). Other brain-derived pro-
teins have also been considered as diagnostic markers for CJD. In a Swedish study,
the combination of t-tau levels and t-tau to p-tau ratios in CJD patients had a high
specificity against important differential diagnoses (Skillback et al. 2014). However,
CSF 14-3-3 protein had higher sensitivity than tau protein and S100b in the United
Kingdom 10-year review (Chohan et al. 2010).

15.7 Progressive Multifocal Leucoencephalopathy
15.7.1 Clinical Background and Diagnosis

Progressive multifocal leucoencephalopathy (PML) is a potentially fatal CNS infec-
tion with progressive deterioration, caused by a polyoma virus (JC virus/John
Cunningham virus). Polyoma viruses are double-stranded enveloped DNA viruses.
Subclinical infection may occur in childhood, and about a half of an adult popula-
tion with sclerosis multiplex have been tested as seropositive for JCV (Steiner and
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Fig.15.3 MRIina PML
patient showing lesions

in periventricular and deep
white matter

Berger 2012). PML occurs as an opportunistic infection in patients with monoclonal
antibody immunosuppressive therapies, HIV infection or lymphoproliferative dis-
orders. It has been reported in association with natalizumab treatment of multiple
sclerosis, rituximab for lymphoproliferative and rheumatic disorders, efalizumab
for psoriasis and brentuximab vedotin therapy (Carson et al. 2014; Mancuso et al.
2012; Mentzer et al. 2012; Carson et al. 2009). There is no antiviral therapy against
the JCV, and the prognosis is poor. Highly active antiretroviral therapy has a benefi-
cial impact to the prognosis of PML in HIV patients (Casado et al. 2014; Steiner and
Berger 2012).

The proposed case definition is based on detection of JCV DNA in CSF or posi-
tive DNA and viral antigens with typical histopathology in the brain biopsy or
autopsy tissue, in appropriate clinical settings and in brain MRI findings. Clinically,
cognitive and behavioural disorders, pareses, ataxia, sensory loss, speech and visual
disturbances and seizures have been described. PML damage is related to the brain
demyelination, and MRI typically reveals lesions in subcortical and periventricular
white matter (Fig. 15.3), cerebellum or peduncles, but also grey matter involvement
can occur rarely. Typical histopathological findings include enlarged oligodendrog-
lial nuclei, bizarre astrocytes and demyelination (Berger et al. 2013; Mentzer et al.
2012; Steiner and Berger 2012).

The 2-step enzyme-linked immunosorbent assay (ELISA) assay is used to detect
the anti-JCV serostatus in patients with multiple sclerosis, as a tool for PML risk
stratification, but not for confirmation of the diagnosis of PML (Gorelik et al. 2010).
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15.7.2 Cerebrospinal Fluid

In a routine CSF examination, most PML patients demonstrate a normal cell count
(usually less than 20 cells/pL) but mildly increased protein levels (Berger et al.
2013). The JCV DNA can be detected by PCR in a laboratory with specific exper-
tise. However, positive PCR without typical clinical and radiological findings is not
sufficient to provide evidence for the diagnosis, and a negative JCV PCR does not
exclude PML. In HIV-infected patients who have developed PML-immune recon-
stitution inflammatory syndrome as a result of antiretroviral therapy, detection of
JCV declines substantially. Repeated testing of CSF may be needed, but testing of
blood or urine for JCV has no diagnostic value (Berger et al. 2013; Mentzer et al.
2012; Fong et al. 1995). A novel method for mutation scanning has been developed
with the potential to serve as an additional diagnostic method when combined with
routine RT-PCR testing (Nakamichi et al. 2014).

A CSF JCV antibody index has been suggested as a complementary tool for the
diagnosis of natalizumab-associated PML in cases with low levels of JC virus DNA
in CSF, but it needs additional evidence (Warnke et al. 2014).

15.8 Subacute Sclerosing Panencephalitis
15.8.1 Clinical Background and Diagnosis

Subacute sclerosing panencephalitis (SSPE) is a chronic encephalitis secondary
to measles infection that causes demyelination damage of CNS. The measles
virus (a single-stranded, negative-sense, enveloped RNA virus in the family of
Paramyxoviridae) occurs predominantly in regions with low vaccination rates.
The SSPE clinical manifestations occur on average 6 years after measles and
include cognitive and behavioural disorders, myoclonic seizures, pareses, rigid-
ity and akinetic mutism, rarely cerebellar signs and speech disorder and, in some
patients, early visual symptoms with macular and retinal changes. SSPE is more
prevalent in males, and the presentations usually occur in childhood, but adult
cases have been described as well. The incidence of SSPE is decreasing as a
result of measles vaccination (Colpak et al. 2012; Erturk et al. 2011; Gutierrez
et al. 2010).

The diagnosis of SSPE is based on clinical manifestations, EEG findings with
periodic complexes, demyelinating lesions in MRI and immunological evidence of
intrathecal anti-measles antibody production. Clinically, measles have been demon-
strated by a history in about half of SSPE patients (Gutierrez et al. 2010; Lakshmi
et al. 1993).

There is no effective treatment for SSPE. Oral isoprinosine and intrathecal alpha-
interferon may prolong survival but do not change the long-term outcome. The
prognosis of SSPE is poor, with a lethal outcome in a majority of cases. The best
method for prevention of SSPE is vaccination against measles (Gutierrez et al.
2010; Eroglu et al. 2008).
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15.8.2 Cerebrospinal Fluid

In CSF examination the SSPE patients have a mild pleocytosis, normal or elevated
protein and normal glucose CSF-to-serum ratio. Diagnosis of SSPE is confirmed by
CSF anti-measles antibodies; ELISA for CSF antibodies has a sensitivity of 100 %
and specificity of 93 % and a positive predictive value in appropriate clinical set-
tings (Gutierrez et al. 2010; Lakshmi et al. 1993). IgG titre range in CSF has been
demonstrated from 1:40 to 1:1,280 and the CSF-serum IgG ratio from 5:1 to 40:1
(Manayani et al. 2002). Results of studies on CSF cytokine levels show discrepan-
cies between reports (Aydin et al. 2010).

15.9 Toxoplasmosis
15.9.1 Clinical Background

Toxoplasmosis is caused by the obligate intracellular protozoal parasite Toxoplasma
gondii, transmitted by the oral or transplacental route. Common sources of human
infection are consumption of undercooked lamb or pork meat that contains viable
tissue cysts or direct ingestion of oocytes from contaminated soil, water, goat’s milk
or unwashed vegetables (Finsterer and Auer 2013). In immunocompetent adults,
most 7. gondii infections are subclinical, but severe clinical manifestations occur in
immunocompromised patients (Patil et al. 2011). The prevalence rates of latent
Toxoplasma infections in HIV-infected patients have been found to vary greatly
from 3 to 97 % (Ammassari et al. 2000). Prior to the introduction of effective anti-
retroviral therapy, about half of seropositive patients had cerebral toxoplasmosis
(Oksenhendler et al. 1994).

The involvement of cerebral grey or white matter in these patients results in
encephalitis or a CNS mass lesion, which manifests clinically as headache, epilepsy,
hemiparesis, psychosis, cognitive dysfunction or movement disorders. The basal
ganglia, thalamus and corticomedullar junction are most frequently affected
(Finsterer and Auer 2013). Neurotoxoplasmosis is diagnosed upon clinical, sero-
logical, CSF or imaging investigations. MRI findings include lesions with mass
effect in cerebral cortex, subcortical white matter, basal ganglia, brain stem or cer-
ebellum (Fig. 15.4).

15.9.2 Cerebrospinal Fluid

The combination of mononuclear pleocytosis, elevated protein count and normal
glucose levels in CSF of immunocompromised patients is highly suggestive of
toxoplasma encephalitis.

Detection of 7. gondii in CSF A definite diagnosis of cerebral toxoplasmosis
could be made by histologic demonstration of tachyzoites in brain biopsies taken
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Fig. 15.4 MRI of a HIV patient with toxoplasmosis, revealing lesions in corticomedullar
junction

from lesions. This procedure is hardly ever used in clinics due to the high rate of
serious complications. Furthermore the sensitivity of tissue cultures that have
been used in the past was lower than of PCR (Dupon et al. 1995). However, the
PCR for T. gondii DNA in CSF has shown variable sensitivity values from 0 to
100 % that depend on various factors, including the site of a puncture: studies
have shown that the sensitivity of samples taken by ventricular tap is higher than
those taken by lumbar puncture (Adurthi et al. 2011; Contini 2008; Contini et al.
1998). Direct identification of T gondii tachyzoites in CSF of adult patients is
apparently extremely rare. In all but one reported case, the organisms have been
identified in the ventricular rather than lumbar specimen (Brogi and Cibas 2000;
Palm et al. 2008).

Detection of Antibodies in CSF It is believed that more than 50 % of patients
with cerebral toxoplasmosis present specific antibodies in the CSF due to perme-
ability changes of the blood—CSF barrier allowing passive passage of antibodies
from serum to the CSF (Dannemann et al. 1992). CSF serology appears to be
remarkably sensitive for the diagnosis of cerebral toxoplasmosis (Adurthi et al.
2011) but has relatively low specificity in discriminating between recent, active
and past dormant toxoplasma infection (Luft and Remington 1988). This could be
overcome by measuring antibodies against excretory—secretory antigens which
are the majority of the circulating antigens in sera in patients with acute toxoplas-
mosis. These antibodies measured in CSF by ELISA or immunoblotting appear to
be good markers for cerebral toxoplasmosis also in patients with HIV infections
(Meira et al. 2011).
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15.10 Sleeping Sickness/African Trypanosomiasis
15.10.1 Clinical Background and Diagnosis

African trypanosomiasis is a parasitosis, caused by the protozoa Trypanosoma bru-
cei gambiense (West African form) or Trypanosoma brucei rhodesiense (East
African form), transmitted by tsetse flies. Incidence of African trypanosomiasis has
decreased, but the WHO estimates a large population being at risk, and has classi-
fied this as a neglected tropical disease by 2020 (WHO 2014b; Truc et al. 2012).
Sleeping sickness is endemic to Sub-Saharan Africa with the highest number of
cases in Congo, but an increasing number of cases has been reported in non-endemic
areas including Europe and North America, in travellers, military personnel and
immigrants (Migchelsen et al. 2011).

There are two clinical stages of African trypanosomiasis — the first or haemolym-
phatic stage starts with fever, lymphadenopathy and chancres, followed by invasion
of protozoa into CNS. The second or meningoencephalitic stage is characterised by
severe headaches, disruption of the circadian rhythm with daytime somnolence and
night time insomnia, cognitive and behavioural disorders, pareses and movement
disorders. The disease eventually may progress to apallic syndrome, coma and
death (Migchelsen et al. 2011; Brun et al. 2010).

For laboratory large-scale screening of the populations at risk, the card agglu-
tination test for trypanosomiasis/7T. b. gambiense (CATT) in serum is used, and
the diagnosis is confirmed by microscopic verification of the parasite, followed
by CSF examination for staging of the disease (WHO 2014b). Novel rapid sero-
logical tests have been introduced recently, but they need further evaluation of
their diagnostic accuracy (Buscher et al. 2013). MRI may show diffuse white
matter abnormalities, basal ganglia hyperintensities and ventricular enlargement,
but neuroimaging is often not available in endemic areas (Brun et al. 2010;
Kennedy 2008).

African trypanosomiasis is fatal if untreated, but current anti-trypanosomal ther-
apies have limitations due to toxicity. Pentamidine or suramin are recommended for
the first stage and melarsoprol and eflornithine for the neurological stage of sleeping
sickness (WHO 2014b; Migchelsen et al. 2011; Kennedy 2008).

15.10.2 Cerebrospinal Fluid

Examination of CSF is essential for the diagnosis of human African trypanosomia-
sis with CNS involvement and also for selection of treatment and post-treatment
follow-up. A pleocytosis >5 cells/pL is an indicator of CNS infection, but typically
there are 100-300 cells/pL of lymphocytic origin. A slightly elevated cell count
may persist for several months even after successful treatment. The microscopic
detection of trypanosomes in CSF is diagnostic for the meningoencephalitis stage of
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the disease. Molecular amplification tests to detect trypanosomal DNA are sensi-
tive; however, the accuracy of these tests as diagnostic tools has not been fully veri-
fied (Mugasa et al. 2012). Increased IgM concentrations in CSF are an early and
specific diagnostic marker, and the intrathecal IgM response is higher than the IgG
response, but detection of trypanosome specific antibodies is of low sensitivity
(Brun et al. 2010; Lejon and Buscher 2005). Novel promising biomarkers including
neopterin have been proposed for stage determination of human African trypanoso-
miasis but need further evidence (Tiberti et al. 2013; Burchmore 2012). CSF cyto-
kines have not demonstrated sufficient sensitivity to be of clinical value for staging
of the disease (MacLean et al. 2012).

15.11 Nipah Encephalitis

The Nipah virus along with the Hendra virus are the members of a newly identi-
fied genus of emerging paramyxoviruses, henipaviruses. Since their discovery in
the 1990s, henipavirus outbreaks have been described mainly in Asian countries.
The viruses have high economic and public health threat potential. When com-
pared to other paramyxoviruses, henipaviruses appear to have unique characteris-
tics. They are zoonotic viruses with a broader tropism and host range than most
other paramyxoviruses and can cause severe acute encephalitis with unique fea-
tures among viral encephalitides. Both henipaviruses are very likely to be trans-
mitted to their amplifying or dead-end host (pigs, horses) by several species of
fruit bats (Vigant and Lee 2011). The Nipah virus infects a wide range of mam-
malian species (pigs, dogs, goats and cats). It is extremely contagious among pigs
and is readily transmitted to humans (Parashar et al. 2000). Moreover, direct
transmission to humans and between humans has been reported (Chua 2012).
Human may also become infected through consumption of raw fruit or date palm
juice contaminated with the virus.

One of the most unusual features of Nipah infection is the propensity for patients
to develop relapsing or late-onset encephalitis up to 53 months after acute infection
(median 8 months); some patients may have a second relapse. Late-onset encepha-
litis, in patients who do not initially have neurological symptoms, occurs in about
3 % of cases. Eight percent of survivors of acute encephalitis have recurrent neuro-
logical disease (relapsed encephalitis). Patients with relapses are likely to have fever
(46 %) and headache (42 %) and more likely to have seizures (50 %) and focal
neurological signs (42 %) than those with acute encephalitis (Tan and Chua 2008).
As in acute encephalitis, CSF is usually abnormal with mild lymphocytic pleocyto-
sis. However, the absence of the virus in CSF suggests that the pathophysiology of
acute and relapsed or late-onset encephalitis is different but needs further investiga-
tion. MRI findings usually involve damage of grey matter. As many as 35-75 % of
symptomatic Nipah virus infections are fatal, and approximately 15 % of survivors
have neurological sequelae (Sawatsky et al. 2007).

The diagnosis is made by detecting Nipah virus by RT-PCR or cell culture of
CSF in the early stage or by detecting Nipah virus-specific IgM and IgG antibodies
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in serum by using ELISA in the later stages (www.cdc.gov. lastaccessed 21.09.2014).
The CSF in Nipah virus encephalitis shows lymphocytic pleocytosis, elevated pro-
tein content and normal glucose concentration. MRI features consist of dissemi-
nated small (<7 mm) signal hyperintensities, best seen on FLAIR sequences,
predominately involving white matter.

15.12 Mollaret Meningitis

Recurrent lymphocytic meningitis was first described in 1944 by Pierre Mollaret.
The syndrome, also known as Mollaret meningitis, occurs very rarely and is
characterised by recurrent attacks of sudden-onset aseptic meningitis that usu-
ally lasts for 2—7 days, with a complete recovery but unpredictable recurrences.
In the first 24 h, large mononuclear cells with blunt pseudopods and bean-
shaped, bilobed nuclei — termed ‘Mollaret cells’ — are typical in CSF but may be
absent. Using electron microscopy (de Chadarevian and Becker 1980) proved
that Mollaret endothelial cells were epithelioid-looking monocytes or
macrophages.

With improving of diagnostic techniques, Mollaret meningitis has been associ-
ated with human herpes virus 2 since recurrent herpes encephalitis is clinically
indistinguishable from cases of idiopathic Mollaret meningitis (Munoz-Sanz et al.
2013; Miller et al. 2013). It has been argued that the term ‘Mollaret meningitis’
should be restricted to idiopathic recurrent aseptic meningitis, whereas cases of
recurrent meningitis known to be associated with herpes simplex virus or, rarely,
other viruses should be referred to as ‘recurrent viral meningitis’ (Pearce 2008).

Conclusions

There is a number of diseases that can cause a chronic infection of
CNS. Distinguishing rare patients with chronic CNS infections from those with
more common syndromes of acute neuroinfections or other CNS diseases may
be difficult, and when unrecognised, the delayed diagnosis and treatment may
result in the most unfavourable outcome. Immunocompromised patients require
special considerations for differential diagnosis. In summary, the diagnosis of
chronic infections of CNS is a complex issue, often based on combination of
variable clinical manifestations and different laboratory methods, including
novel PCR methods and immunological assays.
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Abstract

This chapter gives an overview of the syndromes associated with antibodies
directed to membrane-bound or synaptic proteins. In contrast to the classical
syndromes, disease occurs in younger patients as well; patients are also seen by
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non-neurologists like psychiatrists and pediatricians, and patients tend to have a
more favorable response to immunotherapy. The focus in this chapter is on the
clinical characteristics which distinguishes these disorders and on the relevance
of cerebrospinal fluid (CSF) analysis. Comparison of sensitivity and specificity
for serum and CSF is extensively discussed. N-methyl-D-aspartate receptor
(NMDAR) encephalitis is relatively common and discussed first. Alpha-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) encephalitis
and encephalitis associated with antibodies to the metabotropic glutamate recep-
tors mGIuR1 and mGIluRS are rare and will be reviewed briefly. Subsequently,
syndromes associated with antibodies to the glycine receptor, VGKC complex,
and dipeptidyl-peptidase-like protein-6 (DPP6) are described. Encephalitis with
antibodies directed to the y-aminobutyric acid (GABA) receptor type B and type
A are reviewed last.

16.1 Introduction

The first reports of the association between limbic encephalitis and tumors date
back to the 1960s (Corsellis et al. 1968). In the following decades, several paraneo-
plastic syndromes were described. The first antigens were detected in the
1980s—1990s. In these classical paraneoplastic syndromes, the antibodies are
directed to intracellular antigens, like Hu and Yo (Anderson et al. 1988; Szabo
et al. 1991). In the year 2007, the discovery of N-methyl-D-aspartate receptor
(NMDAR) antibodies was a major breakthrough recognizing cell surface proteins
as antigens in encephalitis (Dalmau et al. 2007). Several other cell surface antigens
and their clinical syndrome have been reported more recently. In contrast to the
classical syndromes, disease occurs in younger patients as well; patients are also
seen by non-neurologists like psychiatrists and pediatricians, and patients tend to
have a more favorable response to immunotherapy. Only a minority of these
patients have an associated tumor, although the incidence of cancer differs
per antigen.

This chapter gives an overview of the syndromes associated with antibodies
directed to membrane-bound or synaptic proteins. Focus is on the clinical char-
acteristics which distinguishes these disorders and on the relevance of cerebro-
spinal fluid (CSF) analysis. Antibodies directed to the ionotropic glutamate
receptors are described first. N-methyl-D-aspartate receptor (NMDAR) encepha-
litisisrelativelycommon. Alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor (AMPAR) encephalitis and encephalitis associated with antibodies
to the metabotropic glutamate receptors mGluR1 and mGluRS5 are rare and will
be reviewed briefly. Subsequently, syndromes associated with antibodies to the
glycine receptor, VGKC complex, and dipeptidyl-peptidase-like protein-6
(DPP6) are described. Encephalitis with antibodies directed to the y-aminobutyric
acid (GABA) receptor type B and type A are reviewed at the end of this chapter.
Classical paraneoplastic syndromes are described elsewhere (Chap. 21) in this
book.
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16.2 N-methyl-D-aspartate Receptor (NDMAR)
16.2.1 Introduction

In 2005, the clinical picture of acute psychiatric symptoms, memory deficit, sei-
zures, decreased level of consciousness, and central hypoventilation was described
in four young women. All four had ovarian teratoma and CSF abnormalities with a
distinct pattern of reactivity to the cytoplasmic membrane of hippocampal neurons
(Vitaliani et al. 2005). A study of eight additional patients has led to the identifica-
tion of a subunit of the N-methyl-D-aspartate receptor (NMDAR) as the target anti-
gen of disease in the year 2007 (Dalmau et al. 2007). Since then, this
antibody-mediated encephalitis has been reported in hundreds of patients with and
without teratoma, mostly young women. Generally, patients do well on tumor
removal and immunotherapy.

16.2.2 Pathophysiology

The NMDAR consists of two NR1 and two NR2 subunits. One specific epitope of
the amino terminal domain of the NR1 subunit, around the N368/G369 amino acids,
is the target antigen in all patients. Binding of antibodies results in prolongation of
the opening time of the receptor (Gleichman et al. 2012). This hyperfunction might
induce excessive calcium influx, resulting in damage to the receptor, although the
exact mechanism is yet undetermined. In neuronal cultures, patients’ antibodies are
shown to induce capping and internalization of the NMDAR. The amount of
NMDAR clusters in the postsynaptic dendrites decreases. Overall these two contra-
dictory effects result in NMDAR-mediated synaptic hypofunctioning. The revers-
ibility of this process has been shown in vitro (Dalmau et al. 2008; Hughes et al.
2010; Mikasova et al. 2012).

The crucial amino terminal domain of the NR1 subunit is found in NMDARs
across the brain. However, immunohistochemistry shows staining of the hippocam-
pus and to a lesser degree staining of cortical regions, whereas the cerebellum is
spared. This is in accordance with the lack of clinical cerebellar symptoms seen in
most patients. There is no structural difference in NR1 subunits underlying this
cerebellar sparing and the reason for selective immune reactivity in the brain is cur-
rently unknown (Gleichman et al. 2012).

The trigger for the immune reaction in patients with a teratoma seems to be the
expression of NMDARSs by neurons in the tumor (Tuzun et al. 2009). The trigger for
antibody production in patients without a teratoma is unknown. Over 10 cases of
anti-NMDAR encephalitis occurring within 6 weeks after herpes simplex virus-1
encephalitis are reported, suggesting that NMDAR antibody production was trig-
gered by the viral infection (Armangue et al. 2012, 2013; Leypoldt et al. 2013;
Hacohen et al. 2014; Titulaer and Dalmau 2014; Mohammad et al. 2014).

Antibody production is thought to start systemically. Activated B cells
cross the blood-brain barrier, resulting in intrathecal synthesis of antibodies
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(Moscato et al. 2012; Martinez-Hernandez et al. 2011). Although complement reac-
tivity is seen in teratoma, complement-mediated neural toxicity does not seem to
play a pathogenic role in the brain (Martinez-Hernandez et al. 2011).

Animal models in which NMDAR function is decreased either pharmacologi-
cally or genetically show symptoms comparable to patients with anti-NMDAR
encephalitis, such as behavioral abnormalities and breathing problems (Dalmau
etal. 2011). Injection of patient CSF in mice caused reversible memory and behav-
ioral deficits due to antibody-mediated decrease of hippocampal NMDAR
(Planaguma et al. 2014).

16.2.3 Epidemiology

The exact incidence is unknown, but anti-NMDAR encephalitis is thought to be the
most common antibody-mediated encephalitis on account of the considerably high
number of patients included in recent studies (Dalmau et al. 2011; Titulaer et al.
2013a). In a prospective analysis of infectious and noninfectious encephalitis in the
United Kingdom, 4 % of the patients were diagnosed with anti-NMDAR encepha-
litis (Granerod et al. 2010). Incidence of anti-NMDAR encephalitis was also ana-
lyzed in a retrospective study of intensive care patients diagnosed with encephalitis
of unknown origin. Five hundred five patients age 18-35 years were screened for
encephalitis with psychiatric symptoms, seizures, CSF inflammation, and exclusion
of viral and bacterial etiology. Seven patients fulfilled these criteria, of whom six
retrospectively tested positive for anti-NMDAR antibodies (Pruss et al. 2010).

Eighty percent of the patients with anti-NMDAR encephalitis are female. In an
observational study of 577 patients, age of onset ranged from 8 months to 85 years,
but the vast majority of the patients were 18—45 years of age. Only 5 % of the
patients were over 45 years. In this group of late-onset anti-NMDAR encephalitis,
almost half of the patients were male, similar to the male to female ratio in patients
under the age of 12 (Titulaer et al. 2013a, b).

In this observational study, 38 % of the patients had a tumor, of which 94 % were
ovarian teratoma. Tumors were less frequently diagnosed in girls under 12 years of
age, in women over 45 years of age, and in men (Titulaer et al. 2013a, b).

16.2.4 Clinical Features

Just over half of the adult patients have prodromal symptoms such as headache,
fever, nausea, vomiting, diarrhea, or upper respiratory tract symptoms, suggesting
a nonspecific infection (Titulaer et al. 2013a). In the following days to weeks,
patients develop psychiatric symptoms, most commonly hallucinations, anxiety,
and behavioral problems. Many patients are initially analyzed in a psychiatric
clinic (Dalmau et al. 2008), although after four weeks less than 1 % of the patients
still have psychiatric symptoms only (Kayser et al. 2013). Short-term memory defi-
cit, confusion, insomnia, and language deterioration are common features early in
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the course of the disease (Dalmau et al. 2011; Irani et al. 2010a). Most patients
show abnormal movements, such as orofacial dyskinesias and chorea. Level of
consciousness decreases and autonomic instability and hypoventilation may occur,
requiring admission to the intensive care unit in 75 % of the patients. Generalized
or complex partial seizures are seen in about 70 % of the patients, both in early and
late disease stages.

Onset of disease is somewhat different in patients under 18 years of age.
Prodromal symptoms are seen less often (Armangue et al. 2012; Florance et al.
2009). In children under 12 years of age, seizures and movement disorders are the
presenting symptom in half the patients, which is less common in adolescents or
adults (Titulaer et al. 2013a). Eighty-four to eighty-nine percent of the children
develop stereotyped movements within the first month (Titulaer et al. 2013a;
Florance et al. 2009). Overall, the clinical picture in children becomes similar to
adults within 4 weeks (Titulaer et al. 2013a). Late-onset anti-NMDAR encephalitis
is related to behavioral, cognitive, or memory problems, milder disease, less often
requiring admission to the intensive care unit (Titulaer et al. 2013b).

Recovery from anti-NMDAR encephalitis occurs in the reverse order of symp-
tom presentation. Autonomic functions and respiration improve after which patients
awake from their coma. Psychiatric symptoms may temporarily reoccur. Social
behavior and language function return with further recovery. Recovery may take
well over 18 months (Titulaer et al. 2013a).

16.2.5 Diagnosis

Routine CSF analysis shows slight abnormalities in most patients. Lymphocytic
pleocytosis is seen in early course of the disease but then disappears, whereas
CSF-specific oligoclonal bands may become apparent a few weeks after disease
onset (Irani et al. 2010a). CSF protein can be mildly elevated (Dalmau et al.
2011). IgG antibodies directed to the NR1 subunit of the NMDAR can be detected
in both serum and CSF and can be detected using several tests: immunohisto-
chemistry (IHC) of rat brain, cell-based assay (CBA) using HEK293 cells, or
cultures of rat hippocampal neurons. The latter is useful in research but has no
additional value to IHC and is therefore infrequently used in clinical practice. The
accuracy of serum and CSF examination was analyzed side by side in an observa-
tional cohort study of 250 patients. In CSF, the sensitivity of both IHC and CBA
was 100 % (CI 98.5-100 %). In serum, only 85.6 % (CI 80.7-89.4) of the samples
was tested positive for both ICH and CBA, with 7 % negative in either one of the
tests and 7 % negative in both. These findings show that serum examination is
insufficient to exclude anti-NMDAR encephalitis. Specificity was 100 %
(CI 96.3-100 %) for both serum and CSF (Gresa-Arribas et al. 2013), although
another study mentioned a false-positive rate of 3 % in serum (Viaccoz et al.
2014). In addition, NMDAR antibodies directed to the NR1 subunit have been
mentioned in isolated cases of Creutzfeldt-Jakob disease and dementia, all only in
serum (Mackay et al. 2012).



16  Autoimmune Encephalitis 253

Serial dilution of serum or CSF in IHC can be used to measure antibody titer. In
our opinion, CBA is less suitable as transfection can differ within and between
slides, making serial dilutions more variable. Higher titers, either serum and/or CSF,
are seen in patients with an underlying tumor and in patients with poorer outcome,
but these predictions are not useful in individual patients. CSF titers correlate better
with clinical course in relapses than serum titers (Gresa-Arribas et al. 2013).

Initial cerebral magnetic resonance imaging (MRI) shows abnormalities in about
a third of the patients, mostly nonspecific hyperintensities on T,/FLAIR sequences
in several brain regions (Dalmau et al. 2008; Titulaer et al. 2013a). Cerebral PET
may show abnormal glucose metabolism in the brain, with temporal and frontal
hypermetabolism and occipital hypometabolism, which is reversible upon recovery
(Leypoldt et al. 2012).

EEG usually shows diffuse background slowing. One fourth of the patients have
electrographic seizures (Titulaer et al. 2013a). A unique EEG pattern characterized
by rhythmic delta activity with superimposed bursts of beta activity was seen in 7
out of 23 patients (Schmitt et al. 2012). It has been described in a pediatric patient
as well (Armangue et al. 2012). This pattern of “extreme delta brushes” was named
after the delta brush EEG pattern known in premature infants.

16.2.6 Treatment

Trials concerning treatment of anti-NMDAR encephalitis have not been performed.
However, the favorable effect of immunotherapy has been reported since the
description of the “treatment-responsive paraneoplastic encephalitis” which was
shown to be related to the NMDAR, and data have been analyzed for a large cohort
of (>500) patients (Titulaer et al. 2013a). Early treatment is related to better out-
come. First-line immunotherapy usually consists of any combination of steroids,
intravenous immunoglobulin, and plasma exchange. In patients with teratoma, first-
line treatment includes tumor removal. In an observational study, half of the patients
improved in the 4 weeks following initiation of first-line immunotherapy or tumor
removal (Titulaer et al. 2013a).

If the effect of first-line treatment is insufficient, second-line immunotherapy
such as rituximab or cyclophosphamide should be started. This has been shown to
be an independent factor associated with better outcome in patients with first-line
treatment failure, although this was not analyzed as part of an RCT. After first-line
treatment failure, 78 % of the patients who received second-line treatment had a
favorable outcome, compared to 55 % in patients not receiving second-line therapy
(Titulaer et al. 2013a). No preference of rituximab, cyclophosphamide, or combina-
tion could be found in this study, but the study was not designed for this purpose.
Choice of drug is dependent on patient-specific features and the treating physician’s
experiences. In children, there is slight preference of rituximab as there is more
experience with that drug (expert opinion) (Fig. 16.1).

No trials addressed to symptomatic treatment have been performed. Based
on expert opinion, psychiatric symptoms and dyskinesias can be controlled
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NMDA receptor Dosages
encephalitis IVIg (intravenousimmunoglobulin)
5 days 0.4 g/kg/day

Methylprednisolone

Tumor removal 5 days 1,000 mg/day

Yes )
Cyclophosphamide
No 6 months 750 mg/m2 monthly
IVIg (or PE) and P Rituximab (RTX)
methylprednisolone 4 weeks 375 mg/m2 weekly
(2 weeks extra if indicated)

Effective
after two
weeks?

Watch and wait

Rituximab and
cyclophosphamide

Rituximab

Effect two
weeks after
last RTX?

Watch and Wait

Add / continue
Cyclophosphamide

B-cell
depletion?

Extra Rituximab, add
Cyclophosphamide

Fig. 16.1 Treatment scheme for anti-NMDAR encephalitis. Can also be useful for other autoim-
mune encephalitis (expert opinion). PE plasma exchange

with benzodiazepines, clonidine, or dexmedetomidine. The latter two might
reduce autonomic instability as well (Kayser et al. 2013; Babbitt et al.
2014). The use of haloperidol should be carefully considered due to the antidopa-
minergic effect associated with severe exacerbation of motor symptoms.
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Seizures are treated with common antiepileptic drugs, but refractory seizures
and status epilepticus are not uncommon, resulting in the need for long-lasting
pharmacological coma.

16.2.7 Prognosis and Follow-Up

Of 501 patients in an observational cohort study, the vast majority was treated with
first-line therapy. Overall, at 24 months follow-up, 81 % had a favorable outcome,
defined as a modified Rankin scale (mRS) of 0-2. Good outcome was associated
with milder disease in the first month, no need for admission to the intensive care
unit, and early initiation of treatment. Mortality at 24 months was estimated on 7 %
(Titulaer et al. 2013a).

Although late-onset anti-NMDAR encephalitis is related to milder disease, out-
come in older patients is poorer (60 % good outcome at 24 months). This might be
due to longer delay to diagnosis and treatment (Titulaer et al. 2013b).

Even in patients who appear to be fully recovered, slight residual deficits are
common. In order to analyze long-term cognitive outcome, neuropsychological
assessment was performed in nine patients who had returned to their homes and/or
professional life. Time of testing from disease onset was differing largely (median
43 months). Although most patients did not report persistent problems, cognitive
deficit on neuropsychological assessment was observed in eight out of nine
patients, mainly concerning impairment of executive function and memory (Finke
et al. 2012).

Anti-NMDAR encephalitis can relapse months to years after recovery from the
first episode. Relapses tend to be less severe than the initial disease episode (Titulaer
et al. 2013a). Relapses can present with psychiatric symptoms only (Kayser et al.
2013). Relapse risk was initially identified to be 24-30 % in retrospective analyses
(Irani et al. 2010a; Gabilondo et al. 2011). This is possibly an overestimation due to
a diagnostic bias. More patients with milder disease or only one disease episode
might be unrecognized in the early years. Relapse rate has dropped to 12 % within
2 years in an observational cohort study (Titulaer et al. 2013a). This can be a true
decrease in relapse rate, due to better therapy, but relapse rate will eventually
become somewhat higher with longer follow-up. About 35 % of the patients have
more than one relapse (Titulaer et al. 2013a; Gabilondo et al. 2011). The risk of
relapses is lower in patients with a tumor and seems to decrease with more aggres-
sive immunotherapy (Titulaer et al. 2013a).

After recovery, NMDAR antibodies can still be detected in serum and CSF in
most patients.

Measurement of CSF titer at recovery might be useful to compare with titer when
clinical symptoms reoccur as a re-increase in titer may indicate a relapse. Immediate
diagnosis of a relapse will advance treatment (Gresa-Arribas et al. 2013).

There is no need for scheduled antibody measurements during follow-up.
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16.2.8 CSF in Clinical Practice

* CSF analysis can be helpful in cases with a diagnostic dilemma. In a patient with
atypical clinical picture but anti-NMDAR antibodies in serum, CSF can either
confirm or refute the diagnosis. In a patient with classical clinical picture but no
antibodies in serum, CSF can still confirm the diagnosis or support refusal.

* Higher serum and/or CSF antibody titers are seen in patients with an underlying
tumor and in patients with poorer outcome. However, titers are of limited signifi-
cance in the analysis of the individual patient.

e CSFtiters tend to remain higher for a prolonged period after treatment in patients
with poor outcome. Titers are insufficient to be leading clinical decisions of
alternative treatments.

o If a patient deteriorates after recovery, a re-increase of CSF titer may indicate a
relapse.

16.3 Alpha-Amino-3-Hydroxy-5-Methyl-4-
Isoxazolepropionic Acid Receptor (AMPAR)

16.3.1 Introduction

In 2009, 43 patients with limbic encephalitis of unknown origin were investigated
in order to identify the antigen. Among these, antibodies of ten patients showed a
similar pattern of reactivity to neuropil of brain and cerebellum. Further tests
showed that the alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid recep-
tor (AMPAR) was the target antigen in these patients. Until now, this series of 10
patients is the major source of information concerning anti-AMPA receptor enceph-
alitis (Lai et al. 2009).

16.3.2 Pathophysiology

The AMPAR is an ionotropic glutamate receptor concentrated at synapses,
mediating most of the fast excitatory neurotransmission in the brain (Shepherd
and Huganir 2007). The receptors are composed of various combinations of
four subunit proteins, GluR1-4 (Lai et al. 2009; Shepherd and Huganir 2007;
Granger et al. 2011). Expression of subunits is developmentally regulated and
is brain region specific. Most receptors consist of two different subunits, mainly
GluR1-2 or GluR2-3 (Shepherd and Huganir 2007). In anti-AMPAR encepha-
litis, antibodies are shown to react to cell surface GluR1 and GIluR2 subunits.
Antibody reaction leads to a decrease in the number of receptors at synapses
and a decrease of receptors along dendrites. Removal of antibodies from neu-
ronal cultures has shown to restore receptor number and localization of AMPAR
clusters (Lai et al. 2009).
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16.3.3 Epidemiology

The patients investigated to isolate the antigen were nine women and one man. Age
ranged from 38 to 87 years; median age was 60 years. A series of four female
patients age 51-71 has been reported as well (Graus et al. 2010). These data suggest
that the disease predominantly occurs in older women. Seven out of ten patients had
a tumor. In four patients tumor was diagnosed concurrent with the first episode of
encephalitis, in two patients concurrent with a relapse, and in one patient 6 months
after limbic encephalitis. Tumors were thymic carcinoma, thymoma, non-SCLC,
SCLC, and breast cancer. Four tumors were tested on GluR1 and GluR2 proteins
and all showed to be positive (Lai et al. 2009).

16.3.4 Clinical Features

Eleven of fourteen reported patients had presented with classical limbic encephali-
tis, showing confusion, disorientation, and memory loss evolving within 8§ weeks.
One patient presented with a 4-month history of symptoms suggesting a rapidly
progressive dementia and two patients had atypical acute psychosis. Four out of ten
patients had seizures (Lai et al. 2009; Graus et al. 2010).

16.3.5 Diagnosis

Most patients have CSF lymphocytic pleocytosis (Lai et al. 2009). Antibodies to the
AMPAR can be detected with both immunohistochemical staining of neuropil or
cell-based assay, using either serum or CSF. However, one patient was tested nega-
tive in serum although CSF was positive (Graus et al. 2010). Brain MRI shows
increased FLAIR signal in medial temporal lobes (Lai et al. 2009). Rapid brain
atrophy evolving within 5 days was seen on serial MRIs in a pregnant 30-year-old
woman with anti-AMPAR encephalitis (Wei et al. 2013; Hutchinson et al. 2008).

16.3.6 Treatment

In the series of ten patients, nine were treated with immunotherapy and tumor treat-
ment when appropriate. Immunotherapy usually consisted of combinations of
plasma exchange, corticosteroids, and/or intravenous immunoglobulin. Azathioprine
and cyclophosphamide were both used in one patient (Lai et al. 2009).

16.3.7 Prognosis and Follow-Up

All nine treated patients showed major improvement after first episode of limbic
encephalitis. Three patients had fully recovered without relapse. One patient had
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mild persistent depression, apathy, and reduced verbal fluency at 3 months. Five
patients had one to three relapses. Relapses occurred up to 101 months after the
initial disease episode. Recovery from relapses can be incomplete, with persistent
memory loss and behavior problems. One patient died shortly after prolonged status
epilepticus at second relapse (Lai et al. 2009).

16.3.8 CSF in Clinical Practice

* Antibodies directed to the AMPAR can be detected in serum and/or CSF using
immunohistochemistry or cell-based assay.

* Limited data suggest that CSF analysis might be more sensitive than serum
analysis.

16.4 Metabotropic Glutamate Receptors (mGIuR)
16.4.1 Introduction

The 