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Title Study on the cerebrospinal fluid volumes

Abstract This work aims to contribute to computational methods for medical im-
age analysis and diagnosis, especially for the study of cerebrospinal fluid volumes.
In the first part, we focus on the volume assessment of the fluid spaces, from whole
body images, in a population consisting of healthy adults and hydrocephalus
patients. To help segmentation, these images, obtained from a recent “tissue-
specific” magnetic resonance imaging sequence, highlight cerebrospinal fluid, un-
like its neighborhood structures. We propose automatic segmentation and separa-
tion methods of the different spaces, which allow efficient and reproducible quan-
tification. We show that the ratio of the total subarachnoid space volume to the
ventricular one is a proportionality constant for healthy adults, to support a stable
intracranial pressure. However, this ratio decreases and varies significantly among
patients suffering from hydrocephalus. This ratio provides a reliable physiological
index to help in the diagnosis of hydrocephalus.

The second part of this work is dedicated to the fluid volume distribution anal-
ysis within the superior cortical subarachnoid space. Anatomical complexity of
this space induces that it remains poorly studied. We propose two complementary
methods to visualize the fluid volume distribution, and which both produce two-
dimensional images from the original ones. These images, called relief maps, are
used to characterize respectively, the fluid volume distribution and the fluid net-
work, to classify healthy adults and patients with hydrocephalus, and to perform

patient monitoring before and after surgery.

Keywords medical image computing, shape analysis, classification, visualization,

cerebrospinal fluid, hydrocephalus



Titre FEtude des volumes du liquide cérébrospinal

Résumé Cette these entend contribuer a 1’élaboration d’outils informatiques pour
I'analyse d’images médicales et le diagnostic, en particulier en ce qui concerne
I’étude des volumes du liquide cérébrospinal.

La premiere partie concerne la mesure du volume des compartiments du liquide a
partir d’'images corps entier, pour une population composée d’adultes sains et de
patients atteints d’hydrocéphalie. Les images sont obtenues a partir d"une séquence
IrM développée récemment et mettant en évidence le liquide par rapport aux struc-
tures voisines, de maniére a faciliter sa segmentation. Nous proposons une métho-
de automatique de segmentation et de séparation des volumes permettant une
quantification efficace et reproductible. Le ratio des volumes des compartiments
sous-arachnoidien et ventriculaire est constant chez 1’adulte sain, ce qui permet de
conserver une pression intracranienne stable. En revanche, il diminue et varie forte-
ment chez les patients atteints d’hydrocéphalie. Ce ratio fournit un index physi-
ologique fiable pour 'aide au diagnostic de la maladie.

La seconde partie de la these est consacrée a 1'analyse de la distribution du li-
quide dans le compartiment sous-arachnoidien intracranial supérieur. Il convient
de souligner que ce compartiment, particulierement complexe d'un point de vue
anatomique, demeure peu étudié. Nous proposons deux techniques de visuali-
sation de la distribution du volume liquidien contenu dans ce compartiment, qui
produisent des images bidimensionnelles a partir des images d’origine. Ces images
permettent de caractériser la distribution du volume liquidien et de son réseau, tout

en distinguant les adultes sains des patients souffrant d’hydrocéphalie.

Mots-clés analyse d’images médicales, analyse de formes, classification, visuali-

sation, liquide cérébrospinal, hydrocéphalie
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1.1

INTRODUCTION

MEDICAL BACKGROUNDS AND MOTIVATIONS OF THIS WORK

It is widely accepted that intracranial pressure depends on the balance among the
three components contained in the cranium: brain tissue, arterial and venous blood,
and the cerebrospinal fluid [3]. At the end of the eighteenth century, Alexander
Monro (1773-1859) described the cranium as a non expandable volume that en-
closes the brain considered itself as essentially incompressible [123]. He hypothe-
sized the blood volume within the cranium remains constant. This assumption was
experimentally supported in 1824 by George Kellie (1758-1829) [81]. Cerebrospinal
fluid volume contribution to the intracranial equilibrium as its relationship with
blood volume variations is proposed in 1848 by George Burrows (1801-1887) [17].
Nonetheless, it was not until 1926 that Harvey Cushing (1869-1939) formulated the
current Monro-Kellie hypothesis, which stipulates that the sum of the brain, in-
tracranial blood and cerebrospinal fluid volumes remains constant [29]. Except for
newborn children, the adult cranium bone has low compliance [137], therefore, any
sufficient volume alteration of one of the intracranial components that is not com-
pensated by others, leads to a large change in the intracranial pressure, and may
cause severe damages to brain tissues and induces various brain malfunctions.
Causes that lead to an intracranial pressure rise, called intracranial hyperten-
sion, can result from: (1) a brain volume expansion induced by an increased in-
tracranial mass such as a tumor or cerebral edema; (2) a total blood volume increas-
ing caused by an occlusion such as venous thrombosis, or blood effusion outside
vessels, i.e., hemorrhagic stroke; (3) a cerebrospinal fluid volume increasing due to
an excessive production of fluid (e.g., from choroid plexus papilloma) or an insuf-
ficient resorption of its outflow [163]. Similarly, an intracranial pressure fall, called
intracranial hypotension, may be observed when the cerebrospinal fluid leaks from
the spinal canal [152] or when spontaneous rhinorrhoea [82] or otorrhoea. Among

pathologies that may cause intracranial hypertension, hydrocephalus, which results
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from a disorder of the cerebrospinal fluid physiology, leads to symptomatic vol-
ume enlargement of the cerebral ventricles [134]. This said, Marmarou et al. [114]
showed that the cerebrospinal fluid volume increase which induces intracranial
overpressure, accounted for approximately one-third of patients.

Intracranial pressure is normally 7—15 mmHg for a supine adult at rest [1].
Its measurement is an invasive process which is performed usually by placing an
intraventricular drain connected to an external pressure transducer, or by doing
a lumbar puncture to collect cerebrospinal fluid and to get access to intracranial
pressure variations [30, 133]. Numerous non-invasive and non traumatic techniques
have been proposed in the last decade, but they remain limited to estimate the
intracranial pressure [141, 147, 184].

Appeared at the end of the nineteenth century with radiography, medical imag-
ing techniques have revolutionized the practice of medicine through advances in
physics, technology and computer science. From the last three decades, medical
imaging offers a great deal of information to specialists and is now closely inter-
related to the clinical diagnosis of several pathologies, as well as in monitoring of
therapeutic treatments [35]. For instance, the diagnosis of hydrocephalus is con-
firmed using imaging techniques, such as computer tomography, magnetic reso-
nance imaging or pressure monitoring methods, to detect the enlarged ventricles
and any obstruction in the fluid pathway [116, 175, 51]. In routine clinical practice,
those techniques are mainly limited to the intracranial region and may require dif-
ferent sequences to identify a ventricular enlargement or highlight an obstruction
[175]. On the other hand, the volume assessment of cerebrospinal fluid spaces is sel-
dom achieved for many reasons: the tortuous anatomy of fluid spaces, particularly
within the subarachnoid space, the complicated segmentation required when using
conventional magnetic resonance imaging sequences, and thus the unreproducible
results as well as a gold standard lack [144]. In particular, the subarachnoid space,
i.e., intracranial and spinal compartments, known to play a significant role in the
regulation mechanism of intracranial pressure, is poorly studied in clinical practice
[144]. Furthermore, only a few non-reproducible semi-quantitative indices, such as
the index proposed by Williams Evans in 1942, are used to check the ventricular
dilation [41].

Finally, the massive use of modern medical imaging techniques causes special-
ists to have less time for analysis as they have to handle an increasing amount
of large three-dimensional image datasets [2]. Although three-dimensional images

supply an impressive amount of information, their interpretation and processing
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1.2. Contributions and contents of this thesis

may be laborious and time-consuming when objects to analyze have a complicated

shape, such as the cerebrospinal fluid within its spaces.

CONTRIBUTIONS AND CONTENTS OF THIS THESIS

This work aims to contribute to computational methods for medical image analysis
and diagnosis, especially for the study of cerebrospinal fluid volumes. Concerning
the input images, we use a whole body magnetic resonance imaging sequence
highlighting the entire cerebrospinal fluid and recently proposed by Jérome Hodel
[67, 69]. This sequence has helped to overcome this deficiency. Until recently, no
tissue-specific magnetic resonance imaging sequence have allowed to visualize the
entire cerebrospinal fluid, i.e., intracranial and spinal spaces. Therefore, methods
based on conventional sequences usually require significant post-processing to re-
move surrounding structures such as cranium and brain, resulting in less reliable
segmentation of the cerebrospinal fluid, especially for the subarachnoid space.

In this thesis, several methods are proposed to address previous limitations
by using whole body magnetic resonance images of the cerebrospinal fluid gener-
ated from the sequence described in [67]. First, to overcome the absence of reliable
methods that perform segmentation of the entire cerebrospinal fluid and support
processing of large datasets, we present a robust automatic method that consid-
ers image properties and a topological constraint on the fluid shape to assess the
fluid volumes. We also suggest a reliable index to describe the intracranial pressure
steady state from previous volumes measurements. This part is already published
in [68, 98, 96].

Secondly, the subarachnoid space has been recently considered from its dy-
namics viewpoint in limited regions of interest [60, 72, 91, 102], but it remains,
to our knowledge, insufficiently studied from a structural point of view. To ad-
dress the deficiency of studies on this space, particularly within its cortical region,
we propose a fast two-dimensional visualization technique to analyze, at a glance,
the fluid volume distribution within this space, which is as well applied to clini-
cal diagnosis of hydrocephalus. This part is likewise published in [97]. We lastly
complete the previous visualization technique, as such method disregards topo-
logical characteristic of the fluid, particularly within the cerebral sulci network.
This additional method focuses on the fluid network within the superior cortical

subarachnoid space.

This thesis is organized in five chapters. The next chapter consists of the neces-
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sary background to understand the contributions of this work. We first introduce
some elementary anatomical and physiological notions about the cerebrospinal
fluid, and we define hydrocephalus pathology. Then, we briefly describe the whole
body magnetic resonance imaging sequence that highlights the fluid and was used
to produce the clinical images dataset.

The first part of this work is dedicated to the volume analysis of the cere-
brospinal fluid spaces and their relationship. It corresponds to Chapter 3. We first
describe methods for the entire cerebrospinal fluid segmentation and its separation
into sub-volumes. Then we discuss the relationship between volumes to character-
ize steady state in healthy adults.

After having discussed a method to quantify the fluid volume within cortical
subarachnoid space in Chapter 3, we present in the second part of this work, in
Chapters 4 and 5, contributions to visualize and characterize the cerebrospinal
fluid volume distribution within this space. In Chapter 4, we describe a method to
visualize and analyze the cerebrospinal fluid volume distribution in the superior
cortical subarachnoid space. In Chapter 5, we discuss a complementary method to
study the fluid network within this space.

The conclusion and perspectives are developed in Chapter 6.
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N this chapter we present the state of the art about the cerebrospinal fluid and
I its imaging. After describing the cerebrospinal fluid from a historical, anatom-
ical and physiological viewpoint in Section 2.1, we then briefly define the hydro-
cephalus pathology in Section 2.2. Finally, in Section 2.3, we introduce the magnetic
resonance imaging sequence developed to highlight cerebrospinal fluid, which we

use in the following chapters.
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2.1.1

2.1. Backgrounds on cerebrospinal fluid

11

BACKGROUNDS ON CEREBROSPINAL FLUID

Cerebrospinal fluid is a clear colorless solution that bathes the central nervous sys-
tem, i.e., the brain and the spinal cord. It fills the cavities within the brain called
ventricles and the peripheral area of the brain and spinal cord called the sub-
arachnoid space. The fluid circulates from ventricles where it is produced to the
subarachnoid space where it is resorbed into the circulatory system [150]. Cere-

brospinal fluid plays an active role in the homeostasis of central nervous system

[125].

Historical viewpoint

A “liquid”, other than blood and which bathes the brain, is already known from
ancient physicians [55, 62, 101, 126, 130]. The cerebrospinal fluid is first mentioned
in the Edwin Smith surgical papyrus around 1700 BC [15]. Over a thousand years
later, Hippocrates (460 BC—370 BC) described the “water” in the brain during its ob-
servations about hydrocephalus [55]. In the second century AD, the Greco-Roman
physician Claudius Galenus (AD 129—ca. 216), also known as Galen of Pergamon,
proposed a detailed description of the four ventricles and choroid plexuses, mainly
from domestic animal experiments such as oxen for his brain observations, as hu-
man dissections were prohibited at this time [56]. Cerebral ventricles are then con-
sidered the seat of the mind, and the cerebrospinal fluid is assumed to transport
the “pneuma”, a hypothetical vital force [28].

Anatomical studies by Galen were not challenged before the sixteenth century.
Around 1504, Leonardo da Vinci (1452-1519) sketched out the ventricular space
using wax injections [55, 129]. However, the first precise anatomical observations
were conducted by Andreas Vesalius (1514-1564) who published De humani corporis
fabrica, an illustrated description of human dissections [177]. Vesalius provided a
more detailed description of the ventricular space and choroid plexuses as shown
in Fig. 2.1, and he noted that a clear liquid collects in the ventricles [101]. In 1664,
Thomas Willis (1621-1675) suggested the liquid secretion by the choroid plexuses
within the ventricles [101] and postulated the fluid should drain into the venous
system [4].

The modern rediscovery of cerebrospinal fluid in its entirety is credited to
Emanuel Swedenborg (1688-1772) who referred to the fluid as a “spirituous
lymph”. He commented on the ventricles, subarachnoid space, choroid plexuses
as the fluid production sites, and fluid circulation [49, 54, 165]. Unfortunately, his

accurate descriptions about cerebrospinal fluid, written around 1741-1744, were
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Figure 2.1 — Ancient illustrations of lateral ventricles (L,M) with the choroid plexuses (O) drawn

by Andreas Vesalius in the book VII of De humani corporis fabrica [177].

published over a century after his death. In 1747, Albrecht von Haller (1708-1777)
depicted the fluid circulation from ventricles to the venous system and to the
base of the cranium and spinal cord when excess [101]. The spinal subarachnoid
space was formally described in 1764 by Domenico Cotugno (1736-1822) who also
showed that ventricular and spinal spaces were connected. A most accurate de-
scription of the ventricular space and its connecting pathways to the subarachnoid
space was proposed by Francois Magendie (1783-1855) in 1827. He discovered the
median aperture, also called the foramen of Magendie, on the roof of the fourth
ventricle, but he stated erroneously on the flow direction of the fluid [107]. Faivre in
1854 [42] and Hubert von Lushka (1820-1875) in 1855 [174], unaware of earlier ob-
servations by Swedenborg, both suggested the choroid plexuses as sources for the
fluid production; this assumption was experimentally supported in 1913 by Walter
Dandy (1886—1946) [33]. Resorption of the cerebrospinal fluid through the dural ve-
nous sinuses via arachnoid granulations was discussed in 1876 by Ernst Key (1832—
1901) and Magnus Retzius (1842-1919) [83]. However, neither choroid plexuses,
nor arachnoid granulations, may be considered the only production sources, re-
spectively resorption sites, as detailed in Section 2.1.3.

In 1891, Heinrich Quincke (1842-1922) carried out the first lumbar puncture
and introduced the cerebrospinal fluid pressure notion [139], opening the way to
further biophysical, biochemical and bacteriological studies on the cerebrospinal
fluid [130]. Accordingly, in 1911, William Mestrezat (1883-1928) first established
the accurate biochemical composition of the fluid in his doctoral thesis [120]. In

1943, John O’Connell performed the first intracranial pressure measurement by
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connecting a pressure gauge to the output of a lumbar tap [127]. He noted the
relationship between cerebral arterial pulsations and pulsatile movement of the
cerebrospinal fluid and referred to a “cerebrospinal fluid pump.”

Radiography techniques emerged with the use of X-rays [146] under clinical
conditions [77]. Coupled with other techniques such as gaseous, iodized or iso-
topic contrast agent injections using lumbar puncture, first radiographies allowed
prodigious neuroradiological investigations in this early twentieth century. How-
ever, most techniques are highly invasive and traumatic, such as ventriculography,
developed by Dandy in 1918, which consists in taking a radiography of the ventri-
cles, emptied of their fluid, and filled with air [32].

Most of these invasive and traumatic methods were abandoned for the benefit
of new imaging techniques such as magnetic resonance imaging. Between 1946 and
1950, Bloch, Purcell and Hahn established general principles of magnetic resonance
imaging by using the magnetic properties of aqueous structures [13, 61, 138], and

in 1955, Obledad verified its application to biological tissues [128].

Anatomical structure of cerebrospinal fluid spaces

The cerebrospinal fluid is divided into an internal space, i.e., the ventricular space
and the central canal, and an external one called the subarachnoid space. The thin
epithelial membrane that lines the inner wall of the cavity is sealed, forming a

biological barrier between the liquid and nervous tissues.

Ventricles

The ventricular space consists of a series of cavities within the brain, lined by
ependyma and filled with cerebrospinal fluid. It includes four cerebral ventricles,
namely, the two lateral ventricles, the third ventricle and the fourth ventricle.

The two lateral ventricles are symmetric cavities in both cerebral hemispheres.
Each lateral ventricle has a central part above the thalamus and three horns: the
frontal horn in the frontal lobe, the temporal horn in the temporal lobe and the
occipital horn in the occipital lobe as depicted in Fig. 2.2. Paired lateral ventri-
cles communicate with the midline third ventricle through the two interventricular
foramina (or Monro foramina), which are on each side in front of the two thalamus
as illustrated in Fig. 2.3.

The third ventricle is a cavity laterally clamped between the thalamus and hy-
pothalamus. One can see the supraoptic and infundibular recesses at its frontal

part and the suprapineal and pineal recesses at its posterior part. It communicates
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Figure 2.2 — Cerebral ventricular space within the brain lobes (Modified from Henri Gray.
Anatomy of the Human Body. Lea & Febiger, Philadelphia, 1818 [53]).

with the fourth ventricle through the cerebral aqueduct (or aqueduct of Sylvius).
The cerebral aqueduct is a thin “tubular structure” (diameter: 1 to 3 mm; length:
around 14 mm) which connects the third ventricle to the superior corner of the
fourth ventricle as illustrated in Fig. 2.3 [78]. Because of its narrowness and sur-
rounding structures as shown in Fig. 2.4, the aqueduct is a weak point of the
ventricular space because any constriction may affect the cerebrospinal fluid cir-
culation.

The fourth ventricle, posterior to the pons, is covered with the cerebellum on
its posterior part as illustrated in Fig. 2.4. The ventricle is connected to several
cisterns of the subarachnoid space through the median aperture (or foramen of
Magendie) that is posterior to the pons [20], and through the two smaller symmetric
openings called lateral apertures (or foramina of Luschka). In direct contact with
the cerebellum, the fourth ventricle is submitted to the cerebellum expansion in

case of tumor, it can be also compressed or obstructed.

Subarachnoid space

The pia mater inside and the arachnoid mater outside delimit the subarachnoid
space as illustrated in Fig. 2.5. The space is narrow over the brain convexity and
it has several wider regions, called cisterns, at the base of the brain. The larger
cistern is the posterior cerebellomedullary cistern (or cisterna magna) enclosed be-
tween the cerebellum and the dorsal surface of the medulla oblongata as shown
in Fig. 2.4. This cistern drains the cerebrospinal fluid from the fourth ventricle
through the median aperture. The pontocerebellar cistern is on the ventral aspect
of the pons and receives cerebrospinal fluid from the fourth ventricle through both

lateral apertures. The corner formed by the diencephalic floor, cerebral peduncles
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Figure 2.3 — Sketch of the cerebral ventricular space.
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Figure 2.4 — Roof of the fourth ventricle (Modified from Henri Gray. Anatomy of the Human
Body. Lea & Febiger, Philadelphia, 1818 [531). The ependymal lining of fourth ventricle appears in

yellow, and the arrow indicates the median aperture.



16 Chapter 2. Cerebrospinal fluid and its imaging
and pons, locates the interpeduncular cistern as illustrated in Fig. 2.6. The cerebel-
lar surface, the quadrigeminal plate and the pineal body, delimit the quadrigeminal
cistern as shown in Fig. 2.6 [66]. Arachnoid granulations that protrude through the
dura mater into the intradural vein or superior sagittal sinus finally take part to the
resorption of the cerebrospinal fluid to the venous system as illustrated in Fig. 2.5
and 2.6.

Emissary vein
Venous lacuna _ Superior sagittal sinus
Cerebral vein
Diploic vein Arachnoid granulation
Meningeal vein 5
Subdural cavity Dura mater
Subarachnoid space Arachnoid
Falx cerebri Cerebral cortex
Pia mater
Figure 2.5 — Representation of a section across the top of the cranium, showing membranes around
the brain and an arachnoid granulation (Modified from Henri Gray. Anatomy of the Human
Body. Lea & Febiger, Philadelphia, 1818 [53]).
2.1.3 Physiology of the cerebrospinal fluid

Functions

The cerebrospinal fluid behaves as a viscous fluid with a density (~ 1000 kg/m?)
and a viscosity (=~ 1,02.1073 Pa.s) close to those of water. Thus, the fluid acts as a
buoyant support to the central nervous system as it reduces the effective weight of
the brain (~ 1400 g) to approximately 25 g [125].

Cerebrospinal fluid has also a mechanical protection function. By encompassing
the central nervous system in its entirety, the fluid protects the brain from direct
contact with the cranium, especially in case of impact. On the other hand, in the
spinal region, the fluid rather supplies as a lubricant that facilitates movements of
the spine.

In addition, the cerebrospinal fluid has a transporter role. In direct contact with
the meninges and ependyma, the fluid provides them nutrient and participates in

their excretion by being renewed every six to eight hours each day. The fluid also
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contributes to the transit of lymphocytes, plasmocytes and immunoglobulins, as
well as hormones and neuromediators [160] involved in immune and hormonal
functions of the central nervous system.

Lastly, the cerebrospinal fluid operates as a homeostasis controller. The fluid
contacting the interstitial fluid through cell barriers acts as a lymphatic circuit that
filters nutrients from the blood and carries them into the cells of the brain and

spinal cord, and vice versa [76, 150].

Composition

Cerebrospinal fluid is a watery solution composed of 99% of water which carries
electrolytes (Nat, K+, Ca®**, Mg¢?**, CI~, HCO®") and molecules such as urea,
glucose (60-80% of blood glucose), amino acids, and various proteins [125]. The
spinal composition of cerebrospinal fluid presents a higher protein concentration
due to the greater permeability of the blood brain barrier in the lumbar region and
a lower glucose one [176].

Disease modifies the cerebrospinal fluid biochemistry and enables its analysis
[76, 130, 176]. For instance, the distinction of different types of meningitis can be
completed by analyzing variations of glucose levels [176] and levels of tau proteins

are correlated with Alzheimer’s disease [12].

Volume of the cerebrospinal fluid

In 1839, Magendie indicated that the total cerebrospinal fluid weight varies be-
tween two and five ounces, which corresponds to range from 57 to 142 g, i.e., a
volume range from 57 to 142 cm3. These measurements were obtained from dissec-
tions a few hours after death and without specifying whether they were adults or
not [107].

Current values in the literature show that, in humans, the total cerebrospinal

3

fluid volume is estimated to about 40-50 cm® in neonates, 65-140 cm? in children

and 140-170 cm?

in young adults [26]. We will see in Section 3.4.1 that using mod-
ern imaging techniques have significantly expanded ranges of the total fluid vol-
ume in adults. Finally, several authors confirm that the ratio of cerebrospinal fluid
volume to brain volume increases in aging [76, 89, 117, 118, 124, 159, 167, 169], and

most predominantly in the subarachnoid space than in ventricles [169].
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2.2

Production and resorption of cerebrospinal fluid

A dynamic balance between the cerebrospinal fluid production by choroid plexuses
and the resorption through arachnoid granulations maintains the total volume of
cerebrospinal fluid constant. The cerebrospinal fluid flow from production to re-
sorption sites is called “bulk flow”. This flow has to be distinguished from the
fast pulsatile flow of the fluid, which is related to the cerebral arterial pulsations
[127] and to the pulsed expansion and contraction of the choroid plexuses [9].
Since observations by O’Connell in 1943, numerous studies have considered pul-
satile movements of the cerebrospinal fluid [91, 103, 180]. However, we will restrict
our considerations to the bulk flow in the present work. Figure 2.6 illustrates the
bulk flow of the cerebrospinal fluid from the ventricular space to the subarachnoid
space.

The cerebrospinal fluid has a slow circulatory movement from ventricles to the
cortical subarachnoid space. The spinal subarachnoid space can be considered as a
“flushing chamber” [5] that is involved in approximately 32% of the system com-
pliance by the elastic capacity of the epidural venous system [115], and participates
to around one-fourth to the cerebrospinal fluid clearance [14].

For most authors, choroid plexuses are the principal production sites of the fluid
for about two-thirds of the total production [76]. However, relative contributions of
extrachoroidal sources remain controversial [131]. At the spinal level, most authors
agree on the lack of sources. Similarly, there are several resorption sites. However,
arachnoid granulations are recognized as the central site for the cerebrospinal fluid
resorption [79].

It is estimated that 0.35-0.40 cm®/min or approximately 500 cm®/day of cere-
brospinal fluid is produced, resulting in the complete renewal of the fluid about
four to five times a day in young adults [76, 150]. A reduction of this turnover rate
to three times a day can be observed in the elderly, mainly due to brain atrophy

and increased total volume of cerebrospinal fluid [150].

HYDROCEPHALUS

It is widely accepted that hydrocephalus refers to an abnormal accumulation of
cerebrospinal fluid within the cerebral ventricles [26, 132, 142]. Since classifica-
tion proposed by Dandy and Blackfan [33] in 1913, most authors agree to the
two main types of hydrocephalus: “communicating” and “obstructive or non-

communicating”. Both types of hydrocephalus are related to a fluid flow restriction
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Figure 2.6 — Midsagittal sketch of the ventricles, subarachnoid space, and cisterns. Arrows

indicate the normal direction of the cerebrospinal fluid “bulk flow”.
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2.3.1

between secretion sites and resorption ones, which usually leads to increasing of
the total ventricular volume.

Communicating hydrocephalus is characterized by disturbance of the flow in
the subarachnoid space. However, cerebrospinal fluid communicates freely be-
tween ventricular and subarachnoid spaces. This may be caused by an obstruc-
tion in pathways which follow cisterns (e.g., after acute inflammation of meningeal
origin), or in resorption sites (e.g., arachnoid granulation fibrosis). First described
by Hakim and Adams [63], normal pressure hydrocephalus, or “idiopathic adult
hydrocephalus syndrome”, is a communicating hydrocephalus related to age. It is
defined by the association of a cerebral ventricles dilation and suggestive symp-
toms such as gait disturbance, dementia and urinary incontinence [158]. However,
its pathophysiology is still debated.

By contrast, non-communicating hydrocephalus is characterized by an obstruc-
tion in the ventricular space that prevents the cerebrospinal fluid from passing into
the subarachnoid space, and causes an important intracranial overpressure [26].
This may result from an intraventricular obstruction associated with a tumor de-
velopment or an aqueductal stenosis.

While hydrocephalus cases were regularly described since Hippocrates, the first
effective therapy was proposed in 1882 by Carl Wernicke (1848-1905) who pio-
neered sterile ventricular puncture and external cerebrospinal fluid drainage to
treat hydrocephalus [4]. Most modern techniques currently used to treat hydro-
cephalus, carry out the installation of an external ventricular drain in an emergency,

and that of a ventriculo-peritoneal shunt in other cases [26, 116, 175].

IMAGING OF CEREBROSPINAL FLUID

Magnetic resonance imaging is the reference technique for the cerebrospinal fluid
imaging. After reminding some basis, we introduce the sequence used to produce

whole body images of cerebrospinal fluid.

Magnetic resonance imaging

Magnetic resonance imaging is a non-invasive imaging technique primarily used
in the medical field, which produces high quality images of the human body. Based
on the nuclear magnetic resonance principle [52], magnetic resonance imaging oc-
curred in the latter half of the seventies, following works of Lauterbur and Mans-

field (using of a gradient field for spatial localization) [95, 112], Ernst (using Fourier



2.3. Imaging of cerebrospinal fluid

21

transform for image reconstruction) [9o] and Damadian (making his investigations
in the medical field) [31]. Magnetic resonance imaging allows to observe various
tissues, with an high contrast, by using several types of sequences. For further de-
tails about magnetic resonance imaging, readers should refer to Bushberg et al. [18]

for physical issues and to Kastler et al. [80] for more technical ones.

Principle

The principle of magnetic resonance imaging is to expose biological tissues to a
strong magnetic field (usually 1.5 T or 3 T) to measure their magnetization, and
then to build an image from these measurements. Magnetization is mainly induced
by magnetic properties of hydrogen atoms, i.e., protons in their ionic state, found
abundantly in each biological tissue.

The strong magnetic field is used to align initially the hydrogen atoms magne-
tization (“spins”) in a common direction. Then, a radio frequency signal produced
by an external antenna shifts magnetization by a flip angle with respect to the
common direction (excitation step). When the radio frequency signal is turned off,
spins return to their original position by emitting a radio frequency signal, which
can be recovered by the same antenna (relaxation step).

The nuclear magnetic resonance signal cannot directly locate sources because
the dimensions of objects of interest are usually smaller than the signal wavelength
(a few meters for a magnetic field of 1.5 T or 3 T). Spatial position of the atoms
is then obtained by adding a directional magnetic field gradient. Use of this gra-
dient provides different relaxation steps for “slices” of protons which depend on
gradient. Finally, signal processing techniques based on fast Fourier transform al-
gorithms are used to locate sources (i.e., their spatial frequency information, fre-

quency and phase, are stored in the k-space) to build an image [50].

T1 and T2 modalities

One defines repetition time (TR) as the time between two excitation steps, and
the echo time (TE) as the time between excitation and the nuclear magnetic res-
onance signal. After excitation, nuclei tend to return to their equilibrium position
(relaxation step). This relaxation step can be divided into two phenomena: the
longitudinal relaxation time (71), which indicates the time required to regain lon-
gitudinal magnetization, and the transverse relaxation time (T2), which measures
the time for the resonating protons to remain coherent after the radio frequency
pulse. These relaxation times vary according to the specific physicochemical water

organization in tissues.
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A magnetic resonance imaging sequence is a set of excitation pulses whose pa-
rameters (TE, TR) are adjusted to get well-contrasted images by modifying values
of T1 and T2. Thus, in T1-weighted images (TE=10—20 ms and TR=400-600 ms),
fat tissues appear hyperintense (bright grayscale) and water appears hypointense.
By contrast, in T2-weighted images (TE > 80 ms and TR > 2000 ms), water ap-
pears hyperintense while fat tissues are darker than water. Table 2.1 summarizes

estimated values of T1 and T2 for different tissues.

Tissue Tlino5T(ms) | Tlin 1.5 T (ms) | T2 in 1.5 T (ms)
cerebrospinal fluid 1800 2400 160
gray matter 650 900 100
white matter 500 780 90
fat 210 260 80
muscle 550 870 45

Table 2.1 — Estimates values of T1 and T2 relaxation constants for several tissues (from Bushberg
et al. The essential physics of medical imaging. Lippincott Williams & Wilkins, Philadelphia,

2nd edition, 2002).

Sequences

Most of the magnetic resonance imaging sequences are based on gradient echo
and spin echo sequences. Gradient echo sequences allow fast imaging and low flip
angle that is well-adapted to the T1-weighted modality, and require less radio-
frequency power. However, they are inappropriate to generate well T2-weighted
contrast and are sensitive to the main magnetic field inhomogeneities as to sus-
ceptibility effects. By contrast, spin echo sequences have a high signal to noise
ratio and are truly T2-weighted, although they are less fast for scanning and more
power-consuming.

First described by Erwin Hahn [61] in 1950, the spin echo sequence consists in
refocusing spin magnetization using pulses. The sequence includes a “slice selec-
tive” 9o° pulse applied in conjunction with a “slice selection” gradient, followed
by one or more 180° refocusing pulses. Turbo spin echo is a conventional spin echo
variant in order to save time by a given factor which is determined by the “turbo
factor” parameter. In recent works, turbo spin echo sequences were used with vari-
able refocusing angles [19], which allow large echo trains, with shorter inter-echo

spacing and higher turbo factors, to produce thin slices within a short time [119].
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3D-SPACE magnetic resonance imaging sequence

One aim of the doctoral work by Jérome Hodel [67, 68, 69] was to achieve a
fast whole body tissue-specific imaging sequence that highlights the cerebrospinal
fluid, and is as insensitive as possible to vascular and cerebrospinal fluid flows.

The magnetic resonance sequence used to generate the clinical “whole body”
image dataset is a T2-weighted turbo spin echo sequence variant using variable
flip-angles, called 3D-SPACE (Sampling Perfection with Application optimized
Contrast using different flip-angle Evolution). Unlike fixed refocusing pulses of
180° of the conventional fast spin echo sequence, the 3D-SPACE sequence uses a
pulse train with variable angles of refocusing pulses.

High values of TE are required to obtain a liquid-weighted signal. However,
by increasing TE, signal drops and motion artifacts increase. The optimal TE was
chosen at 762 ms as the best compromise between signal intensity and sensitivity
to motion artifacts.

Magnetic resonance “whole body” images used for the assessment of fluid vol-
umes in Chapter 3 were acquired in the sagittal plane on a 1.5 T system (Magnetom
Avanto; Siemens Medical Solutions, Erlangen, Germany). The sequence was con-
tigured as follow: repetition time TR (ms)/echo time TE (ms) of 2400/762; turbo
factor of 141; 250 x 250 mm field of view; 256 x 256 acquisition matrix; voxel size
(mm?3) of 1 x 0.98 x 0.98; number of excitations 1.4 (only central region of the three-
dimensional k-space was resampled for the second time, and this second acquisi-
tion only covered 40% of the entire k-space); 160 slices for head station that may
be reduced to 7o slices for each spinal station to accelerate acquisition; acquisition
time, 9 to 12 min according to the heart rate for the whole body acquisition. More
controls and patient acquisitions, limited to the intracranial region, were also per-
formed using the same sequence configuration (acquisition time: 3 min) to analyze
the cortical subarachnoid space in Chapters 4 and 5.

Figure 2.7 shows midsagittal cross-sections of magnetic resonance images us-
ing conventional T2-weighted sequence (a) and 3D-SPACE sequence (b). Both im-
ages can highlight the cerebrospinal fluid, but for the conventional T2-weighted
sequence, neighboring structures of the fluid provide many details and require
more complicated segmentation than the 3D-SPACE one.

Different intracranial cross-sections of the 3D-SPACE sequence are shown in
Fig. 2.8, and a whole body midsagittal cross-section image example is presented
in Fig. 2.9. The contrast-enhanced view in Fig. 2.9(b) brings out deficiencies of
the sequence, which has the disadvantage of being sensitive to noise and artifacts,

especially motion artifacts.
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Figure 2.7 — Comparison of images of the head (midsagittal cross-section) by using different
magnetic resonance imaging sequences: (a) conventional T2-weighted sequence; (b) 3D-SPACE

sequence

Figure 2.8 — Intracranial images using the 3D-SPACE sequence (axial, coronal and sagittal

cross-sections). Note the extremely low signal from structures other than cerebrospinal fluid.
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() )
Figure 2.9 — Whole body images (sagittal view) using the 3D-SPACE sequence: (a) original image;

(b) contrast-enhanced image.
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2.4 CONCLUSION

In this chapter, we have introduced cerebrospinal fluid as a watery solution con-
tained within the cavities of the brain, called ventricles, and in the subarachnoid
space that surrounds the entire central nervous system. Fluid circulates from ven-
tricles to the subarachnoid space, and any impediment in its circulation may result
in a significant increase of the intracranial pressure and hydrocephalus. We have
also presented the magnetic resonance imaging sequence that highlights the fluid.
This sequence has allowed clinical “whole body” and intracranial images we use

in the following chapters.
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N this chapter we present segmentation and separation methods of the cere-

brospinal fluid volumes from whole body magnetic resonance images of the

fluid previously introduced.

The work exposed in this chapter was presented during the SPIE Medical Imag-

ing 2012 conference, held in San Diego, CA, USA. A conference article was pub-

lished in [98] and an extended version was published in Computerized Medical

Imaging and Graphics [96].
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INTRODUCTION

As mentioned in previous chapters, the measurement of cerebrospinal fluid vol-
umes is an indirect way to evaluate intracranial pressure. Thus, since the use of
modern imaging techniques such as magnetic resonance imaging, many studies
have attempted to quantify the fluid volumes in a reproducible manner.

Several intracranial fluid volume quantifications were carried out over the
last 25 years, mostly using T2-weighted magnetic resonance imaging sequences
and semi-manual methods. Cerebrospinal fluid volume were assessed for healthy
adults using T2-weighted magnetic resonance imaging sequences in [11, 24, 69,
87, 117, 167, 173, 186], T1l-weighted sequences in [89, 99] and a multi-modality
technique in [106]. Volume assessments were performed for patients with various
types of hydrocephalus using T2-weighted sequences in [24, 69, 87, 117, 173, 186],
whereas it was limited to normal pressure hydrocephalus in [85, 135]. However, all
of them are restricted to the intracranial region while Edsbagge et al. [38] shown
that the spinal subarachnoid space volume may also provide some clues in hy-
drocephalus analysis, and is nevertheless poorly analyzed [38, 70, 164]. Moreover,
except in [24, 69] images reveal most cerebral structures, which do not facilitate
segmentation of the fluid itself in a routine way. We summarize and discuss these
results in Table 3.1, Section 3.4.1.

The aim of this first part is to provide both a method to assess volumes of the en-
tire cerebrospinal fluid in order to provide reference values for future studies, and
an aid to diagnose hydrocephalus. To quantify the fluid volumes from the whole
body images introduced in Chapter 2, we propose automatic segmentation of the
entire cerebrospinal fluid and its separation into spinal subarachnoid, cortical sub-
arachnoid and ventricular spaces. We also show the ability of this volume assess-
ment to be exploited to perform statistical analyses, which lead to a functional pa-
rameter calculated by the ratio of the entire subarachnoid space volume to the ven-
tricular one. We assume this parameter could be efficient to discriminate healthy
adults from patients affected by communicating and non-communicating hydro-
cephalus. Furthermore, this approach only requires a single imaging sequence and
an automatic image processing for each patient.

Concerning the segmentation method, we should consider the complex geome-
try of the cerebrospinal shape and its human variability, the presence of noise and
artifacts, especially motion artifacts [39], and the possible obstructed fluid path-
way, which results in a disconnection of the fluid spaces in non-communicating
hydrocephalus cases. To overcome these problems, we introduce a topological as-

sumption on the entire cerebrospinal fluid shape. This property, used as a refine-
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ment constraint, brings both accuracy and robustness to the segmentation method,
particularly for pathological cases. The separation method of the previously seg-
mented total fluid volume involves a region of interest defined from eyeballs. Spinal
and intracranial spaces are separated by detecting a topological change of the fluid
in the bottom part of the region of interest. Then, the ventricular space is separated
from the intracranial space by reconstructing the ventricles from a particular tubu-
lar structure. All these steps are configured with default values that we specified
and can be chained without requiring any user interaction. Some steps may be

even parallelized (e.g. the two separation methods).

SEGMENTATION OF THE ENTIRE CEREBROSPINAL FLUID

Input whole body images produced by using 3D-SPACE sequence appear to be
binary due to the poor dynamic of the luminance perception of the human visual
system but, in fact, they are not as shown in Fig. 2.9(b) and 3.3(a). Images only
partially attenuate neighboring structures and they are disturbed with Rician noise
[58] and motion artifact residues [162]. However, Rician noise removal methods
[27, 182] remain inappropriate to filter such images since they remove a lot of
information and tend to disconnect the fluid in several thin regions. We thus use
image properties and a topological assumption on the fluid shape for segmenting

the entire cerebrospinal fluid volume.

Topological model of the cerebrospinal fluid

Numerous studies have demonstrated the effectiveness to integrate topological
constraints in medical image processing, particularly in neuroimaging [6, 7, 36,
64, 108, 110, 122, 148, 154]. For instance, most brain structures have the topology of
a filled or hollow sphere while their geometry is complex. We consider the entire
fluid to be topologically equivalent to a filled sphere that is compliant with the
fluid flow as illustrated in Fig. 3.1. Various authors use advanced models such as
a hollow sphere in Rueda et al. [148], nested concentric spheres in Mangin et al.
[110], Miri et al. [122], or a more complex object with two internal handles caused
by the two lateral apertures in Bazin and Pham [7]. Models closest to reality as in
[7] are well adapted to address problems such as surface correction. Nonetheless,
the two lateral apertures remain disconnected from the fourth ventricle or the pon-
tocerebellar cistern when we perform the initialization step in Section 3.2.2. The

filled sphere model is, therefore, a suitable compromise which significantly sim-
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plifies and accelerates the initialization step compared to that of a hollow sphere
while the difference between the two resulting volumes is negligible (< 0.33% of
the total volume in the worst case). Furthermore, it introduces neither unexpected
cavity nor handle despite the noise and artifacts, and is also more efficient and con-

sistent for hydrocephalus patients for whom the fluid do not fit a hollow sphere

anymore.
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Figure 3.1 — Cerebrospinal fluid circulates from ventricles where it is produced to the subarachnoid
space where it is resorbed. The fluid flows through the different encountered spaces from the

ventricles to the cortical subarachnoid space (Modified from Rekate [143]).

Segmentation of the entire cerebrospinal fluid volume

Segmentation consists in homotopically thicken an inner object (Cinper), Which is
within the entire cerebrospinal fluid and is topologically equivalent to a filled
sphere. This transformation, which preserves the topology of the inner object, is
guided by a priority function based on a distance criterion. The inner object can be
defined interactively or automatically since it has the correct topology.

To speed up significantly the processing time, we propose to initialize the inner
object automatically as close as possible to the border of the cerebrospinal fluid.
We also initialize an outer object of the cerebrospinal fluid (Cyy,), which includes
the entire fluid but do not necessarily have the same topology. Thus, guiding the

thickening by the priority function is limited to the region between Cinner and Ciipy,.
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Initialization of inner and outer objects

An inner object Cinper is initialized by applying the moment-preserving threshold-
ing described in Tsai [172] on the initial image, followed by a larger connected com-
ponent extraction as illustrated in Fig. 3.3(b). The moment-preserving thresholding
is a histogram-based thresholding technique which is suited to “binary nature”
images with low contrast [156]. The moment preservation assumes that statistical
moments on initial and thresholded images are identical. Therefore, this method
becomes more efficient than conventional clustering-based or entropy-based meth-
ods when the histogram presents an excessive overlapping between classes [156].
Since the thresholded image contains several objects, a connected component label-
ing [157, Chapter 3] is performed to extract the three largest connected components,
which correspond to the inner object Cinner and both eyeballs E; and E,. Eq and E;
are retained to define a region of interest in Section 3.3.1. By extracting the largest
components, residual noise as well as other small objects such as salivary ducts are
also removed. If Cinner has holes, (see [86, Chapter 5] for a hole characterization)
then the threshold is adjusted automatically by increasing its value until the topo-
logical assumption on Cinper is satisfied; E; and E; are not affected by this operation
due to their intensity.

To initialize an outer object Cj;,, another histogram-based thresholding method
is carried out on the initial image as described in Zack et al. [188]. The triangle
thresholding algorithm in [188] is suitable for bimodal images for which the object
to extract has a small amplitude and a large variance relatively to the background.
It is followed by a largest connected component extraction to retrieve an outer

object of the fluid (Cjj,) as shown in Fig. 3.3(c).

Priority function

The priority function ¥ = {¢,} controls the order in which voxels are processed
and eventually added to Cinner. This function uses a Euclidean distance map de-
noted by D = {d,}, which is defined for each voxel x € Cinner as the distance to
the nearest voxel of Cinner; it is calculated by the linear algorithm proposed in Saito

and Toriwaki [149]. The value ¥, of each voxel x is then given by:

d if x € Cj
wx:{ X lim,

1
+o0 otherwise. 3.1)

Euclidean distance transform was preferred to others because it improves selection

of points that should be tested while the thickening process.
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Guided homotopic thickening

Guided by the previous priority function ¥, a homotopic thickening is applied to
the inner object Cinner by adding simple points.

A point is simple if its addition to or its removal from a binary object C does not
change the topology of the object and that of the background. Therefore, adding or
removing simple points does not change the number of connected components and
holes (cavities and/or handles) of C and its complement C. Figure 3.2 illustrates
the notion of simple point: the center point in the cubic grid is simple in (a) because
the topology of C remains unchanged if the point is removed, while it is not simple

in (b) as a hole is created.

i

4 /

|

7
/fg W Q/Q /fbf/f f
cC OC

Figure 3.2 — Example of simple point. (a) simple point; (b) non simple point.

Bertrand and Malandain [10] showed that a simple point x is locally character-
ized by two local topological numbers. An efficient computation of these numbers
that only involves the 26-neighborhood is also described in [10].

Let 9Cinner denotes the boundary of Cinper such that 9Cinner = {x € Cinner N
Clim | Ne¢(x) N Cinner # @}, where Ng(x) is the 6-neighborhood of x. The thick-
ening process consists in adding to Cipner sSimple points from 9Cinner as presented
in Algorithm 1. It shows that boundary points (i.e., voxels) of 9Cinner are chosen
iteratively, according to their priorities, and are incorporated into Cinper if they are
simple.

The resulting thickened object has the same topology as Cinner. It is illustrated
in Fig. 3.3(d).

SEPARATION INTO THE CEREBROSPINAL FLUID VOLUMES

Separation of the cerebrospinal fluid spaces is required to analyze the relationship

between the entire subarachnoid and ventricular volumes. First, the spinal and in-
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Figure 3.3 — Segmentation process (axial cross-section), which is easily observed in the red square
region. (a) contrast-enhanced original image; (b) inner object image Cinner (ventricular and cortical
subarachnoid spaces are represented respectively in green and magenta); (c) outer region image
Clim (voxels of Clim \ Cinner ate represented in cyan); (d) homotopic thickened image (voxels added

to Cinner are represented in orange).
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Algorithme 1: Guided homotopic thickening

Input: Cipper, ¥
Output: Cipper

Initialize 9Cinner ;
Make a priority queue Q of all x € 9Cinner using ¥y in the ascending order ;
while O # @ do
Poll x from QO ;
if x is simple for Cipper then
Cinner <= Cinner U {x} ;
Modify 9Cinner ;
Insert new points of 9Cinner around x to Q ;
end if

end while

tracranial regions are separated using a topological property of the cerebrospinal
fluid at their interface. Second, to retrieve the volume of the ventricular space from
that of the cortical subarachnoid one, the cerebral aqueduct must be detected be-

cause we use it as a morphological reconstruction marker.

Separation of spinal and intracranial spaces

Specialists usually perform the disconnection of the spinal and intracranial spaces
by tracking the foramen magnum (the hole in the bottom of the cranium through
which the spinal cord passes in order to be connected to the brain), which is,
even for an expert, difficult to detect on this image. The separation into spinal and
intracranial spaces requires to locate the closest axial cross-section plane to that of
the foramen magnum. Thus, the disconnection is achieved by browsing the planar
connected component on each axial plane from the spinal part, and by detecting
any change in its topology (see the axial cross-section in Fig. 3.4). A region of
interest is first determined to reduce the processing time as well as to improve the

robustness.

Determination of the region of interest

A region of interest R is used to retrieve the cerebral aqueduct in order to sep-
arate the intracranial space into its ventricular and subarachnoid spaces (see Sec-

tion 3.3.2). Apart from pathological cases, eyeballs typically face the cerebral aque-
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duct in the axial plane. We consider the region forming a rectangular cuboid, each

of whose edge is parallel to one of the i-, j-, k-axes of the image, such that:

e the region is located in the i-axis direction between the coronal plane that
passes through the maximum posterior boundary of eyeballs, and the last

coronal plane that still contains non-zero voxels;

e setting D as the larger diameter of both eyeballs, the height of the region is
set empirically to be 8D, such that the top face of the region is located with
the distance 2D above the eyeballs and the bottom face is located with the
distance 5D below the eyeballs. The height is chosen in agreement with an
expert so as to contain all the necessary structures for the separation step. It

may also be interactively resized to fit human variations;

e the depth is determined by the two sagittal planes between the medial bound-

aries of eyeballs.

Determination of the cutoff plane

Planar connected components are counted on each axial plane from the bottom to
the top of the region of interest R. The first axial plane that shows a change in the
number of connected components is the plane just above that of the searched cutoff

as shown in Fig. 3.4.

Figure 3.4 — Separation of intracranial and spinal regions in the region of interest R. The
resulting cutoff plane (z = 166) is close to that goes through the foramen magnum (FM plane). The

axial cross-sections around the cutoff plane are also illustrated (right).
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Intracranial volume separation

The process to extract the ventricular space may fail because of some subarachnoid
regions that are very close to the third and fourth ventricles. Figure 3.5 shows, for
instance, the proximity between the interpeduncular cistern and the infundibular
recess of the third ventricle.

To overcome this problem we first detect the cerebral aqueduct that is a thin
tubular structure (see Section 2.1) located in the most median sagittal planes, which
connects the third and fourth ventricles. It is also the longest tubular structure
with the highest intensity range in the most median sagittal planes of the region of
interest R. Its enhancement is performed by a vessel segmentation method [100].
Finally, ventricles are recovered by a morphological reconstruction [179] using the

cerebral aqueduct as a marker.

dibular recess

I-ﬂ

Figure 3.5 — Proximity of the interpeduncular cistern (1) to the infundibular recess of the third

ventricle (2). The small rectangular part in the left figure is zoomed in the right figure.

Detection of the cerebral aqueduct

Various methods to enhance vessel like structures in grayscale images are reviewed
in Lesage et al. [100]. Among these methods, several efficient methods are based
on properties of eigenvalues of the Hessian matrix H [48, 88, 105, 111, 151, 166].
These multiscale methods operate in a Gaussian scale space on which they calculate
second-order derivatives, build the Hessian matrix # and decompose it depending
on its eigenvalues A1, A, and Az such that [A1] < |A;] < |A3]. The eigenvalues are
analyzed to determine the likelihood for each voxel x to belong to a curvilinear
structure. This analysis is based on the following assumptions: (1) A1 = 0; (2) Ay =
Az < 0;and (3) [A1] < [Az].
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The tubular structure filter implemented by Frangi et al. [48] allows to disso-
ciate strict tubular structures from others. We use it here to enhance the cerebral
aqueduct. Let F, = {f7} the filter in [48] such that:

0 if Ap >0 or A3 >0,
i Ry R}

_Ra B 82 (3.2)
(1—e 22)e 2*(1—e 22) otherwise,

X

where R4 = |A2|/|As], Rp = [M|/ /]A2As], S = (/AT + A3 + A3, with some

weights « € [0,1], B €]0,1] and ¢ € [0,500].

Figure 3.6 compares extracted curvilinear structures in the region of interest R
using methods from Sato et al. [151] (Fig. 3.6(b)) and Frangi et al. [48] (Fig. 3.6(c)). It
shows that in contrast with filter proposed in [151], the filter defined in [48] allows
to dissociate strict tubular structures from others. The cerebral aqueduct part has
more highlighted values in Fig. 3.6(c) by adjusting the filter with a higher weight
to detect lines (@« = 0.7). The aqueduct is the longest connected component found

in the most median sagittal planes.

Ventricles reconstruction

Considering the cerebral aqueduct part as the marker, we aim to reconstruct the
ventricular space. For this problem, methods such as fast marching and level set
introduced by Sethian [155] or active contour models proposed by Cohen [22] are
well known. However, the following two problems may hinder the reconstruction
by the above methods: (1) the cerebral aqueduct part is not a large enough marker
to initialize a model; (2) motion artifacts can generate significant intensity inhomo-
geneities even in the ventricular space.

Geodesic reconstruction introduced by Vincent [179] is a very useful operator
from mathematical morphology that provides satisfactory results here.

Let 5}11)301 (g) be the elementary geodesic dilation of a grayscale image g inside f
(g is called the marker image and f is the mask) such that 5}%01 (§) =(g®Bg)Nf,

where A stands for the point-wise minimum and g @ By is the geodesic dilation of
g by an isotropic structuring element By chosen as a flat ball of radius r; = 1. The

geodesic dilation of size n > 0 is obtained by:

575,(8) = 85, ©0p, 000y, (8) (3

J/

-~

n times
The grayscale reconstruction by dilation ps p,(g) of f from g is calculated by iter-

ating geodesic dilations of g inside f until idempotence such that:

prea(8) = Y 018, (8) (34)
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Figure 3.6 — Detection of the cerebral aqueduct in the region of interest R (midsagittal plane
cross-section). From left to right: (a) original thickened image; (b) filtered image with method in
Sato et al. [151] (o = 0.5); (c) filtered image with method in Frangi et al. [48] using 5 scale spaces
o from 0.4 to 0.9 and with « = 0.7, = 0.2 and ¢ = 200.
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where V stands for the point-wise maximum.

The geodesic reconstruction of the previously detected cerebral aqueduct used
as the marker image is restricted to the region of interest. It generates an image
composed of regional maxima due to the threshold decomposition used in [179].
The ventricular space is the union of the regional maxima whose intensities are
greater than or equal to those which constitute the cerebral aqueduct. A h-dome
transform [179] allows to keep these regional maxima only. Figure 3.7 shows the
result of such a reconstruction for a healthy adult by using a flat ball of radius

I’d:1.

Figure 3.7 — Ventricular space retrieving using a grayscale reconstruction by dilation of the
cerebral aqueduct inside the original image: (a) the initial image (the mask) and the cerebral
aqueduct (the marker) colored in red; (b) result of the grayscale reconstruction with regional
maxima colored in different tons of green; (c) frontal (left) and sagittal (right) views of the
ventricular space for a healthy adult using a grayscale reconstruction by dilation of the cerebral

aqueduct inside the region of interest R.

Figure 3.8 shows a three-dimensional visualization of a part of the cere-
brospinal fluid spaces obtained by our method; a healthy adult (left) and a non-

communicating hydrocephalus patient (right).
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Figure 3.8 — Partial three-dimensional surface renderings of segmented cerebrospinal fluid spaces
(the cortical subarachnoid space was cut along the midsagittal plane). Ventricular, cortical
subarachnoid and spinal subarachnoid spaces are respectively colored in green, magenta and cyan.

Left: a healthy adult; right: a non-communicating hydrocephalus patient.
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3.4

3.4.1

CEREBROSPINAL FLUID VOLUMES ANALYSIS

We first present experiments we have carried out to assess volumes of the cere-
brospinal fluid spaces from whole body magnetic resonance images in two stages:
(1) the segmentation method has been tested on phantoms of known volume; (2)
the segmentation and separation steps have been performed on a clinical dataset.
12 healthy controls and 26 patients have been processed; no manual intervention
was required for any of them.

We then statistically analyze the distribution of the subarachnoid space volumes
relative to the ventricular ones. More specifically we apply a linear regression on
the healthy adults subset, as well as a linear discriminant analysis on the clinical

dataset distribution to classify healthy and pathological cases.

Volume assessment

Experiments for volume assessment were carried out on 5 phantoms of known vol-
ume (image size: 128 slices of 250 x 250 in the sagittal plane; range of volumes: 294—
1500cm?) and 38 clinical images (image size: 160 slices of around 260 x 790 in the
sagittal plane). Processing took place on a conventional PC (Intel Pentium Dual
Core 1.60 GHz / 4 GB main memory, Linux 2.6 operating system), and the appli-
cation was implemented in the Java programming language using the Fiji software
[153]. The overall time to assess volumes is 20 min or less for each patient: 12 min or
less for the image acquisition and approximately 6 min for its processing. Clearly,
this computation time could be dramatically reduced by using a computer with an

architecture dedicated to three-dimensional image processing.

Entire volume assessment validation

The segmentation method for the entire volume assessment was validated first on
phantom images using the same sequence. Images were acquired from synthetic
resin phantoms mimicking the cerebral sulci with various shapes and volumes as
shown in Fig. 3.9. The segmentation method on phantoms has resulted in accuracy
of 98.5% =+ 1.8 against 94.6% =+ 4.0 for the semi-manual segmentation by an expert
using the method proposed in [69]. Figure 3.10 resumes volume assessments for
each phantom using different methods.

Clinical dataset images were evaluated by a physician expert. First the expert
ensured that anatomical structures except for cerebrospinal fluid were removed
correctly. Second, the accuracy of the segmentation process was assessed by com-

paring the fluid boundaries using the segmented images and the original images.
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Figure 3.9 — Photography of a synthetic resin phantom (volume: 1494cm?®) mimicking the cerebral
sulci used to validate the entire cerebrospinal fluid volume segmentation method. Right:

cross-section of the corresponding magnetic resonance image.
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Figure 3.10 — Comparisons of the total volume assessment for phantoms using different methods
with the ground truths: the semi-manual segmentation by an expert as described in [69]; the
moment-preserving method to extract the initial inner object (see Section 3.2.2); the proposed

method (guided homotopic thickening in Section 3.2.2); the level set method [155].
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3.4.2

Spaces volume assessment

The obtained volumes of the cerebrospinal fluid spaces are summarized in Table 3.1
where they are matched with previous results from the literature [24, 167, 117, 186,
106, 173, 135, 38, 69] for healthy adults, communicating and non-communicating
hydrocephalus classes. In Table 3.1, results vary slightly depending on the articles.
The reason is not only due to the difference among methods, but also because
of different data and image resolutions. Results on the spinal subarachnoid space
confirm the assumption in Edsbagge et al. [38] that the spinal subarachnoid vol-
ume assessment is important to discriminate between hydrocephalus patients, i.e.,
communicating and non-communicating hydrocephalus classes.

The expert ensured that the accuracy of the separation process was assessed by
comparing the fluid boundaries using the segmented images and the native clinical

images.

Statistical analysis of volumes

Clinical images were acquired from different subjects between 23 and 91 years
old: 12 healthy volunteers and 26 patients among which 20 communicating hydro-
cephalus and 6 non-communicating hydrocephalus. The software package R [140]

was used for statistical analysis.

Linear regression for healthy adults

Observing the distribution of the subarachnoid volume relative to the ventricular
one (see Fig. 3.12) has provided us the idea of applying a linear regression analysis
to the healthy people subset [94, 178]. Let V; and Vs the respective volumes of the
ventricular and entire subarachnoid spaces. We use the linear model for fitting to
the healthy people volume pair (Vy, Vs) set: Vs = Bo + B1 Vv + €, and optimize the
intercept Bo and the slope 1 by minimizing the residual error €. We obtain By = 0
and B1 = 10.73, namely:

Vs = 10.73Vy (3.5)

Table 3.2 includes some statistics about the model: (1) the coefficient of deter-
mination R? (= 88.83%) indicates that the predictor explains rather well the an-
swer with 95% of significance; (2) the Fischer’s F-statistic (= 87.51) and the p-value
(= 1.43e — 06 < 0.05) show further that the null hypothesis (8; = 0) can be re-



45

3.4. Cerebrospinal fluid volumes analysis

LTF 66 6S F ST LCIFOPE | HON

8T F 99 29 F 69¢ 8G F ¥S1 HD onewojne 860X 860X 1 | HOVAS-AL/I1ST/TIN [96] poyzawr pasodoxd ayy

€TF 9L ¥8 F ¢t 0L F8C | S[onuod
- €el F FET G9TF/6€ | HON
- 0L F¥.E 9S F 661 HD | [enuew-twes | 860 X 860 X T | HOVIS-AE/LS'T/TIN (r102) [69] *Iv 12 [9POH
- 6¢L F 19T 6L F¥E | S[onuod

CIF 18 - - S[OLJUOD | [ENUBW-TWRS | GTX 61X GT | PAY3PM-ZL/LST/TIN | (r10T) [8E] 1w 30 233eqspy
- L€ F 10T 9% F 951 HD | [enuew-twas | 9x 90X 90 | PoSem-¢L /15 T/IIN (9002) [SE1] Iv 30 WiTeq
- 95 T €0c 61+ 9z HO [eNURW-TWSS CIXIXTI ASVA-A< /1S T /TN (0007) [£41] *Iv 32 EPOUNS],
- LSF LLT OLF¥C | S[onuod
- CTECF GOV | SSFOTL | S[OQUOD | [enuew-Tuss GIXIXT SurxtA /15T /TIN (0002) [901] ‘Iv 2 ploATSpUNT]
- S90S FQGSTI | I8STFTL9 | HD

[enuew-Turas SIXIXI ASVA-A¢/ LS T/TIN (8661) [981] '1v J2 eIEYIYSOX
- YOSH FGLCL | $8SF6F1 | S[oBu0od
- €9 F ¢LL 96 F €5¢ HON
- TF F €€1 Tk F 91l HD | [enuew-1woas EXTIXT PoYSIOM-C /1S T/TIN | (9661) [L11] [v J0 Sewns)ely
- LC+F 68 6+ 241 S[OIIU0D
- TEFF9CEL | §LIF61C | SONUOD | [enuewu-Turas VN paYSeM-Z /15T /TIN (1661) [£91] ‘v 32 eUUE],
- IR 7A1 9909 HON
- ¢'801 ves HD | [enuew-rues SL X I XTI paYSeM-¢ [/ 15°0/TIN (9861) [V<] *jv 12 uOpuO)
- 99F 9°L6 9% FE¢Ge | s[onuod
qns Tmrimmm ‘qns [esnJto) wmﬁuwﬁﬁw\/ mwﬁu POYISIA Amaav 9ZIS [9XOA \APEGUOE HOS#SAQ

(gu) sawmpoa pinjy [eurdsoiqard)

“U01VI0dP pavpuvis F uvaul v Aq pajuasaidal s1 anjve yovg (HON) Stuargvd snjvydaooiphy Surjvouniuiuod-uou

puv (HD) Surjporunuuiod ‘ajdoad jinpv Ayjjway 1of ‘aimjpaazi] wioif sjmsat snotaaid ayj yjm sawnjoa pinyf (puidsoiqaias ino Jo uostivduio) — 1°€ S[qeL,




Chapter 3. Assessment of the cerebrospinal fluid volumes

jected with a strong presumption and that our model is significant. In addition, the

graphical residuals analysis reinforces the linear regression assumptions (Fig. 3.11).

Table 3.2 — Optimal linear regression model on the healthy adult subset from the clinical dataset.

Model

RZ

o2

Standard Error F

p-value

Vs = 10.73Vy

0.8883

10.24

0.0088

87.51 1.43e — 06

Figure 3.11 shows the distribution of volumes of the entire subarachnoid and

ventricular spaces with the model obtained from (3.5).
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Figure 3.11 — Residual plots from the linear regression on clinical data.

This linear regression analysis indicates that the ratio of the entire subarachnoid

space volume to the ventricular space volume is a proportionality constant equal

to 10.73 for healthy adults. This proportionality constant ensures a steady-state

intracranial pressure.

Classification of clinical data

A linear discriminant analysis [65] was performed on the clinical dataset using

volumes of the entire subarachnoid and ventricular spaces as the input variables.
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Figure 3.12 — Distribution of the entire subarachnoid space volume Vg relative to the ventricular
volume Vy of the clinical dataset. Note the resulting linear regression between volumes of the entire

subarachnoid and ventricular spaces for the healthy adults subset such that: Vs = 10.73Vy.
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We consider three classes: “healthy adults, communicating hydrocephalus and non-
communicating hydrocephalus”. Let TP, FP, TN and FN the respective numbers of
true positives, false positives, true negatives and false negatives. The sensitivity Se
and the specificity (or recall) S, are respectively defined as Se = TP/(TP + FN)
and S, = TN/(TN + FP). The additional F;-score metric is also used to validate
the classifier. It is defined as F; = 2pSe/ (p + Se) where p stands for the precision,
defined by p = TP/ (TP + FP).

The predicted classification between healthy adults and pathological cases re-
sults in a sensitivity Se of 100%, a specificity S, of 100% and a F;-score of 100%,
which is efficient to discriminate between classes, especially to distinguish elderly
healthy adults from elderly patients with communicating hydrocephalus. The pre-
dicted classification of non-communicating hydrocephalus results in a sensitivity
Se of 83.33%, a specificity S, of 91.66% and a F;-score of 76.92%, which is a suit-
able result to suspect a non-communicating hydrocephalus (Fig. 3.13). By consid-
ering the spinal subarachnoid volume only, the predicted classification of non-
communicating hydrocephalus results in a sensitivity Se of 83.33%, a specificity Sp
of 95.24% and a F;-score of 90.90%, which may show some interest of the spinal
subarachnoid volume assessment to suspect a non-communicating hydrocephalus;

this remains to be confirmed with a larger number of data.

CONCLUSION

This work uses a recent whole body magnetic resonance imaging sequence that
significantly highlights the cerebrospinal fluid. It provides a volume assessment of
the fluid spaces. The volumes are automatically retrieved through segmentation
and separation steps. These steps use image properties, anatomical and geomet-
rical features, as well as a topological assumption on the entire fluid shape. We
made statistical analyses on entire subarachnoid and ventricular volumes. The re-
sults show that the ratio of the entire subarachnoid space volume to the ventricular
space volume is a proportionality constant (= 10.73) for healthy adults in order to
maintain a stable intracranial pressure. Indeed, communicating hydrocephalus pa-
tients have ratios in the range [0.93,4.61] and non-communicating hydrocephalus
patients have ratios in the range [0.63,0.93]. This result may confirm that this ratio
can be an efficient functional index to distinguish healthy adult people from patho-
logical cases, especially to distinguish elderly healthy adults from elderly patients

with communicating hydrocephalus.
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Figure 3.13 — Resulting partition plot on clinical data by using a linear discriminant analysis
considering three classes: “healthy (H), communicating hydrocephalus (C) and

non-communicating hydrocephalus (N)”.
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N this chapter, we present planar representations called volumetric relief maps,

which are generated from three-dimensional pre-segmented images of the cere-

brospinal fluid within the cortical subarachnoid space. Such maps are visually

interpreted at once and serve to characterize fluid distributions. They may help

experts to provide a diagnosis and monitor patients instantly.

The work exposed in this chapter was presented during the CARS 2013 confer-

ence, held in Heidelberg, Germany. A conference article was published in [97].
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INTRODUCTION

While three-dimensional images provide an abundance of information, their in-
terpretation and processing may be difficult and time-consuming. For example,
analysis of cerebrospinal fluid spaces on magnetic resonance images requires from
experts to browse various slices according to different spatial planes, and occa-
sionally using several magnetic resonance imaging sequences. As reported in [2],
experts have less time for analysis because they have to manipulate a large amount
of image datasets and more patients, which should necessitate more efficient and
effective work environments. In order to help them perform effective diagnosis and
patient monitoring, we propose a two-dimensional image representation, called vol-
umetric relief map. Such a map can be visually interpreted with less difficulty and
automatically processed faster, compared with its associated three-dimensional im-
age. It immediately reports to experts about the cerebrospinal fluid distribution
within cortical subarachnoid space, and is used to estimate its variation compared
with a reference value.

In order to generate such a map, the following three steps are mainly required:
(1) setting an analytically defined surface (i.e., a hemisphere here) that encloses
the object to analyze, and (2) projecting some features of the object (i.e., its vol-
ume here) on the surface; (3) transforming point positions on the surface into those
on a plane. This new representation provides not only qualitative information on
the object volume distribution (visually speaking) but also quantitative one (by us-
ing two-dimensional shape analysis techniques). For characterization of object vol-
ume distributions, we propose to perform a moment-based shape analysis, which
will be routinely exploited and leads to functional parameters. We also show that
these parameters are efficient to discriminate healthy adults from patients affected
by communicating or non-communicating hydrocephalus, and thus verifying at a

glance that the fluid distribution has returned to a “normal state” after a surgery.

RELATED WORK

Production of a two-dimensional map from a three-dimensional object requires
the following two ingredients: (1) an analytically defined surface that encloses the
object to analyze and on which are projected some features; (2) a map projection
technique from the surface to a plane.

Concerning the first ingredient, a sphere or an upper hemisphere is often used

for brain analyses thanks to its shape similarity [71, 74, 145, 171]. Features projected
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on a sphere or a hemisphere are, for example, gray values of the external cerebral
cortex that are retrieved in [71] by using a ray casting method [47, Chapter 13],
while cortex surface curvatures or depths are projected by using a conformal map
in [145, 171].

For the second ingredient, various methods have been studied for a sphere in
cartography, i.e., for generating maps or representing the Earth on a flat surface
(see [16] for a complete description of map projection techniques). In the medical
field, for example, an azimuthal equidistant projection has been applied in [71] for
generating a “cartography” of the cerebral cortex surface. In fact, the azimuthal
equidistant projection simplifies superposition on the map of data extracted from
electroencephalography and magnetoencephalography measurements. Such a map
is then used as an anatomical reference as all points on it are at proportionally
correct distances and directions from the center point.

In this work, we also use an upper hemisphere as enclosing surface, but we
consider the volume of the object projected on surface points, instead of the gray
value of the object [71] or the surface curvature or depth [74, 145, 171]. We then
use a map projection technique that preserves areas, instead of distances, as it
preserves the volume distribution information on the surface (see Section 4.3.3 for

more details).

VOLUMETRIC RELIEF MAP

Suppose the cortical subarachnoid space is pre-segmented, for example, by using
the method presented in Chapter 3. Given its volume data, i.e., a three-dimensional
voxel set, its associated volumetric relief map is generated in the following two
steps. In the first step, we consider an upper hemisphere which is automatically
positioned, such that it encloses the superior part of the segmented cortical sub-
arachnoid space. Every voxel is then projected on the hemisphere so that the inside
voxel distribution can be observed on the surface of the hemisphere. In the final
step, we generate a two-dimensional image by projecting every point on the hemi-
sphere onto a plane. Note that the chosen projection preserves a point distribution
in a similar way between the original one on the hemisphere and the new one on
the plane. The key point is that we preserve the total amount of fluid volume after
the two projections above, and thus in the volumetric relief map. Each step is ex-
plained in details as follows. At the end, some properties of volumetric relief maps

are also presented.
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Automatic positioning of a hemisphere

The aim of the positioning is to prevent any rotation of the cortical subarachnoid
space during image acquisition. First, the hemisphere center is positioned at the
top rear of the cerebral aqueduct, which is a visible structure in the “fluid specific”
magnetic resonance images used in the clinical dataset [69] and whose top rear
position is closest to the posterior commissure. This latter contains the pineal gland,
which is considered as the geometric center of the brain [40]. Thus, what we need
is to locate the cerebral aqueduct automatically from an initial magnetic resonance
image. The method described in Chapter 3 is specific to these images. Note that it
allows us to locate not only the cerebral aqueduct, but also the eyeballs, which will
be used below to set the anatomical reference axes.

After having set the hemisphere center c, its radius is calculated such that it is
superior to the maximum distance from ¢ to voxel points of the cerebrospinal fluid

volume as illustrated in Fig. 4.1.

hemisphere

‘//‘ | ‘1 >
. l\{/<
: \/ "_ p P

eyeball

{ posterior
cerebral | | commissure

aqueduct f

Figure 4.1 — Positioning of the upper hemisphere of center ¢ and radius r to cover the superior

cortical subarachnoid space. Position of eyeballs is also indicated (with dashed circle).

Finally, the base of the hemisphere is set to match the plane that passes through
the hemisphere center and the tops of the eyeball boundaries.

In order to generate a volumetric relief map, we additionally need two orthog-
onal axes crossing at the hemisphere center on its base, which will correspond to
vertical and horizontal axes in a volumetric relief map. The vertical axis is then de-
termined as the intersection between the hemispherical base plane and the bisector
of the tops of the two eyeball boundaries. In practice, the bisector is included in the
longitudinal cerebral fissure and the base corresponds to an axial plane as illus-
trated in Fig. 4.1. Alternatively to this automatic positioning, certainly the manual

setting by experts is also possible for its refinement.
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Voxel distribution on a hemisphere

Once we set the upper hemisphere as above, we generate a voxel distribution on
it as follows. The main idea is that each voxel is considered to have the unit fluid
volume, and this unit quantity is represented by the voxel center. With this consid-
eration, the fluid distribution can be replaced by the voxel center distribution so
that we only need to project voxel centers to the hemisphere.

Let ¢ be the center of the projection hemisphere and r be its radius. We project
each voxel center point v to the hemisphere by drawing a three-dimensional ray [47,
Chapter 14] starting at ¢ and going in a direction (v — ¢) to obtain its intersection
with the hemisphere. This intersection corresponds to the single projected point
of v on the hemisphere, denoted by p(v) as illustrated in Fig. 4.2(a). Note that

different v can have the same projected points p(v) if they are collinear.

Volumetric relief map as a two-dimensional image

All voxel-center points projected on the hemisphere, p(v), are now mapped on
a two-dimensional plane as illustrated in Fig. 4.2(b). As mentioned above, we in-
tend to keep the fluid distribution information, i.e., the distribution of p(v) during
this mapping. Therefore, the Lambert azimuthal equal-area projection is chosen
as it has the following interesting properties: bijection, diffeomorphism, direction
preservation from the point of tangency and area preservation [16, Chapter 3]. In
particular, area preservation is essential since it indicates that we may be able to
have the same number of projected points on the plane in a unit surface area as
that of the original points on the hemisphere in a unit area. The Lambert projec-
tion preserves neither angle nor distance, and thus shapes can be distorted in the
plane by moving away from the point of tangency. However, such distortion is less
observed if the projection is restricted to the hemisphere centered at the point of
tangency (i.e. the upper hemisphere in this paper) as illustrated in Fig. 4.3 [84].
More concretely, the following formulas are applied for each point p(v) =
(x,,z) on the hemisphere, such that (x — cx)> 4+ (y — ¢y)? + (z — ¢z)?> = r* and
z > ¢z, in order to obtain the single two-dimensional point P(v) = (X,Y) in the

disc with center at the origin and radius v/2r:

2r
X = —  (x—cy),
r+z—cz(x Cx)

2r
Y — _— — .
r+z—cz(y cy)

To generate a volumetric relief map which is a two-dimensional image, we dig-

itize the disc obtained by the Lambert projection. Suppose that the disc is digitized
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(d)
Figure 4.2 — Steps of the volumetric relief map generation: positioning the hemisphere of center ¢

and radius r to cover the three-dimensional object (here the superior cortical subarachnoid space)

and projecting each voxel v to its corresponding point p onto the hemisphere using a ray tracing

method (a); mapping each p to its corresponding point P on the two-dimensional plane using the

Lambert azimuthal equal-area projection (b); digitizing the disc [86] in the two-dimensional grid

(N +1) x (N+1) (c); voting each P for a pixel of the disc, then add up the number of associated
voxels for each pixel (d).

Figure 4.3 — Distorsion of Tissot’s circles in a relief map using the Lambert azimuthal equal-area

projection.
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with a square grid of pixel size v/2r/N by using the Gaussian digitization (i.e., a
pixel is considered in the digitized disc if the center point is in the original disc as

illustrated in Fig. 4.4) [86, Chapter 2].

y YA yA

\ \ [
- s Y
M & HEENNNE

o 1 Xo 5 X 0 10 X

Figure 4.4 — Three disks (dashed) and their colored Gaussian digitizations.

The obtained two-dimensional image containing this digitized disc thus has the
support of size (N + 1) x (N + 1) as illustrated in Fig. 4.2(c).

For each voxel center v, its projected point P(v) then votes for the pixel that con-
tains P(v) itself as illustrated in Fig. 4.2(d). The voting procedure associates each
projected point to a single pixel. After this voting procedure for all projected points,
we add up for each pixel the number of its associated voxels, i.e., its associated fluid
volume quantity. Each pixel value of a volumetric relief map corresponds to the
amount of fluid between the chosen center of the cortical subarachnoid space, i.e.,
the top rear of the cerebral aqueduct, and the associated point on the hemisphere.
Briefly speaking, it gives an idea to approximate depths within the subarachnoid

space, e.g., depths of cerebral sulci.

4.3.4 Properties of volumetric relief maps
A volumetric relief map has the following interesting properties:

Property 4.1 Each voxel of a given voxel set is associated to exactly one pixel in the

volumetric relief map.

Property 4.2 The total amount of pixel values in a volumetric relief map is equal to the

total volume of the initial three-dimensional voxel set.

Property 4.2 is straightforwardly obtained from Property 4.1, which is also di-
rectly induced by the voting procedure explained in Section 4.3.3.

Note that the volumetric relief map may be influenced by the two- or three-
dimensional space digitizations. As a matter of fact, the Lambert equal-area pro-
jection helps each pixel to have a similar voxel quantity for a digitized solid-
hemispherical object centered at (cy, Cy, cz) if we do not set N to be too large for the

relief map size, with respect to the resolution of the original volumetric image.
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Let us consider a digitized hemisphere with radius R (unit voxels), whose vol-
ume is thus %TIR3 (unit voxels). Suppose that we make a volumetric relief map
with the same radius R (unit pixels, instead of unit voxels), then Property 4.2 leads
us to the conclusion such that each pixel must be associated to %R (unit voxels), as
the digitized circle region on the volumetric relief map contains 7wR? (unit) pixels
approximately. Figure 4.5 illustrates an example for a digitized hemisphere with
radius R = 40, and its volumetric relief map whose values are around 26.7 almost
everywhere in the digitized circle. In practice, digitization causes some variations
of this value. However, such a digitization influence can be reduced in a volumetric

relief map by applying a Gaussian filter with a small window to the map.

(a) (b)

Figure 4.5 — Volumetric relief map (with size 81 x 81) of a filled hemisphere with radius R = 40.

From this experience, the following observation can be made.

Observation 4.1 The projections of voxel centers in a voxel space are uniformly dis-
tributed in the volumetric relief map if the pixel size of the map is sufficiently large with

respect to the voxel size.

In practice, the pixel size of a volumetric relief map is set not to be excessively
smaller than the voxel size of the original three-dimensional image. Otherwise, we
will have empty pixels in a volumetric relief map, to which no voxel is associated

due to the image digitization.

FLUID VOLUME DISTRIBUTION ANALYSIS

First are described experiments we have carried out to generate volumetric relief
maps in order to visualize the fluid distribution within the superior cortical sub-
arachnoid space. Then, we analyze the fluid distribution from the generated maps
using a moment-based approach. Finally, we perform a statistical analysis on those

fluid distribution results and give some observations on monitoring patients.
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Volumetric relief map generation
Clinical dataset

Volumetric relief maps have been generated from a clinical dataset composed of
74 different subjects (median age: 48 years old; range: 18—91 year olds): 44 healthy
volunteers and 30 patients with hydrocephalus, among which there are 25 commu-
nicating hydrocephalus and 5 non-communicating hydrocephalus. Moreover, eight

of the patients had another image acquisitions after their surgery.

Map generation

After the pre-processing of segmentation of the superior cortical subarachnoid
space as illustrated in Fig. 4.6, we applied to each image of the dataset the method
presented in Section 4.3. The volumetric relief map generation process took place
on a conventional computer (Intel Pentium Dual Core 2.70 GHz / 8 GB main mem-
ory, GNU/Linux 3.8 operating system), and the application was implemented in the

Java programming language using the Fiji software [153].

Figure 4.6 — Three-dimensional image pre-processing, by setting a region of interest (illustrated as
a dashed-line rectangle) based on the positions of eyeballs (in dashed circles), for separating
ventricular and subarachnoid spaces: (a) an axial cross-section of an original image; (b) the

cross-section of the segmented ventricular and cortical subarachnoid spaces, represented
respectively in green and orange; (c) a partial three-dimensional surface rendering of the cortical

cerebrospinal fluid (the subarachnoid space was cut along the midsagittal plane).
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Volumetric relief maps were initialized with a width of 203 pixels, and the ra-
dius of the hemisphere was set to 100 mm. The overall time of image acquisition
including the pre-processing and the map generation is less than 4 min for each
patient: 3 min for the image acquisition, 50 seconds for the pre-processing and
1 second or less for the map generation.

Figure 4.7 shows a volumetric relief map example for a healthy volunteer. The
acquisition in the sagittal plane and the choice of the hemisphere center, both serve
to fix the longitudinal cerebral fissure with the vertical axis and the projection of
the top rear of the cerebral aqueduct with the center of the map. For almost every
healthy adult, the fluid distribution is well distributed on the entire volumetric
relief map with well-filled sulci. The longitudinal cerebral fissure stretches over
most of the height of the map with a high intensity, separating the map in two
balanced regions. Furthermore, the central cerebral sulcus can be located closely
to the horizontal axis and the lateral cerebral fissure is visible near the frontal

boundary of the map with a substantial intensity.

Frontal

fissure

70 mm

0

Occipital
Figure 4.7 — An example of colored volumetric relief map for a healthy adult. Note that the frontal

region is on the upper part of the map and the occipital region is on the lower part of the map. The

longitudinal cerebral fissure separates the map vertically and appears brighter (y-axis).

With moderate training, experts would be able to verify at a glance that the
fluid is well distributed without any depletion, or that it has returned to a nor-
mal state after a surgery. Volumetric relief map examples for communicating and
non-communicating hydrocephalus patients are shown in Fig 4.8. Clearly, we see
different distributions from their corresponding volumetric relief maps. Both pa-

tients have loosed symmetry, but communicating hydrocephalus patient has less
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fluid within the longitudinal and lateral cerebral fissure in particular (Fig 4.8(a)),
whereas non-communicating one has less fluid everywhere, in the center as well

except in the lateral cerebral fissure (Fig 4.8(b)).

Frontal

Occipital Occipital
Figure 4.8 — Colored volumetric relief maps for a communicating hydrocephalus patient (a) and a

severe non-communicating one (b).

Figure 4.9 shows volumetric relief map examples for one patient before (a) and
after (b) a surgery. Before surgery, as observed from Fig. 4.9(a), notice the fluid
depleted regions (black and dark blue colors) on the bottom side of the map and
the reduced and less bright longitudinal cerebral fissure. Those depleted regions
are related to the occipital lobe and posterior parts of both the temporal lobes and
the parietal ones. After surgery, as observed from Fig. 4.9(b), the intensity within
all cerebral sulci increased as the cerebrospinal fluid has recovered its balanced
distribution and depleted regions were restored. Note that, in this case, the longi-
tudinal cerebral fissure does not seem to stretch yet to the entire height with a high

intensity, but clearly elongates more than before.

Volumetric relief maps also serve to estimate depths of cerebrospinal fluid
within cerebral sulci, i.e., sulcal depths by verifying depths of healthy adults in
the clinical dataset. We reported mean depth values of the cerebrospinal fluid
inside main cerebral sulci related to the superior cortical subarachnoid space in
Table 4.1. Those values are consistent with recent works [168, 187]. Furthermore,
Fig. 4.10 shows profiles of the fluid depths, along the medial axis [86, Chapter 3]

of some sulci, retrieved from the relief maps of the patient before and after surgery
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Figure 4.9 — Colored volumetric relief maps for a non-communicating hydrocephalus patient before
(a) and after (b) a surgery. Note that the depleted region (black and dark blue colors) in the bottom
part of the map in (a) is reduced in (b) and the longitudinal cerebral fissure is less bright in (a) than

(b). 1t is also observed that the fluid has recovered a more balanced distribution after surgery.

in Fig. 4.9. If we compare the profiles before and after surgery, their difference

provides the depletion intensity inside a sulcus for a hydrocephalus patient.

Table 4.1 — Assessment of the cerebrospinal fluid depths in main cerebral sulci related to the
superior cortical subarachnoid space, along their medial axis. Each value is represented by (mean +

standard deviation).

Sulcus Class Depth of fluid (mm)
healthy 55.32 £ 14
central cerebral i
pathological 29.14 +15
healthy 55.19+16
precentral i
pathological 34.88+9
healthy 63.88 £ 18
postcentral i
pathological 3513+ 14
. healthy 5812+ 17
superior frontal i
pathological 4495+ 15
, , healthy 57.28 + 21
intraparietal .
pathological 26.01 £15




Chapter 4. Fluid distribution in the cortical subarachnoid space

Frontal

(a) right central sulcus (b) right postcentral sulcus
o
o 3
T i— pre- 8 - — pre-—
T 8 T — post-
£ g 7
£ S| =
o © £ o |
a a ©
CHCR g
° p=l
2 ] 2 g
o A o 4
T T T T T T T T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100
distance from longitudinal cerebral fissure (mm) distance from longitudinal cerebral fissure (mm)
(c) right superior frontal sulcus (d) right intraparietal sulcus
o
AN o |
—_~ - —_ ©
IS IS
é o | é 8 T
£ © £
& 3 S 9
© ©
T 91 z .
2 S 2 «
o o
T T T T T T T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80
distance from precentral sulcus (mm) distance from postcentral sulcus (mm)

Figure 4.10 — Examples of the fluid distribution depths along some cerebral sulci for a
communicating hydrocephalus patient before and after surgery (Fig. 4.9). Considered cerebral sulci
are: right central cerebral sulcus (a), right precentral sulcus (b), right superior frontal sulcus (c)
and right intraparietal sulcus (d), each of which is drawn as a white curve starting at an orange

circle to a green square.
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Moment-based analysis of the fluid distribution

In order to assist experts to confirm their visual analysis of volumetric relief maps,
we extract geometric characteristics of a fluid distribution from each map using a

moment-based approach.

Notions of moments

Moments, first introduced by Hu [73], provide efficient descriptors to represent a
shape, and have been widely used in medical image analysis applications such as
to describe cerebral sulci in [109] or to characterize cerebral aneurisms [121]. In this
study, we use two-dimensional geometric moments to characterize a fluid distri-
bution in the superior cortical subarachnoid space. A complete study of moment-
based techniques can be found in Flusser et al. [46].

Considering a two-dimensional digital image g(x,y) of size N x M, the moment

myg of order p + g is defined as:

M—1N-—
Mpg = Z Z xPylg(x,y).

Basic features of a shape can be computed from low-order moments as follow.
The zeroth order moment m clearly represents the total mass of the distribu-
tion function g(x, ).
The two first order moments m7y and m; are used to calculate the coordinates
of the center of mass C = (Cy, Cy) such that

If an object is positioned such that its center of mass is coincident with the origin,
namely C, = 0 and C, = 0, then the moments are also called central moments, and
denoted by ;. Here, we use the central moments by translating all the coordinates
(x,y) by —C = (—Cy, —Cy) for more than one order moments.

The second order central moments, pq2, #11 and oo, sometimes called moments
of inertia, are used to calculate the principal axis of the image, around which there
is the minimum second moment. More concretely, the moments determine the co-
H20 K11

i1 Ho2
ing eigenvalue that has the largest absolute value, the orientation of the principal

variance matrix ( >, and by using the eigenvector with the correspond-

axis can be obtained. This orientation is given relative to the x-axis and can be also

calculated directly from:
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0= 1 arctan A
2 H20 — Ho2

The two third order central moments, uzg and o3, describe the skewness of
the image projections to the x- and y-axes, respectively, each of which measures a
distribution’s degree of deviation from symmetry about the center of mass on the

axis. The coefficients of skewness are given by:

Sky = 120 and Sky = 120
Hoo oz

Moment-based features of synthetic relief maps

Relevance of using low-order geometric moments was tested on synthetic volu-
metric maps (f; to fs) initialized with the same width (203 pixels) as illustrated
in Fig. 4.11. These relief maps depict distributions that may be observed for the
cerebrospinal fluid within the superior cortical subarachnoid space: f; represents a
control (or “healthy adult”) distribution while the others reflect different patholog-
ical distributions. Distributions of centers of mass and skewnesses are respectively

shown in Fig. 4.12 and 4.13, and orientations are given in Table 4.2.

Figure 4.11 — Examples of synthetic volumetric relief maps (f1 to fe). f1 is a control distribution

and f, to fe reflect different pathological distributions.

It is observed that the control distribution f; (green square) has a center of
mass located at the origin, its skewness coefficients are all zero and its orientation
is 90 degrees. On the other hand, the other distributions (f, to fs) have scattered
centers of mass illustrated in red circles, with moderate skewness coefficients and

different orientations.
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Figure 4.12 — Distribution of the centers of mass for synthetic volumetric relief maps (f to fe).

The control distribution fy is represented by a green square and distributions f, to fe by red circles.
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Figure 4.13 — Distribution of skewnesses for synthetic volumetric relief maps (f1 to fe). The

control distribution fy is represented by a green square and distributions f, to fe by red circles.
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Table 4.2 — Orientations calculated from synthetic volumetric relief maps (f1 to fe).

Image fi f f3 fa fs fe
Orientation (degrees) | 90 90 | —45.74 | 13346 | 178.71 | 1.28

Moment-based features of the fluid distribution

Quantitative assessments on the clinical dataset were carried out by calculating low
order geometric moments for each volumetric relief map, i.e., the center of mass,
principal axis and skewness coefficients. Results are summarized in Table 4.3.

First, the resulting distribution of centers of mass for healthy adults and patho-
logical cases is shown in Fig. 4.14. Regarding the distribution, healthy adults have
the average center of mass close to the relief map center. In contrast, every hydro-
cephalus patient has a fluid distribution more or less depleted in the posterior and
lateral regions of the brain, with larger deviations around the longitudinal cerebral
fissure than healthy adults. This confirms the visual analysis, which indicates the
decrease of cerebrospinal fluid inside sulci as shown in Section 4.4.1. The relative
change of the averages of centers of mass between healthy adults and patients is
—80% along the vertical axis of the map.

Concerning distributions of principal axes for healthy adults and pathologi-
cal cases, both of their averages are almost along the longitudinal cerebral fissure
and are oriented towards the frontal region; there are very few patients who have
orientations differing from that of the longitudinal cerebral fissure. This indicates
that the principal axis, i.e., the fluid distribution orientation, may not be a relevant
discriminant factor when volumetric relief maps are used. Compared to the prin-
cipal axis of an original three-dimensional image, we may lose the depth informa-
tion that is different between healthy adults and hydrocephalus patients. Indeed,
healthy adults tend to have their major axes oriented towards the frontal regions
parallel to an axial plane, while major axes of patients also tend to be oriented to-
ward the frontal regions but slightly decline to their lower parts; it is obvious that
this distinction is impossible when volumetric relief maps are used.

Finally, the skewness coefficients exhibit that the fluid distribution has a low
degree of deviation from symmetry about the center of mass for a healthy adult.
On the other hand, hydrocephalus patients have moderate asymmetry towards the
frontal region of the longitudinal cerebral fissure, indicated by negative skewness
coefficients Sk,,. Differently from Sky, Sky varies in signs. Furthermore, the sign of
Sky seems to depend on the sign of Cy of the center of mass (Cx, Cy); Skx < 0 if
Cx > 0 and Sky > 0 if Cx < 0. In fact, Fig. 4.15 illustrates that the absolute value
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of each skewness coefficient increases with respect to the distance from the center
of mass to the average center of mass of healthy adults. Let d be the distance from
each center of mass (Cy, Cy) to the average center of mass of healthy adults. Given a
set of the skewness coefficients Skx and Sky, as well as a set of associated distances
d, we make polynomial regression that fits a nonlinear model to them. This results

in the following quadratic models using an ordinary least squares method [94]:

Sky = —0.01134 +0.00024> if C, >0,
Sk, = 0.0134d — 0.00024> otherwise,

Sky = —0.04484 + 0.00054°.

From these models, we can conclude that asymmetry of fluid distribution in-
creases with depletion in the posterior regions of the brain if the fluid is increas-

ingly concentrated in the frontal part of the longitudinal cerebral fissure.

Table 4.3 — Means with standard deviations of the low order moment-based features calculated

from volumetric relief maps for healthy adults and pathological cases, respectively.

Order Feature Class Value
healthy 237 + 51
) volume (cm?) .
pathological 200 + 83
healthy Cx =0.7040.77; Cy = 2.33 £ 2.70
1 center of mass (mm) ]
pathological Cx=091+£271;Cy = 12.75 £ 547
healthy 0=92+7
2 orientation (degrees) i
pathological 0 =94+51
healthy |Skx| = 0.03 4 0.02; Sky = —0.08 £ 0.09
3 skewness i
pathological | |Sky| = 0.09 £0.06; Sky = —0.42 £0.21

In summary, the center of mass and the skewness, to a lesser extent, could be
both relevant discriminant factors to distinguish between healthy adults and hy-
drocephalus patients. Furthermore, we corroborated these results, i.e., the average
center of mass and skewness for healthy adults, with those obtained with healthy
volunteers from the OASIS dataset [113].

Descriptive discriminant analysis

A descriptive discriminant analysis [65] was performed on the clinical dataset using
the coordinates of centers of mass as the input variables. The software package R
[140] was used for this analysis.
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Figure 4.14 — Distribution of the centers of mass for the clinical dataset with its descriptive
discriminant analysis. The dotted line (Cy = 0.161Cx + 8.39), resulting from the discriminant

analysis, indicates the limit values from which the centers of mass can be distinguished between
healthy adults and hydrocephalus patients. Healthy adults have an average center of mass Cy close
to the relief map center (bottom blue triangle). In contrast, hydrocephalus patients have fluid
distributions depleted in the posterior region of the brain, with larger deviations around the
longitudinal cerebral fissure than healthy adults (the average is illustrated by the top yellow
triangle; the centers of mass for non-communicating hydrocephalus patients are distinguished from

those for communicating ones by red non-filled circles).



4.4. Fluid volume distribution analysis

0.2

0.1

Sky
0.0
|

distance to Cy (mm)

0.0
!

Sky
-0.2

-0.4

-0.6

0 5 10 15 20 25
distance to Cy (mm)

Figure 4.15 — Evolution of the skewness coefficients Sk (top) and Sky (below) relatively to the
distance d to the average center of mass for healthy adults Cy. The quadratic regression between
Sky and d gives: Skyx = —0.0113d + 0.0002d? if Cy > 0 (dashed line), Sky = 0.0134d — 0.00024>
if Cx < 0 (solid line), and the one between Sky and d gives: Sky = —0.0448d + 0.000542.
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We consider two classes: healthy adults and pathological cases (containing com-
municating and non-communicating hydrocephalus cases). The Wilks” lambda was
significant (= 0.2114) with the p-value of 2.2¢ — 16. Thus, with a significance level
of 0.001, this test indicated that the coordinates of centers of mass differentiated
between healthy adults and pathological cases.

The distinction between pathological cases and healthy adults results in 100%
for all of sensitivity Se, specificity S, and F;-score. This analysis is efficient to dis-
criminate between the above two classes; it remains to be confirmed with a larger

number of data.

Monitoring of patients

Figures 4.16 and 4.17 respectively show the distribution of centers of mass and
the evolution of the skewness coefficients for eight patients who had magnetic
resonance image acquisitions before and after their surgery. We observe that all
patients after surgery have their centers of mass recovered to acceptable values and
that their skewness coefficients have decreased following the models presented in
Section 4.4.2. The predicted classification between patients before and after surgery
is performed by using processed data in Section 4.4.3 as a training set for the linear
discriminant analysis. This results in 100% for all of the sensitivity Se, specificity
Sp and Fj-score, and indicates its efficiency to discriminate between the classes and
also to perform patient monitoring before and after surgery. Certainly, this remains

to be confirmed with a larger number of data.

CONCLUSION

This chapter used pre-segmented magnetic resonance images of the cerebrospinal
fluid, and introduced a two-dimensional image representation of the fluid volume
distribution within the superior cortical subarachnoid space, called a volumetric
relief map. Volumetric relief maps are automatically retrieved through ray tracing
and map projection techniques from a volume data. Maps provide efficient repre-
sentations that are used to visualize, at a glance, a complex structure such as a fluid
volume distribution within the cortical subarachnoid space. We also show that fea-
tures of the fluid distributions on maps are extracted using image moments in low
orders. In particular, volumetric relief maps show that distributions are balanced
for healthy adults, i.e., their centers of mass are close to the relief map center and

their skewnesses hovers around zero. In contrast, hydrocephalus patients have fluid
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Figure 4.16 — Monitoring of the centers of mass for pre- and post-surgery patients. The dotted line
(Cy = 0.161Cx + 8.39), resulting from the discriminant analysis, indicates the border by which
the centers of mass for the two classes (healthy adults and patients) can be separated. It follows that

each patient has recovered a normal state after the surgery.
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distributions depleted in posterior regions of their brains with various asymmetries
that increase with depletion, and that are oriented towards the frontal part of the
longitudinal cerebral fissure. Indeed, the relative change of the averages of the cen-
ters of mass between healthy adults and patients is —80% along the vertical axis
of the map. This result confirms that the above two moment-based features can
be efficient discriminant factors to distinguish between healthy and pathological
cases. This tool also allows to monitor a variation of the cerebrospinal fluid distri-
bution within the superior cortical subarachnoid space, before and after surgery,

on a patient suffering from hydrocephalus.
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OLUMETRIC relief maps serve to visualize and to characterize the cerebrospinal

fluid volume distribution within the superior cortical subarachnoid space.

However, such method disregards topological characteristic of the fluid, particu-

larly within the cerebral sulci network. In this chapter, we suggest an additional

method to focus on the fluid network within the cortical subarachnoid space.
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INTRODUCTION

In Chapter 4, we proposed volumetric relief maps as a visualization and charac-
terization tool. However, such map does not reflect any topological structure of
the fluid distribution, despite its effective visualization of the geometric projection
information. For example, with such a naive spherical projection, we obtain vol-
umetric relief maps as shown in Fig. 5.1. Even if the two synthetic images have
different topological structures inside the hemisphere, their distinction is doubtful

by observing only those maps.

Figure 5.1 — Comparison of two synthetic images with their respective colored volumetric relief
maps: image with two connected branches (a) and its associated map (c); image with a disconnected

branch (b) and its associated map (d).

To take into account such topological information and to afford analysis of the
fluid network, we use a geodesic distance defined only in the fluid region instead of
the Euclidean distance defined in the whole space. Figure 5.2 illustrates Euclidean
(dashed line) and geodesic (solid line) distances between points A and B in the
cerebrospinal fluid.

Geodesic distance has been widely used in the medical image computing field.
Although its main application remains segmentation [8, 136], it is also used to
facilitate virtual endoscopy [34] and to perform parcellation of cortical brain from
functional magnetic resonance imaging [45, 170]. In this work, we aim to study
the cerebrospinal fluid network around the brain and within its sulci. Geodesic
distance is used to trace every voxel in the fluid region from points close to the
periphery of the fluid, called “seeds” in this chapter.

In Section 5.2, we present the voxel labeling method that performs geodesic
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Figure 5.2 — Geometric (dashed line) and geodesic (solid line) distances between points A and B in

the cerebrospinal fluid.

propagation from one or more seeds located close the periphery of the fluid. Then,
we observe fluid propagations from those seeds chosen as “fluid sources” in Sec-
tion 5.3, using volumetric relief maps for visualization. We show visual results for
a healthy adult and a hydrocephalus patient before and after surgery. Section 5.4
is devoted to studying deep fluid pathways rather than network. Given a three-
dimensional volume data of the cerebrospinal fluid within the superior cortical
subarachnoid space, we introduce an additional two-dimensional image represen-
tation, called geodesic relief map, obtained with an automatic geodesic propagation

from homogeneously distributed seeds.

VOXEL LABELING BY GEODESIC PROPAGATION FROM SEEDS

Let D be a set of seeds located within the fluid region V and close to its periphery
for example. Assuming that each valid seed s € D has a different label, every label
is then diffused in voxels v € V by considering a geodesic distance between the
seed s and v as follows.

Let P = (v1,v2,---,Vn) be a path between voxels v1 and vy in V, such that v;
and v;, 1 are adjacent (6-, 18- or 26-adjacent) fori € {1,2,--- ,n—1},and v; € V
for all i. In this work, we set the length of P, I(P) to be n — 1, i.e., the number
of edges of the adjacency graph. Let us consider the set IT(u,v) of all the paths
between u and v in V. Then, the geodesic distance between u and v is defined by

d(u,v) = Pe%l(rx},v) 1(P).
The path that has the minimum length is called the “shortest path”. There may be
several shortest paths for given u and v [25, Chapters 24, 26].

Now let us consider for each voxel v € V such that the seed s € D provides

a shortest path to v. In fact, we attribute the label of the closest seed, in the sense

of the geodesic distance defined above, to each v € V as shown in Fig. 5.3(a).
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Note that there may be several seeds that have the same geodesic distance to v
as illustrated in Fig. 5.3(b); in this case, we accept to attribute all the labels to v

(multi-labeling), by setting the set of seeds having the shortest paths to v by

M(v) = argmind(v, s).
scD

Figure 5.3 — Voxel labeling using geodesic propagation from seeds with a unique minimum
distance d; < d; (a), or more equal minimum distances d; = d; (d).

This multi-labeling does not cause any problem whereas the interest is not to
realize a segmentation but plainly to associate voxels to seeds or distances them-
selves. For each voxel v € V, we can define a distance Dis(v) = mingep d(v,s)
which is called a geodesic distance map. For computing such geodesic voxel prop-
agation from seeds, we currently use an algorithm which is similar to the classical
fast marching algorithm based on front propagation presented in Sethian [155],
or the Dijkstra algorithm [25, Chapter 24]. As we have a set of seeds and take a
graph-based approach, the computation can be made more efficiently by using the

framework of image foresting transform [43].

FLUID PATHWAYS FROM SEEDS AS “FLUID SOURCES”

In this section, we observe the fluid propagation pathways from a given single
seed chose close to arachnoid granulation areas along the longitudinal cerebral
fissure, and from several seeds located on the boundary of the hemisphere basis
and then projected onto the cerebrospinal fluid volume. Geodesic distance maps
are calculated from initial regions, i.e., the single seed or set of seeds, by using the
previous voxel labeling technique. Distance maps are then thresholded at each unit

distance to get binary images, for which we generate volumetric relief maps.

Seeds setting and geodesic propagation

As discussed in Chapter 2, the cerebrospinal fluid circulates from the ventricu-

lar space to the superior cortical subarachnoid space where it is drained through
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arachnoid granulations. We might be tempted to limit the fluid propagation anal-
ysis to the set of seeds located on the boundary of the hemisphere basis. However,
such seeds compete while searching pathways so they may provide average infor-
mation about propagation. For this reason, we first use a single seed positioned
farthest from all actual fluid sources, that is to say close the projection of the pole

of the hemisphere.

Single seed initialization

A single seed s is initialized as a “fluid source” by the user, directly on the initial
three-dimensional image of the cerebrospinal fluid volume, or by selecting a pixel
in the target relief map (see Section 5.4). In the following examples (Fig. 5.5 and 5.7),
the seed is initially chosen close to the projection of the center hemisphere, closely
to fluid flow outputs, i.e., arachnoid granulations areas (see [57] for localization of

arachnoid granulations in the superior cortical subarachnoid space).

Several seeds initialization

Under normal conditions, it is known that the fluid flow follows a reverse prop-
agation from the inferior regions of the cortical subarachnoid space to arachnoid
granulations located along the longitudinal cerebral fissure [57]. According to this,
we automatically initialize a set of N seeds s; (i = 1 to N) as “fluid sources” as fol-
lows. As illustrated in Fig. 5.4, seeds are positioned on the boundary of the upper
hemisphere basis and are projected to the cerebrospinal fluid volume by using the

same technique detailed in Section 5.4.1.

Figure 5.4 — Initialization of seeds on the bottom periphery of the cortical subarachnoid space

before geodesic propagation.
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Geodesic distance map

A geodesic distance map is then computed from the initial regions, i.e., the single
seed or set of seeds, by iteratively perform a voxel labeling (see Section 5.2) on the

26-neighborhood of the considered region.

Visualization using volumetric relief map

We produce a series of volumetric relief maps such as a series of thresholded im-
ages obtained from the geodesic distance maps by increasing the distance threshold
from zero to its maximum value within the fluid.

Figures 5.5 and 5.6 show sequence examples of the cerebrospinal fluid prop-
agation for a healthy adult, respectively from a single seed located closely to the
top projection of the hemisphere (white arrow), and from several seeds uniformly
positioned along the boundary of the hemisphere basis. Sequences interval in the
tigures is ten. The front propagation [155], which is a set of voxels with threshold
distance, is highlighted in hot orange. We observed that, for healthy adults, the
fluid propagates uniformly in every direction from the chosen seeds, filling cere-
bral sulci first, then spaces among them as shown in Fig. 5.5 and 5.6. Regardless the
selection of seeds, larger cerebral sulci, especially the longitudinal cerebral fissure,
seem predominant while fluid propagation steps as illustrated by red arrows.

In contrast, we noted that for hydrocephalus patients, an asymmetrical diffu-
sion occurs mainly along the entire longitudinal fissure when propagating from a
single source as shown in Fig. 5.7(a). Figures 5.7(a) and 5.8(a) respectively show
a discontinuous front propagation and reflect the gradually and oscillatory prop-
agation process, from a single seed, and from several sources. After surgery (see
Fig. 5.7(b) and 5.8(b)), patients recover a more consistent front propagation from
the chosen seeds.

Figures 5.9 and 5.10 illustrate the evolution of centers of mass and orientations
for sequences of the fluid distribution from a single seed shown in Fig. 5.5 and
5.7 (a, b). For the healthy adult (dashed blue line), the initial seed was set slightly
above the center of the map along the longitudinal cerebral fissure. We observe
that the center of mass and orientation are smoothly adjusted to their final values.
On the contrary, the hydrocephalus patient before (red line) and after (green line)
surgery has his initial seed located substantially below the center of the map. This
initial position is set in the region corresponding with healthy adults as shown in
Chapter 4. In the previous chapter, we also reported that hydrocephalus patients

are characterized by a center of mass shifted towards the frontal region and with
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Figure 5.5 — Colored volumetric relief map sequence illustrating propagation within cerebrospinal
fluid from a seed located close to the top projection of the hemisphere (white arrow) for a healthy
adult. The sequence begins at a distance d = 0 with an increment of 10, and the front propagation
is colored in hot orange. Larger cerebral sulci, particularly the longitudinal cerebral fissure, are

predominant in the fluid propagation (red arrows).

Figure 5.6 — Colored volumetric relief map sequence illustrating propagation within cerebrospinal
fluid from several seeds located on the boundary of the relief map for a healthy adult. The sequence
begins at a distance d = 0 with an increment of 10, and the front propagation is colored in hot
orange. Larger cerebral sulci, particularly the longitudinal cerebral fissure, are predominant in the

fluid propagation (red arrows).
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Figure 5.7 — Colored volumetric relief map sequences illustrating single seed propagation within
cerebrospinal fluid from a seed located close to the top projection of the hemisphere center for a
hydrocephalus patient (white arrow) before (a) and after (b) surgery. Each sequence begins at a

distance d = 0 with an increment of 10, and the front propagation is colored in hot orange.
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Figure 5.8 — Colored volumetric relief map sequences illustrating propagation within cerebrospinal
fluid from several seeds located on the periphery of the relief map for a hydrocephalus patient before
(a) and after (b) surgery. Each sequence begins at a distance d = 0 with an increment of 10, and

the front propagation is colored in hot orange.
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moderate skewness coefficients. Evolutions of the center of mass and orientation
for the patient before surgery confirm this prior characterization. Furthermore,
these evolutions also corroborate the previous visual analysis of gradually and
oscillatory propagation process caused by the search of fluid pathways. Finally,
we noticed that the maximum distance for the fluid to propagate to the entire
space from a single seed, or several ones, is larger by approximately one-third for
hydrocephalus patients than for healthy adults. After surgery, patients return to
similar propagation steps than healthy adults.
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Figure 5.9 — Evolution of the fluid distribution center of mass using geodesic propagation from a
single seed, for a healthy adult (blue dashed line) and a hydrocephalus patient before (red line) and

after (green line) surgery.

DISTRIBUTION OF DEEP FLUID PATHWAYS FROM HOMOGE-

NEOUSLY DISTRIBUTED SEEDS

In this section, we observe the fluid propagation from a set of homogeneously
distributed seeds automatically generated on a targeted relief map. This results
in two-dimensional digital images, called geodesic relief maps, which inform on the

topological structure of the cerebrospinal fluid network and the distribution of
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Figure 5.10 — Evolution of the fluid distribution orientation using geodesic propagation from a
single seed, for a healthy adult (blue dashed line) and a hydrocephalus patient before (red line) and

after (green line) surgery.

deep fluid pathways within the fluid network. This distribution may also be char-

acterized as volumetric relief maps using a moment-based analysis (see Chapter 4).

Seeds setting
Generating points in a two-dimensional plane

A geodesic relief map is defined as a two-dimensional digital image of size
(N+1) x (N +1) that contains a digitized disc positioned at the image center
with the maximum radius. This disc is used later for mapping points from a two-
dimensional plane to the hemisphere that covers the superior cortical subarachnoid
space. Here, we focus on how to generate relief map points as sampling points on
the planar image. In fact, the center point of every pixel in the digitized disc is con-
sidered to be a geodesic relief map point, so that the size of a map and the radius of
the contained disc automatically provide us the two-dimensional coordinates of all
relief map points P = (X, Y) on the grid. To simplify the successive explanations,
we set the radius of the disc to be /27 so that the square grid length (i.e., pixel size)
is considered to be ZT‘/EV as illustrated in Fig. 5.11(a). Note that all pixel values of

this two-dimensional image are initialized to be zero.

Mapping seeds from the plane onto the hemisphere

All the geodesic relief map points P on the plane are now projected on an upper
hemisphere. For this aim, we use the inverse of the Lambert azimuthal equal-area
projection [16, Chapter 3].

The following formulas are applied for each point on the plane P = (X,Y)

located in the disc with center at the origin and radius \/2r to obtain the corre-
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sponding three-dimensional coordinates p = (x,y,z) on the upper hemisphere
such that (x —cx)?+ (y —¢y)* + (z—cz)> =r* and z > ¢z

X2 +Y?
X2+ Y?
y = 2r — TY -+ Cy,
X2 +Y?
z = r— + + c5.
2r

With those formulas, the geodesic relief map points P in the disc with center
at the origin and radius /2r are projected on the upper hemisphere with center at

the origin and radius r, as illustrated in Fig. 5.11(b).

Moving seeds on the superior subarachnoid space

Generated points are now on the upper hemisphere, but not yet in a given volume
data V of the cerebrospinal fluid. In order to apply a geodesic propagation method
for voxel labeling from seeds, those seeds must be in this fluid region V. In this
perspective, we draw a three-dimensional discrete ray from each point p toward
the hemisphere center ¢ by using a technique of discrete ray traversal proposed in
Yagel et al. [185]. This allows to find the first discrete seed s along this discrete ray,
which belongs to V' as the new seed position as illustrated in Fig. 5.11(c, d). Such
a discrete ray can be defined depending on connectivity of voxels [23], and in this
chapter we choose the 26-connectivity as we know that the pre-segmented fluid
region V is 6-connected.

When a discrete ray, drawn from a point p, does not encounter any voxel of
V, we say that p is not valid and ignore it for the following procedure. It may
also happen that a discrete ray finds s located far inside the hemisphere as for
some pathological cases. In order to avoid such a case, we define an allowed search

depth from an encompassing ellipsoid.

Generating a geodesic relief map

We finally obtain a geodesic relief map as a two-dimensional image as follows. As
each pixel corresponds to a seed s € D, for each seed s, we first obtain the set of

voxels that are associated to s such that

A(s) ={v:s e M(v)}.
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Then, we count the number of associated voxels to s by considering the multi-

labeling such as ) ,ca(s) |MlT)| This value corresponds to the pixel value of a
geodesic relief map, which indicates a “depth” of the fluid region projected on the
hemisphere by using a geodesic metric as shown in Fig. 5.11(c, d). The geodesic
relief map has the property that the total amount of “depths” in the map is equal

to the volume of the initial three-dimensional voxel set.

N+1 pixels

Figure 5.11 — Steps of the geodesic relief map generation: generating points P in a
two-dimensional grid (a); mapping points P from the plane to their corresponding points p onto the
hemisphere using the inverse Lambert azimuthal equal-area projection (b); moving points on the
superior cortical subarachnoid space using a discrete ray tracing technique and labeling voxels by
geodesic propagation from seeds with a unique minimum distance d; < d; (c), or equal minimum
distances d; = d; (d).

Deep fluid pathways distribution analysis
Synthetic Images

Validation of the current method was performed on the two synthetic images in
Fig. 5.1(a, b). Unlike volumetric relief maps in Fig. 5.1(c, d), geodesic relief maps
serve to highlight the topological structure of objects to distinguish clearly between
them as shown in Fig. 5.12. Thus, a geodesic relief map provide us a “topological

signature” of objects.
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Figure 5.12 — Comparison of the two colored geodesic relief maps of synthetic images from Fig. 5.1

with two connected branches (a) and a disconnected branch (b).

Geodesic relief map generation

Geodesic relief maps were generated using the same clinical dataset, settings and
materials than for volumetric relief maps in Chapter 4. Maps were initialized with
a width of 203 pixels, and the radius of the hemisphere was set to 100 mm. The
overall time of image acquisition including the pre-processing and the map gener-
ation is less than 5 min for each patient: 3 min for the image acquisition, 50 seconds
for the pre-processing and 20 seconds or less for the map generation.

Figure 5.13 shows a geodesic relief map example for a healthy volunteer using
a 26-connectivity. For almost every healthy adults, deep fluid pathways, i.e., seeds
that have been most propagated through the cerebrospinal fluid volume, are dis-
tributed over the entire map, particularly along the longitudinal cerebral fissure
and most larger sulci.

Figure 5.14 shows geodesic relief map examples for one patient before (a) and
after (b) a surgery. Before surgery, as observed from Fig. 5.14(a), notice regions de-
pleted of deep fluid pathways and the strong asymmetry. Those depleted regions
are related to the occipital lobe and posterior parts of both the temporal lobes and
the parietal ones as noticed for volumetric relief maps, but they may also be related
to the frontal lobe. After surgery, as observed from Fig. 5.14(b), the number of deep
fluid pathways has increased and such pathways recovered a more balanced distri-
bution, mainly along cerebral sulci. Furthermore, the deep fluid pathways localiza-
tion can be superimposed to the corresponding volumetric relief map, to indicate

regions, mostly sulci, that have largest fluid pathways as shown in Fig. 5.15(a, b).

Moment-based analysis of geodesic relief maps

Similarly to volumetric relief maps, we extract geometric characteristics from each
geodesic relief map by using a moment-based approach as explained in Sec-

tion 4.4.2. The distribution of centers of mass for healthy adults and pathological
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Figure 5.13 — An example of colored geodesic relief map for a healthy adult. The longitudinal

cerebral fissure separates the map vertically and shows several deep fluid pathways.
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Figure 5.14 — Colored geodesic relief maps for a non-communicating hydrocephalus patient before
(a) and after (b) surgery. Note that deep fluid pathways have recovered a more balanced distribution

after surgery.
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Frontal Frontal

Figure 5.15 — Colored volumetric relief maps, with superimposed deep fluid pathways from
geodesic maps, for a non-communicating hydrocephalus patient before (a) and after (b) surgery.
Larger deep fluid pathways are surrounded by red circles. Note that deep fluid pathways have

recovered a more balanced distribution after surgery.

cases is similar to that in Chapter 4, which seems to confirm previous classification

results (see Fig. 5.16). Results are summarized in Table 5.1.

Table 5.1 — Means with standard deviations of the low order moment-based features calculated

from geodesic relief maps for healthy adults and pathological cases, respectively.

Order Feature Class Value
healthy 237 + 51
0 volume (cm?) i
pathological 200 £ 83
healthy Cx =23+245;Cy = —0.69+8.33
1 center of mass (mm) i
pathological Cx=195+23;Cy = 16.64 +8.47
i . healthy 6 = 88 +48
2 orientation (degrees) i
pathological 6 =86 +51
healthy |Skx| = 0.03 +0.03; Sky = —0.03 +0.15
3 skewness i
pathological | |Sk«| = 0.02 £0.13; Sky = —0.5+0.14

5.5 CONCLUSION

The work presented in this chapter, still at a preliminary stage, suggested using
geodesic propagation from one or more seeds within the cerebrospinal fluid in the
superior cortical subarachnoid space. The result of propagation from one or several

seeds can be combined with volumetric relief maps to track fluid pathways. By con-
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Figure 5.16 — Distribution of the centers of mass for the clinical dataset with its descriptive
discriminant analysis. The dotted line (Cy = 0.1245Cx + 8.04), resulting from the discriminant
analysis, indicates the limit values from which the centers of mass can be distinguished between

healthy adults and hydrocephalus patients. Healthy adults have an average center of mass Cy close
to the relief map center (bottom blue triangle). In contrast, hydrocephalus patients have their deep
fluid pathways distribution depleted in most regions, with larger deviations around the longitudinal

cerebral fissure than healthy adults (the average is illustrated by the top yellow triangle).
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sidering homogeneously distributed seeds on a targeted relief map, we obtained a
complementary two-dimensional image representation to volumetric relief maps,
called geodesic relief maps. Similarly to volumetric relief maps, geodesic maps can
be used to visualize, characterize and analyze the cerebrospinal fluid distribution
within the cortical subarachnoid space. In addition, they show the distribution of
deep fluid pathways which provide information to distinguish between healthy
adults and pathological cases.

In complementary works about the cerebrospinal fluid network analysis within
the superior cortical subarachnoid space, it may be interesting to consider not only
fluid sources, but also sinks. So it could be helpful to formalize the problem as a
maximum flow problem [25, chap. 26], to better understand and characterize not

only fluid structure, but also volumetric flow rate and flow velocity information.






6.1

CONCLUSION AND PERSPECTIVES

CONTRIBUTIONS

This work is devoted to the development of computational methods for medical im-
age analysis and diagnosis which concern the study of cerebrospinal fluid volumes.
From a medical point view, our results provided physiological characteristics about
the fluid volumes equilibrium with respect to a steady state intracranial pressure.

The first contribution of this thesis is the analysis of cerebrospinal fluid volumes
from a recent “tissue specific” whole body magnetic resonance imaging sequence.
We proposed an automatic segmentation method of the entire cerebrospinal fluid
from these particular whole body images, by making use of a topological model
of the fluid shape as well as image properties. The total volume was separated
into ventricular and subarachnoid spaces by considering morphological character-
istics of the fluid in different regions. These segmentation and separation methods
helped to process a large number of images, and allowed to extract a functional
index to describe the intracranial pressure steady state. We showed that the ra-
tio of the total subarachnoid space volume to the ventricular space volume is a
proportionality constant for healthy adults, in order to maintain a stable intracra-
nial pressure, whereas it decreases significantly for pathological cases suffering of
hydrocephalus.

In the second part of this work, we investigated on the cortical subarach-
noid space from a structural point of view. We first proposed the fast two-
dimensional visualization method that generates volumetric relief maps from the
three-dimensional pre-segmented images of the superior cortical subarachnoid
space. Volumetric relief maps are used to visualize and characterize the fluid vol-
ume distribution within the subarachnoid space as previously mentioned. They
were efficiently used for the clinical diagnosis of hydrocephalus and monitoring of
patients before and after surgery. Despite its effectiveness, such method disregards
topological characteristic of the fluid, particularly within the cerebral sulci network.

In a second step, we suggest an additional method that takes into account the fluid
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network topology within the superior cortical subarachnoid space. The method can
be combined with volumetric relief maps, in order to visualize fluid pathways from
one or more given seeds within the cerebrospinal fluid volume. Furthermore, it
can be also used to produce geodesic relief maps from homogeneously distributed
seeds located on the hemispherical periphery closed to the cranium. Similarly to
volumetric relief maps, geodesic relief maps visualize, characterize and analyze
the cerebrospinal fluid distribution within the cortical subarachnoid space as a
two-dimensional image. Note that they also indicate the distribution of deep fluid

pathways from a given seed set.

LIMITATIONS

The volumes assessment technique presented in Chapter 3 is closely related to
the 3D-SPACE image characteristics as well as the correct extraction of structures
such as the cerebral aqueduct and eyeballs. One limitation is that separation of the
ventricular and subarachnoid spaces may fail in some pathological cases where the
cerebral aqueduct is completely hidden in the image because of a severe stenosis.
Nonetheless, we have experienced good results of the segmentation and separation
steps in most moderate aqueductal stenoses cases as the topological constraint
operates on the entire image and allows to find a consistent path between the third
and fourth ventricles.

Although volumetric and geodesic relief maps do not depend on the input im-
age, both necessitate a robust positioning of the hemisphere in order to characterize
and compare them. Such positioning also requires an accurate localization of the
cerebral aqueduct that may have failed in some previous steps. However, this can

be corrected manually by an expert.

PERSPECTIVES

From a medical viewpoint, the cerebrospinal fluid volumes quantification method
presented in Chapter 3 should help to refine ongoing results as the whole body
cerebrospinal fluid image dataset is in expansion. Moreover, the proposed method
should facilitate large studies of cerebrospinal fluid volume variations, depending
on gender and age, for healthy people and pathological cases.

Volumetric and geodesic relief maps are useful visualization tools and effortless
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to apply in various scenes. For example, it may be interesting to observe the vol-
ume distribution differences depending on not only gender and age, but also left-
or right-handedness, before making hypotheses for more important assessments.
Furthermore, both relief maps would be suitable to visualize and characterize mis-
cellaneous complex three-dimensional structures, in the medical field and other
tields such as geological and mechanical ones, from various imaging modalities.

Concerning the structural analysis of the cortical subarachnoid space, further
studies are expected; for example, its automatic decomposition into cerebral sulci.
It may be also interesting to analyze the volumetric flow rate from the volume and
network information, by formulating the problem as a maximum flow problem [25,
Chapter 26].

Finally, besides the analysis and diagnostic issues of the work presented in this
thesis, we would like to show that our results primarily aim to provide guidance
for the implementation of a future biomechanical model of the cerebrospinal fluid.
Several studies have been achieved to model the cerebrospinal fluid, but most are
limited to the modeling of its pulsatile flow within the third ventricle and cerebral
aqueduct [44, 59, 75, 104], to the entire ventricular space [21, 92, 93], or to some
limited regions of the subarachnoid space [59, 92, 93, 104]. Some authors have
suggested simple but time-consuming intracranial models [37, 161, 183]. Therefore,
the challenge to achieve a model of the entire cerebrospinal fluid that is not time-
consuming, should better allow to understand the interactions between spaces.
Such a model could also be used with static whole body images of the cerebrospinal
fluid presented in this work, to help to perform intracranial pressure estimations

in routine clinical practice [181].
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Discriminant analysis, 46, 49, 69, 70, 72,
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Euclidean, 32

Geodesic, 83

Gauss digitization, 58

Geometric moments, see Moments
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Classification, 18, 48, 49
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Normal pressure hydrocephalus, see
Communicating hydrocephalus

NPH,

see  Communicating hydro-

cephalus

Ray tracing, 56, 57
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