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Abstract

The intracranial space is comprised of the brain, blood and cerebrospinal fluid (CSF), all of which
co-exist and preserve a constant volume. CSF is formed and secreted primarily by the choroid plexus of
the lateral ventricles. It then moves within the rest of ventricular spaces of the cranial cavity and in the
spinal subarachnoid space (SSS) to be absorbed at the end by the venous circulation mainly through the
arachnoid granulations at the superior sagittal sinus. The role of CSF is essential as it protects the brain
from injury and delivers nutrients to and from the brain along with the removal of waste products.

The fluid dynamics of the CSF fluctuation are complex as it moves inside the craniospinal cavities
in a pulsatile manner that principally results from the systolic expansion and contraction of cerebral
blood vessels. More precisely, systolic arterial expansion causes a pulsatile enlargement of the brain,
resulting in a piston-like action that compresses the ventricular spaces and propels CSF into the SSS of
the spinal canal. Thus, the SSS allows for pulsatile decompression of the cranium with each systolic
expansion. On the contrary, during diastole decreased arterial blood volume causes a reduction in
overall brain volume. At that time, the posterior part of the brain that connects it with the spinal cord
(SC), the brainstem, retreats cephalad and as a result CSF flow reverses.

Abnormalities in the intracranial equilibrium and CSF dynamics are associated with the
pathogenesis of various craniospinal disorders such as hydrocephalus, Chiari | malformation (CMI) and
syringomyelia. Detailed measurement and characterization of CSF dynamics is an important factor to
help diagnose and assess disease states for patients with those disorders. However, current simple
anatomical and two-dimensional phase-contrast MRI (2D PC MRI) measurements of CSF dynamics have
limited ability to quantify complex CSF flow patterns that maybe related to these disorders. Recent
advances in MRI technology have enabled time-resolved three-directional velocity encoded phase
contrast MRI (4D PC MRI) measurements of the CSF flow field that can be regarded as the method that
offers the best and most comprehensive insight into CSF hydrodynamics.

Apart from the systolic pulse wave, there is evidence that the respiratory rhythm also plays a
significant role in the impetus of the CSF fluctuation. In particular, the respiratory cycle drives a low
frequency oscillation of the brainstem, in which caudal brain displacement corresponds to expiration
and cephalad rebound corresponds to inspiration. This respiratory phase pulse, superimposed upon the
higher frequency cardiovascular pulse, appears to influence CSF pulsations. Modified respiratory efforts
affect CSF fluctuation in peculiar ways. For instance, coughing causes a cephalad impulse in CSF flow and
Valsalva manoeuvre, the attempt to exhale with the mouth and nose closed, quickly causes caudal and
then cephalad brainstem movement. Continuous positive airway pressure (CPAP), the main treatment of
obstructive sleep apnea syndrome (OSAS), has been shown to alter the cerebral and CSF dynamics in
multiple ways as well. These changes are explained due to the fact that the rise of the intrathoracic
pressure that CPAP induces increases the jugular venous pressure. This in turn could have an effect on
cerebral blood flow (CBF) by reducing the cerebral perfusion pressure, the net pressure gradient causing
CBF to the brain. Concomitantly, changes in the CBF volume due to the increased intrathoracic pressure
may hinder cerebral venous drainage via the jugular veins (JV). In addition, CPAP breathing has been
found to increase lumbar CSF pressure and reduce CSF peak velocity in humans.

The present thesis addresses the need to assess and explain in detail the CSF flow dynamics in
health and diseased conditions so as to understand the pathophysiology of the craniospinal disorders
and aid if possible in their diagnosis. In order to accomplish that, the first part of the thesis is focused on
the computational fluid dynamics (CFD) modelling of the CSF motion in the SSS and its comparison to
novel in vivo 4D PCMRI CSF flow measurements. The second part of the thesis is focused on the
experimental assessment of CSF and CBF dynamics in normal conditions and under the presence of CPAP
that was chosen as a method to non-invasively alter the intrathoracic pressure and observe the impact
this would have on the intracranial dynamics.

A number of different MRI-based dynamic tools are available for characterizing the CSF system
and evaluating the craniospinal disorders, though none of these have yet been translated to standard
clinical use. 2D PCMRI has been the mainstay for the in vivo analysis of the CSF system. However, the 1D
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velocity encoding of 2D PC MRI does not allow evaluating the complexities of the CSF flow patterns that
appear in health and diseased conditions such as CMI. Hence, 4D PC MRI can be regarded as the method
that offers the best and most comprehensive insight into CSF hydrodynamics. For that reason it is most
suitable for a comparison to CFD models.

The aforementioned goal was met by obtaining 4D PC MRI CSF velocity measurements in the
cervical spine of three healthy volunteers and four patients with Chiari | malformation. The CFD
simulations of the CSF in the SSS considered the geometries to be rigid-walled and did not include small
anatomical structures such as nerve roots, denticulate ligaments and arachnoid trabeculae. Comparison
was performed for the first time between 4D PC MRI measurements and CFD simulations in terms of
peak CSF flow velocities and velocity flow patterns at nine axial locations (from foramen magnhum (FM)
to C7) along the cervical spine. Results showed that 4D PC MRI peak CSF velocities were consistently
greater than the CFD peak velocities and these differences were more pronounced in CMI patients than
in healthy subjects.

The differences observed between the 4D PC MRI and CFD simulations could be attributed to
various reasons such as the lack of anatomical fine structures within the CFD models, the brain tissue
motion and/or the geometric misrepresentation of the true SSS cross-sectional area due to manual
segmentation of the MR image by a single operator. Hence, on a second stage, the inter-operator
dependence of MRI-based CFD simulations of CSF dynamics in the cervical spine was evaluated for the
first time. The 3D anatomy of the cervical SSS of a single healthy volunteer was reconstructed by manual
segmentation by seven independent operators and was then simulated by a single operator using 3D
CFD with the same methods as the previous study described. Results were compared in terms of several
hydrodynamic and geometric parameters at nine axial locations along the spinal canal (from FM to
C7).The findings showed a high degree of reliability for using MRI-based CFD simulations to quantify CSF
hydrodynamic and geometric-based parameters in the cervical spine of a control. As a whole, the
computational modelling of the CSF motion that was performed in the present thesis highlights the
utility of 4D PC MRI in conjunction with CFD for detailed analysis of CSF flow dynamics that could help
distinguish physiological from complex pathological flow patterns at the cervical SSS.

Regarding the experimental assessment of the CSF and CBF dynamics, first the influence of CPAP
on total CBF was investigated in 23 healthy awake subjects. This served as a primary research study that
would help us understand the mechanism of the CPAP device and how it acts on the CBF system. Duplex
colour Doppler Ultrasound (US) measurements of flow velocity and lumen diameter of the left and right
proximal internal carotid arteries (ICA), vertebral arteries (VA), and middle cerebral arteries (MCA) were
obtained with and without CPAP at 15 cm H,0. Transcutaneous carbon dioxide (PtcCO,) level, heart rate
(HR), blood pressure and oxygen saturation (Sa0O,) were monitored during the measurements. The
results of this study showed that CPAP provoked a decrease of 12.5% at the CBF that was mediated
predominately through the hypocapnic vasoconstriction coinciding with PCO, level reduction.

The arm of this study was extended on a second stage in order to examine the effect of CPAP at
15 cm H,0 on CSF dynamics, CFD and jugular venous flow on healthy awake volunteers with a use of a
specific 2D phase contrast MRI (2D PC MRI) protocol with the same physiological monitoring with the
previous research. The results indicated that CPAP decreased the pulse amplitude of CSF and jugular
venous flow as well as the stroke volume of CSF. Spectral analysis of the overall flow waveforms showed
some significant changes with the presence of CPAP as well. The difference between the first research
study that involved examining the effect of CPAP on CBF dynamics with the use of US measurements
and research study that used 2D PC MRI to estimate the impact of CPAP on CSF and CBF dynamics is that
in the MRI study the alterations observed in the CSF and jugular venous flow were mainly attributed to
the direct influence of CPAP usage on the intrathoracic pressure. As a whole, the experimental
measurements that are described in the present thesis under normal conditions and with the use of the
CPAP device, revealed that CPAP should be used in caution in patients with unstable cerebral
hydrodynamics
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Overall, the research described in the thesis at hand could be useful for providing better information of
the CSF dynamics in health and disease that could be crucial to understand the pathogenesis of
craniospinal and disorders.

Key words

Cerebrospinal fluid dynamics, computational fluid dynamics, modelling, subject-specific, cervical spine,
Chiari | malformation, in vivo measurements, magnetic resonance imaging, ultrasound measurements,
cerebral blood flow, continuous positive airway pressure
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Résumé

L’espace intracranien est occupé par le cerveau, le sang et le liquide céphalo-rachidien (LCR), qui
interagissent pour maintenir un volume constant. Le LCR est formé et sécrété principalement par les
plexus choroides des ventricules latéraux. Il se distribue ensuite dans le reste des espaces ventriculaires
du cerveau et dans l'espace sous-arachnoidien (SSS) pour étre absorbé a la fin par la circulation
veineuse, principalement par les granulations arachnoidiennes du sinus sagittal supérieur. Le réle du LCR
est trés important car il protége le cerveau contre les traumatismes, fournit des nutriments au cerveau
et permet I'élimination des produits de déchet.

La dynamique de la fluctuation du LCR est complexe car il se déplace a l'intérieur des cavités
craniospinales d'une maniére pulsatile, en raison principalement des variations de volume des vaisseaux
sanguins cérébraux. Plus précisément, la dilatation artérielle systolique provoque un élargissement
pulsatile du cerveau, ce qui entraine une action analogue a un piston qui comprime les espaces
ventriculaires et propulse le LCR dans les SSS du canal rachidien. Ainsi, les SSS permettent une
décompression pulsatile avec chaque dilatation systolique. Au contraire, pendant la diastole, la
diminution du volume sanguin artériel provoque une réduction du volume global du cerveau. A ce
moment, la partie postérieure du cerveau qui est reliée a la moelle épiniére (ME) et le tronc cérébral se
déplacent, et le flux du LCR s’inverse.

Des anomalies dans I'équilibre et la dynamique du LCR intracranien sont associés a la pathogenése
de divers troubles craniospinales tels que I'hydrocéphalie, la malformation de Chiari | (MCI) et la
syringomyélie. La mesure détaillée et la caractérisation de la dynamique du LCR deviennent des facteurs
importants pour aider a diagnostiquer et évaluer les patients atteints de ces troubles. Cependant, les
techniques actuelles bidimensionnelles de phase-contraste en IRM (2D PC MRI) pour la mesure de la
dynamique du LCR ont une capacité limitée de quantifier des schémas de flux du LCR complexes. Les
progres récents dans la technologie d'IRM, comme 4D PC MRI permettent une évaluation plus précise de
la dynamique du LCR.

En dehors de l'onde de pulsation artérielle, il est prouvé que le rythme respiratoire joue
également un réle important dans I'amplitude des fluctuations du LCR. En particulier, le cycle
respiratoire entraine une oscillation de basse fréquence du tronc cérébral, dans laquelle I'expiration
entraine un déplacement caudal du cerveau et l'inspiration un déplacement rostral. Cette variabilité
induite par le cycle respiratoire, superposée a celle plus élevée induite par le pouls cardiovasculaire,
influence la pulsatilité du LCR. La modulation des efforts respiratoires affecte la fluctuation du LCR de
différentes facons. Par exemple, la toux provoque un déplacement rostral du LCR, et la manceuvre de
Valsalva (la tentative d'expirer avec la bouche et le nez fermé) provoque rapidement un mouvement en
direction caudale, puis un déplacement rostral du tronc cérébral. La Pression Positive Continue (PPC), le
principal traitement du syndrome d'apnées obstructives du sommeil (SAOS), semble aussi pouvoir
modifier la dynamique cérébrale et du LCR dans de multiples fagons. Ces modifications sont expliquées
par le fait que I'augmentation de la pression intrathoracique induite par la PPC augmente la pression au
niveau de la veine jugulaire. Cela pourrait a son tour avoir un effet sur le débit sanguin cérébral (DSC) en
réduisant la pression de perfusion cérébrale, en raison du gradient induit. Parallelement, les
changements du DSC en raison de la pression intra-thoracique accrue peuvent entraver le drainage
veineux du cerveau a travers les veines jugulaires. En plus de cela, il a été démontré que la PPC
augmente la pression du LCR a niveau lombaire et qu’elle peut réduire la vitesse de pointe du LCR chez
'homme.

La présente these traite de la nécessité d'évaluer en détail la dynamique du flux du LCR et la
dynamique de l'espace intracranien chez des sujets normaux et chez des sujets présentant des
pathologies, afin de mieux comprendre la physiopathologie de certains troubles craniospinaux. Pour
accomplir cela, la premiere partie de la these est axée sur la modélisation computationnelle et
dynamique des fluides (CFD) appliquée au mouvement du LCR dans les SSS, et sa comparaison a de 4D
PCMRI de mesure in vivo des flux du LCR. La deuxieéme partie de la thése est axée sur I'évaluation
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expérimentale des dynamiques du LCR et du DSC dans des conditions normales et sous PPC, qui a été
choisie comme méthode non invasive pour modifier la pression intra-thoracique et observer |'impact
que cela aurait sur la dynamique intracranienne.

La PC MRI 2D a été la référence pour I'analyse in vivo du LCR. En tout cas, PC MRI 2D ne permet
pas d'évaluer la complexité du pattern d'écoulement du LCR qui apparait dans des conditions normales
et lors de maladies telle que le MCI. Ainsi, la PC MRI 4D peut étre considérée comme la méthode qui
offre le meilleur apergu in vivo de I’"hydrodynamique du LCR. Pour cette raison, elle est plus appropriée
pour une comparaison avec des modeles de DSC.

L'objectif précité a été atteint par I'obtention de mesures PC IRM 4D de vitesse d’écoulement du
LCR dans le rachis cervical de volontaires sains et de patients. Une IRM de haute résolution a permis de
définir I'anatomie de la colonne cervicale, qui a été par la suite segmentée manuellement pour
construire un modeéle 3D. Les simulations CFD considerent la géométrie comme étant a paroi rigide, et
ne comprennent pas les petites structures anatomiques telles que les racines nerveuses, les ligaments
denticulés et I'arachnoid trabeculae.. Les données ont été évaluées en termes de vitesse maximale
d'écoulement du LCR et de flux, dans neuf emplacements axiaux le long de la colonne cervicale. Les
vitesses maximales du LCR obtenues par PC IRM 4D étaient systématiquement plus élevées que les
vitesses maximales CFD, et ces différences étaient plus prononcées chez les patients MCl que chez les
sujets sains. Cette étude constitue la premiere comparaison des mesures 4D PC IRM et de simulations
CFD de I'écoulement du LCR dans le SSS cervical.

Les auteurs ont postulé I’hypothese que les différences entre la PC MRI 4D et les simulations CFD
peuvent étre attribués a diverses raisons telles que : le manque de structures fines anatomiques dans les
modeles CFD, le mouvement du tissu cérébral et / ou une inexacte géométrique des SSS en raison de la
segmentation manuelle de des images MRI par un seul opérateur. Ainsi, dans une deuxiéme étape,
I'influence de I'opérateur sur les simulations CFD de la dynamique du LCR dans le rachis cervical basées
sur la MRI a été évaluée pour la premiere fois. Une reconstruction anatomie 3D des SSS d'un seul
volontaire sain a été effectuée par segmentation manuelle par sept opérateurs indépendants, et a
ensuite été simulé par un seul opérateur utilisant CFD 3D, avec les mémes méthodes que I'étude
précédente. Les résultats ont été comparés en fonction de plusieurs parameétres hydrodynamiques et
géométriques dans neuf emplacements axiaux le long du canal rachidien. Ces résultats ont montré un
degré élevé de fiabilité pour I'utilisation de simulations CFD sur la base de la MRI, pour quantifier les
parameétres hydrodynamiques et géométriques du LCR dans le rachis cervical. La modélisation théorique
du mouvement du LCR qui a été effectuée en cette thése met en évidence I'utilité de la CFD en
conjonction avec la PC MRI 4D pour une analyse détaillée de la dynamique des flux de CSF, qui pourrait
aider a distinguer les flux physiologiques des flux pathologiques au niveau des SSS du rachis cervical.

En ce qui concerne I'évaluation expérimentale de la dynamique du DSC et du LCR, I'influence de la
PPC sur le DSC total chez 23 sujets sains éveillés a été examinée. Des mesures par écho-Doppler duplex
couleur de la vitesse du flux et du diametre des artéres carotides internes (ACl) droite et gauche, des
arteres vertébrales (AV), et les arteres cérébrales moyennes (ACM) ont été obtenues, avec et sans PPC
(a un niveau de pression de 15 cm H20). Des mesures du dioxyde de carbone transcutanée (PtcCO,), de
la fréquence cardiaque (FC), de la pression artérielle et de la saturation en oxygene (Sa0,) ont été
effectuées en continu pendant les enregistrements. Les résultats de cette étude ont montré que la PPC
induit une baisse de 12,5% du DSC, qui a été provoqué principalement par la vasoconstriction induite
par la réduction du niveau de PCO.,.

L'extension de cette étude a permis d’examiner I'effet de la PPC a 15 cm H,0 sur le DSC ainsi que
sur la dynamique du LCR chez des volontaires éveillés en bonne santé, en utilisant un protocole
spécifique de MRI 2D (PC IRM 2D). A nouveau, la FC, la PtcCO, transcutanée et la Sa02 ont été
monitorées en continu. Les résultats indiquent que la PPC diminue I'amplitude de I'onde de pouls et le
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volume systolique du LCR. En plus de cela, la pulsation au niveau de VJ a diminué, tandis qu’il n’y avait
pas de modifications significatives au niveau du DSC artériel. L'analyse spectrale des signaux globaux de
flux a montré des changements importants avec PPC. La différence entre la premiere étude avec les
mesures avec écho-doppler et cette étude est que dans I'étude MRI avec PPC les modifications ont été
principalement attribuées a l'influence directe de la PPC via I'augmentation de la pression intra-
thoracique. Les deux études ont révélé que la PPC doit étre utilisé avec prudence chez les patients
instables d’un point de vue de I'hydrodynamique cérébrale, mais certainement des nouveaux travaux
sont nécessaires pour établir avec précision |'impact de la PPC sur la dynamique intracranienne.

Dans l'ensemble, la recherche décrite dans cette these pourrait étre utile pour une meilleure
connaissance de la dynamique de l'ensemble qui pourraient étre cruciales pour comprendre la
pathogenese de troubles craniospinales et cérébro-vasculaires.

Mots clés

Dynamique du liquide céphalo-rachidien, Modélisation computationelle et dynamique des fluides,
modélisation, sujet spécifique, rachis cervicale, malformation de Chiari |, mesures in vivo, imagerie par
résonance magnétique, mesures échographiques, débit sanguin cérébral, pression positive continue
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Nomenclature

2D PC MRI
4D PC MRI

BMI
BP
C1
c2Mm
c2p
c3
C4
c5
Cé
c7
CBF
CC
CFD

Chiari | Malformation

CNS
CPAP
CSF
FM
FSI
HR
ICA
ICP
1\
MCA
MRI
N.S
OSAS
P
PCO,
PtcCO,
PtPPA
ROI

S
SaOz
SC
SD
SSS
SV
tCBF
TCD
TE
tIVF
TR
us
VA
VENC
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Two dimensional phase-contrast MRI
Three dimensional velocity encoded phase
contrast MRI

Body mass index

Blood pressure

First cervical vertebrae

Middle of the second cervical vertebrae
Posterior of the second cervical vertebrae
Third cervical vertebrae

Fourth cervical vertebrae

Fifth cervical vertebrae

Sixth cervical vertebrae

Seventh cervical vertebrae

Cerebral blood flow

Craniospinal compliance
Computational fluid dynamics

CMI

Central nervous system

Continuous positive airway pressure
Cerebrospinal fluid system

Foramen magnum

Fluid structure interaction

Heart rate

Internal carotid artery

Intracranial pressure

Jugular vein

Middle cerebral artery

Magnetic resonance imaging
Statistically non-significant
Obstructive sleep apnea syndrome
p-value

Partial pressure of carbon dioxide
Transcutaneous pressure of carbon dioxide
Peak to peak pulse amplitude

Region of interest

Statistically significant

Oxygen saturation

Spinal cord

Standard deviation

Spinal subarachnoid space

Stroke volume

Total cerebral blood flow
Transcranial Doppler Ultrasound
Echo time

Total jugular venous flow

Repetition time

Ultrasound

Vertebral artery

Encoded velocity



Motivation and objectives

Alterations in the intracranial equilibrium and CSF flow patterns in the craniovertebral junction
have been suspect to play a crucial role in the pathogenesis and diagnosis of craniospinal disorders such
as hydrocephalus, CMI and syringomyelia that affect on an average 1 in 4000 births"®. Despite the fact
that these disorders have been explained almost 100 years ago, their pathophysiology still remains
unclear. In patients with these disorders, analysis of morphology alone has proved to be insufficient in
explaining the absence or presence of symptoms’. Thus, researchers have been investigating the
connection between CSF dynamics and disease states in terms of the detection of objective geometric and
flow parameters such as CSF velocities® and bi-directional flow jets . The integration of medical
imaging and subject-specific CFD modeling is a dynamic tool to gain detailed insight into the CSF dynamics
in health and disease'’. However, to this day, because of the practical difficulties associated with the in
vivo measurement of CSF quantities, the complete physiological understanding of the CSF dynamics and
its importance related to the craniospinal disorders still remains enigmatic.

Significant work has been done to measure non-invasively CSF and brain tissue motion within the
spine and cranium using MRI™®™. 2D PC MRl is the cornerstone for the in vivo analysis of CSF dynamics in
healthy and pathologic conditions, such as CMI. As a single slice technique, 2D PC MR imaging is limited by
its restricted spatial coverage. Thus, it does not reflect the temporal and spatial heterogeneity of CSF
dynamics that are found to be associated with lesions™. Conversely, 4D PC MRI flow imaging has been
increasingly appreciated for its potential in providing a comprehensive comprehension of complex flow
phenomena that may occur in the CSF space” ™. 4D PC MRI could allow for improvements in the clinical
diagnosis of CMI and syringomyelia by identifying CSF flow abnormalities present in CMI patients who are
likely to benefit from decompressive surgery™® %°.

Until recently, various studies in the literature have used CFD simulations mainly based on 2D PC
MRI flow measurements and anatomical data in order to represent the 3D flow and pressure field within
the CSF*. An extended review of literature on the CFD modelling of the CSF movement in the SSS is
provided in Chapter 2 of the present thesis. The advantage of CFD is that it provides a global
understanding of CSF dynamics and the importance of individual anatomical aspects of the CSF system
that should be incorporated in the CFD modeling such as the spinal cord nerve roots, trabeculae or
tonsillar descent that occurs in CMI. However, the CFD-based prediction of CSF flow lacks validation and
its clinical application is still limited. This is because at best, CFD predictions in most of the studies are
based on in vivo 2D PC MRI measurements for the boundary conditions. With the aforementioned
modern improvement of high resolution 4D PC MRI, the convergence of medical imaging and powerful
desktop workstations would make it possible to validate and reliably simulate the pulsatile CSF flow in
anatomically realistic geometries of the cervical spine. The contribution of 4D PC MRI technique lies on
the fact that it could optimize the boundary conditions used in CFD simulations of the CSF flow region.
Thus, the objectives of Chapter 2 were 1) to use 4D PC MRI to measure the CSF flow field in the upper
cervical spine in healthy volunteers and Chiari patients of different ages and 2) compare for the first time
the results with subject-specific CFD simulations based on the same boundary conditions. As part of
eliminating the limitations of Chapter 2, we further examined in Chapter 3 the inter-operator dependence
of MRI-based CFD simulations of the CSF motion in the cervical spine of a control. As a result, one of the
healthy geometries used in Chapter 2 was segmented by seven independent operators in Chapter 3 so as
to compare the results in terms of several geometric and hydrodynamic CSF parameters. The objectives of
Chapter 3 were 1) to assess for the first time the reliability of the MRI-based CFD methodology to quantify
the CSF hydrodynamic environment and 2) indentify the parameters that would help provide a link to
disease states.

Chapters 4 and 5 of the present thesis aimed at 1) obtaining baseline measurements of the CSF and
cranial blood flow in healthy individuals and 2) measuring the CSF and CBF system with the presence of
CPAP, the most widely accepted treatment for obstructive sleep apnea. These research studies would
help to improve understanding of the influence of CPAP on both the CBF and CSF dynamics. The
motivation behind these studies was driven by the fact that there is little information in the literature
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about how acute alterations in chest pressure can alter intracranial dynamics. Patients with CMI have
reported symptoms associated with coughing and sneezing and have occurrence of sleep apneas™ *.
While CPAP usage has become routine, the full physiological impact of its use on cranial blood flow and
CSF dynamics is not yet fully understood. Studies have shown that CPAP affects cerebral hemodynamics in
multiple ways**?®. Considering that a rise of the intrathoracic pressure increases the jugular venous
pressure, CPAP could have an effect on CBF by reducing the cerebral perfusion pressure and blocking the
cerebral venous drainage via the jugular veins®® *. There is evidence in the literature that CPAP breathing
increases lumbar CSF pressure® and reduces CSF peak velocity in the aqueduct of Sylvius*’. Hence, we
chose the device of CPAP as a method to non-invasively alter intrathoracic pressure and investigate the
response of both the CBF and CSF systems to its mechanism. A detailed understanding of how CPAP
affects the intracranial hydrodynamics could help potentially provide new treatment possibilities for
patients with CMI and sleep apnea.

To this end, Chapter 4 aimed at developing a non-invasive bedside protocol using duplex color
Doppler ultrasound to evaluate total CBF in 23 healthy awake subjects under normal conditions and with
CPAP. This method included the measurement of flow velocity and lumen diameter obtained at the left
and right ICA, VA, and MCA. This research study acted as a basis that would help us understand the
physiological mechanism of CPAP and its impact on the CBF system. On a later stage, in Chapter 5, the
objective was to investigate the influence of CPAP on the arterial, venous and CSF flow dynamics in the
upper cervical spine of 23 healthy male awake volunteers with the use of 2D PC MRI protocol. Thus, we
simultaneously measured the flow in the left and right ICA, VA, JV and the CSF flow at the C2-C3 level of
the cervical spinal canal with and without CPAP applied.

Altogether, the thesis at hand has both a computational and an experimental aspect:

We simulated the subject-specific CSF flow field in the cervical spine using 3D rigid-wall CFD modelling.
We assessed for the first time the inter-operator dependence of MRI-based CFD modelling of CSF motion
in the cervical-medullary junction

We experimentally assessed the CSF flow in the upper cervical spine of controls and CMI patients with the
use of 2D PC MRl and 4D PC MRI

We compared for the first time 4D PC MRI measurements to CFD simulations based on the same
boundary conditions

We measured the cranial blood flow in healthy volunteers with the use of US measurements and 2D PC
MRI

We used CPAP as a way to alter intrathoracic pressure and examined the effect on both CBF and the CSF
system by developing specific non-invasive flow measurement protocols.

The outcomes of the present thesis could support together with other ongoing projects in the
literature, the attempt of building new diagnostic/detection tools for CSF dynamics related to craniospinal
disorders. The CSF dynamics can be altered by the craniospinal diseases and, in turn, CSF dynamics can be
analyzed to aid in the diagnosis of these. Thus, the studies described in the present thesis provide detailed
information about the CSF flow environment in health and patients with CMI that together with novel
medical imaging modalities, such as 4D PC MRI bring the medical doctors and engineers closer to clinical
usage of this important information.
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Thesis outline
The organization of the present thesis is the following:

e Chapter 1 is the introductory chapter

e Chapters 2 and 3 refer to the computational modeling of the cerebrospinal fluid motion in the
cervical spine. In particular Chapters 2 and 3 are based on the manuscript of the following scientific
publications, respectively*:

Yiallourou (Giallourou) TI, Kréger JR, Stergiopulos N. et al. (2012) Comparison of 4D Phase-Contrast MRI
Flow Measurements to Computational Fluid Dynamics Simulations of Cerebrospinal Fluid Motion in the
Cervical Spine. PLoS ONE 7: e52284.

Yiallourou (Giallourou) T, Shaffer et al. Inter-operator dependence of subject- specific CFD modeling of
cerebrospinal fluid dynamics at the craniocervical junction (under review)

e Chapters 4 and 5 refer to experimental assessment of the cerebrospinal fluid system and cranial
blood flow in normal conditions and under the presence of CPAP. In particular Chapter 4 and 5 are
based on the following scientific publications*:

Yiallourou (Giallourou) TI, Odier C, Heinzer R, et al. The effect of continuous positive airway pressure on
total cerebral blood flow in healthy awake volunteers, Sleep Breath. 2012, 1-8

Yiallourou (Giallourou) TI, Schmid Daners M, Kurtcuoglu V. et al. (2014) Continuous positive airway
pressure alters cerebral blood flow and cerebrospinal fluid dynamics at the craniovertebral junction(under
review)

e Chapter 6 summarizes the main findings of the dissertation and provides an outlook for future
perspectives

Other publications produced during this thesis project include:

Pahlavian SH, Yiallourou (Giallourou) Tl et al. et al.,, "The impact of spinal cord nerve roots and
denticulate ligaments on cerebrospinal fluid dynamics in the cervical spine," PLoS One, vol. 9, p. €91888,
2014.

Pahlavian SH, Bunck AC, Yiallourou (Giallourou) Tl et al. Hydrodynamic characterization of cervical
cerebrospinal fluid motion by 4D phase-contrast MRI and comparison to anatomically detailed 3D
computational fluid dynamics simulation (under review in American Journal of Neuroradiology).

R. Heinzer, NJ. Petitpierre, Yiallourou (Giallourou) Tl et al., Oscillating positive airway pressure (O-PAP)
compared to CPAP in obstructive sleep apnea patients: a pilot study (under review in Sleep journal).

*All corresponding co-authors gave their kind permission for the manuscripts’ reprint.

Permission was granted to reproduce the figures used in the present thesis when necessary from the scientific journals

18



1. Introduction
1.1 Intracranial space

Understanding of the normal pathophysiology of intracranial space and intracranial pressure (ICP) is
essential to effectively manage patients with craniospinal disorders such as Chiari | malformation,
syringomyelia and hydrocephalus. The basis for our understanding of changes in ICP is the Monro- Kellie
doctrine® that explains how expansion of the brain drives the CSF circulation. According to the Monro-
Kellie hypothesis, the cranial cavity is a rigid sphere filled with the following non compressible contents:
the brain tissue, the arterial and venous blood volume and CSF, each of which has a distribution shown in
Figure 1.1.

M Brain tissue: 1400 ml
H Venous blood volume: 120ml
CSF: 150 ml

Arterial blood volume: 30ml

Figure 1.1 The relative volumes of intracranial contents 3

These three components of the cranium must co-exist in a state of dynamic equilibrium, wherein a
change in the volume in one component requires a change in volume in either one or both of the other
two. Otherwise, an increase in the total volume of the cranial constituents will result in alterations in ICP
beyond the normal values, which for a healthy adult in the supine position are in the range of 7-
15mmHg>®. Evidently, analysis of the intracranial neurohydrodynamics is ultimately associated with the
comprehension of its anatomical compartments.

1.1.1 Brain

The brain, an ~1400 ml soft mass of nervous tissue (Figure 1.2)., is contained in the cavity of the
skull and together with the spinal cord (SC) comprises the central nervous system (CNS) It can be
considered as the most critical organ to protect from trauma and acts on the rest of the body both by
generating patterns of muscle activity and by driving the secretion of hormones.

Cranial subarachnoid space .
Brain

Corpus callosum
Cerebellum
Medulla oblongata

Spinal subarachnoid space

Spinal cord

Figure 1.2 T1- weighted MRI image of the human brain.

19



The brain is surrounded by the meninges, membranes that protect it and together with the SC
isolate it from the surrounding bones. The meninges consist of the dura, pia and arachnoid matter (Figure
1.3) and their role is to protect the CNS with the help of the CSF circulation. The dura mater is the
outermost layer which covers the inside surface of the skull and spinal vertebrae. The inner surface of the
dura is covered by the arachnoid mater. The innermost layer covering the brain and SC is the pia mater. In
the 2 to 9 mm of space separating the pia and arachnoid mater is the spinal subarachnoid space (SSS)
filled with CSF and transversed by a network comprised of the arachnoid trabeculae, with an approximate
diameter of 15 um®, many vessels, ligaments and nerves.

Figure 1.3 lllustration of spinal meninges and subarachnoid space with the use of electron microscopy. A view of the cut end of
the spinal cord (SPC) shows the pia mater (PM) lying directly upon the surface of the cord. Arachnoid trabeculae (AT), continuous
with the pia, extend to the arachnoid mater (AM) and to an artery (A) above. The separation of the arachnoid mater from the
thick dura mater (DM) is an artifact of preparation. The subarachnoid space (SAS) separates the arachnoid from the pia37

1.1.2 Cerebrospinal fluid circulation

The craniospinal subarachnoid space and the ventricles of the brain are filled with CSF, a colorless
fluid, that provides nutrients to the brain and cushions it from mechanical shock®. CSF is produced with
an average rate of 0.3 to 0.7 mL/min by the epithelial cells of the choroid plexuses. It flows from the
lateral ventricles into the third ventricle, and from there through the aqueduct of Sylvius into the fourth
ventricle (Figure. 1.4). Then most of it passes it through the median foramen of Magendie and the two
lateral apertures of Luschka into the SSS. CSF in the SSS communicates with the cisterns at the base of the
brain and spreads through the arachnoid trabeculae, diffusing superiorly around the brain and inferiorly
around the SC.

The absorption of CSF is provided by the arachnoid granulations at the superior sagittal sinus into
the venous circulation (Figure. 1.4 and 1.5). In the adult, about 130 ml of CSF constantly circulates and
surrounds the brain on all sides. The volumetric distribution of CSF varies according to the region it
circulates through. The majority of the fluid occupies the cranial subarachnoid space (100ml). The lateral
ventricular horns where most of the production takes place contains 25-30 ml of CSF while within the
third and fourth ventricle 2-3ml of CSF circulate. Finally, approximately 25 ml of CSF circulate within the
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$SS . In order to maintain a constant volume, the CSF is replaced about three to four times each day
(500 ml/day).

Choroid plexus
Arachnoid granulations  (lateral ventricle)

Choroid plexus
Superior (third ventricle)
sagittal sinus
Ambient cistern

Inter-hemispheric

cistern
Straight sinus
Inter-ventricular ‘/’"
‘ Cerebral aqueduct
foramen

Confluence of the sinuses

Cistern of lamina
terminalis

Vermian cistern

Choroid plexus

Chiasmatic (4t ventricle)

cistern .
Cerebellomedullary cistern

Interpenducular (cisterna magna)

cistern Median aperture

Pontomedullary
Central canal

cistern .
of the spinal cord
. CSF flow
Subarachnoid space Spinal
i cord Vertebral venus plexus
Ventricle

Subarachnoid

Veins or sinus space
Choroid plexus

Figure 1.4 Cerebrospinal fluid circulation® (Reprinted by permission of Pearson Education, Inc.)

Endoneural space

Spinal n.

Figure 1.5 Left: Scanning electron microscopy of the superior sagittal sinus where arachnoid granulations (ga) are present (left).
Observer the presence of a lobule (arrow), junction of the dura matter with the granulation capsule (arrows 1) and the regions of
pedicle (p) and the body (co) on the larger granulation. Right: Scanning electron microscopy of the outer surface of the arachnoid
granulation at the apical region indicating bundles of collagen fibers with circular orientation lining the smaller pores (arrows) 40

Next to a net flow caused by production and absorption, the expansion and contraction of cerebral
arteries during the cardiac cycle as well as changes in venous pressure with the respiratory cycle drive CSF
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flow in a pulsatile manner. In particular, CSF flows in the craniospinal cavities in a pulsatile manner that
has mainly been associated with changes in blood volume within the cranial vault during the cardiac cycle.
The systolic expansion and contraction of cerebral blood vessels compress the lateral ventricles in systole
causing CSF to expel through the SSS and around the SC*"*%. CSF pulsates caudocranially during systole
and craniocaudally during diastole so that each cardiac cycle has equal amounts of CSF fluid movement
with almost zero net flow®. However, there are indications that there could be a secondary driving
mechanism for CSF pulsation. For instance, Dunbar et al.** found the lumbar CSF pressure pulsations to
persist in dogs even with the cervical canal blocked. In the present thesis, both subject-specific
computational modelling and experimental assessment of the CSF system have been accomplished. In
Chapter 2, in vivo 4D PC MRI measurements of the CSF motion were obtained at craniovertebral junction
and compared for the first time to subject- specific 3D computational fluid dynamics simulations in
healthy volunteers and patients with craniospinal disorders. In addition to this, in Chapter 3, the inter-
operator geometric dependence of computational fluid dynamics modelling of the CSF movement at the
cervical spine was investigated. In Chapter 4, in vivo 2D PC MRI measurements of the CSF at the cervical
spine were acquired in healthy volunteers with and without the application of the CPAP in order to
estimate the response of the system to CPAP.

1.1.3 Cranial blood flow

Normal function of the brain is dependent upon adequate supply of oxygen and nutrients through a
complex and dense network of blood vessels. A physiologic CBF value for a healthy adult is about 20% of
the cardiac output, which is 800ml/min. The brain is able to maintain a constant CBF between a normal
range of mean arterial blood pressure (BP) (80-120mmHg). Blood is supplied to the brain, face, and scalp
via two major sets of vessels: the right and left common carotid arteries (that separate to external and
internal carotid arteries (ICAs)) and the right and left vertebral arteries (VAs) (Figure 1.6). These arteries
converge into the Circle of Willis. Absorption of the CSF is taking place at the superior sagittal sinus.

Left side Right side
Anterior communicating "\' \“y
artery \“ [\~ Anterior cerebral
Internal carotid artery __ artery
> - , | »(_L»*[*I,,/,_V
o e e e ST
Posterior communicatingf_,,./,iéi S \
artery | Middle cerebral artery

3

" Posterior cerebral
artery

Posterior cerebral
artery A

Basilar artery Vertebral artery

Figure 1.6 Schematic representation of the circle of Willis and main arteries supplying blood to the brain®

The CSF circulation is directly linked and coupled to that of the cardiovascular, venous and
respiratory system. The heart not only drives blood flow, but is also at the origin of CSF pulsations through
the expansion and contraction of cerebral blood vessels, as it was detailed in the preceding section.
Phase difference in the cerebral blood in and outflow results in pulsatile movement of CSF throughout the
cranial and SSS. The pulsatile movement of CSF is reflected by ICP oscillations with peak-to-peak
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amplitude ranging from 0.5 to 3 mm Hg. The relation of CSF, cerebral arterial and cerebral venous flow
and pressure pulsations has been investigated*’ ™. Overall, these studies indicate that the SSS CSF flow
pulsation at the upper cervical spine is approximately the sum of the total cerebral blood inflow (positive)
and outflow (negative), with a small difference in magnitude and phase due to intracranial compliance. In
the present thesis, we experimentally quantified the cranial blood flow so as to further understand it’s
coupling with the CSF system. In particular, Chapter 4 is focused on the use of duplex color Doppler
Ultrasound assessment of the CBF in healthy volunteers in baseline and under the presence of CPAP. In
Chapter 5, we extended the arm of Chapter 4 and aimed at estimating the impact of CPAP on the arterial,
venous as well the CSF system on healthy awake volunteers with the use of 2D PC MRI measurements.

1.2 Continuous positive airway pressure

The mechanism of continuous positive airway pressure (CPAP) (Figure 1.7) was used in Chapters
4 and 5 of the present thesis as a method to non-invasively alter intrathoracic pressure in order to study
the effect of acute pressure changes in the chest on intracranial dynamics.

CPAP has been the main treatment of obstructive sleep apnea syndrome, preventing the collapse of
the pharyngeal airway by increasing intrathoracic pressure %’. The reason we chose to use the device of
CPAP is because it increases the intrathoracic pressure and the pressure transmission pathways between
intrathoracic and ICP through the venous system have been examined by various researchers in the
literature®”**°%. Considering that a rise in intrathoracic pressure increases jugular venous pressure, CPAP
could have an effect on CBF by reducing the cerebral perfusion pressure’®*’. Moreover, decreased
venous return due to increased intrathoracic pressure may decrease right (and left) filling pressure, which
may in turn decrease cardiac output. However, published data about the influence of CPAP upon cerebral
and CSF dynamics are conflicting which may be due to inaccurate and/or insensitive CBF measurement
methods®®*”**°% As a result, in Chapter 4 we aimed to accurately quantify total CBF on healthy awake
volunteers under the presence of CPAP using ultrasound measurements by integrating the arterial lumen
diameter and flow velocity of the main vessels supplying blood to the brain, such as ICAs, VAs and MCAs.

CPAP Therapy

A potential life saving and changing option
for the treatment of sleep apnea.

«—— CPAP
Machine
Mask

Lower Jaw

Attachment
of Tongue to
Lower Jaw

Figure 1.7 Schematic representation of patient receiving treatment with continuous positive airway(Reprint with permission from
Dear Doctor Inc.)

During these measurements, the partial pressure of carbon dioxide (PCO,) and oxygen saturation
(Sa0,) were transcutaneously monitored with and without the CPAP applied. The reason for that was
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because PCO, has a major impact on CBF, similar to the way in which hypocapnia constricts cerebral
arteries and hypercapnia leads to a marked rise of CBF *° ®* !, After gaining knowledge around the subject
of CPAP and CBF dynamics we extended the arm of the study in Chapter 5. The objective was to further
understand the impact of CPAP on cranial blood flow (arterial and venous) and CSF dynamics with the use
of 2D PC MRI measurements on healthy awake volunteers.

1.3 Chiari | malformation

CSF flow dynamics related to type | Chiari malformation (CMI) are being thoroughly investigated in
the present thesis (e.g Chapters 2 and 3). CMI is a congenital craniospinal disorder in which a downward
displacement of brain tissues into the spinal canal occurs. In particular, the lower part of the cerebellum,
the cerebellar tonsils, hangs down through the opening at the bottom of the skull, the foramen magnum
(FM), and causes blockage of spinal fluid to the spinal canal (Figure 1.8). In some cases, this blockage of
the spinal canal due to CMI can cause the CSF to build up inside the SC. As the amount of CSF increases in
the SC, it creates a syrinx-like cavity in the SC that results in stretching and can eventually injure the nerve
fibers. CMI patients can have a variety of neurological symptoms and pain ranging from mild to severe®. It
is thought that these symptoms result from abnormal pressure acting on the spinal cord, brain stem,
and/or cerebellum due to crowding of the tissue in the craniovertebral junction’.

A static anatomic MRI of the brain and spine will tell whether or not a patient has CMI and the level
of its severity. The traditional criterion for diagnosis of a patient with CMlI is the presence of a cerebellar
tonsillar herniation (CTH) greater than 5 mm below the foramen magnum. However, symptomatic CMI
patients with a mild CTH below the foramen magnum (<5 mm) face the challenge of an accurate diagnosis
with the traditional MRI scans though their symptoms may be very severe and may result in permanent
nerve damage.

The reason CMI has been of great interest in the present thesis is that there is evidence of a
complex CSF flow field present in Chiari patients®®>. Researchers have found differences in CSF velocities,
pressure and resistance to flow in pre-surgery CMI patients compared to healthy subjects and post-
surgery CMI patients. Detail analysis of the measurement of the CSF flow in Chiari patient is given in the
next section as well as in Chapters 2 and 3 of the thesis at hand. Currently, it is unclear if the symptoms
and tissue damage related to type | Chiari malformation are more the result of altered neuroanatomy or
of altered CSF dynamics. Parameters such as resistance to flow and compliance of the craniospinal system
are dynamic components of the CSF biomechanical environment that are not measurable by the
traditional simple anatomic MRI evaluation techniques. Hydrodynamic measurements could provide
doctors with more complete information in order to determine which patients will have progressive
symptoms and would respond to treatment best. Thus, the combination of detailed measurement with
novel in vivo techniques and engineering analysis of CSF hydrodynamics with the use of 3D CFD is
considered as a powerful tool to better reflect the pathophysiology of the disorder and serve at the same
time as a prognostic indicator of CMI.
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Model Top

_______________ -

25 mm A

Figure 1.8 a) Midsagittal MRI image of the cervical spine of a CMI patient showing the cerebellar tonsillar herniation (approximately 7.4mm);
(b) transverse MR image from the plane used to separate the top of the 3D model that was reconstructed, highlighting the separation
between the cerebellar tonsils and body of the cerebellum®.

1.4 Non invasive measurement of the craniospinal dynamics

1.4.1 Magnetic resonance imaging

Hydrodynamic measurement of the CSF flow field is useful to provide detailed information to help
understand the pathophysiology of the various craniospinal disorders such as CMI. In particular, in vivo
CSF measurements could offer doctors more complete information in order to determine which of the
patients with craniospinal disorders will have progressive symptoms and would respond to the
decompression surgery the best. Further, it may also be possible to gauge the success of surgical
treatment with normalization of hydrodynamic parameters such as peak velocities.

Magnetic resonance imaging (MRI) has been mainly used to measure CSF and brain tissue motion
within the spine and cranium in order to evaluate the CSF flow field**™. For the last few decades, single-
slice 2D phase contrast MRI (2D PC MRI) flow measurements in one direction have been the most widely
explored technique, as it provides in vivo measurement of parameters such as peak CSF flow velocity and
® relative timing of CSF and arterial pulsations ***®®® and pulse wave velocity in the SSS ® . Quigley et
al.” used cardiac gated 2D PC MRI to measure spatial and temporal variation in CSF velocity at the FM in
healthy volunteers and CMI patients. Results showed that in patients unlike in healthy volunteers, the
flow field was characterized by flow jets, regions with a preponderance of flow in one direction, and
synchronous bidirectional flow (Figure 1.9). On another study, peak CSF velocities in the craniocaudal
direction of CMI patients were significantly higher than the velocities measured in healthy controls using
2D PC MRP. In Chapter 5 of this thesis, we chose to use 2D PC MRI flow measurements at the C2-C3
cervical vertebrae level of healthy volunteers in order to evaluate the CSF flow as well as the total CBF
from the main vessels supplying blood to the brain. The crux of this project was to explore, with the use of
a specific 2D PC MR protocol, if CPAP has any impact on intracranial dynamics.

One drawback of the 2D PC MRI measurements is that they are limited by their narrow spatial
coverage, which may not be representative of the entire CSF compartment of interest, and the one-
dimensionality of their velocity encoding direction, i.e. either in-plane or through-plane velocity encoding.
Recent advancements in the medical imaging field have entirely opened new MRI measurement methods
to measure CSF and quantify CMI. Time-resolved 3D phase-contrast MRI (4D PC MRI) has been
progressively thought to be well suited to estimate complex flow phenomena in the CSF-filled spaces
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associated with CMI (Figure 1.10)* ®*7*. 4D PC MRI may provide better diagnostic utility compared to
conventional 2D PC MRI techniques, because of its three-directional information, larger field of view, and
relatively small voxel size’®. Known as one of the most detailed in vivo assessment tool, 4D PC MRI CSF
flow measurements in the cervical SSS obtained from healthy volunteers and CMI patients were
compared for the first time to 3D simulations of the same geometries in Chapter 2 of the present thesis.
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Figure 1.9 Fourteen successive transverse PC MR images of CSF flow through foramen magnum during cardiac cycle in a
symptomatic Chiari | malformation patient. White lines represent the subarachnoid space. 1-5 show cranial CSF flow; 6-11,
caudal CSF flow; and 13 and 14, cranial flow again. Color images show pronounced flow inhomogeneity. Regions of the
anterorlateral SSS have markedly elevated velocities. The posterior part of the SSS, compared to the anterior, is shown to have
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Figure 1.10 Streamlines representing CSF flow in the cervical spine (C3—C5 vertebrae level). Planes are placed axially 5 mm apart
from each other. Image view is oblique sagittal/coronal approximately 45° in the left/posterior direction (frames a—c) and axial
(frames d—f). Letters A-P and H-F represent the anteroposterior and head-feet directions, respectively. Vectors represent
magnitude and direction of velocities of each point at three different cardiac phases: second phase after R wave (a,d), third

phase(b,e), and last phase (eighth phase: ¢,f)’".
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1.4.2 Duplex Doppler Ultrasound measurements

Duplex color Doppler Ultrasound (US) measurements were utilized in this thesis in Chapter 4 as a
way to assess blood flow velocity and lumen diameter in M-mode”® of all the main vessels supplying blood
to the brain, such as the ICAs, VAs and MCAs (Figure 1.11) under the presence of CPAP. We chose to use
US measurements to evaluate velocity rate and vessel diameter instead of transcranial Doppler US (TCD)
since they do not take into account changes in the artery diameter that may occur during the CBF
autoregulation because of PCO,. As a result, our focus was to assess the influence of CPAP on CBF
dynamics. This was a primary study that helped us to move forward and investigate in Chapter 5 with the
use of 2D PC MRI, the response of intracranial dynamics system (arterial, venous and CSF) to the presence
of CPAP
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Figure 1.11 Flow velocity measurement (left) and lumen diameter in M-mode (right) at the right internal carotid

1.5 Computational fluid dynamics simulations of the CSF flow movement

Computational fluid dynamic (CFD) simulationsand in vitro flow models based on 2D PC MRI
measurements and additional anatomical data allow non-invasive analysis of the CSF flow environment in
healthy and patient cases **?* 7 7>, CFD numerically simulate the flow field by approximating
hydrodynamic variables, such as pressure and velocity and by solving the full Navier—Stokes equations
with finite element or finite volume methods. To date, most of CFD models of the CSF flow within the
craniospinal system consider the geometry of interest to be of rigid structure (Figure 1.12).

In addition, these models have incorporated various degrees of anatomical complexity with or
without the inclusion of fine structures such as spinal cord nerve roots, denticulate ligaments and
arachnoid trabeculae (Figure 1.13)”7°.* In Chapter 2, a detailed literature review of the existing CFD
studies of the cervical SSS CSF motion under varying levels of complexity is given.
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Figure 1.12 A. Sagittal MR image showing the axial orientation of the planes along the cervical spine of a patient with Chiari |
malformation that will be used for the orientation of the planesin the 3D CFD model B. 3D reconstruction of craniovertebral
junction of a patient with Chiari I malformation C. Peak CSF velocities at each of the axial planes shown in A as well as in a sagittal
plane computed by CFD simulations®
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Figure 1.13 Velocity magnitude contours in the spinal subarachnoid space of anisotropic porosity of a control, over one cardiac
75
cycle

Researchers have also investigated and simulated the CSF space and spinal tissue displacement by
assuming the SSS to be an axisymmetric coaxial elastic tube system®®. These simulations are based on
analytical solutions for wave propagation within tubes or 2D axisymmetric fluid structure interaction (FSl)
simulations with simplified boundary conditions from in vivo measurements. These models highlighted
the importance of mechanical properties of the neural tissue such as compliance and permeability and the
complex fluid-structure interaction involved with the CSF flow obstruction and neural tissue. It should
though be mentioned that FSI modeling of a patient specific geometry with a craniospinal disorder is
complex and computationally expensive due to the additional moving geometry of the walls that is
needed for each simulation.
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One drawback of the computational modeling is that the numerical 3D approximation of the CSF
flow field is sensitive to the boundary conditions which are obtained from the in vivo anatomical and flow
data acquisition. For instance, due to the spatial resolution limit of the current 2D PC MRI techniques, in
vivo measurements have provided limited information on the impact of the fine structures inside the SSS
on the CSF flow field. The anatomical size of these structures is too small to quantify with the present
state-of-the art MRI techniques that use ~0.5 mm isotropic resolution at 3T. Hence, it is necessary to be
able to obtain accurate in vivo measurements of the CSF motion both in health and disease states in order
to ameliorate the 3D representation by the CFD.

This need brought us to accomplishment of Chapters 2 and 3. In particular, Chapter 2 aimed at
obtaining 4D PC MR measurements of the CSF flow at nine axial locations along the cervical SSS of healthy
volunteers and patients with CMI. These measurements were then used as boundary conditions at
anatomically simplified 3D rigid wall CFD simulations of the same subject- specific geometries.
Hydrodynamic parameters such as peak velocities and thru-plane velocity profiles at peak systole were
further compared between the two measurement methods. As a whole, Chapter 2 highlighted the utility
of CFD in conjunction with 4D PC MRI for detailed analysis of CSF flow dynamics that could help
distinguish physiological from complex pathological flow patterns at the cervical SSS.

In addition, we extended the aim of the study in Chapter 3, where we investigated the inter-
operator geometric variability of the CFD modelling of the CSF movement at the craniovertebral junction.
One of the geometries of the healthy subjects from Chapter 2 was segmented from 7 independent
operators and simulated by CFD with the same methodology described in Chapter 2. In Chapter 3 we also
attempted to identify objective CSF dynamics based parameters that are indicative of disease states, such
as in peak CSF velocities, cross-sectional area, pressure, longitudinal impedance. Thus, geometric and
hydrodynamic parameter variability was compared to the variability of same parameters previously
documented in pre-/post-surgery CMI patients and controls.
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2.1 Abstract

Cerebrospinal fluid (CSF) dynamics in the cervical spinal subarachnoid space (SSS) have been
thought to be important to help diagnose and assess craniospinal disorders such as Chiari | malformation
(CM). In this study we obtained time-resolved three directional velocity encoded phase-contrast MRI (4D
PC MRI) in three healthy volunteers and four CM patients and compared the 4D PC MRI measurements to
subject-specific 3D computational fluid dynamics (CFD) simulations. The CFD simulations considered the
geometry to be rigid-walled and did not include small anatomical structures such as nerve roots,
denticulate ligaments and arachnoid trabeculae. Results were compared at nine axial planes along the
cervical SSS in terms of peak CSF velocities in both the cranial and caudal direction and visual
interpretation of thru-plane velocity profiles. 4D PC MRI peak CSF velocities were consistently greater
than the CFD peak velocities and these differences were more pronounced in CM patients than in healthy
subjects. In the upper cervical SSS of CM patients the 4D PC MRI quantified stronger fluid jets than the
CFD. Visual interpretation of the 4D PC MRI thru-plane velocity profiles showed greater pulsatile
movement of CSF in the anterior SSS in comparison to the posterior and reduction in local CSF velocities
near nerve roots. CFD velocity profiles were relatively uniform around the spinal cord for all subjects. This
study represents the first comparison of 4D PC MRI measurements to CFD of CSF flow in the cervical SSS.
The results highlight the utility of 4D PC MRI for evaluation of complex CSF dynamics and the need for
improvement of CFD methodology. Future studies are needed to investigate whether integration of fine
anatomical structures and gross motion of the brain and/or spinal cord into the computational model will
lead to a better agreement between the two techniques.

Keywords

4D PC MRI, computational fluid dynamics, Chiari | malformation, cerebrospinal fluid dynamics, cervical
spine, spinal subarachnoid space, spinal cord nerve roots, denticulate ligaments
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2.2 Introduction

Cerebrospinal fluid (CSF) dynamics have been examined in craniospinal disorders because analysis
of brain and spinal cord morphology alone has been insufficient to explain patient symptoms and surgical
outcome ™ ®°. Single-slice 2D phase contrast MR flow imaging (2D PC MRI) in the sagittal or axial
orientation has been used to quantify CSF hydrodynamic parameters such as peak CSF velocities and jets
in Chiari | malformation (CM) >, relative timing of CSF and arterial pulsations ***>°® and pulse wave
velocity in the spinal subarachnoid space (SSS) ®’. However, the unidirectional encoding of 2D PC MRI CSF
flow measurements does not permit quantification of 3D complexities within the CSF flow field . Time-
resolved three-directional velocity encoded phase contrast MR imaging (4D PC MRI) has been increasingly
appreciated for its potential to quantitatively and qualitatively assess CSF flow dynamics and provide
insight into complex flow phenomena such as secondary flow and vortex strength that can occur in
craniospinal disorders **”*. Bunck et al. ® found that 4D PC MRI resulted in detection of greater CSF peak
velocities than single-plane 2D PC MRI measurements when assessing CSF flow in CM patients with and
without a syrinx. 4D PC MRI has also been utilized to investigate the CSF flow field in the ventricles of the
brain *” and in hydrocephalus patients ¥’.

To date, the CSF flow field obtained by 4D PC MRI has not been compared to 3D computational
fluid dynamics (CFD) simulations; a helpful tool to quantify the CSF movement within the SSS and
intracranial space ”>7% 8% CFD simulations are uniquely suited for variational analysis; a technique that
can be used to help assess the importance of individual anatomical aspects of the CSF system such as the
spinal cord nerve roots or tonsillar descent in CM. Figure 2.1 summarizes the existing computational
simulation studies of the cervical SSS CSF motion under varying levels of complexity.

Tra
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Figure 2.1. Varying levels of anatomical assumptions in the literature when simulating CSF in the cervical spine (Decreasing level
of anatomical complexity from left to right, respectively). a) A subject-specific rigid wall geometry with CSF moving within a SSS of
anisotropic porosity75. b) An idealized 2D SSS geometry including spinal cord nerve roots, arachnoid trabeculae and denticulate
ligaments in a symmetric arrangement around the spinal cord %, c) A subject-specific 3D SSS geometry without small anatomical
structures and geometric smoothing . d) An idealized 3D geometry of a healthy subject %1 e) The first simulation of CSF in the
cervical SSS idealized as two concentric ellipses 8 f)A2D axisymmetric spinal cord and dura model with moving walls 2, g) A2D
axisymmetric model of wave propagation in the spine based on an analytical solution of concentric elastic tubes % Refer to Table
1 for details in each simulation.

In accordance with Figure 2.1, Table 2.1 provides details for the computational studies and their
anatomical simplifications. Loth et al. ®® conducted the first rigid wall CFD simulation of the CSF movement
in the SSS. Small anatomical structures such as the spinal cord (SC) nerve roots, denticulate ligaments and
arachnoid trabeculae were not included in the simulated geometry. Stockman *® investigated the impact
of small anatomical structures on the CSF flow field and found that the velocity profiles were not
significantly affected by the presence of the fine structures when the spacing was symmetric around the
SC. Subsequent to these studies it has generally been assumed that small structures in the SSS do not
have a significant impact on macro-scale CSF velocity profiles.

Roldan et al. ® simulated CSF in rigid geometrically realistic SSS models without fine structures
based on MRI measurements. The results indicated heterogeneous CSF flow fields with anterolateral flow
jets around the SC . Linge et al. °* examined the effect of anatomic variation on CSF dynamics without fine
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anatomy and found the spatial variations in flow patterns to resemble those observed in PC MR studies.
Rutkowska et al. * compared 3D rigid wall subject-specific CFD simulations of cyclic CSF flow to 2D PC MR
measurements in CM patients, patients who had previous craniovertebral decompression and controls
and observed that the various CSF flow patterns were greater in Chiari patients than in controls. In
contrast to other studies assuming the subarachnoid space to be a strictly fluid space, Gupta et al. "> %
conducted a study to simulate CSF movement within a uniformly distributed anisotropic porous media
representative of the arachnoid trabeculae. Their results supported that the arachnoid trabeculae density
and dimensions had a significant impact on pressure gradients and would alter kinetics of drug
distribution within the CSF system.

Table 2.1. Literature review of computational simulations of CSF motion in the cervical SSS and/or craniospinal junction in
healthy conditions and patients with craniospinal disorders

Tissue Arachnoid Nerve
Author Technique Geometry I u I v
motion trabeculae roots
Gupta et al.” CFD, anisotropic porous media 3D subject-specific No Yes No
Stockman et al. > CFD, Lattice Boltzmann 2D idealized No Yes Yes
Roldan et al. 3D rigid wall CFD 3D subject-specific No No No
Linge et al. ** 3D rigid wall CFD 3D idealized No No No
Loth et al. 3D rigid wall CFD 2D concentric ellipse based on subject No No No
Rutkowska et al. 3D rigid wall CFD 3D patient specific No No No
2D idealized axi tric, t d
Bertram * Numerical model/wave propagation tublesea Ized axisymmetric, tapere Yes No No
- . . 2D tric tub ith tant
Cirovic ® Numerical model/ wave propagation . concentric tube with constan Yes No No
diameter
e ter et al. ®, Elliott
arpegr)l er_ € a.‘ ! gl,? Numerical model/wave propagation 1D coaxial, fluid-filled, elastic tubes Yes No No
etal. ™, Cirovic et al.
Elliott et al. % Tyvo multiple-compartment hydraulic 1D coaxial, fluid-filled, permeable No No No
circuit models tubes
Multi t t model of
Linninger et al.”’ FSI . . |compar men. modeto Yes No No
intracranial dynamics
Bilston et al. % CFD 2D Axisymmetric, cylindrical model Yes No No

Several authors have simulated the CSF flow field and spinal tissue displacement considering the
SSS to be an axisymmetric coaxial elastic tube system 828929399101 Thage simulations are based on
analytical solutions for wave propagation within tubes or 2D axisymmetric fluid-structure interaction
simulations with simplified boundary conditions from in vivo. These models helped to further understand
the impact a stenosis and/or syrinx can have on wave propagation in the SSS and the internal stresses that
might arise within the neural tissue. Martin et al. 1% '® conducted in vitro experiments to examine the
importance of spinal stenosis and presence of a non-communicating syrinx on spinal CSF dynamics. Bottan
et al. ' constructed a 3D phantom model of the intracranial pressure and CSF dynamics.

As a whole, the in vitro experiments and axisymmetric models, despite many anatomical
simplifications, emphasized the importance of mechanical properties of the neural tissue such as
compliance and permeability and the complex fluid-structure interaction involved with the CSF flow
obstruction and neural tissue. Altogether these different approaches aiming to simulate CSF dynamics
warrant verification by in vivo measurements in order to assess the extent to which the different models
reflect in vivo. At present, 4D PC MRI can be regarded as the method that offers the best and most
comprehensive insight into in vivo CSF dynamics. For that reason it is most suitable for a comparison to
CFD models.

The aim of the present study was to compare the CSF flow field in the cervical spine, measured by
a) 4D PC MRI flow imaging and b) simulated by subject specific CFD, under a variety of CSF flow conditions
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(age and pathology). A variety of CSF flow conditions were examined by choosing a heterogeneous
subject group of healthy volunteers and CM patients at different ages. For each subject we compared the
4D PC MRI to the CFD flow field in terms of 1) peak velocities and 2) velocity profiles. Our hypothesis was
that important differences would be present between the CFD simulations and the 4D PC MRI
measurements due to neglect of the small structures and tissue motion in the CFD simulations.

2.3 Materials and Methods

Ethics Statement

The MR data acquisition was performed at the Department of Radiology of Miinster. The study was
approved by the institutional review board of the University of Miinster. Before the MR exams, written
informed consent was obtained from all the healthy volunteers and CM patients. Prior to further data
processing MR data were anonymized.

2.3.1 In vivo 4D PC MR measurements

4D PC MRI CSF velocity measurements were acquired in the cervical spine (from the foramen
magnum (FM) to C7 vertebrae level) of three healthy volunteers (Healthy volunteers a, b and c) (aged
2445 years) with no history of neurological disorder or spinal trauma and four CM patients (CM 1, 2, 3 and
4) (aged 5%2.8 years) (see Table 2.2 for the summary of the study population). Note that age and sex
matching of the healthy volunteers and patients was not sought in this study because the primary focus
was to obtain a variety of CSF flow conditions and compare them to subject specific CFD simulations. In
addition, neck angulation of the subjects was not controlled.

Table 2.2. Demographic and clinical characteristics of the study population

Tonsillar
Study population Age/ Sex Disorders Symptoms Flow abnormalities herniation
(mm)
Healthy volunteers a-c 28/F, 22/M, 22/M None None None N/A
cM1 7/F c™M Asymptomatic Unilateral flow jet 28.9
CcM 2 7/F c™M Migraine Inhomogeneous flow  16.4
CM 3 1M M Complex B!Ia!terall flow jets and 10.3
syndrome bidirectional flow

Impaired balance,
CM4 5/M CM lack of Unilateral flow jets 5.8
concentration

4D PC MRI measurements were taken on a 1.5 T MRI scanner (Achieva 2.6 scanner, Philips, Best the
Netherlands) with a standard 16-channel head and neck coil, using the sequence parameters as described
in the protocol by Bunck et al. *®. In brief, for 4D PC MRI imaging a retrospectively ECG-triggered, T1-
weighted, segmented gradient echo sequence (T1-TFE) with a three directional velocity encoding and an
isotropic resolution of 1.5 mm was used (reconstructed voxel resolution: 1 mm). Encoding velocity was set
to 10 cm/s in healthy volunteers and 20 cm/s in all patients. For PC measurements a local phase
correction (LPC) filter provided by the manufacturer was used to subtract the background offset caused
by eddy currents. The image volume was aligned in the sagittal plane with the 3D stack covering the
craniocervical junction and the entire cervical thecal sac. Imaging time varied between 8 and 14 minutes
depending on the individual heart rate and encoding velocity factor.

To define the cervical spine geometry for the CFD simulations, a high resolution T2-weighted 3D,
turbo spin-echo sequence (VISTA) with an isotropic spatial resolution of 0.8 mm was obtained. The 3D

35



field of view was adjusted to anatomical dimensions, laterally securely extending beyond the inner
confinement of the FM.

Motion of the cerebellar tonsils in the sagittal plane during the cardiac cycle was obtained using a
retrospective ECG-triggered balanced TFE sequence with an acquired spatial resolution of 1x1 mm
(reconstructed in-plane voxel resolution: 0.4 mm) and a slice thickness of 6 mm. A single slice in the
sagittal midplane was acquired with 30 heart phases, 70% phase percentage and a 50° flip angle.

2.3.2 CFD simulation

The three-dimensional anatomy of the cervical SSS was reconstructed for each subject from the T2
weighted VISTA MRI images with manual segmentation using ITK Snap software (Version 2.2.0, PA) (Figure
2.2). The lower cervical spine was manually segmented approximately 5 cm caudal to C7, beyond the
region of flow comparison. Spinal cord nerve roots, denticulate ligaments and other fine anatomical
structures were not taken into account in the segmentation. Careful attention was given to exclude the
epidural space outside of the dural confinement. The 3D geometry was smoothed with a Laplacian
smoothing using MeshLab software (Version 1.3.0, Italy, Rome). A rigid wall unstructured computational
grid was generated within the ANSYS ICEM CFD software (Version 13.0, Canonsburg, PA) consisting of
approximately two million tetrahedral elements.

A subject specific CSF flow waveform was imposed for each CFD simulation based on the following
methodology (See Figure 2.3). The CSF flow waveform was obtained at nine axial locations along the SSS
(FM to C7) based on the 4D PC MRI measurements for each subject. CSF flow was determined by
integrating the pixel velocities within the region of interest (ROI) at each axial location (see data
processing and analysis for details on ROI selection). Based on a CFD study by Loth et al. ¥, the CSF flow
waveform at each axial location was offset so the net CSF flow per cycle was zero (net flow in the SSS is
known to be nearly zero). The average offset for all subjects was relatively small compared to the peak
flow rates (-0.23 + 0.10 cm/s).

Figure 2.2. 3D reconstruction of the cervical SSS based on manual segmentation of the healthy subjects (left) and CM patients
(right). The 3D reconstruction depicts the SSS where the CSF pulsates (between the dura and spinal cord tissue). Note the SSS
constriction near the FM in the four CM patients in comparison to the healthy subjects.
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The CSF flow waveform from the axial location with the greatest peak flow rate was selected for the inlet
boundary condition of the CFD simulation. This location was selected to assure that the CFD results did not
under predict CSF velocities and because a higher fidelity MRI signal is expected within a ROl with greater CSF
movement. For our study, the axial location with the greatest CSF flow rate was located at the C1, C2M or
the C3 level for all subjects. Systolic CSF flow occurred in the cranial-caudal direction. Based on the CSF flow
waveform, a blunt CSF velocity profile was imposed at the flow inlet on the caudal end of the CFD model
(approximately 5 cm below C7). The caudal end of the model was chosen as an inlet to allow for a fully
developed velocity profile within the ROI (FM to C7). A no-slip boundary condition was specified at the walls.
Similar to other CSF CFD studies in the literature ®® '®, a zero pressure boundary condition was imposed at
the flow outlet on the cranial end of each CFD simulation.

The Navier-Stokes equations were solved numerically by the commercial finite volume CFD solver
ANSY CFX (Version 13.0, Canonsburg, PA), resulting in a flow velocity vector and a pressure scalar at each
point of the computational mesh. CSF was modeled as an incompressible Newtonian fluid with the
hydrodynamic characteristics of water at body temperature *° '’ (density of p=1000kg/ and dynamic
viscosity of p=0.001Pa*s). Flow was assumed to be laminar. ANSYS CFX uses an element-based finite
volume method to solve the Navier-Stokes equations by implementing the Gauss’ Divergence Theorem to
convert volume integrals involving divergence and gradient operators to surface integrals. Within the CFX
solver settings, the utilized advection scheme had second order accuracy. The utilized transient time-
stepping scheme was second order implicit backward Euler. The root mean square residual (RMS) was set
to 1*10™ as a convergence criterion. Each CFD simulation took approximately 8 hours to complete in
parallel on a computer with 8 processors and 12-GB RAM. The total simulation time was sufficient for
temporal periodicity to be established.
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Figure 2.3. Workflow for 4D PC MRI (top row) and CFD (bottom) methodology in a healthy volunteer. a) 4D PC MRI
velocity vectors superimposed on the coarse 2D anatomy scan. b) Placement of axial planes along the cervical SSS and c) 2D
velocity profile visualization of the axial planes. d) Velocity profile example at the FM where ROl image truncation was required
due to low velocities and noise in the MRI signal (see Methods for details). e) Velocity profile in the lower cervical SSS where the
ROI required less image truncation. f) High resolution anatomical MRI scan used to define the geometry for the CFD simulation.
g) 3D rendering of the cervical SSS segmentation before end truncation and geometric smoothing. h) 3D rendering of the
smoothed cervical SSS geometry and axial planes where the CFD velocity profiles were observed. i) 2D velocity profile plots for
each axial location. j) Velocity profile at the FM showing a larger cross-section than the FM in the 4D PC MRI (compare to d). k)
Velocity profile in the lower cervical SSS that compares more favorably in terms of ROI size and shape to that observed in the 4D
PC MRI (e).
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Grid and time step independence studies were carried out with the following methodology. Three grid
sizes with tetrahedral elements were analyzed having 1,310,000 (coarse), 2,860,000 (medium) and
3,800,000 (fine) elements. Pressure and velocity contours at several cross-sections of the domain were
compared at different simulation times during the third simulation flow cycle. We assessed maximum
relative error, e, based on the following formula,

>x100

V
e=max

where V,, is the velocity in the z direction calculated at the time step, tsys, corresponding to peak systolic
flow within the cardiac cycle and x is the spatial position along a vector located within each cross-section
(axial planes FM, C3 and C7). The subscripts “fine” and “medium” refer to calculations carried out with
the fine and medium grid respectively. We used the same formula to estimate the relative error between
the coarse and medium grids. Following confirmation that the medium grid was sufficient to capture the
important flow features, the CFD simulations were carried out with the medium grid. Time-step
independence was assessed by carrying out the computations for the first period using time step sizes of
T/100, T/1,000 and T/10,000 where T is the length of one cardiac cycle for each subject. The time step size
utilized for our presented simulation results was 7/1000.

Wfine(tsys,x) _VWmedium(tsys,x)

VWﬁne(tsys,x)

2.3.3 Data processing and analysis

Data processing of the 4D PC MRI data sets, flow quantification and flow visualisation was carried
out using the GTFlow software (Version 1.6.4, Gyrotools Ltd., Zurich, Switzerland). For flow quantification,
the ROIs were manually defined in the axial orientation orthogonal to the spinal axis at the level of the FM
and every cervical vertebra including the middle of C2 (FM, C1, C2M, C2P, C3, C4, C5, C6, C7; see Figure
2.3b for typical ROI orientation). Special care was taken to avoid regions within the ROIs with high
velocities that occurred due to vascular blood flow. Differentiation between high CSF flow velocities due
to anatomical restrictions and low vascular flow velocities was visually performed based on the PC images
by assessing direction of flow over time. While the direction of blood flow does not change over time, i.e.
flow is either directed caudally for venous blood or cranially for arterial blood, flow direction of CSF
changes from the caudal direction during systole to the cranial direction during diastole. The ROI axial
planes with high velocities due to vascular flow were typically located at the FM level near the left and
right vertebral and the basilar artery. In some cases the ROl at the FM and C1 required partial truncation
due to lack of signal and/or noise in the 4D PC MRI signal (Figure 2.3c, d, and e) and because of high
arterial blood flow velocities. It should be noted that the post-processing software ROI selection was
limited to one closed shape region at each axial level. Thus, each ROl had a “cuff” shape located around
the spinal cord, with each tip of the cuff located on the posterior side of the spinal cord where lower CSF
velocities were present. In the regions where the spinal cord was completely surrounded by CSF, the tips
of the “cuff” shaped ROI were adjusted to touch, resulting in a virtually ring-like shape. Overall, the ROI
shapes were adjusted to include all relevant flow components by correcting the shape based on the
velocity encoded PC images. By these means it was assured that peak velocities were not missed.

The 4D PC MRI measurements and CFD simulation results were compared in terms of 1) peak
velocities and 2) visual inspection of the velocity profiles for each ROl along the spine. Axial planes were
placed along the CFD simulated geometries with the same orientation and location as the 4D PC MRI ROls.
For each plane the peak thru-plane systolic (caudal) and diastolic (cranial) flow velocities were quantified.
For each axial level along the spine the average and standard deviation of the peak caudal and cranial
velocities were determined for the three healthy subjects and four CM patients. In addition, the flow was
assessed visually to understand any differences in velocity profiles if present. We focused on a) anterior
versus posterior flow differences, b) presence of flow jets and c) flow near the nerve roots. The CSF stroke
volume (SV) for each ROI along the spine was determined by integrating the absolute value of the CSF
flow waveform and dividing the integrated value by two (total pulsatile volume moving through an ROI).
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Motion of the cerebellar tonsils during the cardiac cycle was assessed at the mid-sagittal plane near the
FM for one healthy volunteer (Healthy c) and four CM patients using the following methodology. Based
on the ECG-triggered balanced TFE cine images, the image with the maximum rostral and caudal
displacement of the tonsils was selected by visual estimation of the tonsil position. The individual pixel
values in the rostral and caudal displacement image were subtracted from one another to produce a
transparent threshold image mask (aqua colour) that was overlaid on the original tonsil position with
maximum rostral displacement. Thus, the space in the image without any transparent aqua masking
corresponded to regions where the tissue moved during the cardiac cycle and vice versa. This provides a
visualization of the level of tissue motion in each subject.

2.4 Results
2.4.1 Peak velocities

4D PC MRI data sets were acquired for three healthy subjects and four CM patients. The mean thru-
plane peak cranial and caudal velocities measured by 4D PC MRI and simulated by CFD at different axial
locations along the cervical spine are presented in Figure 2.4. All velocities are given as mean + SD cm/s.
Positive and negative velocities reflect head and foot directed flow, respectively. The 4D PC MRI velocity
measurements were consistently greater in magnitude than the CFD simulations. For healthy subjects at
the FM, 4D PC MRI average peak caudal and cranial velocities were -5.2 + 1.8 cm/s and 4.2 + 2.5 cm/s,
respectively. In contrast, average CFD velocities at the FM were -1.1 + 0.3 cm/s and 0.5 + 0.0 cm/s,
respectively in healthy subjects. The difference between 4D PC MRI and CFD velocities was greater in the
CM patients. For CM patients at the FM, 4D PC MRI average peak caudal and cranial velocities were -11.8
+9.0 cm/s and 6.2 + 4.7 cm/s, respectively. For CM patients at the FM, average CFD velocities were -2.9 +
0.6 cm/s and 1.8 + 0.5 cm/s, respectively.

While the focus of this paper was not to differentiate healthy from CMI patients in terms of their
velocities, a number of differences were observed in the two groups. Overall, the 4D PC MRI
measurements had a greater standard deviation of peak velocities than the CFD results for both the
healthy and CMI patients. In CMI patients the greatest standard deviation of peak velocities occurred in
peak systole at the FM and C1 level for the 4D PC MRI measurements. In the healthy group, we noted that
the greatest differences between the average CFD peak velocities and the 4D PC MRI peak velocities
occurred in systole (caudal directed flow) at the C3 to C6 level. In contrast, in the CMI patients the
greatest differences in average peak velocities occurred at the FM and C1 level (Figure 2.4).
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Figure 2.4. Comparison of the peak systolic and diastolic velocities that were measured by the 4D PC MRI and simulated by CFD in
the cervical spine (FM-C7, FM is near the head and C7 is towards the feet) in healthy volunteers (Healthy a, b and c) and CM
patients (CM 1, 2, 3, and 4). Values are given as mean + SD (cm/s) for the three healthy subjects (top) and four CM patients
(bottom). Positive (diastolic) and negative (systolic) velocities reflect head and foot directed flow, respectively.
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2.4.2 Velocity profiles

Visual inspection of the 4D PC MRI and CFD thru-plane velocity profiles at peak systole revealed
large spatial differences in flow patterns (Figures 2.5 and 2.6). Colours indicate the magnitude of thru-
plane axial velocity (caudal direction).
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Figure 2.5. Thru-plane peak CSF velocity profiles (foot direction) at each axial location along the cervical spine. The left and right
image for each subject corresponds to the CFD simulation and 4D PC MRI measurements along the cervical spine (FM-C7 level),
respectively. CSF velocities were elevated in the anterior SSS in comparison to the posterior space in all of the 4D PC MRI velocity
profiles (healthy and patients). The posterior versus anterior flow differences were not present in the CFD results; which
maintained a fairly uniform velocity profile around the spinal cord in all simulations except CM 1 and CM 2 near the FM. Note,
velocity scales are different for each image (shown at bottom of each image set) so as to highlight the difference in velocity
profiles.

Greater CSF velocities were observed by 4D PC MRI in the anterior SSS in comparison to the
posterior space in all healthy subjects and CM patients. In contrast, relatively uniform CSF flow profiles
were simulated by CFD. Two of the four Chiari patients (CM 3 and 4) showed flow jets on the 4D PC MR
images (see CM3 at FM and C1; CM4 at FM, C1 and C2M). No such flow jets were present in the
corresponding CFD velocity profiles. The flow jets were unilateral in both subjects. Velocity profile was
skewed to the narrower posterior subarachnoid space in a number of the CFD simulations (see HVa at C3;
HVb at C2P, C3 and C4; HVc at C3 and C6; CM2 at C7; CM3 at C2P, C6 and C7; CM4 at C2P). In the 4D PC
MRI images, velocity profiles were not skewed to the posterior subarachnoid space in any of the
measurement planes. Instead, relatively high and concentrated regions (jets) of CSF flow were observed
throughout the anterior subarachnoid space for the healthy and CMI group 4D PC MRI measurements.
Figure 2.6 shows a detailed view of the 4D PC MRI and CFD velocity profiles for a healthy subject (healthy
a) and CM1 patient (from C2P — C7 level). The 1 and + symbols highlight anterior dominated CSF flow and
reduced CSF velocities near nerve roots, respectively. In HVa at C2P and C3, and in CM1 at C6, the CFD
velocity profiles are skewed posterior to the cord while in all of the 4D PC MRI planes the velocity profile
is skewed to the anterior to a great degree. The velocity profile at peak systole measured by 4D PC MRI
was much rougher than the smooth uniform velocity profiles simulated in CFD. Localized velocity jets
were observed on each side of the cord in HVa and to a lesser degree in CM1.
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Figure 2.6. Comparison of the peak systolic thru-plane CSF velocity profiles between the 4D PC MRI and CFD for HVa (left) and
CM1 (right). Note the different velocity scales for each plot (optimized for visualization of flow profiles in each case). Colors
indicate the magnitude of thru-plane velocities. 1 symbols highlight the elevated anterior CSF velocities in comparison to the
posterior that were observed in all of the 4D PC MRI velocity profiles (healthy and patients). The posterior versus anterior flow
differences were not present in the CFD simulations (see Figure 2.5). + symbols indicate locations where the nerve roots appear
to local CSF velocities.

2.4.3 Motion of cerebellar tonsils

Motion of the cerebellar tonsils during the cardiac cycle is depicted in Figure 2.7 (top row) for the
four CM patients and one healthy subject (hvc). Regions without a blue mask colour highlight tonsillar
motion. As a whole, healthy subjects had less tonsillar motion than the CM patients. CM 1, 2 and 4 had
greater tonsillar motion than CM 3. Motion of the spinal cord was also noted near the brain stem in CM1
and CM2, while in CM3 and CM4 little motion was present at the brain stem. CSF flow over the cardiac
cycle at C1 and C2M vertebrae level (middle row) and total SV at various axial locations along the SSS
(bottom row), as obtained from the 4D PC MRI measurements, are shown below the tonsillar motion
image for each subject. The CSF flow waveform at C1 and C2M was very similar in HVc, CM3 and CM4. In
CM1 and CM2 the waveform varied a great degree in terms of shape and amplitude. Stroke volume (SV)
varied a great degree at different axial locations along the spine for the subjects in our study. At the FM,
SV was greatest in healthy subjects at about 0.76 ml per CSF flow cycle. In the CMI patients, SV at the FM
varied from nearly zero, in CM1 and CM2, to approximately 0.3 ml, in CM3 and CM4. Interestingly, the
two patients with the greatest reduction in SV (CM1 and CM2) at the FM had the greatest brain motion.
The two patients with a smaller level of brain motion had a smaller reduction in SV near the FM. Below
the C2P level, SV decreased along the spine in the healthy subject while in the CM patients SV remained
fairly uniform.
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Figure 2.7. Motion analysis of the MRI images for healthy subject ¢ (Hty c) and CM patients. Pixels in the image that are not
masked in blue indicate tissue regions of the brain/spinal cord that move during the cardiac cycle. The larger the region, the
greater the tissue motion; e.g. CM1, CM2 and CM4 appear to have the greater level of tissue motion in comparison to CM3.
Unsteady CSF flow measured at the C1 and C2M is shown in the center row for each patient. CSF stroke volume (SV) at each axial
location along the SSS (FM — C7) is shown in the bottom row for each subject.
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2.4.4 Independence studies

Figure 2.8 shows the z-direction velocity, Velocity w at peak systole for a selected vector within the
axial planes located at FM (a), C3 (b), C7 (c) for the coarse, medium and fine grid simulation performed
with a T7/1,000 time step size. Time-step independence studies showed graphically indistinguishable
results, especially in the cases of the medium and fine mesh. The maximum relative error, e, was 20% for
the coarse to medium grid and 5% for the medium to fine grid.
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Figure 2.8. Plots of peak systolic velocity in the z direction (velocity w) along vectors through the cervical spinal cord for three
different axial locations as calculated with three grids (a) Velocity-w along the vector at the cross-section of axial plane FM, (b)

Velocity-w along the vector at the cross-section of axial plane C3 (c) Velocity-w along the vector at the cross-section of axial plane
C7.

2.5 Discussion

In the present study we focus on analysis of CSF dynamics present in the cervical SSS by comparing
4D PC MRI measurements to subject-specific rigid wall and anatomically simplified CFD simulations. Our
goal was to compare these two possibly important techniques to better understand their potential to
assess CSF dynamics in healthy and diseased conditions. We compared the two techniques in terms of 1)
peak velocities and 2) visual inspection of velocity profiles since both of them are regarded as possible
indicators of symptomatic patients with CM. As such, those two factors, when visualized with 4D PC flow
imaging and in combination with CFD simulations, may help to more precisely identify patients who are
likely to benefit from craniocervical decompression.

Our results showed that the 4D PC MRI measurements and CFD simulations did not have similar CSF
dynamics in terms of peak velocities or velocity profiles over a heterogeneous range of CSF flow
conditions in terms of age, sex and pathology. These differences were more pronounced in CM patients
particularly near the FM. We hypothesize that the differences can be accounted for due to i) neglect of

small structures and/or tissue motion in the cervical SSS in the CFD simulation and ii) noise in the 4D PC
MRI measurements.
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Potential reasons for different peak CSF velocities

Our results supported that thru-plane peak systolic velocities were consistently greater in
magnitude for the 4D PC MRI measurements than the CFD simulations in both healthy subjects and CM
patients (Figure 2.4). These velocity differences were more pronounced in CM patients compared to
healthy volunteers, in particular at the level of the FM. The lower peak velocities in the CFD simulations in
comparison to the 4D PC MRI measurements could be due to the following reasons a) overestimation of
the SSS cross-sectional area, b) underestimation of the CFD input flow boundary condition, c) non-uniform
porosity of the SSS, d) structural motion of the neural tissue, e) noise in the 4D PC MRI measurements.
We conjecture ¢, d, and e to be the most plausible.

a) Overestimation of the SSS cross-sectional area

The 3D CFD geometry was manually segmented based on the high-resolution VISTA MRI geometry
scans. It is possible that the CFD geometry cross-sectional area was larger than in vivo thus resulting in
lower peak velocities due to the linear relation of velocity and cross-sectional area for an incompressible
fluid moving in a rigid conduit. However, we do not expect this to be the case since the velocity
differences occurred along the entire cervical spine and because these differences were 4X greater in
some cases. For this to occur, the manual segmentation would need to be incorrect by a factor of four or
more. Nonetheless, in our study the manual segmentation for each subject was checked by two
radiologists and confirmed to be representative of in vivo.

b) Underestimation of the CFD input flow boundary condition

Similar to overestimation of cross-sectional area, underestimation of the input flow boundary
condition for the CFD simulation would result in lower peak velocities. However, our methods involved
carefully specifying the input boundary condition with the greatest peak flow rate and thus we do not
expect an underestimation of the flow boundary condition but rather possibly an overestimation. The CSF
flow waveform amplitude, that was quantified at different axial levels by 4D PC MRI, was found to vary
along the cervical spine; presumably due to compliance of the SSS (see Figures 2.5, 2.6 and 2.7) ®. To
some extent, these variations may be attributed to noise in the 4D PC MRI signal in regions with low
velocities and structural motion of the tissue (see below for more on structural motion). For the CFD
simulation flow boundary condition, we chose to use the CSF flow waveform with the greatest peak flow
value (caudal direction) reasoning that at this location signal to noise would be better than other regions.
The selected location was at C1, C2M or C3 for the study population.

¢) Inhomogeneous porosity of the SSS

Our 4D PC MRI measurements show a dominance of anterior CSF velocities in comparison to the
posterior cervical SSS (Figures 2.4 and 2.5). In contrast, the CFD simulations did not show anterior
dominance of CSF velocity in any of the simulations. Instead, the velocity profile was skewed to the
narrower posterior subarachnoid space in a number of the CFD simulations. We suspect that these
differences are due to inhomogeneous distribution of arachnoid trabeculae or other fine anatomical
structures that result in preferential CSF movement through the anterior SSS in the cervical SSS. However,
the CFD simulation considered the SSS to be a fluid continuum in which the fine anatomical structures
were neglected. If these structures were present the SSS cross-sectional area would be reduced and thus
peak velocities would increase. Additionally, a study in the literature has shown that the arachnoid
trabeculae were more densely packed in the posterior SSS *”. Under this condition CSF would move more
freely on the anterior SSS and thus CSF velocities in this region would be greater.
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d) Structural motion of the neural tissue

The CFD simulation did not take into account structural motion of the neural tissue. However, it
was clear that structural motion was present, particularly in the patients near the FM (Figure 2.7).
Unsurprisingly, the CFD and 4D PC MRI results deviated from one another to the greatest degree in
patients near the FM. The motion analysis of the cerebellar tonsils during the cardiac cycle showed
descent of the tonsils during systole. Thus, at this time point the cross-sectional area of the SSS would be
reduced and make CSF velocities in this region increase. However, the motion of the tonsils was not taken
into account by the CFD simulation likely resulting in lower peak velocities. While tissue motion at the
cerebellar tonsils may account for velocity differences near the FM, it would not account for velocity
differences in the middle/lower cervical spine that were observed in our study where little tissue motion
was observed in any of the subjects. As a result, in these regions it is more plausible that peak flow
differences were due to either a, b, or c as mentioned above.

e) Noise in the 4D PC MRI measurements

It has been argued above that the difference in 4D PC MRI and CFD results can be accounted for by
oversimplification of the CFD simulation. However, it should be noted that the 4D PC MRI measurement
methodology also needs improvement. Phase contrast imaging requires a maximum measurable velocity
to be set so as to balance noise and phase aliasing. In order to correctly detect high velocities and avoid
aliasing artifacts, the sequence presets had to be adjusted to higher velocity encoding factors in Chiari
patients than healthy volunteers (see methods). By choosing a higher velocity encoding factor, the
sensitivity for the detection of slow flow components was reduced and may have led to an
underestimation of slow flow. By these means, overall flow rates which were used as inlet flow boundary
conditions may have been underestimated. New techniques using multiple velocity encoding schemes aim
at increasing the overall sensitivity for a wider range of flow velocities and reduce the velocity-to-noise

ratios %,

Bunck et al. ®® evaluated the accuracy of the 4D PC MR sequence by comparing CSF flow velocities
as measured by a conventional 2D PC MRI to 4D PC MRI sequence at four representative sites of the
cervical canal. The comparison showed an overall good agreement of peak velocities in healthy volunteers
with only a small bias. With no 2D PC data acquired in their patient population, future studies are required
to assess how 4D PC MRI could be compared with conventional 2D PC flow imaging and whether it adds
clinically valuable information. Long acquisition times make the 4D PC imaging prone to motion artifacts
that could increase the noise level. This technique also requires a significant level of pre-processing and
filtering of the data for analysis. Each step of post-processing can introduce error to the measurements.

Different velocity profiles and importance of small anatomy

The 4D PC MRI CSF velocity profiles showed a strong dominance of flow on the anterior SSS in
comparison to the posterior (Figures 2.5 and 2.6) while CFD velocity profiles were fairly uniform along the
cervical spine except near the FM in CM 1 and CM 2 patients. One might argue that the 4D PC MRI
measurements are suspect since they have spatial and temporal limitations. However, the MRI flow
measurement generally improves with flow velocity. Thus, while the noise that is present on the
posterior spinal cord 4D PC MRI measurements does make the exact flow profile in this region suspect, it
does not mean that an overall dominance of CSF flow would not be noticed. In the present case velocities
were relatively high anterior to the SC and thus one would still be capable of delineating flow dominance
on one side of the SC or another.

The differences in velocity profiles and peak velocities between the 4D PC MRI measurements and
CFD simulations suggest that the level of anatomical detail in CFD simulations are not adequate to
accurately model the CSF dynamics in the cervical spine. The differences in anterior versus posterior flow
in the 4D PC MRI measurements appear to be important in the overall flow field. However, the CFD did
not capture the level of anterior flow dominance. Thus, SC nerve roots, denticulate ligaments and/or
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other small anatomical structures such as the arachnoid trabeculae may be required to accurately model
the flow field. It is yet clear if all or just some of these anatomical structures need to be included.

Various researchers have completed computational studies including different aspects of small
structures in the SSS (see Table 2.1). Nevertheless, none of these studies have included all of the
anatomical fine structures in their computational model, including the subject-specific geometries and
flow boundary conditions and compared their simulation results with 4D PC MRI or 2D phase-contrast
MRI measurements. Neglecting anatomical details makes the CFD simulations simpler and require less
computing time ; however it may not be representative of the in vivo flow field.

While the present study did not include the small structures in the CFD simulations, it did compare
directly the CFD results with the in vivo 4D MR measurements in healthy subjects and CM patients. One
reason for the lack of comparison in the literature is that the 2D phase contrast MRI images are generally
obtained with a slice thickness greater than the nerve root dimensions thus washing out some of the
spatial flow complexity. Therefore, the single direction of velocity encoding does not permit quantification
of the more complex flow phenomena that might arise near fine structures. Additionally, fine structures
within the SSS are difficult to be captured with the current imaging techniques. Sigmund et al. *® recently
utilized 7T MRI with a custom designed neck coil to obtain high—resolution anatomical images of the
cervical SSS with as low as 180 micron isotropic resolution. This resolution has potential to geometrically
define nerve roots and denticulate ligaments but not arachnoid trabeculae.

Importance of tissue motion

Tissue motion appeared to relate with CSF dynamics near the FM. It appeared that differences
between C1 and C2M level CSF flows and stroke volumes could be related to tissue motion of the brain
(Figure 2.7). In particular, greater changes in CSF stroke volume were present near the FM in subjects with
greater brain tissue motion. It can be hypothesized that abnormally elevated brain tissue motion in CM
patients could result in movement of CSF by displacement. However, more patients and healthy subjects
would need to be analysed to validate this hypothesis. Cousins et al. **> measured tonsillar motion with
CINE MR imaging in patients suspected to have CM and subjects without any tonsillar ectopia. They found
that patients and subjects with normal cerebellar tonsils both depicted a small-amplitude tonsil
movement in cephalad and caudal directions during the cardiac cycle.

Limitations

There were a number of limitations in this study in terms of: 1) study population, 2) 4D PC MRI flow
imaging methods and 3) CFD methodology. The primary aim of the study was to compare quantification of
CSF dynamics by 4D PC MRI and CFD under a variety of CSF flow situations. Thus, a limited study
population was selected to encompass both healthy subjects and CM patients that depicted a variety of
CSF flow patterns. We chose four CM patients with differences in flow alterations, severity of tonsillar
herniation and symptoms. The healthy subjects were considerably older than the CM patients and thus
were also likely to have different flow characteristics ** '**. In addition, several factors were not
controlled including neck angulation that might have had an impact on CSF dynamics ******. Future studies
should be performed in a larger population with age-matched controls. It would also be useful to conduct
repeatability studies.

The 4D PC MRI methods presented a number of important limitations. Slow moving CSF velocities were
difficult to obtain due to inherent lack of signal and/or noise in the 4D PC MRI and relatively high velocity
encoding values needed. This was particularly in the case of CM patients where flow jets were present
within the ROI near FM and C1 level. The 4D PC MRI post-processing tool had limited ability for ROI
selection and made it difficult to define complex geometries such as near the FM. At the FM avoidance of
high arterial blood flow velocities from the vertebral arteries was difficult and altered the ROI. Future
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improvements in the 4D PC MRI post processing could be achieved by a more robust pixel selection
technique such as a point-by-point selection that incorporates spectral analysis and/or cross-correlation
of pixel velocities.

To define the geometric region used for the CFD simulation we utilized an MRI scan with a spatial
resolution of approximately 1 mm. This scan provides limited details about the fine anatomy that
appeared to be an important factor in our study. It would be helpful to utilize images of higher resolution
to define the geometric boundaries such as those that can be obtained with 7T MRI. Flow boundary
conditions for the CFD model were difficult to define due to differences in CSF flow amplitude. A more
accurate CFD simulation of the cervical CSF might incorporate the fluid structure interaction of the spinal
cord, dura and other structures. It may also be required to incorporate moving boundary methods to
model the tonsil and/or spinal cord motion in CM patients. Similar to previous studies in the literature, we
set the pressure boundary condition to zero at the flow outlet. However, at this region there was at times
bifurcating and/or complex flow outlet geometry. It is expected that the in vivo pressure could be
different for the outlets and thus would impact CSF flow velocities. Even with these alterations in flow, we
do not expect them to propagate further down the spine where the pressure around the spinal cord
would likely be relatively uniform.

Overall, this study represents the first comparison of 4D PC MRI measurements and CFD simulation
of CSF motion in the cervical SSS for healthy subjects and CM patients. CSF dynamics were found to be
considerably different in 4D PC MRI versus CFD simulations. We believe the deviation of CFD results from
the 4D PC MRI measurements is likely due to neglect of small anatomical structures in the cervical SSS and
tissue movement. Thus, the present anatomically simplified rigid wall CFD methods likely need to be
improved to accurately model CSF dynamics in the cervical SSS in terms of peak flow velocities and
velocity profiles. Further analysis, such as incorporation of the spinal cord nerve roots and/or denticulate
ligaments and an in vitro study, should be conducted to understand the differences in flow fields between
the two methods. The results of our study also highlight the utility of CFD in conjunction with 4D PC MRI
for detailed analysis of CSF flow dynamics that could help distinguish physiological from complex
pathological flow patterns at the FM and cervical SSS. However, a full understanding of why pulsatile
motion of the CSF is needed to maintain craniospinal health remains enigmatic. We expect that a
combination of 4D PC MRI measurements and CFD simulations will be key tools to help assess and
understand the CSF dynamics in health and disease states.
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3.1 Abstract

This study represents the first analysis of inter-operator dependence of magnetic resonance image
(MRI) based computational fluid dynamics (CFD) modeling of cerebrospinal fluid (CSF) motion in the
cervical spinal subarachnoid space (SSS). Time-resolved 3D velocity encoded phase-contrast MRI (4D
PCMRI) flow measurements and T2-weigted anatomy MRI images were obtained at the cervical-medullary
junction of a single healthy volunteer. 3D anatomy of the cervical SSS was reconstructed by manual
segmentation by seven independent operators. CFD simulations considered the geometry to be rigid-
walled with the CSF modeled as an incompressible Newtonian fluid. CFD results were compared at nine
axial locations along the SSS in terms of eight hydrodynamic and geometric parameters: cross-sectional
area, hydraulic diameter, peak systolic and diastolic velocities, pressure gradient, integrated longitudinal
impedance, Reynolds and Womersley numbers. Intraclass correlation (ICC) was computed to assess the
inter-operator agreement for each parameter over the axial locations and coefficient of variation (CV) was
used to compare the percentage of variance for each parameter between the operators at each axial
location. ICC between the operators was greater than 0.88 for all parameters analyzed with the exception
of Reynolds number (ICC = 0.74). Peak systolic velocity was the parameter with greatest variance
(CV=19%) while hydraulic diameter, cross-sectional area and Reynolds number had the least variance
(CV~3.5%) between the operators. These results show a high degree of reliability for MRI-based CFD
simulations in the prediction of CSF hydrodynamic and geometric-based parameters in the cervical spine
of a healthy subject.

Key words

Cerebrospinal fluid (CSF), computational fluid dynamics (CFD), magnetic resonance imaging (MRI), Chiari
malformation, neurohydrodynamics
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3.2 Introduction

Abnormal cerebrospinal fluid (CSF) dynamics can result in devastating neurologic disorders that
occur in much of the population such as hydrocephalus (1 in 2000 births ©), Chiari malformation (1 in 3000
118) and syringomyelia (1 in 8000 '*°). Investigators have begun to research the link of CSF dynamics and
disease states in terms of objective parameters such as CSF velocities %, integrated flow waveforms **'*/,
and bi-directional flow jets > '°. A powerful way to help understand the possible link of CSF dynamics and
disease is the combined usage of computational fluid dynamics (CFD) based on subject-specific medical
imaging of in vivo geometry and flow .. This methodology has been used extensively in vascular
hemodynamics and is attractive because it can provide subject-specific non-invasive information about

disease states.

While the field of CSF dynamics has been investigated invasively for more than a century '*, usage
of MRI has enabled huge advances in recent years. Approximately 25 ml of CSF is contained within the
spinal subarachnoid space (5SS) '*° where it moves in a pulsatile manner synchronous with each cardiac
cycle around the spinal cord, **”° with a peak Reynolds number of 300-400 ** and Womersley number
ranging from 5 to 17 . MRI measurements have shown that the volumetric CSF pulsation that moves in
and out of the intracranial space is approximately one milliliter with nearly zero net flow ***** and has a
peak systolic flow velocity ranging from 1-5 cm/s in healthy subjects . While the CSF pulsation to the SSS
is small, many craniospinal pathologies have been associated with abnormalities in the CSF flow dynamics
910.16,122 5p phase-contrast magnetic resonance imaging (2D PCMRI) has been the mainstay for in vivo
analysis of CSF flow dynamics. Recent studies have also used time-resolved 3D velocity encoded phase-
contrast MRI (4D PCMRI) to assess 3D CSF flow field complexities, such as bisynchronous flow jets and
vortices ®

To further understand the importance of CSF flow, CFD 7>7% 8 8 12312 304 jn vitro bench-top

experiments * have been used to investigate CSF flow and quantify parameters that can be difficult to
measure or lack sufficient detail when acquired by MRI, such as pressure "°. These experimental and
computational methods also enable variational analysis and application of reductionism that cannot be
applied in vivo, for example reductionism to determine impact of anatomical features on CSF flow, such as
spinal cord nerve roots and denticulate ligaments **°. In addition, they can be used to identify new
guantitative parameters to assess disease states; for example, application of CFD in the cervical spine for
Chiari malformation patients showed elevated impedance to CSF flow compared to controls ** %>,

Uncertainty in model geometry impacts the reliability of CFD-based prediction of CSF flow. To date,
all of the CFD studies of CSF flow have relied on a single operator segmentation of the CSF space. Analysis
of inter-operator dependence of CFD results has been an important part of CFD investigation of vascular
hemodynamics "%, Long et al. ' conducted a reproducibility study of MRI-based CFD modeling in
the carotid bifurcation of human volunteers scanned twice using the same MRI protocol. Results were
compared in terms of contour shape factors, cross-sectional area and mean radius difference and showed
that the vessel was well reproduced. In a subsequent study '?°, the authors analyzed the impact of the
above geometric differences on CFD predicted flow patterns and wall shear stress; a parameter thought
to be associated with atherosclerosis development. They observed wall shear stress to be sensitive to
variations in local geometry and computational mesh design. Glor et al. ¥’ studied the dependence of 3D
ultrasound measurement-based CFD modeling of blood flow in a carotid bifurcation based on images
acquired by four ultrasound technicians and subsequently segmented by two operators. It was shown that
parameter variability, such as cross-sectional area and wall shear stress (8% and 0.19 Pa, respectively),
was impacted more due to the ultrasound technician than the image-processing operator.

While CFD requires validation to ensure accuracy "*®**°, the combined usage of MR imaging and

CFD is a useful approach to investigate CSF flow. However, analysis of inter-operator dependence of MRI-
based CFD results for CSF flow in the upper cervical spine has not yet been completed. To analyze this
dependence, our approach was to conduct seven CFD simulations based on geometries that were
manually segmented by seven independent operators for a single healthy subject MRI data set. Inter-
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operator agreement of the CFD results was assessed in terms of eight geometric and hydrodynamic
parameters quantified at nine axial planes along the spine.

3.3 Materials and Methods
Ethics statement

The MR data acquisition was performed at the Department of Radiology of Miinster. The study was
approved by the institutional review board of the University of Minster. Before the MR exams were
conducted, written informed consent was obtained from the healthy volunteer. MR images were
anonymized prior to data processing.

3.3.1 4D PC MRI data acquisition

The CFD models were based on subject-specific 4D PCMRI measurements in the cervical spine of a
healthy subject (22-years-old) with no history of neurological disorder or spinal trauma, who is referred as
HVb in the previously published study of our group . All images were acquired on a 1.5 T MRI scanner
(Achieva 2.6 scanner, Philips, Best, The Netherlands). In brief, a high-resolution T2-weighted 3D, turbo
spin-echo sequence (VISTA) with an isotropic spatial resolution of 0.8 mm defined the cervical spinal
geometry for the CFD simulations. To define the flow boundary conditions for the CFD model, 4D PCMRI
measurements were acquired with a standard 16-channel head and neck coil using the sequence
parameters as described in the protocol by Bunck et al. &.

3.3.2 Three-dimensional reconstruction and mesh generation

3D anatomy of the cervical SSS, including the dura mater and spinal cord, was reconstructed by
seven operators (Op.1-7) based on the same set of T2-weighted MRI images. Manual segmentation was
completed using ITK Snap software (Version 2.2.0, PA, U.S.A.). See Figure 3.1 for a segmentation example.
Three of the seven operators were experienced with the process of manual segmentation of the SSS. The
remaining four had never before segmented the SSS.

Figure 3.1. a) T2 weighted MRIimage of the cervical spine for the healthy volunteer. b) Example of manual segmentation of the
SSS from the T2-weighted MRI for one operator.
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The caudal end of each model was segmented approximately 5 cm below C7 to prohibit entrance
length effects within the region analyzed. Vertebral arteries were included in the model near the foramen
magnum. Other fine structures such as spinal cord nerve roots, blood vessels, and denticulate ligaments
were not included in the segmentations. After segmentation, each 3D geometry (Figure 3.2) was
smoothed with the Laplacian smoothing algorithm within MeshLab software (Version 1.3.0, Italy, Rome).
The 3D geometries were then imported into ANSYS ICEM CFD software (Version 13.0, Canonsburg, PA)
and rigid wall unstructured computational grids were generated by a single operator consisting of
approximately 2 million tetrahedral elements.

Spinal
subarachnoid
space

Figure 3.2. Three-dimensional CFD model of the cervical spinal canal built from manual segmentation (left). Zoom of the upper
cervical spine (right) showing the region of space (blue) where the CSF flows.

3.3.2 CFD simulations

The same CSF flow waveform was chosen as the inlet flow boundary condition for all simulations
and was based on the C3 level CSF flow measurement for HVb in Yiallourou et al. **° (Figure 3.3). The flow
waveform was imposed as a blunt CSF velocity profile at the caudal end of the geometry. A no-slip
boundary condition was specified at the walls with a zero pressure boundary condition imposed at the
model outlet (cranial end) ®® . The CFD simulation was completed using ANSYS CFX (Version 13.0,
Canonsburg, PA) with CSF modeled as an incompressible Newtonian fluid with the fluid properties of
water (density of p=1000kg/m? and dynamic viscosity of u=0.001Pa.s) at body temperature *°* %,

Flow was assumed to be laminar. Within the CFX solver settings, second order accuracy advection
scheme was implemented to solve the Navier-Stokes equations by the use of Gauss’ Divergence Theorem.
The time-step size was chosen to be T/100, where T represents the period of CSF flow cycle (T=0.78s). The
utilized transient time-stepping scheme was second order implicit backward Euler. The root-mean square
residual (RMS) was set to 10 as a convergence criterion. The total duration time for the completion of
each CFD simulation to reach convergence was approximately 5 hours when ran in parallel on a computer
with 8 processing cores and 12-GB RAM. Grid and time independence was demonstrated for the above
methods in an earlier study for the same geometry and CFD settings “*°. Results were analyzed for the
third cycle after convergence was reached.
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Figure 3.3 Axial orientation of the nine planes for one of the CFD models that are placed orthogonally to the direction of CSF flow
(top). Zero pressure was set at the outlet cranial boundary. The CSF flow rate that was based on the in vivo PCMRI measurements
at C3, was imposed at the model inlet boundary for all simulations.

3.3.3 Data processing

CFD results were analysed using ANSYS CFD-post (Version 13.0, Canonsburg, PA). Nine axial planes
(from foramen magnum (FM) to C7 vertebral level) were placed along the CFD models orthogonal to the
primary CSF flow direction (Figure 3.3). For each location, thru-plane peak systolic velocity profiles were
visualized for the seven CFD models. The following geometric and hydrodynamic parameters were
quantified for each axial location:

a) Geometric parameters: Cross-sectional area, A., and hydraulic diameter D, based on the wetted
perimeter, Pysrand A, was calculated according to equation:
_ 4Acs
PWET
b) Peak thru-plane CSF velocities: peak systolic, Vi, (caudal) and diastolic Vg, (cranial) flow
velocities.

c¢) Reynolds number: Reynolds number, Re, based on hydraulic diameter, D,, and V,, was
quantified by the following equation to help validate the assumption of laminar flow for the CFD model.

_PDhVsys
u

Re

where p is the density of CSF (p=1000kg/m?) and u refers to the dynamic viscosity of CSF (u=0.001Pa.s)

d) Womersley number: Womersley number, a, was computed by the following equation in order to
define the importance of inertia on the flow field.

Dh « |@

4 v

a=

where w is the angular velocity (w=2*pi/T) of the volume flow waveform and v is the kinematic viscosity
of CSF (v=u/p).
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e) Pressure gradient: The unsteady pressure gradient, AP(t), was calculated over each spine
segment (e.g. FM-C1). In addition, the pressure gradient over the entire model from FM to C7 was
obtained. Peak pressure gradient magnitude within each spine segment was also quantified.

f) Integrated longitudinal impedance: Longitudinal impedance, or the unsteady flow resistance,
was calculated as the ratio of Fourier coefficients of the pressure gradient, F(AP(t)) and the input flow
waveform, F(Q(t)) at each harmonic **'. The impedance modulus Z, was calculated for each frequency
according to the following equation :

_ ‘F(Ap(r))
F(Q(t))

The resulting curves for Z, (in dyn-s/cm?) for each harmonic were then integrated from 1-8 Hz to
obtain the integrated longitudinal impedance (ILI), for each of the spine segments (e.g. FM-C1) in all seven
CFD simulations.

3.3.4 Statistical analysis

Meantstandard deviation (SD) of each parameter for the seven operators was calculated.
Statistical analysis was conducted with Minitab 16 (State College, PA) and Excel (Microsoft Office 2007,
WA). Analysis of variances (ANOVA) was used to estimate the level of inter-operator agreement for each
parameter over all locations analyzed by computing the intraclass correlation coefficient (ICC) with a
confidence interval of 95%. Coefficient of variation (CV) was used to quantify the parameter variability
between the seven operators at each of the measurement locations.

3.4 Results
3.4.1 Geometric parameters

Comparison of geometric parameters between the operators showed a high level of agreement in
mean and SD over the entire cervical spine (Figure 3.4, Table 3.1).

Table 3.1. Summary of the calculated geometric and hydrodynamic parameters for all seven CFD simulations (Values are given as

mean 1SD)
Axial level Dy, (cm) A (cm?) Vyys (cm/s) Vgia (cm/s) It‘e: nr:zledrs W:: me ;s;lre Y
FM 1.7+0.05 5.9140.2 -0.91£0.05 0.6£0.04 144+7.2 11.9+0.4
C1 1.1+0.06 2.610.2 -1.910.2 1.3+0.1 20318.8 7.810.5
c2M 0.9+0.05 2.1+0.1 -1.840.1 1.2+0.1 170+2.8 6.710.4
Cc2pP 0.8+0.05 1.9+0.1 -2.510.2 1.7£0.1 209+4.7 5.910.4
Cc3 0.7£0.05 1.4+0.1 -2.810.3 1.9+0.2 182+5.0 4.810.4
C4 0.6x0.04 1.4+0.1 -2.810.3 2.0£0.2 173+4.9 4.4+0.3
C5 0.6+0.05 1.3+0.1 -3.1+0.4 2.210.2 178+5.5 4.1+0.4
C6 0.6+0.04 1.2+0.1 -3.710.7 2.610.5 212+28.7 4.1+0.3
Cc7 0.7+0.03 1.3+0.1 -2.910.2 2.0£0.1 191+12.2 4.7+0.3

Abbreviations: Dy, = hydraulic diameter, A, = cross-sectional area, V,,, = peak systolic velocity, V4, = peak diastolic velocity, SD = standard
deviation.
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In general, parameters had better agreement near the FM (Table 3.2). Dh and Acs had the greatest and
smallest CV between operators at C5 (~10%) and FM (~4%), respectively (Table 3.2). ICC for Dh and Acs was greater

than 0.98.

7,0

6,0

5,0

4,0

3,0

2,0

1,0

0,0

g

----Area (sq.cm)

—Hydraulic Diameter (cm)

FM C1 M

c2p

c3

c4 5 C6 c7

Figure 3.4. Mean values and standard deviations of the hydraulic diameters, Dy, and cross-sectional areas, A, computed
at each axial plane of the cervical SSS for the seven operators (FM = foramen magnum, C2M = middle of 2™ cervical vertebra, C2P
= junction of C2/C3 vertebra).

Table 3.2. ICC and CV given as maximum and minimum percent at the corresponding location for the seven operators

Parameter Min CV (axial location) Max CV (axial location) ICC (95% Cl.)

Dy, 3.6% (FM) 9.6% (C5) 0.98 (0.98-1.00)
A 3.8% (FM) 11.2% (C5) 0.99 (0.99-1.00)
Vys 5.1% (C2M) 19% (C6) 0.88 (0.73-0.98)
Via 4.5% (C2P) 17.3% (C6) 0.90 (0.79-0.98)
Re 1.8% (C2P) 14.6% ( C6) 0.74 (0.45-0.93)
a 3.6 % (FM) 9.6% (C5) 0.98 (0.97-1.00)
AP 5.3% (FM-C1) 11.6% (C6-C7) 0.99 (0.97-1.00)
Ll 8.8% (C3-C4) 18.5% (C6-C7) 0.99 (0.98-1.00)

Abbreviations: ICC=intraclass operator variability, Cl=confidence interval, CV=coefficient of variation, D;, = hydraulic diameter, A

= cross-sectional area, Vs = peak systolic velocity, V4, = peak diastolic velocity, Re= Reynolds number, a=Womersley number, AP

= pressure gradient, ILI = integrated longitudinal impedance
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3.4.2 Hydrodynamics parameters

Quantification of hydrodynamic parameters computed from CFD, such as V., Vg, a, and AP, for
each operator depicted a strong agreement with a minimum ICC of 0.88, excluding Reynolds number, Re,
with an ICC of 0.74 (Table 3.2). Overall, hydrodynamic parameters had the smallest CV within the FM to
C2P level. Similar to geometric parameters, the agreement of V,, and Vg, between the operators
decreased along the spine towards the feet with a maximum CV of ~18% at C6 (Figure 3.5, Table 3.2). This
location also had the maximum V,, and Vg, (Table 3.1). Maximum value of Reynolds number occurred at
C6 and with a CV of 14.6%. A maximum CV of 9.6% for Womersley number, a, occurred at C5.
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Figure 3.5. Peak systolic, V;,,, and diastolic, Vg, velocities obtained from the seven CFD simulations based on each operator (Op.1
to Op.7). Positive (diastolic) and negative (systolic) velocities reflect head and foot directed flow, respectively.

Unsteady pressure gradient measured between FM to C7 showed similar trend in waveform shape
and magnitude for each of the operators (Figure 3.6). The agreement of waveform shape was expected
considering that the CSF flow input was identical for each model and model geometric differences were
small. Peak pressure gradient, AP, over the cardiac cycle increased along the spine (Table 3.3). AP within
the C6-C7 segment had the greatest CV between the operators (11.6%), while the FM-C1 segment had the
least CV (5.3%) (Table 3.2). Similar to AP, the greatest ILI CV occurred at the C6-C7 segment (18.5%).

Based on qualitative inspection, CFD-computed velocity profiles for the seven operators were
similar in terms of distribution around the spinal cord (anterior versus posterior) and location of peak
velocities (Figure 3.7). Differences in velocity profiles were most noticeable from C3 to C7. Velocity
profiles from FM to C2M were nearly identical. Velocity profiles were skewed to the narrower posterior
and anterolateral SSS in all operators in a number of planes (C2P-C7).
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Table 3.2.Mean values of peak pressure gradient and integrated longitudinal impedance for all seven CFD simulations (Mean+SD)

Spine Segment Peak AP (Pa) ILl (dyn/cms)
FM-C1 1.9+0.1 9018
C1-c2m 3.1+0.2 145+19
C2M-C2P 3.1+0.2 164+20
C2pP-C3 5.310.4 235+25
C3-C4 8.0+0.7 317428
C4-C5 6.910.7 265433
C5-Cé 8.1+0.8 320+33
C6-C7 7.4+0.9 311458
Total 43.843.5 1847+177.2

Abbreviations: AP
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Figure 3.6. Unsteady pressure gradient waveform computed between the FM and C7 for each CFD simulation from the seven

operators (Op.1 to Op.7).
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Figure 3.7. Thru-plane peak systolic velocity profiles at nine axial locations along the cervical spine for the geometries segmented
by the seven operators (Op.1-Op.7).

3.5 Discussion

This study shows that the combined usage of MRI measurement of SSS geometry and CFD
modelling can provide a consistent geometric and hydrodynamic description of the CSF spaces in the
cervical spine. Our approach was to compare CFD-based geometric and hydrodynamic parameters that
result from a manually segmented model of the cervical spine created by seven independent operators.
The same CSF flow boundary condition was used for the seven simulations, thus differences in CFD results
would only be due to geometric variations between the operators. The quantified geometric and
hydrodynamic parameters showed a high level of ICC agreement, greater than 0.90 with a confidence
interval of 95% between the operators (excluding Reynolds number with ICC=0.74). Parameters assessed
in the lower cervical spine (C5-C7) had greater variability than the upper, with a maximum CV of ~20% for
all parameters analysed. Results showed less variability in the upper cervical spine (FM to C2P), with a
maximum CV of ~5% for all parameters analysed.

The overall objective of the present study was to identify CSF dynamics based parameters that are
indicative of disease states. At present, CSF dynamics have been carefully described in healthy controls
versus patients with Chiari malformation and alterations in patients that occur pre- and post-surgery.
Thus, discussion focuses on parameter variability in the present study compared to variability of the same
parameters previously reported in Chiari malformation patients and controls. Also, when possible,
parameter variability is considered for Chiari malformation patients pre and post-spinal decompression
surgery. Ideally, a parameter’s variability should be significantly less than the sensitivity required for
diagnosis/detection of the disease state and analysis of surgical treatment.

Importance of geometric parameters

Geometric assessment of the cervical-medullary junction has been a mainstay for morphometric
analysis studies of Chiari malformation and syringomyelia ** 32, At present, these studies have focused
on 1D assessment of features in the mid-sagittal plane and thus provide a limited view of the 3D geometry
presented by the spinal cord, medulla, cerebellar tonsils and dura mater. It is expected that future work
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will increasingly include 3D analysis of the SSS and thus, quantification of the inter-operator geometric
variability of manual segmentation of the SSS is crucial.

The seven operators provided consistent geometric reconstruction of the CSF space with an ICC
greater than 0.95 and maximum CV of 11% (Table 3.2) for D, and A (Figure 3.4, Table 3.1). This level of
consistency was found even while four of the seven operators had never before segmented the SSS prior
to this study. The FM axial location had the lowest CV in both parameters, indicating that this region is
more consistently segmented. CV increased further down the cervical spine showing that this region was
more difficult to segment consistently.

The present study results show that operator dependence of D, and A is likely not an important
factor when differentiating patients from controls, but may be important to detect changes in geometry
due to surgery. A study by Bunck et al. ® documented that A.in healthy controls (n=10) was ~400 and
~200% greater than Chiari malformation patients (n=20) at the foramen magnum and C1, respectively
(p<0.001). Similar magnitude of differences between the Chiari patient population and controls was
quantified by others *°. In another study, average Dy, near the cervical-medullary junction was more than
200% greater in a healthy subject compared to two Chiari patients pre-spinal decompression surgery . For
that study, average Dy, and A, was found to increase by only 10 to 50% post spinal decompression surgery
(n=2). It should be noted that these differences were computed for the average D, and A, over a 2.5 cm
region below the FM, thus any particular axial slice location could have a much greater difference. Also,
these considerations are based on in vivo studies with few subjects and should be examined in a larger
population.

Importance of hydrodynamic parameters

Elevated peak CSF velocities have often been found near the FM in Chiari malformation %1%,

Researchers have hypothesized that the elevated CSF velocities are due to FM obstruction (stenosis) by
the cerebellar tonsils . However, the in vivo PCMRI measurements used to show the velocity differences
lack detail about the full CSF flow field complexity. Subject-specific CFD has been applied as a tool to
understand CSF dynamics in greater detail and as a potential means for disease assessment. As such, it is
necessary to understand the variability of peak CSF velocities due to geometric reconstruction from
different operators.

Similar to geometry, the present study results show that operator dependence of V,, and Vg, is
likely not an important factor to differentiate patients from controls, but may be important to detect
changes in velocity due to surgery. Vs and Vq, showed slightly less agreement (ICC >0.88, Table 3.2) than
the geometric parameters. Peak velocities had small variance for the axial locations analyzed and had a
maximum difference lower in the cervical spine (CV at C6 was <19%). The greater variance of velocity
lower in the spine can be attributed to an increase in D, and A variance within that region and vice versa.
Several in vivo studies in the literature have shown peak CSF velocities to be ~200 to 300% greater in
Chiari patients than controls®® ' |n a study to quantify peak CSF velocity alterations pre- and post-

decompression surgery, peak velocity decreased by ~30% (n=8, p=0.01) '*.

Qualitative comparison of the thru-plane CSF velocity profiles at peak systole showed similar flow
patterns for all operators (Figure 3.7). All simulations showed profile skewing at some axial locations to
the posterior and anterior-lateral SSS. As expected, peak velocities were inversely related with A.; and Dy,
and locations with greater variance in A and Dy, had greater differences in velocity profiles (e.g. at C6).

A great deal of evidence points towards the role of abnormal pressure gradients in CSF system
pathologies. Pressure differences (dissociation) within the CSF system, caused by the pulsatile intracranial
blood flow and CSF motion, are complex in terms of magnitude and distribution”® and, when abnormal,
may damage tissue and result in pathologic conditions, such as in type | Chiari | malformation® . In vivo
measurements have found craniospinal pressure dissociation to be elevated in Chiari patients compared
to controls, to decrease after surgery and associated with symptom improvement >*°% '3,
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The results showed that AP reliability between the operators is likely sufficient to help detect Chiari
patients versus controls, but not alterations in AP post-surgery. Unsteady pressure gradient, AP(t),
between the FM and C7 showed strong agreement in terms of waveform magnitude and shape (Figure
3.6) and axial distribution (ICC=0.99, Table 3.2 and 3.3). AP variance showed a similar trend as Dy, and A
with the greatest CV values lower in the cervical spine (C6-C7) and the smallest CV near the cervical-
medullary junction (FM-C1). Peak AP in Chiari patients has been found in several CFD studies to be greater
than controls by up to 200% " **>. Post surgery (n=2), AP was found to be variable ranging from ~10%
increase to ~20% decrease *'. The presented methodology required solving the full 3D Navier-Stokes
equations to obtain pressure gradients in the flow field. It should be noted that viscous effects were
insignificant with Womersley number ranging from 4 to 12 (Table 3.1) thus, it is expected that AP
waveforms can be predicted by A spatial integration of the linearized Navier-Stokes equations *.

Unsteady resistance to CSF flow, ILI, was computed based on the inlet volume flow, Q(t), measured
from MRI, and the pressure gradient, AP(t), calculated from CFD for the axial sections of each model (e.g.
pressure gradient between FM to C1) % ILI is a hydrodynamic parameter that has been used to help
objectively quantify CSF flow blockage inside the SSS for Chiari malformation patients. Similar to AP, ILI
agreement was strong (ICC=0.99). ILI followed the same trend as the peak pressure gradient, with the
greatest CV at the C6-C7 segment and the least variation at C3-C4. The ILI for the healthy subject in this
study ranged from 175 to 303 dyn/cm?® (Table 3.2) a value similar to other studies in healthy subjects ® ***
31 Shaffer et al. found that ILI was more than 200% greater in Chiari patients than controls (P<0.001).

The analysis of Reynolds and Womersley number is presented to help understand the
hydrodynamics. These parameters are not expected to related directly with disease states but rather are
helpful to compare the present study results with the literature and validate the CFD methodology
assumptions, such as laminar flow. Maximum Reynolds number for all simulations was ~250 and located
at C6, the location where maximum V,,, and minimum Dy, occurred. Thus, Reynolds number was lower
than the critical value of transition to turbulence and agreed with studies in the literature *****. Although
one study noted possible transitional flow features ***. For all seven CFD models, Reynolds number was
shown to increase with distance from the skull (Table 3.1). Womersley number, a, had a similar trend as
Dy, (Table 3.1) with the maximum and minimum value at the FM and C5/C6, respectively. Values of a found
in this study are in the range reported in the literature ****! with inertial effects dominating the flow field,
particularly in the upper cervical spine from FM to C1.

Limitations

Each operator segmented the geometry of a healthy volunteer that was scanned once on a single
MRI machine. If the same subject was scanned in different MRI machines it is expected that different
imaging parameters could have an impact on the reconstructed geometries. Also, scanning multiple times
on different machines could introduce error due to alterations in neck angulation. These factors may
have an important impact on geometry and should be analyzed, but were not the subject of the present
study. It should also be noted that patients with craniospinal disorders, such as Chiari malformation,
often have restricted CSF spaces, with smaller areas, and may be more difficult to segment the complex
geometry. However, the smallest A in the present study (1.2 cm? at C6, Table 3.1) was similar to that
measured in Chiari patients in vivo (1.2 — 2.4 cm” at the FM '). Thus, we expect that the variance in
geometric and hydrodynamic parameters observed in the present study would be of similar magnitude for
Chiari patients at the FM.

Another limitation of the presented work was that the “gold standard” geometry was not available
as a basis for assessment of geometric reconstruction accuracy. This could be assessed by conducting an
in vitro study where the model geometry is known as in previous hemodynamics studies **. However, an
in vitro model is still limited because it does not have identical properties as human tissue. Another
approach could be to utilize high resolution 7T MRI *° to better define the geometric boundaries,
however in this case the “gold standard” geometry would still not be known.
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While CFD applied to model CSF flow has provided insight, it requires many simplifications to the
complex in vivo anatomy. CFD studies of CSF flow in the cervical spine have been conducted under
geometrically simplified **®°!, subject-specific 3D models without fine anatomical structures ° % 120124
830137 3nd with idealized spinal cord nerve rootlets and denticulate ligaments '*°. Spinal cord nerve
rootlets and denticulate ligaments were not included in the modeling approach of the present study as
these were not possible to quantify based on the MR images '*°. Thus, some of the in vivo flow features
observed by MRI, such as increased CSF flow velocities (jets) near nerve rootlets **** *** were not present
in the models of this study. Our approach was to utilize the most commonly used CFD method for CSF
flow modeling in order to determine the importance of different operators on the results in a trial to spot
CSF dynamics-based parameters that are indicative of disease states. This approach included a geometry
with rigid spinal cord and dura mater and subject-specific CSF flow boundary condition. However, this
common CFD modeling perspective should be validated in greater detail to assure that it accurately
reflects the in vivo CSF flow phenomenon.

All in all, this study represents the first analysis of inter-operator dependence of MRI-based CFD
modeling of CSF movement in the cervical spine. The findings show that the CFD-based geometric and
hydrodynamic parameters were little impacted by the operator that completed the image segmentation
(mean ICC for the parameters analysed was 0.93). This agreement was found even when four of the seven
operators had never before segmented the SSS. The maximum variance was 19% (CV) for all parameters
analysed at every axial location along the cervical spine. Variability was greater in the lower cervical spine
compared to the upper (CV at FM ~ 2-5%). When considered with respect to disease, the operator
variability in the parameters analysed was small in comparison to the differences observed for the same
parameters in Chiari patients compared to controls. These results support the use of subject-specific MR-
based CFD modelling of CSF flow within the cervical spine to provide consistent quantitative geometric
and hydrodynamic parameters for potential clinical diagnostic and assessment purposes.
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4.1 Abstract

Continuous positive airway pressure (CPAP) is the gold standard treatment for obstructive sleep
apnea. However, the physiologic impact of CPAP on cerebral blood flow (CBF) is not well established.
Ultrasound can be used to estimate CBF, but there is no widespread accepted protocol. We studied the
physiologic influence of CPAP on CBF using a method integrating arterial diameter and flow velocity (FV)
measurements obtained for each vessel supplying blood to the brain. FV and lumen diameter of the left
and right internal carotid, vertebral, and middle cerebral arteries were measured using duplex Doppler
ultrasound with and without CPAP at 15 cmH20, applied in a random order. Transcutaneous carbon
dioxide (PtcCO2), heart rate (HR), blood pressure (BP), and oxygen saturation were monitored. Results
were compared with a theoretical prediction of CBF change based on the effect of partial pressure of
carbon dioxide on CBF. Data were obtained from 23 healthy volunteers (meanzSD) (12 male, age
25.1+2.6years, body mass index 21.8+2.0kg/m2). The mean experimental and theoretical CBF decrease
under CPAP was 12.5% (p<0.001) and 11.9% (p<0.001), respectively. The difference between experimental
and theoretical CBF reduction was not statistically significant (3.84+79ml/min, p=0.40). There was a
significant reduction in PtcCO2 with CPAP (p=<0.001) and a significant increase in mean BP (p=0.0017). No
significant change was observed in Sa02 (p=0.21) and HR (p=0.62). Duplex Doppler ultrasound
measurements of arterial diameter and FV allow for a noninvasive bedside estimation of CBF. CPAP at 15
cmH20 significantly decreased CBF in healthy awake volunteers. This effect appeared to be mediated
predominately through the hypocapnic vasoconstriction coinciding with PCO2 level reduction. The results
suggest that CPAP should be used cautiously in patients with unstable cerebral hemodynamics.

Keywords

Continuous positive airway pressure; cerebral blood flow; PCO2; ultrasound
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4.2 Introduction

Obstructive sleep apnea syndrome (OSAS) is characterized by repetitive episodes of upper airway
obstruction during sleep and results in cessation (apneas) or reduction (hypopneas) in airflow which leads
to awakening and the reduction of blood oxygen saturation (Sa0,). The most widely accepted treatment
of OSAS is continuous positive airway pressure (CPAP). CPAP acts as a pneumatic “splint” by producing a
positive pressure inside the airway thereby preventing upper airway collapse during sleep. Considering
that a rise in intrathoracic pressure increases jugular venous pressure, CPAP could have an effect on
cerebral blood flow (CBF) by reducing the cerebral perfusion pressure ***’. Moreover, decreased venous
return due to increased intrathoracic pressure may decrease right (and left) filling pressure, which may in
turn decrease cardiac output. CPAP use can also induce changes in partial pressure of carbon dioxide
(PCO,), which has a major impact on CBF, similar to the way in which hypocapnia constricts cerebral
arteries and hypercapnia leads to a marked rise of CBF *° °>®!, Changes in CBF induced by CPAP may have
important clinical implications in patients for whom an optimal CBF is mandatory, such as acute stroke
patients.

Published data about the effects of CPAP on cerebral hemodynamics are conflicting 2* % *8, Various

studies have reported an increase 2***¥, other a decrease ****° and some a no significant change®” in CBF.
The conflicting results may be due to inaccurate and/or insensitive CBF measurement methods.
Furthermore, many of the studies that employed transcranial Doppler ultrasound (TCD) used only flow
velocity (FV) and pulsatility index (P1) in the middle cerebral artery (MCA) to estimate total CBF*® ?-°% 3%
3% However, TCD measurements do not take into account changes in artery diameter or in cerebral
posterior circulation. As a result, it is unclear whether changes in MCA FV accurately reflect total CBF
change. A method that takes into account both blood FV and the artery diameter of all vessels supplying
blood to the brain is likely to be more accurate. Furthermore, in the previous studies ***”* only end-tidal
CO, level was monitored. This is an inaccurate measurement technique under the presence of CPAP
considering that the expired CO, is diluted by incoming CO,-free CPAP airflow.

The present study was performed to assess the effect of CPAP on total CBF measured by duplex
color Doppler ultrasound (US) using a method, similar to that presented by Schoning et al. '*,
incorporating FV and lumen diameter measurements obtained at the left and right internal carotid artery
(ICA), vertebral artery (VA), and MCA. These measurements were obtained while transcutaneous carbon
dioxide (PtcCO2) level was monitored continuously.

4.3 Materials and Methods
Ethics statement

Healthy, young, non-smoking volunteers were invited to participate in the study by advertisement
at the Centre Hospitalier Universitaire Vaudois and Ecole Polytechnique Fédérale de Lausanne in
Switzerland. Volunteers with a history of pulmonary, cardiac or cerebral disease were excluded. The study
was carried out in accordance with the Declaration of Helsinki (1989) of the World Medical Association
and was approved by the local ethics committee. All subjects gave their informed consent.

4.3.1 Ultrasound measurements

The US measurements were performed with and without CPAP (S8 AutoSet Spirit™ I, ResMed Inc,
Poway, CA) applied at 15 cmH,0 through a fitted full face mask MIRAGE QUATTRO ® (ResMed®, ResMed
Inc, Poway, CA) in a randomized order following a structured protocol. Randomization was accomplished
by flipping a coin. The measurements were performed during the afternoon at atmospheric pressure at
least two hours after the last meal and drink with caffeine in a standard room with controlled
temperature. All volunteers, who were studied in the supine position with a head tilt of 30°, tolerated
CPAP at 15cm H,0 well. The arteries were studied with and without CPAP in the following order: a) right
proximal ICA and VA, b) left proximal ICA and VA and c) right and left MCA.
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Peak systolic and end-diastolic FV and arterial diameter were obtained in M-mode”? for three time
points at the left and right ICA and VA using a 5-8MHz- duplex probe (Echograph Acuson Sequoia 512).
Only FV was studied at the MCAs using a 2-4MHz-pulsed TCD probe of the same manufacturer. PtcCO,
level was monitored with a ‘Tosca 500’ system (Radiometer Basel AG, Basel, Switzerland) using a single
sensor applied to the chest. SaO, and heart rate (HR) were monitored with a finger pulseoximeter
(Ohmeda) during the measurement period. Blood pressure (BP) was recorded before and after each test.
US measurements under CPAP began after the PtcCO, level returned to baseline (2mmHg) or at steady
state after at least 15 minutes of CPAP use. This time period was sufficient to ensure a steady state as
changes in CBF caused by an alteration in PCO, level have been found to be completed within 30

seconds™.

4.3.2 CBF calculations

A single investigator performed all of the US exams and all velocity and diameter measurements,
based on the US images, were performed by two investigators. Exams were reviewed by both
investigators to assure that measurements were performed on the same M-mode screen and on the
correct vessel within the region of interest. The mean value of both investigators’ measurements was
used for the calculations. The mean FV in each vessel was calculated by measuring the peak systolic, FV;y,
and end diastolic, FVy;,, FV for three cardiac cycles according to the following equation:
 FVgs 2V

3

FV

Mean diameter D of each vessel for three cardiac cycles was calculated based on the M-mode US
measurements ’* using a similar equation as Eq. 1, except with FV replaced with the systolic and diastolic
diameter. An example of the FV and diameter measurement obtained at the right ICA is shown in Figure
4.1.
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Figure 4.1 Flow velocity (a) and vessel diameter in M-mode ultrasound (b) measured at the right ICA.
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Flow rate, Q(ml/min), in each vessel was calculated by the following equation and total experimental CBF,
CBF,,y, , was determined by the sum of the flow in the left and right ICAs and VAs assuming a parabolic velocity

. 142
profile™™ :

=2
_FVymbD

o‘_z 4

CBFexp =O~| CAs+O~VAs

Vascular related results are presented as the average of the left and right vessel measurements for
the 23 subjects (i.e. V=% 221 (FVicaertFVicarign)/2). The following method was used to predict a

theoretical change in CBF given an experimentally measured change in PtcCO, level. The relationship
between CBF (ml/min/100 g brain tissue) and arterial CO, tension (mm Hg) has been quantified in the
literature (Figure 4.2) 9143199 - Taple 4.1 summarizes the slope of the CBF to PCO, curve at baseline PCO,
level based on Figure 4.2 and other studies in the literature.

The average slope was calculated to be 1.65, with a maximum and minimum slope value of 3.20
and 0.19, respectively (standard deviation = 0.92). The average slope was used to determine a theoretical
reduction in CBF in ml/min/100 g of brain tissue, ACBF,.or100, based on the experimentally measured
change in PtcCO, level with and without CPAP (ACBF,e0r100= -Slope*APtcCO,). The total theoretical change
in CBF was determined (ACBFy,,,=14*ACBF, . .) assuming that the human brain is approximately 14
times the weight of a Rhesus monkey'”. The CBF,,, measurements were used to determine the
experimental CBF reduction (ACBF,,). Positive CBF reduction values were defined to indicate that total
CBF decreased under CPAP, and vice versa. The average and standard deviation of ACBF,, and ACBFyeo,

were determined for the 23 subjects based on both investigators measurements.
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Figure 4.2. Relation for change in CBF (ml/min/100g brain tissue) given a change in PCO, (mm Hg) based on studies in the

literature (Kety et al. 143, Markwalder et al. 59., Harper et al. 144, Grubb et al. 145, Wang et aI.”G, Eng et al. 147, Henriksen et al.m,
149

Reivich et al.”™.
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Table 4.1. Hemodynamic results for the 23 volunteers with and without CPAP. All values are expressed as mean (SD).
Abbreviations: CPAP: continuous positive airway pressure; BP: blood pressure; HR: heart rate; PtcCO,: transcutaneous carbon
dioxide level; Sa0,: oxygen saturation; FV: flow velocity; Pl: pulsatility index; D: diameter; CBF: cerebral blood flow; SD: standard
deviation.

Slope (ACBF/APCO2)

Investigator Animal type CBF measurement technique .
at baseline PCO,

Kety ' Man N,O 1.47

Markwalder *° Man Doppler 3.12

Wasserman™*> Man N,O 2.17

Halrper144 Dog Kr®® 2.69

Grubb™”® Rhesus Monkey H2150 1.80

Wang** Rat NO 3.10

Eng 1w Man NO 3.20

Henriksen™*® Man Intraarterial **Xe 1.36

Reivich™* Rhesus Monkey Thermistor Flowmeter 1.11

Whitem,Lambertsen152 Man N,O 1.34

Alexander™ Man Kr® 1.06

Pierce™ Man N,O 0.43

White™! Monkey Cerebral venous flowmeter 1.11

James™® Baboon Kr® 1.22

- 1.156 85

Smith Goat Kr 1.79

Raichle®™’ Dog Kr® 0.90

Fujishima™® Dog N,O 0.19
Ave 1.65
Max 3.20
Min 0.19
Std 0.92

4.3.3 Statistical analysis

Statistical analysis was conducted with STATA software (version 11; College Station, TX, USA). The
variable measured parameters were compared between conditions using a two-tailed paired t-test and
Mann-Whitney test, where appropriate. The level of significance was set at 95%. Multivariate logistic
regression, limited to two variables according to the total number of subjects, was performed with
predictors with a univariate result of p<0.1. Agreement between investigators was calculated with the
Lin’s concordance correlation coefficient for agreement on a continuous measure.

4.4 Results

The study group was comprised of 23 subjects (12 male, 11 female) aged from 20 to 30 years (mean +
SD) (25.1 + 2.6years) with a mean body mass index (BMI) of 21.8 + 2.04 kg/m”. Thirteen volunteers began
the randomized measurement protocol with CPAP. Table 4.2 shows a summary of the hemodynamic data
and results for the CBF calculations with and without CPAP.

With CPAP, FV decreased significantly in the ICA (0.05 + 0.05m/s, p=0.0002) and the MCA (0.038 +
0.06m/s, p=0.009), but not significantly at the VA (0.009 + 0.04m/s, p=0.25). Decrease in the ICA diameter
was insignificant (-0.06 + 0.2 mm, p=0.14), while decrease in VA diameter was significant (-0.12 + 0.12mm,
p<0.001). In a multivariate robust regression, with total CBF reduction as a dependant variable, only ICA
FV (p<0.001) remained significant, whereas MCA FV was not significant (p=0.21). A significant reduction in
PtcCO, under CPAP (2.6 + 2.4mm Hg, p=<0.001) and an increase in mean BP (2.7 + 3.6mm Hg, p=0.0017)
were measured. No significant change in Sa0, (0.4 £ 1.6%, p=0.21) and HR (0.9565+7.3173, p=0.62) was
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measured. Figure 4.3 illustrates the total CBF,,, reduction compared to the CBF.,, reduction for each of
the 23 subjects and the average reduction for the entire study.

The mean CBF,,, decreased under CPAP by 12.5% (66.6 + 63ml/min, p<0.001), while the mean
decrease in CBFyeor Was 11.9% (62.8 + 54.4ml/min, p<0.001). There was no significant difference
between experimental and theoretical CBF reduction (3.84 = 79ml/min, p=0.40). No difference was found
according to the sequence of measurements with or without CPAP, gender, height, weight or BMI. No
significant differencies were found also between the left and right side US measurements of each arterial
vessel. Agreement between final investigators results for CBF reduction in every subject was 87% (95%,

confidence interval 0.73-0.97).

Table 4.2. Hemodynamic results for the 23 volunteers with and without CPAP. All values are expressed as mean (SD).

NO CPAP (SD) CPAP (SD) p-value
BP(mmHg) 87.3 (6.6) 90 (7.1) 0.0017
HR 68.8 (10.6) 69.7 (12) 0.62
PtcCO,(mm Hg) 36.3 (5.3) 33.7 (6.2) <0.001
Sa0, (%) 97.5(1.2) 97.9 (1.3) 0.21
FVica(m/s) 0.48 (0.07) 0.43 (0.06) 0.0002
FVya(m/s) 0.31(0.05) 0.30 (0.05) 0.25
FVca(m/s) 0.65 (0.12) 0.62 (0.12) 0.009
Plica 0.98 (0.18) 0.97 (0.22) 0.76
Plya 1.20 (0.18) 1.21(0.18) 0.92
Plyica 0.78 (0.1) 0.82(0.1) 0.12
Dica(mm) 4.13(0.6) 4.07 (0.6) 0.14
Dya(mm) 2.98 (0.4) 2.85 (0.4) <0.001
CBF(ml/min) 535 (122.1) 468.5 (105.6) <0.001

Abbreviations: CPAP: continuous positive airway pressure; BP: blood pressure; HR: heart rate; PtcCO,: transcutaneous carbon
dioxide level; Sa0,: oxygen saturation; FV: flow velocity; Pl: pulsatility index; D: diameter; CBF: cerebral blood flow; SD: standard

deviation.
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Figure 4.3 Comparison of the total CBF reduction (ml/min) under CPAP, ACBFyp, with the predicted theoretical reduction in CBF,
ACBFipeor, for each of the 23 subjects (left) and the average value for CBF reduction in all subjects (right).

4.5 Discussion

We observed that CPAP applied at 15 cmH,0 significantly decreased the total CBF in healthy awake
volunteers. The change in CBF was studied using a method that integrates ultrasound measurements of
blood FV and arterial lumen diameter obtained at the left and right ICA, VA, and MCA.

Previous studies measured FV and Pl in the MCA with the hypothesis that these parameters were a
good indicator of total CBF %27 138139 " Thys, the arterial diameter was assumed to remain stable®.
Table 4.3 summarizes the main technical characteristics and results of the previous studies that
investigated the effect of CPAP on CBF hemodynamics. We chose to evaluate total CBF based on the
arterial diameter and FV measured in each of the primary vessels that supply blood to the brain (ICAs and
VAs). Measurement of diameter and FV in these vessels has been proposed to be a more accurate and

detailed method to help estimate total CBF**°.

In our study we chose to monitor PCO, transcutaneously because it avoids the confounding dilution
effect of end-tidal CO, measurements that occurs due to the mixing of expired CO, with incoming CO,-free
CPAP airflow. However, end-tidal PCO2 monitoring has also several advantages, such as the quick
response under provocative conditions as well as the fact it provides detailed information about the
breathing pattern (i.e. respiratory rate). In the case of end-tidal PCO2 monitoring, the problem of CO2-
dilution in the mask under CPAP could be avoided by the insertion of a thin catheter into one nostril far
from the expiratory port ** *°. The underlying physiological mechanism that results in CBF change due to
CPAP usage is complex. A CPAP-induced increase in intrathoracic pressure may provoke hemodynamic
effects (i.e. reduced cardiac output, reduced venous return, increased cerebral venous pressure) that
could result in a decrease of cerebral perfusion pressure and CBF. On the other hand, it is well accepted
that PCO, affects the muscular regulation of the arterial wall, with hypercapnia leading to vasodilatation
and hypocapnia to vasoconstriction. The relative contribution of CPAP-induced changes, such as
intrathoracic pressure and PCO, level, to CBF change is unknown.
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Table 4.3. Summary of the main technical features of the studies in the literature that investigated the impact of CPAP on CBF
hemodynamics

us

#of Position of the measure ::nBeFasurem PCO2 ::::;dy
Investigator Level of CPAP subjects/healt  subject/ type of ment measure ... Results
. . ent monitori
h condition CPAP mask techniqu . ment
R technique ng
Bowie et al. 2/ 5,10 cm H,0 15 awake/ Supine/mouthpi TCD FV on MCA End-tidal BP No significant
healthy ece Cco, change
BP, HR,
Scala et al. *® >, 10,15 cm 25 Supine/mouthpi TCD FV on MCA End-tidal  RR, .SaOZ, Decrease of FV
H,0 awake/healthy  ece Cco, anxiety
score
Auto-CPAP
mode (4-10 cm
12 asleep and . .
Scala et al.’®® .HZO) ar?d awake/acute Supme/nasal °" 1D FV on MCA End-tidal BP, Sa0, Decrease of FV
increasing stroke patients facial Cco,
levels of 5, 10, P
15cm H,0
. . End-
Haring et al.?® 12 cm H,0 ? Supine/mouthpi TCD FV on MCA tidal BP, HR Increase of FV
awake/healthy ece
co,
FV and
Duplex lumen Transcut
23 Supine/mouthpi  color ) BP, HR, Decrease
Present study 15cm H,0 awake/health oce Dobpler diameter of aneous 520 of CBF
y U Spp ICA,VAand  PtcCO, 2
FV on MCA

Abbreviations: CPAP: continuous positive airway pressure; BP: blood pressure; HR: heart rate; PtcCO,: transcutaneous carbon
dioxide level; Sa0,: oxygen saturation; FV: flow velocity; CBF: cerebral blood flow.

Our results supported that CBF reduction due to CPAP usage was primarily mediated through
hypocapnic vasoconstriction. CPAP-induced intrathoracic pressure and venous hemodynamic changes did
not appear to play an important role in CBF reduction. To determine the theoretical CBF effect of variation
in PCO, level with and without CPAP, we used the average value of the slope of the CBF responsiveness to
acute change in PCO, reported in the literature (Table 4.1). The difference between the theoretically
predicted and experimentally measured change in CBF was not found to be significant (Figure 4.3). This
suggests that the theoretical prediction of the CBF decrease, which takes into account only the monitored
PtcCO, level, was sufficient to capture the CBF changes that were observed. Thus, an increase in
intrathoracic pressure alone did not appear to play a significant role in CBF alteration.

This study cannot conclude if CPAP pressure had a direct impact on total CBF. This is because the
statistical calculation used to determine that intrathoracic pressure increase did not have a significant
impact on total CBF was critically dependent on the assumed slope for change in CBF to PCO, level. A wide
range of slope values have been reported in the literature (Table 4.1, slope = 0.19 to 3.20) and thus it is
possible that the theoretical predictions over or underestimated CBF change. For example, if the slope
used to determine the theoretical change in CBF was chosen to be <1.1, the impact of CPAP pressure
would have been found to be significant. To better understand the impact, if any, of intrathoracic
pressure alterations brought on by CPAP usage on CBF, a study would need to be conducted with the
PCO, level held constant while CPAP pressure is altered incrementally.

It appears that CPAP may decrease total CBF in healthy awake volunteers indirectly by modulating
the PCO, level. However, the physiological mechanism for decrease of PCO, under CPAP is unclear. Our
findings show a significant increase in BP under CPAP. This may be due to the autoregulation of systemic
BP which seeks to maintain stable CBF'®. Similarly, SaO, in the healthy range has little effect on the radius
of blood vessels and subsequently on CBF **2. One hypothesis for the change in total CBF is that CPAP
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improves the lung perfusion/ventilation ratio, which may increase CO, washout. Another explanation
could be that the subjects experienced a mild hyperventilation due to anxiety induced by breathing
against the CPAP. In our study, anxiety was not measured, but our measurements were obtained after an
acclimatization period. It is also possible that anxiety had a direct influence on CBF.

Changes in CBF induced by CPAP could have important clinical implications in patients requiring
an optimal and stable CBF such as acute stroke patients. The question of CPAP use in early stroke patients
with OSAS remains open considering the positive effect of CPAP on apnea-induced oxygen deprivation
versus possible negative effects of CPAP, such as reduction of total CBF. A specific study would need to be
performed to examine the impact of CPAP pressure on CBF in stroke patients to validate these
conjectures.

Limitations

A primary limitation of this study is that the subjects who were tested were both healthy and
awake. Subjects who are awake may react differently to CPAP than sleeping OSAS patients. However,
these measurements could not be obtained on sleeping subjects, as these measurements would awaken
them, and variable comorbidities (e.g. obesity, heart failure, medication) would make comparison
between the subjects’ results unreliable. Furthermore, our results suggest that non-invasive techniques
that could be conducted during sleep, such as transcranial Doppler ultrasound obtained at the MCAs, may
not be sufficient to measure the changes in CBF that were observed (Table 4.1). In our study,
measurement of FV and diameter at all vessels supplying blood to the brain was needed to detect the CBF
changes. In a multivariate robust regression with total CBF reduction as a dependent variable, only ICA FV
remained significant. From a clinical point of view, this result justifies the fact that at bedside sampling of
this parameter could more easily approximate total CBF, something that could be less time-consuming
especially in the case of patients such as acute stroke patients or OSAS patients with ischemic
encephalopathy. It would be very interesting for future studies to examine this US approach on the
aforementioned clinical population.

A secondary limitation of this study is that even though the assignment to spontaneous breathing
or to CPAP was based on a randomized order following a structured protocol, a "breathing-machine
effect" could not be excluded '**. However, the protocol was set to evaluate the global impact of the CPAP
(mask in combination with pressurized air) to cerebral hemodynamics as a mainstay therapy of OSAS. To
further understand the effect of the CPAP mask and that of the CPAP mask and pressurized air using a
"sham ventilation", a separate study should be conducted focused on the potential effect of the mask
itself on the breathing pattern independently from the pressurized air.

Another limitation of this study is that CPAP was adjusted at the high level of 15 cm H,0. Haring et
al. ®, Droste et al. *** submitted volunteers to CPAP 12 and 9 cm H,0, respectively whereas Bowie et al. 277
and Scala et al.”® studied the effects of different and increasing levels of CPAP on CBF. In our study, we
applied CPAP of 15cm H,0 in young healthy awake volunteers. This high level of CPAP is rarely used in
controlling patients with sleep disordered breathing. CPAP at 15 cm H,0 was useful in the experimental
setting of our study in order to underline the maximum physiological effects of CPAP on cerebral
hemodynamics by minimizing possible bias. The level of CPAP was set at 15 cm H,0 on the machine. It is
possible that this high pressure could have resulted in substantial air-leaks and caused a gap between the
applied and delivered mask pressure and subsequently increased subject discomfort '*>**°. However,
during the ultrasound measurements of our study the presence of air-leaks was repeatedly assessed by
the MD and adjusted when needed. All volunteers tolerated well the mask with CPAP at 15 cm H,0.

Another limitation of this study is due to the operator-dependence of the measurements used
to determine CBF. To minimize operator-dependent error, both operators that conducted the vessel
lumen measurements reviewed the US images together after the measurements were made. This review
helped to assure that the correct vessel and the same acquisition period were used for the diameter
measurements. With this precaution, a good agreement score was found. In addition to operator-
dependent error, our study utilized equations to calculate blood flow based on simplified hydrodynamics.
To calculate total CBF, it was assumed that zero phase delay occurred between the arrival of the FV, at
the ICA and VA and that a parabolic velocity profile was present to determine the true flow rate within the
vessels 2. To minimize measurement error, the mean flow in each vessel was approximated using the
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average of three sequential diastolic and systolic FV and diameter measurements. Even with these
simplifications, the presented methodology is robust because it is sensitive to changes in CBF, the
measurement of which was the primary objective of this study.

In conclusion, our study presents a noninvasive bedside method to evaluate total CBF in awake
subjects using CPAP that could potentially be an improvement over other methods which only take into
account FV at the MCA. The results suggest that CPAP at 15 cmH,0 significantly decreases CBF in healthy,
awake volunteers. This effect seems to be mediated predominately through the hypocapnic
vasoconstriction and likely, to a lesser extent, through the direct effect of CPAP on intrathoracic pressure
and venous hemodynamics. These results suggest that CPAP should be cautiously used in patients with
unstable cerebral hemodynamics.
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5.1 Abstract

The impact of continuous positive airway pressure (CPAP) at 15 cmH,0 on total cerebral blood flow
(tCBF), jugular venous flow (tJVF) and cerebrospinal fluid (CSF) dynamics was investigated in 23 healthy
male subjects. 2D phase-contrast MRI (2D PC MRI) flow measurements, at the left and right internal
carotids, vertebral arteries, jugular veins and spinal subarachnoid space at level C2-C3, were acquired with
and without CPAP. Heart rate, transcutaneous carbon dioxide (PtcCO,) and oxygen saturation were
continuously monitored for each subject. Results showed that CPAP decreased CSF stroke volume and
pulse amplitude by 20% (p=0.003) and 15% (p=0.005), respectively. No significant changes were found in
tCBF, whereas tJVF pulse amplitude decreased by 21% (p=0.004). The latter finding was supported by the
spectral analysis, where the first harmonic was significantly decreased with CPAP (p=0.001). CSF and tJVF
waveforms showed significant spatial and temporal differences. These changes are attributed to the
direct impact of CPAP on the intrathoracic pressure and were not correlated to the reduction by 5% of
PtcCO, (p=0.003). The findings, although obtained in healthy volunteers, should be taken into
consideration when deciding to treat with CPAP patients with craniospinal disorders and unstable cerebral
hemodynamics such as in acute stroke.

Keywords

Cerebral blood flow, cerebrospinal fluid dynamics, cervical spine, continuous positive airway pressure,
PtcCO,,2D PC MRI
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5.2 Introduction

Clinical evidence and research has long shown a strong coupling of intracranial hemodynamics and
cerebrospinal fluid (CSF) pulsations **”. A full understanding of the coupling between the two systems is
thought to be important to understand the pathophysiology of cerebrovascular disorders such as stroke,
interstitial fluid transport within the brain®®® '*°, and craniospinal disorders including type | Chiari
malformation™', syringomyelia'’® and hydrocephalus® **. A number of studies have sought to
understand the spinal subarachnoid space behavior and its importance on the overall intracranial balance
between the arterial, venous, and cerebrospinal fluid (CSF) flow pulsations®® ***”2. One aspect of the
coupling that is little understood is the physiological importance of the spinal subarachnoid space.
Researchers have postulated that under normal conditions the healthy spinal subarachnoid space may act
as a “notch filter” that dampens incoming cerebral blood flow (CBF) pulsations to supply smooth blood
flow to the neural tissue® ",

Non-invasive 2D phase-contrast magnetic resonance imaging (2D PC MRI) enables measurement of
the CSF and CBF system fluid flow®”®* and has been also used to estimate venous flow in the jugular and
intracerebral veins as well as the major sinuses®. According to the Monro—Kellie doctrine, the arterial,
venous, CSF and brain tissue compartments co-exist in a state of dynamic equilibrium throughout the
cardiac cycle’’*"”®. A change in the volume in one component requires a change in the volume in either
one or both of the other two. Schmid Daners et al**'. showed using 2D PC MRI that the coupling of
cerebral arterial inflow and CSF dynamics is age and sex dependent. A number of studies have been
devoted to assessment of the cerebral venous system®® *’. In a recent study, El Sankari et al.’”’
simultaneously compared the venous flow, arterial and CSF flows of patients with multiple sclerosis to age
and sex matched healthy adults. Results documented complex and heterogeneous venous drainage
pathways and decrease in CSF oscillations.

The interaction between intrathoracic pressure and ICP due to posture'’®, abdominal pressure
changes'”” and coughing®® have been well reported in the literature. These pressure changes are
transmitted from the abdomen into the CSF system through the dural venous sinuses and epidural venous
plexus'®. Published data have shown physiologic variations in the dural venous sinuses drainage that can
occur either under specific respiratory mechanisms such as Valsava maneuver' or with posture
changes™. Thus, it is possible to manipulate the intrathoracic pressure by a number of non-invasive
maneuvers that in turn modify the intracranial system as a whole.

One method to non-invasively alter intrathoracic pressure is with the use of continuous positive
airway pressure (CPAP), the most widely accepted treatment for sleep apnea syndrome and a pathology
documented to commonly occur in type | Chiari malformation patients®*. CPAP acts as a pneumatic
“splint” by producing a positive pressure, thereby preventing upper airway collapse during sleep. While
CPAP use has become routine, the full physiological effect of its use on CBF, venous flow and CSF
dynamics is not yet fully understood. Studies have shown that CPAP affects cerebral hemodynamics in
multiple ways®” . Considering that a rise of the intrathoracic pressure increases the jugular venous
pressure, CPAP could have an effect on CBF by reducing the cerebral perfusion pressure”. Concomitantly,
changes in the blood flow volume due to the increased intrathoracic pressure hinders cerebral venous
drainage via the jugular veins®. In human volunteers CPAP breathing has been shown to increase lumbar
CSF pressure®! and reduce CSF peak velocity in the aqueduct of Sylvius®.

The study at hand hypothesized that acute pressure changes in the chest caused by the application
of CPAP would alter intracranial and spinal CSF flow dynamics in the following manner: 1) the stroke
volume (SV) and pulsation of CSF would decrease and 2) venous flow dynamics would be noticeably
altered. We tested our hypothesis by applying CPAP at 15 cmH,0 in 23 healthy male volunteers and
measuring physiological alterations using a 2D PC MRI protocol to quantify blood flow in the left and right
internal carotid arteries (ICA), left and right vertebral arteries (VA), left and right jugular veins (JV) and CSF
flow at the C2-C3 level of the cervical spinal canal with CPAP applied. Baseline measurements without the
CPAP followed the initial recording with the CPAP using the same protocol. Using these measurements the
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influence of CPAP on total cerebral blood flow (tCBF), total jugular venous (tJVF) and spinal CSF flow was
assessed in terms of flow based metrics and spectral content of the flow waveforms.

5.3 Materials and Methods
Ethics statement

Healthy, young, non-smoking male volunteers were invited to participate in the study by
advertisement at the local university hospital of Lausanne, Centre Hospitalier Universitaire Vaudois
(CHUV) and Ecole Polytechnique Fédérale de Lausanne in Switzerland. Volunteers with a history of
pulmonary, cardiac, neurological, cerebral disease, spinal trauma or diagnosed sleep apnea were
excluded. The study was carried out in accordance with the Declaration of Helsinki (1989) and was
approved by the Swiss Human Research Ethics Committee of Vaud. The MR data acquisition was
performed at the Centre d’'Imagerie BioMédicale (CIBM) — Department of Radiology, CHUV in Lausanne.
Before the MR exams, written informed consent was obtained from all the volunteers. Prior to further
data processing MR data were anonymized.

5.3.1 In vivo 2D PC MR measurements

Twenty three healthy male volunteers, aged 24+2.1 years with a mean body mass index (BMI) of
22.9+2.51 kg/m2 were scanned on a 3T MRI scanner (Siemens Magnetom Trio Tim, Siemens, Erlangen, D)
with a standard 4-channel phased array carotid coil (Magnet Mach NET 4CHN, Siemens A Tim Coil), placed
next to the left and right internal carotid artery and a neck coil (Neck matrix, 4CHN, Siemens) with CPAP
(S8 AutoSet Spirit™ Il, ResMed Inc, Poway, CA) applied at 15 cmH,O through a fitted full face mask
MIRAGE QUATTRO® (ResMed®, ResMed Inc, Poway, CA) in a specific order following a structured
protocol. Baseline measurements without CPAP followed directly after the removal of the CPAP with the
same protocol. The measurements were performed during the afternoon at atmospheric pressure at least
two hours after the last meal and drink with caffeine in the MR scanner room with controlled
temperature. A medical doctor was present throughout testing. Subjects were supine with their necks in a
neutral position.

Both anatomy and cine phase contrast (PC) images were acquired. A set of T2-weighted turbo spin-
echo sagittal images defined the anatomy in the upper cervical spinal canal. Fluid flow acquisition planes,
oriented perpendicular to the nominal flow direction, were selected on a midsagittal scan at the C2-C3
subarachnoid space (n=5) (Figure 5.1a). Both left and right ICAs, left and right VAs and left and right JVs
were imaged simultaneously with the same slice plane at the C2-C3 cervical spinal vertebrae orthogonal
to the spinal cord with CPAP applied and during the baseline measurements (Figure 5.1b). Imaging
parameters for the arterial and jugular flow measurements were set to an in plane acquisition resolution
of 0.7 x 0.7 mm? with a slice thickness of 5 mm, a 124X114 acquisition matrix, a flip angle of 20°, a
bandwidth of 814 Hz/Px, a field of view (FoV) read of 190x112, a FoV phase of 59.4%, a base resolution of
256, a phase resolution of 100%, a velocity encoding (VENC) of 80 cm/s (through-plane direction), a
repetition time (TR) of 20 ms and an echo time (TE) of 6.5 ms, which results in a temporal resolution of
20 ms. The minimum repetition time available was used to optimize temporal resolution, and the
minimum echo time available was used to optimize signal-to-noise ratio and to reduce intravoxel phase
dispersion. All scans were prospectively triggered with electrocardiographic (ECG) gating. The number of
heart phases acquired was adapted to the cardiac frequency and fixed to 35 phases for all the subjects.

CSF flow measurements were performed at the same location as the blood flow measurements
(Figure 5.1c) but using a slightly modified protocol: the imaging parameters for the CSF flow acquisition
were identical to those described for the vascular flow measurements, except for the VENC which was set
to 10 cm/s and flip angle to 15°. Scan time was 8-10 minutes with the CPAP and another 8-10 minutes
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without the CPAP, depending on the heart rate while the whole examination protocol lasted
approximately 45 minutes.

Figure 5.1. a) Sagittal T2-weighted localizer sequence used to select the C2-C3 vertebral level for 2D PC MRI flow quantification.
The acquisition plane was selected perpendicular to the flow direction. b) 2D PC MRI phase mapping at the C2-C3 level used to
measure vascular flows, in the left (L) and right (R) internal carotid arteries (ICA), vertebral arteries (VA) and jugular veins (JV),
with and without CPAP (VENC = 80 cm/s, black voxels denote caudal directed flow, white voxels denote cranial directed flow). c)
2D PC MRI measurement of CSF flow at the C2—C3 measurement plane (VENC = 10 cm/s).

5.3.2 Physiological monitoring

Transcutaneous partial pressure of carbon dioxide (PtcCO,), oxygen saturation (Sa0,) and heart rate
(HR) were monitored throughout the exam with a ‘Tosca 500’ system (Radiometer Basel AG, Basel,
Switzerland) using a sensor applied at the top surface of the foot. MRl measurements under CPAP were
obtained first after the PtcCO, level return to baseline (2 mmHg) or at least 15 minutes of CPAP use.
Following MRI measurements with CPAP applied, the mask was removed and the same protocol repeated
without CPAP to obtain the baseline measurements. All subjects were asked to rate their anxiety level
under CPAP during the MR measurements from a scale of 0-3 where 0 refers to ‘not at all anxious’, 1
refers to ‘slightly anxious’, 2 refers to ‘moderately anxious’ and 3 refers to ‘highly anxious’.

5.3.3 Data processing and analysis

All 2D PC MR images were post-processed with Segment (Standalone version, Medviso AB, Lund,
Sweden) by one operator blinded to subject status. For each scan, flow was determined with an adaptive
region of interest (ROI) selection using manual segmentation based on the instantaneous lumen area.
Images were visually inspected for adequate signal to noise at the ROI. Datasets presenting major artifacts
or too low signal levels were excluded from the subsequent analyses. When aliased voxels were detected,
aliasing correction was performed automatically by the unwrap procedure in Segment. Eddy current
compensation was implemented automatically as well by the “eddy current compensation procedure and
the Phantom experiment method (GE method)*® in Segment.

The ICAs, VAs and JVs were segmented frame by frame in order to account for the temporal change
in their cross-section due to the blood pulsation. The cervical spinal subarachnoid space was segmented in
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single-image frames since its cross-sectional area did not vary with time. The ROI of spinal subarachnoid
space was best outlined in early systole, when the contrast between CSF and spinal cord was at its
maximum.

Data visualization was performed using MATLAB R2010b (The Mathworks Inc., Natick, MA, USA).
Flow waveforms were obtained from the recorded velocity for each voxel from the 2D PC MR images.
Then they were integrated over the area of the ROl in question using image processing software
developed within MATLAB. The process involved integration of the velocity over the manually segmented
cross-sectional area for an entire cardiac cycle: Q(t)=Y. A oxell Voxel (t)], Where A, is the area of the one
MRI voxel, V, el is the velocity of the corresponding voxel, and Q(t) is the voxel summation of the flow for
each voxel of interest®.

The total cerebral blood flow (tCBF) into the cranial space was calculated by summing the blood
flow rates of all four main vessels supplying blood to the brain (left and right ICAs and left and right VAs):
tCBF=Q(t),., +Q(t), 5, Where Q(t) ., and Q(t),,, are calculated as the sum of the left and right vessel
measurements (i.e, Qcas= Q(t)ICAIef't+Q(t)ICAright and Q= Q(t)VAleﬂ+Q(t)VAright. Estimation of the tJVF was

obtained by the summation of the flow rates through the left and right JVs: tJVF=Q(t)JV|eﬂ+Q(t)Nright.

Unmeasured venous outflow due to the structural complexity and individual variation of the venous flow
system (epidural, vertebral and deep cervical veins) as well as other secondary channels such as
cavernous-facial outflow were not taken into consideration. CSF flow waveform was offset so the net CSF
flow per cycle was zero since the net flow in the spinal subarachnoid space is known to be nearly zero®.

Volumetric flow rates (mL/cardiac cycle) were also determined for both the vascular and the spinal
CSF compartments. The stroke volume (SV) was calculated using the trapezoidal rule by computing
volume changes for each time increment, which correspond to the area under the waveform curve of the
flow difference into and out of the ROI. The SV at a given time interval was thus obtained by the
summation of the volume changes dQ, ; and dQ,_,; from the first to the current time intervals At=t;-t,, as

SV; =21 4[dQ;_1 + dQ;]x[t; — t;_1]/2, where n refers to the number of time points in one cardiac
cycle®.

For the frequency and flow rate analysis, the data were temporally and spatially normalized
according to Schmid Daners et al.’®*. The length of the cardiac cycle of the subjects with CPAP and during
the baseline measurements was 0.941+0.17 s and 1.0+0.16s, respectively. Therefore, the data were
temporally normalized to 1 s and resampled with a time interval of 10 ms. The normalized cardiac cycle
allows for comparison of frequency components (expressed in Hertz (Hz)) obtained via discrete Fourier
transformation.

The frequencies were considered up to the noise level of each compartment, which was evaluated
with the standard deviation of the respective compartment signals over all volunteers. The frequency
components below one-fifth standard deviation were considered as noise™*. The zero frequency was not
taken into account, because it does not correspond to the net flow due to the spatial normalization. The
spinal CSF flow and the tJVF were spatially normalized by the average flow rate over the entire
measurement length and the tCBF over the systole only. This approach considers the rather constant
systolic phase in arteries and the small timing dependence on the systole in the other compartments.
Generally, the spatial normalization accentuates the flow characteristics.

5.3.4 Statistical analysis

Statistical analysis of the hemodynamics and the CSF flow results was conducted with Minitab 16
(State College, PA) and IBM SPSS Statistics 19 (SPSS Inc., Chicago, IL, US). A Mann-Whitney U test was
performed when the variances between groups were not equal. Multivariate analysis of covariance
(MANCOVA) was performed to investigate the combined effects of the independent group of variables
(height, weight, BMI and age) on each of the calculated dependent variables. Non-normally distributed
data were logarithmically transformed before analysis. Frequencies of normalized flow rates that were
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recorded with CPAP applied and during the baseline measurements were evaluated using repeated
measures analysis of variance (ANOVA) with Greenhouse-Geisser correction to compensate for non-
sphericity. The ANOVA was performed within both groups and between the data of the recordings with
CPAP and baseline measurements. Individual frequency components were compared with a Mann-
Whitney U test. Correlations were calculated with Spearman’s rho. Differences were considered

significant at p-value (p) < 0.05.

5.4 Results

All results are presented as meantstandard deviation (SD) for the number of volunteers (n) whose
measurements were taken into account (see Tables 5.1 and 5.2). Results were analyzed in terms of
average flow, systolic and diastolic peak flow, peak-to-peak pulse amplitude (PtPPA), area and SV of both
the vascular and CSF components. Characteristics of the waveforms of the tCBF, tJVF, and spinal CSF flow

are described with respect to their feature points and frequency content.

Table 5.1. Physiological changes assessed under CPAP usage (values expressed as meanzSD for the 23 volunteers).

CPAP Baseline  p-value
Sa0, (%) 9610.8 99+1 0.223
Heart rate 65£10 6118 0.006
(bpm)
PtcCO, (mmHg) 3615 38+4 0.003

Abbreviations: CPAP: continuous positive airway pressure; PtcCO,:

Transcutaneous carbon dioxide level; Sa0,: oxygen saturation.

Table 5.2 Arterial, Vascular and CSF results for the study population with CPAP applied and at baseline

Total cerebral blood flow Total jugular venous flow CSF flow

CPAP Baseline  P-val. CPAP Baseline  P-val. CPAP Baseline  P-val.
n 17 18 17 14 22 23
Average flow (mL/min) 547+119 5521104 N.S. -529+171 -517+146 N.S. 0.00 0.00 ---
Systolic peak flow (mL/min) 9401196 933167 N.S. -654+215 -673+195 N.S. -165+55 -207+78 0.002 |
Diastolic peak flow (mL/min) 344488 338+75 N.S. -350+149 -261+82 <0.001 M 104+27 114431 N.S.
PtPPA (mL/min) 596+131 595+123 N.S. -304+127 -412+157 0.004 | -269+79 -321+105 0.005 |
Area of the ROI (mm?) 64114 67+13 0.0154,  84+32 66123 <0.001 M 115+19 118+23 N.S.
SV (mL/cardiac cycle) 9.1+2.0 9.2+1.7 N.S. 8.8+2.8 8.6+2.4 N.S. 0.50.2 0.60.3 0.003 |,

Abbreviations: n: indicates number of volunteers included for the measurement; CPAP: continuous positive airway pressure; CSF:
cerebrospinal fluid; PtPPA: peak to peak pulse amplitude; SV: stroke volume; N.S: no significant change ({ refers to a statistically
significant decrease and 1 refers to a statistically significant increase under CPAP).

5.4.1 Physiological metrics

Under CPAP, a decrease in PtcCO, by 5% (p=0.003) and an increase in HR by 9% (p=0.006) were
measured (Table 5.1). The changes in both HR and PtcCO,were not correlated with any of the changes
observed in the arterial, venous and CSF flow dynamics. BMI was correlated with age (p=0.004). In terms
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of the anxiety level, the results showed that 70% of the subjects tolerated the CPAP well, reporting “slight
anxiety” with a mean value of 0.35£0.49 in the anxiety index (see Methods). Anxiety was not correlated
with any of the independent variables (height, weight, age, BMI). MANCOVA analysis showed that the
independent group of variables (weight, height, age and BMI) had no significant effect on the PtPPA and

the SV of the tCBF, the tJVF and the CSF flow. In addition, a significant effect was observed on the change
of HR by the independent group (p = 0.03).

5.4.2 MR-based area and flow metrics

The area of tCBF that corresponds to the sum of areas of left and right ICA and VA decreased
significantly under CPAP (3+1mm?, p=0.015). All other changes in arterial flow-based metrics under CPAP
were insignificant (Table 5.2 and Figure 5.2 A). Diastolic peak tJVF increased under CPAP by 40%
(89+67mL/min, <0.001). The PtPPA of tJVF decreased by 108 mL+30 mL (p=0.004). A significant increase in
the total area of JV (sum of the areas of left and right JV) was observed (18+9 mm?, p<0.001). Volumetric
venous and CSF flow rates are depicted in Figure 5.2B and 5.2C. CSF SV and PtPPA decreased by 20% (-

0.13+0.09 mL, p= 0.003) and 15% (-52+26mL/min, p=0.005), respectively (Table 5.2). Spinal subarachnoid
space area did not change under CPAP.

A

total cerebral blood flow (tCBF) B
20- . . : ;

total jugular venous flow (tJVF)

CPAP

: : : Baseline

flow rate (mL/s)
flow rate (mL/s)

flow rate (mL/s)

time (s)

Figure 5.2. Volumetric flow rates for the tCBF (A), tJVF (B) and spinal CSF flow (C). The results are depicted as a mean (bold line) of

the included subjects with CPAP (black) and without (gray, baseline) CPAP applied. The shaded area shows the corresponding
standard deviation (SD).
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5.4.3 Waveform characteristics

Differences of the waveform characteristics between the baseline measurements and with CPAP
were analyzed using repeated measures ANOVA. The amplitude of the normalized tCBF (p = 0.004), the
temporal locations of the tJVF (p = 0.004) and the feature points of the spinal CSF flow (p = 0.034) showed
that these parameters were significantly different under the presence of CPAP compared to the baseline
measurements (Figure 5.3). The Mann-Whitney U test of the feature points of the three compartments
found the following significant differences: In the tJVF (Figure 5.3B), feature points v2 and v3 of the
measurements with CPAP occurred significantly earlier in the cardiac cycle, as did s3 and s4 of the spinal
CSF flow (Figure 5.3C). In contrast, the timing of systolic maximum (a2) of the tCBF was delayed with CPAP
application (Figure 5.3A). Additionally, v4 of tJFV, s1, s3 and s4 feature points of the spinal CSF flow were
found to have significant amplitude differences between the two groups with CPAP and baseline
measurements. The corresponding p-values are listed in Figure 5.3. Several feature points of the
normalized flow rates were significantly correlated with the HR: in particular, for the case of tCBF (Figure
5.2A), the timing of the aortic valve closure (r = -0.588 and p < 0.001) and diastolic maximum (r = -0.346
and p = 0.041), for the case of the tJVF (Figure 5.2B), the amplitude of v1 (r = -0.433 and p = 0.015) and
timing of v3 (r =-0.453 and p = 0.011) and v4 (r = -0.456 and p = 0.008). Lastly, for the case of the spinal
CSF flow (Figure 5.3C), the amplitude of s1 (r = 0.306 and p = 0.041), the timing of s3 (r =-0.426 and p =
0.004) and s4 (r =-0.530 and p < 0.001).

Frequency components of the normalized flow rates with CPAP were juxtaposed to those of the
ones during the baseline measurements as shown in Figure 5.4. Significant differences in individual
frequency components according to the Mann-Whitney U test are marked with curly brackets and the
respective p-values are indicated in Figure 5.4. Intra- and inter-subjects effects were evaluated by
repeated measures ANOVA. The frequency components of the tCBF (Figure 5.4A), the tJVF (Figure 5.4B)
and the CSF flow (Figure 5.4C) were significantly different within the groups with p = 0.001, p < 0.001 and
p = 0.001, respectively. The differences between the frequency components of the CPAP and those
without were only significant in the case of tJVF (p = 0.036).
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Figure 5.3. Normalized flow rates of the tCBF (A), tJVF (B) and spinal CSF flow (C). The results are depicted as a mean of the
included subjects with (black) and without (gray, baseline) CPAP. Feature points are marked with the corresponding standard
deviation (SD) error bars with respect to timing and flow deviations. Panel A shows the sum of mean (over subjects) normalized
flow velocity curves in the left and right ICAs and the left and right VAs that corresponds to the tCBF. Panel B depicts the sum of
the mean in the left and right JVs that corresponds to the tJVF. Panel C depicts the mean CSF flow. Positive values correspond to
flow in caudocranial direction. At the right of the panels, the corresponding waveform feature points are described including the

Feature Points
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temporal
diastolic minimum
systolic maximum 0.035
aortic valve closure
diastolic maximum
local maximum
maximum caudal flow  0.032
local maximum <0.001
local minimum
local maximum
maximum caudal flow
local maximum 0.002
local minimum <0.001

p-values evaluated with the Mann-Whitney test regarding the temporal and spatial deviations.
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Figure 5.4. Juxtaposed frequency components (Hz) of normalized flow rates with CPAP (black, left) and at Baseline (gray, right)
are illustrated using Box plots. In each panel, dotted lines separate the frequency components. In panel A, the first to the tenth
frequency component of the tCBF are plotted. In panel B, the first to the seventh frequency component of the tJVF and in panel C,
the first to the seventh frequency component of the CSF flow rate are illustrated. Curly brackets indicate significant differences of
the respective frequency component’s magnitudes analyzed with the Mann-Whitney test.

5.5 Discussion

In the present study, we observed the response of intracranial cerebral blood flow and spinal CSF
flow dynamics to the application of CPAP at 15 cmH,0 in healthy male subjects with the use of 2D PC MRI
flow measurement protocol. Our hypothesis was that CPAP would decrease the SV and pulse amplitude of
CSF flow and would alter venous flow patterns. Our findings validated this hypothesis because CPAP was
found to reduced CSF SV and PtPPA by 20% (p=0.003) and 15% (p=0.005), respectively. In addition, tJVF
PtPPA decreased by 21% (p=0.004). However, flow based metrics of tCBF were not altered by CPAP.
Additionally, normalized tJVF and CSF flow waveforms investigated with respect to their feature points
showed significant spatial and temporal differences.

In the past, various studies have employed both transcranial Doppler ultrasound and 2D PC
MRI measurements to estimate the effect of CPAP on cerebral and CSF hydrodynamics with conflicting
results. In previous work by our group®®, we used Duplex color ultrasound to assess the change in tCBF
under CPAP at 15 cmH,0 in healthy volunteers. Results showed a significant reduction in the tCBF likely
related to hypocapnic vasoconstriction. Kolbitsch et al.** found that systolic CSF velocity at the aqueduct
of Sylvius decreased under CPAP. They reasoned that pressure transmission from the thorax to the
craniospinal space increased the spinal CSF pressure, which resulted in an increase of the outflow
resistance against the systolic CSF moving into the spinal subarachnoid space thereby decreasing the CSF
pulsation at the aqueduct. In a subsequent study Kolbitsch et al.’®® documented a significant decrease in
the regional CBF volume with the presence of CPAP at 12 cmH,0 using contrast-enhanced MRI
measurements.

The physiological mechanisms responsible for alterations to vascular and CSF flow dynamics under
CPAP are complex. A CPAP-induced increase in the intrathoracic pressure may have several hemodynamic
effects, such as an increased cardiac output and venous return and increased cerebral venous pressure.
Any of these factors could result in a decreased cerebral perfusion pressure®. On the other hand, it is well
accepted that PtcCO, impacts the muscular regulation of the vessel wall, with hypercapnia leading to
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vasodilatation and hypocapnia to vasoconstriction . Kolbitsch et a observed an increase of the
systolic CSF velocity in the presence of CPAP due to hypercapnia when compared to normocapnia caused
by a decreased outflow resistance for a systolic craniospinal CSF displacement. In a previous study, we
also reported a reduction in the tCBF, but this effect appeared to be mediated predominately through the
hypocapnic vasoconstriction coinciding with PtcCO, level reduction®®. In the present study, we also
observed a significant reduction in the PtcCO, and HR. However, these alterations were not significantly
correlated with any of the arterial, jugular or spinal CSF flow changes under CPAP. As a result, our present
findings support that the observed changes in the tJVF and CSF dynamics are likely mediated by CPAP
pressure acting on the lungs.

Increased intrathoracic pressure due to CPAP tends to elevate the pressure in the jugular vein,
decreasing the arterio-venous pressure gradient across the brain. There are different theories that explain
the transmission pathways of the intrathoracic pressure to the intracranial space. The pressure is
transmitted not only through the JV, but also through longitudinal vertebral veins situated inside the
vertebral column. A major part of the intrathoracic pressure is also transmitted to the thoracic spinal
subarachnoid space via the thoracic intervertebral foramina®. Luce et al.®® found an increase in ICP
during positive end-expiratory pressure (PEEP) conditions that primarily resulted from an increased
pressure in the superior vena cava and impeded the cerebral venous outflow. In this study, we were only
able to measure flow through the JV since the structure and function of the overall cerebral venous
system are difficult to be captured with the current imaging techniques and as a result there are only
limited data published. ElSankari et al."”’ recently documented complex and heterogenous intracranial
venous drainage pathways that did not differ between multiple sclerosis patients and healthy subjects.
Additionally, it has been postulated that a reduction in the pulsatility of tJVF could cause an increased
pressure in the spinal subarachnoid space, which is compensated by an increase in the CSF flow in the
spinal subarachnoid space. In a second phase, these compensatory mechanisms are exceeded, which
results in reduced flows and velocities in the spinal subarachnoid space . It is well established then,
that any disruption in the balance of the intracranial space components alters the ability of spinal
subarachnoid space to dampen tCBF pulsations. In analogy, an obstruction to CSF flow could decrease as
well the damping effect on tCBF pulsations’*. A reduction in damping of the tCBF pulsations would in turn
result in abnormal biomechanical forces acting within the craniospinal, arterial or venous system. Hence,
the decrease we observed in the SV and pulse amplitude of both CSF and tJVF are in agreement with
theories in the literature that the spinal subarachnoid space of the CSF system may act to dampen CBF
pulsations®”>.

The feature points of the tCBF, tJVF and spinal CSF flow waveforms were found to be influenced
under the presence of CPAP. In particular, the timing of the maximum caudal flow of the tJVF occurred
earlier in the cardiac cycle under CPAP. Because this feature point did not correlate with the HR, its timing
is related only to the effect of CPAP. The delay of the tCBF systolic maximum due to CPAP is possibly
caused by the increase in the intrathoracic pressure accompanied by an increased resistance during the
cardiac output. Most amplitudes of the spinal CSF flow feature points with CPAP differed significantly
from those without. Additionally, the flow pattern of the normalized spinal CSF flow showed a behavior
comparable to what we reported in an earlier study on the physiological difference between age groups in
the same compartment’®*. In analogy, the diastolic timings and amplitudes of the elderly male volunteers
that were reported in our previous study correspond to the current CPAP group results.

The spectral content of the normalized tCBF only varies significantly in the fourth and the tenth
frequency component. The effect of CPAP on the main arterial vessels of healthy young males appears
therefore small. In the spinal canal, the fourth and the seventh frequency component of the CSF flow
were significantly different with the presence of CPAP. The fundamental frequency of the tIVF was
significantly decreased with CPAP, a finding that is related to the decreased tIVF SV. Generally, the
influence of CPAP appears to be more significant in the tJVF: the repeated measures ANOVA between the
measurements with CPAP and those without were significantly different for the temporal locations of the
respective feature points and the tJVF frequency content.
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Limitations

Using prospectively triggered image sequences, the acquisition window had to be set 10-20%
below the average cycle length. Therefore, only 80-90% of the entire cardiac cycle was covered and was
available for data analysis. Due to the fact that no data was recorded for the remaining 10-20% of the
cardiac cycle, the diastolic phase is underestimated'®®. Venous flow was approximated through the left
and right JV. Few studies have measured cerebral venous flow because of the difficulty to image the
complex venous structure with the available techniques®™. Furthermore, the venous system has been
mainly studied in pathologic conditions such as cerebral venous thrombosis or multiple scleroses. Thus,
there are no sufficient data to compare with the physiological states. We chose to adjust the CPAP level
to 15 cmH,0 in order to emphasize the maximum physiological effects of CPAP on vascular and CSF flow
dynamics by minimizing possible bias. It is possible that this high pressure could have resulted in
substantial air-leaks and caused a gap between the applied and delivered mask pressure and
subsequently increased subject discomfort. However, during the 2D PC MR measurements of our study
the presence of air-leaks was repeatedly assessed by a medical doctor and adjusted when needed.
Furthermore, all volunteers were asked to rate their anxiety level due to CPAP and 70% of the subjects
tolerated the CPAP well without any difficulties.

In conclusion, our findings suggest CPAP has a direct and significant effect on spinal CSF flow and
intracranial venous outflow and affects the overall intracranial equilibrium that normally exists between
the arterial, venous, CSF flow and brain tissue. These findings were determined by the use of 2D PC MRI to
quantify the alterations in the tCBF, tJVF and spinal CSF flow due to the increased thoracic pressure
caused by CPAP at 15 cmH,0. The results demonstrate a decrease in the SV of CSF and PtPPA of both CSF
flow and tJVF at the craniocervical junction. Additionally, the timing of the maximum caudal flow of the
tJVF was markedly decreased. These alterations are mainly attributed to the direct influence of the CPAP
application on the intrathoracic pressure and are not correlated with the reduction in the PtcCO, level
that was measured.
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6. Conclusions
6.1 Main findings

The research studies that have been conducted in the present thesis have helped to assess and
simulate the CSF dynamics and measure the cranial blood flow field. This was implemented by 1)
computationally simulating the CSF flow field in the upper cervical spine with the use of subject-specific
3D CFD simulations and comparing it with 4D PC MRI measurements obtained at the same subjects and 2)
experimentally assessing the spinal CSF flow and CBF in healthy volunteers with the use of MRI and US
under normal conditions and with the application of CPAP.

In Chapter 2, we compared for the first time 4D PC MRI measurements to 3D rigid-wall subject-
specific CFD simulations of the CSF motion in the cervical SSS of three healthy subjects and four CMI
patients. Results were analyzed in terms of peak flow velocities in the craniocaudal direction and thru-
plane velocity profiles at nine axial levels of the cervical spine. 4D PC MRI peak CSF velocities were found
to be consistently greater than the CFD peak velocities and these differences were more pronounced in
CMI patients than in healthy subjects. In addition to this, 4D PC MRI thru-plane velocity profiles showed
greater pulsatile movement of CSF in the anterior SSS in comparison to the posterior and reduction in
local CSF velocities near nerve roots. On the other hand, CFD velocity profiles were relatively uniform
around the SC for all subjects. The results of this research study do underline the utility of CFD in
conjunction with 4D PC MRI for detailed analysis of CSF flow dynamics that could help distinguish
physiological from complex pathological flow patterns at the FM and cervical SSS.

In Chapter 3, we evaluated for the first time the inter-operator dependence of MRI-based CFD
modeling of CSF movement in the cervical spine. The same geometry of a control was reconstructed by
seven independent operators. Comparison of the CFD results was performed in terms of several
geometric and hydrodynamic parameters as well as the thru-plane velocity profiles at peak systole. Our
findings showed a small operator dependence of the image processing and reconstruction of the 3D
geometry of the healthy volunteer implying very good agreement between the operators (ICC>0.90 for all
the parameters). Greater values of CV~17-19% for all parameters were observed at the lower cervical
spine while lower values of CV ~ 2-5% were found towards the cranial end, near the FM-C2M regions.
Thus, the presented segmentation process and CFD methodology shows promise to be used as a tool to
analyze the CSF flow field patterns in the cervical spine based on MRI measurements and to indentify
parameters indicative of disease states that could aid in the diagnosis of craniospinal disorders.

In Chapter 4, we used duplex color Doppler ultrasound measurements on 23 healthy awake
volunteers as a noninvasive bedside method to assess the effect of CPAP 15 cmH,0 on total CBF by
incorporating flow velocity and lumen diameter measurements obtained at the left and right ICAs, VAs,
and MCAs, while PtcCO,, Sa0,, HR and BP were monitored continuously. This was a primary study to
understand the impact of CPAP on CBF system that could help us further on Chapter 5 to measure CSF
flow and investigate the impact of CPAP on CSF dynamics. Our results showed that CPAP at 15 cmH,0
significantly decreased total CBF in all subjects. This effect appeared to be mediated predominately
through the hypocapnic vasoconstriction coinciding with reduction in PtcCO, level reduction. Our findings
suggest that CPAP should be used cautiously in patients with unstable cerebral hemodynamics.

In Chapter 5 we extended our results from Chapter 4 by conducting an additional study where we
developed a specific MRI protocol to assess the impact of CPAP on cerebral hemodynamics and CSF
dynamics in the upper cervical spine. We obtained 2D PC MRI measurements at the left and right ICAs,
VAs, JVs and SSS at the C2-C3 cervical vertebrae level on 23 healthy subjects with and without CPAP while
again PtcCO,, Sa0, and HR were monitored continuously. Our results showed a decrease in the pulse
amplitude of both spinal CSF flow and tJVF at the craniocervical junction. No significant changes were
observed in the tCBF hemodynamics. Spectrum analysis of the flow waveforms revealed the timing of the
maximum caudal flow of the tJVF to be noticeable decreased. CSF and tJVF waveforms showed as well
significant spatial and temporal differences with the presence of CPAP. Our findings suggest CPAP has a
direct and significant effect on intracranial and spinal CSF flow on healthy individuals and affects the
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overall intracranial equilibrium that normally exists between the arterial, venous, CSF flow and brain
tissue.

6.2 Future perspectives

Careful measurement and modelling of the CSF hydrodynamics in healthy subjects, and more
importantly in patients with craniospinal disorders, undoubtedly offers potential for better understanding
of pathophysiology of those disorders and clinical utility. In this thesis, CSF hydrodynamic environment in
the craniospinal system was both measured using in vivo MRI flow measurements and modeled using CFD
simulations. The CBF hydrodynamic environment was also measured and characterized in vivo.

A number of assumptions are present in the thesis at hand that could further ameliorated and
analyzed in the future. For instance, in Chapter 4 small anatomical structures were not taken into
consideration in the CFD models. Incorporation of the spinal cord nerve roots and denticulate ligaments in
the existing CFD model would be the first step to use as much as possible realistic models of the spinal
anatomy. This has already been accomplished in a recent study of our group. In particular, it was found
that the presence of nerve roots and denticulate ligaments within the upper cervical spine had an
important impact on CSF dynamics in terms of velocity field and flow patterns (Figure 6.1) *°. However,
pressure gradients were not altered to a great degree. In addition, velocity-based parameters were little
impacted near the foramen magnum because the spinal cord nerve roots and denticulate ligaments are
not present near this location.

Figure 6.1 a. Rendering of the 3D geometry of the cervical SSS of a healthy subject containing idealized nerve roots and

dentriculate ligaments (in light green). The mesh indicates boundary of the dura. Streamlines plots for healthy case with fine

structures in b and without fine structures in c. Velocity magnitude contours at C5 and C6 of the cervical SSS plotted at peak
. . e ) 1120

systole a for healthy case without ind and with fine structures in e, respectively .

In addition to this, the CFD models with the incorporation of fine structures should be compared to
in vivo 4D PC MRI measurements. This is something that our group has already started investigating.
Results have reported that the comparison between the two methodologies showed high level of spatial
and temporal complexity of the CSF flow field in the cervical spine (Figure 6.2). On a later stage, arachnoid
trabeculae and other small anatomical structures within the SSS should be included in the CFD models as
well. One more parameter that should be taken into consideration in future studies would be the
importance of tissue motion on CSF dynamics because it has been observed that the spinal cord moves a
small but detectable amount during the CSF pulsation at a peak velocity of 0.7-1.2 cm/s™ '*. It has been

91



documented in the literature that both patients with CMI and controls depicted a small-amplitude tonsil

movement in cephalad and caudal directions during the cardiac cycle®.
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Figure 6.2 Distribution of mid-sagittal peak systolic velocity magnitude for a control obtained from CFD (left) and 4D PCMRI
(right).(work currently under review in American Journal of Neuroradiology).

Finally, 4D PC MRI measurements in an in vitro model where these small anatomical structures are
included could help better explain the differences in the CSF flow fields between the 4D PC MRI
measurements and the CFD modeling. Our group has already successfully constructed a prototype 3D in
vitro model of the cervical spine. The 3D anatomy of the cervical SSS containing the dura matter layer and
spinal cord was reconstructed from T2-weighted MRI images by manual segmentation. The idealized
nerve roots were created at each axial level along the spine based on measurements reported in the
literature™*. Thus, our group aims at measuring the 3D velocity field within four subject-specific in vitro
models of SSS, of a healthy volunteer with and without spinal cord nerve roots and a Chiari | malformation
patient with and without spinal cord nerve roots with 4D PC MRI protocols in different MRI machines and
comparing it with 3D CFD simulations based on the same geometries and boundary conditions.

In Chapter 3, we compared the CFD results between the geometries that were segmented by the 7
independent operators and not with “gold standard” geometry of the SSS. This is an approach that has
mainly been used in hemodynamic studies'. Our group will use in the future the in vitro model of the
cervical spine that was just described above as a “gold standard model” to compare further results from
CFD simulations. Another approach would be to utilize images of higher resolution, obtained with 7T MRI
that would help better define the geometric boundaries and the fine anatomical structures that are
difficult to be defined with the current imaging techniques®*®. One more constriction of Chapter 3 was
that the CFD models and resulting analysis were based on the geometry of a healthy subject. Patients with
craniospinal disorders such as CMI, often have restricted CSF spaces with smaller areas which makes
difficult the reconstruction of the geometry with manual segmentation. Thus, the resulting variance of the
geometric and hydrodynamic parameters could be greater in the patient case. Towards this end, two
independent operators from our group have segmented the same geometry of a symptomatic Chiari |
patient so as to estimate the inter-operator dependence of the CFD methodology for the patient case.
Preliminary comparison of the cross-sectional areas and peak CSF velocities (Figure 6.3) obtained from the
CFD simulations based on the two operators shows a maximum CV ~ 22% for both parameters at the
lower cervical spine (e.g axial location C7). However, further analysis is required to assess the operator

92



dependence of the CFD simulations of the CSF flow in the cervical spine of a Chiari | symptomatic patient
with more operators.
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Figure 6.3 Peak systolic and diastolic velocities (top) at each axial location obtained from the CFD simulations based on the two
operators (Op.1-Op.2). Positive (diastolic) and negative (systolic) velocities reflect head and foot directed flow, respectively.
Cross-sectional areas (bottom) at each axial plane of the cervical SSS for the two operators.

In Chapter 4, we were not able to conclude if CPAP pressure had a direct impact on total CBF. The
decrease in CBF that was observed was mediated predominately through the hypocapnic
vasoconstriction, while in Chapter 5 CPAP was found to have a direct effect on intrathoracic pressure, CSF
and venous hemodynamics. As CPAP use is becoming more widespread, we believe that a better
understanding of its physiological impact is important to help improve the technology and also
understand the full impact of its use in different patient groups such as traumatic brain injury, stroke and
sleep apnea. Decrease in total CBF due to CPAP usage could have important clinical implications as CPAP is
a commonly used device for those patient groups. In these patients, careful consideration of cerebral
perfusion is needed. Thus, one potential future step could be to examine the impact of CPAP pressure on
CBF in stroke patients to validate these conjectures. In addition, since the published data concerning the
impact CPAP on CBF and CSF flow dynamics are conflicting, a study would need to be conducted with the
PtcCO, level held constant while CPAP pressure is altered incrementally.

In Chapter 5, we observed CPAP to alter the CSF and jugular venous flow dynamics in healthy awake
volunteers with the use of 2D PC MRI. However, venous flow was approximated by measuring the flow
through the left and right JV. The reason for this assumption was that there are only few studies in the
literature that have measured overall cerebral venous flow because of the difficulty to image the complex
venous structure with the current imaging techniques™'. Furthermore, the venous system has been
mainly studied in pathologic conditions such as cerebral venous thrombosis or multiple scleroses and not
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in physiological states. Thus, in the future the overall cerebral venous flow system should be taken into
consideration. Another limitation of Chapter 5 that should be taken into account in the future was that
only 80—-90% of the entire cardiac cycle was covered and was available for data due to the prospective
gating of the images. However, it is documented that prospective gating results in underestimation of the
diastolic phase of the cardiac cycle'®. Since, the gating method in MR imaging has an impact on the
objectivity of the measurements, in the future retrospective gating should be preferred during the MR
data acquisition.

Finally, in both Chapters 4 and 5 we chose to use CPAP as method to non-invasively establish the
impact of the breathing machine on CSF and CBF system dynamics. Another way to non-invasively alter
intrathoracic pressure is with Queckenstedt’s test and pressure in the abdomen. Communication between
intrathoracic pressure and ICP has been documented during those experiments*” ** 77, Thus, one
possibility in the future could be to conduct an MRI study in healthy subjects and patients with unstable
cerebral dynamics and/or craniospinal disorders where we examine the impact of Queckenstedt’s test
and/or pressure in the abdomen on arterial, venous and CSF flow dynamics.
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