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Preface

The cerebrovascular system is characterized by complex anatomy and physiology.
Both arteries and veins are responsible for different diseases, some of which are well
known (e.g., ischemic and hemorrhagic stroke) and some of which are still being
defined (e.g., Eagle jugular syndrome and jugular entrapment, dilated ventricles,
intracranial hypertension [JEDI] syndrome).

Diagnostic tests are constantly evolving and 3D augmented reality or measurement
of cerebral circulation is giving physicians new information to improve the diagnostic
process as well as medical treatments.

The role of the cerebral venous system is being re-discussed considering the new
theories about the “glymphatic system” and its function, which seems not to be
limited to simple drainage.

This book provides updates on models, diagnosis, and treatment of diseases of the
cerebrovascular system.

Alba Scerrati

Department of Translational Medicine - University of Ferrara,
Department of Neurosurgery — University Hospital of Ferrara,
Ferrara, Italy

Luca Ricciardi
Sapienza University of Rome,
Rome, Italy

Flavia Dones
Arcispedale Sant’Anna,
Ferrara, Italy
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Chapter1

Introductory Chapter: New Models
of Cerebral Circulation

Alba Scerrati

1. Introduction

The cerebrovascular system is very complex in its macro and micro-anatomy.
We can anatomically divide the cerebrovascular system into an arterial and a
venous compartment.

2. The arteries

Blood flow enters the brain mainly through internal carotid arteries and vertebral
arteries. These vessels subsequently create the so-called “Circle of Willis” which is
constituted by anterior cerebral artery, middle cerebral artery, anterior choroidal
artery, posterior communicating artery, anterior communicating artery, posterior
cerebral artery, basilar artery.

Each artery is responsible for the vascularization of a specific cerebral area [1].

Arteries are characterized by anatomical variations and are responsible for
several diseases such as aneurysms, arterio-venous malformations (AVMs), restric-
tions in blood flow that may occur from vessel narrowing (stenosis), clot formation
(thrombosis), blockage (embolism), or blood vessel rupture (hemorrhage). These
conditions cause a lack of sufficient blood flow to the brain parenchyma and may
cause a stroke [2-4].

Standard diagnostic tools for this kind of disease are:

Cerebral Angiography: a catheter for dye injection is usually inserted in the
femoral artery and then threaded through the main vessels of the abdomen and chest
until reaching the carotid or vertebral artery. Through the use of a fluoroscope after
the contrast dye injection, it is possible to have dynamic pictures of cerebral vessels.
This is considered the gold standard diagnostic tool for studying cerebral circulation.

CT Angiography: a contrast dye is endo-venous injected, and CT images are
subsequently acquired. Visualization of cerebral vessels injected by the contrast
dye is possible together with the brain parenchyma. 3D reconstruction of vessels is
possible.

Doppler ultrasound: it is a non-invasive, low cost, and rapid diagnostic test able to
study the velocity of flow into the cerebral vessel.

Magnetic Resonance Angiogram: it is similar to CT angiography, with the difference
that no contrast dye is required, and no ionizing radiations are used.

Indeed, all these diagnostic tools are constantly updated and improved, and this
also allows to discover new pathological entities and helps in finding new treatments.
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The aim of this book is to help the readers discovering new tools and models
for cerebrovascular disease diagnosis and treatment such as augmented reality, 3D
animated anatomical models, or new measurements of cerebral circulation.

3. The veins

The veins of the brain have no muscular tissue in their thin walls and possess no
valves.

Veins constitute a deep and superficial circulation [1].

The deep parenchymal circulation drains blood from the deep white matter of the
cerebral hemisphere, the basal ganglia, and the mesencephalon. Part of this circula-
tion is the Basal Veins of Rosenthal, the internal cerebral veins, and the great cerebral
vein (of Galen).

The superficial system comprises dural sinuses and cortical veins.

The superficial cerebral veins can be divided into three collecting systems:

* the mediodorsal group draining into the superior sagittal sinus (SSS) and the
straight sinus (SS);

* the lateroventral group draining into the lateral sinus;

* the anterior group draining into the cavernous sinus.

The veins of the posterior fossa are also divided into three groups:

* the superior group which drains into the Galenic system;

* the posterior group which drains into the torcular Herophili and transverse sinuses.
* the anterior group which drains into the petrous sinus.

Venous sinuses are located between two rigid layers of the dura mater.

Venous blood finally leaves the brain through the internal jugular veins or the
vertebral system.

If compared to the arteries, veins have always been less considered and studied for
cerebrovascular diseases.

For along time, they have been considered only a drainage system of the brain
parenchyma. Indeed, new models and theories have proven a more complex function
and their indispensability for maintaining balanced homeostasis of all brain paren-
chyma [5].

For example the balance of pressure between inflow and outflow in the brain, is
mainly maintained thanks to bridging veins.

Moreover, in the past 10 years the idea of a “glymphatic system” has been proposed
[6]. This system consists of a sort of “circulation” where cerebro-spinal fluid (CSF) is
filtered by the glia limitans and enters the interstitium. It subsequently collects waste
products and flushes them to the paravenular space to be discharged. Here, thanks to
a balance between venular pressure and paravenular space, it passes into the veins and
left the brain. The balance between cerebro-spinal fluid, interstitial fluid, and venous
pressure is fundamental to allow this process of “cleaning” the brain parenchyma.
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Studies regarding neurodegenerative diseases (such as multiple sclerosis or
Alzheimer disease) are being carried on taking into account this new theory [7].

The “occlusive” venous diseases are also becoming more considered and studied.

Cerebral vein thrombosis is a rare cause of stroke (about 0.5-1%), however, it
can affect young patients and it is associated with several risk factors, including the
SARS-Cov2 infection that since 2019 is burdening the world population [8].

Moreover, new diseases have been associated to vein occlusion, in particular
internal jugular vein occlusion.

The JEDI (Jugular Entrapment, Dilated ventricles, intracranial hypertension)
syndrome has been described in 2019, consisting of a novel form of high-pressure
hydrocephalus that can be successfully treated without a CSF shunt and depending on
a bilateral internal jugular vein entrapment at the neck [9].

The Eagle jugular syndrome is characterized by a compression of the internal
jugular vein at his passage between the styloid process and the arch of C1. It can be a
rare cause of idiopathic intracranial hypertension (IIH) and it can be characterized by
headache, tinnitus, insomnia, visual disturbances, or hearing impairment [10, 11].

In this book, a deeper look into new theories and diseases regarding the venous
compartment will be discussed.

We hope readers will find interesting hints to improve their daily practice and
fields of research.
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Chapter?2

Cerebral Arterial Circulation: 3D
Augmented Reality Models and 3D
Printed Puzzle Models

Prasanna Venkatesh Ramesh, Prajnya Ray,
Shruthy Vaishali Ramesh, Aji Kunnath Devadas,
Tensingh Joshua, Anugraha Balamurugan,
Meena Kumari Ramesh and Ramesh Rajasekaran

Abstract

The field of augmented reality (AR) and three-dimensional (3D) printing are
rapidly growing with many new potential applications in medical education and
pedagogy. In this chapter, we have used 3D AR and 3D printed models of the cere-
bral arterial circulatory system, created by us to simplify concept learning. Various
cerebral circulation diseases pertaining to ophthalmology can be explained in detail
for immersive learning, with the help of various 3D models, for structures such as the
circle of Willis, cavernous sinus, various cranial nerves, cerebrum, cerebellum and
the eye. These models not only help in cognitive understanding of cerebral circulation
diseases but also aid in diagnosing them with better conviction. Ophthalmologists,
sometimes being the first responder, have a vigilant role to play with a heightened
awareness of these cerebral arterial circulation diseases, which are not only vision-
threatening but life-threatening too. This chapter summarizes the construction and
holistic application of these 3D ophthalmology-related arterial cerebral circulation
models in AR and 3D printing.

Keywords: cerebral circulation, 3D models, augmented reality learning,
anatomy redefined, cognitive learning

1. Introduction

Cerebral circulation comprising of both arterial (Figure 1) and venous system
(Figure 2), is a complex three-dimensional (3D) anatomical structure. Various text-
books and chapters have thrown light on the cerebral circulation system with multiple
images and various sections of it. Despite that, neophytes may still find it difficult to
mentally visualize the complex structures by cognitive 3D mapping. Hence, we have
created a 3D model of the cerebral circulatory system and have provided it, both on
an augmented reality (AR) platform as well as 3D printed models, to aid in the visual
and tactile guide while learning and teaching.

9 IntechOpen
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Figure 1.

Image showing the circle of Willis and its parts.
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Figure 2.
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Image showing the cerebral venous system and its parts.

AR and 3D printed models help in academic-oriented learning of all the cerebral
circulation disease conditions and their pathophysiologies [1-4]. We have created
3D models of the cerebral system comprising of various parts such as the cerebral
nervous, venous and arterial system along with the brain, brainstem, and eyeball
in fine detail (Figure 3). By creating these models with meticulous detailing and by
incorporating them through AR (Figures 4-6), and by 3D printing these models
(Figures 7-9), understanding of the disease process is made more serene and
undemanding with gameful cognitive learning. Also, complex pathways such as the
cranial nerve pathways (Figure 10) are traced in a three-dimensional manner for

facilitating easy cognitive reading.
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Figure 3.
Image showing the 3D model of the cerebral system comprising of various parts such as the cerebral nervous,
venous and arterial system along with the eyeball and its components.

Figure 4.
Image showing the circle of Willis in the mobile screen over the AR template (red arrow).

Figures.
Image showing the cerebral venous system in the mobile screen over the AR template.

Ophthalmologist may be the first responder for detecting the cerebral patholo-
gies earlier, thus helping in faster diagnosis and aiding in speedy treatment. In this
chapter, we have discussed the anatomy of various ophthalmology-related cerebral
arterial systems from a neophyte’s point of view in detail, with the help of innovative
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Figure 6.
Image showing the eyeball in the mobile screen over the AR template.

(b)

Figure 7.
(a) Image showing the 3D printed puzzle pieces of the circle of Willis. (b) Image showing the final assembled
model of the circle of Willis, after the puzzle pieces are joined together.
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(b)

Figure 8.
(a) Image showing the 3D printed puzzle pieces of the cevebral venous system. (b) Image showing the final
assembled model of the cerebral venous system, after the puzzle pieces are joined together.

Figure 9.
(a) Image showing the 3D printed puzzle pieces of the eyeball. (b) Image showing the final assembled model of the
eyeball, after the puzzle pieces are joined together.
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Figure 10.

(a) Image showing the various cranial nervous systems highlighting the (b) 3vd cranial nerve, (c) 4th cranial
nerve, (d) s5th cranial nerve, (e) 6th cranial nerve, (f) 7th cranial nerve and (g) 8th cranial nerve vespectively in
green colour.

3D models and animative video created by us, to simplify the concept learning to aid
in timely diagnosis and effective management.

2. Anatomy of the cerebral arterial circulation: Circle of Willis

The circle of Willis (Figure 1) is a ring of vessels that provides important colliga-
tive communications between the anterior and posterior circulations of the midbrain
and hindbrain. The communications are established between the carotid and verte-
brobasilar systems in conjunction around the optic chiasma and infundibulum of the
pituitary stalk in the suprasellar cistern. It is named after Thomas Willis (1621-1675),
an English physician [5]. The circle of Willis plays an important role, as it allows
proper blood flow from the arteries to both the anterior and posterior hemispheres
of the brain, and defends against ischemia in the incident of vessel disease or damage
in one or more areas. In the event of arterial incompetency, it also provides collateral
arterial flow to the affected brain regions [6-8].

Vessels comprising the circle of Willis include the following:

¢ Anterior circulation

¢ Posterior circulation

14
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Video 1. Animated video depicting the anatomical structures of circle of Willis.
Available from (can be viewed at): https://wwwyoutube.com/watch?v=yCMOTq9JiFY

2.1 Anterior circulation

When the right and left internal carotid artery (ICA) enter the cranial cavity, each
one divides into two main branches:

* Anterior cerebral artery (ACA)
* Middle cerebral artery (MCA)

The ring is formed proximally by a single anterior communicating artery
(AComA), which links the bilateral ACAs. Each ICA individually gives off an ophthal-
mic artery. At the junction between the ACA and the ICA, the lateral continuation of
the ICA becomes the MCA.

2.2 Posterior circulation

The posterior communicating artery (PComA) arises from each ACA-ICA junc-
tion. The PComA connects the MCA with the posterior cerebral artery (PCA), to
form the posteriormost aspect of the circle of Willis. The basilar artery (BA) forms
from the fusion of the bilateral PCAs. The BA provides many branches, including
the superior cerebellar arteries, pontine arteries, and the anterior inferior cerebellar
artery (AICA). From the BA emerges bilateral vertebral artery (VA), which each gives
of a posterior inferior cerebellar artery (PICA). The BA artery also contributes to the
formation of a single anterior spinal artery [9, 10]. The combination of the AComA
and the PComA makes up the circle of Willis, which permits collateral flow between
the carotid and vertebrobasilar systems when there is vascular compromise.

2.3 Structures in detail
2.3.1 Internal carotid artery

The ICAs are part of the anterior circulation, which carries major blood sup-
plies to the intracranial contents. There is a total of two ICA; originating from the
carotid bifurcation, which runs cephalically through the neck and into the brain. It
enters the skull through the carotid canal and reaches the cavernous sinus through
the foramen lacerum after passing the parasellar area, and gives off the meningo-
hypophyseal trunk that supplies the dura at the back of the cavernous sinus, as well
as the oculomotor, trochlear, trigeminal, and abducens cranial nerves. The ICA
makes a loop to reverse its direction under the anterior clinoid and the optic nerve
at the anterior aspect of the cavernous sinus and passes through the two dural rings.
After passing through the second dural ring, it becomes intradural and gives off the
ophthalmic artery which is stemming out from the ophthalmic segment (C6) of the
ICA. The ophthalmic artery enters into the orbit through the optic canal. It provides
numerous collateral branches to supply the optic nerve. The ophthalmic artery’s
first major daughter branch is the central retinal artery which supplies the retina
[11]. The ophthalmic artery provides oxygenated blood to the extraocular muscles,
some facial muscles, as well as the intrinsic muscles of the eye [12]. Distal to the
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origin of the ophthalmic artery, the intradural supraclinoid ICA gives rise to the
anterior choroidal artery which supplies blood to the lateral geniculate body (LGB)
distally and the optic tract proximally. Anterior choroidal artery anastomoses with
the PCA through the PComA. The ICA gives off the ACA and ends as a branch of
the MCA [13].

2.3.2 Anterior communicating artery

The AComA connects the two ACAs across the starting point of the longitudinal
fissure, organizing the anterior border of the cerebral arterial circle of Willis. Besides
forming the conjugation channel between the anterior cerebral arteries, the AComA
also contributes to supplying blood to certain parts of the brain via its anteromedial
central branches. This artery supplies parts of the optic chiasma and intracranial optic
nerves [14].

2.3.3 Anterior cerebral artery

The two ACAs are connected by the AComA. The ACA develops from a primitive
anterior division of the ICA that initially supplies oxygenated blood to most midline
portions of the frontal lobes, and superior, medial, and parietal lobes. The basal
branch arising from the lenticulostriate branch of ACA supplies the posterior aspect
of the optic chiasma. The cortical branch and orbitofrontal branch of ACA supply the
olfactory cortex, gyrus rectus, and medial orbital gyrus [15].

2.3.4 Posterior communicating artery

The right and left PComAs form the dorsal part of the circle of Willis, at the base.
Each PComA links the three cerebral arteries of the same side. Before the terminal
bifurcation of the ICA into the ACA and MCA, the PComA connects to the [CA
anteriorly. It links with the PCA posteriorly. The PComA supplies the rear part of the
optic chiasma and optic tract [16].

2.3.5 Posterior cerebral artery

The left and right PCA is a terminal branch that arises from the bifurcation of the
BA. The PCA moves around the cerebral peduncle and supplies the occipital lobe, the
inferomedial surface of the temporal lobe, midbrain, thalamus, and choroidal plexus
of the third and lateral ventricles after passing above the tentorium. The PCA gives
off central branches and cortical branches which supplies the subcortical and cortical
structures, respectively. The central branches of PCA include the thalamoperforat-
ing artery, thalamogeniculate artery, and posterior choroidal artery. The cortical
branches of PCA include the temporal artery, occipital artery, parieto-occipital artery,
and calcarine artery [17, 18].

2.3.5.1 Central posterior cevebral artery
The thalamoperforating arteries arise from the P1 segment of PCA and supplies

parts of the thalamus, the third ventricles, and the midbrain. The thalamogenicu-
late artery arises from the P2 segment of PCA and supplies the medial and lateral
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geniculate bodies and the pulvinar of the thalamus. The medial and lateral posterior
choroidal arteries supply the dorsal portion of the thalamus and the choroidal plexus.

2.3.5.2 Cortical posterior cevebral artery

The temporal branches are given off from the P2 segment supply the uncus
and the parahippocampal, medial, and lateral occipitotemporal gyri. The occipital
branches supply the cuneus, lingual gyrus and posterolateral surface of the occipital
lobe. The parieto-occipital artery arises from the P3 segment and supplies the cuneus
and precuneus. The calcarine artery supplies the visual cortex, inferior cuneus, and
part of the lingual gyrus, which arise indirectly from the occipital artery.

The visual cortex responsible for the contralateral field of vision lies in its domain.
The macular part of the visual cortex often receives blood supply from both the PCA
and MCA. It describes the “macular sparing” phenomenon in some patients following
a PCA infarct.

2.3.6 Basilar artery

The right VA arises from the innominate artery, and the left VA begins as a branch
of the proximal subclavian artery. The VA moves through a series of foramina in the
lateral aspect of the cervical vertebral processes. After crossing the dura at the fora-
men magnum, the VA gives rise to the PICA before linking the other VA to form the
BA. Along the course of the BA, small branches arise directly to supply parts of the
pons and midbrain. The median branches of the BA supply the medial longitudinal
fasciculus, paramedian pontine reticular formation (PPRF), and the medially located
nuclei of the oculomotor, trochlear, and abducens nerve. The pontine branch of the
BA also supplies the front portions of the cranial nerves (particularly the trigeminal
nerve) at the point where they exit from the brainstem. Distally, the PICA supplies
the inferior cerebellum, which is closely involved in eye movements. The AICA origi-
nates from the caudal BA and supplies the pontomedullary junction and the posterior
part of the cerebellum. The internal auditory artery which is a large proximal branch
of the AICA supplies the facial cranial nerve complex in the subarachnoid space and
follows it into the internal auditory canal [19].

3. Creation of the 3D models
3.1 Constructing the cerebral arterial system

The construction of the cerebral arterial system was done in Maya LT software
[3, 20]. The reference image was first taken for the cerebral arterial system to e-trace
it using the CV curve tool. Tracing of the different arteries was done using the three
orthographic views, namely X-axis, Y-axis and Z-axis (Figure 11). This results in a
cerebral arterial system, which is made up of lines and curves (Figure 12a). Next, a
circle was extruded along every curve, thereby resulting in a cerebral arterial system
made up of tubes (Figure 12b); and these tubes were tweaked in a way, that their
ends are narrowed and closed (Figure 12c).

The other minor appendages and extensions of the circle of Willis were drawn on a
plane, followed by deletion of the unnecessary ones and finally the face of the model
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Figure 11.

Image showing the traced cevebral arteries using the CV curve tool in the three different orthographic views
namely, X-axis (bottom right), Y-axis (top left), and Z-axis (bottom left). The top right block shows us the
default perspective view.

Figure 12.

(a) Image showing the cerebral arterial system made up of lines and curves. (b) Image showing the cevebral
arterial system made up of tubes. (c) Image showing the cerebral arterial system with narrowed and closed ends.
(d) Image showing the cerebral arterial system with approximated artery colour given from default colour palette.

was extruded. Extrusion is mainly done to provide thickness, so that the thin line will
transform into a vessel of appropriate thickness. The face extruded model was then
applied to the retopologize function to clean up and smoothen the model. Finally, the
circle of Willis was merged with its appendages through edge bridging and offset cor-
rection, resulting in the creation of the ‘cerebral arterial circulation system’ structure.

Similarly, the cerebral venous system, cranial nerves, cerebrum, cerebellum, brain
stem (Figure 3) and the eyeball with TrueColor confocal images can be created.
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3.2 Texturing the cerebral arterial system

The constructed model was given an approximated artery colour from the default
colour palette (Figure 12d). This step can be done in Maya LT software or Blender
software [21]. If Blender software is used, the 3D models have to be first exported
from Maya LT software and imported into Blender software.

4. Augmented reality
The 3D models can be successfully launched in AR after UV unwrapping and

lighting, followed by coding the models for the AR module in Unreal Engine software
for a successful run.

Figure 13.
(a) Image showing the cerebral arterial system is appearing as black due to the absence of lightmap. (b) Image
showing the cevebral arterial system is appearing in normal colour due to presence of lightmap.
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4.1 UV unwrapping the cerebral arterial system model in Blender software

The 3D models have to be exported from Maya LT software and imported into
Blender software for UV unwrapping. UV unwrapping is the process of cutting out a
3D model and placing it on a 2D plane. UV unwrapping is done so that the model can
be lit in the absence of scene lights, which is very essential for a successful AR module.

4.2 Lighting the AR scene in Blender software for processing the models in Unreal
Engine software

If there is no light in the AR scene, the 3D models inside the Unreal Engine soft-
ware will appear black (Figure 13a). If we add light to the AR scene in the Unreal
Engine software, the Android mobile phones will not be able to process it. But,
processing the model by the mobile phone is of utmost importance, as the AR mod-
ule innovated by us needs an Android mobile phone platform to operate. Hence, a
lightmap has to be generated and applied to the 3D models to view the models cor-
rectly (Figure 13b), which cannot be done in Unreal Engine software. Hence, these
lightmaps have to be generated in Blender software and then imported into the Unreal
Engine.

4.3 Launching the Unreal Engine software for AR

The Unreal Engine is an integrated development environment (IDE) used to
develop applications for various platforms [22-24]. The AR application is one such
application that was coded in the Unreal Engine software [25]. The 3D models were
exported from Blender software after UV unwrapping and imported into the Unreal
Engine level file for the initiation of AR. Finally, the app (Eye MG AR) is built from
the Unreal Engine for Android devices. The link for the app is given below:

https://play.google.com/store/apps/details?id=com.EyeMG_AR

Figure 14.
Image showing the coding/algovithm of the AR module.
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4.4 Coding for AR module in Unreal Engine

A dataset array is set up in Unreal Engine software which contains the image of
the AR template (Figure 4). When the program starts running, all the images in the
camera view will be tracked. If any of the tracked images match with the AR tem-
plate from the data set array, the 3D models will be spawned, with transform values
matching the centre of the AR template. If the 3D model is already spawned, then the
transform value is updated to the centre of the AR template and will go to the next
frame. This is the algorithm for the AR module (Figure 14), and it is made to run on a
loop at multiple frames per second (FPS) depending on the device.

5. 3D printing anatomy puzzle models

The 3D printing of ophthalmology related models has been proposed first by
Ramesh et al. for enhancing learning through the concept of puzzle assembly
(Figures 7-9) [26]. The concept of puzzle assembly can serve as a comprehensive
self-learning tactile tool kit for neophytes [26-31]. 3D printing models can overcome
the limitations of the theoretical framework of textbooks used for studying [32-35].
Practical sessions facilitate teaching and 3D printing anatomical puzzle models
perfectly augment it cost-effectively.

The software used to create the 3D models was Maya LT. Cura software was
used for printing the models in sliced layers. Cura software gives the output in an
STL format, which is the standard tessellation language format for 3D printing
FabX XL printer was used to print the Circle of Willis model and the eye. FabX
Plus printer was used to print cerebral venous system model. Polylactic acid (PLA)
material which is a biodegradable plastic, manufactured from corn starch, cassava
and sugar cane waste was used for 3D printing all anatomical structures except the
retina. For the retina, thermoplastic polyurethane (TPU) material was used for 3D
printing.

The 3D models created by us are currently available for free download from the
website (mcmi.in).

5.1 Economics

The PLA plastic costs approximately 13.43 USD for 1 kg weight. TPU costs approx-
imately 40.28 USD for 1 kg weight.

The economics involved in 3D printing models is as follows:

* Circle of Willis model costs approximately 6.71 USD for 400 g sample

* Cerebral venous system model costs approximately 6.71 USD for 400 g sample

* Eyeball model costs approximately 26.85 USD for 1 kg sample
5.2 Duration of printing

The duration of printing the 3D models is as follows:

* 10 hours to print: The circle of Willis
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* 5 hours to print: The cerebral venous system

* 48 hours to print: The eyeball

6. Conclusions

Cerebral arterial circulation and other allied anatomical structures are best
understood with sound knowledge of their complex anatomy. In this chapter, we have
simplified the anatomical learning of these complex anatomical structures with 3D
AR models (in the free Android app Eye MG AR) and 3D printed models for better
concept learning. This cognitive learning module of the cerebral circulation will aid in
concept building for neophyte ophthalmologists, neurosurgeons, intensivists, physi-
cians, and paramedics thus aiding in faster diagnosis, speedy treatment and effective
rehabilitation.
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Appendix and nomenclature

3D models were created and used in animations by us in this chapter. This includes
the human eyeball with TrueColor confocal fundus image, cranial nervous system,
the cerebral venous system, cerebral arterial system (comprising of the circle of
Willis), brain stem nuclei, extraocular muscle, meninges etc. These models help in
better understanding and can be used in various fields of medicine. We have created
models which are related to ophthalmology, which allows us to explain a disease or a
condition with its pathophysiology, pathway, clinical features, tests, treatment and
prognosis.

These models can be 3D printed, used for augmented reality simulations, used for vir-
tual reality and can also be used for advanced mixed reality with Microsoft HoloLens. 3D
models when used for real-time teaching, especially with the help of multimodal fundus
images, microscopic structures like the trabecular meshwork, angles, diseases of lens etc.,
can pave the way for new-age pedagogy. We have created apps using these models like the
Eye MG AR (https://play.google.com/store/apps/details?id=com.EyeMG_AR) and Eye
MG 3D (https://play.google.com/store/apps/details?id=com.EyeMG_3D) which are based
on augmented reality model of the eye and multimodal fundus imaging atlas, respec-
tively. These are available for Android users and are free to download from Google Play
Store. An app for iPhone users, named Eye MG Max is currently available in App Store.
In this application, eyeball with TrueColor confocal fundus images, and all structures
related to ophthalmology are provided with a user-friendly interface. In Eye MG Max,
multiple views with transparency for viewing the structures passing through another
model, free camera mode, annotated modes, customised zoomed views and videos
related to any ophthalmic pathology are provided; thus, providing a 3D atlas at the user’s
fingertip for comprehensive learning.

Nomenclature

3D three-dimensional

ACA anterior cerebral artery

AComA anterior communicating artery
AICA anterior inferior cerebral artery
BA basilar artery

CN cranial nerve

ECA external carotid artery

FPS frames per second

ICA internal carotid artery

IDE integrated development environment
LGB lateral geniculate body

MCA medial cerebral artery

MLF medial longitudinal fasciculus
PCA posterior cerebral artery

PComA posterior communicating artery
PICA posterior inferior cerebellar artery
PLA polylactic acid

PPRF paramedian pontine reticular formation
TPU thermoplastic polyurethane

VA vertebral artery
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Abstract

Cerebral circulation is the flow of blood through a group of arteries and veins
which supply the brain. There are various diseases related to ophthalmology, due to
pathologies in the cerebral arterial system. Arteries inside the skull can be blocked by
plaque or disease, which in turn triggers a series of events leading to various cranial
nerve palsies, visual fields defects, retinal diseases, etc. The highlights of this chapter
are the novel three-dimensional (3D) animative videos created by us, to simplify vari-
ous cerebral arterial circulation diseases and their diagnostic concepts for neophytes.
3D animative videos can aid learning and help in the cognitive concept building of
these complex pathologies.

Keywords: cerebral arterial circulation, 3D animations, ophthalmology related
diseases, aneurysms, stroke

1. Introduction

Cerebrovascular disease is the 2nd most common cause of death in the world
and the 6th most common cause of disability [1, 2]. Cerebrovascular diseases occur
primarily during old age. The risk of cerebrovascular disease occurring increases
significantly after 65 years of age.

Cerebrovascular conditions include aneurysms, arteriovenous malformations
(AVM), cerebral cavernous malformations (CCM), arteriovenous fistula (AVF),
carotid-cavernous fistula (CCF), carotid stenosis, transient ischemic attack (TIA),
and stroke [3-9]. In this chapter, various cerebral arterial circulation diseases related
to ophthalmology are explained in detail using detailed three-dimensional (3D)
animative videos.
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2. Pathologies
2.1 Anterior communicating artery aneurysms

It can lead to visual field defects and visual deterioration such as bitemporal
heteronymous, psychopathology, and frontal lobe pathologies are shown in Video
Clip 1 [10].

(Video 1, https://wwwyoutube.com/watch?v=HoQNbzUTJu0).

2.2 Posterior communicating artery aneurysm

Oculomotor nerves are more prone to damage from posterior communicating
artery (PComA) aneurysms. Pathophysiology and clinical features of oculomotor
nerve palsy are shown in Figure 1 and Video Clip 2, respectively [10, 11].

(Video 2, https://wwwyoutube.com/watch?v=EZ9sQksL_oc).

2.3 Terson’s syndrome

Terson’s syndrome (TS) is the occurrence of intraocular haemorrhage, manifesting
as vitreous, subhyaloid, intraretinal bleeding, or subretinal bleeding, which typically
occurs in a setting of traumatic brain injury associated with intracranial haemor-
rhage [12]. The pathophysiology of TS is shown in Figure 2. The clinical features
of TS primarily depend on the patient’s neurological status and the location of the
haemorrhage.

PATHOPHYSIOLOGY OF OCULOMOTOR NERVE PALSY CAUSED BY
POSTERIOR COMMUNICATING ARTERY ANEURYSM

l l

Direct effect Indirect effect
L e
Direct mass effect Ruptured aneurysm
N2

Subarachnoid hemorrhage

> Oculomotor nerve palsy

Figure 1.
Pathophysiology of oculomotor nerve palsy caused by posterior communicating avtery aneurysm.
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PATHOPHYSIOLOGY OF TERSON'S SYNDROME

Raised intracranial pressure
|

J NE N2
Reflux cerebrospinal Increased orbital Direct extension of blood
fluid or hemarrhage via VENOUZPIESIURE from the subarachnaid
optic nerve sheath S space via the optic nerve sheath
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Compression of
central retinal vein

N

Obstruction of the
venous flow

A

Rupture of the smaller
retinal veins

% Intraccular hemorrhage e

%

Terson's syndrome

Figure 2.
Pathophysiology of Terson’s syndrome due to raised intracranial pressure.

2.4 Posterior inferior cerebellar artery syndrome or lateral medullary syndrome

Lateral medullary syndrome (LMS) occurs due to vascular insult in the lateral
part of the medulla oblongata [13]. It was named after a Jewish neurologist, Adolf
Wallenberg [14]. The aetiology of LMS is shown in Figure 3. The patient presents
with clinical features of vertigo, ataxia, nystagmus, oscillopsia, diplopia, dysphagia,
nausea, vomiting, headache, impairment of pain and thermal sensation, ipsilateral
Horner’s syndrome, ipsilateral limb ataxia, dysphonia, hiccups and ipsilateral hyper-
algesia. The specific ophthalmic clinical sign for LMS is ipsipulsion.

2.5 Carotid-cavernous fistula

Carotid-cavernous fistula (CCF) occurs due to an abnormal connection between
the carotid artery and the cavernous sinus. It can be classified as direct or indirect
CCF [15, 16]. Types of CCF are shown in Figure 4 and Video Clip 3. (Video 3,
https://wwwyoutube.com/watch?v=PYE_Nveoloo).

2.6 Brainstem stroke syndromes

The ocular manifestations that occur in patients with brainstem stroke due to
vascular ischemia are shown in Figure 5.

2.6.1 Oculomotor nerve palsy

Isolated third nerve palsies are rare; hence it is important to evaluate other cranial
nerves and the peripheral nervous system [17]. Clinical features of oculomotor nerve
palsy are shown in Video Clip 4.

(Video 4, https://wwwyoutube.com/watch?v=erN1kQ9-vuk).
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Figure 3.

Aetiology of posterior inferior cevebellar artery syndrome or lateval medullary syndrome.
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Figure 4.
Classifications of carotid-cavernous fistula.
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VARIOUS CLINICAL MANIFESTATIONS OF
BRAINSTEM STROKE SYNDROME

= Oculomotor nerve palsy

=4 Trochlear nerve palsy

- Abducens nerve palsy

> Parinaud dorsal midbrain syndrome

P4 Skew deviation

> Horizontal gaze palsy

> Internuclear ophthalmoplegia

Figure 5.
Various ocular manifestations of the brainstem stroke syndrome.

2.6.2 Trochlear nerve palsy

The patient typically presents with binocular diplopia which is vertical or tor-
sional. Park-Bielschowsky three-step test (Figure 6) has been proposed to identify
superior oblique palsy in such patients [18]. Clinical features of trochlear nerve palsy
are shown in Video Clip 5.

(Video 5, https://wwwyoutube.com/watch?v=GOYjlEoN3Ss).

2.6.3 Abducens nerve palsy

The patient presents with horizontal diplopia and esotropia, due to unopposed
action of the medial rectus. Abduction of the affected side will be restricted. The
patient will adapt a compensatory face turn towards the side of paralysed muscle
[19, 20]. Clinical features of abducens nerve palsy are shown in Video Clip 6.

(Video 6, https://wwwyoutube.com/watch?v=EcuveORiTZQ).

2.6.4 Parinaud dovsal midbrain syndrome

The clinical triad of parinaud dorsal midbrain syndrome (Figure 7) is supranuclear
upgaze palsy, convergence retraction nystagmus, and light-near dissociation [21, 22].
Clinical features of parinaud dorsal midbrain syndrome are shown in Video Clip 7.

(Video 7, https://wwwyoutube.com/watch?v=PF3n6fVEZ30).
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i Identify the eye which is hypertropic in primary position
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Third J
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Figure 6.
Park-Bielschowsky three-step test to identify superior oblique palsy.
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Figure7.
Clinical triad of dorsal midbrain syndrome.
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2.6.5 Skew deviation

It is a supranuclear motility disorder that occurs due to brainstem or cerebellar
stroke. The eyes deviate vertically and often present with cyclotorsional disturbances
[23]. Clinical features of skew deviation are shown in Video Clip 8.

(Video 8, https://wwwyoutube.com/watch?v=1GeTQTpozJ4).

2.6.6 Horizontal gaze palsy

Ipsilateral horizontal gaze palsy is caused by a lesion in the horizontal gaze centre
of paramedian pontine reticular formation (PPRF), which clinically manifests as an
inability to look in the direction of the lesion. Clinical features of horizontal gaze
palsy are shown in Video Clip 9.

(Video 9, https://wwwyoutube.com/watch?v=NQt_-nkcfuA).

2.6.7 Internuclear ophthalmoplegia

Ischemia in the vertebrobasilar system can produce an ischemic internuclear
ophthalmoplegia (INO) [24]. In cases of unilateral INO, it clinically manifests as
adduction deficit, where defective adduction of the eye will be present on the side
of the lesion and nystagmus of the contralateral eye on abduction will be noted [25].
Bilateral INO will lead to defective left adduction and abduction nystagmus of the
right eye on the right gaze and defective right adduction and abduction nystagmus
of the left eye on the left gaze. Clinical features of internuclear ophthalmoplegia are
shown in Video Clip 10.

(Video 10, https://wwwyoutube.com/watch?v=bQHIwPmN5aE).

2.6.7.1 Wall-eyed bilateral internuclear ophthalmoplegia
Exotropia (XT) need not be present in all cases of bilateral INO. The most com-

mon aetiology of wall-eyed bilateral internuclear ophthalmoplegia (WEBINO) is
infarction at the level of the midbrain [26].

2.6.7.2 Wall-eyed monocular internuclear ophthalmoplegia

In wall-eyed monocular internuclear ophthalmoplegia (WEMINO), patients will have
a unilateral medial longitudinal fasciculus (MLF) lesion with primary position XT [27].

2.6.7.3 One and a half syndrome

The patient will retain only the abduction of the contralateral eye, which will exhibit
abduction nystagmus [28]. This condition is termed as one and a half syndrome.

2.6.7.4 Eight and a half syndrome
There is also conjugate horizontal gaze palsy on looking to one side, followed

by INO on looking to the opposite side, along with ipsilateral lower motor neuron
(LMN) facial weakness [29]. This condition is termed as eight and a half syndrome.
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2.6.7.5 Half and half syndrome

There is ‘half’ of a horizontal gaze palsy plus half of the ipsilateral gaze (abduction
deficit from CN VI fascicular palsy) [30]. This condition is termed as half and half
syndrome.

2.6.7.6 Posterior INO of Lutz
Lesions interrupting the fibre tracts that connect the pontine centre for conjugate
horizontal gaze and the ipsilateral abducens nucleus can cause posterior INO of
Lutz [31].
2.7 Chiasmal strokes
Chiasmal strokes typically present as bitemporal hemianopia [32]. In cases of anterior
chiasmal strokes, it will produce central scotoma in one eye and temporal field defects in
the other eye [33, 34]. Clinical features of chiasmal strokes are shown in Video Clip 11.
(Video 11, https://wwwyoutube.com/watch?v=mMy2C_AN-Ho).

2.8 Post chiasmal strokes

Clinical features of post chiasmal stroke are shown in Video Clip 11.
(Video 11, https://wwwyoutube.com/watch?v=mMy2C_AN-Ho).

2.8.1 Optic tract stroke

Lesions usually produce contralateral incongruous homonymous hemianopia
along with optic tract syndrome [35].

2.8.2 Lateral geniculate body stroke

In case of extensive lateral geniculate body (LGB) injury, it would produce com-
plete homonymous hemianopia [36, 37].

2.8.3 Optic vadiation stroke

Lesions of the anterior optic radiation cause incongruous visual field defects. The
field defects become more congruous as it goes more posterior [37].

2.8.4 Temporal lobe stroke

Contralateral homonymous superior quadrantanopia (“pie-in-the-sky” defect),
occurs with temporal lobe infarction involving Meyer’s Loop, which constitutes the
inferior visual fibres [38].

2.8.5 Parietal lobe stroke

Contralateral homonymous inferior quadrantanopia (“pie-on-the-floor” defect)
occurs, with additional systemic manifestations depending on the side of the
lesion [39, 40].
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2.8.6 Occipital lobe stroke

Most occipital lobe lesions are a result of a stroke at the level of the posterior

cerebral artery (PCA) and will cause no neurological deficits other than vision loss.
Occipital lobe lesions can produce a varied presentation of visual field defects [38].

3. Investigations

* Gold standard modalities for investigating anterior and posterior communicat-
ing artery aneurysms are magnetic resonance angiography (MRA), computed
tomography angiography (CTA), lumbar puncture (LP), cerebral angiogram and
digital subtraction angiography (DSA).

* Regarding Terson’s syndrome, if necessary, an ultrasound B-scan imaging of the
eye would be needed to rule out intraocular haemorrhages [41].

* Lateral medullary syndrome will require a thorough systemic evaluation to rule
out diabetes mellitus, hypertension and heart disease. Complete blood work-up,
cardiac investigations like electrocardiogram (ECG), echocardiography and carotid
Doppler. CTA and MRA will provide a precise location of the infarct [42].

* In CCF, the prominence of the superior ophthalmic vein (SOV) and the dif-
fuse enlargement of the extraocular muscles are demonstrated by CT and MRI.
Additionally, orbital Doppler imaging can be used to assess abnormal flow pat-
terns, especially in the SOV. To classify CCF and plan the mode of management,
selective catheter DSA, CTA and MRA can be useful [43-45].

* The first step for investigating a stroke would be non-contrast CT to rule out
haemorrhagic stroke. MRI with diffusion-weighted imaging (DWI) is required
for evaluating posterior circulation strokes. It is mandatory to do a thorough
clinical ophthalmic examination of visual acuity determination, pupillary exam,
fundoscopy, and visual field testing [46, 47].

4, Visual rehabilitation

Vision rehabilitation is mandatory as vision loss can cause a major impact on the

patient’s life. Low vision therapy is important to treat and manage the symptoms of
vision loss. Optical therapy incorporates the use of mirrors and prisms to enhance the
patient’s visual field. Strategies are devised to help the patients compensate and adapt
to their visual impairment.

5. Recommendations
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* Periodic radiographic imaging (either MRA, CT scan or conventional angiog-
raphy) should be recommended at intervals to monitor the size and/or growth
of the aneurysm in all cerebral artery aneurysm patients to avoid severe vision-
threatening outcomes.
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* There is general agreement to recommend cardiac monitoring, airway support
and ventilatory assistance in the treatment of haemorrhagic and ischemic stroke
patients.

* Strabismus surgery should be considered to correct the ocular misalignment
associated with brainstem strokes, if not resolving on its own after 6 months.

* Visual rehabilitation can help make use of the remaining vision and other skills
to increase independency.

* Role of an orthoptist is important to assess and treat the range of eye problems,
pertaining to eye movements in cases of ophthalmoplegia.

6. Conclusions

Cerebral arterial circulation diseases are a complex group of diseases, which are
confusing and hard to understand for neophyte residents. Understanding the cause and
pathophysiology of these diseases (in a realistic way with the help of 3D animations),
helps them to tackle these pathologies effectively [48]. In this chapter, we have used 3D
animations and have taken the medical field from a field of theoretical curiosity into a
world of animative reality.
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Nomenclature

3D Three-dimensional

AVF Arteriovenous Fistula

AVM Arteriovenous Malformations

CCF Carotid-Cavernous Fistula

CCM Cerebral Cavernous Malformations

CN Cranial Nerve

CT scan Computed Tomography Scan

CTA Computed Tomography Angiography

DSA Digital Subtraction Angiography

DWI Diffusion-Weighted Imaging

ECG Electrocardiogram

ECHO Echocardiography

INO Internuclear Ophthalmoplegia

LGB Lateral Geniculate Body

LMN Lower Motor Neuron

LMS Lateral Medullary Syndrome

LP Lumbar Puncture

MLF Medial Longitudinal Fasciculus

MRA Magnetic Resonance Imaging Angiography
MRI Magnetic Resonance Imaging

PCA Posterior Cerebral Artery

PComA Posterior Communicating Artery

PPRF Paramedian Pontine Reticular Formation
SOV Superior Ophthalmic Vein

TIA Transient Ischemic Attack

TS Terson’s Syndrome

WEBINO Wall-Eyed Bilateral Internuclear Ophthalmoplegia
WEMINO Wall-Eyed Mono-Ocular Internuclear Ophthalmoplegia
XT Exotropia
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Abstract

In this chapter, we review state-of-the-art non-invasive techniques to monitor
and study cerebral circulation in humans. The measurement methods can be divided
into two categories: direct and indirect methods. Direct methods are mostly based on
using contrast agents delivered to blood circulation. Clinically used direct methods
include single-photon emission computed tomography (SPECT), positron emission
tomography (PET), magnetic resonance imaging (MRI) with contrast agents, xenon
computed tomography (CT), and arterial spin labeling (ASL) MRI. Indirect tech-
niques are based on measuring physiological parameters reflecting cerebral perfusion.
The most commonly used indirect methods are near-infrared spectroscopy (NIRS),
transcranial Doppler ultrasound (TCD), and phase-contrast MRI. In recent years,
few more techniques have been intensively developed, such as diffuse correlation
spectroscopy (DCS) and microwave-based techniques, which are still emerging as
methods for cerebral circulation monitoring. In addition, methods combining differ-
ent modalities are discussed and, as a summary, the presented techniques and their
benefits for cerebral circulation will be compared.

Keywords: SPECT, PET, CT, ASL, MRI, NIRS, TCD, microwave, cerebral blood flow

1. Introduction

Human cerebral circulation involves a complex mechanisms [1] that attract
researchers around the globe. The main purpose of cerebral circulation is to maintain
energy and oxygen supply to the brain which is essential for normal brain function.
The most important parameters reflecting cerebral circulation are cerebral blood
flow (CBF), cerebral perfusion pressure (CPP), cerebrovascular resistance (CVR),
and intracranial pressure (ICP). These have also an important role in diagnostics of
many brain disorders, such as stroke, hemorrhage, head trauma, and carotid artery
disease.

Human cerebral circulation monitoring can be performed using direct techniques,
where CBF is directly measured, and indirect techniques that reflect relative changes
in the cerebral circulation. At present, there are several imaging techniques that are com-
monly used in hospitals as stationary systems and require own imaging facilities due to
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complex imaging procedures. At first, these will be shortly introduced. Next, commonly
known indirect methods are presented. These are typically portable devices and still are
more commonly exploited in medical research. The chapter ends by presenting a few
emerging methods that already show high potential for CBF monitoring but are still in
the proof of concept phase.

2. Clinical stationary imaging devices

In this section, we present the most common cross-sectional imaging devices
which can be utilized to measure CBF-related parameters. There are two nuclear
medicine-based procedures, which are usually time-consuming, since radiotracers
typically require several hours to accumulate in the tissue. These include positron
emission tomography (PET) and computed tomography (CT). The first uses posi-
tron emitter radiotracers and the latter X-rays. During imaging, a narrow beam of
positrons or X-ray irradiates the patient and quickly rotates around the head/body.
Because of the harmful radiations, PET and CT techniques are usually used only
for clinical diagnosis, although the radiation exposure is minimal. In general, these
techniques do not provide continuous information on CBF [2]; however, they provide
images with high spatial resolution and thus are used to detect possible cerebral
circulation anatomy-related abnormalities.

Magnetic resonance imaging (MRI) is becoming the main technique for cross-
sectional imaging of the brain since it is considered as a safe technique. In MRI,
high-intensity alternative magnetic fields to align the protons in the imaged tissue.
When the field is turned off, the protons are back to their initial direction by
releasing stored energy. The amount of energy and the relaxation time is depen-
dent on the chemical nature of the molecule and based on this information, the
identity of the molecules can be determined [3]. The released energy is received by
surrounding RF coils and prepared for data processing. Furthermore, functional
MRI (fMRI) can detect magnetic changes associated with blood flow and thus can
be exploited for imaging CBF, however, at lower spatial resolution than nuclear
medicine-based techniques. In the following, the clinically available techniques
are presented: PET, Single-Photon Emission CT (SPECT), Xenon CT (Xe-CT), and
fMRI techniques based on contrast imaging that can be used for cerebral circula-
tion imaging.

2.1 Positron emission tomography

PET can provide high-resolution images of cerebral circulation [4, 5]. It utilizes
positron emitter radiotracers to generate high-quality images. The emitted positrons
immediately collide with their antiparticles, electrons, then two gamma photons will
be created. This process is called “annihilation”. The gamma photos are irradiated in
the same energies but in opposite directions with 180° different from each other, see
Figure 1. The pair of photons are simultaneously captured by the surrounding detec-
tors, and powerful signal processing can generate the reconstructed image based on
the detected photons [7].

In order to provide a quantitative measure of CBF [8], the PET scanner needs special
radio-markers for each measurement and uses °O-labeled water. The radiotracer is
produced by a cyclotron and injected into the patient before scanning, which increases
the complexity of PET measurement.
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Image
recaonstruction

Figure 1.

Thge principle of PET scanning simplified from Ref. [6]. The emitted positron collides with an electron, then
annihilation will happen. The basis of this phenomenon is the emission of two same-energy gamma photons in
opposite directions. Finally, gamma detectors capture the photons and process them to veconstruct a 3D image. On
the right, preparations to start brain imaging (Photo by MART PRODUCTION from pexels.com,).

Clinical neurology usage of PET gradually started in the 1980s [9]. With O tracers,
it can provide essential information on patients with cerebral vascular disorders and
information also on oxygen extraction fraction (OEF) and cerebral metabolic rate of
oxygen CRMO,. However, most techniques require an additional C;s0 scan for compen-
sating cerebral blood volume (CBV) [10].

2.2 Single-photon emission computed tomography (SPECT)

Similar to PET, Single-Photon Emission Computed Tomography (SPECT), see
Figure 2, is also a nuclear imaging technique utilizing a gamma-emitter radiotracer
while PET employs positron emitters. In 1963, the first prototype of SPECT was
presented by Edwards and Kuhl [12], but dedicated brain SPECT systems were intro-
duced in 1980-1986, and then clinical brain imaging started immediately [13]. SPECT
uses *”™Tc radiotracer for CBF measurement [14]. The radiotracer penetrates through
the blood-brain barrier (BBB) and diffuses in the brain tissue, proportionally to blood
flow [15]. As a result, the gamma emission and SPECT scanner generate a compara-
tive image. SPECT is a semi-quantitative CBF measurement technique and provides
less spatial resolution compared to PET [16, 17].

“~ gamma
emitter

Figure 2.

SPECT device uses gamma-emitter vadiotracers, which can be given by injection, inhalation, or orally. The
SPECT detectors receive the gamma radiation and deliver the signal to the image processing and reconstruction
unit [11]. The image on the right is courtesy of IAEA Imagebank.
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Figure 3.

Xe-CT system contains a rotating X-ray source and an arvay of detectors that generate a tomographic image. The
inhaled xenon gas can partly block X-ray and provide quantitative indicators for CBF measurement. High-
resolution Xe-CT CBF imaging (see on the right) takes about 10 min [14].

2.3 Xenon computed tomography (Xe-CT)

Xe-CT is one of the most accurate methods for obtaining quantitative CBF imag-
ing. The system contains a rotating X-ray source and an array of detectors that gener-
ate a tomographic image of the brain or other organ [18], see Figure 3. The technology
has been available since 1977, but its usage was not widespread until the 1990s. The
scanning procedure is simple and quick and therefore is nowadays a commonly used
clinical imaging device.

Xenon is an inert as well as radiopaque gas which can across the BBB and thus can
reach deep brain tissue. Moreover, due to the short half-life of 131%e, it delivers a low
amount of dose to the patient and allows multiple scans during CBF measurement
[19]. However, a limitation of this technique is difficulty with the assessment of
CBF in the posterior fossa and infratentorial region. The bones of the upper cervical
spine, cranium, and facial structures produce artifacts on baseline CT images and
make interpretation of blood flow difficult [20, 21]. Another limitation is the high
sensitivity to motion artifacts. If a patient is not able to stay still during the scanning
sequence, when xenon gas is being administered, it reduces the reliability of the blood
flow information.

2.4 Arterial spin labeling MRI

Arterial spin labeling (ASL) is a non-invasive imaging technique using standard
MRI. The measurement of blood flow is based on magnetically labeled arterial blood
water protons that are used as tracers [22]. The techniques are suitable also for imag-
ing children as the use of radioactive and contrast agents can be restricted. The ASL
method was originally proposed by Williams and his colleagues when they attempted
to measure CBF from rats using water as a diffusible tracer [23]. In 1994, the method
was extended to human brain imaging [24].

The main idea was to provide the same image with and without magnetization of
the blood flow [25], by giving radiofrequency pulses to invert or saturate the water pro-
tons in blood [23]. With the fact that the relaxation time of water in the blood is about
1-2 s, the brain will not be overflowed with spin-labeled water [24, 26]. By subtracting
the image with magnetization from the other one, it results in CBF information.

Different techniques of ASL including continuous arterial spin labeling (CASL) [23],
pseudo-continuous ASL (PCASL), and velocity-selective ASL (VS-ASL) are possible.
The two latest methods were developed to solve problems and challenges encountered in
CASL. Modified ASL techniques, such as territorial ASL (TASL) can be used for imaging
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Figure 4.

In MRI, the magnet firstly applies a powerful field to align the protons. When it is turned off, the protons release
their enevgies and turn back to their initial state. At this stage, head coils receive the released energy. On the right,
performing fMRI brain imaging in Oulu University Hospital.

collateral and visualization of perfusion of individual arteries [27-29], whereas ASL at
multiple delay times (Tis) is capable of depicting areas with low CBF (Figure 4) [30].

ASL-MRI holds high potential. For instance, patients with ischemic stroke suffer
from decreased cerebral perfusion [31]. ASL has been used to assess various perfu-
sions, e.g., hemispheric perfusion deficits, post-ischemic hyperperfusion, or perfu-
sion-diffusion mismatches [32]. Furthermore, several studies in dementia employed
ASL to assess regional hyperperfusion from patients with Alzheimer’s disease (AD),
front temporal dementia, and mild cognitive impairment [26, 33]. The results were in
line with the previous studies using PET and SPECT. Sandson et al. used ASL to study
parieto-occipital and temporo-occipital among controls and AD subjects [34]. They
could separate these groups based on the decreased perfusion in those regions. ASL
technique was also found useful in epilepsy studies as the abnormal tissue had a lower
metabolic rate and blood flow than the other [35]. It was suspected that the hypoper-
fusion interictal pattern was associated with neuronal loss, although the mechanism
behind the hypoperfusion interictal is still unknown. Based on a study during the
interictal state, hypoperfusion occurred in the involved cortex [36].

2.5 Contrast-enhanced MRI (CE-MRI)

As ASL MRI uses magnetically labeled arterial blood water protons as tracers [22],
contrast-enhanced MRI (CE-MRI) employs pharmaceutical tracers to enhance image qual-
ity. This improves the visibility of the internal structures and emphasizes the difference
between normality and abnormalities in brain tissue e.g., tumors or disrupted blood-brain
barrier, and can enhance diagnosis and staging of malignancies, treatment planning, and
monitoring the response to therapy [37]. Other current applications of CE-MRI include
the assessment of vascular disease (stroke and vascular malformations) and monitoring
of inflammatory, neurodegenerative and infectious diseases. Perfusion imaging using
CE-MRI is used in brain tumor imaging, based on the principle of increased tumor vascu-
larity. CE-MRI technique has been developed with variations such as dynamic contrast-
enhanced (DCE) MRI and dynamic susceptibility contrast (DSC) MRI, which also have a
role in tumor imaging to assess vascular permeability and angiogenesis, respectively [37].

Young et al. pioneered the use of ferric chloride as the contrast agent in the MRI
for gastrointestinal track in 1981 [38]. Since 1988, the most commonly used in clinical
practice are contrast agents with the lanthanide ion gadolinium (III) (Gd*"), which
were introduced to evaluate BBB disruption and vascular features with MR imaging.
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Gd®* possesses a high magnetic moment and is the most stable ion with unpaired
electrons [39]. Several different variations of Gd*>* chelates are used for MRI contrast,
often described under the group name of Gd-based contrast agents (GBCAs).

When using GBCAs the T1 or T2 relaxation times of nearby water protons are
shortened; as a result, T1-weighted images have an increased signal intensity, while
T2-weighted images signal intensity is reduced [39]. Contrast agents from the second
group may contain e.g., transition metal manganese (Mn®*), which has been sug-
gested as being particularly effective for functional brain imaging, as it enters cells
through calcium channels [40]. In general, these agents are injected systemically and
enhance the overall image quality, without focusing on a specific area.

Despite the excellent quality obtained by using GBCAs in MRI imaging, the
method still requires development, and its main challenge is the toxicity of the used
substances. Gadolinium-based contrast agents were initially considered entirely
safe, but eventually in 2006 were associated with nephrogenic systemic fibrosis and
significant negative consequences in certain vulnerable patients, particularly for
patients with impaired renal functionality [41]. Persons with normal kidney function
have not been thought to be at risk, although some amounts of gadolinium can remain
in the organs. Accumulation of gadolinium in the body is still being investigated. The
long-term effects of retained gadolinium are unknown. For this reason, there are
ongoing investigations into alternative compounds which could be used as contrast
agents. Several types of gadolinium-free contrast agents have been investigated, for
instance, organic radical contrast agents (ORCAs), which have low cytotoxicity and
high biodegradability, reducing the potential for side effects [42]. However, further
investigation and performance development need to be performed before newer
contrast agents can be used in clinical practice.

3. Portable devices (indirect methods)
3.1 Functional near-infrared spectroscopy

Functional near-infrared spectroscopy (fNIRS) refers to an optics-based mea-
surement method using two or more wavelengths in the near-infrared (NIR) range
(650-950 nm), see Figure 5. When NIR light illuminates sculp, it experiences scatter-
ing and absorption. A part of the incident light reaches the brain cortex and reflects
and scatters back to sculp which can be detected by a sensitive photodetector. When

Figure 5.

fN%RS and diffuse correlation spectroscopy (DCS) are two optical technologies for human brain monitoring that
are sensitive to changes in hemoglobin concentrations and blood flow, vespectively. Typically, light source and
detector are placed at a distance of 3—4 cm from each other in order to form an optical measurement volume that
reaches 1-2 cm depth. As illustrated on the left, the measurement volume can be shown as a banana-shaped area.
On the right, performing fNIRS measurement in Oulu University Hospital.
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using at least one wavelength on both sides of the isosbestic point at ~810 nm, cere-
bral hemodynamics can be quantified based on the modified Beer-Lambert law [43].
The most common signals to read are oxy- and deoxy-hemoglobin, abbreviated here
as HbO and HbR, respectively, while MRI can only provide blood-oxygenation-level-
dependent (BOLD), which is basically HbR [44]. Furthermore, f{NIRS can be used
to measure cerebral blood volume (CBV) based on quantifying HbT [45], various
additional hemodynamic parameters [46-49], and cytochrome c oxide [50].

NIRS provides a more affordable solution when compared to devices presented in
the clinical stationary imaging devices sub-section. Several measurement principles
in fNIRS include continuous wave (cwNIRS), time-domain (TD-NIRS), frequency-
domain (FD-NIRS), and frequency-coded NIRS systems [51]. The technique is fully
safe and can also be realized as a wearable continuous monitoring setup. For example,
SPECT and PET cannot measure dynamic changes in cerebral circulation whereas fNIRS
is capable of that [52], however, it suffers from low spatial resolution. Kusaka et al. [46]
emphasized that monitoring of cerebral circulation in infants is needed in general clini-
cal practice, however, for this purpose e.g., MRI or PET are not suitable. They evaluated
fNIRS to measure oxygen saturation (ScO,), CBV, CBF, and cerebral metabolic rate of
oxygen to study cerebral circulation in infants and concluded that fNIRS is a potential
technique for bedside brain monitoring in a neo-natal intensive care unit (NICU).

3.2 Diffuse correlation spectroscopy

DCS is a non-invasive method based on speckle fluctuations caused by the inter-
ference of the multiple and random paths of photons traveling in tissue. The speckle
fluctuations are mostly caused by the motion of red blood cells and recorded signal fluc-
tuations thus reflecting blood flow in the microvasculature. For this, a blood flow index
(BFI) value is provided. The measurement setup is similar to fNIRS, see Figure 5, but
DCS requires the use of laser light with a long coherence length for detection of temporal
speckle effects. It measures the decorrelation time scale of the intensity fluctuations
of the scattered light, which relates to the motion of moving scattering centers, mostly
consisting of red blood cells in CBF [53]. The principle of the DCS technique is well
described in several papers [54-56]. This still a relatively new method shows increasingly
high potential for human cerebral circulation monitoring, especially for clinical monitor-
ing newborns [57-59]. At present, portable, low-cost DCS setups are being developed
and apparently will be in near future utilized in clinics and patient bedsides [55, 60].
These will be most likely used combined with fNIRS to provide comprehensive informa-
tion on cerebral hemodynamics and circulation [61].

3.3 Transcranial Doppler ultrasound

Transcranial Doppler (TCD) is a non-invasive method used for the measurement
of blood flow velocity within the large arteries of the circle of Willis. It was introduced
in 1982 by R. Aaslid, who tested the applicability of existing range-gated ultrasound
Doppler instruments in cerebral circulation monitoring [62]. It was initially suggested
as a method for the detection of vasospasm following subarachnoid hemorrhage and
for evaluating cerebral circulation in occlusive disease of the carotid and vertebral
arteries. However, thanks to constant experiments and advances of the technique,
current applications are extensive and TCD is widely used in neurological disorders
diagnosis and monitoring. Moreover, the development of transcranial color-coded
duplex (TCCD) examination provided a possibility of direct visualization of the
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cerebral anatomy vessels and enabled accuracy improvement as well as broadening
the scope of applications.

Ultrasound-based techniques measure the frequency change in pulse reflecting
from the particular structure. When used in medical applications, it allows defining
the speed of the red blood cells in vessels and arteries, as well as the flow direction.
The ultrasound probe is emitting the pulse of known frequency toward the flowing
blood, then the same probe is detecting the pulse-echo. The frequency of the ultra-
sound pulses used in TCD is relatively low (2.0-2.5 MHz), as it needs to penetrate
through the skull. To reduce signal attenuation, the probe is placed above thinner
parts of the skull (insonation windows), such as the transtemporal, transforaminal,
transorbital, and transcervical windows. Each of the windows allows better access
to different branches of the circle of Willis: transtemporal window: terminal internal
carotid artery (ICA), middle cerebral artery (MCA), anterior cerebral artery (ACA),
posterior cerebral artery (PCA), and communicating arteries, transorbital window:
ophthalmic artery (OA) and ICA siphon (carotid siphon), suboccipital window:
vertebral artery (VA) and basilar artery (BA); submandibular window: extracranial
ICA and common carotid artery.

Figure 6 shows how the TCD probe is placed over a transtemporal window, with
an ultrasound penetrating toward the brain vasculature.

TCD does not measure the diameter (or cross-sectional area) of the artery,
due to low penetration of the ultrasound. Thus, the actual value provided in this
technique is the relative velocity in the artery of interest, calculated using the
formula for the Doppler shift [14]. With the assumption that vessel diameter
(and insonation angle) remains constant, detected changes in blood flow equal to
changes in CBF. Consequently, vessel diameter stability affects estimates of CBF
using TCD, which should be especially considered during interventions. In order to
approximate flow velocity as an estimate of flow and minimize the method inac-
curacy, different indices are calculated, such as the pulsatility index (PI) and the
resistance index (RI).

Conventional TCD enables the measurement of blood flow velocity and its
changes with high temporal resolution (above 10 Hz). However, correct probe
placement and the identification of the vessel require a skilled person, as only blood
flow velocity changes in time are visible. This TCD type is non-duplex: there is no
imaging available, and the artery identification is done based on audible Doppler shift
and the spectral display. Applications of TCD include diagnosis of acute ischemic
stroke, vasospasm, traumatic brain injury, measurement of cerebrovascular reserve
capacity, examination of autoregulation and neurovascular coupling, microembolus

Figure 6.
TCD probe placement (on the left) over the transtemporal window is the easiest to access and the most widely
used in clinical practice. The image on the right, showing TCD measurement, is courtesy of Journalism School
Newswire.
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detection, ultrasound enhanced thrombolysis, assessment of increased intracranial
pressure (ICP), detection of the stop of brain circulation in brain death, and monitor-
ing of cerebral circulation during carotid or heart surgery [63]. The accuracy of the
conventional TCD can be improved by using an ultrasound contrast agent in contrast-
enhanced TCD (c-TCD) [64]. This technique may also improve the detection of flows
in non-conclusive TCD, however, its limitations are availability and cost [64].

Adding imaging features to the TCD technique improved the measurement’s
quality and broadened the scope of applications. Transcranial color-coded duplex
(TCCD) uses a combination of pulsed-wave Doppler ultrasound and a cross-sectional
view of the area of insonation. It provides real-time visualization of measured intra-
cranial arteries in relation to various anatomic locations, thus simplifying corrections
of insonation angles and improving measurement accuracy. The color-coded Doppler
also presents the direction of the flow in relation to the probe. TCCD is mostly used
in hemodynamic assessment, but is applicable in many other neurocritical care
scenarios, such as detection of intra- and extra-axial intracranial hematomas, midline
shift, hydrocephaly, cerebral tumors, cerebral aneurysms, as well as investigation of
arteriovenous malformations and cerebral parenchyma [63, 64].

There are several unquestionable advantages to the TCD technique, namely its
non-invasive nature, the fact that it is radiation-free, and high temporal resolution.
The technique is portable, relatively low-cost, and widely available. However, it is
important to note several major limitations. TCD measurement has poor spatial reso-
lution and thus is limited to large basal arteries. It can only provide an index of global
rather than local CBF velocity [65]. Also, recorded values are relative. The measure-
ment can only be performed through the insonation windows, and it is essential to
choose the appropriate one. In some cases, the chosen insonation window might be
inaccessible (up to 15% of the population), e.g., due to thick bone structure causing
the signal amplitude reduction. It has been observed especially among older or female
patients. Another limitation is the influence of the insonation angle, as the wrong
angle can affect in recording inaccurate velocities. Therefore, careful probe placement
is crucial and might be challenging, especially in conventional TCD, where operator
dependency is a significant drawback itself.

4. Emerging methods

There are several new methods in development that potentially can be exploited
in CBF studies. In addition, combining different techniques can provide better, more
comprehensive information on cerebral circulation.

4.1 Ultrasound-tagged NIRS

Ultrasound-Tagged (UT) NIRS is a relatively new technique based on the acousto-
optic effect where photons are modulated or tagged at the acoustic frequency [66].
Basically, a low-power ultrasound transducer is used to modulate the high coherent
near infra-red photons, then due to blood flow, the Doppler effect will rise [67]. In
other words, when the tagged photons collide with blood content, a frequency shift
will be observed, as an indicator of blood flow. The UT-NIRS system employs both
optical contrasts as well as ultrasound resolution to provide a deep CBF measurement,
while other optical CBF techniques can measure blood flow in the outer part of the
cerebrum [2]. Moreover, UT-NIRS is a real-time technique. Measurement depth can
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be adjusted by changing the focus point of the US transducer introduced by Tsalach
etal. [2]. UT-NIRS can provide a cerebral flow index (CFI), a unitless and non-
calibrated number from 0 to 100, reflecting CBF. Compared to fNIRS, the UT-NIRS
technique has the capability of detection of intracerebral blood flow variation [68].
However, further studies and validation of its measurement accuracy still need to be
conducted [66].

4.2 Microwave-based methods

The usability of microwave-based techniques has been studied for different
medical diagnosis and monitoring applications for years since they could enable safe,
reliable, low-power and low-cost, portable solutions which could be used also outside
the hospitals. Besides, microwaves enable screening of the whole head, especially at
lower microwave frequencies. Microwave-based techniques have been actively studied
e.g., for detection of brain hemorrhages and strokes [69-73], brain water dynamics
[74], tumors [75, 76]. Recently, microwave techniques have also been recognized to
have the potential for monitoring cerebral circulation [77-81].

There are two approaches for microwaves-based cerebral circulation monitoring:
In the first approach, the microwave-based technique is used to measure temperature
and conductivity changes in the tissues which are caused by the changes in blood flow,
see Figure 7a. Another approach is based on detecting changes in the blood volume
which directly corresponds to the blood flow, see Figure 7b. The basic idea of these
techniques is briefly described in the following subsections.

4.2.1 Detection of changes in temperature and conductivity

Microwave radiometry can be used to sense thermal radiation (electromagnetic
noise) emitted in the microwave frequency spectrum by any material above absolute
zero temperature. The thermal radiation is received by one or several sensitive antennas
and converted, with proper calibration, into a measure of absolute temperature taken
from a weighted average of the antenna’s radiation pattern [82-85]. The basic idea of
passive temperature sensing with microwaves is illustrated in Figure 7a. There are sev-
eral studies on the non-invasive temperature measurement of the human brain which
were originally targeted for observing the brain recovering from hypothermia [86, 87].

(b)

Figure 7.

(. a)g Passive microwave radiometry multi-antenna setup for monitoring cevebral civculation through temperature
changes. The sensitive antennas are placed around the head for sensing the radiation. The veceived signals from the
antenna ports are fed to a radiometer, which expresses changes in voltage. (b) Transmitter-veceiver multiantenna
setup for detecting changes in blood volume using reflected wave analysis: Tx antenna transmits microwaves

and several Rx antennas are placed around head detecting signals reflected from tissue boundaries. ToF analysis
indicates distances from different tissue bovders detecting hence also blood volume changes.
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Furthermore, fluid movements within an organ produce an elevation in the thermal
conductivity, which is approximately a linear function of flow within the organ [88].

Recently, it has been recognized that measuring local changes in temperature and
conductivity can be applied to estimate changes in blood flow or volume [77]. Various
experiments, conducted both with tissue-mimicking phantoms as well as with human
volunteers, have verified the contribution of microwave radiometry to temperature
distribution imaging as well as tracking the changes in conductivity.

The most recent study in this field presents a new prototype of a passive micro-
wave radiometry monitoring device for detecting changes in the temperature and
the conductivity using four unipolar elliptical on-body antennas [77]. The sensitive
antennas are placed around the head for sensing the radiation. The received signals
from the four antenna ports are fed to a custom-made radiometer operating at
1.5 GHz, which is a suitable frequency to provide sufficient penetration of microwave
radiation into the head tissue. Besides, the use of multiple antennas around the
biological body enhances the in-depth detection ability as well as the sensitivity of the
system. The experimental results presented in [77] prove that the system can sense
local temperature or conductivity changes at a distance up to 5 cm in a brain phantom.
The increased blood flow was indicated as 0.2-0.4 mV changes in the radiometer.
More comprehensive studies on the accuracy of this method on exact blood flow
measurements have not yet been published.

4.2.2 Detection of changes in blood volume

An increase in cerebral circulation can be observed as increased blood volume
in the active brain areas, which can also be monitored in microwaves by detecting
changes in blood volume with the analysis of electromagnetic (EM) propagation
between the antennas located around the head. The technique is based on the physical
phenomenon of EM propagation on the boundary between two media with different
impedances: as the EM wave, transmitted from the transmitter antenna (Tx) encoun-
ters the border between two tissues, the fraction of the energy will be reflected and
the remaining fraction will be propagated further deeper inside the tissue, as pre-
sented in Figure 7b. The time of flight (ToF) of the reflected wave can be measured
with several sensitive receiver antennas (Rx), indicating the distance from the object
that caused the reflection. Hence, if the local changes in blood volume inside the brain
can be detected precisely enough with the analysis of the signals reflected from differ-
ent head tissues, it can be indicated which parts of the brain are active at a time.

Originally, detection of the changes in blood volume in the brain area was applied
for the detection of brain hemorrhage [72, 73]. The idea was further extended in [81]
for initial blood circulation detection studies using a single chip implementation of
an ultra-wideband impulse radar. Although the presented experimental setup did not
reach in the required level of accuracy, it showed that UWB impulse radar is a promis-
ing technique for brain imaging and monitoring applications and inspired several
new studies on higher-resolution brain activity monitoring [78-80, 89].

The recently presented idea to increase resolution in cerebral circulation monitor-
ing is to provide diversity either using (a) antenna pattern reconfiguration or (b)
Tx-signal waveform variation. Ojaroudi et al. [78] presented a study on applying
these two diversity techniques for functional microwave imaging using an antenna
array radar setup. Both diversity techniques have advantages in increasing either
resolution, contrast, or target localization. In general, frequency selection and the
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properties of the antennas play a significant role in terms of achieved resolution and
propagation depth [78, 81, 89]. Furthermore, the use of novel localization algorithms
presented e.g., in [79] can further improve the resolution in brain imaging and hence
also in detection of blood circulation. The above-mentioned techniques are recently
published in initial studies on applying microwaves for cerebral circulation monitor-
ing. More comprehensive studies on the accuracy of these methods on exact blood
flow measurements have not yet been published.

5. Combining different methods

Simultaneous measurement using different techniques is increasingly being
utilized in both research and clinical practice [90], since it allows a broader view on
human physiology and underlying mechanisms. Brain studies can particularly benefit
from a multimodal approach, because of the connection between neuronal activity
and cerebral blood flow. Combining hemodynamic measurements with neuroimag-
ing enables analysis of their dynamics in relation to each other and brain function,
as well as it can provide complementary information on the relationship between
systemic blood flow and influence on cerebral hemodynamics. On the other hand,
combining modalities with different working principles enables to benefit from
strong features present in each of them; an example can be combining the modality
with high temporal resolution and modality with high spatial resolution. It might also
be used as an alternative to methods of high cost, or to validate the accuracy of other
measurement methods [47]. Not all of the modalities can be combined though, due
to problems with compatibility. For instance, systems with ferromagnetic materials
cannot be used within MRI environments [47] because of a large static magnetic field
[91] whereas magnetoencephalography (MEG) is easily disturbed by electromagnetic
interferences [92]. Thus, it is crucial to analyze the safety of the combined use of the
devices before the measurements are conducted. In the following several combination
techniques are listed, illustrating how multimodal measurements can be employed,
depending on the signal/feature of interest.

Combining fNIRS with fMRI allows to study cerebral blood oxygenation during brain
activation. fNIRS provides the benefit of accurate temporal resolution, whereas MRI
performs with great spatial accuracy. Accurate anatomical information obtained using
MRI enables to estimate NIR light propagation in the human head through different tis-
sue layers [90]. On the other hand, fNIRS can measure complementary parameters (such
as HbR and HbO), enabling estimation of the cerebral metabolic rate of oxygen.

Rostrup et al. [93] compared AHbO and AHbR from fNIRS with DCBV and DCBF
changes from PET during various respiratory conditions. The values of DCBV from
NIRS were similar to those from PET, but with much smaller magnitudes. Thus,
fNIRS has the potential for cerebral circulation studies. Eke et al. [45] assess CBV
based on the HbT concentration using a commercial multiwavelength fNIRS mea-
sured from the forehead. The periodogram of HbT was obtained from 0.000122 to
1 Hz using fast Fourier transform. Based on the fractal analysis on this periodogram to
assess the self-similarity, its pattern started to change at a certain frequency, called as
cut-off frequency. Interestingly, the range from minimum to the cut-off frequencies is
narrower and narrower as age increases. Within female subjects, the pre- and post-
menopausal age groups show different behavior. However, there is no significant dif-
ference between male and female subjects. They found a strong correlation between
CBV changes measured by PET and HbT changes from NIRS.
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TCD can be targeted to detect the increase in blood flow velocity in a specific
vessel. However, due to poor spatial resolution, it is impossible to distinguish, if these
changes are caused by the local or global increase in CBF. Using TCD simultaneously
with fNIRS could improve overall spatial accuracy, due to the information on regional
cerebral oxygenation provided by fNIRS [94, 95].

Furthermore, combining standard blood pulse measurement methods with brain
activity monitoring can be used to investigate the interconnections between CBF
and systemic circulation. It is a setup used e.g., in studies on cerebral autoregulation/
cerebral reactivity. Systemic blood flow can be tracked using invasive or non-invasive
monitors. If the study is performed in the MRI chamber, it is necessary to use MRI-
compatible blood pulsation tracking, e.g., utilizing fiber optics-based equipment [96].

Respiration measurement using e.g., pulse oximetry is often combined with brain
monitoring methods such as f{NIRS during sleep studies [97, 98]. Studies on cerebral
hemodynamics during sleep are performed e.g., in order to assess the influence of
various sleep-disordered breathing events (such as apnea) on the brain, as well as to
understand the physiological and pathological mechanisms responsible for respira-
tory events during sleep.

The above-mentioned combined methods present just examples of using different
measurement techniques simultaneously to emphasize its potential. However, more
does not necessarily always mean better. Multiple metrics resulting from measuring
with several techniques can be difficult to interpret, especially in clinical settings [99].
A method of data interpretation and analysis should also be planned when perform-
ing multimodal measurements. Understanding the benefits and drawbacks of avail-
able techniques will help to design the combination best suited for the pursued goals.

6. Summary

Table 1 compares the presented techniques used for monitoring cerebral circula-
tion, particularly their output, resolution, and cost.

Clinical stationary imaging devices have the high spatial resolution, but the tem-
poral resolution is usually relatively low. fMRI, for example, has low temporal resolu-
tion due to hemodynamic response time, which is much slower than the underlying
neural process [100]. This problem has been solved by manipulating event-related
stimuli and applying appropriate analysis methods [101].

Portable devices generally offer relatively low cost and rely on the indirect meth-
ods, which must be validated carefully. They are commonly suitable for bedside and
continuous measurements, even for daily use. Particularly, optic-based methods have
already shown their high potential for cerebral circulation studies. The penetration
depth and spatial accuracy, however, are limited. TCD technique is non-invasive,
radiation-free, and provides high temporal resolution. The device is widely available
and of relatively low cost. However, the measurement has poor spatial resolution and
provides only relative values on blood flow velocity. Monitoring with non-duplex TCD
is also highly dependent on the skills of the operator. Insonation windows might be
inaccessible for some patients, in which case the measurement cannot be performed.

There are several emerging techniques that can offer promising techniques for
developing portable, low-cost, and safe devices for cerebral circulation monitoring. In
particular, published initial feasibility studies show that functional microwave-based
approaches show high potential. The benefit of cerebral circulation monitoring by
detecting changes in the brain temperature/conductivity is the simplicity: the passive
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Technology Principle Output Temporal  Spatial Cost
resolution  resolution

SPECT Nuclear imaging 3D image Low High High
technique utilizing
a gamma-emitter

radiotracer
PET Positron emitter 3D image Very low High High
radioactive tracers
ASL-MRI Magnetically labeled 3D image Low High High
water proton as tracers
CT Rotating x-ray beam 3D image Low High High
fNIRS Optic-based method HbO, HbR, water, lipid High Low Low
DCS Optic-based method Blood flow index High Low Low
TCD Ultrasound Blood flow High Low Low
Microwave 1. Sensing temperature 1. Temperature and High Still Medium
and conductivity conductivity changes, unspecified  orlow
changes with mw also converted to a
antennas voltage
2. Measuring signals 2. Blood volume and
reflected from the images

tissue boundaries

Table 1.
Comparison of selected techniques.

system just monitors the natural radiation and converts it to temperature values

or voltage. The deficiency of this technique is the lack of accuracy in terms of the
monitored area. However, the use of several antennas can improve accuracy clearly.
The advantage of cerebral circulation monitoring by detecting changes in the blood
volume is the possibility for higher resolution and localization accuracy, especially if
advanced antennas, diversity techniques, and developed algorithms are utilized. The
deficiency is the increased computational complexity in signal processing, which may
require more expensive computers or distributed computing.
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Chapter 5

The Cerebral Venous System: New
Pathophysiological Theories

and Diseases Related to Veins
Occlusion

Giorgio Mantovani and Alba Scervati

Abstract

Cerebral physiology and pathology are still frequently missing a comprehensive
explanation and a complete description, but new data and hypothesis are emerging
on a daily basis. Particularly, comprehension of the cerebral venous system’s func-
tions and functioning has undergone through the last decades a deep and extended
change. Depiction of the perivascular spaces and the mechanisms of glymphatic
system has given light about venous system pivotal role in the genesis of different
pathologies such as multiple sclerosis, hydrocephalus, cerebral hemorrhages, and
strokes. After a key point discussion about embryology, physiology, and anatomy of
the cerebral venous system, an overview is provided on the main pathologies, both
well-known and newly described ones, in which cerebral veins act a major patho-
genic role.

Keywords: cerebral venous system, glymphatic, multiple sclerosis, cerebral vein
thrombosis, eagle jugular syndrome, JEDI syndrome

1. Introduction

The cerebral venous system (CVS) is a wide, dynamic, and connected net of vessels
developing from the encephalic parenchyma to the internal jugular veins (IJVs). As
other venous system, it has three main functions: to drain blood and catabolites from
the brain, to help maintaining thermic homeostasis and to refill the right-sided heart
[1]. Differently from other organs, instead, intracranial veins share unique physiologi-
cal features and functions. Traditionally, comprehension of CVS has been limited to
descriptive anatomy and a few ranges of physiological principles.

New emerging evidences in the last years are depicting a more complex scenario,
in which CVS has a pivotal role in starting and sustaining various pathologi-
cal processes, from multiple sclerosis to cerebral hemorrhages, hydrocephalus,
and strokes.
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2. Alook into the normal basic anatomy, physiology, and new theories
about the glymphatic system

2.1 Developmental embryology

Primitive CVS starts differentiating from primary meninx mesenchyme as a
continuous endothelial plexus connecting the dural (ectomeninx, the outer portion
of primary meninx) and the pia (endomeninx, the inner portion) layers. In the first
trimester, around the 12th week, a progressive coalescence and resorption of vessels
reduces the dura-pial anastomosis to 10-18 bridging veins with specific anatomical
features. On the other side, the ectomeninx form the dural folds (falx and tentorium),
containing the progressively forming dural sinuses. This early and definitive separa-
tion between the parenchymal and dural CVS gives the basis for the blood-brain
barrier (BBB) formation [2].

Classically, first clearly identifiable parenchymal vessels are the prootic, the
anterior cerebral, and the capitis lateralis and medialis veins [3].

From the 4th to the 5th months, the cortical veins net rapidly grows to sustain the
hemisphere fast development. Consequently, the dural sinuses size increases with
multiple series of anatomical variations and modifications from week to week. The
transverse sinus balloons in response to this increasing amount of blood and to the
relatively narrow diameters of jugular vein, with formation and enlargement of mul-
tiple emissary vessels for extracranial drainage to the foramen magnum and vertebral
plexuses [4]. At the 35-mm stage of the embryo, drainage from the transverse sinus to
the IJV can be detected [4].

After birth to the 1st year, the jugular bulb increases in size thanks to the physi-
ological modifications of postnatal circulation, and the drainage through the emissary
veins reduces its flow.

2.2 Basic anatomy

Throughout the uterine life, CVS anatomy is dynamically changing in response
to the morphometric and hemodynamic adaptations of the growing organism.
Progressively, from the chaotic but not homogenous primitive plexus, certain pref-
erential routes are selected on the basis of rheologic flow parameters, while others
disappear. The most suitable venous patterns are fixed, independently from our
anatomical classifications, similarly to what happens for arteries but with far more
variability.

In the ideal description, CVS can be distinguished in parenchymal and dural
circulation. It is important to notice that intracranial veins are lacking of intraluminal
valves, differently from other veins in the systemic circulation.

The deep parenchymal circulation drains blood from the deep white matter of the
cerebral hemisphere, the basal ganglia, and the mesencephalon.

Dural CVS is comprised into the dural sinuses, spaces originated from the split-
ting of the dura derived from the ectomeninx and covered by endothelium, as above
specified.

2.3 Physiology

Arterial blood enters the brain through the anterior circulation, via the carotid
arteries, and the posterior circulation, via the vertebral arteries. Also venous blood,
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or at least the major part of it, exits the brain through an anterior circulation, via the
IJVs, and a posterior one, via the vertebral plexuses. Once passed the osteo-dural
ring of their respective entry points inside the skull, circulatory physiology of these
vessels drastically changes, given the unique physical conditions that are present in
the intracranial space.

Although an exhaustive dissertation on cerebrovascular physiology is not in the
focus of the present chapter; to understand CVS physiology, few mechanical, hydro-
static, and anatomical principles have to be clarified.

The skull (bone and dura together) is basically a rigid, non-expandable container,
totally filled with uncompressible materials: brain parenchyma, blood and cerebro-
spinal fluid (CSF).

Around 1764, Alexander Monro, second of his name, published Observations on
the Structure and Functions of the Nervous System [5], in which he theorized his famous
principle: “For, as the substance of the brain, like that of the other solids of our body, is
nearly incompressible, the quantity of blood within the head must be the same, or very
nearly the same, at all times, whether in health or disease, in life or after death” [5]. Few
years later, George Kellie, one of his students, and John Abercrombie, a pathologist,
confirmed his findings and endorsed his theory.

In 1926, Harvey Cushing published “Studies in intracranial physiology ¢ surgery;
the third circulation, the hypophysics, the gliomas” [6] in which he summarized previous
knowledge about intracranial physiology. One of the results of this milestone book
was the easy-to-remember equation about Monro-Kellie principle:

Brain volume + CSF +blood vl = K 1)

This is an effective way to summarize the concept, but this formulation lacks the
fundamental pulsating nature of cerebral flow. Blood enters the brain pulsating in
the arteries; then the mechanical wave of pulsation is transmitted anisotropically
through the parenchyma and CSF (fluids with different elastic properties). This wave
propagation deeply affects CVS physiology: if blood enters the skull pulsating into the
arteries, also it leaves from the vein pulsating.

In this balance of pressure between inflow and outflow, bridging veins have a
pivotal role.

A bridging vein is defined as a cortical vessel that drains venous blood from the
parenchyma to the sinuses, detaching from the cortex and crossing the subarachnoi-
dal CSF filled and the subdural space. It has thin walls (subdural portion 10-600 pm;
subarachnoid space of 50-200 pm) with loose collagen network and no muscular
fibers [7]. So constituted, it acts as a perfect Starling resistor: a collapsible tube,
filled with a fluid exerting pressure (P1, blood venous pressure), inside a space filled
with another fluid exerting a different pressure (P2, CSF/intracranial pressure). To
maintain a flow inside the tube, it is necessary that P1 > P2.

While entering, or exiting, the cerebral cortex, the superficial arteries and veins in
the subarachnoid space are ensheathed in a leptomeningeal coverage, filled with CSF
in a double triangle shape. These invaginations are known as Virchow-Robin spaces
in their original description [8] and previously taught to be a virtual space, enlarged
only in pathological processes. Further studies during the last decades reassessed the
importance of these channels and prosecuted their anatomical micro description,
thus renaming it perivascular spaces (PVSs).

Deeper into the parenchyma, PVS surrounds the penetrating arteries and capil-
laries, and it includes a real space that exists between the endothelial basement
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membrane (aka basal lamina), a thin lamina of extracellular matrix components, and
glia limitans, defined as the barrier formed by perivascular end feet of astrocytes, rich
in channel proteins as aquaporin-4 (AQP4) [9]. At the same time, vascular endothelial
cells are linked each other by tight junctions, one of the main components of blood-
brain barrier (BBB) that restrict macromolecules diffusion inside the parenchyma.

This anatomical description is better defined for the arterial side of cerebral
circulation, while venous PVS has not been thoroughly characterized yet.

Intracranial fluids can be divided in intracellular fluid (ICF, 60-70%), interstitial or
extracellular fluid (ISF 20% 280-300 mL), blood (10%), and CSF (10% 140-150 mL).
Passage of ions, solutes, and molecules between one compartment and the others is
precisely regulated to maintain the different chemical composition necessary to their
respective physiological role (e.g. plasma contains approximately 270 times more
proteins than ISF) [10].

2.4 Glymphatic system

From 2012, a series of experiment on animals and mathematical models led to
the discovery and description of the so-called “glymphatic system” [11]. This physi-
ological mechanism is taught to act as a cerebral lymphatic system, seen that cerebral
tissues lacks a properly formed net of lymphatic vessels and nodes. It is proposed that
water from the CSF enters the interstitium by the PVS of the penetrating vessels and
capillaries, passing through the filtering glia limitans. Even if the fluid production per
capillaries may be too little to be detectable, the total volume of fluid generated by the
whole capillary endothelium (an estimated a 20 m? surface [9]) is quite considerable.
Once interstitial, this water convectively flushes solutes and waste products, such as
amyloid p oligomers, into the paravenous CSF space to be discharged.

The first evidence of an intraparenchymal bulk flow along PVS was provided by
Cserr [12] in 1974 by following injected tracers.

Fluid exchanges between venular lumen and paravascular space depend primarily
on transmural pressure (TMP), a fundamental hemodynamic parameter. Considering
the venous wall as the exchange border for fluids, TMP is a differential pressure between
internal (intravenous) pressure (IP) and external (paravascular) pressure (EP). EP is rep-
resented by the oncotic pressure of the interstitium plus the intracranial pressure (ICP).
IP is the sum of blood pressure and the relative venous oncotic pressure. In turn, each of
these parameters depends on several others. Of main interest is that venous pressure of
parenchymal vessels depends on bridging veins (Starling resistors) function. To sustain a
reabsorption flow from the parenchyma to the CVS, it is necessary that IP is lower than EP.

So, in this paradigm, a dynamic balance between CSF, ICF, ISF, and blood is
continuously rearranged throughout the entire vascular, arachnoidal, and ependymal
surface to maintain the physiological functions of the estimated 16-30 billion neurons
of the brain.

Main driving force of this interstitial convective process is the arterial pulsation
of the penetrating arteries, moving actively the CSF along the PVS [9]. Alongside,
the periodical variation in ICP is generated by breathing (and similar activities that
modify intrathoracic pressure) and vasomotor variations in the vascular net.

Glymphatic system function, defined as the capability of flushes toxic solutes away
from the parenchyma, normally decline with aging, both in animals and humans.
Proposed mechanism is a reduced CSF interstitial influx secondary to decreased
pulsatility of sclerotic arteries, impaired CSF production, and reduced AQP4 expres-
sion on astrocytes end feet’. Hypertension and diabetes mellitus type 2 have also
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been associated with a decreased glymphatic function. Similar observations have
been made in cases of stroke, subarachnoid hemorrhage, traumatic brain injury, and
demyelination of various origins.

3. Cerebral vein thrombosis: causes, diagnosis, and treatment

3.1 Clinical presentation

Cerebral vein thrombosis is defined as the presence, in both the cortical vessels
and the dural sinuses, of clotted blood impairing physiological flow.

CVT is an uncommon form of stroke (0.5-1% of total), usually affecting young
individuals with several associated risk factors (mainly related to Virchow’s triad of
blood stasis):

* Thrombophilia

* Inflammatory bowel disease

* Pregnancy (but als postpartum period)
* Dehydration

* Oral contraceptives

¢ Substance abuse

* Rheumatologic disorders (as systemic lupus erythematosus, Behget disease,
sarcoidosis and antiphospholipid and anticardiolipin antibodies)

¢ Head trauma [13].

Other more specific associations are made with:

* Parameningeal infections (ear, sinus, mouth, face, and neck)
 Complication of epidural blood patch

* Spontaneous intracranial hypotension

* Lumbar puncture

* Cancer (particularly in patients with hematologic malignancies)

¢ SARS-CoV2infection (COVID-19) [14]

* Climatic conditions (particularly high ambient temperatures) [15].

An underestimated risk factor for CVT is a JV thrombosis that propagates crani-
ally, often because of the presence of medical dispositive [13].
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Exact epidemiology of CVT is unknown because clinical features are quite vari-
able, and for this reason, cases should be classified differently [16].

Recently, cerebral venous sinus thrombosis in association with COVID-19 has been
described, both as a first clinical presentation or a subsequent complication [17].

Clinical findings are related to intracranial hypertension, related to impaired venous
drainage, and/or to focal brain injury from venous ischemia or hemorrhage. Obviously,
clinical manifestations of CVT also depend on the location of the thrombosis.

Most frequent symptoms are

* Headache (90% of patients): typically described as diffuse and often progressive
over days to weeks. Less frequently, it may present with thunderclap headache,
similar to a subarachnoid hemorrhage, or a migraines-like headache. Up to 25% of
patients with CVT only present with headache [16].

* Seizures (40% of patients): first, focal, or generalized seizures are frequent.
* Papilledema or diplopia (caused by sixth nerve palsy).
* Neurological signs and deficits: most common are hemiparesis and aphasia.

* Scalp edema and dilated scalp veins may be seen on examination.

When CVT is secondary to regional infection, signs and symptom of the primary
cause can be detected: toothache and odontogenic abscess; ear discharge; pain in the
ear, face, or mastoid region.

3.2 Laboratory exams

In patients with suspected CVT routine, laboratory essay including complete
blood count, chemistry panel, prothrombin time, and activated partial thromboplas-
tin time should be performed [9] in order to identify pro-coagulative systemic status.
D-dimer assessment makes sense in presence of low pretest probability of CVT to
exclude the diagnosis, similarly to pulmonary embolism. Lumbar puncture is charac-
terized by a high opening pressure (80% of cases) but has limited diagnostic value. It
is not routinely indicated unless CNS infection is suspected.

3.3 Red flags to avoid misdiagnosis

Thirty to forty percent of patients with CVT present with an intracranial hemor-
rhage [18]. Progressively increasing headache over days and alterations in laboratory
exams with evidence of hypercoagulability should prompt further radiological assess-
ment for evaluating CVT. Also, at the CT exam, an ischemic/hemorragic lesion that
crosses normal arterial boundaries, deep bilateral, or in close proximity to a venous
sinus is suggestive of CVT.

Patients complaining of isolated headache and signs or symptoms of intracranial
hypertension (papilledema or sixth nerve palsies) should be evaluated for CVT. The
correct differential diagnosis between idiopathic intracranial hypertension (ITH)
and CVT has therapeutic and prognostic importance. In both cases, however, clinical
manifestations are related to the impaired venous outflow function, with subsequent
increasing of the ISF.
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3.4 Radiological diagnosis
3.4.1CT scan

In a contest of a CVT suspect case, CT without contrast may demonstrate some
characteristic features, but an exact diagnosis is made complex by the intrinsic ana-
tomic variability of the venous sinuses and cortical veins. In fact, only in 30% of CVT
cases, CT scan shows some abnormalities [19].

The fundamental sign of acute CVT on a CT (without contrast) is a homogenous
hyperdensity of a cortical vein or sinus. Another typical sign of the superior sagittal
sinus thrombosis (posterior portion) is the filled delta sign, a dense triangle in the
context of the sinus.

Only 0.5-0.8% of patients with CVT showed some signs of subarachnoid hemor-
rhage, often in atypical position.

The contrast-enhancing CT scan could add some clues, such as the classic “empty
delta” sign: an enhancement of the dural border of the sinus with a filling defect
within it due to the thrombus in a triangular shape.

This is not a precocious finding, but usually lasts for several weeks after the acute
phase.

On the other hand, CT venography is much more useful in chronic follow-up
because the occluded sinus cavity shows a variable density. The presence of cortical
bone close to the dural sinus can produce interfering artifacts during the visualization
of the enhanced dural sinus.

3.4.2 Magnetic resonance imaging

Classically inside the normal sinus, there is a flow void signal due to the venous
stream continuously moving. Early signs of CVT can be visualized as absence of this
flow void with T2 hypointensity or a central iso-hypodense lesion with surrounding
enhancement.

Meanwhile, an acute thrombus, not fully formed yet, may appear as a hypointense
signal, similar to the normal flow void.

Other signs include cerebral swelling, edema, and/or hemorrhage. Diffusion-
weighted imaging (DWI) sequences show hyperintense signal, meaning a reduced
blood flow, with a prognostic significance: brightening sinus on DWI predict low
chances of recanalization.

Magnetic resonance imaging (MRI) is particularly helpful in defining the nature
and extension of parenchymal lesions, causes, or consequences of the CVT: focal
edema, infarction, and infectious processes.

MRI venography is the most common CVT diagnostic technique with the use of
two-dimensional time-of-flight (TOF) sequences because of its excellent sensitivity
to slow flow inside the sinus.

3.4.3 Cerebral angiography
Venous phase of cerebral angiography (4-8 s from the injections) typically, and
directly, shows a filling defect in the occluded lumen. Other signs are venous conges-

tion with dilated cortical, scalp, or facial veins, enlargement of collateral drainage,
and venous flow reversal.
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Although it is an invasive procedure, cerebral angiography (or venography) could
help to solve undefined situations due to anatomic variations such as sinus atresia/
hypoplasia, asymmetrical drainage, and normal sinus filling defects caused by arach-
noid granulations or septa.

3.5 Treatment

Most used therapeutic approach is based on blood anticoagulation, which aims
to prevent thrombus growth, avoids development of pulmonary embolism, and
promotes sinus recanalization. Different drugs and different strategies are present
in literature [16], with the use of unfractionated heparin (UFH), antivitamin K
molecules, low-molecular-weight heparin (LMWH), and low-dose unfractionated
heparin. An effective treatment is complicated by the presence of intracranial hemor-
rhage or cerebral infarction at the time of the diagnosis, given the increased risk of
worsening the bleeding.

The available data from RCT comparing clinical/radiological outcomes and
bleeding complications support a safe and effective role for anticoagulation in the
treatment of CVT, even if intracranial bleeding is present [16]. There are no data that
suggest the preferential use of UFH or LMWH in CVT patients. Some data suggest
that, if pulmonary embolism or deep vein thrombosis is present, LMWH have to be
preferred [20].

In case of secondary CVT (infection, trauma, and other transient causes) vitamin-
k antagonist should be continued for 6 months after the removal of the causative
factor [16].

Otherwise, in case of primary CVT, vitamin-k antagonist should be continued for
6-12 months and further coagulative assessment should be carried on [16].

Other therapeutic options include

* Fibrinolytic therapy: preferentially used when clinical worsening is present
even if anticoagulation is well conducted, or in case of intracranial hypertension
not responsive to other treatments. There are few evidences that fibrinolysis
increase the recanalization rate of the occluded sinuses [18]. It could be delivered
as systemic therapy or by direct sinus catheterization (thrombolysis), in this case
a mechanical thrombectomy can be associated.

* Surgery: decompressive craniectomy or hematoma evacuation may be a neces-
sary life-saving measure if a significant increase in intracranial pressure pro-
gresses despite conservative treatment.

* Antibiotics: mandatory if CVT is secondary to propagating infections, when
possible, in association with drainage of purulent sources (subdural empyemas
or purulent collections within the paranasal sinuses).

* Antiepileptic drugs: indicated only in case of seizures (even one), without
preferred molecules, to reduce the risk of anoxic damage.

* Corticosteroid: even if useful to reduce vasogenic edema, steroid could alter
blood homeostasis and enhance clot formation. There are evidences that ste-
roid increase the overall risk of death or dependence with steroid treatment at
6 months in CVT patients [21].
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4. Jugular vein stenosis

Cerebrospinal venous insufficiency is an emerging nosological entity collecting
different conditions that shares an impaired venous outflow from the brain to the
heart. Multiple central nervous system disorders, such as idiopathic intracranial
hypertension (IIH), Méniére disease, transient monocular blindness, and Alzheimer’s
disease, have already been reported to be associated with internal jugular vein (IJV)
stenosis [22, 23]. Nowadays, different branches of medical sciences are directing
their attention to the delicate balance between cerebral inflow and outflow in order
to better understand CVS physiology and its correlation with several disorders. As
a mechanical system, a CVS flow obstruction from any causes at any level lead to an
increased pressure transmitted upward. This means an increased capillary pressure,
thus an increased TMP and finally a decreased glymphatic paravascular ISF flushing
and reabsorption into the CVS. Proceeding from the parenchyma to the major vessels,
venous convergence reduces the possibility of alternatively restoring a fully function-
ing flow. Once in the IJV, collateral drainages are few and of limited caliber. So, at this
level, any stenosis (intraluminal, parietal, or extraluminal) produce effects diffused
at the entire CVS and to the parenchyma. In the mathematical Gadda-Ursino hemo-
dynamic model of CVS outflow, a jugular stenosis is a significant parameter in sinus
pressure regulation [24].

Over the last years, several new pathologies have been described related to IJV
obstruction, and old ones received new interpretations.

4.1JEDI syndrome

Usually, patients suffering from ITH are women with elevated BMI and normal to
slit cerebral ventricles [25]. Meanwhile, ITH has a strong relation with impaired CVS
outflow caused by increased thoracic-abdominal or dural sinuses pressure (obesity,
CVT, and superior vena cava syndrome). On the other hand, acutely dilated ventricles
are related to high-pressure hydrocephalus caused by cerebrovascular pathology
(infection, trauma, and hemorrhage).

Recently, an anomalous ITH case with dilated ventricle (Evans index 0.36) has
been described in a woman with normal BMI complaining of headache, visual loss
(Frisen grade 4 papilledema), and pulsating tinnitus. Neuroimaging did not reveal
any causes of hydrocephalus from intracranial lesions, while a fluorodeoxyglucose
(FDG) positron emission tomography (PET) described a diffuse hypometabolic
cerebral state.

At B-mode echography of extracranial IJV, a bilateral external compression from
omohyoid muscle was demonstrated, hemodynamically corresponding to blocked
venous flow with scarce collateral compensation.

The patient underwent surgical bilateral resection of omohyoid muscle with ICP
invasive monitoring. After transection of the muscles, a sudden drop in ICP and
normalization of ICP wave were observed.

Headache and tinnitus disappeared after surgery, and papilledema progres-
sively improved with visual acuity restoration. Serial (24 months’ follow-up) MRI
documented regression of Evans index and FDG-PET showed improvement of brain
metabolism.

These peculiar cases led to the description of a new clinical entity, a form of hydro-
cephalus that does not require CSF shunt procedures. This syndrome has been called
JEDI (jugular entrapment dilated ventricles intracranial hypertension) syndrome [26].
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While an extracranial obstacle to CVS is coherent with intracranial hypertension for
the aforementioned principles, it is still unclear what caused ventricles dilatation in this
case. More studies are needed to fully comprehend the relation between IJV obstruc-
tion, ITH, and hydrocephalus.

4.2 Eagle jugular syndrome

In 1937, the American otolaryngologist Dr. Eagle was the first to describe a clinical
syndrome caused by an elongated styloid process [27]. The stylohyoid complex is
composed of styloid process, stylohyoid ligament, and the lesser horn of the hyoid
bone. The styloid bone starts from the inferior portion of the temporal bone, just
medially to the base of mastoid process, and directs inferiorly, medially, and anteri-
orly, passing anteriorly and laterally to the C1 anterior arch and transverse process.
These anatomical structures embriologically originate from Reichert’s cartilage of the
second brachial arch.

Classic Eagle syndrome is mainly characterized by pain, dysphagia and otalgia,
often exacerbated by yawning and swallowing, arising after a tonsillectomy. It is
thought that postsurgical scar tissue stretches the sensory nerves ending in the peri-
pharingeal region [28].

The carotid artery variant of Eagle syndrome is due to the impingement between
an elongated styloid process and the carotid artery and associated nerves. It is charac-
terized by pain and an increased risk of cerebrovascular ischemic accidents: arterial
dissection, obstruction, transient ischemic attack, and stroke.

A third variant of the syndrome has been described, consisting in an IJV com-
pressed by an elongated styloid process in the passage adjacent to the transverse
process of C1. The most common involved jugular segment is J3, and in more than
50% of patients the stenosis is bilateral. It is alternatively named “Eagle jugular
syndrome,” “Styloidogenic-cervical spondylotic internal jugular venous compression,” or
“Styloid-induced internal jugular vein stenosis” [29].

This latter form of Eagle syndrome has specific features related to an impaired
CVS outflow.

Clinical presentation is frequently nonspecific. Most frequent symptoms are

* Headache (46.3%): not typically present in the classic and carotid variant of
Eagle syndrome;

¢ Tinnitus (43.6%);
* Insomnia (39.6%);
* Visual disturbances (28.9%);
* Hearing impairment (24.2%).

More peculiar, an increased ICP is observed in more than one-third of patients
(36.2%).

It is more common in young adults (mean age of onset 38.6 years) with no preva-
lence between sex.

In literature, only 1/3 of patients with diagnosed Eagle jugular syndrome have an
effectively elongated styloid process. This suggests that even with a normal length, an
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abnormally narrow space between the styloid process and C1 transverse process may
lead to IJV compression [30].

Diagnosis is classically radiological, with direct evidence of impaired IJV flow
(MRI venography or angiographic venography) or indirect proof of a narrowed
C1-styloid space (CT scan or MRI). Few criteria have been proposed, and not
diffusely shared between studies, to define a significant IJV stenosis in a setting of
suspected Eagle jugular syndrome. According to Jayaraman [31], a jugular stenosis
is defined as a caliber reduction >80% on axial cuts compared with the normal vein
proximal to the stenosis. Ding and Bai [32] proposed other similar criteria.

More frequently, a conservative treatment is preferred with anticoagulant usage,
but in most cases medical therapy has shown no effectiveness on symptoms control.

Invasive procedures are surgical (styloidectomy, C1 anterior arch removal),
endovascular (ballooning or stenting), or combination of both. Styloidectomy is the
most frequently performed surgical procedure, and major risks are vascular or facial
nerve injuries.

On the other side, endovascular treatments are associated with stent migration or
fracture, pseudoaneurysm formation, thrombosis, and cranial nerve injuries.

After an invasive approach, more than 70% of patients report an improvement in
tinnitus, papilledema, and visual disturbances. Headache, the most frequent symp-
tom, and dizziness usually do not respond to the treatment.

One of the major issues still open regarding the Eagle jugular syndrome is the lack
of standardized data, especially on IJV pressure, flow velocity, and collateral path-
ways. Thus, a complete understanding of pathogenesis is missing.

4.3 Multiple sclerosis

Multiple sclerosis is a complex autoimmune demyelinating disease characterized
by a chronic inflammatory response against the CNS. Many aspects of this disease
are still unknown, but evidences have increased, through the last decades, pointing
toward a fundamental involvement of CVS in the early development of it.

A cardinal observation is that each MS lesion is crossed and split by a central
vein, that is to say that demyelination and inflammatory infiltration develop around
avein [33].

From a wider point of view, inflammatory processes in MS seem to be concen-
trated around venular vessels, more than capillary or arterial [34].

From these data, and others, an association has been proposed between MS and
chronic cerebrospinal venous insufficiency (CCSVI), a condition of long-lasting
impaired venous drainage from CVS caused by obstruction in extracranial veins.
Recently, CCSVI has been associated also with other degenerative processes such as
Alzheimer’s disease, Parkinson’s disease, and Meniere’s disease.

A defective valve, hypoplasia, and/or compression of the IJV or the azygos vein,
as defined earlier, increase TMP and reduce the ability of glymphatic system to drain
toxic catabolites from the interstitium. These peptides then accumulate at the peri-
venular level and may act as first inflammatory chemotactic activators and further
increase oncotic pressure into the perivascular space, worsening the ISF resorption
capacity. Generally, perivenular spaces are recognized as an important site of leuko-
cyte trafficking and the potential milestones to modulate immune response.

Measuring CSF dynamic with MRI reveals interesting links between venous
function and MS. In clinically isolated syndrome (CIS), conversion to clinically
definite MS in the following year has been related to CSF net flow decreasing [35].
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In relapsing-remitting MS, a significant reduction in CSF flow at the level of the
Sylvius aqueduct was observed compared to control groups [36]. In the early and
progressive form of MS, an increase in ventricular dimension has been observed dur-
ing the first year. This may be related to the impaired function of glymphatic system,
and there are evidences that in these patients, a therapeutic flow restoration through
endovascular recanalization of IJV is linked to a significant reduction in ventricles
and subarachnoid spaces dimension [37].

Moreover, CCSVI is an ultimate cause of decreased cerebral perfusion because
of the propagation of retrograde hypertension. There is a linear correlation between
flow into the IJV and global brain perfusion [38]. Moreover, in MS, hypoperfusion is a
pathological key point that precedes plaque formation and could be a causative agent,
provoking damages to the oxygen-dependent oligodendrocytes. Myelin loss and
debris occur when the metabolism of these cells is altered, and this is an important
inflammatory signal that attracts leukocytes. Thus, inflammation seems to be a conse-
quence, more than a cause [39]. Subsequent BBB disruption causes microbleedings,
and iron deposition, coming from hemoglobin degradation, further increases inflam-
matory response and microbleedings, especially around venular vessels. Consistently,
cerebral tissue iron loading correlates with MS-related disability at the Expanded
Disability Status Scale (EDSS) [40].

4.4 Perimesencephalic subarachnoidal hemorrhage

A subarachnoidal hemorrhage (SAH) not caused by vascular malformation (such
as aneurysm or arteriovenous malformation (AVM) rupture) is a recognized clinical
entity usually referred as sine materia (without motivations) or non-aneurismatic
SAH (na-SAH).

It typically presents with a pattern limited to the perimesencephalic cisterns
(typical pattern), sometimes extended to the nearer basal cisterns (atypical pattern).
In the majority of cases, the clinical course is benign, with a very low rate of recur-
rence. At the neuroimaging, no causes of bleeding are detected, neither immediately
or later. Pathogenesis of na-SAH is not established, but the most shared hypothesis
regards anatomic variations of CVS, particularly of the Basal Vein of Rosenthal
(BVR) draining into venous systems different from the Galenic one. CVS hyperten-
sion has also been occasionally reported to influence the overall risk of na-SAH in
various conditions, such as cavernous sinus thrombosis, transverse sinus thrombosis,
or a bilateral jugular venous obstruction.

In a retrospective case-control study, a significant association has been made
between na-SAH and the presence of an IJV stenosis (>80% of caliber reduction) at
the passage through the styloid process and the arch of C1 [41]. Also, older age and
diabetes were statistically linked to an increased risk of na-SAH.

This is coherent with what has been reported before: an impaired CVS outflow due
to a stenosis leads to increased venular pressure, thus predisposing wall rupture and
bleeding when an adjunctive pressure is applied (e.g. physical exertion). The presence
of anatomic variations may be a further element that increases the risk of na-SAH,
but, in the end, the way in which venous configuration of the perimesencephalic area
might predispose to bleeding remains undetermined.
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Chapter 6

Cerebrospinal Venous Obstruction:
Anatomy, Clinical Presentation,
Diagnosis, and Treatment of
Chronic Infective Cerebrospinal
Venulitis

Paul K. Thibault

Abstract

This review chapter describes the normal anatomy and function of the cerebrospinal
venous system, ultrasound diagnosis of obstructions in the system, and the clinical
implications and treatment of chronic cerebrospinal venous obstruction (CCSVO) asso-
ciated with chronic persistent Chlamydophila pneumoniae (Cpn) infection. The normal
patterns of flow in the cerebrospinal venous system are described and guidelines for the
interpretation of the extracranial duplex ultrasound (ECDU) examination of the neck
veins are presented. An infective cause of CCSVO is proposed and relevant pathology
tests necessary for a diagnosis of chronic persistent Cpn venulitis are discussed. A treat-
ment protocol for Cpn chronic venulitis is described and recommended. The progress
of the patient with CCSVO can then be followed and monitored by using the ECDU and
relevant pathology tests after 3 and 6 months. CCSVO is a relatively common condition
encountered in chronic diseases of unknown etiology and is often neglected by medical
practitioners when managing patients with symptoms of brain fog, chronic headaches,
and fatigue. Objective diagnostic and treatment protocols are required to make further
progress with these conditions.

Keywords: cerebrospinal venous obstruction, chronic infective venulitis, multiple
sclerosis, rosacea, CFS

1. Introduction

The term “cerebrospinal venous system” (CSVS) was first proposed by Tobinik in
2006 to describe the generally valveless venous system that extends from the cranium
along the whole length of the spine to the sacrum [1]. In effect the CSVS connects
the intracranial veins to the pelvic plexuses and directly or indirectly communicates
with organs in the neck, chest, and abdomen. Batson [2], in a series of experiments
involving human cadavers and living monkeys, demonstrated the continuity of the
CSVS from the cranium to the pelvis and established that the CSVS provided a direct
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vascular route for the spread of tumors, infection, or emboli from the pelvis to the
brain. Batson established that the CSVS was primarily valveless thereby allowing
venous flow in both directions.

In 1829 Beschet [3] produced detailed drawings depicting the multiple anastomo-
ses of the cranial vertebral veins that led to the recognition of the anatomic and physi-
ologic continuity that exists between the CSVS and the venous sinuses and plexuses
of the brain. Groen et al. [4] divided the CSVS into three connecting divisions—the
internal vertebral venous plexuses, which surround the spinal cord; the external
vertebral venous plexuses (anterior and posterior), which surround the vertebral
column; and the basivertebral veins, which run transversely within the vertebrae. The
vertebral venous plexuses course longitudinally along the entire length of the spine,
from the sacrum to the cranium (Figure 1). Groen and colleagues [5] had previously
confirmed that all three divisions of the CSVS freely intercommunicate and that
all divisions of the CSVS lack valves. The only exception to this is at the cranial end
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Figure 1.
The vertebral venous plexus comprises an interconnected and richly anastomosed system of veins that run along
the entire length of the vertebral column.
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where the vertebral veins (VVs) have a terminal valve, where they communicate with
brachiocephalic veins in the neck [6].

The anatomic connections between the vertebral venous plexuses and the
intracranial venous system have been confirmed by multiple investigators [2-4].
There is also communication among facial veins, ophthalmic and orbital veins, and
intracerebral veins [7]. Distally, the CSVS communicates with other superficial
valveless veins in the back and thoracoabdominal wall [5, 8]. In addition, the CSVS
communicates with the systemic venous system, including the azygous veins (and
thereby the posterior bronchial vein and the parietal pleural veins), the left renal
and suprarenal veins, the portal venous system, and both vena cava, thereby provid-
ing a continuous, bidirectional venous system that both bypasses and communicates
with the valve-bearing, directional, systemic venous system [1, 4, 5, 8]. At the caudal
end the CSVS freely communicates with the pelvic and prostatic veins and the sacral
venous plexus.

2. The normal patterns of flow in the neck veins

A unique feature of cerebral venous drainage is its dependence on posture. While
in the supine position the internal jugular veins (IJVs) are the main drainage path-
ways, in the upright position the IJVs generally collapse with the V'Vs, internal and
external vertebral venous plexuses compensating to a large extent [9-11]. Valdueza
etal. [12] using duplex sonography, measured cerebral venous outflow in 23 healthy
human volunteers, found that internal jugular flow decreased from 700 mL/minute in
the supine position to 70 mL/minute at 90° elevation. They also found a correspond-
ing increase in vertebral vein flow from 40 mL/minute at 0° elevation to 210 mL/
min at 90°, with the balance of the unmeasured flow probably passing through the
vertebral venous plexuses, which are inaccessible to Doppler measurement. In addi-
tion, duplex ultrasound studies have shown that the drainage of the cerebral blood is
asymmetric with a preferential outflow via the right IJV and VV [13, 14].

3. Chronic obstruction in the CSVS

Chronic cerebrospinal venous obstruction (CCSVO) refers to cerebrospinal venous
blood flow disturbances with venous obstructions in the major extracranial veins of
the head, neck, and vertebral column that predominantly affect the CSVS but may
also involve the IJVs. The predominant pathology is chronic and constant obstruction
of the major veins of the neck and vertebral column with resultant development of
collateral flow and new pathways. The veins involved include the IJVs, V'Vs, external
and internal vertebral venous plexuses, and azygous veins. CCSVO may be associated
with a wide range of chronic vascular and inflammatory diseases, generally with
manifestations in the head, neck, and chest [15, 16]. These include multiple sclerosis,
rosacea, disfiguring dilated superficial veins in the head, neck, and chest, cervical
spondylosis as well as chronic cough, chronic sinusitis, and chronic fatigue syndrome.
The vague neurological symptoms of brain fog, poor cognition, headaches, and
fatigue are common presenting symptoms of the syndrome.

The venous obstructions reduce the flow in the neck veins and can result in
complete occlusion of these veins, most commonly affecting the vertebral veins
and internal and external vertebral venous plexuses. Thibault [17] has suggested
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that these venous obstructions are due to a chronic persistent venulitis caused by
the obligate, intracellular parasite, Chlamydophila pnewmoniae (Cpn). This parasitic
bacterium has also been associated with other vascular diseases including coronary
artery disease, cerebrovascular disease, late-onset vascular dementia, and aortic
aneurysms [18].

In contrast, localized venous obstructions in the neck caused by apparent
extrinsic compression, particularly affecting the IJVs, have also been reported [19].
IJV extrinsic compression at the passage between the C1 transverse process and the
styloid process, presents with anatomical features of Eagle syndrome (an elongated
styloid process impinging the surrounding blood vessels) and has been associated
with intracranial hypertension and venous outflow reduction. The most frequent
symptoms are headache, tinnitus, insomnia, visual disturbances, and localized pain
is characteristic [20].

4. Extracranial duplex ultrasound examination of the neck veins

To accurately assess obstruction in the CSVS, Thibault and Lewis have developed
a quantitative extracranial duplex ultrasound examination (ECDU) of the neck veins
[14]. The method of the ECDU has been described in detail [14, 16]. To take advan-
tage of the normal postural dependency of the venous outflow from the brain, venous
obstruction is determined by comparing the venous blood volume flow (VBVF)
measurements for the different segments of the vein examined (Figure 2) in the
supine and erect positions. The sensitivity and specificity of the ECDU examination
for the identification of stenoses in the IJVs have been calculated as 85% and 100%,
respectively, by using venography as the gold standard [14].

Color-flow duplex ultrasound scanning is performed using a 7.5 MHz linear array
multi-frequency transducer. The patients are examined supine (0°) with the head ina
neutral position. Each IJV is visualized in a sagittal plane, lateral to the common carotid
artery. The IJV is followed to its confluence with the subclavian and brachiocephalic
veins at the base of the neck. In B-mode, the proximal IJV is assessed with anatomic

External jugular vein

Vertebral vein
Internal jugular vein
Subclavian vein

Brachiocephalic vein

Figure 2.
Schematic diagram demonstrating venous blood volume flow (VBVF) measurement sites. J1: proximal internal
Jugular vein; J2 mid internal jugular vein; J3: distal internal jugular vein [14].
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abnormalities, such as duplication and valvular malformations. Vein wall thickening can
indicate present or past inflammation, and collaterals are recorded and mapped. Color
Doppler is employed to demonstrate flow in the vein, the direction of flow, and turbu-
lence. Stagnation of flow, defined as stationary blood that elicits no Doppler signal, is
noted. Cephalad flow (reflux) is assessed during normal respiration. If the reversed flow
is present on the pulsed or color Doppler signals, the time duration of reflux is measured
on the pulsed Doppler tracing. Reflux is present if the duration exceeds 0.88 s [21]. Color
Doppler assists in locating stenoses. Throughout the ECDU, the ultrasound transducer is
lightly placed on the skin surface to avoid compression of the veins.

BVF measurements are obtained bilaterally from the proximal (J1), mid (J2), and
distal (J3) IJV segments [22], and the mid-V'Vs (Figure 2). The J1 segment reading is
generally discarded as it has demonstrated high variability in the BVF measurement
at that level related to excessive turbulence close to the proximal valve [23]. If no or
low flow is recorded in the VV, then another reading is taken distally as the segmental
obstruction is frequently observed in the VVs. To record a BVF, the pulsed Doppler
sample volume is placed in the center of the longitudinally imaged vein with a sample
gate size the diameter of the vessel. Pulsed Doppler recordings are obtained over 3-5
cardiac cycles. With the Doppler spectrum frozen, the venous Doppler signal (Figure 3)
is traced for 3-5 cardiac cycles. The cross-sectional area (CSA) is obtained by measuring
the diameter of the vein at the location of the sample volume (Figure 3). The BVF is
displayed and recorded in milliliters per minute (Figure 3).

When the examination is completed in the supine position, the patient is positioned
in the seated position (90°) with the head in a neutral position looking directly ahead.
The patient takes several deep inspirations and expirations and rests quietly for a 2-min
period to allow for adaptation to the postural change before the commencement of
the erect examination [24]. The right and left IJV and VVs are re-assessed for valvular
competence, reflux, stenosis or thrombosis, external compression, and stagnation of
flow. BVF measurements of the J1, J2, and J3 segments of the IJV and mid-cervical VVs

Flow Vol. AQ.88 L/min
Vmax A 95.5 cm/s
Vmin A 47.8 cm's
Ved A 55.7 cm/s
Vm_peak A 74.8 cm/s
Vm_mean A44.6 cm's
Pl A 0.53

Rl A 0.42

SD A 1.71

Area A 19.6 mm2
Dist1 A 5.0 mm

DisZ A 50 mm

R M IJV SUPINE _ ..

g

Figure 3.

Duplex ultrasound image with color doppler demonstrating measurement of BVF in the ]2 segment of an IJV by
calculating the circular CSA of the vein with BVF averaged over 35 cardiac cycles in the supine position. The
BVF measurement obtained from the J2 segment IJV shows an abnormally high-flow rate of 880 ml/min [14].
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Supine Flow volumes right (ml/min) Flow volumes left (ml/min)
v (J1) 836 346
v (J2) 400 154
v (J3) 266 37
Vertebral 7 17
Int. Carotid A. 279 482
Vertebral A. 53 60

Global Arterial Cerebral Blood Flow 874 mls/min

Sitting

gv{Jn 1317 46

Jv (J2) 249 41

v (J3) 349 0

Vertebral 82 61
Table 1.

Typical worksheet detailing the BVF measurements obtained in the extracranial duplex ultrasound (ECDU)
examination [14]. This worksheet indicates distal L IJV obstruction, with collateral flow through the R IJV (erect)
possibly indicating some CSVO.

are repeated. The measurements for the erect position are taken at the same positions
as the supine measurements. A typical BVF worksheet is shown in Table 1.

The loss of normal postural change in the VBVF reading is suggestive of
obstruction in either the jugular venous system or the CSVS. Note that detection of
obstruction in the CSVS depends on direct measurement of VV BF (in either or both
positions) and corresponding increased IJV BF in the erect position where normally
the IJV collapses with a corresponding 10-fold reduction in BF compared with the
supine position [12]. If there is CSVO, there will usually be increased collateral flow
through the IJV on the same side and occasionally through the VV of the opposite
side. If there is unilateral obstruction of an IJV, there will be increased flow through
the IJV of the opposite side, increased flow through the VV of the same side, or
the presence of collaterals including increased flow in the external jugular vein.
Obstruction in the vertebral venous plexuses cannot be measured directly by ultraso-
nography, however, can be inferred if the IJV flows are increased in the erect position
when the VV BFs are normal.

Chambers et al. in their study [25], suggested that normal results may be defined
according to 10th and 90th percentiles (Table 2).

It is possible for the L IJV to be compressed completely in the erect position with
no other abnormality observed. However, Zamboni [22] has stated that no flow in any
segment in any position is abnormal. Therefore, in the situation of an isolated IJV seg-
ment showing no flow in the erect position, the probability of abnormality should be
based on the presence of abnormal collateral flow (Table 1, L IJV erect position with
collateral flow through R IJV). Abnormal patterns of flow manifested by the VBVFs
should be consistent over time in the same patient but may show signs of improve-
ment with treatment or deterioration with the progression of the disorder.

Clinical practice guidelines have been developed to interpret the VBVFs in the ECDU
of neck veins based on previously published data of “normal” subjects [10-13], and the
author’s clinical experience in assessing abnormalities in neck vein venous flow using
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Supine Sitting
Patients Controls Patients Controls

Right

J1* 531 (219, 980) 634 (241, 848) 891 (238, 1403) 457 (162, 937)

J2 354 (181, 477) 371 (221, 614) 203 (94, 382) 177 (64, 418)

J3 259 (129, 429) 393 (215, 622) 161 (55, 259) 131 (68, 272)

\'AY% 44 (21, 63) 35(19,59) 103 (51, 180) 101 (44, 226)
Left

J1? 332 (57, 640) 356 (164, 618) 324 (98, 635) 345 (109, 1143)

J2 258 (174, 476) 261 (144, 431) 119 (61, 330) 134 (72, 357)

J3 171 (109, 332) 179 (110, 297) 73 (25, 155) 72 (29,192)

Vv 28 (18, 47) 27 (15, 46) 87 (51,72) 76 (50, 131)

J1: inferior internal jugular vein; J2: mid internal jugular vein; J3: superior internal jugular vein; V'V: vertebral vein."J1
values excluded in the first 24 cases.

Table 2.
Median (and interquartile range) volume flow values (mL/s) in early MS patients and controls [13].

High (mL/min) Normal (mL/min) Low (mL/min)

Right supine

Jgv]2 >750 150-750 <150

JvJ3 >600 100-600 <100

Vv >90 20-90 <20
Sitting

gvj2 >170 30-170 <30

JVJ3 >150 10-150 <10

\A% >250 70-250 <70
Left supine

v 2 >600 100-600 <100

JVJ3 >400 80-400 <80

Vv >70 20-70 <20
Sitting

v 2 >170 20-170 <20

JVvJ3 >150 10-150 <10

Vv >250 70-250 <70

Table 3.

BVF guidelines to diagnosing abnormalities in neck vein blood flow [16].

this examination (Table 3). If there is borderline flow in the V'Vs in the erect position,
the probability of abnormality is increased if there is increased collateral flow in the
ipsilateral IJV in the erect position signifying obstruction somewhere in the CSVS.
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5. CCSVO and chronic infective venulitis

A chronic infective venulitis involving persistent Cpz infection was first published
in 2012 [17]. The spread of Cpn from the lungs to the vasculature has been demon-
strated by Geiffers et al. [26] Cpn infection of the lungs results in interstitial and
alveolar pneumonia with bronchiolitis that resolves spontaneously after 2-4 weeks.

Left intemal
jugular vein

Superior vena cava

Thoracic duct

Azygos vein
Aorta

Diaphragm )

Cysterna chyli I

Vertebral vein

Terminal

Left intemal
thoracic duct

Jjugular vein

Subclavian

Brachiocephalic Clavicle vein

vein

Figure 4.

(a) Relative anatomy of the thovacic duct. Note the close association of the thoracic duct to the azygos vein on the
thovacic spine. (b) the termination of the thovacic duct at the confluence of the subclavian vein, left internal jugular
vein, and left vertebral vein. Infected macrophages and lymphocytes with C. pneumoniae transmit the infection to the
venous endothelium at this site, triggering a creeping venulitis to affect the cevebrospinal venous system (CSVS) [17].
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Histology reveals infiltrates of heterophilic granulocytes and mononuclear cells within
the lungs. There is often mild vasculitis and perivasculitis within the first 3 days.
Perivascular and peribronchiolar lymphatic hyperplasia is observed from day three
until up to 8 weeks from the initial infection. The monocytes are unable to eliminate
the Cpn organism and carry the Cpn through the lymphatic system. Cpn organisms
are thereby transmitted through peri-hilar lymph nodes to the thoracic duct and right
lymphatic duct. From these lymphatic pathways, the monocytes transmit the Cpn
elementary bodies (EBs) to the venous endothelium, firstly, through communications
of the thoracic duct with the azygos vein in the chest, then at the confluences of the
internal jugular, vertebral, and subclavian veins bilaterally (Figure 4a and b). Once
blood-borne, the Cpn can also spread to distant vascular sites carried by the infected
blood monocytes [27]. Aided by the presence of platelets, Cpn-infected monocytes
exhibit increased adhesion to vascular endothelial cells [28] and Cpn activation of
chemokines in human endothelial cells promotes peri-vascular inflammation [29].

The infective venulitis theory was originally developed to explain the neck vein
abnormalities found in subjects with MS [17]. Cpn rapidly binds to platelets causing
platelet activation, aggregation, ATP secretion, and surface expression of P-selectin
[30]. P-selectin mediates the recruitment and activation of leukocytes and thereby
initiates an inflammatory response [30]. Cpn is transferred to the endothelial linings
of these vessels when Cpn-infected monocytes come into contact with platelets in the
venous blood of the cerebrospinal venous system. A creeping infective venulitis then
spreads slowly and silently within the cerebrospinal venous system, including the
IJVs. The lymphatic ducts remain unaffected owing to the absence of platelets in the
lymph. Over time, the prothrombotic and inflammatory effects of the Cpn venulitis
cause gradual obstruction of the VVs and vertebral venous plexuses, although the IJVs
can also become affected despite their larger diameter. Pathology studies of abnormal
valves in IJVs in patients with MS have shown an absence of endothelial cells where a
reticular and fibrotic lamina has replaced the endothelium suggesting a past, resolved
inflammatory or thrombotic process that involved the wall of the IJV [31].

From the chest and neck, Cpn can be transmitted to other blood vessels through-
out the body via infected monocytes to cause arterial and venous inflammation that
could play a significant role in chronic vascular diseases. PCR testing of atheromatous
vessels in the chest (aorta, coronary arteries, and internal mammary arteries) and
macroscopically abnormal great saphenous veins have been found to be positive for
Cpn, whereas normal vessels in the same subjects have been negative indicating that
Cpn has a role in both atheromatous changes in arteries and degenerative changes in
veins [32, 33]. Studies confirm the presence of Cpz in atheromatous coronary arteries
and other major arteries. Also, serological studies confirm that the presence of Cpn
antibodies increases the risk of vascular disease [34]. The mechanisms by which Cpn
promotes vascular diseases and stimulates immune and inflammatory responses are
well understood, and it is, therefore, likely that persistent Cp# is a risk factor in car-
diovascular disease and venous diseases characterized by chronic inflammation [35].

6. Laboratory evidence of chronic persistent Cpz infection
6.1 Serology

Chlamydophila pneumoniae was first isolated by Grayston et al. [36] in 1965 and
was identified as a separate species of the genus Chlamydia in 1989. This primary
respiratory obligate intracellular parasite has the capacity to infect and multiply
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within a wide range of secondary host cells, including macrophages, lymphocytes,
and vascular endothelial cells [36]. The primary infection with Cpn does not induce
life-long immunity with most individuals having several infections during their life-
time. Subsequent re-infections with Cpn induce a greater IgG response than the initial
infection. Small children do not frequently produce IgA antibodies as a response to
primary upper respiratory tract infections with Cpn, but IgA responses are generally
more common in re-infections, which are more common in adults [37, 38]. By the

age of 20 years, 50% of people have antibodies to Cpn. The prevalence of antibod-

ies increases with age, reaching a peak in seropositivity of 80% in men and 70% in
women by age 65 [39, 40]. Grayston [41] suggested that eventually everyone becomes
infected with Cpn.

Because of the high prevalence of antibodies present in adults, the relevance of per-
sistent Cpn infection serological testing alone does not reliably indicate the presence
of clinically significant persistent Cpn. Persistently elevated IgG or the presence of IgA
antibodies have been frequently used to identify persons with persistent or chronic
infections [42]. High IgA titers may be a better marker of chronic Cpz infection than
IgG titers because serum IgA has a half-life of 5-7 days, whereas IgG has a half-life of
weeks to months. Therefore, ideally, a healthy person free from Cpn venulitis should
not exhibit IgA antibodies. However, the use of serological testing as a stand-alone test
to define patients as “persistently infected” must await further validation [43].

6.2 Dyslipidemia

Cpn antibodies have been associated with an atherogenic lipid profile in men [44].
Finnish men who tested positive for Cpn IgG had significantly higher triglyceride
concentrations and lower HDL than seronegative subjects [45].

In laboratory mice, Cpn liver infection induces dyslipidemia by modifying genes
involved in lipid metabolism [46]. Cpn-infected mice show significantly increased
cholesterol and triglyceride levels compared with negative controls and Chlamydia
trachomatis infected mice. In Cpn-infected livers, cholesterol 7a-hydroxylase and
low-density lipoprotein receptor (LDLr) mRNA levels are reduced, while inducible
degrader of the LDLr expression is increased.

Cpn-infected macrophages ingest excess LDL to become cholesterol-laden foam
cells, creating early lesions in athero-sclerosis [47]. In addition, Cpz induces mono-
cytes to oxidize lipoproteins, converting them to highly atherogenic forms [48].

As well as causing increased platelet aggregation, Cp# interaction with platelets
results in reactive oxygen species (ROS) causing oxidative damage on LDL [49].
Cpn-induced foam cell formation is mediated chiefly by lipopolysaccharide, whereas
lipoprotein oxidation occurs mainly by chlamydial heat shock protein 60 (cHSP60),
an inflammatory protein expressed by persistent chlamydiae [34]. In addition
cHSP60 may contribute to atherogenesis by triggering antibody-mediated cytotoxic-
ity through an immunological cross-reactivity to HSP60 produced by the infected
endothelial cell [50]. One of the similar mechanisms whereby Cpn can trigger
demyelination lesions found in MS is by direct toxic effects of HSP60 and activation
of innate immunity [51-53].

6.3 C-reactive protein (CRP) as an inflammatory marker

CRP is an acute-phase protein that serves as an early marker of inflammation or
infection. During bacterial infection or inflammatory disease states, CRP levels rise
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rapidly within the first 6-8 hours and peak at levels of up to 350-400 mg/L after 48 h.
Highly sensitive (hs)CRP is an independent risk factor for cardiovascular disease. The
risk of developing cardiovascular disease is quantified as follows [54]:

* low: CRP level under 1.0 mg/L
* average: between 1.0 and 3.0 mg/L
* high: above 3.0 mg/L.

There is a correlation between the elevation of serum CRP and the presence of Cpn
in carotid and coronary artery atheromatous plaques [55-58]. There is also a strong
correlation between serum Cp#n IgA and serum CRP levels in subjects with known
vascular disease [57, 58]. Specific antibiotic treatment for chronic persistent Cpn
infection in subjects with the vascular disease has resulted in a significant reduction
in CRP levels at 6-month follow-up [59]. When the inflammation or tissue destruction
is resolved, CRP levels fall, making it a useful marker for monitoring disease activity
[60]. When monitoring the effectiveness of treatment of persistent Cpn infection,
hsCRP levels of less than 1.0 mg/L are aimed for.

6.4 Liver dysfunction

Cpn is known to infect the liver, generally in association with the presence of
cardiovascular disease [61]. In addition Cpn has been implicated in primary biliary
cirrhosis [62] and granulomatous hepatitis [63]. It is known that Cp#z acute liver
infection affects cholesterol and triglyceride metabolism, as described previously
[46]. Cpn has been demonstrated to survive and replicate in Kupffer cells of the liver
thereby creating a chronic hepatitis [64].

Cpn can infect the liver, and therefore liver function tests can be abnormal. ALT
has been associated with a greater probability of a positive serology result for Cpn,
therefore, may be a useful diagnostic marker for the disease [65]. In addition both
AST and GGT can be elevated in patients with chronic Cpn infection.

6.5 Abnormal serum iron (Fe) studies

Many bacteria, including Cpn, are dependent on iron (Fe) for their growth. One of
the first lines of immune defense against bacterial infection is the withholding of Fe to
prevent bacterial multiplication [66]. Fe restriction in cell culture inhibits the growth
of Cpn [67]. Circulating hormone hepcidin, produced by the liver, acts as a regulator
of body Fe homeostasis. During infection and inflammation, hepcidin production is
induced, driving a decrease in Fe concentration by inhibiting the absorption of Fe and
promoting the sequestration of Fe in macrophages and the liver [68].

Liver hepcidin levels in mice increase during acute Cpn infection and this induc-
tion is associated with altered Fe levels [69]. Serum Fe levels decrease during the
course of a Cpn infection in mice [70]. In a chronic persistent Cpn infection, low-to-
normal serum Fe levels associated with mild to moderately elevated serum ferritin
levels are frequently observed. If found to be elevated initially, serum ferritin levels
can be a useful parameter to measure response to treatment of chronic persistent Cpn
infection. Similarly low serum Fe levels at the onset of treatment should respond by
increasing to normal levels during the course of treatment. Low transferrin levels are
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also a nonspecific indicator of chronic systemic infection and can be used to monitor
the success of treatment.

7. Requirements for diagnosis of chronic persistent Cpn

There have been many epidemiological, microbiological, serological, and histolog-
ical studies that suggest that Cpn may play a role in the pathogenesis of some chronic
vascular and inflammatory diseases [71]. Chronic persistent Cpz infection creates
pathological abnormalities that can be detected by targeted investigations. These
include the ECDU examination in addition to the pathology tests outlined above. A
normal ECDU will generally exclude a diagnosis of chronic persistent Cpn vasculitis.
In most cases, the predictive power of a positive diagnosis will be attained if the triad
of the presence of CCSVO as determined by the ECDU, positive serology (particularly
if Cpn IgA is present), and dyslipidemia is attained. Secondary supporting evidence
consists of elevation of serum CRP above 3.0 mg/L, elevated ALT and/or AST, and
abnormal Fe studies.

Successful treatment of chronic persistent Cpz is recognized to be difficult and
entails a multimodal therapy including a prolonged antibiotic protocol, usually for
at least 6 months, dietary measures, specific supplements, and long-term control of
dyslipidemia. Therefore, the certainty of diagnosis is essential.

8. Treatment of chronic persistent Cpn Venulitis

Cpn has a unique triphasic life cycle with a smaller extracellular form, which is the
elementary body (EB), and a larger intracellular form, which is the reticulate body (RB)
that can replicate. Under pressure from host defenses, the metabolic processes of the
organism are diminished and in this nonreplicating state, called the cryptic or persis-
tent form (CF), the organism can ensure intracellular persistence (Figure 5)[72, 73].
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Figures.
The triphasic Chlamydophila pneumoniae lifecycle [15].
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Because of this life cycle and various physiological mechanisms of the organism,
short courses of single antibiotics have been shown to be ineffective in eliminating
Cpn from infected tissues [75]. In addition, first-line antibiotic therapeutics induce
persistence of Cpn [73]. Antibiotics that have been found to be effective against the
RB include minocycline and doxycycline, and macrolides, such as clarithromycin and
roxithromycin [76]. The EB may be sensitive to N-acetyl-cysteine (NAC) and the CF
is sensitive to tinidazole and metronidazole [76, 77]. Due to the inherent ability of the
chlamydial organism to persist in infected tissues [78], a combined antibiotic protocol
(CAP) has been described that addresses all three forms of the chlamydial lifecycle to
minimize persistence of the organism [77]. The strategy of this protocol is to induce
the persistent form from the RB by using a combination of tetracycline and a macro-
lide and then kill the CF with intermittent pulses of tinidazole or metronidazole [74].
In addition, disruption of the outer membrane proteins of EBs by constant exposure
to NAC initiates the transition of the EB form to the RB form, which is susceptible to
the tetracycline/macrolide combination [77].

The effect of a CAP directed at treating the persistent infection with Cpz on the
manifestation of CCSVO observed in MS as measured by ECDU has been investigated
[15]. A non-randomized before-after cohort study was conducted to investigate dif-
ferences in VBVF pre- and post-CAP treatment of Cpn infection.

Ninety-one consecutive patients presenting with MS were investigated for the
presence of circulating Cpn antibodies and CCSVO. There were 64 females and 27
males, aged from 20 to 71 included in the study. Thirty-six had been classified as
relapsing-remitting (RR) MS, 39 as secondary progressive (SP), and 16 were primary
progressive (PP).

ECDU was performed as previously described [14]. Cpn status was defined as
having a positive reading on either Cpx IgG or Cpn IgA using an automated ELIZA
analyzer. The vascular sonographer was blinded as to each individual subject’s Cpn
serology status.

Blood volume flow (BVF) data from the 91 patients were measured across affected
and unaffected sides from multiple vein segments (J2, J3, and VV) (Figure 2). Owing
to the known postural changes that occur in the [JVs and VVs'™?J2 and J3 readings
were recorded in the supine position, whereas VV readings were recorded in the erect
position. A side (right or left) was considered affected if one or more of the BVFs
from J2, J3, or VV were below the reference range described in Table 3. Overall, 40
subjects had bilateral “affected” sides, 45 had unilateral “affected” sides, and six had
neither side “affected.”

All patients were treated with a CAP for 6 months then had repeat ECDU to assess
response. The sonographer was blinded as to the “affected” or “unaffected” status of
each vein segment at the 6-month follow-up examination.

The CAP consisted of minocycline 50-100 mg twice daily according to patient
weight, roxithromycin 150 mg twice daily, tinidazole 500 mg twice daily for 2 days
each month, and NAC 1200 mg twice daily. This protocol is based on that advised by
Stratton and Wheldon [72, 75].

The advantage of this study was that it incorporated two within-subject controls
(un-affected side and pre-post comparisons) and a between-subjects control (no
Cpn antibodies). A test of differences was performed pooling results across all vein
segments (J2, J3, and VV). The parameters of the linear mixed model were estimated,
and the least-squares means are shown in Figure 6.

There was a statistically significant posttreatment difference seen for the affected
side of Cpn positive serology patients (mean difference = 56 mls/min, p = 0.02, 95%
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Mean flow and 95%CI for the linear mixed model
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Figure 6.

Mean values pooled over three vein segments over time [15].

CI: 8, 105). There was a smaller increase seen for the affected side of negative serology
patients (mean difference = 23 mls/min, 95%C I: —13, 59) and not statistically signifi-
cant (p = 0.2). The difference in these effects (34 mls/min, 95% CI: —27, 94) was not
statistically significant (p = 0.3). The mean flow rate decreased in the unaffected side
for both positive serology patients (—27 mls/min, p = 0.5, 95% CI: —98, 44 mls/min)
and negative serology patients (—69 mls/min, p = 0.012, 95% CI: —123, —115 mls/min).
This study demonstrated that obstructed VBF in the major extracranial veins
of the neck in subjects with MS can be improved by a prolonged CAP, specifically
designed to treat persistent Cpn infection. This effect was significant in those subjects
that tested positive with Cpn serology. The improved blood flow in the affected veins
was consistently associated with a corresponding reduction in collateral flow in the
unaffected side in those subjects with unilateral disease. Although there was no sig-
nificant difference between positive and negative serology patients, this is consistent
with the known sensitivity of around 70% for the Cpn serology tests [79].

9. Supplementary and ongoing treatments for CCSVO
The ability of Cpn to persist despite antimicrobial therapy with agents to which it
is susceptible in vitro is well documented [76]. Therefore other strategies are required

for long-term control of persistent Cpn infection:

1. Statins (coenzyme A reductase inhibitors). Cpn does not have the capacity to
synthesize cholesterol, but cholesterol is required for its intracellular multiplication
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and is an essential component of the chlamydial spore [80]. Thus Cpz is dependent
on the availability of host cholesterol inside the cell where it replicates. Cpn may
use cholesterol derived either from the extracellular space via low-density lipopro-
tein uptake or from intracellular cholesterol stores. By reducing cholesterol levels,
statins may affect chlamydial intracell multiplication [81]. Erkkild and colleagues
[80] were also able to demonstrate that simvastatin amplified pulmonary inflam-
matory response by increasing inflammatory cell infiltration into the lungs during
acute Cpn infection in mice. Therefore, statin treatment may have an anti-Cpn
effect in vivo.

2.Berberine. Berberine is an isoquinoline alkaloid isolated from the bark, roots,

rhizome, and stems of plants of the genus Berberis, as well as from plants, such as
Coptis chinensis and Hydrastis canadensis (goldenseal). Berberine has been found
to lower lipid levels by a different mechanism than that of statins. It is thought to
upregulate the expression of LDL receptors (LDLR) on hepatocytes by stabiliz-
ing LDLR mRNA [82]. Preliminary animal and pilot human studies have shown
that berberine produces a positive effect on the lipid profile both on its own and
as an adjunct to simvastatin [83, 84].

In addition, one of the mechanisms that Cpn contributes to the development of
atherosclerosis is by promoting vascular smooth muscle cell (VSMC) migration.
It has been shown that berberine inhibits Cpz infection-induced VSMC migration
by downregulating the expressions of the matrix metalloproteinases MMP3 and
MMP9 [85].

3.Resveratrol. It has been shown that Cpz is able to promote the accumulation of
low-density lipoproteins into macrophages, thus facilitating foam cell formation.
Resveratrol is a plant polyphenol commonly found in red wine. Di Pietro and col-
leagues [86] were able to show an antiatherogenic effect of resveratrol on mac-
rophage-derived foam cell formation induced by Cp#n. Resveratrol has also been
shown to inhibit reactive oxygen species production by directly decreasing NADP
oxidase (NOX) activity [86, 87]. Furthermore resveratrol has been shown to inhibit
the growth of Cpn in presence of clarithromycin or ofloxacin compared to controls
[88]. This suggested that the combined treatment of an appropriate antibiotic with
resveratrol may afford a synergistic effect in controlling Cpn infections.

4. Disulfiram. For patients that fail to respond to the recommended therapeu-
tic suggestions (see Appendix), the use of Disulfiram should be considered.
Disulfiram is used as a deterrent to promote abstinence in chronic alcoholism
treatment. In the body, Disulfiram and its metabolites inhibit aldehyde dehydro-
genase (ALDH) by thiol-disulfide exchange with cysteine residues [89]. Irre-
versible inhibition of hepatic ALDH results in the bodily accumulation of toxic
acetaldehyde produced during ethanol metabolism and an amplified “hangover”
effect after alcohol is consumed [90].

Disulfiram also forms disulfides with thiol-bearing substances that can modify
bacterial thiol-disulfide exchange to evoke antimicrobial effects [91]. For this
reason it has been recently reported as being effective in treating multi-resistant
staphylococcus infections [91] and chronic Borreliosis [92].
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For the treatment of chronic Cpz infection, disulfiram can be used at a dose of 4 mg/
kg/day combined with either minocycline or a macrolide for a period of 2-3 months.
It should not be used with either tinidazole or metronidazole. Treatment should be
commenced at a starting daily dose of 100 mg per day and slowly titrated up to the
full dose (300-400 mg per day) over a period of 3-4 weeks. If the patient develops
any signs suggestive of peripheral neuropathy, then disulfiram should be ceased
immediately as this will allow spontaneous resolution of those symptoms.

10. Resolution of symptoms and signs with treatment

Symptoms should begin to improve within 1 month of commencing treatment,
but this is highly variable. Initially, vague neurological symptoms such as brain fog
and poor cognition improve, followed by improvement in fatigue and general energy
levels. Chronic cough, headaches, and rosacea also improve early. This should be
accompanied by improvement in abnormal blood tests, such as liver function tests
(ALT, AST), increase in serum Fe levels with a corresponding decrease in elevated
serum ferritin (if abnormal initially), and a progressive reduction in inflammatory
markers (CRP). Serum lipids should be checked at 3 months and if cholesterol and/or
LDL levels remain elevated above the target levels (4.5 and 2.5 mmol/L, respectively),
then a statin, such as either rosuvastatin or simvastatin, should be introduced at a low
dose initially and then titrated every 3 months to achieve an LDL around 2 mmol/L.
The addition of berberine appears to help attain this goal.

Cpn serology should be repeated every 3 months aiming for complete elimina-
tion of any level of IgA antibodies (if present initially), as this goal appears to be
related to achieving successful symptomatic improvement. Finally, the ECDU should
be repeated at 6 months and periodically thereafter if clinically indicated, to assess
response with the CCSVO. If there is failure to respond, consider a change in the
macrolide or introduction of a course of disulfiram.

Generally, the aim is to suspend the CAP at 6 months and continue long-term
treatment with statin, berberine, and resveratrol. This timetable, however, needs to
be adapted to individual patient responses and requirements. Flexibility in manage-
ment is essential.

Appendix: Thibault Combined Antibiotic Protocol (CAP)

For Persistent Chlamydophila pneumoniae (CPn) Infection Associated with
Chronic Diseases/CCSVO.

1. Minocycline 50-100 mg twice daily. The alternative to minocycline is doxycy-
cline 50-100 mg twice daily. Lower doses may be advised for lower body weights.

2. Tinidazole 500-1000 mg as a stat dose once a week. The alternative is metroni-
dazole 400-800 mg twice a day once a week. Commence 1 week after starting
minocycline or doxycycline. Initially commence on the lower dose and titrate up
to the higher dose if clinically indicated.

3.Roxithromycin 150 mg twice daily, or 300 mg once daily commencing
2 weeks after starting minocycline or doxycycline. An alternative macrolide
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is clarithromycin 250 mg twice a day dose. The macrolide acts synergistically
with the tetracycline.

4.Berberine 500 mg twice daily. Berberine has a beneficial effect on dyslipidemia.

5.Resveratrol 250 mg twice a day. Resveratrol augments the effectiveness of the
antibiotics and has antioxidant effects.

6. Statin. Generally, this will be required, and it is suggested that the statin should
be commenced at a low dose 3 months after starting the antibiotic therapy. Ei-
ther simvastatin 20-40 mg daily or in more resistant cases of dyslipidemia, rosu-
vastatin 5-40 mg daily is recommended. Fasting serum LDL cholesterol should
be kept below 2.5 mmol. Lowering cholesterol starves the Cpn of cholesterol, a
substance it acquires from the host cell to make the bacterial cell wall.

7.Quercetin 500 mg twice a day. This is recommended but not essential. Quercetin
may augment the effect of the macrolide with Cpz and it has anti-inflammatory
and antioxidant effects that may be beneficial to vascular endothelium.

8.Diet Complex carbohydrate, low-fat diet (paleolithic) avoiding milk and red
meats. Avoid excessive alcohol.

9.Vitamin D 1000 IU twice daily. Serum vitamin D levels are frequently low in
these patients. Deficiency in vitamin D is associated with increased susceptibility
to infection.

10. Vitamin B12 supplements. These can be beneficial in patients with chronic
fatigue

The initial treatment is generally for 6 months. After that, treatment may be

reduced to a maintenance program (statin, resveratrol, and berberine) if deemed to
be appropriate to prevent relapse.
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