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1. INTRODUCTION

1.1. Anatomy of the vertebrobasilar system

The vertebrobasilar system consists of the two vertebral arteries (VAs) and the

basilar artery (BA) and provides blood to the posterior part of the brain (Figure 1.).
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Figure 1.
Schematic representation of the vertebrobasilar system. Picture by Dimin CC BY 3.0

(https://creativecommons.org/licenses/by/3.0/). Accessed: https://commons.wikimedia.

org/wiki/File:Wils.png

In the most common anatomical variation, the two VAs originate from the left
and the right subclavian artery. The V1 section of the VA is between the subclavian
artery and the transverse foramen of the C6. The V2 section is between the transverse
foramen of the C6 and the transverse foramen of the C2. The V3 section begins from
the C2, then forms a loop around the arc of the atlas and continues to run upwards until
it perforates the dura. The V4 section is between the dural perforation and the

confluence where the VAs join to form the BA (Figure 2.).
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Figure 2.

Vertebral artery based on 3D surface rendered Computed tomography angiography.
Picture by Frank Gaillard, distributed under a CC BY-SA 3.0 license (https://
creativecommons.org/licenses/by-sa/3.0/deed). Accessed: https://es.wikipedia.org/wiki

/Archivo:Vertebral _artery 3D _AP.jpg

The two main branches of the VA on each side are the anterior spinal artery,
which supplies blood to the spinal cord and the myelencephalon, and the posterior
inferior cerebellar artery, which supplies blood to the lower third of the cerebellum. The
BA supplies the pons and the upper half of the tegmentum with short paramedian
arteries, as well as circumferential branches to the base of the pons and the outer two-

thirds of the tegmentum. The two posterior cerebral artery (PCA) originate from the



BA, and their branches can be grouped according to their supplied area. These branches
supply the brain stem, the midbrain, and the lateral and medial areas of the: occipital,
temporal, and parietal lobes of the cortex. The anterior inferior and superior cerebellar
arteries also originate from the BA, which supplies blood to the pons, the upper two
third of the cerebellum, the inner ear, and the roots of the vagal and glossopharyngeal
nerve [1-3]. The vertebrobasilar system joins the circle of Willis posteriorly via the two
PCA and the two posterior communicating arteries (Figure 3.). The vertebrobasilar
system is unique in anatomical terms, as it is the only instance in the human body where

a third artery is formed by the merging of two arteries.
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Figure 3.
The Circle of Willis and the vertebrobasilar system. Illustration from Anatomy &

Physiology, Connexions Web site, distributed under CC BY 3.0 license (https://

creativecommons.org/licenses/by/3.0/). Accessed: https://commons.wikimedia.org/wiki
[File:2123_Arteries_of the Brain.jpg
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1.2. The anatomical layers of the studied arteries

There are 3 types of arteries: Elastic, muscular and resistance arteries consisting
of smaller arteries and arterioles (Figure 4.). Most arteries are comprised of three

layers: the tunica intima, media, and externa.

Arteriole Tunica

Tunica Muscular Tunica
J— externa

I— externa artery ]— externa
Tunica £

i Tunica

media

]'— Tunica

intima

media
Tunica

]— Tunica fur
intima

intima

Figure 4.
The anatomical layers of the arteries. lllustration by OpenStax College Anatomy &
Physiology, distributed under CC BY 3.0 license (https://creativecommons.org/licenses

/by/3.0/). Accessed: https://commons.wikimedia.org/wiki/File:2103 _Muscular_
and_Elastic_Artery_Aurteriole.jpg.

The VAs can either be considered as elastic or muscular arteries based on the
composition of the vessel wall. The wall composition slowly transitions along the entire
length of the VA. From the origin up until 1 cm proximal to the dural perforation they
are considered as elastic arteries due to their thick tunica adventitia and external elastic
lamina [4]. Otherwise known as Windkessel arteries, these arteries contain larger
numbers of collagen and elastin filaments in their tunica media compared to muscular
arteries. This gives them the ability to stretch in response to each heart pulse. The larger
number of elastic fibers give increased elasticity to these arteries which allow the
Windkessel effect to maintain relatively constant pressure in the arteries despite the

pulsating nature of the blood flow from the heart [5].

The intracranial V4 segments of the two VAs and the BA are considered as
muscular arteries [4, 6]. Otherwise called distributing arteries, these mid-sized vessels
draw blood from the elastic arteries and branch into the smaller resistance vessels,
including small arteries and arterioles. In contrast to the elastic arteries which store and

dissipate the energy generated by the systolic contraction, muscular arteries contain
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fewer elastic components and a higher number of layers of smooth muscle providing
involuntary control of vessel caliber and thus control of blood flow. Muscular arteries
are identified by the well-defined elastic lamina that lies between the tunica intima and
media [5].

1.3. The morphological indices of blood vessels

Morphology is the study of form or structure of an organism or any of its parts
[7]. To accurately measure the morphological indices of the vertebrobasilar system we
first need to define these measurable variables. In simplified terms all blood vessels can
be considered as non-perfect tubes. These structures have an imaginary centerline along
their entire length which can be defined as the weighted shortest paths traced from the
middle of the vessel wall [8]. The length (I) of any vessel can be defined as the length of

their centerline (Figure 5.).
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Figure 5.
Visual representation of the centerlines in the vertebrobasilar system and how the length

(1) of different arteries is measured. Own picture.



Because blood vessels are non-perfect tubes their radius (r) and diameter (d)
constantly change at different points along their centerline. The radius of a vessel is the
distance from the centerline to the vessel wall. The diameter (d) of a vessel is the
distance from one point of the vessel wall through the centerline to another point of the
wall (d = 2 x r). Because vessel radius and diameter is a dynamic variable along the
centerline multiple measurements are needed on different points along the centerline
[9]. The greater the number of these measurement locations the better we can estimate a
vessels average radius and diameter (Figure 6.). The volume (V) of a tubelike structure
can be obtained by multiplying its base area (A = r? x m) by its length (I) V= A x I. To
measure the volume of arteries we need to use different software’s built in measurement
tools (such as VMTK) [9] (Figure 6.). Average area of an artery can be obtained by
dividing the volume of an artery by its length. However, this may cause false

correlations during the statistical analysis due to the calculation method.
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Figure 6.
Visual representation of how radius (r), diameter (d) and volume (V) are measured.

Own picture.

10



The geometry of a three-dimensional vascular centerline can be described with
the help of the Frenet-Serret system. This approach uses 3 perpendicular vectors
(tangent, normal and bi-normal) originating from a point on the centerline. Using these
vectors different spatial geometrical indices such as curvature (k) and torsion (N) can be
derived. Curvature is the amount by which a curve deviates from being a straight line.
The curvature at the measurement location is the reciprocal of the radius of the
osculating circle, in units of radians per unit distance [9]. Tortuosity (t) describes how
many turns a vessel has and the simplest way to calculate it is to divide the length of the
curve by the shortest distance between its end points [9] (Figure 7.). If we analyze
multiple connecting vessel’s relationship to each other, we can measure the angle (£)
between the connecting centerline’s vectors [9]. Torsion of a vessel can be defined by
the extent it is rotating out of the pre-defined plane of reference around its vectors [9,
10] (Figure 7.). Finally, we can measure the extent and the laterality of a vessels
bending (curving) if we connect the two end points of the vessel with a straight line and

measure the deviation from this line on a fixed plane.

bifurcation
vectors

Figure 7.
Visual representation of how curvature (x), tortuosity (t), torsion (N) and bifurcation

angle () are measured. Own picture.
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1.4. Geometrical variations of the vertebrobasilar system

The confluence of the vertebrobasilar system has been qualitatively classified
into four main categories: Tuning fork, Walking, Lambda and No confluence [11]
(Figure 8.).

A.

Figure 8.

The main types of geometrical variations of the vertebrobasilar system. The left (tan)
and right V4 section of the vertebral artery (red) can be seen with the basilar artery
(blue). A. Tuning fork geometry. B. Walking geometry. C. Lambda — Dominant
subtype. Own picture.

The tuning fork geometry consist of two approximately equal diameter VAs
(difference less than 0.3 mm) which bend in opposite directions towards the
vertebrobasilar confluence (Figure 8. / A.). The two VA join in a rather symmetrical
angle to from the BA. In this geometry the BA continues in a relatively straight line to
the BA top without bending. The walking geometry consist of two equal diameter VAs
(difference less than 0.3 mm) which bend in the same direction towards the
vertebrobasilar confluence (Figure 8./ B.). The two VAS join in a narrow angle to form
the BA. VA angle can vary between 10° to 160° and symmetrical VA mean is
approximately 70° [12]. In this geometry the basilar artery shows an opposite bending
direction compared to the two VAs and has an increased curvature along its centerline
to the basilar top. The lambda geometry has two subtypes: Dominant-lambda and

Hypoplastic-lambda. The dominant-lambda subtype consists of unequal VA diameters
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where the BA continues along the centerline of the dominant VA. In the majority of the
cases this leads to an opposite direction bending and increased curvature of the BA
(Figure 8. / C.). Hypoplastic-lambda is the less common subtype compared to its
dominant counterpart [11]. This geometry also consists of unequal VA diameters;
however, the BA continues along the centerline of the non-dominant VA, and it may
lead to a same direction bend and increased curvature of the BA. In the “no confluence”
geometry, the non-dominant VA does not join the vertebrobasilar confluence and
usually ends as the posterior inferior cerebellar artery. The dominant VA extends along
its centerline to become the BA. The geometry of the vertebrobasilar junction has a
large influence on the flow in the basilar artery. Different vertebrobasilar geometries
may cause complex flow patterns and low inconsistent wall shear stress. This is

associated with atherosclerosis, increased curvature and tortuosity over time [13].

1.5. Morphological changes induced by wall shear stress

Shear stress is defined as the frictional force generated by blood flow in the
endothelium, that is, the force that the blood flow exerts on the vessel wall, expressed in
force-area unit (N/m? or Pa) [14]. A great generalization is that high laminar shear stress
is atheroprotective, while low shear stress and/or oscillating shear stress tends to
enhance atherogenicity [15]. The average wall shear stress (WSS) in the vertebrobasilar
confluence ranges between 4.5 to 9.2 Pa in healthy individuals [10] (Figure 9.).

Figure 9.
Wall shear stress magnitude distribution in a healthy individual, posterior (left) and

anterior (right) view. Image courtesy of Daniel Gyorgy Kalacska.
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The endothelium is the primary sensor for WSS. Changes in shear stress may
lead to instantaneous vasomotor changes which are regulated on a beat-to-beat basis in
order to maintain constant shear stress and optimize artery blood flow and distribution.
Continuous oscillation in WSS are associated with higher rates of lipoprotein oxidation

[16], increased endothelial apoptosis [17], and higher risk to develop atherosclerotic

plaques (Figure 10.).
High laminar shear Low and oscillatory
shear
- Anti-inflammatory genes - Inflammatory genes
- Atheroprotective genes - Atheroprone genes
- Low oxidative stress - Oxidative stress
Figure 10.

Symmetrical (A.) and asymmetrical (B.) vertebrobasilar junction. On picture A.
continuous high laminar shear can be observed which is atheroprotective. On picture B.
one side of the basilar artery has relatively undisturbed high laminar shear while the

opposite side has low and oscillatory shear which is atheroprone. Own picture.

Unequal hemodynamic forces in an artery will alter cellular responses,
facilitating equilibration to return the blood flow and shear stress to a more constant
level. Past animal studies addressed how repeated exposure to high blood flow and
decreased WSS over prolonged time affect arterial remodeling [18, 19]. In unequal
flows of joining arteries one side of the newly formed artery has low and oscillating
WSS, which stimulates intimal thickening. The other side has high blood flow which

14



leads to lumen enlargement and elongation of the artery along with increased tortuosity
[19-21].

The same principals can be applied to human physiology. Amongst the cerebral
vessels increased tortuosity often occurs in the BA, the communicating, anterior and
PCAs and in the arterioles in the brain white matter [22-24]. In the BA, high blood flow
and increased WSS lead to arterial enlargement, elongation, and increased tortuosity.
This includes smooth muscle cell and endothelial cell proliferation, and migration [25].
Low WSS leads to arterial shortening and constriction, with intima-media proliferation
and thickening. This reduces lumen diameter and thus tends to normalize WSS levels.
These two adaptive changes over prolonged time periods result in arterial bending and
increased tortuosity. Increased arterial tortuosity of cerebral arteries has been associated
with elder, hypertensive patients [22, 23] and with patients with Moyamoya-disease
[26]. Cerebral arteries may also become tortuous due to malformation or increased flow

associated with elastin degradation [24].

1.6. Atherosclerosis and Vertebrobasilar Insufficiency

1.6.1. Atherosclerosis of the basilar artery

Atherosclerotic plaques often arise in locations with complex flow patterns [12,
27]. The pathomechanism consist of accumulation of fats, cholesterol and/or fibrous
material in the intima of the arterial wall, the innermost layer of the vessels. The
localization, size, structure (homogeneous, inhomogeneous, calcareous) and surface
features (smooth, uneven, ulcerated) of plaques should be determined, as they all have
prognostic significance. The current most acceptable theory is that low WSS is one of
the key driving factors in atherosclerotic plaque development and location [28].
Vertebrobasilar geometry strongly influence BA plaque location [28, 29]. The highest
prevalence for plaques can be observed in the walking geometry, while the lowest in the
Tuning fork geometry [11]. The majority of plaques can be on either the left or right
side of the BA (blocking perforating side branches) or on the dorsal wall depending on

the vertebrobasilar confluation geometry proximal to the junction [29, 30]. Zhou et. al
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found significantly more plaques on the small curve of tortuous BAs and higher BA
tortuosity in patients with BA plaques [27]. Deng et. al found that BA tortuosity and
bending was independently associated with the presence, severity, and location (mainly
on the small curve of the BA) of atherosclerotic plaques [31]. Risk factors for
atherosclerosis include hypertension, smoking, diabetes, hyperlipidemia and increased
body mass index (BMI) [32].

1.6.2. Vertebrobasilar Insufficiency

Vertebrobasilar Insufficiency (VBI) can be defined as inadequate blood
perfusion of the posterior circulation. VBI can describe short term and recurring
symptoms but also severe acute events such as transient ischemic attack (TIA) or
posterior stroke. The main symptoms of VBI are vertigo, dizziness, diplopia,
paresthesia, confusion, dysphagia, headache or ataxia [33]. VBI can be caused by two
processes: hemodynamic disturbance caused by either narrowing of the vessels or
embolism. The most common cause for arterial stenosis (narrowing) is due to
atherosclerosis, however it can be also caused by arterial dissection, fibromuscular
dysplasia, migraine, trauma or external compression [33]. Usually, symptoms due to
stenosis of a single artery tend to be short term and reproducible, rarely causing
ischemia. For ischemia and stroke to occur occlusion must be present in both VAs or in
the BA. In addition, inadequate blood flow contribution must be present due to one or
both posterior communicating artery being hypoplastic or occluded [33, 34]. Subclavian
steal syndrome causes VBI due to reversed VA flow stealing blood flow from the
brainstem. VBI caused by emboli can be categorized based on where they originate
from. Two-third of the emboli form extracranially and originate from atherosclerotic
lesions located in the subclavian or vertebral arteries [35]. Up to one-third of the lesions
originate intracranially [36]. While a small portion of these emboli are formed by basilar

artery aneurysms which may then embolize to more distal branches [36].
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1.7 Age-related white matter hyperintensities on Fluid Attenuated Inversion
Recovery (FLAIR) MRI sequence

Age-related white matter hyperintensities (WMH) are common FLAIR MRI
findings of asymptomatic patients, and their prevalence grows with age. FLAIR is a
special sequence where to null the signal of the cerebrospinal fluid on a T2 weighted
Image we adjust the inversion time as such that at equilibrium there is no net transverse
magnetization of the cerebrospinal fluid. With this sequence grey matter is brighter than
white matter, while the cerebrospinal fluid is void of signal. This sequence is very
sensitive to pathological changes (they appear as bright areas) and makes the
differentiation between cerebrospinal fluid and an abnormality much easier [37].
Approximately 20-55% of 60-year-old (depending on study) and almost 100% of 90-
year-old patients have Age-related WMHs [38]. WMH burden is higher in patients with
hypertension, diabetes, hyperlipidemia, a history of cognitive impairment, dementia or
vascular disorders [39]. WMHSs can be distinguished into two groups: periventricular
and deep WMH. Periventricular WMH, which is associated with a combination of
demyelination, ependymitis, and granular and subependymal gliosis. Deep WMH is
associated with small subcortical infarcts or with a process called incomplete infarction,
reflecting chronically reduced blood flow in deep areas of the brain caused by
arteriolosclerosis [40].

Deep WMH increases the risk of stroke by 3 folds [41, 42]. The exact method
for separating Deep WMHSs from Periventricular WMHs is still under debate. Currently
it can be achieved by the combination of continuity to the ventricles [43, 44] or if no
continuity can be seen, a 10 mm distance from the ventricles rule can be applied [44].
Deep WMH severity can be classified based on the age-related white matter changes
(ARWMC) score: 0 = no confluence 1 = focal lesions; 2 = beginning confluence; 3 =

diffuse involvement of the entire region [45] (Figure 11.).
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Figure 11.
Age-related white matter changes (ARWMC) score 2 on T2 FLAIR MRI sequence
(Source: Medical Imaging Centre, Semmelweis University, Budapest, Hungary). Own

picture.

1.8. Vascular imaging of the vertebrobasilar system

1.8.1. Transcranial Doppler

Transcranial Doppler (TCD) is a non-invasive, safe, and cost-effective. It does
not involve radiation exposure and can be performed at the bedside of the patient to
evaluate the cerebrovascular circulation. With TCD, we can capture real-time
hemodynamic information about brain circulation, as opposed to static images with
other techniques (Figure 12.). TCD is considered effective in the detection of stenosis,
occlusion and vasospasm in the vertebrobasilar system using transforaminal insolation
[46].
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Figure 12.
Transcranial Doppler of the basilar artery from the suboccipital window. Image courtesy
of Zsolt Garami, MD.

A TCD machine consists of a monitor and a 2-2.5MHz pulse doppler. The
hardware has to be capable of pulse wave analysis and real-time display of the
following data: measured flow depth, mean velocity (MV), pulsatility index (Pl),
transducer power and frequency, maximum flow rate, end-diastolic speed and automatic
emboli detection [47]. The probe uses insonation windows, which are bone regions with
thinner bone-wall along the side of the skull that allows measurements. Once the artery
in question is found, blood flow velocities are measured with the pulsed Doppler effect
probe, which creates a graph with blood flow velocities over time [48]. Together, these
make a duplex test. Indications for TCD testing include according to the Society for
Vascular Ultrasound (SVU) [47]: intracranial stenosis or occlusion, vasospasm
following subarachnoid hemorrhage, follow-ups of arteriovenous malformations,
diagnosis of vertebrobasilar circulatory disorders, intracranial flow measurements
following head injuries, different measurements in sickle cell anemia, vasomotor

reactivity tests after administration of certain drugs and intracranial flow monitoring
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during cardiovascular surgery [49]. The method can also be used to detect and measure
blood flow in the middle cerebral artery part M1 and M2, the intracranial segments of
the internal carotid artery, the anterior cerebral artery, the PCA part P1 and P2 and the
posterior communicating arteries of the circle of Willis [47]. There are no contrast

agents used with the TCD technique.

1.8.2. Transcranial Color Doppler

Transcranial Color Doppler (TCCD) is a method that can be used for monitoring
intracranial blood-flow. Similarly, to TCD, TCCD uses the same special insonation
windows (temporal, suboccipital, and ophthalmic) to gain insight into the intracranial
space. TCCD uses an ultrasound machine equipped with a sector transducer with an
operating frequency of 2.0-3.5 MHz with a small aperture size to visualize intracranial
vessels. It is ideal to set TCCD to B mode since this mode allows 2D imaging of the
brain and skull structures [50]. Next, the color Doppler mode is activated to render the
basal cerebral arteries visible (Figure 13.).

FR 13Hz
RP

Left Vertebral

1
it SV Depth 49cm
PSV -49.8 cm/s
EDV -21.6 cm/s
Mean (TCD) -31 cm/s
PI(TCD) 0.91

Figure 13.
Transcranial Color Doppler of the Left Vertebral artery. Image courtesy of Zsolt
Garami, MD.
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TCCD can visualize and measure blood flow of the proximal 2/3 of the BA and the
V3/4 section of the vertebral artery from the suboccipital window and both PCAs from a
temporal window [50, 51]. Yang et. al. showed that TCCD can reliably detect BA
stenosis and refined a diagnostic criteria to detect <50%, 50-70% and >70% stenosis

[52]. There are no contrast agents used with the TCCD technique.

1.8.3. Computed Tomography Angiography

Computed Tomography (CT) should be the first examination in acute head
trauma cases, suspected acute cerebral vascular events, examination of fine bone
structures, and the method can separate cerebral ischemic and hemorrhagic stroke
accurately. It is also used as an alternative when MRI is contraindicated or not
available. During every scan, the patient is exposed to ionizing radiation, which above a
certain threshold has harmful effects on the human body and as such should be used

only with appropriate indication [53].

Maximum intensity projection (MIP) allows the radiologist to select data in any
Hounsfield unit (HU) attenuation range and leave out the rest. MIP allows the vessel
walls and plaques within them to be better visualized (Figure 14.). 3D shaded surface
display (SSD) is a CT technique that recognizes tissue by its density and creates a three-
dimensional view of the vasculature within the acquired volume set. 3D volume
rendering (VRT) is a newer, less operator involved technique that takes the entire
volume of data and calculates each voxel along a line from the viewer’s eye [54]
(Figure 14.). CT-angiography (CTA) requires intravenous contrast administration. The
rapid administration of a high iodine (350-400 mg I/ml) contrast agent (4 ml / sec) can
create an ideal intravascular enhancement of the vertebrobasilar system [55]. CTA can
detect VA stenosis from 70% reliably [56]. On non-contrast CT BA occlusion may
appear hyperdense in 65% of the cases, similarly as the hyperdense MCA sign [57, 58].
BA occlusion on contrast enhanced CTA presents as filling defect in the vessel [57].
Shon et. al tested the clinical application of cerebral artery calcification on brain CT.
They found that cerebral arterial calcification did not directly indicate hemodynamically

significant stenosis of an artery segment, but may indicate a diffuse and severe
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atherosclerotic process being present in the cerebral circulation [59].

Figure 14.

CT angiography sagittal MIP reconstruction (left) and volume rendered CT angiography
(right) of the same patient. (Source: Medical Imaging Centre, Semmelweis University,

Budapest, Hungary). Own picture.

1.8.4. Magnetic Resonance Angiography

Magnetic Resonance Angiography (MRA) is one of the most pursued modality
for vertebrobasilar imaging often only limited by local capabilities [60]. MRI, compared
with CT, has superior soft-tissue characterization, and lacks ionizing radiation. High-
resolution-MRI has the capability to differentiate between plague components and
analyze the water content, chemical composition, molecular motion, and physical state.
These parameters can help to characterize fibrocellular, lipid-rich, and calcified regions
of atherosclerotic arterial plaques [61]. T1-weighted and time-of-flight sequences can be
used to visualize intraplague hemorrhage, while T2 and proton density sequences can

differentiate between the plaque cap and the lipid core [62].

In conventional sequences, the flowing blood is signal-free, because when the
pulse of the radio frequency is transmitted, the excited protons are replaced by non-
excited protons in that slice. The advantages of contrast enhanced MRA s relative to
other MRA techniques and include shorter acquisition times, improved anatomical
coverage, and decreased susceptibility to artifacts caused by blood flow and pulsatility.
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MRI contrast agents can be divided into 3 groups: paramagnetic,
superparamagnetic and ferromagnetic contrasts [63]. The most common paramagnetic
contrast agent used is gadolinium 3* based. Gadolinium creates a strong T1 signal and
accumulates extracellularly because it cannot diffuse through the blood-brain barrier
[64]. Iron is a superparamagnetic contrast media, which accumulates intracellularly and
induces an inhomogeneous magnetic field to shorten T2 relaxation, producing a strong
T2 signal [63]. Ferromagnetic contrast agents do not contain protons and only act on
local hydrogen nuclei [63]. Even without contrast, MRI can detect blood flow and

vessel wall in multiple planes.

Non-contrast MRA has been used for intracranial imaging. Its widespread use
has been limited by prolonged acquisition times and motion artifacts. However,
improvements in MRI hardware and software and concerns over the safety of
gadolinium contrast agents in high-risk patients contributed to renewed interest. Time-
Of-Flight (TOF) is the most used non-contrast MRA technique, especially for peripheral

and intracranial vessels [65] (Figure 15).

Figure 15.
Maximum intensity projection (MIP) of a Time-Of-Flight (TOF) magnetic resonance
angiography (MRA) of the circle of Willis, coronal view. (Source: Medical Imaging

Centre, Semmelweis University, Budapest, Hungary). Own picture.
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This sequence type is a gradient echo sequence with short repetition echo time,
acquired with slices perpendicular to the direction of blood flow. Flowing blood moves
unsaturated spins from outside the slice into the imaging plane. These completely
relaxed spins produce a much higher signal and create a bright vascular image without
contrast agent [65]. This flow-related enhancement is also referred to as a slice entry
phenomenon. Because the phenomenon is flow related, we only see the blood flow and
not the anatomical walls of the vessels. TOF acquisitions can be performed using 2D or
3D sampling, with 3D TOF being most often used for intracranial vasculature due to the
tortuous nature of the arterial tree which needs higher spatial resolution [64]. The other
two major non-contrast MRA techniques currently used are Phase-Contrast MRA and
Steady-State Free Precession MRA [64].

1.9. Summarizing data from the literature

Morphological changes of the vertebrobasilar system require decades to form
[66]. Asymmetrical complex blood flow patterns may lead to unequal and oscillating
WSS which drives the morphological changes [10, 12, 25]. These changes are highly

age related and tend to increase with hypertension and diabetes mellitus [67, 68].

VAs, in the majority of time, are congenitally asymmetrical and mainly left
dominant. One side dominance of VA causes basilar bending to the opposite side [66,
67, 69]. This phenomenon increases as the vertebral difference increases [66, 67, 69,
70]. Increased VA diameter difference, tortuosity, and torsion alongside with increased
BA curvature and tortuosity further causes inconsistent and complex blood flow
patterns, which plays an important role in the pathogenesis of atherosclerosis [13, 27,
29, 71]. Furthermore, it has been shown that the posterior circulation is much more
susceptible to atherosclerosis in comparison with the anterior circulation [72]. These
vertebrobasilar morphological indices have also been linked to peri-vertebrobasilar
infarcts as risk factors and have indicated directional and locational correlation [66, 69,
73]. Studies on these changes were predominantly conducted on the Asian populations.
Amongst the Asian population one of the most common causes of stroke is intracranial

stenosis or occlusion. In contrast, in the Caucasian population this is unlikely, and
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stroke is mainly caused by the embolization of thrombi formed in the heart and along
cervical vessels [74].

Although changes of the vertebrobasilar morphological indices has been
associated with stroke and atherosclerotic plaque localization, the understanding of the
genetic and environmental determinants influencing the development of these indices
are not yet clear. This is where twin studies can help. Our research group in 2017
demonstrated heritability of the extracranial section of the VAs and VA diameter
difference [75]. However, research focusing on the heritability of the different
morphological indices of the intracranial vertebrobasilar system are scarce and needs
further attention.

Increased WHM burden has been considered as an indicator for inadequate
blood perfusion [76-78]. Multiple studies suggest that ischemia plays the most cardinal
role with tortuous arterioles and reduced cerebral blood flow alongside histological
changes, however, despite the past 2 decades of advancements in regarding the etiology
of these processes there is still much uncertainty [79]. Recent studies suggest that the
WMH burden can be related to TIA severity [80], first and second stroke risk [81] and
post-stroke rehabilitation [82]. Furthermore, a strong relationship has been shown
between the Framingham Stroke Risk Profile (FSRP) including its component risk
factors and WMHSs providing even more evidence for a vascular basis [83].

WNMHs are suspected to be multifactorial in origin and as such are affected by
genetic and non-genetic factors. In twin studies higher heritability was found for WMH
in women [84, 85] and after adjusting for brain volume, women had more WMH than
men. A recent study in 2018 showed significant moderate-to-high monozygotic twin
correlations in WMHSs in all brain regions (highest in the frontal lobe and lowest in the
occipital lobe) [84]. This implied that vascular risk factors affect anatomical lobes
differently. Deep WMH has shown higher heritability compared to periventricular
WMH which suggests that periventricular WMH has higher environmental factor
influence [85].
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1.10. The importance of twin studies

Twin studies aim to resolve the debate of nature versus nurture. These studies
attempt to distinguish between the traits received due to genes at birth and phenotypes
that emerge by the different environmental factors during our lifetime [86]. These
studies provide a strong basis for understanding the importance of any potential risk
factors on a trait by controlling the genetic variations. It is known that monozygotic
(MZ) twins share nearly 100% of their genome, while dizygotic (DZ) twins share
roughly 50% of their genome in respect to a given phenotype [86]. We use this
knowledge in the classical twin study. For example, higher levels of the intra-pair
correlation between MZ pairs compared to DZ twins indicate a greater genetic influence
on a phenotype, while a greater cross MZ and DZ twin similarity suggests that the
variance is due to shared environmental factors. Using ACE univariate genetic modeling
we can decompose these correlations into percentages showing us how heritability, or
additive genetic factors (A), shared (C), and unique (E) environmental effects are

affected by the trait we investigate [87].
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2. OBJECTIVES

Our aim was:

to investigate the intracranial vertebrobasilar morphology in a Caucasian
population non-invasively with individually reconstructed 3D vessel models,

to measure the morphological indices automatically on our models,

to investigate the influence of the VA dominance on BA geometric indices,

to investigate whether the BA geometry contributed to the existence and
laterality of WMHs,

to measure the heritability of each measured morphological vessel index using a

classical twin study model.

Our hypothesis was:

that most of the vertebrobasilar morphological changes demonstrated in the
Asian population can also be found in a Caucasian population,

that these changes are influenced by genetic factors,

that the vertebrobasilar system morphology can influence the location of WMHs

found on MRI FLAIR sequences.

In order to investigate these research hypotheses, two studies have been performed on

two different patient groups:

1)

2)

a retrospective analysis of patients who underwent brain MRI (Study 1.
“Laterality of deep white matter hyperintensity correlates with basilar artery
bending and vertebral artery dominance”),

a prospective healthy twin study (Study 2. “Are the Morphological Indices of the
Vertebrobasilar System Heritable? A Twin Study Based on 3D Reconstructed
Models”).
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3. METHODS

3.1. Study 1. Laterality of deep white matter hyperintensity correlates with basilar

artery bending and vertebral artery dominance

3.1.1. Patients

In this research, we retrospectively selected patients who visited the Medical
Imaging Centre, Semmelweis University between 2017 and 2018, and underwent non-
contrast brain MRI. Most patients were referred from the Department of Neurology for
the following reasons: visual impairment, headache, or dizziness. Comorbidities such as
hypertension, hyperlipidemia, and diabetes were gathered from the medical chart
reports. The exclusion consisted of a medical history of large vessel obstruction, stroke,
vasculitis, demyelinating disease, malignancies of the brain, abscess, encephalitis,
autoimmune diseases, or migraine as these conditions may also present WMHSs. As the
development of the basilar curve is a highly age-related and a long-term process,
patients younger than 20 years were also excluded. Based on these criteria we included
290 patients in this study. Written informed consent was obtained from each patient
included in the study. The study protocol conformed to the ethical guidelines of the
1975 Declaration of Helsinki and the study protocol had been approved by the
Semmelweis University Ethical Committee (TUKEB 264/2019).

3.1.2. Image acquisition

All selected patients had non-contrast brain MRI (Philips Ingenia 1.5T). The
protocol contained 3D T1-weighted fast-spin echo, T2-weighted fast field echo and fast
spin echo, T2-weighted FLAIR, diffusion weighted imaging and 3D TOF MRI
sequences with axial and coronal reconstructions. For our research we used the TOF
MRI sequence for vascular reconstruction and the T2-weighted FLAIR MRI sequence
for WMH assessment. The main sequence parameters for both sequences can be seen in
Table 1.
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Table 1. Protocols used for T2-weighted FLAIR and Time-of-Flight MRI during image
acquisition, Philips Ingenia 1.5T.

Parameter T2-weighted FLAIR Time-of-Flight
Slice thickness (mm) 5 1.4
Spacing between slices 6 0.7
Repetition time (msec) 9000 18
Echo time (msec) 140 7
Inversion time (msec) 2450 -

Flip angle (degrees) 90 20

No. of Echoes 162 166
Field of view (mm) 189x230x149 220%199x84
Matrix size 272x162 552x332
Acquisition time (min:sec) 2:15 2:20

3.1.3. Imaging analysis

Image assessment was performed by a single reader blinded to the clinical
information. FLAIR images were used to separate patients with and without WMHSs into
two groups. Separating Deep WMHs from Periventricular WMHs was based on the
combination of continuity to the ventricles [43, 44] or if no continuity was seen, a 10

mm distance from the ventricles rule was employed [44].

All patients’ brain, who had WMHSs were divided with a virtual vertical line in
the middle along the falx cerebri creating a right and left side. White matter regions
were created on each side along large vessels of interest representing their supplied
regions (VA, BA and PCA regions) These regions were identified by means of

templates based on imaging and anatomical studies [88] (Figure 16. and Table 2.).
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. Vertebral artery Basilar artery

Figure 16.

Posterior cerebral artery

White matter regions of interest based on posterior circulation arteries which supply

blood to the area based on anatomical and imaging templates. (Red) Vertebral artery;

(Yellow) Basilar artery; (Blue) Posterior cerebral artery. (Source: Medical Imaging

Centre, Semmelweis University, Budapest, Hungary). Own Picture.
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Table 2. Regions of interest created with anatomical templates [88] along the vertebral,
basilar and posterior cerebral artery. These regions represent the areas these large

vessels supply. White matter hyperintensities were analyzed in these regions.

Region Territories involved
VA region — Vertebral artery Lower 1/3 of the cerebellum and medulla
BA region — Basilar artery Upper 2/3 of the cerebellum and pons

PCA region — Posterior cerebral artery Areas of the parieto-occipital lobe

Each region’s WMH burden was compared to its contralateral side. Deep WMH
severity classification was based on the age-related white matter changes (ARWMC)
score: 0 = no confluence 1 = focal lesions; 2 = beginning confluence; 3 = diffuse

involvement of the entire region [45] (Figure 17.).

ARWMC score 1 ARWMC score 2 ARWMC score 3

Figure 17.

Deep White matter Hyperintensity severity classification based on the age-related white
matter changes (ARWMC) score. (Source: Medical Imaging Centre, Semmelweis
University, Budapest, Hungary). Own picture.

The dominant WMH side (laterality) was identified either by higher ARWMC
score, or if the score was the same on both sides, by manual counting of the WMH
lesions that were >5 mm [45]. The posterior communicating arteries were also analyzed.
We considered these arteries as hypoplastic or occluded if their external diameter was

less than 1 mm, or the arteries were absent [34]. Due to the size of these arteries, it is
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difficult to distinguish between hypoplasia, occlusion, or agenesis [34]. For this reason,
we categorized these arteries as either detectable or hypoplastic/occluded.

3.1.4. 3D vascular reconstruction and measurements

We used TOF angiography MRI technique to visualize flow within vessels,
without the need to administer contrast. To ensure objective, standardized, and semi-
automated measurements we used three publicly available software. We used ITK-
SNAP (version 3.8.0.) for 3D vascular reconstruction [10], MeshLab (version 2016.12)
for post-segmentation editing and cleaning and VMTK (Vascular Modeling Toolkit) for

geometry analysis.

First, for all patients we selected the TOF MR images from their Digital Imaging
and Communications in Medicine (DICOM) file and imported it into ITK-SNAP. The
program previews these images in axial, sagittal and coronal axis. After selecting
“Active Contour Segmentation Mode” the volume of interest can be selected on all free

planes with a resizable rectangle (Figure 18.).

TK-SNAP Toolbox © IR

Main Toolbar

sRPH 7§

Figure 18.
Selecting the volume of interest for semi-automatic contour segmentation on the axial,

coronal and sagittal plain. ITK-SNAP software version 3.8.0. Own picture.
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For our research we set the coronal/sagittal starting point to be the beginning of
the V4 section of the VA which after a loop runs medial from the C2 foramen
transversarium. The ending point is just above the BA top after the branching of the two
PCA. On the axial plane we made the rectangle large enough to capture both VAs and
the BA on all slices. For segmentation methods ITK-SNAP has four options:
thresholding, classification, clustering, and edge attraction. Due to the high contrast
observable on TOF MR images between the vessels (high intensity) and the surrounding
brain structures (low intensity) we opted to use the thresholding method. For this

method appropriate lower and upper threshold values are set manually (Figure 19.).

ITK-SNAP Toolbox [0 speed image

Main Toolbar
WP 2§ L
8 @

@ Segment 3D (]
5 CurrentStage:

step 1/3
Presegmentation

Actions:

Cursor Inspector

wL D@

Presegmentation mode:

Thresholding

Threshold mode:
|

Lower -
wresnolg: 28 5

Upper -
threshold: AL

Segmentation Labels
Active label:
B Label 1

Paint over;
[ Al labels
Overall label opacity:

50 | m—

3D Toolbar

*"%ii‘?'/w’
Figure 19.
Setting the lower and upper threshold for the Active Contour Segmentation Mode on

Time-of-Flight MRI sequence to minimize artifacts on the final model. ITK-SNAP

software version 3.8.0. Own picture.

We used a lower threshold value of approx. 850+50 grey level intensity. Any
value lower than this resulted in models including parts of the surrounding cerebellum
and brainstem deforming the model and resulting in inaccurate measurements. Any

value higher than this resulted in partial reconstructions, usually losing larger parts of
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the vertebral arteries. We used a higher threshold of approx. 2500+£100 grey level
intensity. Lowering the value rarely resulted in minor artefacts due to partial
reconstruction of the non-dominant VA. However, setting this value too high greatly

increased post processing work as it also included small perforating arteries.

Using the aforementioned threshold values consistently yielded the most
accurate models. After this the program requires the user to manually place seed
“bubbles” with changeable size along the vessels as reference points for the
segmentation (Figure 20.).
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Figure 20.
Manually adding seed “bubbles” with changeable size along the vertebrobasilar system

which will be the reference points for the 3D semi-automated segmentation process.
ITK-SNAP software version 3.8.0. Own picture.

Subsequently, initiating the segmentation process of the software will create a
3D model of the vertebrobasilar system. At this stage we can continuously preview our
3D model reconstruction process. If we observe any partial reconstruction or high

artefact count, we can pause the process and revert to a previous step to fine-tune our
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settings (Figure 21.).
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Figure 21.
Completed accurate 3D semi-automated segmentation of the vertebrobasilar system.
The model can be previewed in the lower left corner. ITK-SNAP software version 3.8.0.

Own picture.

After obtaining an accurate and acceptable reconstruction of the volume of
interest we can save the reconstruction in Standard Triangle Language (.stl) format,
which is a native file format for most stereolithography computer-aided design software.
This creates a surface mesh built entirely from rectangles. The last step is to postprocess

the created model for measurement.

For postprocessing all individual 3D mesh models were imported into MeshLab
(v2016.12) and smoothed with the Taubin algorithm [10]. Both vertebral arteries were
cut after the curve around the arc of the atlas. The basilar top (with the two branching
PCA and the two superior cerebellar arteries) were also cut under the lower branching
superior cerebellar artery with a straight horizontal line. This process ensured obtaining

the same sections of the measured arteries (Figure 22.).
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Figure 22.
The 3D reconstructed vertebrobasilar system is imported into MeshLab (v2016.12) for
postprocessing (left). The model is smoothed with the Taubin algorithm. The basilar top

and the V3 sections of the vertebral arteries are cut (right). Own picture.

The next step was that we created an automated measurement method within the
framework of the VMTK application using Python scripts. After locking all models in
the same position, in the 3D plane, the program could automatically recognize the left
(tan), and right vertebral artery (red), and the basilar artery (blue). This method ensured
standardized measurement for each morphological index of the vertebrobasilar system
(Figure 23.).
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Figure 23.

3D reconstructed model of the vertebrobasilar system. After locking all models in the
same position, the Vascular Modeling Tool Kit (VMTK) application using Python
scripts identifies and measures the left (tan) and right vertebral artery (red) and the

basilar artery (blue). Own picture.

We set a difference of 0.3 mm or higher in diameter to define the dominance
between the two VAs, which was based on earlier publications assessing vertebral
artery diameter difference [66, 73]. Volume, curvature, torsion, and tortuosity was also
measured on both VAs. The angle of the vertebrobasilar junction was measured
between the two VAs. On the BA, we measured the length, volume, curvature, and
cross-section. We further grouped patients based on a two-step process. First, we
connected the confluence of the VAs and the basilar top with a straight line. Second, we
separated each patient based on if the BA deviated to the left or to the right, while also

measuring the extent of the deviation.

3.1.5. Statistical analysis

All analysis were adjusted for age and gender. A descriptive analysis (mean,

standard deviation, and percentages) was calculated for the demographic data and the
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measured morphological indices in R studio (v.1.1.463). The occurrence of
comorbidities between the WMH and the control group was analyzed using Fisher's
Exact Test. We used Mann-Whitney U test in the analysis of all morphological
parameters as they did not show normal distribution. This method tests a general null
hypothesis that the distributions of the two examined group are the same. A significant
test means that one distribution is stochastically greater than the other, reflecting that
there may be differences between the two groups, regarding the examined parameter.
VA dominance was analyzed in conjunction with VA region WMH laterality (Fisher’s
Exact test) and each VA measured parameters (Mann-Whitney U test). The bending
direction of the BA was analyzed in conjunction with BA region WMH laterality
(Fisher’s Exact test) and BA measured parameters (Mann-Whitney U test). We used the
Spearman correlation to analyze the directional relationship between VA dominance
and the bending direction of the BA. We performed 5 logistic regression analysis for
white matter lesions in the PCA regions in SPSS v2.4 to determine variables, that were
predictors for WMHSs. The 5 logistic regression analysis was based on, whether the
posterior communicating artery was occluded, or hypoplastic (both detectable, both
hypoplastic/occluded, only left or right hypoplastic/occluded and finally including the
whole cohort). Each regression model included VA dominance, bending direction of the
BA and all the measured BA parameters. Because of the multiple parameters tested
simultaneously, we applied Bonferroni correction for statistical comparisons. When
multiple hypotheses are tested the chance of observing a false significant event
increases. To compensate for this, we took the desired p value (p<0.05) and divided it
with the number of hypotheses tested at the same time. Bonferroni correction then tests
each individual hypothesis based on this value. Any p values less than 0.001 are
indicated as p<0.001.
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3.2. Study 2. Are the Morphological Indices of the Vertebrobasilar System
Heritable? A Twin Study Based on 3D Reconstructed Models

3.2.1. Patients

Two hundred healthy Caucasian twins (100 pairs) were randomly selected for
our study from the Hungarian Twin Registry [89]. These patients underwent T2-
weighted FLAIR and 3D TOF MRI using the same image acquisition protocol from the
previous study (Table 1. Page 27). The study protocol conformed to the ethical
guidelines of the 1975 Declaration of Helsinki and the study protocol was approved by
the local Ethical Committees (Semmelweis University TUKEB 189-1/2014, BAZM
Hospital Ethical Committee approved on 06 October 2016). All the participants signed
an informed consent form. Self-reported questionnaires were used to maximize the
accuracy of zygosity classification and to collect a detailed medical history and risk
factors [90]. Exclusion criteria consisted of pregnancy, claustrophobia, or intervention
in the vertebrobasilar system. We recorded exercise, smoking, alcohol consumption,
body weight, height, BMI, hypertension, diabetes, and hyperlipidemia. Former and

current smokers were included in the smoking group.

3.2.2. 3D Reconstruction

Each twin underwent the same 3D TOF MRI protocol described in Table 1.
(Page 30.) (Philips Ingenia 1.5 T). We created a 3D reconstruction of the vertebrobasilar
system for each twin based on the TOF MR images. We used ITK-SNAP software’s
(version 3.8.0.) built in semi-automated segmentation tool for reconstruction described
as in section 3.1.4. (3D vascular reconstruction and measurements). For postprocessing
all individual 3D mesh models were imported into MeshLab (v2016.12) and smoothed
with the Taubin algorithm [11]. Both vertebral arteries were cut after the V3 section
which creates a curve around the arc of the atlas. The basilar top with the two branching
PCAs were also cut under the lower branching superior cerebellar artery with a straight
horizontal. This method ensured obtaining the same three main arteries for our

standardized measurement as in our previous research. The descriptors of the
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vertebrobasilar geometry were extracted from the smoothed meshes semi-automatically

by using VMTK scripts programmed within a Python environment. After locking all

models in the same position in the 3D plane VMTK-based scripts could recognize the

left and right VAs along with the BA and provide standardized measurements to

analyze the morphological properties of these vessels (Figure 24.).

lbosilor a.
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Figure 24.

Visual representation of our written
software analyzing the vertebrobasilar
reconstruction of a patient. The program
identifies the arteries based on the
confluence of the two vertebral arteries in a
fixed position. The program creates the
centerline for each vessel and measures the

different geometrical indices. Own picture.

To eliminate artefact-based differences and to identify the dominant VA, a

difference higher than 0.3 mm was set based on earlier publications [66, 73]. The cross-

sectional area, curvature, torsion, and tortuosity were measured on both vertebral

arteries. The VA curvature was defined as the inverse of the radius of the local

osculating circle along the centerline of the vessel and VA torsion as the amount by

which the osculating plane rotates along the centerline. VA tortuosity was defined as the

centerline length of the vessel divided by the shortest distance between the start and the

40



end of the vessel. On the BA, we measured the length, volume, curvature, and cross-
sectional area. The bending direction of the BA was measured with a 2-step process.
First, we connected the confluence of the two VAs and the basilar top with a straight
line. Second, we measured the median deviation from this straight line on the X axis.

BA torsion and tortuosity was also measured.

3.2.3. Statistical analysis

A descriptive analysis (mean, standard deviation, and percentages) for the risk
factors and vertebrobasilar parameters was calculated with SPSS Statistics v2.4. ACE
univariate genetic modeling was performed with the RStudio version 1.3.1093 and
OpenMx 2.18. The phenotypic variance of the different morphological parameters was
decomposed into heritability (A), shared (C), and unshared (E) environmental effects
(ACE analysis). A heritability estimate was calculated using within-pair correlation
between MZ and DZ twins with 95% confidence intervals (Cl). We compared the
saturated model (correlation matrix without zygosity) and the ACE model (correlation
matrix including zygosity) for each parameter. If the two model greatly differed the
results were considered only as informative. To investigate whether the anthropometric
or cardiovascular risk factors influenced the morphological indices beyond age and sex,
bivariate regression analyses were performed. Based on these regression models,
covariates were added to further adjust the heritability models (Model 1 and Model 2).
For each morphological phenotype, Model 1 was only adjusted for age and sex, while
Model 2 was additionally corrected for all the risk factors with significant relationship.
The best fitting ACE models were chosen based on comparing 2*log-likelihoods and on
the Akaike and Bayesian information criterion (AIC and BIC). 2*log-likelihood
describes how well a model fits the data and usually are compared between two models
to get the better fitting model. While AIC and BIC are derived from the 2*log-
likelihood and measures a model’s degree of freedom and the number of parameters
included in the model. AIC and BIC both increases if more parameters are added into

the model. Both parameter favors the less complicated and the better fitting model.
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4. RESULTS

4.1. Study 1. Laterality of deep white matter hyperintensity correlates with basilar

artery bending and vertebral artery dominance

290 patients with TOF and FLAIR MRI sequences were involved (Table 3.). The
average age of the whole cohort was 52.4+17.6 years and 59.3% of them were female
(118 male / 172 female). The WMH group consisted of 204 patients (average age was
57.6£16.7 years; 57.8% female) and the control group consisted of 86 patients (average
age 40.2+13.0 years, 62.0% female). The median age of the WMH group were
significantly higher (x=62) compared to the control group (x=37, p<0.001 - Mann-
Whitney U test). Both hypertension and diabetes were significantly more common in
the WMH group compared to the control group (p=0.004, OR= 8.75 and p<0.001, OR=
4.08, respectively - Fisher’s Exact test).

Table 3. General demographic data and risk factors between our different groups.

Whole Cohort Control group Deep WMH
group
(n=290) (n=86) (n=204)
General demographic data
Age (year, MeantSD) 52.4 40.2 57.6
Sex (Male:Female) 118 : 172 32:54 86/118
Risk factors (n)
) 115
Hypertension 126 11 (8.73%)
(91.26%)
Diabetes 38 4 (10.52%) 34 (89.47%)
Hyperlipidemia 18 4(22.22%) 14 (77.78%)
Basilar artery length (mm) 24.2 22.74 24.87
Basilar artery diameter (mm) 3.61 3.54 3.67
Basilar artery area (mm?) 10.56 10.04 10.81
Basilar artery volume (mmsg) 256.93 229.32 269.73
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Deep WMH

Whole Cohort Control group group
BA deviation from centerline (mm) 2.03 1.43 2.29
Basilar artery tortuosity (%) 7.17% 5.05% 8.15%
Basilar artery torsion (%) 15.32% 14.57% 15.67%
Left vertebral artery diameter (mm) 2.87 2.81 2.90
Right vertebral artery diameter (mm) 2.68 2.66 2.69
VA dimension difference (mm) 0.76 0.69 0.79
Vertebral artery angle (°) 66.16 66.03 66.22
Left vertebral artery curvature (%) 12.31% 11.97% 12.47%
Right vertebral artery curvature (%) 12.83% 12.42% 13.02%
Left vertebral artery tortuosity (%) 12.92% 9.76% 14.39%
Right vertebral artery tortuosity (%) 11.03% 8.23% 12.32%
Left vertebral artery torsion (%) 13.86% 13.46% 14.04%
Right vertebral artery torsion (%) 12.73% 17.87% 10.03%

As expected, left VA dominance was more common (Table 4.). In contrast,

vertebra artery curvature (x=0.15, p<0.001 - Mann-Whitney U test) and torsion (Xx=4.9,

p=0.002 - Mann-Whitney U test) was significantly higher in the non-dominant VA. We
found that the VA region WMH burden was significantly higher on the non-dominant
hemisphere of the VA (p=0.006, OR=0.13 - Fisher’s Exact test). VA angles were
similar between groups WMH/Control and Left dominant/Right dominant VA. 66
patients had less than 0.3 mm difference between the two vertebral artery cross-section
and were classified as even. These patients showed no correlation with cerebellar WMH

laterality.

43



Table 4. Laterality of dominant vertebral artery.

Whole Cohort  Control group Deep WMH group

(n=290) (n=86) (n=204)
Side of dominant vertebral artery
Right side (>0.3mm difference) 84 26 58
Left side (>0.3mm difference) 139 39 100
Classified as even 66 20 46

VA dominance and bending direction of the BA correlated inversely (p<0.001,
r=-0.56 - Spearman correlation), which has already been reported in previous
publications [10, 66]. There were 3 times more patients with the right bending BA and
left dominant VA in the whole cohort (Table 5.). We found that the tortuosity
(x=0.05%, p=0.019 - Mann-Whitney U test), the length (x=24.13, p=0.005 - Mann-
Whitney U test) and mean cross-sectional area of the BA (x=10.73, p=0.007 - Mann-
Whitney U test) were significantly higher in the WMH group. BA region WMH
dominance was significantly higher on the opposite side of the BA curve (p=0.002,
OR=0.06 - Fisher’s Exact test).

Table 5. Bending direction of the basilar artery between our different groups.

Whole Cohort  Control group Deep WMH group

(n=290) (n=86) (n=204)
Bending direction of the BA
Right curve 143 36 107
Left curve 41 7 34
Classified as even 106 43 63
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Logistic regression which included the whole cohort showed age (b=0.56,
p<0.001, OR=1.06) and hypertension (b=1.33, p<0.001, OR=1.23) as predictors for
PCA region WMH burden severity. From the 290 patients: 72 patients’ posterior
communicating artery was detectable on both sides (25%), 56 patients (19%) had left
hypoplastic/ occluded and 67 patients (23%) had right hypoplastic/occluded posterior
communicating arteries. 95 patients (33%) had hypoplastic/occluded posterior
communicating arteries on both sides. Out of these 95 patients 73 had WMHs in the
PCA regions. Logistic regression including the aforementioned 73 patients revealed
basilar deviation from the centerline (b=0.316, p=0.013, OR=1.37) as a predictor for
PCA region WMH laterality.

4.2. Study 2. Are the Morphological Indices of the Vertebrobasilar System
Heritable? A Twin Study Based on 3D Reconstructed Models

In this study, of the 200 twins (100 pairs), 134 were MZ (67 pairs) and 66
were DZ (33 pairs). The average age was 49.6 (SD: £14.4) and 56.0 (SD: +15.2)
years in the MZ and DZ groups, respectively. The two groups were significantly
different in age (p = 0.004). The male to female ratio was 44:90 (67% female) in
the MZ group and 23:43 (65% female) in the DZ group. No significant difference
was observed between the MZ and DZ groups regarding anthropometric variables
and risk factors. Table 6. shows the risk factors and the measured characteristics of

our population.

Table 6. Demographic, clinical characteristics, and vessel morphological
measurements by zygosity. *: Indicates a significant difference between the mono-
and dizygotic groups. BMI: body mass index; MZ: Monozygotic; DZ: Dizygotic.

Total MZ DZ p
Zygosity (n pairs) 100 67 33 -
Age 51.66 49.57 56 0.004 *
Sex (F:M) 132:67 90:44 43:23 -
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Total MZ DZ p
Does weekly exercise 63.00%  68.65% 51.51% 0.02 *
Alcohol consumption once a week 54.00%  52.23% 59.09% 0.29
Ever Smoked 27.00%  28.35% 24.24% 0.60
Height (cm) 167.95 167.90 168.05 0.91
Weight (kg) 72.75 72.52 73.22 0.74
BMI (kg/m?) 25.74 25.56 26.12 0.41
Diagnosed with diabetes 8.50% 9.70% 6.06% 0.41
Diagnosed with hypertension 30.50%  30.60% 30.30% 0.95
Diagnosed with dyslipidemia 24.50%  24.62% 24.24% 0.97
Basilar artery length (mm) 24.08 23.77 24.73 0.14
BA diameter (calculated mm) 3.42 3.39 3.49 0.23
Basilar artery area (mm2) 9.43 9.23 9.84 0.17
Basilar artery volume (mm3) 218.28 210.47 234.49 0.05
Basilar artery curvature (mm) 2.57 2.51 2.68 0.06
Basilar artery tortuosity (%) 6.37% 6.03% 7.08% 0.35
Basilar artery torsion (%) 11.29%  10.59% 12.57% 0.19
Left vertebral a. diameter (mm) 2.44 2.44 2.45 0.92
Right vertebral a. diameter (mm) 2.36 2.36 2.36 0.91
VA dimension difference (mm) 0.75 0.71 0.82 0.22
Left vertebral artery curvature (%) 7.79% 7.88% 7.61% 0.42
Right vertebral artery curvature (%) 8.10% 8.14% 8.04% 0.77
Left vertebral artery tortuosity (%) 11.77%  11.12% 13.10% 0.23
Right vertebral artery tortuosity (%) 11.57%  10.71% 13.35% 0.07
Left vertebral artery torsion (%) 12.34%  12.64% 11.73% 0.51
Right vertebral artery torsion (%) 12.62%  12.75% 12.35% 0.78
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Table 7. shows age- and sex-adjusted parameter estimates for additive

genetic (A), common environmental (C), and unique environmental influences (E)
on the different measured parameters by structural equation modeling. The within-
pair correlation in MZ twins was higher than in DZ for the BA length (0.616 vs.
0.288) and BA volume (0.646 vs. 0.016).

The age- and sex-adjusted additive genetic effect, within the most
parsimonious model, accounted for 63% (95% CI: 45.7—-75.2%) of the variance of
the BA length and 60.1% (95% ClI: 42.4-73.2%) of the variance of the BA volume.
Unshared environmental effects accounted for 37% (95% CI: 24.8-54.3%) of the
variance of the BA length and 39.9% (26.8-57.6%) of the variance of the BA

volume.

Although the within-pair correlation was higher in MZ twins than DZ for
the VA diameter difference, left and right VA tortuosity, the ACE model differed
significantly for these parameters from the saturated model, therefore, these results
were only informative. The right VA curvature was moderately influenced by
additive genetic factors (21%; 95% CI: 0-42.1%), and it was highly determined by
the unshared environment (78.4%; 95% CI: 57.2-100%).

No heritability was found for the rest of the measured parameters. There
was no within-pair correlation for either MZ and DZ twins for the left and right VA
torsion, therefore, the majority of the variances could be attributed to unshared

environmental effects.
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Table 7. Age- and sex-adjusted estimates for genetic (A), shared environmental (C),
and unshared environmental (E) influence on the different measured parameters by
structural equation modeling (95% confidence intervals). The most parsimonious,
univariate structural equation model estimates are marked with *and highlighted as
bold. BA: basilar artery; VA: vertebral artery; r: Intrapair correlation; MZ:

Monozygotic; DZ: Dizygotic.

Model A 95%CI C 95%Cl E 95% ClI
BA length (mm) A-C-E 063 0457-0752 0  0-0445 037  0.248-0.543
rMZ: 0.616 (0.434 0.749) A-E* 0.63 0.457-0.752 0.37 0.248-0.543
rDZ: 0.288 (—0.048 0.566) C-E 0.503 0.331-0.641 0.497 0.359-0.669
BA area (mm?) A-C-E 0.13 00571 0.252 0-0.513 0.618  0.426-0.827
rMZ: 0.361 (0.127 0.558) A-E  0.4090.192-0.585 0.591 0.415-0.808
rDZ: 0.346 (0.020.606) ~ C-E* 0.354 0.168-0516 0.646  0.484-0.832
BA volume (mm3) A-C-E 0.6010.255-0.732 O 0-0.292 0.399 0.268-0.576
rMZ: 0.646 (0.4740.771)  A-E* 0.6010.424-0.732 0.399  0.268-0.576
rDZ: 0.016 (—0.316 0.347) C-E 0.452 0.281-0.596 0.548 0.404-0.719
BA curvature (mm) A-C-E O 0-0.371 0.164 0-0.347 0.836 0.653-1
rMZ: 0.117 (-0.133 0.354) A-E  0.174 0-0.388 0.826 0.612-1
rDZ: 0.231 (—0.098 0.514) C-E* 0.164 0-0.347 0.836 0.653-1
BA tortuosity (%) A-C-E 0.099 0-0.627 0.395 0-0.618 0.507  0.345-0.699
rMZ: 0.492 (0.2750.663)  A-E 0515 0.32-0.664 0485  0.336-0.68
rDZ: 0.464 (0.162 0.686) C-E* 0.475 0.297-0.621 0.525 0.379-0.703
BA torsion (%) A-C-E O 0-0.239 0 0-0.196 1 0.761-1
rMZ: —0.003 (—0.246 0.241) C-E 0 0-0.196 1 0.804-1
rDZ: —0.016 (-0.3450.317) E* 1 1

Left VA diameter (mm)  A-C-E 0.003 0-0.436 0.229 0-0.412 0.768 0.563-0.965
rMZ: 0.255 (0.011 0.473) A-E  0.249 0.03-0.445 0.751  0.555-0.97
rDZ: 0.213 (—0.124 0.506) C-E* 0.232 0.035-0.412 0.768 0.588-0.965
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Model A  95% CI C 95%Cl E 95% ClI

Right VA diameter (mm) A-C-E 0.181 0-0.601 0.257 0-0.559  0.562  0.39-0.765

rMZ: 0.454 (0.236 0.629) A-E  0.4530.254-0.612 0.547  0.388-0.746
rDZ: 0.339 (0.016 0.598) C-E* 0.41 0.228-0.564 0.59 0.436-0.772
VA difference (mm) A-C-E 023 0-0.444 0 0-0.29 0.77 0.556-1
rMZ: 0.306 (0.064 0.514) A-E* 023 0-0.444 0.77 0.556-1
rDZ: —0.089 (—0.405 0.248) C-E 0.144 0-0.335 0.856 0.665-1

Left VA curvature (%) A-C-E 0.064 0-0522 0.274 0-0.494 0662 0.474-0.858
rMZ: 0.349 (0.116 0.547) A-E  0.3580.148-0.535 0.642  0.465-0.852
rDZ: 0.284 (—0.061 0.567) C-E* 0.329 0.139-0.495 0.671 0.505-0.861

Right VA curvature (%) A-C-E 0216 0-0.428 0  0-0292 0784  0572-1
rMZ: 0.27 (0.0270.483)  A-E* 0216 0-0.428 0784  0572-1
¥DZ: —0.066 (~0.381 0.263) C-E 0141 0-0327 0859  0.673-1

Left VA tortuosity (%) A-C-E 0.339 0-0.635 0.124 0-0.522 0.536  0.365-0.769
rMZ: 0.409 (0.185 0.594) A-E* 0.4760.263-0.638 0.524  0.362-0.737
rDZ: 0.349 (0.018 0.611) C-E 0.386 0.2-0.545 0.614 0.455-0.8

Right VA tortuosity (%) A-C-E 0.5570.043-0.711 0 0-0.391  0.443  0.289-0.659

rMZ: 0.477 (0.248 0.655) A-E* 0.5570.341-0.711 0.443  0.289-0.659
rDZ: 0.281 (—0.048 0.556) C-E 0.385 0.199-0.544 0.615 0.456-0.801
Left VA torsion (%) A-C-E 0.057 0-0.271 0 0-0.23 0.943 0.729-1
rMZ: 0.078 (—0.167 0.316) C-E 0.039 0-0.233 0.961 0.767-1
rDZ: —0.06 (—0.3950.292) E* 1 1
Right VA torsion (%) A-C-E 0 0-0.168 0 0-0.186 1 0.814-1
rMZ: —0.1 (—0.336 0.149) C-E 0 0-0.186 1 0.814-1
rDZ: 0.225 (—0.104 0.512) E* 1 1

The final ACE models were corrected for age, sex, sport activity, alcohol,
smoking, diabetes, hypertension, dyslipidemia, height, weight, and BMI. We
constructed models where we only corrected for age and sex and compared the two
types of models for all the examined variables. Table 8. shows the variables where there

was a significant difference between the models.
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Table 8. Significant differences between the variables after correcting the final ACE
models for age, sex, sport activity, alcohol, smoking, diabetes, hypertension,
dyslipidemia, height, weight, and BMI. -2LL_base: -2*Loglikelihood of the model
containing all the variables, -2LL_reduced: -2*Loglikelihood of the model containing

only age and sex, p: P-value of the likelihood ratio test; VA: vertebral artery.

-2LL Base -2LL Reduced p
Basilar area 242.4058 280.1872 <0.001
Basilar volume 360.3536 401.4033 <0.001
Basilar diameter 292.5449 330.3450 <0.001
Left VA curvature 22.15288 37.39575 0.05
Right VA curvature 12.94010 39.96847 <0.001
Left VA diameter 418.4466 435.5442 0.03
Basilar length 1144.393 1165.349 0.01

From the fitted ACE models, we identified several significant environmental
variables in our models, and two of them (smoking, height) were consistent across
similar variables, therefore, we could conclude that smoking and height had a
significant effect on the dimensions of the BA, and smoking may also affect the VA (we
could only fit the ACE model on the left VA, therefore, we do not have regression data
about the right side) (Table 9.).

Table 9. Smoking and height were consistent across similar variables and showed a
significant effect on the dimensions of the basilar artery, while only smoking affects the

vertebral artery.

Model Smoking (Binary) Height (cm)
Left VA diameter 0.22 (0.002, 0.435) Not significant
Basilar diameter 0.212 (0.049, 0.375) 0.025 (0.012, 0.037)
Basilar volume Not significant 0.03 (0.015, 0.045)
Basilar area 0.188 (0.043, 0.332) 0.022 (0.011, 0.033)

95% confidence intervals in the parenthesis
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We should note that a few of our environmental variables did correlate (Figure
25.). Therefore, it is possible, that in a few cases we could not show significant effects,

when in reality they may exist due to multicollinearity.

B
Correlation
Height - - - 048 -0.06
-1.0 -05 00 05 1.0

Dyslipidaemia . 0.1 31028
Hypertension . 023 -012 025 0.36
Diabetes - 026 019 -014 015 024
Smoking . 014 008 005 0 004 0.05

Alcohol .-o,oe 016 -0.08 0.06 017 0 -0.11

Sport - 0.08 -0.03 -0.04 -0.08 -0.04 -0.06 -0.19 -0.17

e
Sex . 02 -0.19 0.02 0.05 -0.02 -0.18 .-ﬂ -} -0.15

e . 0.04 -0.19 -005 0.12 0.3 033 031 -0.16 028 047
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Figure 25.
Spearman correlation table of the investigated risk factor and the measured
characteristics of our population made with RStudio (version 1.3.1093). BMI: body

mass index. Own picture.
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5. DISCUSSION

The aim of our clinical study was to investigate whether WMHSs of the posterior
brain regions, seen on T2-weighted FLAIR MR images, are influenced by the
morphological properties of the vertebrobasilar system. These WMHSs have been linked
to stroke as a risk factors [41, 42]. Although the relationship between VA dominance
and the bending direction of the BA has already been researched, most of these studies
focused on the connection with stroke and post-stroke outcomes [69, 82]. As expected,
the left VA was more dominant, which can be linked to the fact that the left subclavian
artery branches directly from the aortic arch [91]. Our results show that one side VA
hypoplasia leads to BA bending of the opposite direction which was consistent with
previous reports [69]. This may be explained with inconsistent WSS on the vessel wall
caused by asymmetrical blood flow over decades. These effects can lead to increased
risk for atherosclerosis on the small curve of the BA [10]. Patients in the WMH group
had BAs with increased length, tortuosity, and volume, which was also observed in
patients with dolichoectasia [92]. This is in accordance with the observation that among
all the intracranial arteries, the BA shows concentric intimal thickening and elastin loss,
all of which point toward a predisposition to dilatation and as such has the highest
prevalence of dolichoectasia amongst all the intracranial arteries [93]. Intracranial
arterial dolichoectasia can be defined, as an increased diameter (Ectasis) and/or long
and tortuous course (Dolichos) of at least one cerebral artery, and is considered as an
independent risk factor for stroke [94]. However, to be classified as dolichoectasia the
diameter of the basilar artery has to be more than 4.5 mm and all of our patients were
below this criteria [95]. Our results showed that age and the occurrence of hypertension
and diabetes were significantly higher among WMH patients which was in accordance
with previous studies [39]. The average age of WMH group patients was 57.6+£16.7
years. At this age range, approximately 20-55% of the population has WMH lesions
which can go up to almost 100% by the age of 90 [38]. Strassburger et. al. showed that
hypertensive patients had significantly higher WMH burden compared to normotensive
age-matched patients [96]. These hyperintense lesions are either caused by small
subcortical infarcts or more often by a process called incomplete infarction, reflecting
chronically reduced blood flow caused by morphological changes in vessels and
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arteriolosclerosis [79]. We found a significantly higher VA region WMH burden,
increased vessel curvature, and torsion on the non-dominant side of the VA. Different
VA flows have been linked to posterior inferior cerebellar artery territory infarctions on
the hemisphere of the non-dominant VA [66, 69, 73]. BA region WMH burden was
higher on the opposite side of the bending direction of the BA. The causation of this
might be the lower blood perfusion in the perforating arterioles branching from the
small curve of the basilar artery or that a micro-thrombi formed on atherosclerotic

plaques (Figure 26.).

Figure 26.
Lateral perforating arterioles of the basilar artery. Own picture.

BA bending has also been linked to pontine infarction on the opposite
hemisphere as the BA curve [66, 69, 73]. Zhang et al. identified a BA curvature greater
than 3.77 mm as an independent risk factor for pontine infarction [73]. These findings
suggest that there might be a stronger etiological connection between subtentorial
WMHSs and manifested strokes in these regions. WMH severity has been linked to
increased risk of stroke and higher cognitive decline after stroke [42]. Jeerakathil et. al.
found a strong relationship between the Framingham Stroke Risk Profile (FSRP) and its
component risk factors and WMH [83]. A study by Fu et. al. showed that patients with

53



high WMH burden had increased risk of deep subcortical stroke and a higher risk of
recurrent stroke but did not assess whether the laterality of WMHSs correlated with the
laterality of the patient’s stroke [81]. In our investigation we assessed WMH severity in
each region with the ARWMC scale and compared it with BA curvature and VA

diameter but did not find any connections.

In the PCA regions logistic regression involving all 290 patients identified, as
expected, age and hypertension as independent risk factors, however, none of the basilar
morphological indices showed significance for the severity of the white matter
hyperintensities. This could be explained with the posterior communicating arteries
providing anastomoses to the vertebrobasilar system and decreasing the effects of the
BA morphology. After selecting patients, with both posterior communicating artery
hypoplastic/occluded, logistic regression showed BA deviation from the centerline as
risk factor for WMH laterality. We hypothesize that in these cases the BA may supply
the majority of blood for the two PCAs [97]. Furthermore, the bending direction of the

BA may create an asymmetrical perfusion in the two PCAs.

In our twin study we investigated the heritability of the different vertebrobasilar
morphological indices. Our research group has already investigated VA diameter
difference and heritability [75], however that study utilized ultrasound as imaging
technique and only investigated the V1 and V2 segments of the vessel. Our hypothesis
was that most of the measured vertebrobasilar parameters are influenced by genetic
factors, which we based on our previous findings [75]. To the best of our knowledge,
this was the first twin study that measured the heritability of morphological indices of
the intracranial vertebrobasilar system. We demonstrated that the length and volume of
the BA is genetically determined, but the role of unique environmental effects remain an
important factor. Furthermore, the right VA curvature was only partly genetically
influenced, but was greatly impacted by unshared environmental effects. The remaining
measured anthropometric indices were affected by shared and unshared environmental

effects.

VA difference in diameter and VA hypoplasia are common anatomical
variations that can be found on MRI scans [91]. VA difference in diameter can increase
the risk of cerebellar ischemic stroke [66, 69]. The hemodynamic mechanism of the
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ischemic stroke in patients with increased VA diameter difference is not yet completely
understood, but embolization, caused mainly by atherosclerosis seems to be a
predisposing factor [91, 98]. The smaller caliber size of the non-dominant VA may
result in a lower blood flow and irregular WSS in the BA, which increases the risk of
prothrombotic or atherosclerotic processes leading to increased curvature, stenosis, or
occlusion [98, 99]. Hong et al. found that amongst posterior inferior cerebellar artery
infarction patients, 72.7% of these lesions occurred on the non-dominant side of the VA
[66]. Our results show that the V4 section of the VA on both sides was mainly
influenced by shared and unshared environmental factors. In contrast, our research
group previously in 2017 demonstrated that the diameter of the V1 and V2 segments of
the VA on ultrasound was moderately heritable [75]. This difference may arise from the
fact that the V4 segment of the VA is more distal from the heart, decreasing the effects
of hemodynamic secondary flows in the V4 segment [24]. However, our results also
showed that the right-side VA curvature was moderately heritable. This could be, in
theory, explained with a lower flow on the right side due to it not directly branching off
the aortic arch and thus having lower but more consistent WSS and flow velocities.
Yuan et al. found that the asymmetry and variance of the V1-V2 segments are less
common compared to the V4 segments [100]. Wake-Buck et al. identified VA curvature
and orientation at the two VA’s confluence as important factors affecting blood flow
velocities based on computational fluid dynamics modeling [10]. It has been shown that
the uneven VA flow may cause curving and elongation of the BA [7]. The BA length
and bending direction has also been linked to increased risk for pontine and thalamic
ischemic stroke [6,7]. BA curvature showed a high unshared environmental effect
(83.6%; 95% CI: 0.633-1). These findings are in line with previous studies, which
suggested that hemodynamic changes caused by lifestyle and comorbidities such as
hypertension and diabetes along with VA difference in diameter are the main cause of
BA bending. Jeong et al. demonstrated that patients with deep pontine lacunar infarcts
were older, had a bigger VA difference in diameter, and measured higher BA
angulations [68]. Zhang et al. found similar trends and an added history of hypertension,
smoking, high homocysteine, high cholesterol, and type 2 diabetes as risk factors for
pontine infarction in patients with increased BA curvature [73]. We found that smoking

affected the dimension of the BA, however diabetes, hypertension, and dyslipidemia did
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not correlate significantly. Kwon et al. found that among the patients diagnosed with
pontine infarcts, the BA volume was higher in paramedian pontine infarcts (p = 0.016),
while the BA length was higher in lacunar pontine infarcts (p = 0.034) [101]. Our
results showed that the BA length and volume was moderately heritable. This may be in
part explained by the outcome of recent brain volume twin studies, in which Zhao et al.
found high brainstem volume heritability [102]. Our hypothesis is that under normal
anatomical circumstances, the basilar artery volume and length would increase along
with an individual’s brainstem volume, but also be affected by hemodynamic
disturbances caused by shared and unshared environmental factors. However, further
studies are needed to elucidate if there is an overlap between the heritability of

brainstem volume and BA length and volume phenotypes.

5.1. Limitations

Both presented studies had a number of limitations. Our first study had a single-
center design, which makes it non-generalizable for the general population. The patient
history charts lacked data such as CVD risk factors, height, weight, or BMI. The TOF
MRI images we used in this study visualize the blood flow in the posterior intracranial
circulation rather than assess the anatomical properties of the vessels. BA diameter was
calculated using BA area. The length of the VA V4 section was not measured, as there
is no specific anatomical landmark, where the V3 section ends on a 3D vascular model.
We could not include blood flow measurements in the different arteries as TCD
examination was not part of the protocol to assess clinical patients. Therefore, we could
not simulate blood flow in our models to estimate WSS in the vertebrobasilar system.
WMH burden was assessed based on only FLAIR MRI sequence, which may produce
artifacts in the infratentorial regions. Furthermore, lack of automated quantitative
measurements for WMH area size limited the severity assessment. During our statistical
analysis we used Mann-Whitney u test which only works as a method of selection.
Significant results should be tested further to prove causal connection between the
grouping variable and the examined variable. However, considering the number of

variables measured, this was out of the scope of this paper.
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In our second study our twin population is not an accurate representation of the
general population. Neither of our studies contained flow velocity measurements of the
vertebral arteries, there was no proof of weakened compensation of the non-dominant
VA. Our monozygotic twin population was also significantly younger than our
dizygotic and thus the exposure to environmental factors may have been shorter in this
group. Lastly, although VA diameter difference showed higher monozygotic within-pair
correlation, it did not fit the saturated model significantly. Consequently, no exact
conclusion can be drawn from this finding except that the heritability of this parameter
cannot be ruled out, and a larger population size is required to better understand this

index.
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6. CONCLUSIONS

In conclusion, we created a standardized and semi-automated technique to
recreate and to measure the morphology of the vertebrobasilar system. Our data
suggests that the severity of WMH burden is mainly influenced by age and
hypertension, while the localization of the WMHSs (or laterality) is mainly influenced by
vessel morphology. In the VA region WMH burden was significantly higher on the non-
dominant VA side. In the BA region WMH burden was significantly higher on the
opposite side of the BA curve. Increased BA curvature with increased infratentorial
lateral WMH burden may be a signal for inadequate blood flow and chronic ischemia.
Our data showed that BA morphology may only effect PCA region WMHs when the
posterior cerebral communicating arteries are hypoplastic or occluded. Further studies
are needed to better understand the supratentorial effects of the BA morphology. VA
dominance and the bending direction of the BA showed and opposite directional
relationship meaning that a left dominant VA may lead to a right-side bending BA over
decades. The length and volume of the BA showed moderate genetical influence.
However, most of the measured morphological indices were influenced by shared and
unshared environmental factors, which may highlight the complex hemodynamic
background of the vertebrobasilar system. These findings support further collaborative
initiatives to localize the specific genes involved in the vertebrobasilar system’s

development and regulation.

The potential clinical relevance of these findings is that it might play a role in
the development of detecting intracranial hemodynamic disturbances and it may be used
in future stroke prevention methods. However, further studies are needed to elucidate

the associations between vertebrobasilar morphology and WMH severity.
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7. SUMMARY

The vertebrobasilar system is unique in anatomical terms, as it is the only
instance in the human body where a third artery is formed by the merging of two
arteries. Asymmetrical vertebral artery (VA) flow and diameter are common findings,
and the vertebral system is often left dominant. Unequal VA flow may lead to complex
secondary blood flow patterns in the basilar artery (BA), which may cause bending of
the artery over time. Increased VA diameter difference, tortuosity and torsion and
increased BA curvature and tortuosity may cause oscillating and low wall shear stress,
which plays an important role in the pathogenesis of atherosclerosis. These changes
over time may lead to vertebrobasilar insufficiency. Increased white matter
hyperintensity (WHM) burden has been considered as an indicator for inadequate blood
perfusion on T2 weighted Fluid-attenuated inversion recovery images. The presence of
WMH triples the risk of stroke and doubles the risk of dementia. Previous publications
showed significant correlation between vertebrobasilar artery morphology and stroke
localization. However, the connection between WMHs and large cerebral artery
morphology is not yet fully understood. Furthermore, the genetic and environmental
determinants influencing the development of the vertebrobasilar morphological indices
are not yet clear.

We created a standardized and semi-automated technique to recreate and to
measure the morphology of the vertebrobasilar system. We demonstrated that VA
dominance influences the morphological indices of the BA. These changes correlate
with WMH localization and burden. Increased bending direction of the BA with
increased infratentorial lateral WMH burden may be a signal for inadequate blood flow
in conjunction with chronic ischemia. We used the classical twin model and revealed
that most of the VA and BA morphologic were influenced by shared and unshared
factors which highlights the complex hemodynamical background of the vertebrobasilar

system. BA length and volume showed moderate genetic influence.
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8. OSSZEFOGLALAS

A vertebrobasilaris rendszer anatémiai szempontbol egyediilallo, mivel ez az
egyetlen érrendszer az emberi testben, ahol két artéria 6sszedmlésébol egy Uj artéria
keletkezik. Asszimetrikus arteria vertebralis (VA) aramlas és atmér6 gyakran figyelhet6
meg rutin radioldgiai vizsgalatok soran , mely az esetek tobbségeben bal dominans. Az
egyenldtlen VA aramlas kovetkeztében komplex masodlagos véraramlasi mintazatok
keletkeznek az arteria basilarisban (BA), melyek idével az ér gorbiletének
fokozdasahoz vezethet. Megnovekedett VA atmérd kilonbség, tortuozitas és torzid,
valamint a megnovekedett BA gorbulet és tortuozitds alacsony és oszcillald fali
csUsztato-fesziltséget okozhat, mely fontos szerepet jatszik az érelmeszesedés
patogenezisében. Ezek a valtozasok idOvel vertebrobasilaris inszufficienciahoz
vezethetnek. Fokozott fehérdllomanyi hiperintenzitds (WMH) terhelés az elégtelen
perfuzié egyik indikatoranak tekintheté T2 sUlyozott Fluid-attenuated inversion
recovery szekvencian. A WMH-k jelenléte megharomszorozza a stroke kockazatat es
megduplazza a demencia kockazatat. A korabbi publikéciok szignifikans 6sszefliggést
mutattak a vertebrobasilaris rendszer morfoldgiaja és a stroke lokalizacioja kozott.
Ugyanakkor a WMH-k és a vertebrobasilaris morfologia kdzotti kapcsolatot eddig még
nem kutattdk. Emellett a vertebrobasilari morfoldgiai indexek kialakulasat befolyasold
genetikai és kdrnyezeti meghatarozék még nem tisztazottak.

Kutatdcsopurtunk egy standardizalt vizsgalati protokollt hozott létre, mely
alapjan a vertebrobasilaris erek 3D rekonstrukcidjat és féel-automata mérését végeztik.
Kimutattuk, hogy a VA dominancidja befolyasolja a BA morfoldgiai tulajdonsagait.
Ezek a valtozasok korreladlnak a WMH-k lokaliz&cidjaval és kiterjedésével. A BA
gorblletének és az infratentorialis WMH Kiterjedésének ndvekedése az elégtelen
perfuzio egyik eldjele lehet. A klasszikus ikermodell segitségével kimutattuk, hogy a
VA és a BA morfoldgiai valtozasainak tobbségét kornyezeti tényezok befolyasoltak. A
BA hossza és térfogata mérsékelt 6roklddést mutatott.
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