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INTRODUCTION :

Moyamoya disease is a fairly rare, non atherosclerotic ischemic disease characterized
by chronic progressive intracranial terminal ICA narrowing with opening up of
collaterals from lenticulostriate arteries resulting in the characteristic puff of smoke
appearance on angiography. The stenosis commonly extends to the proximal MCA

and ACA and rarely to PCA and basilar artery ( 1),(2).

The disease has a bimodal age distribution, predominantly affecting children in the
first decade and another peak is seen in adults later on in life (3),(4),(5). It is the most

common cause of pediatric strokes in Japan. (1)

A systematic review by B.J. Sudhir et al proposed a mechanobiological hypothesis on
the pathogenesis of moyamoya disease (MMD) (6). It was observed that in MMD
patients, there was a loss of tortuosity in ICA measured in terms of cavernous
supraclinoid angle of ICA(7),(8). It is believed that the higher cavernous supraclinoid
ICA angle exerted a higher hemodynamic stress at ICA bifurcation. This higher wall
shear stress could theoretically lead to vessel wall remodelling and narrowing as in

MMD. (9),(10)

Kim T et al (8) found shorter distance measured from carotid canal to the carotid

siphon in addition to higher cavernous-supraclinoid ICA angles.

Inter-carotid distance (ICD) has not been measured in patients with MMD. Sawant N
et al (11) measured ICD in pediatric patients with no skull base pathology and found
the narrowest ICD was at the level of the proximal dural ring measuring 13.4 mm.

Altered growth kinetics in MMD patients may affect tortuosity and ICD.

The outcome of this study is expected to give further credence to the mechano-
biological hypothesis for pathogenesis of MMD (6). It may give clarity on whether
the altered morphometrics are a cause or a result of the reduced ICA blood flow in

MMD. This in turn might alter the management protocols in the future.



AIM AND OBJECTIVES

Aim:

* To compare the ICA morphometric data between MMD patients and non MMD
cohort

Objectives:

* To study if there’s a correlation between the degree of morphometric variation and
occurence of MMD.

* To compare ICA morphometric data between adults and children with MMD to
assess if the morphometric variation is a result or a cause of progressive ICA

narrowing.



10
REVIEW OF LITERATURE

Moyamoya disease is characterised by progressive stenotic occlusion of supraclinoid
ICA starting at and around the ICA bifurcation(1). This results in opening of
lenticulostriate collaterals across diencephalic structures causing a hazy appearance
“like a puff of cigarette smoke drifting in the air” on conventional angiography, as
described in 1969 by Suzuki and Takaku(12). It was first described by Takeuchi and
Shimizu in 1957 as “case of hypoplasia of bilateral ICA”(13). MMD presents with
ischemic features in children where as in adults it is not uncommon to see a
hemorrhagic presentation (6.2% vs 1% in children)(13). Childhood strokes may be
precipitated by hyperventilation, coughing, crying, etc. This is due to the resultant
hypocapnea related vasoconstriction of the cerebral vasculature inducing ischemia in
an already compromised circulation(14). Hemorrhage is the presentation in 40-65%
adults with MMD usually in the region of basal ganglia (40%), thalamus (15%) or
ventricular system (30%)(15). Hemorrhagic MMD patients were found to have a
greater percentage of choroidal and thalamic anastomosis than ischemic MMD and
also were of significantly higher Suzuki grading(16). Patients also can present with
seizures due to areas of post infarct gliosis, focal neurological deficits, abnormal
movements due to infarcts in basal ganglia region(15), and visual field defects,
vertigo, ataxia etc due to involvement of posterior circulation(17). It is seen more in
south east asian countries like Japan, Korea and China. However, cases are also seen
in India and western countries albeit less commonly(18)(19). MMD tends to run in
families and 15% cases of MMD are familial. Female are affected twice as commonly

as males(13). Upto 18% cases have involvement of ICA only on one side.(20)

Moyamoya disease was graded in severity by Suzuki and Takaku in 1969 (12) as
shown in table 1. The disease starts with progressive narrowing of the intracranial
supraclinoid ICA bifurcation. This progressive stenosis leads to hypoperfusion
leading to opening up of lenticulostriate collateral vessels. These anastamosis are

broadly, 1. Network along the lateral ventricle formed by basal perforators and
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cortical vessels which traverse the brain, 2. Basal collateral network formed by union
of carotid and basilar perforators, 3. Surface of the brain formed by end to end
anastomosis of cortical and leptomeningeal vessels and dural vessels (21). Dural
extra cranial vault moyamoya vessels(13) can occur later and patients may complain
of headaches..

The possible etiopathogenesis of moyamoya disease was explored through a
systematic review by the co-principal investigator resulted in the postulation of a
mechanobiological theory for the pathogenesis of moyamoya disease(6). In this
review, six key factors i.e arterial tortuosity, vascular angles, wall shear stress,
molecular factors, blood rheology and and blood vessel wall strength were implicated
in the loss of balance of vascular homeostasis in MMD. A single-nucleotide
polymorphism of R4810K locus in the RNF 213 gene is definitively implicated in
patients with ischaemic MMD (22), where as in another locus A4399T is likely
associated with hemorrhagic type of MMD (23). Moyamoya Syndrome is the
occurrence of the changes in ICA in patients with known associated disorders like
neurofibromatosis, sickle cell disease, down’s syndrome, prior cranial radiation,
Grave’s disease, collagen vascular disorders, etc(21)(24). The natural history of the
disease includes ischemic symptoms due to progressive ICA narrowing over a decade
during which collaterals form. Once the collaterals form there is a phase of stability.

(25)

Grade Angiographic Finding

1 | Narrowing of the carotid bifurcation

2 | Initiation of lenticulostriate collaterals

3 | Intensification of moyamoya collaterals with disappearance of MCA and ACA

4 | Initiation of ECA collateral, further disappearance of supraclinoid ICA, narrowing of moyamoya
collaterals, disappearance of PCA

5 | Intensification of ECA collaterals, minimisation of moyamoya collateral vessels

6 | Disappearance of all moyamoya collaterals. All supply derived from ECA collaterals.
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DSA is believed to be the gold standard for diagnosing MMD. However, MRA has a
sensitivity of 73% and a specificity of 100% in diagnosing MMD.(26)

The treatment includes direct and indirect revascularisation procedures. STA MCA
bypass remains the most commonly done direct revascularisation procedure for
moyamoya disease and significantly reduces risk of future strokes in both the
ischemic and hemorrhagic subtypes (27) (16). Other procedures like STA ACA
bypass, STA PCA bypass and occipital artery- PCA bypass are also performed(28).
Indirect revascularisation take a longer time for ingrowth of vessels and to re-
establish circulation in the brain. Angiogenic factors in MMD are believed to be
higher in circulation and may have a role in indirect vascularisation. Indirect
procedures include encephalo-myo-synangiosis (EMS), encephalo-arterio-
synangiosis, encephalo-duro-synangiosis, encephalo-duro-arterio-synangiosis,
encephalo-duro-arterio-myo-synangiosis (EDAMS) and encephalo-duro-galeo
(periostea) synangiosis. Direct revascularisation procedure is superior to indirect
procedures and should be the mainstay as the benefits outweigh the risk associated
with the surgery (27) (29). In Sree Chitra Tirunal Institute of Medical Sciences and
technology we perform the combined procedure. The STA is tunnelled through the
base of the temporalis muscle to avoid kinking and STA MCA bypass is performed
(30). The dural flap is inverted and the temporalis muscle is stitched to the margins of
the durotomy completing the EDAMS procedure. Such a combined procedure is

superior to indirect techniques in increasing cerebrovascular reserve capacity (31).

Anatomy and development of ICA

Vascular modelling during embryogenesis and remodelling during life is described to
be part of a continuum. Anatomy influences formation of arterial pathologies, like
dolicoectasia, atherosclerosis, aneurysm and MMD through it’s myriad arterial
variations (32), (6). The ICA is the first intracranial artery to form on Day 24 of the
growing embryo. It is formed from the third branchial arch artery’s fusion with the

ipsilateral counterpart of the paired dorsal aortas. The 2nd branchial arch artery forms
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the ventral pharyngeal artery which disconnects distally from dorsal aorta to form the
ECA and fuses proximally with the 2nd branchial arch artery to form CCA. The ICA
thus, is the sole blood supply to meet the demands of the developing primitive brain.
There 1s a great link between demand and subsequent supply and resultant arterial
remodelling, not only during development but during adult life as well. Whenever a
tissue outgrows it’s blood supply angiogenesis is triggered due to tissue hypoxia and
there is ‘mechanical sprouting’, i.e. formation of capillaries. This leads to a fall in
impedance that leads to change in flow hemo-dynamics and subsequent vascular
remodelling. At 28 days, the ICA formed divides into anterior and posterior division.
The anterior division supplies the primitive optic and olfactory regions. The posterior
division develops into fetal PCA, posterior choroidal artery and superior cerebellar

artery.

As the occipital lobe, brainstem and cerebellum develop the posterior circulation
development gets initiated. At 4-5 mm stage of the developing embryo, there are a
pair of parallel neural arteries that supply the hind brain. Distally the developing hind
brain is supplied by the fetal PCA and a mesh of vessels on the surface of the
developing hind brain. Proximally, there are segmental arteries i.e trigeminal, otic,
hypoglossal and preatlantal arteries that carry blood from the ICA on that side to the
ipsilateral paired neural artery. The paired neural arteries fuse distally to form the
basilar artery at the 5-8 mm stage. The first 3 segmental arteries disappear within a
week of their first appearance. At 7-12 mm stage of the growing embryo, the
vertebral artery develops from the cervical intersegmental arteries fusion with the
proatlantal artery. The horizontal part of the vertebral artery that meet the proximal
end of the basilar artery is the incorporation of the proatlantal artery at the distal end
of developing vertebral artery. The origin of the vertebral artery from the subclavian
artery is at the level of the sixth cervical intersegmental artery.

At 35 days (11-12mm crown rump length of the embryo) the first MCA is seen. It is
primarily plexiform, and is a major blood supply to the developing brain. At the
16-18 mm stage of the embryo, the plexiform vessels fuse to give rise to a single

vessel. At 18 mm crown rump length the anterior division gives rise to ACA and this
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gives rise to the ophthalmic artery. The anterior communicating artery is formed at
the 21-24 mm stage (at 6-7 weeks) and around this time the fetal PCA gives rise to
posterior communicating artery and the distal fetal PCA proximally connects to the

basilar artery. (32)

The ICA is divided into 7 segments as per the boutelier’s classification (1996): (32)
(33)
* C1 (Cervical): Entry of the ICA from it’s origin at the bifurcation of CCA to it’s

entry into the carotid foramen at the base of skull

* C2 (Petrous): The part of the iCA within the carotid canal in the petrous part of the

temporal bone. The origin of the caroticotympanic artery is a good landmark for the
end of this segment.

» C3 (Laceral): The part of ICA from it’s exit from the carotid canal to the posterior

margin of foramen lacerum at the inferior margin of petrolingual ligament.

* C4 (Cavernous ICA): It begins at the superior margin of the petrolingual ligament

to the proximal dural ring. This part of the ICA has two parts. An initial ascending
part till the origin of the meningohypophyseal trunk where it turns horizontal. And a
horizontal cavernous part from the exit of the meningohypophyseal trunk till the
origin of the inferolateral trunk/ proximal dural ring.

* C5 (Clinoid): This is the part of the ICA between the proximal dural ring and origin

of the ophthalmic artery.
* C6 (Ophthalmic): This segment is present between the ophthalmic artery and origin
of PCOM artery.

* C7 (Communicating segment): This is the terminal segment of ICA starting at the

origin of PCOM till it’s bifurcation into MCA and ACA.

Inoue et al (34) classified intracavernous ICA into 5 segments morphologically
1. Posterior Vertical Segment
2. Posterior Bend

3. Horizontal segment
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4. Anterior bend
5. Anterior vertical segment
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MATERIALS AND METHODOLOGY

Design: Retrospective radio anatomical study.

Inclusion Criteria: Patients who have undergone MR TOF as part of pre operative

work up for MMD are included in the study.

Exclusion Criteria: Incomplete imaging or advanced disease that precludes accurate

measurements.

DATA COLLECTION PROCEDURES:

This is a retrospective radio-anatomical study. Data available in the hospital
electronics medical records and PACS will be used for this study and will involve
taking relevant measurements from MR TOF images of patients who were admitted
at SCTIMST for moyamoya disease and a cohort of patients with non MMD
pathologies undergoing MR TOF as controls like vasculitis, stroke, atherosclerotic

disease, etc.

In our study, we compare the ICA morphometric data between the above two groups,
analyse if there’s a correlation between the degree of morphometric variation and

severity of MMD Suzuki grading.

The different measurements we studied are:

- Angles:
- Sagittal plane-
- Cavernous ICA - Supraclinoid ICA angle,
- Posterior Bend Angle (At the junction of the paraclival and cavernous
segment)
- Distance
- ICA to ICA distance i.e inter carotid distance at different levels
- Petrous ICA (at level of head of mandible) to Clinoidal ICA (at level of
ophthalmic artery) distance.
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- Actual Distance (AD)- This measured the length of ICA between
these 2 points.
- Linear Distance (LD)- This is the shortest distance between the
above 2 points.
- Tortuosity of ICA (measured between the mid-level of head of mandible to
level of origin of ophthalmic artery)
- [(Actual Distance/ Linear Distance )-1]*100
- Base Vertex height of ICA curves:

A straight line is drawn from origin of Petrous ICA (at level of head of
mandible) to clinoid ICA at level of origin of ophthalmic artery i.e LD
line

- In the saggital plane there are clearly 4 curves the intracranial ICA

makes between the above 2 points, in relation to the above line.

- The perpendicular distance between the above line and the apex of the
said curves is measured, Base Vertex height (BVH). If the apex is
anterior to the LD line, the value is assigned a positive sign and if the
apex of the curve is posterior to the LD line, a negative sign is assigned

to the measured value.

- These short perpendicular lines give us a measure of the tortuosity at

each segment.

- A total of 4 BVH lines were measured. BVH 1 and BVH 3 for curves
with convexity posteriorly and BVH 2 and BVH 4 for curves with

convexity anteriorly.

A list of cases and controls were made from the hospital EMR. The dicom files were
extracted into cds. Following this, both the technical engineer incharge of
segmenting and the Pls incharge of measurements were blinded to the
aforementioned list and were not aware of the diagnosis of the patients to whom the

images belonged to.
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In order to get an accurate estimation of the course of the intracranial ICA in 3D
space, we used an open source software known as “3D Slicer©” ((35)). 3D Slicer ©
is a robust application for the visualization and analysis of biomedical image data.
The source file in dicom format was uploaded into the 3D slicer © software and
reconstructed to produce a 3D image of ICA in space. The soft tissue other than ICA

was subtracted to isolate only the 3D image of ICA.

Here, image segmentation is the process of dividing a digital image into different
subdivisions or image segments or image regions . Image segmentation is required
for the simplification of the data set in hand and for its meaningful analysis. Image
segmentation can be done using various techniques and algorithms depending on the

requirement. In the present study, manual thresholding is done as it is handier in

situations demanding more manual interventions. Manual thresholding is done by
setting the maximum and minimum HU values of the area of interest which is the

ICAs.

The 3D reconstruction 1s generated once the ICAs are segmented. The VMTK
(Vascular modelling toolkit) extension in the 3D© slicer is exploited to develop the
centreline of the ICAs. The quantifications like length, tortuosity and radius of

curvature are calculated based on the developed centrelines.

The ICA image thus segmented and trimmed is used for central line extraction. This
process extracts the geometric central line of the vessel in 3D Space. Presence of
Glyphs (enlarged points along the central line) adjustable to a desirable size was

paramount in achieving higher accuracy in measurements.

It needs to be understood that measurements were made on a saggital or axial or
coronal image series where the central line was superimposed on the ICA. This is
important to understand that in 3D space true lateral or horizontal or vertical
measurements are difficult to achieve due to the ascent of the ICA along different
planes. Hence, glyph to glyph measurements on the 3D space is not likely to yield

angles and measurements that is true to the plane it is being measured in.


https://en.wikipedia.org/wiki/Digital_image
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We perform the same with the projection of the central line along different planes to
measure angles. Thus, we are able to achieve a true sagittal plane measure of angles

at cavernous supraclinoid segments and at the paraclival-cavernous segments.

A) Angles: Angles were measured following traditional rules. While measuring the
2 angles mentioned, the line passing through glyphs of the cavernous ICA was
fixed and angle was measured in an anti clock wise direction to the other line.
When carotid siphon was closed, there was an apparent divergence resulting in
negative supraclinoid cavernous ICA angles measured behind the clinoid

segment in the saggital plane.

A) Cavernous- supraclinoid ICA angle-

- A line passes through as many glyphs as possible along the course of the

cavernous ICA

- A line passes through as many glyphs as possible along the course of the

supraclinoid ICA (i.e distal to origin of ophthalmic artery
- Angle of intersection between the 2 lines measured.

- Consequently if the carotid siphon was open and the the two lines converged
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anterior to the clinoid segment it was an acute angle, if the 2 lines were
parallel the angle was 0 degrees and if the siphon was closed and the lines
converged posterior to the clinoid segment the angle between the lines was a

negative value.

B) Posterior bend angle

- A line passes through as many glyphs as possible along the course of the

horizontal cavernous ICA

- A line passes through as many glyphs as possible along the course of the

Paraclival ICA
- Angle of intersection between the 2 lines measured.

- Consequently if the the two lines converged posterior to the junction of paraclival
and horizontal cavernous ICA transition it was an acute angle, and if the lines met

anterior to the bend it was a negative angle.

B) Intercarotid distance (ICD)-

The distance between the ICA on either side was measured at 4 levels,
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corresponding to specific landmarks on the TOF image.

1. ICD 1- Measured in the axial section at the level of the origin of ophthalmic

B: 7: Ax 3D TOF 3 slab

artery. In scans where origin of ophthalmic artery was not discernible on one
side, the corresponding point to the level of origin on the opposite side was used
to measure ICD 1. If ophthalmic artery was not discernible bilaterally, then

ICD1 was not measured for the patient.
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ICD 2- Measured in the axial section as the narrowest distance between the
central lines of ICA on either side at the level of the internal acoustic meatus
(IAM). The narrowest distance was necessary as in some cases the ICA turns
lateral proximally in it’s petrous course and we may have multiple glyph points

to measure in a single axial section.

ICD 3- Measured in the coronal section at the level of the pituitary gland in the

{

L 14:2001mm o2

L_13: 30.48mm
ferline curve. .

sella, in a section visualising the pituitary stalk. The distance between the glyphs
of cavernous ICA central lines was assigned as 3a and between those of the
supraclinoid ICA was assigned as 3b. In cases where supraclinoid segment was

not visualised, ICD 3b was left blank.

ICD 4- Measured in the axial section at the mid level of mandibular head. This

Centerline curve_1 (0)

Centerline curve (0)

BlC ICA

L 12;59.87mm . ——Rad

O - Ak
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would reveal the distance between the 2 ICA’s at this landmark

C) Linear distance(LD) and actual distance(AD) from petrous ICA (at mid level of
mandibular head) to clinoidal ICA (at level of origin of ophthalmic artery). This will

give us an idea of redundancy and tortuosity of the vessel.

D Base vertex Height (BVH) Lines:

ﬁ‘poinis&
hterline curve (0) A
\ 3 2.073mm

Centerline curve (0)

: 5.453mm

- A straight line is drawn from origin of Petrous ICA (at level of head of
mandible) to clinoid ICA at level of origin of ophthalmic artery i.e LD line.

- In the saggital plane there are clearly 4 curves the intracranial ICA makes
between the above 2 points, in relation to the above line. 2 curves have their

convexity directed anteriorly and 2 posteriorly.

- The perpendicular distance between the above line and the apex of the said

curves is measured. If the apex is anterior to the line, the value is assigned a
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positive sign and if the apex of the curve is posterior to the line, a negative

sign is assigned to the measured value.

- These short perpendicular lines give us a measure of the individual curve at

each segment.

The measurements were made by the principal investigator and technical assistant

and vetted by the co- principal investigator to reduce errors.

DATA ANALYSIS:

Data analysis was made by the Principal and Co-Principal investigators with the
help of a statistical software (SPSS). A statistician was consulted to arrive at
relevant values. The threshold for statistical significance was set at p <0.05. The
clinical significance and relevance was discussed between the PI, Co-PI and co-
investigators as part of the study discussion. Gender was not recorded. No

observation was made/recorded for class, caste, ethnicity and race.

While measuring angles (both supraclinoid-cavernous angle and posterior bend
angle) if the carotid siphon was open and the the two lines converged anterior to the
clinoid segment it was a positive angle, and if the siphon was closed and the lines
converged posterior to the clinoid segment the angle between the lines was a negative
angle. Similarly, while measuring PBA if the the two lines converged posterior to the
junction of paraclival and horizontal cavernous ICA transition it was an acute angle,

and if the lines met anterior to the bend it was a negative angle.

The lowest negative angle within the entire cohort ( i.e both cases and control) was
assigned as x= 0 and the values for each patient was assigned reassigned (y+ x). This
way we were able to run the Mann Whitney U test as the data distribution between

cases and control was not normal and arrived at the p value.



28
RESULTS

We assessed a total of 114 patients and a total of 207 ICAs. The patients of Moyamoya disease were
categorised into adults and children.The comparisons were between the adult group of MMD and controls as
the age difference and size of skull was a confounding factor if the children MMD group was used. This also
included normal side ICA of 3 patients with unilateral moyamoya disease and 1 patient with secondary
MMD on the left side.

The control group included TOF MR images of patients with diseases other than moyamoya disease like
vasculitis, stroke, aneurysms and AVMs and normal TOF MR image of patients with normal angiogram.

Type Total No of patients Total No of ICA Mean Age
Adults with MMD 30 50 32.83
Children with MMD ‘ 21 40 7.77
Controls ‘ 67 125 44 .47
Total ‘ 118 215

ANGLES

1. Cavernous ICA- Supraclinoid ICA angle:

Closed siphons resulted in negative angles. So we removed the negative values in order to estimate the mean
and median between the remaining values.

To calculate p value, the lowest from that group (i.e adult MMD/control/ children MMD) was made 0 and the
difference was added to all the values of that group. The p value was then calculated using Mann Whitney U
test.

These were found to be significant when the children MMD group and control group were compared to the
adult MMD group.

The mean angle in children with MMD was 50 degrees as opposed to 39.20 degrees is adult patients with
MMD. The mean angle in controls was 30.05 degrees.

Cavernous Mean Median Max Min P value U value Z Score
ICA-

Supraclino

id ICA

angle in

Adult 39.20 38.3 100.4 -25

RARADN

Children 57.03 68.5 102 -27 0.006 416.5 -2.752
MMD

Controls 30.05 29.15 117.5 -54.3 0.001 2037 -3.266

2. Posterior bend angle:
We removed the negative values in order to estimate the mean and median between the remaining values.
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1o calculate p value, the lowest from that group (i.e adult MMD/control/ children MMD) was made 0 and the
difference was added to all the values of that group. The p value was then calculated using Mann Whitney U
test.

There was a significant difference in the posterior bend angle between the ICA of adult moyamoya disease
and the control group. Posterior bend angle was not significantly different between the adult and children
MMD cases. The mean PBA was 110.08 in adults and 85.23 in controls.

Posterior bend ICA angle in degrees

Adult Mean Median Max Min P value U Value Z Score
MMD vs
other

_categories

Children 122.46 126.9 177 56.4 0.149 908.5 -1.443
MMD

Controls 85.23 89.8 161.3 -16.9 <0.01 2072.5 -4.239

DISTANCE
3. Intercarotid distance

1. ICD 1- measured at the level of the origin of opthalmic artery was significantly different between
adult MMD and Children. Similarly, between controls and adult MMD the difference was
significant. The mean values were 21.22, 19.33 and 19.72 for adult MMD, children MMD and
controls respectively.

ICD 1
Adult Mean Median Max Min P value U Value Z Score
MMD vs
other
categories
Children 19.335 19.51 25 14.32 0.01828 152.5 -2.593
MMD
Controls 19.72 19.05 30.76 14.61 0.010 553 -2.593

2. ICD2- When inter carotid distance was measured at the level of the IAC, there was no significant
difference between adult MMD and controls, nor between adult MMD and children MMD groups.
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ICD 2

Adult
MMD vs
other

categories

Children 25.50 25.41 31.35 21.61 0.690 229 -0.398
MMD
Controls 25.75 25.41 41.51 15.27 0.396 720.5 -0.848

3. ICD 3A- Intercarotid distance between the cavernous ICA at the level of the pituitary gland was not
significant between the adult MMD cases and the controls nor between adult MMD cases and children MMD
cases.

ICD 3a

Adult
MMD vs
other
categories

Children 22.29 22.61 25.13 18.62 0.564 180.5 -0.579
MMD
Controls 21.66 21.73 30.32 13.03 0.169 626 -1.374

4. ICD 3B- Intercarotid distance between the supraclinoid CA at the level of the pituitary gland was found to
be significantly different between the adult MMD cases and the controls, as well as between adult MMD
cases and children MMD cases.

ICD 3b

Children 19.24 19.43 24.18 14.59 0.00804 44 2.65
MMD
Controls 18.68 18.27 25.19 14.35 0.02 419 -2.182

5. ICD 4- Intercarotid distance between the petrous ICA at the level of the midlevel of mandibular head was
significant between the adult MMD cases and control as well as between adult and children MMD groups.
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ICD 4

Adult
MMD vs
other

categories

Children 49.14 48.61 56.52 41.81 <0.01 76 -3.516
MMD

4. Tortuosity

The difference in tortuosity of ICA was significant against both children group of MMD and control group.
The mean toruosity of the adult MMD group was 0.2479 while that of the children group was 0.13 and of the
control group was 0.41.

Tortuosity

Children 0.13 0.1291 0..3264 0.0306 <0.01 590 -3.652
MMD
Controls 0.41 0.34 5.024 0.1256 <0.01 1625.5 5.49535

5. Base Vertex Height:
1. BVH 1: the difference in BVH-1 value was significant between the adult and children moyamoya
group. However, the difference was not statistically significant between the adult MMD group and controls

BVH-1

Adult
MMD vs
other

categories

Children -1.27 -1.058 0 -4.622 0.006 533 -2.754
MMD

Controls -2.27 -1,917 4.885 -11.65 0.743 3004 -0.329
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2. BVH 2: the difference in BVH-2 value was significant between the adult MMD group and control group.
However, the difference was not statistically significant between the adult MMD group and children MMD

group.

BVH-2

Children 1.699 1.8245 3.980 -0.86 0.352 761 -0.931
MMD
Controls 2.717 3.002 6.494 -7.209 0.02 3194 2.312

3. BVH 3: the difference in BVH 3 value was significant between the adult MMD group and control group as
well as adult MMD group and children MMD group.

BVH-3

Adult
MMD vs
other
categories

Children -1.29 -1.724 5.746 -5.551 0.039 602 -2.068
MMD
Controls -3.28 -3.813 3.559 -9.580 0.05 2304 -1.906

4. BVH 4: The difference in BVH 4 value was significant between the adult MMD group and control
group. However, the difference was not statistically significant between the adult MMD group and children
MMD group.

BVH-4

Adult
MMD vs
other

categories
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BVH-4

Adult Mean Median Max Min P value U Value 7. score
MMD vs

other

categories

Children 1.202 2121 3.670 -0.6571 0.105 557 -1.623
MMD

Controls 2.87 2.81 6.455 0 <0.01 1463 -4.680

6. Linear distance measured between the 2 fixed points for tortuosity measurements, i.e from mid level of
head of mandible to origin of ophthalmic artery was measured in the above 3 groups. The difference in value
for measured linear distance was significant between the adult MMD group and control group as well as
adult MMD group and children MMD group.

LD
Adult Mean Median Max Min P value U Value 7 Score
MMD vs
other
Children 35.47 35.7 42.57 28.3 <0.01 388.5 -4.024
MMD
Controls 41.0325 41.17 50.37 30.44 <0/01 1501 -3.813

7. Actual distance measured between the 2 fixed points for tortuosity measurements, i.e from mid level of
head of mandible to origin of ophthalmic artery was measured in the above 3 groups. The difference in value
for measured actual distance was significant between the adult MMD group and control group as well as
adult MMD group and children MMD group.

AD
Adult Mean Median Max Min P value U Value Z Score
MMD vs
other
Children 39.33 39.755 49.83 18.72 <0.01 357 -5.601

MMD
Controls 52.76 52.62 68.27 24.31 <0.01 1636 -5.399
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DISCUSSION

The motivation for the work put into this dissertation are two of the earlier
papers published by the co-principal investigator. The first of which was a discussion
on the effect of hemodynamic stress due to a higher cavernous-supraclinoid angle and
reduced tortuosity in moyamoya disease on vascular remodelling that occurs in the
same(7). In the study methodology, the angles were measured between the lines
drawn through mid point of diameters of cavernous and supraclinoid segment on
DSA in saggital plane. We intended to obtain the true central line for a more accurate
representation using 3D slicer© technology. The mean cavernous- supraclinoid ICA
angle in the above mentioned study was 69.7 degrees in MMD and 40.5 degrees in
control group, the difference being statistically significant. However, in our study the
mean cavernous- supraclinoid ICA angle was 39.20 degrees in adult MMD, 57.03
degrees in children with MMD and 30.05 degrees in controls. The difference was
significant in both the studies. In the same paper, CAD model of a normal ICA was
subjected to increasing cavernous supraclinoid angle and CFD analysis was carried
out to arrive at the wall shear stress (WSS) at ICA bifurcation. The wall shear stress
was found to be directly proportional to the cavernous supraclinoid ICA angle
amongst the 4 variations measured. Kim T et al (8) in their study created two 3D
models, one for MMD patients and one for control and ran CFD analysis to find a
higher flow velocity and WSS at terminal ICA bifurcation and proximal ICA and
MCA. Postmortem histopathological examination of intracranial ICA belonging to
deceased patients with MMD revealed fibrocellular intimal thickening at diseased
areas, proliferative smooth muscle cells with no atherosclerosis / inflammation
seen(24) (36). The supraclinoid ICA in MMD was postulated to have an increased
mobility in the subarachnoid cisternal space ‘like an air dancer’ due to decreased
vessel wall strength resulting in the fibrocellular intimal thickening going haywire(7).
The increased wall shear stress combined with an abnormal vessel mobility results in
a compounded effect that leads to concentric luminal narrowing. The authors

suggested that the erosion of these endothelial cushions due to the increased WSS
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might lead to repeated embolism resulting in recurrent TIA/strokes seen in these

patients.

A second publication by the co-PI, a systematic review by B.J. Sudhir et al (2021)
proposed a mechanobiological hypothesis on the pathogenesis of moyamoya disease
(MMD) (6). In this review, six key factors i.e arterial tortuosity, vascular angles, wall
shear stress, molecular factors, blood rheology and blood vessel wall strength were
implicated in the loss of balance in vascular homeostasis in MMD. To further the
evidence gathered, in the review a retrospective radio anatomical study was devised
in order to measure ICA morphometrics like angles, various distances and tortuosity
as mentioned in the methodology of this study. Vascular modelling during
embryogenesis and remodelling during life is described to be part of a continuum.
Syndromic moyamoya disease is characterised by craniofacial deformities as a
common presentation. This may implicate altered growth kinetics of the skull, skull
base and the resultant effect of these growth kinetic vectors on ICA development. On
the contrary, one could surmise that the altered growth kinetics of ICA which is the
main blood supply in the growing embryo, can result in abnormal craniofacial
development in MMD due to a tethering effect by the foreshortened ICA. Kim T et al
(8) found shorter actual distance of the vessel measured from carotid canal to the
carotid siphon in addition to higher cavernous supraclinoid ICA angles. In
corroboration with their findings, we found a significant difference between not only
the actual length of the ICA from the mid level of the mandibular head to the
ophthalmic artery, but also reduced linear distance between the same two points in
3D space. This means that there is a reduced toruosity indeed, but the magnitude of
the reduced toruosity is understated despite it’s statistical significance, due to the
reduced linear distance between the two points mentioned above. This could imply
one of two things as mentioned above, that altered growth kinetics overall result in
reduced tortuosity, or that the reduced tortuosity is in itself a tethering factor causing

subtle retardation in craniofacial development. The RNF213 gene variant R4810.K is
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definitively implicated in patients with MMD and is associated with loss of ICA
tortuosity(22). This was studied in Zebra fish embryos. There was a delay in the loss
of acuteness of the head-trunk angle in zebra fish embryos with antisense mediated
knockdown of RNF213(37). It was postulated that there must be dyssynchrony in the
development of cranial vasculature with delay in the straightening of craniocervical
flexure resulting in loss of ICA tortuosity, altered cavernous- supraclinoid angle,
posterior bend angle etc. (6) Thus, loss of synchrony and altered growth kinetics
between ICA development and maturation with craniofacial/skullbase development
may explain the significant difference seen in posterior bend angle, linear distance,

inter carotid distance etc in our study.

Inter-carotid distance (ICD) has not been measured in patients with MMD. Sawant N
et al (11) measured ICD in pediatric patients with no skull base pathology. ICD was
measured between medial walls of ICA and the narrowest ICD was seen at the level
of the proximal dural ring measuring (14.6+2.4mm). ICD in children was also
measured at cavernous ICA (16.734+2.7 mm) and paraclival ICA (short vertical, at the
cephalic turn of petrous ICA) (14.83 £2.4 mm). In our study, the children MMD
group mean ICD at the horizontal cavernous ICA (at level of pituitary gland) was
ICD 3a= 22.43 mm and at the level of petrous ICA (at IAC level) was 25.74 mm. We
did not make measurements at the distal or proximal dural ring but rather used the
ophthalmic artery as a landmark for the measurement of ICD 1 = 19.29 mm. Sawant
N et al also found that pneumatisation and continued skull base development during
childhood showed variation in ICD which were statistically different in children < 6
years and children who were 10-12 years. This was also why we analysed the adult

MMD patients with controls from an adult population.

Tulika Gupta studied intercarotid distance by measuring the distance between carotid
sulci on either side of the sella in a disarticulated sphenoid bone, at the anterior most
point, posterior most point and at the maximum depth of the sella.(38). 34.2% of the
specimens had the narrowest distance at the anterior point and 34.2 % posterior
points, where as 26% patients had the narrowest point at the maximum depth of the

sella. The narrowest ICD measured was 7.63 mm. The study showed that inter carotid
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distance varies considerably along the cavernous segment. We measured the ICD 3a
at the level of the carotid artery corresponding to the pituitary gland. However, our
measurement was between the central lines as opposed to the medial wall of the
carotid measured by Tulika Gupta in the above study. Although, there was a variation
amongst our individual cases and controls, there was no significant difference
between adult mmd and pediatric mmd and adult mmd and controls in our study at
the level of the cavernous ICA. The supraclinoid ICA ICD (ICD3b) at the same level
when compared was significantly different between the Adult MMD and children
MMD group as well as the adult MMD group and controls (mean-19.56 vs 19.24, p=
0.008 and 19.56 vs 18.76 p= 0.03). ICD measured at the level of the ophthalmic
artery was also significantly different between the 3 groups (mean- 21.093 vs 19.29,
p= 0.018 and 21.093 vs 19.79, p= 0.016). Which means as postulated in the co
author’s 2018 paper (7), the supraclinoid ICA is a strong determining factor and not
only is there a straightening in a sagittal plane, there is also splaying in the coronal
plane behaving like an air dancer would to variations in turgidity and hemodynamic

stress due to mechanical properties of it’s wall.

ICD was studied among 19 patients with pituitary macro adenomas and age matched
controls by Nunes et al (39). They measured ICD at the petrous ICA after the cranial
bend (ICD 1) and cavernous ICA at the mid level of it’s horizontal part (ICD 2). The
mean ICD at petrous ICA was 21.18 + 2.49 mm in cases and 19.89 = 2.65 mm in
controls and the difference was not statistically significant. We measured ICD at the
petrous ICA at the level of IAC in the axial section which corroborated with the
cranial bend as in the above study. The mean ICD was 26.35 mm in adult MMD
cases, 25.74 in children with MMD and 25.74 in controls and there was no
statistically significant difference between adult and children MMD and adult MMD
and controls. The larger values were because they considered medial wall to medial
wall narrowest distance between the two ICAs as opposed to measurement between
the 2 respective central lines as in our study. Nunes et al also measured 7CD 2’which
was 24.27 = 5.14 mm for cases and 19.41 £3 mm for controls and the difference was

statistically significant. The value of 7CD 2’ was significantly larger for patients with
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giant pituitary adenomas than macro adenomas < 4 cms and controls. Thus, they
concluded that a pathological process cranial to the petrous segment had directly

altered the cavernous ICA morphology.

Farimaz et al found the cavernous ICD at the mid level of sella to be 15.8 £3.8 mm
in females and 17.1 & 4.7 mm in males and the overall gender non specific mean ICD
at that level was 16.5 mm(40). Some of the other studies and the ICD values have

been mentioned in the table below.

Researchers ID in mm No of cases

Cadver Study Fuijii 1979 (41) 17 25
Ozcan 2010 (42) 13.33 29
Abuzayed 2010 (43) 13.22 30
Aktas 2013 (44) 15.33 28
Perondi 2013 (45) 18 30
Cebula 2014 (46) 12.15 20

MR Study Scotti 1988 (47) 16.6 25
Knappe 2009 (48) 17.8 117
Zada 2011 (49) 16.2 100
Sasagawa 2013 (50) 19.4 138

CT Angiography Study | Zhang 2012 (51) 20.6 96
Farimaz 2019 (40) 16.5 173

Kim T et al (8) found shorter actual distance of the ICA measured from carotid canal
to the carotid siphon (p=0.0170). They found that in MMD the tortuosity was
significantly reduced showing ‘lower curvature angles in the petrous and intra
cavernous segments’. In their methodology they used 3D TOF sequences as in our

study for 3D reconstruction. The lower point was fixed at the cerebellar tonsil and the
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upper point was fixed at the carotid siphon. Both these landmarks were unfavourable
to us as the carotid siphon is a broad area and the cerebellar tonsils were bound to
change in position depending on multiple factors. We fixed our upper point at the
origin of the ophthalmic artery as the supraclinoid ICA was too narrow for 3D
reconstruction in advanced MMD cases. In those cases where the ophthalmic artery
was abnormal in location or absent, we did not perform tortuosity and ‘BVH’
measurements. We found 5 cases with no ophthalmic artery and 3 cases where the
ophthalmic artery was arising from the middle meningeal artery. The lower point was
set at the mid level of the mandibular head assuming bony landmarks to be more
consistent than soft tissue landmarks. Centerline was used for these measurements in
both the study. The linear distance (LD) was the shortest length between the upper
lower points. The actual distance (AD) of the ICA was the whole length of the

centerline in the same segment.
We used the formula for Tortuosity as (AD/LD -1)*100.

Unlike in our study they did not find significance for linear distance and found
significance for actual distance and tortuosity. In the above mentioned study, the
MMD group was significantly younger to the control group in comparison. The
authors have remarked that a limitation in their study was that they were not able to
arrive at whether the change in ICA morphometrics was a result of or caused ICA
bifurcation narrowing. Our findings of reduced linear distance, actual distance,
tortuosity and BVH irrespective of Suzuki grading tends to point at the former, i.e

change in morphometrics leading to progressive narrowing of ICA bifurcation.

We decided to measure ‘Base vertex height’ from the Kim T et al (8) paper’s
statement on loss of curvature in petrous and cavernous segment. Accordingly a
straight line was drawn between the upper and lower points and perpendicular
distance of the apex of the curves was measured from this line. BVH 2, 3 and 4 were
found to be statistically significant as compared to the controls in adult MMD
patients where clearly this deviation of the curves was far smaller in the adult MMD

group than the controls. The subset of vasculitis patients when compared with the
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adult MMD patients for the base vertex height alone showed that the curves were of
lesser altitude in the adult MMD group and the difference was statistically significant.
This also shows us that unlike what was previously thought, MMD vessel pathology
1s not limited to the supraclinoid segment but is a generalised disease affecting the
entire course of intracranial vessels. Lee et al (52) demonstrated that a smaller P1-

Basilar artery angle was a risk for posterior circulation strokes in MMD.

Jittapiromsak et al (53) classified the intracavernous ICA as redundant and normal.
The redundant type was where the posterior bend courses higher than horizontal
segment resulting in a tortuous course. The zero and negative values for posterior
bend angles in our study in both cases and controls was due to such a configuration of
ICA. In their study they called the posterior bend angle PBA as ICA curve angle i.e
at the junction of axis of horizontal and posterior vertical segment. The cavernous
roof angle (CRA) was calculated in the parasaggital view of the cavernous sinus and
drawing a line along the roof and another along the posterior wall and measuring
their angle of convergence. They defined redundancy of the cavernous ICA as the
ratio of PBA and CRA < 0.5. Redundant cavernous ICA was seen bilaterally in
18/100 patients and unilaterally in 19/100 i.e 27% of the ICAs observed were
redundant. The BVH-3 line that is measured in our study essentially measures the
curvature of the cavernous ICA along the posterior bend angle and was found to be

significantly reduced in the Adult MMD cohort.

Yasuda et al(54) described the Champagne Bottle neck sign in extra cranial ICA in
patients with MMD. They believed there is a rapid reduction in the size of EC-ICA in
MMD but the timing of onset is not predictable . Ratio between EC-ICA and CCA
was measured by angiography or neck doppler ultrasound and < 0.5 was considered
champagne bottle neck sign. They also observed the ratio to be smaller in higher
stages of the disease with all positive cases for the sign classified as > stage 3° with
decreased cerebral reactivity to acetazolamide when accessed with SPECT. We could
not perform this as the TOF images that were taken did not cover cervical ICA

bifurcation.
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CONCLUSION

The findings of this study bring us one step closer in supporting the
mechanobiological theory of MMD (6). As suggested in the hypothesis, altered
craniofacial development tied to the development of intracranial vessels are probably
an antecedent factor to narrowing of the ICA bifurcation and not the other way
around. Reduced tortuosity with higher angles and smaller curves leads to a failure of
dampening of the haemodynamic forces before the blood reaches the intracranial
cavity. The higher stresses experienced by the supraclinoid ICA contribute to the
pathogenesis of MMD. The other aspects discussed in the hypothesis shall be the
direction of future studies to further the evidence towards solving the puzzle of

pathogenesis in MMD.
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LIMITATIONS

We did not find sufficient TOF images among non MMD pediatric patients in
our hospital. Hence, we did not use a control group to analyse data between non
MMD pediatric controls and pediatric MMD cases. Once sufficient data is available
that shall be assessed in part 2 of this study.

Funding: No Funding was received for this study.
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Study Proforma

Study Title: COMPARISON OF ICA MORPHOMETRY BETWEEN PATIENTS WITH MOYAMOYA
DISEASE AND CONTROLS

Pl/neuroradiologist

Code Number:

Age:

Gender:

Symptoms:

Duration of Symptoms:
Neurological Deficits:
Co-morbidities:

Primary (Moyamoya syndrome) or secondary (Moyamoya disease):
If secondary, diagnosis:
Unilateral or Bilateral Disease

Pre op or Post op:

If Post op

Direct or Indirect revascularisation procedure:
Days of Post op stay:

Unilateral or Bi-lateral Surgery:
Complications:

Post operative follow up:

If conservatively managed:
Follow up-

Meaurements

A) Cavernous- supraclinoid ICA angle-
B) Posterior Bend angle
C) Intercarotid distance-

- ICD1
- ICD2
- ICD 3a
- ICD 3b

- ICD 4
D)
- LD
« AD
« Tortuosity

E) BVH
. BVH-1
. BVH-2
. BVH-3
. BVH-4

The measurement will be made by the principal investigator, Neuroradiologist and vetted by the co- principal
investigator to reduce errors.
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. IDENTICAL MINOR CHANGES

Moyamoya disease is a fairly rare, non atherosclerotic ischemic disease characterized by chronic
progressive intracranial terminal ICA narrowing with opening up of collaterals from lenticulostriate
arteries resulting in the characteristic puff of smoke appearance on angiography. The stenosis commonly
extends to the proximal MCA and ACA and rarely to PCA and basilar artery ( 1),(2).

The disease has a bimodal age distribution, predominantly affecting children in the first decade and
another peak is seen in adults later on in life (3),(4),(5). It is the most common cause of pediatric strokes in
Japan. (1)

A systematic review by B.J. Sudhir et al proposed a mechanobiological hypothesis on the pathogenesis of
moyamoya disease (MMD) (6). It was observed that in MMD patients, there was a loss of tortuosity in ICA
measured in terms of cavernous supraclinoid angle of ICA(7),(8). It is believed that the higher cavernous
supraclinoid ICA angle exerted a higher hemodynamic stress at ICA bifurcation. This higher wall shear
stress could theoretically lead to vessel wall remodelling and narrowing as in MMD. (9),(10)

Kim T et al (8) found shorter distance measured from carotid canal to the carotid siphon in addition to
higher cavernous-supraclinoid ICA angles.

Inter-carotid distance (ICD) has not been measured in patients with MMD. Sawant N et al (11) measured
ICD in pediatric patients with no skull base pathology and found the narrowest ICD was at the level of the
proximal dural ring measuring 13.4 mm. Altered growth kinetics in MMD patients may affect tortuosity
and ICD.

The outcome of this study is expected to give further credence to the mechano-biological hypothesis for
pathogenesis of MMD (6). It may give clarity on whether the altered morphometrics are a cause or a result
of the reduced ICA blood flow in MMD. This in turn might alter the management protocols in the future.
The motivation for the work put into this dissertation are two of the earlier papers published by the co-
principal investigator. The first of which was a discussion on the effect of hemodynamic stress due to a
higher cavernous-supraclinoid angle and reduced tortuosity in moyamoya disease on vascular
remodelling that occurs in the same(1). In the study methodology, the angles were measured between the
lines drawn through mid point of diameters of cavernous and supraclinoid segment on DSA in saggital
plane. We intended to obtain the true central line for a more accurate representation using 3D slicer©
technology. The mean cavernous- supraclinoid ICA angle in the above mentioned study was 69.7 degrees
in MMD and 40.5 degrees in control group, the difference being statistically significant. However, in our
study the mean cavernous- supraclinoid ICA angle was 38.46 degrees in adult MMD, 50 degrees in children
with MMD and 31.02 degrees in controls. The difference was significant in both the studies. In the same
paper, CAD model of a normal ICA was subjected to increasing cavernous supraclinoid angle and CFD
analysis was carried out to arrive at the wall shear stress (WSS) at ICA bifurcation. The wall shear stress
was found to be directly proportional to the cavernous supraclinoid ICA angle amongst the 4 variations
measured. Kim T et al (2) in their study created two 3D models, one for MMD patients and one for control
and ran CFD analysis to find a higher flow velocity and WSS at terminal ICA bifurcation and proximal ICA
and MCA in the MMD ICA model. Postmortem histopathological examination of intracranial ICA belonging
to deceased patients with MMD revealed fibrocellular intimal thickening at diseased areas and
proliferative smooth muscle cells with no atherosclerosis / inflammation seen(3) (4). The supraclinoid ICA
in MMD was postulated to have an increased mobility in the subarachnoid cisternal space ‘like an air
dancer’ due to decreased vessel wall strength resulting in the fibrocellular intimal thickening going
haywire(1). The increased wall shear stress combined with an abnormal vessel mobility results in a
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	Aim:
	To compare the ICA morphometric data between MMD patients and non MMD cohort
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	To study if there’s a correlation between the degree of morphometric variation and occurence of MMD.
	To compare ICA morphometric data between adults and children with MMD to assess if the morphometric variation is a result or a cause of progressive ICA narrowing.
	Design: Retrospective radio anatomical study.
	Inclusion Criteria: Patients who have undergone MR TOF as part of pre operative work up for MMD are included in the study.
	Exclusion Criteria: Incomplete imaging or advanced disease that precludes accurate measurements.
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	Sagittal plane-
	Cavernous ICA - Supraclinoid ICA angle,
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	A straight line is drawn from origin of Petrous ICA (at level of head of mandible) to clinoid ICA at level of origin of ophthalmic artery i.e LD line
	Angles: Angles were measured following traditional rules. While measuring the 2 angles mentioned, the line passing through glyphs of the cavernous ICA was fixed and angle was measured in an anti clock wise direction to the other line. When carotid siphon was closed, there was an apparent divergence resulting in negative supraclinoid cavernous ICA angles measured behind the clinoid segment in the saggital plane.
	Cavernous- supraclinoid ICA angle-
	- A line passes through as many glyphs as possible along the course of the   cavernous ICA
	A line passes through as many glyphs as possible along the course of the supraclinoid ICA (i.e distal to origin of ophthalmic artery
	Angle of intersection between the 2 lines measured.
	Consequently if the carotid siphon was open and the the two lines converged anterior to the clinoid segment it was an acute angle, if the 2 lines were parallel the angle was 0 degrees and if the siphon was closed and the lines converged posterior to the clinoid segment the angle between the lines was a negative value.
	B) Posterior bend angle
	A line passes through as many glyphs as possible along the course of the   horizontal cavernous ICA
	A line passes through as many glyphs as possible along the course of the Paraclival ICA
	Angle of intersection between the 2 lines measured.
	Consequently if the the two lines converged posterior to the junction of paraclival and horizontal cavernous ICA transition it was an acute angle, and if the lines met anterior to the bend it was a negative angle.
	B) Intercarotid distance (ICD)-
	The distance between the ICA on either side was measured at 4 levels, corresponding to specific landmarks on the TOF image.
	ICD 1- Measured in the axial section at the level of the origin of ophthalmic artery. In scans where origin of ophthalmic artery was not discernible on one side, the corresponding point to the level of origin on the opposite side was used to measure ICD 1. If ophthalmic artery was not discernible bilaterally, then ICD1 was not measured for the patient.
	ICD 2- Measured in the axial section as the narrowest distance between the central lines of ICA on either side at the level of the internal acoustic meatus (IAM). The narrowest distance was necessary as in some cases the ICA turns lateral proximally in it’s petrous course and we may have multiple glyph points to measure in a single axial section.
	ICD 3- Measured in the coronal section at the level of the pituitary gland in the sella, in a section visualising the pituitary stalk. The distance between the glyphs of cavernous ICA central lines was assigned as 3a and between those of the supraclinoid ICA was assigned as 3b. In cases where supraclinoid segment was not visualised, ICD 3b was left blank.
	ICD 4- Measured in the axial section at the mid level of mandibular head. This would reveal the distance between the 2 ICA’s at this landmark
	C) Linear distance(LD) and actual distance(AD) from petrous ICA (at mid level of mandibular head) to clinoidal ICA (at level of origin of ophthalmic artery). This will give us an idea of redundancy and tortuosity of the vessel.
	D Base vertex Height (BVH) Lines:
	A straight line is drawn from origin of Petrous ICA (at level of head of mandible) to clinoid ICA at level of origin of ophthalmic artery i.e LD line.
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