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A CORRELATION BETWEEN PATIENT SPECIFIC CEREBRAL ANEURYSM WALL
HISTOLOGY, MICRO CT AND COLLAGEN PARAMETERS WITH CFD AND FSI
STUDIES.

Background and Aim: Cerebral aneurysms occur as balloon-like out-pouchings in an artery, which commonly
develop at the weak curved regions and bifurcations. When aneurysms are detected, understanding the risk of rupture
is of immense clinical value for better patient management. Towards this, Fluid Structure Interaction (FSI) studies
can improve our understanding of the mechanics behind aneurysm initiation, progression, and rupture. Performing
hemodynamic analysis using an accurate computational model that is closer to the actual biological milieu could yield
clinically useful rupture risk predictions. Currently, the geometric model for the CFD studies rely on imaging the flow
domain using Computed Tomographic Angiography (CTA) or Digital Subtraction angiography (DSA), which limits
accurate discerning of the vessel wall thickness for FSI studies. The present study combines both the shape
information of the 3D lumen model (as it existed in vivo), which is accurately rendered through the CTA, in
conjunction with the wall thickness information extracted from histo-pathological 2D images, Micro CT and collagen
parameters of wall of the aneurysm. Further, perform fluid-structure interaction (FSI) simulations on the aneurysm

using patient-specific heterogeneity of the wall

Methods: 3 D geometric model of the blood-flow domain of an anterior communicating artery aneurysm is extracted
from the CTA of a patient who underwent surgical clipping of the aneurysm. During surgery, after the aneurysm was
safely clipped, the fundus of the aneurysm beyond the clip was cut and extracted. This was carefully preserved and

sliced to obtain the wall thickness variation of the hoop at various axial sections. In this study, a novel methodology

XV



of combining multi-modal image data is developed to geometrically render the 3D model of the Cerebral aneurysm.
The wall thickness extracted from the histological 2D cross-sectional images of the aneurysm is encapsulated around
the 3D lumen model obtained from CT Angiographic data. To this end, a wall thickness transfer algorithm is

developed to accurately reconstruct the patient specific aneurysm wall thickness variation for the FSI simulations.

Results: The blood flow domain obtained from the CT angiography along with the histopathological images,
accurately reconstructs the 3D aneurysm as it existed in vivo. Various 3D model generation challenges have been
addressed in unifying the two different imaging modalities. Since the aneurysm has been accurately discerned with
wall thickness information, fluid-structure interaction (FSI) based simulations are performed to assess the utility of

patient-specific wall aneurysm model vis-a-vis uniform wall model for the aneurysm

Conclusion: The rendered patient-specific aneurysm wall model with its thickness variation, as it existed in vivo was
obtained. Patient-specific fluid-structure interaction (FSI) simulations show that, this approach is highly valuable for

an accurate rupture risk analysis of cerebral aneurysms

KEYWORDS: Image analysis, Computational modelling, Geometric modelling, Aneurysms, Mesh generation

XVi
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1. INTRODUCTION

Sub Arachnoid hemorrhage is acute neurosurgical emergency with significant morbidity and mortality.
Approximately 3-5% of the population has unruptured intracranial aneurysms (UlAs) (Etminan and Rinkel,
2017). Unfortunately, most UIAs will never rupture, and the anticipated yearly rupture rate is only
0.25%(Korja and Kaprio, 2016). The natural history and variety of UIAs make it difficult to draw a

consensus among Neurosurgeons regarding the surgical indications for UIAs.

Cerebral arteries are different in its structure from extracranial vessels i.e., due to their lack of external
elastic lamina and thinner adventitial tissue. The study into the pathogenesis continues to date because of
the multifactorial nature of the disease. Irregularities in the aneurysm wall has been significantly
associated with wall instability. Therefore, it is necessary to make a multidimensional prediction of the
rupture risk of an aneurysm. An major determinant in the development, rupture, and creation of
intracranial aneurysms (1As) is the inflammatory response of the aneurysm wall. When inflammatory cells
invade the aneurysm wall, they produce chemicals that cause the wall structure to collapse. In the event
that the aneurysm wall's repair is unable to withstand the inflammatory damage, the aneurysm expands and
its wall eventually becomes thinner®. This process, when combined with the ongoing hemodynamic
effects, will cause the aneurysm wall to rupture, resulting in a subarachnoid haemorrhage (SAH).
Intraoperative observation is the only reliable method to determine thick, moderate, and very thin
translucent tissue regions on aneurysm wall. The risk of rupture can be predicted to a certain extent by
investigating the change in the thickness of the aneurysm wall. However, it is challenging to directly
measure or investigate the thickness of the aneurysm wall, and there have been few studies performed in

this area.

In the present study we propose to validate the use of assumption of cerebral aneurysmal wall thickness
with help of patient specific micro CT imaging,histopathology and Collagen composition and its

orientation in resected dome of cerebral aneurysm.
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AIMS AND OBJECTIVES

1. To study the properties of collagen and its orientation in the cerebral aneurysm wall.

2. To assess the validity of CT Angiography guided assumed cerebral aneurysm wall thickness
assessment using patient specific post resection dome wall thickness using micro CT evaluation.

3. To assess the validity of CT Angiography guided assumed cerebral aneurysm wall thickness
assessment using patient specific post resection dome wall thickness histopathology evaluation.

4.To formulate a relationship between the orientation and properties of collagen fibres in aneurysm wall,
the hemodynamic stress parameters and rupture point of cerebral aneurysm with help of histopathology,
and Micro CT
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REVIEW OF LITERATURE

Multiple well known risk factors are contributing to the formation, growth, and rupture of 1As such as
genetics, age, hypertension, smoking, size, and site of the aneurysms (UCAS Japan Investigators et al.,
2012). However, the actual mechanisms that lead to an aneurysm rupture are not well understood yet.

Predicting the future behavior of cerebral aneurysms was the target of several studies in recent years.

When an unruptured cerebral aneurysm is diagnosed, the physician has to decide about the treatment
method. Often more giant aneurysms are diagnosed at higher risk of rupture and are candidates for
intervention. However, several clinical and morphological parameters are introduced as risk factors.
Therefore, some small size aneurysms with a higher growth rate and rupture risk may be missed.
Treatment method of unruptured aneurysm depends on the aneurysm size. The ISUIA study and the
UCAS study both concluded that size is a significant risk factor for rupture.(UCAS Japan Investigators et
al., 2012; Wiebers et al., 2003) In both ISUIA and UCAS studies, aneurysms smaller than 7 mm have been
associated with very low risk profiles for rupture(Wiebers et al., 2003) Aneurysms below the threshold
size of 7 mm still account for a noticeable number of ruptures(Robertson et al., 2015).Therefore, it is
necessary to be aware of the future behavior of the aneurysm. Estimating the 3D flow pattern and stress
distribution and predicting the disease's progression trend may be possible by measurement of wall
thickness by patient specific cerebral aneurysm wall histology,Micro CT and collagen parameters with

CFD and FSI studies.

Thease studies can help surgeons to decide about the best treatment method and prevent unnecessary

interventions.

It is not possible to study the true natural history of UIAs in future prospective follow-up cohorts


https://www.sciencedirect.com/topics/computer-science/cerebral-aneurysm

Risk factors for aneurysmal rupture include aneurysm size and aneurysm site, with higher risks for larger
aneurysms and aneurysms in the posterior circulation (Juvela et al., 2000; UCAS Japan Investigators et al.,
2012; Wiebers et al., 2003).Various other factors like multiple aneurysms,(UCAS Japan Investigators et
al., 2012) female sex,(Wermer et al., 2007) young age,(UCAS Japan Investigators et al., 2012) and
cigarette smoking(Juvela et al., 2000)have been suggested as risk factors

The treatment decisions of unruptured 1As may improve to a large extent with an accurate prediction
model based on the different types of risk factors aiming to identify patients with a high risk of aneurysmal
rupture.(Detmer et al., 2018) Treatment of unruptured IAs would be indicated when the risk of rupture
from natural history is higher than the risk of treatment and follow-up.

Despite great progress in methodological developments and many studies using patient specific data,
there are still significant controversies about the precise governing processes and divergent conclusions
from apparently contradictory results.

Cerebral arteries are structurally and functionally different from the extra cranial vessels. They have a
specific wall organization with absence of external elastic lamina and a thinner adventitial tissue.® Various
studies have been conducted over the years in order to understand pathogenesis of development of
intracranial aneurysms, its relation to the vessel wall morphology and its natural history and progression.
However, the study into the pathogenesis continues to date because of the multifactorial nature of the
disease. The aneurysm formation is essentially initiated by the disruption of the internal elastic lamina
which is followed by the remodelling of the wall. Continuous ongoing processes of remodelling and

degeneration will continue as the aneurysm wall grows.*

Irregularities in the aneurysm wall has been significantly associated with wall instability.® Collagen fibres
are seen in both adventitial layer and the tunica media.® In the aneurysm wall, it has been seen that
different diameter of collagen fibres exist in the luminal and abluminal parts of the wall.” Also, the

orientation of the collagen fibres differs in the aneurysmal wall when compared to the normal cerebral



arteries. A study by Hackenberg et al® used a mathematical model with the help of C* and studied the
collagen turnover rate and mean age of collagen in the aneurysmal walls. It was noted that the mean
collagen turnover rate was higher than 2600% per year and the mean age of collagen was less than 2 weeks

in patients with intracranial aneurysms.®

Collagen adaption:

The basic adaptive response of the collagen fibres is of growth and remodelling. The aneurysm develops as
elastin degrades and hence the collagen fibre adapts to restore its strain to the hemostatic value. The
growth and atrophy of the collagen fibres in turn has its effect on the enzymes which maintain the

collagenous matrix of the vessel wall.®

Various studies investigating the association between the wall shear stress and the risk of rupture of an
aneurysm have been done using the computational fluid dynamics. Using CT angiography, digital
subtraction angiography or MR TOF, Computational Fluid Dynamics (CFD) and Fluid Structure
Interaction Analysis (FSI) helps create a 3D model of blood flow. When the wall strength is lower than the
hemodynamic forces, rupture of an aneurysm occurs.® Often mechanical strength of the aneurysm wall
varies from patient to patient and also within the aneurysm dome itself. Hence the site of rupture is
variable in each aneurysm. Cebral et al** demonstrated that the collagen fibre diameter is larger when the
wall shear stress increased whereas the orientation of collagen fibres was more coherent in regions with
normal wall shear stress or even low wall shear stress. Once the internal elastic lamina is damaged, it is the
collagen fibres of the adventitia which are the main load bearing structure. Hence, the collagen thickness
and orientation variability with its relationship to the shear stress of the flow in the aneurysm becomes
important for its growth and its rupture. Experimentally, it is noted that high levels of wall shear stress at

the curves is noted to induce the endothelial cells to produce MMP-9. As noted by various studies; matrix



metalloproteinases play an essential role in the pathogenesis of the aneurysm. it was also noted that high

wall shear stress progressively leads to the dolichoectatic changes in the blood vessels. 2

Aneurysm dome wall thickness is a poorly documented feature in the study of aneurysm pathogenesis and
the clinical assessment of rupture risk. Histological assessment has shown that the aneurysm wall
undergoes a dynamic process of destructive remodeling and dysregulation, featuring de-cellularization and
apoptosis, collagen reorganization, degeneration of the internal elastic lamina and elastin fragmentation,
de-endothelialization, thrombus formation and inflammatory infiltration. Some aspects of this process may
be focal in nature as a result of the local release of inflammatory destructive enzymes and endothelium
derived factors, such as nitric oxide and prostaglandin 12. The ultimate consequence is a heterogeneous
tissue distribution observable on surgical exploration of thick, intermediate and thin translucent regions of
the aneurysm wall. Many observed aneurysms possess clearly defined loci of translucency suggestive of
focal weakness, potentially influencing local material stiffness and yield stress, predisposing these regions
to rupture. Wall thickness is highly variable between and within aneurysms and has been reported as
ranging from 16 to 400 micrometer, with the majority between 30 and 200 micrometer.4 Several studies
have attempted to describe a continuum through which different stages of the aneurysm ageing process can
be observed and identified based on aneurysm size, level of calcification and intraoperative appearance.
These attempts to describe intraoperative findings of the aneurysm wall thickness have resorted to
subjective or qualitative description (such as entirely thick, thin or a combination) and have lacked
quantitative analysis. Given the risks associated with both rupture and treatment, we need improved
methods of stratifying rupture risk. In practice, treatment selection hinges on only several epidemiological
and morphological parameters (e.g., aneurysm size, location, and patient age). Thinning of aneurysm wall
thickness (AWT) has previously been associated with aneurysm rupture and may represent an additional
parameter by which to guide treatment decisions. Till date, many studies have been undertaken to assume

the Aneurysmal wall thickness(AWT). They include use of microscopic images, resolution, pixelage and



colour of the aneurysm, and high resolution images. CT angiography and MRI based studies have been
described. Image resolution of the same is poor to reconstruct vessel/aneurysm wall thickness for Fluid
Structure Interface studies. Previously histopathological examination of cross sectional samples of resected
dome have been used. But due to shear factor associated with use of microtome in histopathological

specimens have led to limitation of measurement of vessel thickness.

By methodically applying the Laplace equation, Bazilevs et al.(Bazilevs et al., 2009) created a changeable
vessel wall thickness for a blood vessel lumen in three dimensions. For the three distinct sections of the
diseased blood artery, Valencia et al.(Valencia et al., 2013) conducted FSI tests using three different
thicknesses. In order to determine whether wall stress analysis in a basilar artery bifurcation was
necessary, VoB et al. (VoB et al., 2016) compared various artificial wall generation techniques. Using
optical coherence tomography, VoB et al.(\VoR et al., 2016) subsequently removed a vascular bifurcation
of the circle of Willis postmortem and scanned it. After these photos were integrated to create a 3D model,
the local wall thickness was resolved. FSI analysis was used to compare this model with models that had
constant or diameter-dependent wall thickness. Based on experimental results, Torii et al.(Torii et al.,
2009) modelled the aneurysm wall with a significantly lower uniform thickness of 0.05 mm and the
arteries with a uniform thickness of 0.3 mm. In order to investigate the wall strains and deformations
following a traumatic brain injury (TBI), Razaghi et al.(Razaghi et al., 2019) have modelled a cerebral
aneurysm.

By running patient-specific FSI simulations, they have found that TBI-induced concentrated stresses
increase the likelihood of rupture. Combining the patient-specific wall and lumen to create a 3D model
was first done by Cebral et al.(Cebral et al., 2018; Cebral and Raschi, 2013). Micro-CT imaging of a
resected aneurysm wall tissue placed on a 3D-printed model of the in vivo aneurysm lumen or fluid-
domain (blood) imaged by a 3D rotational angiography (RA) imaging modality before surgery was the

basis of their methodology. Nevertheless, based on the landmark (bleb) in the aneurysm, subjective

10



assumptions were made for aligning the fluid domain with the wall. The wall and fluid domain models
produced by various imaging modalities may not always be able to be reliably aligned, especially in

spherical aneurysms.

In order to create a 3D aneurysm wall geometry from clearly resolved cross-sectional histopathology
pictures of surgically removed intracranial aneurysm slices, Niemann et al.(Niemann et al.,
2021)developed a pipeline. Through the expansion of each cross-section to a circle, the aneurysm 4 wall
was created into a spherical shape for their investigation. The aneurysm lumen, however, can actually take
many other forms, such as blebs or undulations. The aneurysm model could be enhanced by in vivo lumen
shape information, it was noted. Because the arteries are more anatomically similar to cylindrical
geometries, Glaber et al. (Virtual Inflation of the Cerebral Artery Wall for the Integrated Exploration of
OCT and Histology Data - GlaRer - 2017 - Computer Graphics Forum - Wiley Online Library, n.d.)
inflated a cerebral artery-wall cross-section into a circular shape, which served as the model for their

investigation.

However, the lumen shape as it was in vivo cannot be preserved by the wall thickness acquired from
surgically resected I1As. Niemann et al. (Niemann et al., 2021) have addressed this gap by combining
lumen and wall data to create a more accurate model. Using 2D histologic image data and the virtually
inflated 3D micro-CT image data to form fit the pre-operative angiographic data, they have integrated the
multimodal wall and lumen data to create an enhanced 3D geometric model for intracranial aneurysms. In
order to make the inner border of the aneurysm wall as level as the lumen in the preoperative angiographic
imaging, the Iterative Closest Point Algorithm (ICP) was employed. However, utilising the algorithm's
assistance, it is necessary to evaluate the accuracy of the aneurysm shape preservation and the wall

thickness heterogeneity preservation after inflation. Glaber et al.'s method (Virtual Inflation of the Cerebral
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Artery Wall for the Integrated Exploration of OCT and Histology Data - Glaler - 2017 - Computer

Graphics Forum - Wiley Online Library, n.d.) was applied to the aneurysm wall inflating.

Using other imaging modalities to generate an in vivo reference value is quite challenging. The few wall
visualisation modalities that are now available are either impractical or difficult to use. Additionally, there
are other ethical issues that must be resolved. There are currently only case reports and case studies
describing intraluminal OCT usage in human cerebral aneurysms, and no intraluminal OCT is authorised
for use in the cerebral vasculature (Ku et al.(Pasarikovski et al., 2020)). Despite being documented in the
literature, intravascular ultrasonography (IVUS) has a low resolution for the cerebral vasculature (more
than 1500 micrometres). Signal dropout behind calcium because the measurement is hampered by the
ultrasonic beam'’s inability to pass through calcium. IVUS imaging is therefore restricted to tiny
vessels(Athanasiou et al., 2011). On the other hand, there is disagreement in imaging protocols regarding
3T and 7T MRI modalities' ability to objectively quantify aneurysm wall enhancement because of factors
like heart cycle pulsation-induced blurring ( Tian et al (Visualizing wall enhancement over time in
unruptured intracranial aneurysms using 3D vessel wall imaging - Tian - 2019 - Journal of Magnetic
Resonance Imaging - Wiley Online Library, n.d.), Hadad et al (Hadad et al., 2023), and Kleinloog et
al(Kleinloog et al., 2018) and others. Although the walls of cerebral aneurysms are sometimes very
diverse, with thick, atherosclerotic, or hypoplastic sections next to extremely thin ones, the majority of
CFD studies of aneurysms assume solid walls.

Using conventional clinical imaging to resolve these sub-millimeter thicknesses is challenging. The
material characteristics of these areas can also vary greatly. Because of this, the majority of fluid-structure
modelling of cerebral aneurysms has traditionally depended on presumed homogeneous wall properties,

making it seldom patient-specific, as Steinman and Pereira (Steinman and Pereira, 2019) highlighted.
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MATERIALS AND METHODS
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MATERIALS AND METHODS

Clinical history and demographic details i.e., age, sex, presence of comorbidities such as
hypertension, diabetes and smoking are collected. Imaging of the patients with ruptured cerebral
aneurysms will be studied. 3D model of DSA or CT angiography of the intracranial vessels containing the
aneurysm is developed from the existing imaging. Further these images will be used to calculate the
Hemodynamic Stress parameters in the various parts of the aneurysm i.e., Neck, body and dome as well as

the probable site of rupture. CFD and FSI analysis to be done.

Patients are operated as per institutional protocol and the aneurysm dome beyond

the placement of the aneurysm clip is excised.

The excised wall will be further examined by polarise microscopy. The content of collagen and orientation
will be studied at different parts of the wall. Representative reconstruction based on the collagen properties

of the aneurysm wall will be rendered.

Patient with SAH

Proposed Study CED/FSI
—’

CTA/DSA Studies

l

Surgery
Aneurysm Clipping Resuits

l

Excision of dome
of Aneurysm

Polarised Microscopic
Study of Aneurysms

Proposed Study Wall Collagen

Comparative
Analysis

Results

«—— Standard of Care

Figure 1- Flowchart for polarized microscopic study of aneurysm wall collagen parameters.
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Another resected dome of aneurysm gross specimen will be sent to Department of Pathology, SCTIMST
where it will be embedded in paraffin box. This embedded gross specimen of resected aneurysm will be
evaluated using Micro computed tomography to assess the geometry and dimensions of the same. The
patient specific actual wall thickness will then be calculated. The Assumed thickness of wall will be

compared using micro CT based patient specific wall thickness assessment.

The relationship between the hemodynamic stress parameters at different parts of the aneurysm wall and

its corresponding collagen properties and its orientation will be investigated in detail.

The histopathological image stack used in this work was obtained after performing the surgical clipping
procedure for a female patient. The resected anterior cerebral artery aneurysm was acquired with the
consent of the patient and approval by the institute’s ethics committee. The haemotoxylin and eosin (H&E)
stained aneurysm tissue was filled with a gel foam sponge such that the aneurysm wall encapsulates the
lightweight foam without significantly altering the original shape of the aneurysm. Subsequently, the
aneurysm was sliced, starting from the apex to the base, with a microtome such that consecutive slices
were 200 um apart. These slices were imaged using a microscope (see Figure. 2). These images had a
resolution of 3840 x 3072 pixels. Each image accurately shows the wall thickness variation at that

particular cross-section of the aneurysm slice, whilst the shape of the slice is expectantly deformed due

to the histological process of cutting and preparing samples for image acquisition.
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Figure 2: A) Histological 2D image stack of Resected Aneurysm dome B) CT Angiographic 2D image
stack of slices in the axial plane C) A particular Histological slice showing the cross-sectional wall
thickness of the aneurysm and the corresponding segmented 2D image D) 3D segmentation of the Lumen
from CT Angiographic images E) Axially stacked 2D segmented images. F) 2D Slices of the 3D lumen G)

3D wall model rendered by Combining the wall thickness around the lumen
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Slicing of Aneurysm-lumen 3D model

1.The 3D model of the aneurysm lumen alone is sliced from the dome-apex to base such that, the shape of
the generated lumen-slices match with the histological wall-slices with a one-to-one correspondence. This
shape matching of slice pairs enable combining the wall thickness from the histological slice to its shape
matched lumen slice, preserving their iso-surface shape. In essence, the slices are reconstructed such that,
the in vivo shape and volume are conserved by the seamless continuity between successive slices. The

binary images generated by slicing the 3D model were of resolution 1280 x 720 pixels (see Figure.3)
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Figure 3: A) CT Angiographic Image stack of whole brain B) Segmented 3D geometry of the
Aneurysmal-lumen along with its arterial-lumen C) Generation of lumen slice images top, middle and
bottom (3D view) D) Lumen-slice Binary images top, middle and bottom E) Boundary detection from

Binary Images to obtain the Aneurysm Lumen contours F) Stacked contours that form an accurate domain

of the lumen

2. Contour generation from slices The cross-sectional image slices of the 3D image model for the lumen are
cropped to a size 238 x 191 pixels so as to keep them in the same image-scale as that of the corresponding
histologic wall-slice images. A sobel operator is applied on the binary image of every slice to obtain the

contour of the lumen for that specific slice as shown in Figure.3. 2.3. Contour Shape Matching and
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thickness transfer 200 Under in vivo conditions, the boundary of the lumen and its wall inner boundary are
one and the same. The histologic images were processed to obtain the cross-sectional wall inner-outer

boundary contours (Ci and Co )

CT Angio 3D model (aneurysm lumen) was sliced digitally to obtain the crosssectional lumen
contours(ClI). The aneurysm-lumen was sliced only at a particular angle of orientation with respect to the z
axis, and sliced at ¢ = 38° as shown in Figure 4. For any other angle ¢, the flow-domain slices will result in
a totally different set of shapes for the lumen slices which do not match with the corresponding histologic
slices (see Figure 4). Additionally, the deflated wall images have shape and size changes, resulting in
hindrance in establishing spatial correspondence between any slice-pair from histology to CT Angio
directly (Figure 5 C1). Therefore geometric transformations, such as rotation, scaling and translation is
performed on the wall-contour images such that, a minimum Hausdorff distance is achieved (Figure 5 C2).
The small step sized rotations and translations are applied to obtain a minimum Hausdorff distance(Figure
6), which establishes perfect shape match and correspondence. To confirm the shape-match between
histologic and CT Angio slice-contour images, the shape co-ordinates (X, y) are plotted for wall inner-
boundary contour (histology) and the lumen contour (CT Angio). The contour shape represented by the
shape co-ordinates ( (xo, yo) - outer; (xi, yi) - inner; (xI, yl) - lumen) are plotted with respect to 0k (the
sectoring angle around the contours). Since the plots of the shape co-ordinates for wall inner boundary and
lumen do not match (Figure 5 Al and A2), the Fourier descriptors are computed for those shape co-
ordinates, as it provides the summary of the histogical wall shape outpacing the undulations. When the
Fourier coefficients are obtained for the histologic wall-inner boundary contour in the transformed
frequency domain, the summary of the shape is deduced in the spatial domain. The undulation free shape
descriptors for the wall inner boundary, now matches with the corresponding lumen contour shape(Figure
5 B1 - B3). In this way, the shape match is validated by using the Fourier Descriptors, The inner contour is
warped ( [42] and [43]) onto its shape-matched lumen contour to compute the subtle geometric

tranformations undergone by the aneurysm wall-slice due to the histological methods of tissue processing.
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After warping the wall inner contour onto the shape matched lumen contour, a gradual reduction in
Hausdorff distance facilitates spatial correspondence between the wall-lumen slice pair (Figure 5 C1 and
C2). Since the inner area of the aneurysm wall slice is slightly less than the inflated lumen slice area, by
normalising the wall inner-contour enclosed area from Ai to Ax i with the lumen-contour area from Al to
Ax | respectively, the proportionately normalised thickness area Ax t from histology is combined around
the normalised lumen. 3. Contour sectoring with points Due to the inherent drawbacks of tissue processing
methods, the sliced aneurysm wall may have undulations which are clearly visible in each histology
derived wall inner contour(Ci), whereas the corresponding CT angio derived lumen contour(Cl) is smooth.
This scenario makes it difficult to obtain a spatial correspondence between the wall and the lumen.
Therefore, using a sectored wall boundary, the thickness was extracted from the wall at all its sector-points
outpacing the undulations to combine it with the CT angio-derived lumen boundary, which is also sectored
into the same number of points (see Figure 7 A). This is achieved by picking up an equal number of points,
uniformly by sectoring the wall inner-outer contours (Ci & Co) and lumen contour(Cl), such 250 that Po =
Pi =PI (the complete methodology is schematically presented in Figure 7). The equal number of sectored
points are on each contour, preserves the thickness between Co and Ci which can be extracted at all the
sectored pair points, Po and Pi and transferred around the spatially corresponding lumen contour’s sector
point, Pl . (see Figure 7 B). This can be repeated for all the matching contours between the histologic slices
and lumen slices, which provide wall-thickness point cloud around them Figure 13 images G. 2.3.2.
Extraction and transfer of thickness The distance vector is computed between each boundary point on the
outer periphery (Po(6k)) and the inner contour (Pi(6k)). The distance xt and yt pixels are scaled
proportionately based on the scale factor, the area ratios between the wall inner boundary to the lumen and

added to P1(0k), to obtain the thickness transferred at Pt(0k). See Figure 8
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Figure 4: The angle between the central axis of the geometry and the z axis is ¢. A1-A3) Flow-domain /
aneurysm-lumen slices for : E) Flow-domain sliced at an angle ¢ = O-with respect to the z axis, shows no
match D1-D3) Flow-domain / aneurysm-lumen slices for : G) Flow-domain sliced at an angle ¢ = 38°with
respect to the z axis, shows perfect match with histologic slices (C1-C3 Rotated versions of original B1-

B3). F) The complete flow-domain wherein the aneurysmal-lumen is highlighted by green circle.
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Figure 5: Al, A2) Variation of shape co-ordinates (X, y) histology derived wall-contours (preserve
thickness - green & red) vs CT Angio derived Lumen-contour (preserves in vivo shape - blue) B1) shape
matching with the Actual number of Shape coordinates that define the contour-shape (After image-
warping the inner contour over the lumen contour), B2 and B3) Shape matching with a reduced number of
Fourier Descriptors, C1) Superimposed inner contour over lumen contour to understand the geometric
differences between the wall inner boundary(red-dotted) & lumen boundary(blue-dashed), C2) Warping

the inner contour over the lumen contour to reverse the geometric transformation
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Figure 7: A)The Shape co-ordinates of the Inner,Outer & matched Lumen Contours are selected by
uniformly/evenly dividing them around the loci as n sectors obtained from the GCF of Actual number of
Shape co-ordinates between the inner, outer and lumen matched set of contours, B) The Distance metric
between the Shape co-ordinates at every inner-outer sector-point pairs representing wall-thickness values

at those points are transferred around the lumen at the spatially corresponding sector points
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Figure 8: Thickness measured around the sector points on the histologic wall-contours & transferred

around the lumen-contour at the spatially corresponding sector points.
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Input Number of sectors n € R,
Inner Contour of boundary points G,
Outer Contour of boundary points C,.
Lumen contour from the CT (.
Output Array of position vectors for points on the outer wall for CT based
lumen for a slice )f, R
1 0+ linspace(0, 27, n) {Equally spaced array of angles of size n}
2: P+ C;(zi,yi) { Get 'n’ Shape co-ordinates for inner contour}
3 P, + C,(ro,yo) { Get 'n’ Shape co-ordinates for outer contour}
14 B+ Gzl yl) { Get 'n’ Shape co-ordinates for lumen contour from CT }
5 A% Area(C;) {Area enclosed by inner contour}
6: A" Area(Cr) {Area enclosed by lumen contour}

Scale factor «— /A" /A"

= |

& for each angle 85 in £ do

9 X; « Pi(f) {Position vector of point on inner contour at angle #y}
10: X, « P,(6;) {Position vector of point on outer contour at angle 6, }
11: X, + PF(f) {Position vector of point on lumen contour at angle .}

122 Ty + ()En - Xi) /Secale factor { Extract and scale the thickness at a

given sector }

13 Xep o Xi+Th { Transfer the thickness at the spatially corresponding
sector }
14: end for

Table 1: Wall Thickness Transfer Algorithm

The algorithm involves thickness extraction from all sector points around the wall and combining it with
the spatially corresponding sector points on the lumen as described in Table 1. Since the 3D volume of a
slice is obtained from a respective 2D image, there is a loss in the axial thickness information. The total
number of histologic slice images obtained from microtome cutting followed by microscopic imaging was
only 49, while the CT angio based blood-flow domain was 560 (smaller axial thickness preserves the

shape of the lumen better). To start with, every histologic image slice was duplicated with an equivalent
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ratio between the total number of lumen slices and the total number of histologic slices. As expected, it
resulted in a textured surface during 3D reconstruction of the wall geometry (Figure 9 A and B).
Therefore, Spline interpolation was used to obtain smooth texture for the outer surface of the wall as

shown in Figure 9.
4. Volume Rendering and Smoothening

The histological 2D images provide the planar wall-thickness detail for every cross-sectional slice of the
resected aneurysm tissue but do not account for the axial variations in wall thickness. From the base to the
top, the height of the blood flow domain enclosed by the resected aneurysm wall tissue was measured to be
around 11 mm, while the number of slices used to preserve the lumen shape post the 3D slicing was
around 560. To render the complete 3D geometry(wall plus lumen), of the resected aneurysm, the number
of slices per mm (= 51 slices/mm) is used along with the number of pixels/mm (10 pixels/mm) so as to
compute each lumen-slice height (0.02mm). The blood flow domain(lumen) alone preserves the 3D
morphological shape within its continuous slices, acquired during the slicing of the lumen’s 3D model.
The volume rendering software enables the volume in 3D by stacking up the lumen images, which
encompasses the wall thickness details. The histological wall images were uniformly duplicated to match
the CT angio derived lumen slices, resulting in a rough and stacked surface (see Figure 9). Therefore, a
smoothening step is required to smoothen the discrete thickness around the lumen. The post-smoothening
3D aneurysm geometry, (see Figure 9), exhibits a smooth surface that satisfies the necessity of a smoother

surface mesh.
5. Mesh Generation

A 3D Mesh of the reconstructed aneurysm wall (wall thickness plus lumen shape Figure 10 A) is placed on
the 3D surface mesh of the blood flow domain to ensure a good fit, and an outer mesh is created over them
that undergoes the sculpting process [44, 45, 46, 47] to preserve the thickness heterogeneity 300 (see

Figure 10 B). The average thickness measured around the reconstructed aneurysm wall is set as the wall
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thickness for the rest of the geometry extending up to the arteries (Figure 10 C). The final 3D outer and
inner mesh representing the wall thickness around the entire blood flow domain enclosed by the aneurysm
and the associated arteries is the final 3D geometry (Figure 10 D). Volume mesh is generated for the fluid
and solid domains using tetrahedral and prism elements. Prism layers are added near the vessel surface to
capture the boundary layer physics accurately, with the inner core filled with tetrahedral elements. Two

different views of meshing, surface-based as well as a close-up view are shown in Figure 11.

6. Fluid Structure Interaction

Over the meshed geometry, coupled fluid-structure interaction (FSI) effects are resolved by duly
accounting for the two-way influences between the fluid flow(blood flow) and the deformable
structure(wall). Fluid-structure interaction (FSI) resolves the interaction effects between the blood flow
and the arterial wall, as the flowing fluid modifies wall deformation. To resolve these influences, the
Arbitrary Lagrangian Eulerian (ALE) approach is adopted for the coupling between the fluid and wall
structure. In ALE formulation, the fluid flow equations are solved in the Eulerian reference frame, and the
solid equations are solved in the Lagrangian reference frame. The flowing fluid is assumed to be laminar,
incompressible, and Newtonian, which can be modeled using the Navier-Stokes equation. Simulations are
performed using finite element-based commercial solver(Introduction to COMSOL Multiphysics, n.d.). In
this solver, the governing equations that are numerically solved are, continuity and linear momentum

conservation are,

V-V=0(1)

p (OV Iot) +((V—Vm) - V)V)=-VP + uvV2V (2)

Where "V’ is the velocity field vector, ’Vm’ is the mesh velocity, P is the fluid pressure, ’p’ is the density
of the incompressible fluid, and ’u’ is the dynamic viscosity of the fluid. Additionally, the equation for the

wall deformation is coupled to the Navier-stokes equations to solve the wall deformations as,

ps(02ylot2)=V - -c+Fb (3)
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Where ’y’ refers to the wall displacement, 'Fb’ is the body force acting on the structure, ’ps’ is the density
of the vessel wall, and ’6’ is the Cauchy stress tensor. Here, the fluid flow equations are solved in a
deforming mesh domain having mesh velocity Vm. Hyperelastic smoothing ensures smooth deformation
of the fluid mesh based on the boundary constraints. The solid wall boundary is subjected to pressure and
viscous forces from the fluid side. The solid wall is free to move, and the fluid mesh deforms freely
according to the wall displacements. Two-way coupling is employed for the FSI simulations, and the
interface has the same velocities for the fluid and solid domains. Furthermore, the dynamic forces at the
interface are identical but act in opposite directions. The direct solver PARDISO solves the fluid and solid
equations simultaneously using a fully coupled approach and uses the Newton-Raphson method to
linearize the non linear equations. The damping factor is adjusted such that, the residual errors at each
iteration converge with an absolute tolerance value set to 0.001. The flow domain uses the P2+P1
discretization technique, while Quadratic Lagrange is adopted for the solid domain. The generalized-a

method is used for temporal discretization with a strict initial time-step of 0.0001

Aneurysm walls exhibit non-linear hyper-elastic properties (A fully-coupled fluid-structure interaction
simulation of cerebral aneurysms | Computational Mechanics, n.d.; Sanchez et al., 2014). However, an
earlier study by Lee et al(Lee et al., 2012) showed that the linear-elastic material model could represent the
trends in displacement patterns and high flow velocities (Lee et al., 2012). 350 The present study assumes
the arterial wall to be a linear elastic material that simplifies the modeling complexities and reduces the
computational cost. Blood has a density of 1050 Kg/m3 and a dynamic viscosity of 0.0035 Pas. The
arterial wall structure has a density of 1100 Kg/m3 with Young’s modulus value equal to 1 MPa and
Poisson’s ratio of 0.49 (Lee et al., 2012). The transient pulsatile waveform is provided at the inlet cross-
section. The reference pressure at the outlet is considered to be zero. There is a no-slip boundary condition
for the fluid wall, and the solid wall is set with zero traction. Mesh metrics for coarse, medium and fine
meshes are presented in Table 3. The GCI values are shown in Table 4 to assure that the FSI simulations

are reliable and grid independent(Journal of Fluids Engineering, 2008)
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Metrics Coarse(c) Medium(m) Fine(f)
Global cell 0.064 0.048 0.036
size(minimum)
Global cell size 0.32 0.24 0.18
(maxinmum)
Refinement 1.3 1.3 1.3
factor (r)
First cell height 0.04 0.02 0.01
(h)
Inflation layers 3 5 7
Prism growth 1.12 1.12 1.12
ratio
Number of 4,54,728 8,02,605 11,27.880
Elements

Table 2: Mesh metrics for coarse, medium and fine meshes

Parameter | Coarse(c¢) | Medium(m) | Fine(f) | GCI(f,m) | GCI{m,c)
WSS, e @ 1 5.02 6.69 6.83 2.75% 0.225%
WSS, .. @ £, 23.26 27.21 28.47 8.512% 2.587%
WSS,ar @ i3 8.19 11.06 11.95 14.6% 4.187%
WSS ax @ 4 4.48 5.53 5.82 9.062% 2.375%

Table 3: Grid Convergence Index (GCl)
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RESULTS AND ANALYSIS
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RESULTS AND ANALYSIS

The present study essentially unified multi-modal imaging data obtained from two distinct modalities.
CTA images along with histopathological slices were used to accurately reconstruct wall thickness
heterogeneity as it existed in vivo. However, it is equally important to estimate the efficacy of the wall

thickness transfer algorithm as well as the accuracy of the present approach.

Segmentation Accuracy

In the Figure 13, images Al - A5 are randomly selected slices from histology and images B1 - B5 are the
segmented versions of the aneurysm wall crosssection. It is observed that the K-means clustering
algorithm combined with the sectoring algorithm has performed a satisfactory segmentation and sectoring
preserving the thickness measures for further steps in the pipeline (Figure 12).
Sectoring Efficiency

The method of uniform sectoring of the contours (outer-inner contours from histology and lumen contour
from CT Angio) into an equal number of sector points "n’, results in 3 distinct sectoral arc lengths that
enable spatially precise thickness transfer from the histology derived wall-contour sector-point pairs to the
spatially corresponding locations around the lumen-contour points. Moreover, due to some undulations
present in the wall boundaries, their respective contours were larger than the spatially corresponding
matching lumen-contour. This resulted in an improper fit, if the wall contours were directly wrapped
around the lumen-contour for any given wall-lumen matched slice-pair between histology and CT Angio.
However, by uniformly sectoring the 3 contours with an equal number of sector points, spanning around
their respective contour perimeters, the spatial correspondence between histologic and CT Angio contours

is achieved for enabling an accurate thickness transfer.
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Figure 9: 3D rendered aneurysm wall outer boundary A) with rough surface-mesh showing Maximum
thickness (blue) regions (front view) B) with rough surface-mesh showing Minimum thickness (red)

regions (back view) C) with Smoothened Surface-Mesh showing Maximum thickness (blue) regions (front

view) D) with Smoothened Surface-Mesh (red) showing Minimum thickness regions (back view)
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Figure 10: A) Wall thickness information from Histological slices + shape information from CT -derived
blood-flow-domain/lumen slices to obtain the Point Cloud for representing the wall-thickness values
transferred around the lumen B) A 3D Mesh of the reconstructed aneurysm wall (wall thickness + lumen
shape) is being placed on the 3D mesh of the blood flow domain to ensure the perfect fitting C) Average
thickness measured around the reconstructed aneurysm wall is used to computationally create the wall
thickness-mesh for the rest of the blood flow domain extending up to the arteries D) Final 3D outer and
inner Mesh representing the wall thickness around the entire blood flow domain enclosed by the aneurysm

and the associated arteries.
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Figure 11: Surface mesh as well as close-up view of the neck branch and the outlet

3. 3D-geometry Reconstruction Efficiency

The spatially sectored discrete points holding the thickness data around the lumen data-points (Figure 13
images C1 -C5) are joined using a string element

that is used in image processing methods (Radial Decomposition of Disks and Spheres - ScienceDirect,
n.d.) to connect the points (Figure 13 D1 - D5). Now, all the lumen contour images holding the transferred
thickness values representing the wall around them are stacked up in the axial plane, to obtain the 3D
geometric model of the resected aneurysm. The integration of all the thickness-melded lumen-slices
(Figure 13 images D1 - D5) to obtain the synthesized geometry is presented in Figure 13 image H. The
final smoothed version of the 3D reconstructed aneurysm wall 13 image 1 is virtually sliced to ensure that
the instilled thickness heterogeneity is revealed at those selected random slices (see Figure 13 image E1-

E5). To compare and validate the discrete thickness values that were extracted from a histologic slice
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(Figure 13 images A2 and B2) against the transferred thickness values around the corre400 sponding
shape-matched lumen slice (Figure 13 C2), the cross-sectional plane pertaining to that slice in the finally
reconstructed 3D geometry of the resected aneurysm model is identified and observed (Figure 13 E2). It is
inferred that the thickness extracted from a histologic slice is comprehensively transferred around the
corresponding lumen slice, which is obviously reflected in the corresponding cross-sectional plane from
the finally reconstructed 3D model of the resected aneurysm. In the Figure 13 for any randomly selected
plane, the horizontal series of images, for instance, A3 - E3 can be observed to infer qualitatively, that the
thickness heterogeneity is preserved all the way from histology to CT Angio. While Figure 14 gives the
quantitative 2D Mapping of the wall thickness values from Histologic Wall contours (Figure 13 images
Al-A4) to CT Angio Lumen contours (Figure 13 images C1-C4) for those randomly selected slices. High
correlation co-efficient values and lower mean error percentages amply exemplify the quantitative

validation for the thickness transfer from histologic wall contours to CT Angiographic lumen contours.
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Thickness measurements Average -  Average- Average-
Minimum  Maximum Mean

(in mm) (in mm) (in mm)
Raw histologic wall 0.046 1.118 0.377
thickness
Segmented wall thickness 0.056 0.872 0.370
Final 3D geometric model 0.087 0.904 0.350

wall thickness

Figure 12: Raw Manual Thickness data measurements (A1) vs Extracted wall Thickness data
measurements (H1-H3 : Random Histologic images, S1-S3 : Segmented versions) vs Final 3D wall

geometry thickness measurements (B1)
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Figure 13: A1-A5) Histologic slices B1-B5) Wall segmentation from slices C1-C5) Transfering thickness
at sector points around the lumen-contours D1-D5) Joining the thickness points E1- E5) Slice appearance
revealing the thickness heterogeneity at various planes axially F) Volume rendered from segmented
images G)Point cloud showing the transfered thickness around the lumen H) Rough volume rendering 1)

Smooth volume rendered by stacking E1-E5
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Figure 14: 2D Mapping of wall thickness from Histologic Wall contours to CT Angio Lumen contours

4. Patient Specific Wall Thickness Measurements

Each thickness data that is measured as a distance vector between the inner and outer contour sector-points
(shape co-ordinates for outer sector point Co(xo, yo) & inner sector point Ci(xi, yi)) from a histologic slice
is transferred in a clockwise fashion around the spatially corresponding lumen sector points (shape co-
ordinates for a sector point in a lumen contour CI(xI, yl) in the corresponding shape-matched lumen slice.

At various slices of the rendered aneurysm wall (Figure 13 images C1 - C5), the maximum thickness value
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spanned between 0.6 mm to 1.5 mm, similarly, the minimum thickness values at various slices of the
aneurysm wall ranged between 0.1 mm to 0.4 mm (Figure 15).

5. Wall Thickness Conservation

The elasticity provided by the gel foam sponge embedded within the resected aneurysm wall before it
underwent microtomy was efficient enough to almost retain the same amount of inflation, analogous to the
blood-volume that originally prevailed in vivo. Area normalization was performed for all slice-contours of
the wall and lumen. Since slices are made of equal width in the axial direction, the thickness area
conservation (precise transfer of measured thicknesses from histology to the final 3D model) for every
slice, in turn, has ensured volume conservation. However, it is to be noted that various effects, such as
shrinkage distortion due to tissue processing, slicing, and imaging, make the exact conservation highly
challenging. Figure 16 presents over all reconstructed volume of the wall and CT angio projected wall
volume. The associated differences from the present algorithm was observed to be with in acceptable

limits.
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Figure 15: Histogram of randomly measured wall thickness at various stages of the pipeline a) Raw ground
truth manual measurements at various data points b)extracted thickness measurements from segmented

images at all sector points c) 3D thickness contour measure
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Figure 16: Wall Volume Conservation A1) Wall model(using Histology Alone) B1) Reconstructed wall
model(Histology + CT Angio Combined) A2) Area ratios for each slice (using Histology Alone) B2) Area

ratios for each slice (Histology + CT Angio Combined) C2) Difference between the area ratios.

6. Fluid Structure Interaction Simulations
Numerical simulations are performed by accounting for two different wall thickness constructions, viz. a
uniform wall and patient specific wall. These two models are subjected to fluid-structure interaction

studies to compare and contrast the difference between the two approaches. The reconstructed patient
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specific cerebral aneurysm model, using the proposed multi-modal registration methodology of combining
the 3D lumen shape information from Computed Tomographic Angiography (CTA) and the wall thickness
data from histopathological images, was compared against the uniform wall thickness model developed for
the same aneurysm.The uniform wall thickness (UWT) model was incorporated with a uniform defined
thickness around the aneurysm lumen of about 0.6 mm and the patient-specific wall thickness (PWT)
reconstructed from histologic 450 slices using the algorithm discussed in the manuscript had its own wall
thickness heterogeneity. FSI Simulation results on these two models revealed that thin walled regions in
the PWT model experienced higher pressure compared to thick walled regions as shown in Figure 17. In
the biomechanical perspective, Wall Shear Stress (WSS) is the haemodynamic parameter of interest when
the solid (wall) and fluid (blood) is combined. Moreover, Wall shear stresses in the aneurysm influences
endothelial response and hence, the inner layer of the wall is affected. It is observed that UWT model
underestimate the hemodynamic forces. Considerable differences are noticed in the pressure and wall shear
stresses observed between the UWT and PWT models. Aneurysm cannot withstand the higher stress and
ruptures when arterial wall loses its structural integrity. Thinner wall regions experience higher stresses
and displacements for the same internal pressure than thicker wall regions, leading to concentrated strain in
those areas. The maximum wall stresses for the UWT model is 13.6 kPa, while for the PWT model is 48.4
kPa. The maximum wall displacements for the UWT model is 58.5 pum, while for the PWT model is 162
pum (see Table 2). It is observed that the uniform thickness model underestimates the prediction of the

biomechanical stresses and wall displacements (see Figure 18 and 19)
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Hemodynamiec UWT PWT
Results

Maximum Wall 13.6 KPa 48.4 KPa

Stresses

Maximum Wall 58.5 pum 162 pm

Displacements

Table 4: Quantified Hemodynamic Results - comparison between uniform and patient-specific models
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Figure 17: A) Uniform Wall Thickness (UWT) Contours B) Patient-specific Wall Thickness (PWT)
contours . Pressure at peak systole for: C) UWT D) PWT. Wall Shear Stress contours (WSS) at peak

systole for: E) UWT F) PWT.
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Figure 18: A) Uniform Wall Thickness (UWT) Contours B) Patient-specific Wall Thickness (PWT)
contours . Time-Averaged Wall Shear Stress (TAWSS) contours at peak systole for: C) UWT D) PWT.

Oscillatory Shear Index (OSI) contours at peak systole for: E) UWT F) PWT.
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Figure 19: A) Uniform Wall Thickness (UWT) Contours B) Patient-specific Wall Thickness (PWT)
contours . Wall displacements at peak systole for: C) UWT D) PWT. Von Misses stresses at peak systole

for: E) UWT F) PWT.
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The results of wall thickness measurement with the help of micro CT and collagen parameters study with
the help of polarised microscopy are under process and will be accessed as a continuation study once

completed
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Fig 20 — Micro CT assessment of the wall of cerebral aneurysm
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Fig 21 — Polarised microscopy assessment of the wall of cerebral aneurysm
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DISCUSSION
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Discussion

1. Patient specific cerebral aneurysm model Glaber et al(Virtual Inflation of the Cerebral Artery Wall for
the Integrated Exploration of OCT and Histology Data - Glal3er - 2017 - Computer Graphics Forum -
Wiley Online Library, n.d.) inflated a cerebral artery-wall cross-section into a circular shape, as the arteries
are morphologically closer to cylindrical shapes, using ex vivo specimens. Although, this approach may be
suitable for an artery, it cannot be applied for an aneurysm which usually manifests in various random
shapes. In the pipeline putforth by Niemann et al (Niemann et al., 2021) the aneurysm wall has been
inflated into a spherical shape, by expanding each cross-sectional slice to a circle. It was pointed out in
their study that, in vivo information of the lumen shape could improve the aneurysm model. Compared
against these models, our pipeline’s key contribution is accounting for both, the wall thickness
heterogeneity and the cerebral aneurysm lumen shape that are patient-specific, in the finally reconstructed
3D aneurysm model

Very few studies have attempted the actual patient-specific aneurysm wall thickness measurement
variations in the literature. An earlier study made by Abruzzo et al (Abruzzo et al., 1998) measured the
wall thicknesses of ruptured human IAs and found an average value of 0.51 mm. More recent studies have
also found similar values. Studies performed by Costalat et al(Costalat et al., 2011) and Robertson et
al(Robertson et al., 2015), found the aneurysm averaged thickness to be around 0.2 to 0.3 mm (having a
minmax range of 0.1 to 0.6 mm). In a similar study, Cebral et al(Cebral et al., 2015) found an average
aneurysm sample thickness of 0.247 mm. On the other hand, according to Robertson et al (Robertson et al.,
2015), intracranial arteries have a larger mean thickness with 0.60 + 0.12 mm and 0.51 + 0.08 mm in the
basilar and middle cerebral arteries, respectively. We have observed the wall thickness to vary between 0.1
to 1.5 mm from our histopathological measurements. This range further corroborates the earlier studies.
Comparative assessment of UWTM and PWTM based on FSI

In the literature, FSI studies have been performed on idealized geometries towards understanding disease-

specific modelling, aneurysm progression, and risk of rupture(Drewe et al., 2017; Gao et al., 2013; Wang
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and Li, 2011). Computational simulation results are likely to be accurate if the wall geometry and
boundary conditions are patient specific(Steinman and Pereira, 2019). Since resolving vessel wall
thickness is not feasible with the available traditional 500 imaging techniques, the research community has
typically assumed constant wall thickness for modelling the cerebral aneurysm based on autopsy studies
(Ingall et al., 2000). Earlier FSI studies estimated the biomechanical stresses using uniform wall thickness
for cerebral aneurysm models(Philip et al., 2022; Sanchez et al., 2014; Torii et al., 2009). However,
uniform wall thickness approach may not accurately represent aneurysm wall tissue, leading to limitations
in estimating the stress distributions and subsequent rupture risk assessment. Other studies on aneurysms
analyse the flow and wall characteristics of patient-specific wall thickness reconstructed from micro CT
data (Cebral et al., 2016; VoR et al., 2016). These results show that patient-specific models inferred higher
stresses at rupture sites. These studies highlight that, a patient-specific wall thickness modeling of an
aneurysm is essential for enhancing the accuracy and reliability of fluid-structure interaction (FSI)
simulations. One of the biggest research gap unnoticed throughout these literature noteworthy cerebral
aneurysm models, is that a patient specific model can be procured for only an aneurysm with obviously
noticeable landmarks like blebs, or thrombus etc. On the contrary, most cerebral aneurysms are uniform in
shape, much closer to a sphere with every slice of it resembling subtly varying shapes close to a circle, but
not actually a circle. With the aid of Fourier descriptor approximation, the wall and lumen can be
registered better than the methods used previously in the literature, which primarily focussed on the first
step of fixing the landmark. This study is the first to address the registration of a cerebral aneurysm wall
with its in vivo state of lumen for uniformly shaped aneurysms, which do not have blebs or landmarks,
posing a huge challenge to objectively unifying the multi-modal imaging and then, performed patient

specific fluid-structure interaction simulations.
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Conclusion and Future work
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Conclusion and Future work

Present study proposed a novel methodology to geometrically reconstruct a 3D model of a cerebral
aneurysm, using multi-modal image data. This methodology accurately accounts for the patient-specific
wall thickness heterogeneity as well as the patient-specific lumen shape. An algorithm is developed for
holistically combining the in vivo CT angio data with the histopathological images containing the wall
thickness information to obtain the 3D model. The reconstructed near-realistic patient-specific 3D model
of the aneurysm would be a valuable first step in the study of aneurysms and their associated
hemodynamics using fluid-structure interaction studies. FSI simulations performed clearly show the
significant differences between the uniform wall thickness model and the patient-specific wall-lumen
combined model. The Uniform wall thickness model was found to underestimate the biomechanical
stresses and wall displacements, compared to the patient-specific model. The wall thickness heterogeneity
of the reconstructed patient-specific model could aid in linking the identified critically thin regions of
interest with the haemodynamic parameters, which are useful in the rupture risk analysis of cerebral
aneurysms.

The comparative results of histopathology, Micro CT, and collagen assessment will help more precisely in

the rupture risk analysis of cerebral aneurysms than any standalone modality.

Limitations

In the present study, the histological 3D volume of a slice is obtained from a respective 2D image, which
resulted in the loss of slope information associated with the axial thickness, fails to capture the wall

thickness variation along the slope in the axial direction of that slice. Although obtaining finer slices will
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increase the accuracy, the enormous number of slices will make the process technically demanding and
time-consuming. Volume conservation of wall thickness could not be exactly obtained between the
histopathological slices, which have undergone ex vivo variations due to shrinkage, deformations due to
slicing, 550 etc. With the aid of apriori estimates, such volume conservation deficit could be bridged.
Although the focus of the present study is to combine multi-modal image data as well as 2D
histopathological slices, fluid-structure interaction simulations are performed to demonstrate the utility of
the present approach. Since the present study is patient-specific, a higher number of cases is needed to
understand the robustness of the proposed approach to better understand the thickness heterogeneity. The
lumen-to-thickness ratio ranging from smaller to bigger variations or different aneurysm tissue materials

(blebs, calcification) etc., would enable greater confidence and robustness to the procedure discussed.
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award paper presentation
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APPENDIX C - TABLES & SCORES USED IN STUDY

Input Number of sectors n e R,

Inner Contour of boundary points C;,
Outer Contour of boundary points C,,

Lumen contour from the CT &,

Output Array of position vectors for points on the outer wall for CT based

lumen for a slice X, e R

1:

2:

3:

10:

11:

12:

13:

14:

f + linspace(0,27,n) {Equally spaced array of angles of size n}
P« Ci(xi,yi) { Get 'n’ Shape co-ordinates for inner contour}

P, + C,(xo,yo) { Get 'n’ Shape co-ordinates for outer contour}

: P+ Clxl,yl) { Get 'n’ Shape co-ordinates for lumen contour from CT }
: A+ Area(C:) {Area enclosed by inner contour}

: A%y + Area(C;) {Area enclosed by lumen contour}

Seale factor +— /A" /A"

: for each angle 85 in f do

X; « Pi(#) {Position vector of point on inner contour at angle 8}
X, « P,(6;.) {Position vector of point on outer contour at angle 8.}
X« Fy(8;) {Position vector of point on lumen contour at angle ;. }
Ty « (X_'c, - ,‘Ei-) /Seale factor { Extract and scale the thickness at a
given sector }
,’_(‘1:;‘- + Xi + Ti { Transfer the thickness at the spatially corresponding
sector }

end for

Tablel- wall Thickness Transfer Algorithm

63



Metries Coarse(c) Medium(m) Fine(f)
Global cell 0.064 0.048 0.036
size(minimum)
Global cell size 0.32 0.24 0.18
(maximum)
Refinement 13 13 1.3
factor (r)
First cell height 0.04 0.02 0.01
)
Inflation layers 3 5 7
Prism growth 112 112 1.12
ratio
Number of 4,54,728 802,605 11,27.880
Elements

Table 2- Mesh metrics for coarse, medium and fine meshes

Parameter | Coarse(c) | Medium(m) | Fine(f) | GCI(f,m) | GCI{m,c)
WSS, e @ £y 5.02 6.69 6.83 2.75% 0.225%
WSS, e @ £y 23.26 27.21 28.47 8.512% 2.587%
WSS e @ f3 5.19 11.06 11.95 14.6% 4.187%
WESar @ £y 4.48 5.53 5.82 9.062% 2.375%
Table 3- Grid Convergence Index (GCl)
Hemodynamic UWT PWT
Results
Maximum Wall 13.6 KPa 48.4 KPa
Stresses
Maximum Wall 58.5 pm 162 pm
Displacements

Table 4 - Quantified Hemodynamic Results - comparison between uniform and patient-specific models
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APPENDIX D - PLAGIARISM CHECK REPORT

L& Dupli Checker Date: 16-12-2024

Plagiarism Scan Report

2% Words 17
Exact Match Characters 5945
w
7% Sentences 48
[+)

Plagiarism 59 93 A Paragraphs 10
; Read Time 5 minute(s)

Partial Match Unique
Speak Time 7 minute(s)

Content Checked For Plagiarism

Sub Arachnoid hemorrhage is acute neurosurgical emergency with significant morbidity and mortality.
Approximately 3-5% of the population has unruptured intracranial aneurysms (UIAs)1. Unfortunately, most
UlAs will never rupture, and the anticipated yearly rupture rate is only 0.25%2. The natural history and variety
of UlAs make it difficult to draw a consensus among Neurosurgeons regarding the surgical indications for
UlAs.

Cerebral arteries are different in its structure from extracranial vessels i.e, due to their lack of external elastic
lamina and thinner adventitial tissue. The study into the pathogenesis continues to date because of the
multifactorial nature of the disease. Irregularities in the aneurysm wall has been significantly associated with
wall instability. Therefore, it is necessary to make a multidimensional prediction of the rupture risk of an
aneurysm. An major determinant in the development, rupture, and creation of intracranial aneurysms (1As) is
the inflammatory response of the aneurysm wall. When inflammatory cells invade the aneurysm wall, they
produce chemicals that cause the wall structure to collapse. In the event that the aneurysm wall's repair is
unable to withstand the inflammatory damage, the aneurysm expands and its wall eventually becomes
thinner3. This process, when combined with the ongoing hemodynamic effects, will cause the aneurysm wall
to rupture, resulting in a subarachnoid haemorrhage (SAH). Intraoperative observation is the only reliable
method to determine thick, moderate, and very thin translucent tissue regions on aneurysm wall. The risk of
rupture can be predicted to a certain extent by investigating the change in the thickness of the aneurysm
wall. However, it is challenging to directly measure or investigate the thickness of the aneurysm wall, and
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APPENDIX D: Patient Information Sheet And Consent Form

( English and Malyalam)

Participant Information Sheet

Title of the study:

Computational Fluid Dynamics based tools to the aid of clinical decision-making in the
management of intracranial aneurysms

Principal Investigator: Dr. Jayanand Sudhir, Dept of Neuro-surgery, SCTIMST

Co-PI: Dr.Bhushan Sadashiv Akhade, Dept of Neuro-surgery, SCTIMST

IEC/841/August 2021

Introduction:

You are being requested to participate in a research study on intracranial aneurysms. Intracranial
aneurysms are out-pouchings of blood vessels in the brain. They pose a risk for rupture. They may
also come to attention due to their pressure effects and stroke. They may also be incidentally
diagnosed during scan for some other reason.

You have undergone evaluation and management of an intracranial aneurysm. We intend to
conduct a study on the images of the angiography done in the institute to understand the blood
flow pattern within the aneurysm. We hope to include 200 patients in this study.

You are being requested to give consent for your angiogram images to be used for this research
study.

If you take part, what you have to do?
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If you consent to participate in the study, a copy of your angiographic images will be processed to
help understand the pattern of blood flow within the aneurysm. Enrolment into the study does not
pose any risk to you. Data regarding the blood flow (blood flow velocity) and aneurysm
characteristics (whether the aneurysm had ruptured or not), normally obtained during your
management will be used for the study. No blood or other tissue/ biological samples will be
collected for the study. No personal details will be collected. The identifier details in the scans will
be masked to conceal identity.

What will be done with the angiography images?

A copy of the angiography images will be used for the study. The images will be processed using
a computer in the institute hospital and transferred to Indian Institute of Technology, Madras,

where further processing of the images will be done to yield the results.

Will the study influence the outcome of my medical condition?

No. The angiographic images are being requested for submission for research only after you have
been subjected to the standard protocol of management in the institute hospital. The study will not
affect the outcome of your management.

Are there any side-effects or complications of the study?

There are no side-effects or complications in this study. The study involves processing of the scan
images only. No biological samples will be obtained from you for the study.

Will I benefit from the study?

No. There will be no personal benefit for you from the study. The results of the study may benefit
the society by helping the medical fraternity in understanding intracranial aneurysms better and
influence the management protocol for intracranial aneurysms in future.

Will you have to pay for the study?
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No extra payment will have to be paid by you over the routine cost of management.

Will your personal details be kept confidential?

Upon enrolment, you will be identified in the study by a code. No personal details will be used for
the study. Any detail relating to your identification in the angiography images will be masked. The
results of this study will be published in a medical journal but you will not be identified by name in
any publication or presentation of results. However, your medical notes may be reviewed by people

associated with the study, without your additional permission.

If you have any further questions, please you can contact Dr. B Jayanand Sudhir (0471- 2524347)
or email: bjs@sctimst.ac.in.
In case you have any questions about the ethics approvals for this study, you can contact the Member

Secretary of the SCTIMST-IEC. Phone: 0471 2524689 or email: iec.mem.sec@sctimst.ac.in
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Informed Consent form

[ aged

son/daughter of

* declare that I have read the above mformation provide to me regarding the study:

Haemodynamic imaging of 200 cases of intracranial aneurysms using computational fluid

dynamics and have clanfied any doubts that I had. []

* I also understand that my participation i this study is entirely voluntary

and that I am free to withdraw permission to confinue to participate at any time without

affecting my usuval treatment or my legal nights [ ]

* T understand that my angiography images will be used for the study and that my participation

in the study will not influence the usnal course of my treatment in the hospital [ ]

+ I also understand that my blood or other biclogical samples are not being used in the study.

[]

» I permit the study staff and mstitutional ethics committee members to look at my health
records and use the data including images for the study, mamntammng confidentiality and not
revealing the patient identity_ I agree to this access

+ T understand that the study staff and institutional ethics committee members will not need
my permission to look at my health records even if I withdraw from the trial. I agree to
this access [ ]

* T understand that my identity will not be revealed in any mformation released to third

parties or published [ ]

* I voluntarily agree to take part in this study []

« I received a copy of this signed consent form [ ]

Name: Signature:
Date:
Name of witness:

Relation to participant:

Date:

(Person Obtaimning Consent) I attest that the requirements for informed consent for the
medical research project described m this form have been satisfied. I have discussed the
research project with the participant and explained to him or her in nontechnical terms all
of the information contained in this informed consent form. including any risks and adverse
reactions that may reasonably be expected to occur. I further certify that I encouraged the
participant to ask questions and that all questions asked were answered.

Name and Signature of Person Obtaining Consent:
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