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Abstract

Objective—Although the clinical and biological importance of calcification is well recognized
for the extracerebral vasculature, its role in cerebral vascular disease, particularly, intracranial
aneurysms (1As), remains poorly understood. Extracerebrally, two distinct mechanisms drive
calcification, a non-atherosclerotic, rapid mineralization in the media and a slower, inflammation
driven, atherosclerotic mechanism in the intima. This study aims to determine the prevalence,
distribution and type (atherosclerotic, non-atherosclerotic) of calcification in As and assess
differences in occurrence between ruptured and unruptured IAs.

Approach and Results—65 IA specimens (48 unruptured, 17 ruptured) were resected peri-
operatively. Calcification and lipid pools were analyzed non-destructively in intact samples using
high resolution (0.35um) micro-CT. Calcification is highly prevalent (78%) appearing as micro
(<500um), meso (500um - 1mm) and macro (>1mm) calcifications. Calcification manifests in 1As
as both “non-atherosclerotic” (calcification distinct from lipid pools) and “atherosclerotic”
(calcification in the presence of lipid pools) with three wall types: Type I - only calcification, no
lipid pools (20/51, 39%), Type |l - calcification and lipid pools, not co-localized (19/51, 37%),
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Type Il - calcification co-localized with lipid pools (12/51, 24%). Ruptured 1As either had no
calcifications or had non-atherosclerotic micro- or meso-calcifications (Type I or Il), without
macro-calcifications.

Conclusion—Calcification in 1As is substantially more prevalent than previously reported and
presents as both non-atherosclerotic and atherosclerotic types. Notably, ruptured aneurysms had
only non-atherosclerotic calcification, had significantly lower calcification fraction and did not
contain macro-calcifications. Improved understanding of the role of calcification in 1A pathology
should lead to new therapeutic targets.
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Introduction

Patient specific treatment planning for unruptured intracranial aneurysms (IAs) remains a
complex issue for both clinical and scientific reasons. Clinically, there is a need to balance
the risk of intervention with the potential risk of rupturel=4. The main morphological and
anatomical factors that are clinically implicated in higher risk of IA rupture are posterior
circulation®, high aspect ratio®, surface irregularities like lobulations’, and size (>7mm)*7:8,
Although these factors correlate with increased risk, they are not exhaustive or specific
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enough to impact clinical decision making for the vast majority of 1As. For example, while
large 1A size (>7mm) is often used as a metric of increased rupture risk, 38% of smaller 1As
rupture? and there is no minimum size that alone guarantees structural integrity of the 1A
wall.

Aneurysms rupture when structural components of the wall, largely collagen fibers, are
unable to withstand loading from transmural pressure. 1A wall weakening is attributed to a
variety of physical causes including enzymatic degradation of collagen fibers due to
inflammation or wall remodeling, insufficient levels of collagen fiber deposition due to a
dearth of intramural smooth muscle cells, and localized stress concentrations from, for
example, calcifications in the 1A wall1%-13, This diversity of causes can confound current
efforts to identify statistical associations between rupture risk and rupture related factors
such as sac geometry and patient characteristics. Hence, there is a crucial need to
complement current efforts with studies that directly look for physical causes of 1A wall
failure and identify the possibly distinct pathologies responsible for these wall changes.

It is well known that physical inclusions such as those formed from calcifications will alter
the mechanical stress in a manner that is dependent on the inclusion size and material
properties of the surrounding matrix13-17. The potential medical implications of these
inclusions are seen, for example, in atherosclerotic lesions of extracranial arteries where
micro-calcifications are associated with rupture of fibrous caps but macro-calcifications are
associated with mechanical stability of the capl’-18,

Vascular calcification is now known to arise from at least two different pathological
processes which lead to different types of wall changes!®. The most highly studied is a slow,
inflammation driven, atherosclerotic type pathology of the intima with associated lipid
pools?? and the second is a non-atherosclerotic phosphate-dependent, rapid mineralization in
the media?1-23, Distinct therapies are needed for the prevention and possible reversal of
these two types of calcification??.

Despite these advances in understanding vascular calcification pathologies and recognition
of their mechanical importance, the role of calcification in IA rupture has received limited
attention, likely due to reports of a low prevalence between 1.7 — 29%7+15.25_ However, these
rates are based on clinical computed tomography (CT) imaging studies with a typical voxel
resolution of 250-300pum that prevents the detection of micro-calcifications.

Our aim in this work is to determine the prevalence, distribution and type (atherosclerotic,
non-atherosclerotic) of calcification in As and assess differences in occurrence between
ruptured and unruptured IAs. We are able to leverage our database of peri-operatively
resected human aneurysm samples and use high resolution ex vivo imaging techniques that
directly image calcification as small as 3um. As for extracerebral vessels, such knowledge
can be leveraged for improved diagnosis and treatment methods once the role of
calcification in 1A pathology and mechanical strength are understood.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gade et al.

Page 4

Materials and Methods

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

Aneurysm Tissue Harvesting

Aneurysm samples (n = 65) were harvested from aneurysm sacs in consented patients
undergoing surgical clipping for treating unruptured (n = 48) and ruptured (n = 17)
aneurysms. This study was approved by an Ethics Committee, protocol number IRB
REN18010236. Samples were collected from three study sites — Alleghany General Hospital
(Pittsburgh, PA, USA), University of Illinois at Chicago (Chicago, IL, USA), and Helsinki
University Hospital (Helsinki, Finland). Samples from Alleghany General Hospital and
University of Illinois at Chicago were transported in a dedicated cooled transport container
to the University of Pittsburgh in a 0.9% (w/v) saline solution. Samples were then fixed
using 4% paraformaldehyde or 3% glutaraldehyde. Samples from the Helsinki University
Hospital were snap frozen in the operating room and transported to Pittsburgh after fixation
in 10% formalin.

Patient Clinical Data

Patient clinical data was collected as previously described!2. Briefly, patient age, gender,
family 1A history, smoking history, diagnosed hypertension, renal failure, diabetes and use
of anti-thrombotic and statin medication were obtained from medical records. Patients were
considered hypertensive if they were currently being treated for hypertension or if they were
previously diagnosed with hypertension but declined treatment. Patients were categorized as
non-smokers if they had never smoked cigarettes or had not smoked within the last 5 years.
Patients who currently smoked or who had quit within the last 5 years were categorized as
smokers. Patients were categorized as having renal failure if they were on dialysis or were
either recommended/had previously undergone kidney transplant. Clinical patient data for
indication of hypertension, smoking and anti-thrombotic medication was not available for
5,1, and 1 patient respectively. 1A size, aspect ratio and presence of bleb/lobulations were
calculated from 3D vascular models constructed from 3D rotational angiography or
computed tomography angiography images as previously described?8. Size was calculated
from these reconstructed images as the total volume of the IA and aspect ratio as the ratio of
aneurysm height and neck width2’. Geometric parameters could not be analyzed for 11
patients due to the absence of imaging data for vascular reconstruction.

Micro-CT Scanning

Fixed aneurysm tissue samples (n = 65) were scanned using a high resolution (0.35um)
micro-CT scanner (Skyscan 1272, Bruker Micro-CT, Kontich, Belgium) at resolutions of at
least 3um (range: 1 — 3um) depending on sample size to ensure that micro-calcifications of a
minimum size (range of 3 — 9um) could be captured. For scanning, samples were mounted
on wet gauze to minimize dehydration and placed in a 1.5ml clear microcentrifuge tube.
This tube was vertically mounted as previously described?8 to ensure the sample remained
stationary. Samples were scanned at 50kV and 200pA with a frame averaging of 8, a rotation
step size of 0.3 degrees, scanned 180 degrees around the vertical axis. Sample scanning time
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was maintained at less than 2.5 hours to prevent sample dehydration. A 3D image of the
sample was reconstructed using NRecon (Bruker Micro-CT, Kontich, Belgium) with an axial
step size equal to the scanned pixel size.

Image Processing of Micro-CT data: Calcification and Lipid Pool Analysis

Aneurysm tissue and calcification mesh generation—The surface mesh used for
analyzing the locations of calcification within the wall was created using Simpleware ScanlP
(Synopsys, Mountain View, USA) as previously described?%:30, Briefly, 3D reconstructed
images from the micro-CT data were segmented into two distinct masks for the regions of
calcification and non-calcified tissue. Tissue mask generation included segmentation,
Gaussian smoothing, followed by morphological operations to remove surface noise, and
connected components filtering. As previously described3® and detailed in Supplementary
Material, calcification was identified by elevated greyscale value relative to the tissue,
validated using Alizarin Red staining in histological sections. The calcification mask was
generated as previously described3C using a combination of thresholding (Otsu multilevel
thresholding filter) for segmentation and Boolean operations for subtraction of the
calcification mask from the tissue mask. An unstructured triangular surface mesh was then
generated for each component. Calcification and tissue volume fraction were calculated
using the general properties module in ScanlP. The calcification mask was split into
connected components to analyze individual calcification diameter, volume and eccentricity.
Two particles connected by only a single vertex were considered to be separate particles,
whereas a connection with one or more faces was considered to be a single particle.

Lipid pool analysis—As detailed in Supplementary Material, the presence or absence of
lipids was determined from micro-CT images and confirmed by Oil Red-O staining of the
corresponding histological sections. False positives by hemorrhage or capillaries were ruled
out by consideration of greyscale, morphology and size. In particular, hemorrhage regions
have a greyscale value similar to that of tissue which lies in the 50 — 80 greyscale regime3.
Capillaries, if filled with blood, also appear at a similar intensity to that of tissue, thereby
distinct from lipid pools and calcification. Additionally, capillaries are morphologically
different (circular vs elliptical/irregular shaped) from lipid pools and have smaller diameters
(5 — 10um) when compared with the smallest size of lipid pools identified (20um). Micro-
CT images were then visually scored for the presence or absence of these lipid pools and
their potential co-localization with calcification.

Wall Thickness Evaluation—Local wall thickness was assessed using a custom-written
code as previously described?. Briefly, distance vectors were calculated from the inner to
the outer surface elements and from the outer to the inner surface elements. Using these
vectors, new “medial points” were introduced half way along these distance vectors. The
wall thickness at the medial points was then approximated as the sum of the length of the
distance vectors to each surface.

Calcification Location Analysis—Calcification was identified as located in the inner,
middle or outer third of the wall using a previously developed approach?®. Calcification
location could not be analyzed for four samples for which the 1A sample was collapsed,
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preventing identification of the inner and outer surfaces across the entire sample in these
cases.

Visual scoring of IA surface color

Calcification surface mesh was overlaid with the non-calcified tissue and compared with ex-
vivo dissection scope images of resected IA samples??. The surface color of calcified
regions was scored as either being colorless, white or yellow. If a sample presented
calcification in multiple color regions, it was scored individually in each of the categories.

Histological and Multiphoton Analysis

To validate micro-CT findings of presence or absence of calcification and lipid pools,
histological assessment was conducted on cerebral arteries and 1A samples after micro-CT
scanning and compared with micro-CT results. Tissue sections were stained with H&E,
Alizarin red and Oil Red-O to examine cell presence, calcification and lipid respectively.
Neutral lipid and free cholesterol content in 1A samples was evaluated using BODIPY
493/503 (D3922, 2 pg/ml, Thermofisher Scientific, Waltham, MA) and filipin (F9765, 50
ug/ml, Sigma-Aldrich) stains, respectively. Inflammatory response was assessed by staining
calcification positive sections with mouse anti-CD45 (clone 2B11 PD7/26, 3.75 pg/ml;
Dako, Glostrup, Denmark), a leukocyte marker and mouse anti-CD68 (clone EBM11, 2.37
ug/ml; Dako)), a pan macrophage marker. Details of the protocol are provided in the
Supplementary Material. Tonsil served as a positive control tissue for immunostainings. All
histological images were captured with an inverted microscope (Eclipse Ti-E, Nikon
Instruments, Melville, NY). To visualize the physical relationship between collagen fibers
and calcification particles, intact aneurysm tissue samples were stained with OsteoSense
680EX (Perkin Elmer, Waltham, MA) and co-imaged with collagen using two photon
microscopy with a recently developed protocol,3° also outlined in the Supplementary
Material.

Wall Classification for presence of calcification and lipid pools

IA walls were classified according to the association of calcification with lipid pools in
micro-CT. Type | walls contained calcification without any lipid pools. In Type Il walls, both
calcification and lipid pools were detected, though never co-localized. In Type 111 walls,
calcification could be found co-localized with lipid pools. Calcifications within and around
lipid pools were referred to as “atherosclerotic” (Type I11) as is normally seen in peripheral
atherosclerosis32, whereas calcifications distinct from lipid pools or found in the complete
absence of lipid pools were referred to as a “non-atherosclerotic” (Types | and II).
Calcification particles were subcategorized based on their size. Micro-calcifications were
defined by diameters <500um, meso-calcification by diameters between 500 — 1000 um and
macro-calcifications by diameters >1000 pm.

Statistical Analysis

Statistical analysis was performed using SPSS (IBM SPSS Statistics 25, IBM Corp, North
Castle, NY). Proportions were calculated for categorical variables and XZ independence test
or Fisher’s Exact test was used. For continuous variables, median and range or mean were
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calculated and analyzed using Mann-Whitney U test or independent samples t-test. For
normally distributed data, multiple group comparisons were performed using one or two-
way ANOVA followed by the Tukey’s post-hoc test. For data that violated the assumptions
of parametric tests, multiple group comparison was performed using the Kruskal-Wallis test
followed by the Mann-Whitney U test with a Bonferroni correction for post-hoc testing. The
assumptions of normality and homogeneity of variance were tested using the Kolmogorov-
Smirnov and Levene’s test respectively.

Human cerebral aneurysms exhibit high prevalence of calcification

High resolution micro-CT revealed the presence of calcification in 78% (51/65) of the IA
samples. 60% of samples presented only calcification without associated lipid pools (Types
I, 1), Table I. We did not find any significant differences in patient characteristics between
calcified and non-calcified samples. None of the patients in our cohort had renal failure and
only 9% had type 1l diabetes. Furthermore, 57% of the 1As were harvested from the MCA
and there was no statistical difference in location of the ruptured and unruptured samples.

Small, dispersed and large aggregated calcifications exist throughout the wall thickness

Calcification in the form of micro- and macro-calcifications were distributed in all three
regions across the 1A wall (Figure 1). Calcification in most samples occupied less than 0.1%
of the sample volume (Figure 2A) and was approximately ellipsoidal in shape with an
average aspect ratio of 0.39+0.21. 77.5% of calcified particles had a major diameter less
than 30 um. However, some calcified particles were as large as 3.87 mm (Figure 2B). For
70% of samples, no particular surface color was associated with calcification presence, even
if calcification occupied a large volume fraction of the sample (Figure 1, row 1; Figure 2C,
D). Calcification density, size (Supplementary Material, Figure 111) and area fraction in 1A
wall all increased with an increasing distance from the lumen, with largest values in the
outermost third of the wall (Figure 2E). Additionally, thicker regions in the 1A wall tended to
have calcification in the outer third of the wall, whereas thinner regions tended to possess
calcification in the inner and middle thirds of the wall (Figure 2F). Thick and thin were
defined relative to average thickness of the particular specimen.

Calcification found in atherosclerotic and non-atherosclerotic forms—Three 1A
wall types were identified (Figure 3); 39% (20/51) were Type | walls (calcification without
any lipid pools; non-atherosclerotic calcification), 37% (19/51) were Type Il walls
(calcification that is never co-localized with lipid pools; non-atherosclerotic calcification)
and 24% (12/51) were Type 111 walls (calcification co-localized with lipid pools;
atherosclerotic calcification). When subcategorized by calcification particle size, samples
with only micro-calcification were the most prevalent accounting for 65% (33/51) of
calcified samples. Most micro-calcifications were substantially smaller than the 500 um
upper bound for this category. In particular, 97% of micro-calcifications were less than 90
pum and 78% were less than 30 um in size. These micro-calcifications could be found either
in clusters or as isolated particles (Figure 4C, D). All 1A walls with meso- and macro-
calcifications also included some (0.5 — 5%) dispersed micro-calcifications.
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The existence of distinct non-lipid, non-inflammation associated calcification in the 1A wall
was confirmed in a region of Type Il wall that had calcification without an associated lipid
pool. The region was co-stained with lipid, free cholesterol and inflammatory markers. Both
neutral lipids and free cholesterol were absent in the calcified region, as were inflammatory
cells (Figure 4A, B) such as macrophages and leukocytes. Positive controls are shown in
Supplementary Figure IV.

Factors associated with ruptured walls: Small calcification volume fraction, small
calcification size and non-atherosclerotic calcifications

Ruptured I1As exhibited a lower calcification fraction than unruptured samples; a trend which
existed across the three regions of the 1A wall (Figure 5A). Furthermore, ruptured 1As did
not contain macro-calcifications as opposed to unruptured IAs that possessed all sizes of
calcification (Figure 5B).

Ruptured samples displayed only non-atherosclerotic calcification (calcification not
associated with lipid pools- Types I, I1) as opposed to unruptured samples which presented
both atherosclerotic and non-atherosclerotic types (p=0.027). We did not find any significant
differences in prevalence rates of either calcification or lipid pools between ruptured and
unruptured samples, (Table I).

Discussion

This is the first analysis of the prevalence of micro through macro scale calcifications in the
IA wall. We found very high prevalence rates of calcification in |A domes (78%), greater
than previously reported in imaging”-2% and histologicall® studies. We believe this difference
is due to the high resolution (1-3um) ex vivo imaging modality used here, which enabled
direct, non-destructive evaluation of calcification across the entire intact sample, including
particles in the 3-30um size range.

This work is also the first to consider the possible existence of multiple mechanisms for
calcification formation in the 1A wall. Calcifications with and without associated lipid pools
in extracranial arteries have already been shown to arise from distinct mechanisms. In
particular, atherosclerotic intimal calcification of the extracranial arteries is found to be
associated with later stages of an atherosclerotic process and is driven by lipid oxidation and
inflammation. In contrast, the non-atherosclerotic medial calcification in extracranial arteries
is not driven by a lipid oxidation induced inflammatory process but rather is attributed to
aging as well as metabolite induced toxic changes that can arise from diseases such as renal
insufficiency and diabetes mellitus?1:22.

Motivated by these results for atherosclerotic and non-atherosclerotic type calcification in

extracranial arteries, we introduced three wall types (I-111) to describe calcified IA walls and
categorized these as containing “atherosclerotic” or “non-atherosclerotic” calcification. Type
I walls (only calcification, no lipid pools) and Type |1 walls (calcification and lipid pools,

not co-localized) contained “non-atherosclerotic” calcification and accounted for 76% of all
samples. Type Il walls (include calcification that is located within or around lipid pools) are
“atherosclerotic” and accounted for 23% of all samples. This Type Il atherosclerotic pattern
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is similar to later stage (type VII) atherosclerotic lesions in the classification of the
American Heart Association (AHA) committee32 where calcification is spatially associated
with lipid pools and is formed through a lipid oxidation driven inflammatory process.
Previous histological studies of the IA wall have shown that the SMC phenotype33 as well as
lipoprotein accumulation and associated foam cell formation343% in the 1A wall resemble
changes accompanying peripheral atherosclerosis, further suggesting that some 1A
calcification shares common pathobiological mechanisms with calcification in
atherosclerotic peripheral arteries.

While inflammation driven, atherosclerotic like calcification has previously been studied in
IAs3435 the present work is the first to demonstrate calcification in IAs in the absence of
lipids, suggesting a second mechanism of calcification formation is possible, potentially
similar to non-atherosclerotic calcification in the medial layer of extracranial arteries. In
contrast to extracerebral vessels, the non-atherosclerotic calcification was distributed across
with entire A wall. Cerebral arteries lack an external elastic lamina and the internal elastic
lamina is additionally nearly universally missing in IAs. The absence of both these natural
barriers in 1As could explain the more distributed nature of the non-atherosclerotic 1A
calcification compared with that in extracerebral vessels.

To further assess the possible similarity of this non-atherosclerotic presentation in 1As with
non-inflammatory calcification in extracranial arteries, a region from a Type 11 wall with
calcification distinct from lipid pools was analyzed for lipid and inflammatory markers
(Figure 4A, B). The results confirmed that this calcification was not associated with lipids,
cholesterol or inflammatory cells and was hence distinct from the typical atherosclerotic
pathology outlined by the AHA. This non-inflammatory calcification in the 1A wall was
located near the IA lumen (Figure 4 A, B).

In order to understand the potential mechanism of non-atherosclerotic calcification
formation, we assessed the prevalence of renal failure and type Il diabetes in our patient
cohort since these conditions have been implicated in extracerebral non-atherosclerotic
calcification formation?122, None of the patients in our cohort had kidney failure and only
9% had type Il diabetes. Previous studies have also reported the existence of non-
atherosclerotic calcification as a distinct form of calcification in the media of internal carotid
arteries around the elastic lamina38 and in peripheral artery disease3’. Lanzer et al.?! have
conjectured that fragmented elastin can lead to such non-atherosclerotic calcification
formation. Unpublished results from our group also show the presence of medial and
adventitial calcification in control cerebral vessels. We therefore conjecture that at least
some of the non-atherosclerotic calcification in the 1A samples was formed due to the
degradation of the elastic lamina in the cerebral artery prior to 1A formation and would be
exacerbated during IA formation. These findings suggest the need for future studies to
understand the mechanism of non-atherosclerotic calcification formation. Building on the
current work, an extensive evaluation of the prevalence, distribution and potential
mechanisms of non-inflammatory calcification in IAs is the subject of ongoing investigation
in our group.
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Another important and marked finding in our study is that ruptured 1As had a lower
calcification fraction and lacked macro-calcifications as compared to unruptured IAs. The
role of calcification in rupture is a subject of ongoing investigations. In the extracerebral
vasculature, computational modeling studies show that larger calcifications in plaques can
contribute to load bearing and hence play a protective role17:38-40_ Other studies have shown
that plaque stress increases with increasing calcification, but only up to a certain limit, after
which it plateaus or even reduces*!. We surmise that larger plagues in 1As area can be
protective against rupture, which would be consistent with the lack of larger plaques in
ruptured 1As in our study. It has been conjectured that micro-calcifications could also play a
mechanical role in rupture by generating regions of elevated stress (stress concentrations)!” -
leading, for example, to increased rupture risk in fibrous caps of extracranial arteries as well
as in abdominal aortic aneurysms. Furthermore, the combined effect of collagen fibers,
calcification and lipid pools on wall material properties ultimately dictates the mechanical
behavior of soft tissues like the A wall and this remains an ongoing area of
investigation13.16

These potential differences in calcification pathologies and the expected mechanical role of
calcification in wall vulnerability suggest a pressing need for further investigation of the
multi-faceted role of calcification in the 1A wall. We anticipate that calcification will impact
IA wall strength through a direct mechanical role as noted above, as well as an indirect
pathological role related to aneurysm wall remodeling. For example, the cluster of micro-
calcifications seen in the Type Il wall (Figure 4C, D) exists within a pocket of distinctly
damaged collagen fibers. A structurally deficient region of this kind could potentially reduce
the local wall strength, increasing vulnerability to rupture. Hutcheson et al. have also shown
that micro-calcifications associate with regions of reduced collagen fibers, and conjecture
that collagen acts a scaffold for calcification aggregation®2. These findings also suggest that
the pathology and mechanics of collagen-calcification interaction can determine 1A wall
strength. Further investigations of the role of calcification in pathological changes of this
kind can leverage the recently developed protocols for simultaneous imaging of collagen
fibers and calcification particles within intact samples3. These studies can be complemented
by histological analysis of the 1A wall to understand the indirect pathological role of
calcification in 1A wall remodeling.

The present study also sheds light on recent efforts to infer information about aneurysm
walls from intraoperative images. In particular, due to difficulty in obtaining 1A samples for
analysis, intraoperative data on the aneurysm wall, such as color of the wall, are being
collected as a possible surrogate markers of wall vulnerability*344. In this context, it is
important to note there was no association between the presence of micro, meso or macro-
calcifications and color of the aneurysm wall, reflecting a challenge in using intraoperative
visual data to assess calcification in the 1A wall.

Limitations

Prior studies of combined occurrence rates for lipid droplets and pools in the 1A wall based
on histological sections, reported prevalence rates of almost 100%34:35, The high-resolution
micro-CT used in the present work is able to identify lipid pools across intact A specimens,
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though is not suitable for resolving lipid droplets. Therefore, the prevalence rate of 57% for
lipid pools is not directly comparable to the results of the prior studies and may reflect the
lower threshold for detecting lipids and lipoproteins compared with different histological
staining methods. Other limitations of our study include small sample size and selection
bias. Tissue was harvested from the aneurysm sac after aneurysm neck clipping only when it
was feasible for the patients. Additionally, all aneurysm samples represent only one moment
in time in their pathogeneses. Therefore, chronological order of wall changes and causal
relationships between the changes remain unclear in this study setting. Nevertheless, we
made every effort to include all relevant patient and sample information in order to better
understand the population under study.

Conclusion

In summary, we found calcification in intracranial aneurysms is substantially more prevalent
than previously reported and manifests as both atherosclerotic and non-atherosclerotic types.
Notably, ruptured IAs in this study had significantly lower calcification fraction in
comparison with unruptured IAs, and only displayed non-atherosclerotic calcifications.
Outside the brain, vascular calcification receives great focus as a potent player in mechanical
stability of vessels and a target for pharmacological treatment24. Since no prior studies have
assessed the prevalence, distribution or morphology of calcification in 1As with high
resolution imaging modalities, there is an important gap in knowledge regarding even the
presence of calcification in 1A walls. Our study bridges this gap and provides a motivation
for future lines of investigations into IA pathology and the role of calcification in 1A wall
rupture that can impact risk assessment and 1A treatment.
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Highlights

This is the first study using high resolution micro-CT to analyze calcification
in human IAs and found a substantially higher prevalence of calcification
(78%) than previously reported using clinical scanners.

Three categories of A calcification were found with respect to localization
with lipids: Type | — only calcification, no lipid pools (20/51, 39%), Type Il —
calcification and lipid pools, not co-localized (19/51, 37%), Type Il —
calcification co-localized with lipid pools (12/51, 24%).

While inflammation driven, atherosclerotic type calcification has previously
been studied in 1As, the present work is the first to demonstrate a second
mechanism of calcification in 1As with features similar to non-inflammatory
calcification in extracranial arteries.

Ruptured and unruptured IAs showed substantially different presentation. In
contrast to unruptured IAs, ruptured aneurysms had significantly lower
calcification fraction and contained only non-atherosclerotic micro and meso-
calcifications.
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Figure 1:
Diversity of calcification morphology, location and tissue surface appearance as seen with

high resolution micro-CT for four representative aneurysm samples (Rows 1-4). 3D
reconstructed and cross-section images of the micro-CT scans show calcification in yellow
and non-calcified tissue in grey. Cross section images are taken at locations indicated by a
dashed white line in the 3D reconstruction image. L indicates lumen and insets show
calcified region at higher magnification. Wall thickness contours are in mm.
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Calcification in human 1As (A) occupies less than 0.1% of sample wall volume, (B) exists
mostly as small (< 30um) micro-calcifications which can exist in clusters and (C, D) does
not associate with any specific tissue surface color even when it occupies a large volume.(E)
Calcification area fraction increases with increasing distance from lumen (p = 0.016; n =
50). (F) Calcification in the outer third of the wall is found in regions of high relative wall
thickness - the ratio of thickness in the calcified region relative to average wall thickness for
that specimen (p = 0.0001,0.0001; n = 50) whereas calcification in the inner and middle
layer occurs in region of average wall thickness. A relative wall thickness of 1 indicates the
calcified wall region has a thickness equal to the average wall thickness of the particular

specimen.
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Type I: No lipid pools

Micro-calcifications (16/51; 31%)

Meso-calcifications (3/51; 6%)

Macro-calcifications (1/51; 2%)

Type ll

: Lipid pools present but not localized with calcification

Micro-calcifications (14/51; 27%)

Meso-calcifications (5/51; 10%)

Macro-calcifications (0; 0%)

Type lll: Calcification localized within and/or around lipid pools

Micro-calcifications (3/51; 6%)

Meso-calcifications (6/51; 12%)

Macro-calcifications (3/51; 6%)

Figure 3:

Three main wall types found in aneurysm samples based on the relationship between
calcification and lipid pools. Cross-section micro-CT images of representative calcified wall
types present in 1As. Dotted regions indicate lipid pools. White and gold inset images show
calcification and lipid pools, respectively, at high magnification. Scale bars correspond to
500um for main images and 100um for inset images. L indicates lumen.
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Figure 4:
A region from a Type Il wall presenting a non-atherosclerotic calcification region without an

associated lipid pool. (A) Calcification (stained with OsteoSense) did not localize with
neutral lipid (stained with BODIPY) or free cholesterol (stained with filipin) as typically
seen in atherosclerotic plaques. (B) Inflammatory response was also absent as indicated by
the absence of both CD45 stained pan leukocyte marker and CDG68 stained macrophages at
the calcified area. Co-imaging of the relationship between collagen fibers and calcification
particles under MPM showed (C) damaged regions of wall devoid of collagen fibers (red
signal from second harmonic generation) were (D) filled with clusters of calcification
particles (magenta, stained with Ostoesense).
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(A) Ruptured walls have significantly lower calcification fraction than unruptured walls in
human 1As, p = 0.005, 0.006, 0.029 for inner, middle and outer thirds of the wall,

respectively (n = 50). (B) Ruptured IAs are limited to either having no calcifications or

“non-atherosclerotic” calcifications (Type | and Type Il walls). No ruptured 1As display

“atherosclerotic” calcifications (Type I11 walls) (p = 0.027*). (C) with micro or meso-

calcifications, or Type Il walls only with micro-calcifications (n=65), whereas unruptured

walls possess all wall types.
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Table I:

Patient characteristics and prevalence rates for calcification and lipid pools.

Total (n=65) Unruptured (n=48) Ruptured (n=17) p value
Patient Clinical Characteristics
Age (years) 57.50 (30-79) 58 (30— 79) 54 (43 - 66) 0.089
Female Sex (%) 50/65 (77) 36/48 (75) 14/17 (82) 0.741
Family History for IAs (%) 15/65 (23) 13/48 (27) 2/17 (12) 0.478
Smoker (%) 23/65 (35) 17/48 (35) 6/17 (35) 1.000
Hypertensive (%) 28/65 (44) 21/48 (44) 7/17 (41) 1.000
Anti-thrombotic medication (%) 14/65 (22) 14/48 (29) 0/17 (0) 0.024%
Statins (%) 16/65 (25) 15/48 (31) 1/17 (6) 0.086
Type 11 Diabetes 6/65 (9) 5/48 (10) 1/17 (6) 1.000
Size [mm3] 7.6 (46-156) 7.6(4.6-145) 9.2 (4.8-15.6) 0.642
Aspect Ratio 1.06 (0.4-3.6) 1.05(0.5-2.0) 1.18 (0.4 - 3.6) 0.509
Blebs/Lobulations 19/65 (29) 13/48 (27) 6/17 (35) 0.298
Location
MCA 37/65 (57) 29/48 (60) 8/17 (47) 0.563
ICA 8/65 (12) 7/48 (15) 1/17 (6) 0.667
ACOM 8/65 (12) 6/48 (13) 2/17 (12) 1.000
PCOM 6/65 (9) 3/48 (6) 3/17 (18) 0.159
Others” 5/65 (8) 3/48 (6) 2117 (12) 0.592
Prevalence Rates of Calcification and Lipid Pools in 1As
Calcification (%) 51/65 (78) 40/48 (83) 11/17 (65) 0.167
Lipid pools (%) 39/65 (60) 29/48 (60) 10/17 (59) 0.783
Both calcification and lipid pools (%) 30/65 (46) 25/48 (52) 5/17 (29) 0.158
Wall Type I, Il (“Non- atherosclerotic calcification”)  39/65 (60) 28/48 (58) 11/17 (65) 0.380
Wall Type I11 (“Atherosclerotic calcification”) 12/65 (18) 12/48 (25) 0/17 (0) 0.027°

Median and range are given for continuous variables.

*
P<0.5 (X2, Fisher’s Exact Test or Mann-Whitney U test).
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Other aneurysm locations in this study with a single case include ruptured aneurysms: BA tip, PICA; and unruptured aneurysms: ACA, PCOM-

ICA, VA.

Abbreviations used: MCA = Middle Cerebral Artery, ICA = Internal Carotid Artery, ACOM = Anterior Communicating Artery, PCOM = Posterior
Communicating Artery, BA = Basilar Artery, PICA = Posterior Inferior Cerebellar Artery, ACA = Anterior Cerebral Artery, VA = Vertebral Artery.
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