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“Once you stop learning,

you start dying.”

Albert Einstein (1879 — 1955)
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2 Abstract

English abstract

BACKGROUND Because of extended use of cerebral imaging, unruptured intracranial aneurysms
are increasingly discovered as incidental findings. Management of unruptured aneurysms is
controversial because patients and clinicians must weigh the risks of prophylactic endovascular or
surgical treatment against the uncertain risk of rupture. We aimed to investigate the use of
hemodynamic and morphological parameters of intracranial aneurysms to predict rupture risk.

METHODS We performed a nationwide retrospective data collection from electronic health
records. By means of diagnosis and procedure codes, we identified patients with known but untreated
saccular intracranial aneurysms that later were hospitalized with subarachnoid hemorrhage. We
collected cerebral imaging at the time of diagnosis, and before and right after rupture. We investigated
morphological parameters at all these points of time, and hemodynamic parameters at the time of
diagnosis. In a case series, we compared morphological parameters before and after rupture. In
matched case-control studies, we compared morphological and hemodynamic parameters at the time
of diagnosis between aneurysms that later ruptured with aneurysms that remained unruptured.

RESULTS We identified 43 patients with a saccular aneurysm that later ruptured. The aneurysms
appeared larger and more irregular after rupture than before rupture. Aneurysms that later ruptured had
a straighter inflow angle in relation to the parent artery, compared to aneurysms that remained
unruptured. Aneurysms that later ruptured had a larger low shear area than aneurysms that remained
unruptured.

CONCLUSION The postrupture morphology of intracranial aneurysms is inadequate as a
surrogate for the prerupture morphology in the evaluation of rupture risk. Hemodynamic and
morphological parameters at the time of diagnosis of unruptured aneurysms that later rupture can be

different from aneurysms that remain unruptured.



Norwegian abstract — norsk sammendrag

A forutse ruptur av intrakraniale aneurismer

Morfologiske og hemodynamiske parametre

BAKGRUNN Okende bruk av cerebral bildediagnostikk gjer at vi stadig oftere oppdager ikke-
rumperte intrakraniale aneurismer som tilfeldig bifunn. Handteringen av disse er omdiskutert fordi
pasienter og klinikere ma veie risikoen ved profylaktisk endovaskuler eller kirurgisk behandling opp
mot den ukjente risikoen for ruptur. Vi gnsket & undersgke hvordan hemodynamiske og morfologiske

parametre ved intrakraniale aneurismer kan brukes til & forutsi risiko for ruptur.

METODE Vi utferte en nasjonal retrospektiv datainnsamling fra pasientjournaler. Ved hjelp av
diagnose- og prosedyrekoder identifiserte vi pasienter med kjente men ikke behandlede sakkulere
intrakraniale aneurismer som senere ble innlagt i sykehus med subaraknoidalblgdning. Vi samlet inn
bildediagnostikk pa diagnosetidspunkt, og for og etter ruptur. Vi undersgkte morfologiske parametre
pa alle disse tidspunktene, og hemodynamiske parametre pa diagnosetidspunkt. I en kasusserie
undersekte vi morfologiske parametre for og etter ruptur. I kasus-kontrollstudier sammenlignet vi
morfologiske og hemodynamiske parametre pa diagnosetidspuhnkt, mellom aneurismer som senere

rumperte og aneurismer som forble uten ruptur.

RESULTAT Vi identifiserte 43 pasienter med et sakkulaert aneurisme som senere rumperte.
Aneurismene fremsto sterre og mer irreguleere etter ruptur enn for. Aneurismer med fremtidig ruptur
hadde en rettere innstremsvinkel i forhold til moderarterien enn aneurismer som forble uten ruptur.
Aneurismer med fremtidig ruptur hadde sterre areal med lav skjaerspenning enn aneurismer som forble

uten ruptur.

KONKLUSJON Postruptur-morfologi av intrakraniale aneurismer er inadekvat som surrogat for
preruptur-morfologi i vurdering av rupturrisiko. Hemodynamiske og morfologiske parametre av ikke-
rumperte aneurismer med fremtidig ruptur kan vere forskjellig pa diagnosetidspunkt sammenlignet

med aneurismer som forblir uten ruptur.

Kandidat Torbjern Bygard Skodvin

Institutt Institutt for Klinisk Medisin

Hovedveileder Jorgen Gjernes Isaksen

Biveileder Roar Kloster

Biveileder Tore K. Solberg

Finansiering Helse Nord og UiT Norges Arktiske Universitet
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3 Abbreviations

ACoA
aSAH
CT
CTA
DSA
ESP
1A
ICA
ICI
IQR
LSA
MCA
MMP
MRA
MRI
PCoA
PHASES

PLc¢
SAH
SNP
TNF
UIATS
WSS

anterior communicating artery
aneurysmal subarachnoid hemorrhage
computed tomography

computed tomography angiography
digital subtraction angiography
European Standard Population
intracranial aneurysm

internal carotid artery

inflow concentration index
interquartile range

low shear area

middle cerebral artery

matrix metalloprotease

magnetic resonance angiography
magnetic resonance imaging
posterior communicating artery
population, hypertension, age, size of aneurysm, earlier SAH from another
aneurysm, site of aneurysm

pressure loss coefficient
subarachnoid hemorrhage
single-nucleotide polymorphism
tumor necrosis factor

unruptured intracranial aneurysm treatment score

wall shear stress
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5 Introduction

Disease that affects the brain necessarily affects a person’s identity, meaning and interpretation of
life.”® Intracranial aneurysms (IA) are found in 2-3.5% of the general adult population.''*'”" The

prevalence varies with risk factor load, and can be over 20% in some subgroups.

About a quarter of 1A will rupture during the patient’s lifetime and cause a subarachnoid hemorrhage
(SAH).* SAH occurs at a relatively low average age, with a case fatality of almost 50%, and half of
the survivors suffering permanent disability. Therefore, SAH is a devastating disease for patients, their

families, and society.'**'*

Wider availability and use of cerebral imaging has led to growing numbers of incidentally discovered
unruptured 1As."” The risk of rupture increases with the size of the aneurysm, but the majority of SAH
originate from small aneurysms.'’ The management of unruptured IAs remains controversial, because
the risk of complications connected to prophylactic treatment must be weighed against the unknown

risk of rupture for an individual aneurysm."

5.1 What this thesis is about

This thesis investigates hemodynamic and morphological predictors for the rupture of an 1A, in a
population of patients with known and untreated unruptured IA. The thesis comprises one case series

and two matched case-control studies.

Improved rupture prediction can guide treatment decisions and ensure that high-risk aneurysms are
treated prophylactically, while sparing patients with benign aneurysms from unnecessary treatment

that involves considerable risk.

The Introduction chapter considers literature published up to Fall 2017. However, section 5.4 mostly
considers literature up to Fall 2013, to reflect the status of research on hemodynamic and

morphological rupture predictors when I started my work.

5.2 Subarachnoid hemorrhage

Worldwide, stroke is the second largest cause of death and life years lost, after ischemic heart
disease.* Subarachnoid hemorrhage (SAH) is a subtype of stroke, caused by bleeding into the

subarachnoid space surrounding the brain. SAH is the third most common presentation of stroke
6



(~5%), after ischemic stroke (~85%) and intracerebral hemorrhage (~10%).** However, SAH occurs at
younger age and entails higher mortality and morbidity, resulting in a greater loss of productive life.”*
Therefore, the socioeconomic burden from SAH is comparable to that of ischemic stroke and

intracerebral hemorrhage.'*

Ruptured saccular intracranial aneurysms account for 85% of SAHs.'** This hemorrhage is the subject
of this thesis, and will be denoted aneurysmal subarachnoid hemorrhage (aSAH). Other common

causes include trauma, rupture of arteriovenous malformations, and arterial dissection.'*

5.2.1 Epidemiology
5.2.1.1 Incidence
Studies of aSAH incidence must be interpreted with caution. Many original studies have few aSAH

events and employ highly variable case-finding methods.

In Norway, European Standard Population (ESP) standardized incidence was 8.7 per 100,000 person-
years between 1984 and 2007."*® This incidence may be underestimated because 20% of aSAH deaths
occur immediately and out of hospital,*’” and Norway has the lowest autopsy rate among Nordic
countries.® Formerly, the neighbouring country Finland has been described as a high-incidence
country, but recent registry-based studies probably provides more correct estimates of the nationwide
incidence.®® ESP standardized incidence was 12.3 per 100,000 person-years between 1987 and 2002 in
Denmark,* and 8.9 per 100,000 person-years between 2010 and 2012 in Finland.® Because of long
life-expectancy in the Nordic countries, ESP standardized incidences are lower than crude

incidences.®

Worldwide, the incidence of aSAH is estimated to 9.1 per 100,000 persons per year (95 % Confidence
interval [CI], 8.8 to 9.5), according to meta-analysis comprising 51 prospective studies from 21
countries.’"'° Though the study represents an important effort to map regional variations and time
trends of aSAH incidence, the estimate is uncertain because many of the included studies had less than

15 SAH patients and showed large variations.

The incidence of aSAH is declining along with the decrease in cardiovascular risk factors.® In the
Norwegian Tromsg Study cohort, annual crude incidence per 100,000 person-years declined from 11.1
to 8.9 between 1999 and 2007.” Finland has had a similar decline, with the 3-year average of the ESP
incidence reduced from 11.7 to 8.9 between 1998 and 2012.%



The incidence is highest among women and for the age group between 50 and 69 years.'*® The

female/male incidence ratio peaks at 2.9 between 50 and 59 years.'*¢

5.2.1.2 Risk factors
aSAH incidence is closely related to IA prevalence (see section 5.3). That is, the factors increasing

aSAH risk are mostly factors that increase risk of carrying an IA.

The most important risk factors for aSAH are female sex, smoking and high blood pressure. Each of
these doubles the risk of carrying an aneurysm,”®'”" but the risk increases exceptionally when several
factors are combined.**® The three risk factors account for most of the variation in aSAH incidence,
as illustrated in a Finnish study: the incidence of aSAH among female smokers with high systolic
blood pressure (>159 mmHg) was 20-fold higher than among male never-smokers with low systolic

blood pressure (<122 mmHg).*

The female preponderance starts around age 55, likely because the lower estrogen levels during and
after menopause leave arteries more vulnerable for aneurysm formation.”” Also, female
cerebrovascular anatomy may contribute to more frequent aneurysms,96 and women with aneurysms
may be more vulnerable for risk factors such as smoking.”” Smoking causes arterial wall inflammation
and an increased hemodynamic load, and hypertension is closely related to endothelial dysfunction,

contributing to the abnormal inflammatory response.?

Excess alcohol consumption increases aSAH risk,* whereas overweight (BMI 25-29.9) may be
protective.'*® The relations between aSAH and oral contraceptives, hormonal replacement therapy,
serum lipids and physical exercise are uncertain.**'>> Many studies are small and retrospective,

making risk factor assessments difficult and prone to bias.®

Genes and environment
Family history of SAH may increase risk threefold,'” and screening for IA is recommended for

individuals with two or more first-degree relatives with SAH."*'*"!5° Non-white ethnicity may double
aSAH risk, though estimates are uncertain.* (Finnish and Japanese ethnicity has formerly been

assumed to increase aSAH risk, but this might merely reflect the scarcity of robust studies.®*?)

The increased risk is most often attributed to a shared family and ethnic environment rather than
genetic factors.”*** The largest twin study to date, with more than 6 million person-years of follow-up
time, concluded that SAH appears to be mainly of nongenetic origin.** However, environmental risk
factors can influence genetic expression,*’ which makes identification of genes associated with
aneurysms difficult.”” A meta-analysis of 61 studies, including almost 33,000 aneurysm patients,

8



identified three single-nucleotide polymorphisms (SNPs) that were associated with presence of
sporadic aneurysms. The strongest association showed an odds ratio of 1.29, and the SNPs were

mainly related to vascular endothelial maintenance.’

Though aSAH is mainly of nongenetic origin, rare hereditary diseases increase IA and aSAH risk
substantially. Autosomal dominant polycystic kidney disease is the hereditary disease most commonly
associated with SAH. The disease affects 1 out of every 1,000 individuals,''® and 10-23 % of these
may harbor aneurysms.”*'"® The disease is caused by mutation in genes that are also expressed in
vascular smooth muscle and the endothelium."** Other hereditary diseases associated with IAs and
SAH are Ehlers-Danlos syndrome type IV (caused by mutation of collagen type III), fibromuscular

dysplasia, and possibly Marfan syndrome (mutation of fibrillin-1 gene).”*

Multiple aneurysms are found in 20-30% of aneurysm patients. Most likely, both individual
anatomical variants, genetic factors and environmental risk factors act in concert to give rise to

multiple aneurysms in the same patient.”

Trigger factors
A subset of risk factors are those that provoke immediate rupture—trigger factors. Trigger factors are

related to a sudden increase in the systemic blood pressure, and include caffeine consumption,
vigorous physical exercise, anger, startling, straining for defecation, sexual intercourse and nose

blowing.'® Still, most aSAH occur during normal and unstrained activities of daily living.'®

5.2.2 Pathogenesis and clinical presentation
Immediately after the rupture of IA, the arterial pressure pushes blood into the subarachnoid space. A

small bleeding might self-terminate, whereas a larger bleeding continues until the intracranial pressure

equalizes across the rupture site and stops the bleeding with thrombus formation.”®

At the microscopic level, the acute phase is dominated by the deposition of red blood cells in the
subarachnoid space. When the red blood cells degrade, they activate inflammatory processes allowing
a multitude of inflammatory cells to enter the subarachnoid space.'® In the subacute phase,
macrophages and neutrophils in the subarachnoid space release inflammatory agents inducing

vasoconstriction, meningitis and cerebritis.'*

The hallmark presenting symptom of subarachnoid hemorrhage is “the worst headache of my life”,
known as thunderclap headache reaching maximum intensity within seconds.”'** Typically within
two weeks before the hemorrhage,'®! 10 to 43 % of patients experience a warning leak or sentinel

headache—a hyperacute pain unlike headaches the patient might have experienced before, without
9



evidence of bleeding.'*® Subarachnoid hemorrhage is commonly associated with nausea, vomiting,
photophobia, neck stiffness, focal neurologic deficits and a brief loss of consciousness. More severely
affected patients present with persisting consciousness disturbance, ranging from mild lethargy to

profound coma and death.”
Following aneurysm rupture, a number of complications add to the severity and complexity of SAH:

e Early rebleeding within the first days occurs in about 15 % of untreated patients, with over
50 % mortality;'*°

e Hydrocephalus occurs in 15 to 85 % of patients because of extravasation of blood blocking
normal cerebrospinal fluid circulation. Whereas some cases are not clinically significant, 9 to
50 % of patients will have chronic shunt-dependent hydrocephalus;*’

e Intraparenchymal hematomas may occur close to the rupture site and give focal neurological
deficits, mass effect, and raised intracranial pressure;'*'**

e Vasospasm is angiographically visible in 70 % of patients, typically starting 3-4 days after
SAH, peaking at 7 to 10 days, and resolving within 14 to 21 days. Delayed Cerebral Ischemia
is a clinical syndrome of focal neurologic deficits that occurs in a third of patients. The
ischemia can progress to cerebral infarction, which for 50% of patients results in severe
disability or death.'”® Delayed Cerebral Ischemia has traditionally been ascribed to vasospasm,
but the exact pathogenesis remains incompletely understood—not all patients with vasospasm
have neurological deterioration, and neither do all patients with clinical features of Delayed
Cerebral Ischemia have vasospasm.'®® Thus, other factors must also be involved in the
pathogenesis, such as a widespread cerebral inflammation.'**!%

e Systemic complications arise in the vast majority of patients, and can be severe in 40% of
cases. The most common complications include pulmonary edema, cardiac arrhythmias and

electrolyte disturbances.'*” The pathophysiology can be complex and sometimes obscure.”'%*

10



5.2.2.1 Diagnostic workup
The first essential step for diagnosing aSAH

diagnosis is cerebral Computed Tomography
(CT) scan without contrast enhancement.
Typically, the scan shows blood distributed in the
subarachnoid space, including basal cisterns,
sometimes accompanied by hydrocephalus and/or
intracerebral or intraventricular hemorrhage
(Figure 1).”>'* Within the first three days, the
sensitivity of a CT scan is near 100 %, but later
the sensitivity of Magnetic Resonance Imaging

(MRI) is superior to CT.'"’

In case of a clinically suspected SAH with

negative or uncertain CT or MRI findings, lumbar

puncture may be performed to detect a minor
subarachnoid hemorrhage, i.e. red blood cell
degradation products including bilirubin and
oxyhemoglobin. To allow time for the
degradation, lumbar puncture is recommended 6-
12 hours at the earliest after SAH. Waterclear,
normal cerebrospinal fluid (CSF) excludes SAH
within the last 2-3 weeks, whereas the detection

of xanthocromia of the CSF increases likelihood

Blood filling the
subarachnoid cisterns
and extending into the sylvian
fissures bilaterally

2
 d
- “\ o TP
- o AN

'._‘v'.“}" i

N4

14

E;nlar'ged temporal horns

X

Trace of intraventricular blood

Figure 1. CT scan of the head showing evidence of
subarachnoid hemorrhage. A thick blood clot (=1 mm
thick) can be seen in the cerebrospinal fluid—filled
cisterns around the circle of Willis. The greater
amount of blood in the left basal cisterns than in the
right points to a likely location of the aneurysm on the
left side of the cerebral circulation. The enlarged
temporal horns are evidence of hydrocephalus; in
most patients (and especially in younger patients) the
temporal horns should not be visible. Reproduced
with permission from Lawton MT, Vats GE:
Subarachnoid Hemorrhage. N Engl J Med 377:257—
266, 2017. Copyright Massachusetts Medical Society.

of SAH. A bloody CSF may be caused by a traumatic tap.'*’

Computed tomography angiography (CTA) and magnetic resonance angiography (MRA) have

sensitivity and specificity close to 1 for aneurysms larger than 3 mm.'® However, the aneurysm neck,

which is important when deciding between endovascular or surgical treatment, tends to be

overestimated.”> MRA suffers from signal loss in areas of low or complex flow and may not

completely display the entire geometry of an aneurysm.’® The gold standard for detecting and

localizing ruptured aneurysms is digital subtraction angiography (DSA), but this procedure requires

arterial puncture and catheterization.'*” All three modalities provide solutions for 3D visualization of

the anatomy. A version of DSA, 3D rotational angiography, allows reformatted images to be rotated.

In CTA and MRA, 3D-models are software-generated from the original thin-section 2D images.'*



Figure 2 shows aneurysms before and after treatment using DSA and CTA.

Figure 2. Angiogram showing internal carotid artery (ICA) aneurysms before and after treatment. The aneurysm
originates at the point where the ICA bifurcates into the arterial cerebral artery (ACA) and the middle cerebral artery
(MCA) (Panel A). At the time of surgery, the aneurysm was exposed and was shown to be multilobulated, very thin-
walled, and with friable daughter lobules (Panel B; the inset shows the location of the aneurysm in the patient’s
brain). CT angiography shows the placement of a surgical clip and complete obliteration of the aneurysm (Panel C).
An angiogram obtained in a different patient shows a similarly located ICA aneurysm (Panel D) and the results
obtained with endovascular treatment (Panel E). Reproduced with permission from Lawton MT, Vates GE:
Subarachnoid Hemorrhage. N Engl J Med 377:257-266, 2017. Copyright Massachusetts Medical Society.
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5.2.2.2 Grading
Several grading systems exist for classifying the severity of SAH. The most frequently used

grades are the Hunt & Hess score and the World Federation of Neurosurgical Societies (WFNS) grade
for clinical assessment,” and the radiological Fisher grade.*” The grading systems are shown below
(Table 1). Both clinical scores classify patients based on increasing severity of encephalopathy. The

radiological score evaluates the amount and distribution of SAH on CT scans.”

Table 1. Clinical and radiological grading systems for classifying the severity of subarachnoid hemorrhage (year
of publication in parentheses).

Hunt & Hess (1968) WEFNS (1998)
asymptomatic, or minimal headache and slight nuchal
rigidity
moderate to severe headache, nuchal rigidity, no

| . . . Il GCS 13-14, no motor deficit
neurologic deficit other than cranial nerve palsy

| GCS* 15, no motor deficit

Il drowsiness, confusion, or mid focal deficit Il GCS 13-14 + motor deficit

stupor, moderate to severe hemiparesis, possibly early ]
v L o IV GCS 7-12 +/- motor deficit
decerebrate rigidity and vegetative disturbances

V  deep coma, decerebrate rigidity, moribund appearance V  GCS 3-6 +/- motor deficit

*) Glasgow Coma Scale

Fisher (1980)
| No blood
] Diffuse or thin layer of blood less than 1 mm thick (interhemispheric, insular, or ambient cisterns)
]l Localized clots and/or layers of blood greater than 1 mm thick in the vertical plane

v Intracerebral or intraventricular clots with diffuse or absent blood in basal cisterns

5.2.3 Treatment

After initial stabilization or resuscitation, the prevention of rerupture is the first treatment goal. Next is

prevention and treatment of the complications associated with SAH.

5.2.3.1 Prevention of rerupture
Medical steps to reduce the risk of rerupture include treatment of high blood pressure, and

antifibrinolytic therapy to stabilize the initial thrombus at the bleeding site. Also, seizures are treated

as they can cause hemodynamic instability triggering aneurysm rerupture.”

Definite treatment of the ruptured aneurysm can be achieved by surgical clipping or endovascular
aneurysm obliteration (Figure 3), and should be performed as early as feasible in the majority of
patients.”** Surgical clipping requires opening of the scull (craniotomy) and microscopy-assisted
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mobilizing of brain tissue to expose the aneurysm, and placing a metal clip across the aneurysm neck.
The goal is to close the aneurysm sac from the outside, while leaving normal blood flow in the
adjacent arteries. Endovascular techniques involve arterial catheterization, usually with access from
the femoral artery in the groin. The catheter is navigated to and advanced into the aneurysm sac to
deposit metal coils.” Thus, the aneurysm is excluded from the circulation from the inside, and the

slow or stagnant intraaneurysmal flow induces thrombosis.®

Two randomized trials comparing surgical and endovascular methods showed better functional
outcomes after one year with endovascular treatment, though open microsurgery had a significantly
higher rate of obliteration and greater durability.!'*!"!14>1%¢ However, comparing the two methods is
difficult, since an aneurysm may be more accessible and treatable by one of them. Indeed, in one of
the trials, the International Subarachnoid Trial (ISAT), only 22.4% of patients met the inclusion
criteria of an equally coilable or clippable aneurysm, resulting in a highly selected study sample.'"
Development of and experience with both methods have resulted in better obliteration rates for
endovascular treatment, and less morbidity for surgical treatment.'* Current recommendations state
that surgical treatment is the preferred option for aneurysms with a wide neck, branching vessels out
of the aneurysm sac, middle cerebral artery and pericallosal artery aneurysms (because of
accessibility) or patients with intracerebral hematoma that require surgical evacuation.?'*’
Endovascular treatment is particularly recommended for aneurysm with small neck of the basilar
artery or elsewhere in the posterior circulation, and elderly patients (>70 years). Because of the

complexity of the treatment, treatment decisions should be interdisciplinary.?-'*’

Endovascular techniques have evolved and improved rapidly the last two to three decades. Newer
techniques under investigation include stent-assisted coiling, balloon-assisted coiling, flow diverters
and disruptors, and new embolic material. The rapid development of new techniques offers hope of
increased aneurysm obliteration, and that aneurysms previously considered untreatable may be
treatable in the future.'** However, the techniques have been associated with increased morbidity and
mortality. Due to lack of data on complications and long-time effects, these techniques are

recommended only when less risky options have been considered.”’

14



A C

Craniotomy "
flap Ruptured {/4

aneurysm

Craniotomy

LEFT S
ANTERIOR Aneurysm

VIEW

K

Left posterior

Left anterior
cerebral artery

Left posterior
— communicating
Left anterior artery

Left interna
cerebral artery Ay

Reflected carotid

Basilar artery skin flap

artery  Left middle
cerebral
Left middle i
Left internal ’ cerebral artery
carotid artery
Deflated

aneurysm

Vessel Vessel Weakened intracranial
wall arterial wall

Permanent
Left anterior clip
cerebral artery = HEMODYNAMIC

STRESS

Branching point between
the left internal carotid
artery, left anterior
cerebral artery, and
left middle cerebral
artery

Temporary clips are placed on
adjacent arteries to soften the
aneurysm for permanent

A permanent titanium clip is clipping

placed across the neck of the
aneurysm to preserve blood flow
in adjacent arteries

/ Left middle
Left internal /7 \ cerebral
carotid artery artery D

Coils are deposited into the
aneurysm sac through the
microcatheter

Ruptured

aneurysm Aneurysm

SUBARACHNOID
SPACE

NEURYSMA
OOD FLOW

A microcatheter is
introduced into the
femoral artery and
advanced to the
location of the
aneurysm

Coils fill the aneurysm,
arresting intraaneurysmal
blood flow and inducing
thrombus formation

Femoral
| artery

Figure 3. Repair of aneurysms that have caused subarachnoid hemorrhage. The anatomy of the subarachnoid
space and the circle of Willis is shown in Panel A. An aneurysm has formed at a branching point and ruptures
(Panel B). Open surgical repair of such an aneurysm (Panel C) involves exposing the aneurysm and the adjacent
normal arteries so that the surgeon can apply a titanium clip on the neck of the aneurysm, which effectively
excludes it from the arterial circulation. Removal of portions of the skull base provides improved access and
operative exposure for the surgeon without the need for substantial brain retraction. Endovascular repair of such
an aneurysm (Panel D) involves the navigation of an intraarterial catheter through the circulation under
fluoroscopic guidance until the catheter tip is in the lumen of the aneurysm. With the use of the catheter, platinum
coils are delivered and packed into the lumen of the aneurysm, which slows or prevents blood flow into the
aneurysm and leads to thrombus formation, effectively blocking arterial blood from entering the aneurysm.
Reproduced with permission from Lawton MT, Vates GE: Subarachnoid Hemorrhage. N Engl J Med 377:257—
266, 2017. Copyright Massachusetts Medical Society.
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5.2.3.2 Prevention and treatment of complications
Clinically significant hydrocephalus is alleviated with external ventricular or lumbar drainage, which

can be converted to a permanent ventriculoperitoneal shunt to manage chronic hydrocephalus.”® To
prevent delayed cerebral ischemia, the oral calcium antagonist nimodipine is recommended for all

patients from presentation to 21 days after SAH.”* A Cochrane review of randomized trials reported
that nimodipine reduced the risk of poor outcomes in aSAH patients by one third.** Acute treatment
with statins has been suggested to reduce delayed cerebral ischemia, but metaanalyses have neither

shown effect on neurological outcomes nor death.'%!%

Because of the extensive systemic complications associated with aSAH, patients should be treated in
neurointensive care units. In general, the treatment aims at keeping the patient normovolemic,
normothermic, avoiding hypoglycemia or marked hyperglycemia, and seizure free. Anticoagulation is
administered to avoid deep venous thrombosis, when the aneurysm is secured and if the general

bleeding risk is acceptable.”

5.2.3.3 Outcome: mortality and morbidity
Six months after aSAH, 40% of patients in

two Norwegian cohorts had died. The fatality >0
rate was high during the first month before 40
leveling off (Figure 4); case fatality at 1, 3, 7,

and 30 days was 14%, 20%, 24% and 36%, .
respectively.'*® The case fatality rate has 20
decreased slightly over the last decades."!'"” "
Internationally, the rate varies substantially—

between 25 and 50%''"—with the highest 0

0 100 200 300

rates in low- and middle-income countries.'*

Figure 4. Percentage of deceased patients in days after
aneurysmal subarachnoid hemorrhage. Error bars show
95% confidence intervals. Adapted from Sandvei MS,
Mathiesen EB, Vatten LJ, Muller TB, Lindekleiv H,

The most important prognostic factor of

outcome is the clinical state at presentation,

with a lower Glasgow Coma Scale (and Ingebrigtsen T, et al: Incidence and mortality of
aneurysmal subarachnoid hemorrhage in two Norwegian
higher Hunt & Hess and WFNS scores) cohorts, 1984-2007. Neurology 77:1833—1839, 2011.

corresponding to a worse outcome.” Patient age and the amount of extravasated blood on CT scans
are next most important.'*""'*” Although the Fisher grade is commonly used to predict the risk of
cerebral vasospasm, more recent scales use quantitative approaches to determine the amount of

subarachnoid and intraventricular hemorrhage to predict vasospasm and clinical outcome.”® Because
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of the importance of these prognostic factors, improved prevention and treatment of the subsequent

complications from SAH can only improve the prognosis to a limited extent.'*

According to clinical guidelines, SAH patients should be treated in high-volume institutions,
managing at least 20 cases annually.”” However, a Scandinavian study found no association between

treatment volume and 1-year outcome after SAH.”

Most patients with subarachnoid hemorrhage need long-time care. During and after hospital
admission, rehabilitation is often multidisciplinary, involving physical, occupational and speech
therapies, as well as neuropsychological evaluation.'* One year after the incident, 50 % of SAH
survivors have sequelae. In a study from Australia and New Zealand, 46% reported ongoing problems

with memory and mood, 14% problems with speech, and 10% with self-care.®!

5.3 Intracranial aneurysms
The types of intracranial aneurysms are classified according to etiology (traumatic, infectious, or

spontaneous) and morphology (saccular and fusiform). Traumatic aneurysms may develop secondary
to penetrating trauma and skull fractures, and are often not true aneurysms, but dissections or
pseudoaneurysms with missing layers of the artery wall.'*® Infectious (or ‘mycotic’) aneurysms can
arise because of bacteremia, and most commonly from infected emboli due to infective

endocarditis.'**>!”

Fusiform aneurysms may form in part because of atherosclerosis, and consist of dilatation of the entire

circumference of the involved vessel.

Saccular aneurysms (or ‘berry’ aneurysms), the subject of this thesis, are thin-walled protrusions from

the intracranial arteries.

5.3.1 Pathogenesis

Normal blood vessel walls consist of three layers. From inside to outside, these are; a) the tunica
intima with the basal membrane and endothelial cells, b) the tunica media with vascular smooth
muscle cells, and ¢) the tunica adventitia mainly consisting of collagen, providing structural integrity
of the vessel wall. An internal elastic lamina separates tunica intima and tunica media, and an external

elastic lamina separates tunica media and tunica adventitia.’®
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Cerebral arteries have structural differences from extracranial arteries that can contribute to aneurysm
formation. The tunica adventitia is sparse, the proportion of elastic fibers is lower, and cerebral

arteries are immersed in cerebrospinal fluid instead of supportive connective tissue.*”***

IAs are acquired lesions. A focal damage in the vascular wall resulting from hemodynamic stress is
the most likely direct cause of aneurysm formation.** Bifurcations and the outer lateral wall of vessel
bends are exposed to abnormally high levels of hemodynamic stress and are predilection sites for
aneurysms.®® Anatomical variations in the circle of Willis leading to increased hemodynamic stress are

also considered important factors in IA formation.***%7

The wall shear stress (WSS) is a frictional force generated by blood flowing past the apical surface of
endothelial cells. Intracellularly, this mechanical stress is converted into biological signals. The signals
act both directly by modulating cellular functions such as adhesion molecules, integrins and ion
canals, and indirectly by regulating gene expression.”*'*! Abnormally high or low WSS disrupts the

vessel wall.?

High WSS causes mechanical wear that exceeds the strength of the wall. Too low WSS
levels reduce mechanobiological proliferation signals, leading to degeneration of endothelial cells
through apoptosis.'*! High WSS initiates aneurysm formation, but whether high or low high or low
WSS is most relevant for further growth and weakening of an aneurysm remains unclear, and has

spurred considerable debate.””'*®

Figure 5 illustrates structural and ultrastructural components of IAs. The most common histological
findings of aneurysm walls are inhomogenous walls with a disrupted internal elastic lamina,
disintegrated endothelium, and a thinned tunica media containing few smooth muscle cells. The

finding of inflammatory cells is a hallmark.*

Disruption of the internal elastic lamina causes mechanical overload on the vessel wall. In response,
the vascular smooth muscle undergo phenotype modulation from contractile units to cells that
synthesize collagen matrix, and eventually to dedifferentiated, proinflammatory smooth muscle cells.®
Sustained mechanical overload will cause inflammatory responses to be the main drivers of aneurysm
formation. These responses are mediated by inflammatory cytokines such as tumor necrosis factor
(TNF), IL-1p and matrix metalloproteinases (MMPs), causing influx of macrophages and continuous

degradation of collagen and elastin fibres.?*-*4*->*
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Figure 5. Structural and molecular pathogenesis of intracranial aneurysm.

Panel a illustrates the anterior communicating artery (ACoA) complex, filling from the left (dominant) anterior
cerebral artery (A1) and, to a lesser extent, from the hypoplastic right A1 — a variation typically found in ACoA
aneurysms. Inset i shows the ultrastructural composition of a cerebral artery. Panel b and inset ii shows
structural changes in the wall of cerebral arteries in response to aberrant flow combined with risk factors. The
detrimental processes acting on the artery wall are exacerbated by cellular and humoral inflammatory
responses. Blood inflow and impingement exposes the structurally defected arterial to high wall shear stress,
resulting in aneurysm sac formation (panel ¢). The aneurysmal sac continues to grow until ongoing vessel wall
repair and extracellular matrix degradation reach a balance (panel d). The main molecular constituent of the
aneurysm wall is collagen (inset iii). The main cellular components in the aneurysm wall are SMCs, a
discontinuous layer of ECs and a minor proportion of inflammatory cells, such as macrophages, neutrophils and
lymphocytes.

BM, basement membrane; EC, endothelial cells; FB, fibroblast; IEL, internal elastic lamina; SMC, smooth
muscle cell; WBC, white blood cell. Reprinted by permission from Macmillan Publishers Ltd: Etminan N, Rinkel
GJ. Unruptured intracranial aneurysms: development, rupture and preventive management. Nat Rev Neurol
12:699-713, 2016, copyright 2016.

Aneurysm growth is discontinuous and stochastic rather than linear. This is clarified through both

mathematical simulations,**'?’

molecular analysis of human aneurysms,” and repeated radiological
imaging of aneurysms.'*'”* Some aneurysms remain stable and unchanged for years, others develop
and rupture within weeks or months, and longtime stability can be followed by rapid change.*

Radiologically detectable changes are macroscopic manifestations of underlying microscopic
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processes. Therefore, any detected morphologic change should be interpreted as a sign of aneurysm

wall instability, representing a markedly increased rupture risk.**-!?7-137:172

The rupture of an IA occurs when wall tension exceeds the aneurysm wall strength.® As described by
the Law of Laplace (see section 5.4.2.1), as the radius of an aneurysm increases compared to its parent
vessel, the aneurysm wall needs a higher wall tension to tolerate increases in transmural pressure (see
section 5.4.2.1).*° Also, through the mechanisms described above, the vessel wall can be severely

weakened and able to withstand less transmural pressure than under normal conditions.”

5.3.2 Clinical presentation and diagnosis
IAs are usually asymptomatic. Estimates are unceratin, but around 15% may experience symptoms.”'

Symptoms include third cranial nerve palsy (particularly posterior communicating artery [PCoA]
aneurysms), visual acuity loss or ophthalmoplegia, headache, symptoms of mass effect, and ischemia

owing to emboli originating from within the aneurysm.’"'%

Most aneurysms are detected either upon rupture, or incidentally. Unruptured IAs are increasingly

being discovered because of the extended availability and use of CT and MRI."'7173

As with SAH, the three main diagnostic modalities to investigate [As are DSA, CTA and MRA.
Patients with unruptured A are often otherwise healthy, and emphasis is on choosing options
associated with low risk. CTA is the fastest option, and less invasive than DSA because only
intravenous contrast is needed. MRA takes considerably longer to perform, but is often the preferred

option for follow-up imaging because it is noninvasive and without radiation.'***

5.3.3 Natural history and risk of rupture

Knowledge about the natural history and risk of rupture of unruptured IA is sparse, because most
aneurysms are asymptomatic or treated during follow-up. Also, the available studies on unruptured

aneurysms can be flawed by selection biases and relatively short follow-up time.**'*

The largest original studies to date are the International Study of Unruptured Intracranial Aneurysms
(ISUIA)*”'7 and the Unruptured Cerebral Aneurysm Study of Japan (UCAS Japan).®® Though the
studies were large, a large proportion of the patients were eventually selected for treatment (32% and
48%, respectively), and follow-up was short (mean follow-up time 4.1 and 1.7 years, respectively).®
Though many unruptured aneurysms are stable during the first years of follow-up, the risk of growth is
large over time. In a pooled analysis of four studies, 25% of aneurysms had grown after 9 years, and
45% after 19 years.* Therefore, results from studies with short follow-up time cannot be extrapolated

to make long-term predictions about aneurysm stability and risk of rupture.*
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The PHASES (population, hypertension, age, size of aneurysm, earlier SAH from another aneurysm,
site of aneurysm) score was derived from a meta-analysis of studies on IA natural history to establish
the risk of rupture. The ISUIA and UCAS Japan studies comprise 74% of the patients with SAH in the

PHASES meta-analysis, and many limitations are therefore shared between these studies.

The largest long-time study of unruptured aneurysms comes from a Finnish cohort of 118 patients
followed until death or SAH (mean follow-up time of 18.5 years). 29% of the included patients
experienced aneurysm rupture during follow-up, and the annual rate of rupture was 1.6%. This rupture
rate may be higher than in the general population because 93% of the study subjects had previous
SAH from another aneurysm. Still, the results suggest that a substantial proportion of patients with IAs

will experience SAH during their lifetime if the aneurysm is not treated.™

Specific risk factors for rupture can be divided into factors mostly related to the patient as a whole,

and factors related to the aneurysm in particular.

5.3.3.1 Patient-related risk factors
The patient-related risk factors for rupture overlap with the general risk factors for aSAH (see section

5.2.1.2). These are central for the evaluation of rupture risk, but are prevalent in a large proportion of

the population, and therefore insufficient to guide treatment decisions for individual aneurysms.

5.3.3.2 Aneurysm-related risk factors
The most studied aneurysm-related risk factors for rupture are size, location and growth during follow-

up. Recent studies have focused on a more precise description of the aneurysm morphology, as well as

intra-aneurysmal blood flow. This area of research will be considered in section 5.4.

Aneurysm size is the most powerful risk factor. In a meta-analysis of six prospective cohort studies
with <5 mm as reference size, hazard ratios for 5.0-6.9, 7.0-9.9, 10.0-19.9 and >22.0 were 1.1, 2.3, 5.5
and 20.8, respectively.”® The ISUIA study sparked considerable debate when it found a rupture rate of
0% among aneurysms <7 mm in the anterior circulation.'” The finding was probably falsely low due
to selection bias.”*’ Since then, several studies have established that the majority of aSAH is caused
by small aneurysms.***"240 In a recent case series, aneurysms <5 mm accounted for 50% of aSAH

from 2012 to 2016."°

Aneurysms located on the anterior communicating artery (ACoA), PCoA and the basilar apex have the
highest risk of rupture, with a hazard ratio of around 2.0 compared to aneurysms on the middle
cerebral artery (MCA). Internal carotid artery aneurysms (ICA) have a much lower risk of rupture
(hazard ratio, 0.5).'
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Aneurysm growth is a strong risk factor for rupture,*'”27-154168

possibly increasing risk 12- to 24-
fold.'”'** Growth rate and risk of growth increases with increased aneurysm size, but growth can occur
at all aneurysm sizes.’ Also, though as much as 90% of aneurysms may grow before rupture, rupture

can occur without growth.'**’

5.3.4 Treatment options
The techniques for repair of unruptured aneurysms are the same as for ruptured aneurysms, described

in section 5.2.3.1. Data on safety and efficacy from randomized controlled trials on ruptured aneurysm
repair cannot be extrapolated to the management of unruptured aneurysms. Naturally, mortality and

morbidity is much higher for ruptured aneurysm repair, and risk factors may be different.*

Surgical repair of unruptured IAs is associated with a mortality of 1.7% and an overall morbidity
(including death) of 6.7%, according to a meta-analysis from 2013 of 60 studies with 9,845 patients.
The validity of the data is limited because the majority of the studies were retrospective or single-
center studies lacking predefined outcome measures or independent and blinded end point analysis. A
third of the studies reported obliteration rates: 92% of repaired [As were completely occluded, 4% had
neck remnants, and 4% were incompletely occluded. During follow-up after aneurysm repair,
hemorrhage incidence was 0.4%. Posterior location of the aneurysm, larger diameter, and age >55

years increased the risk of unfavorable outcome after surgical repair.***®

Endovascular repair might be associated with less immediate risk than surgery, but slightly higher
rates of aneurysm recurrence.'”'*” A meta-analysis from 2010 of 71 studies with 5,044 patients found
a mortality of 1.9% and overall morbidity (including death) of 4.8%. Studies conducted after 2004
reported lower morbidity than older studies. Complete occlusion or neck remnant occlusion was found
in 86% of aneurysms, but aneurysm recurrence was detected in 24% of patients during the mean
follow-up times of 0.4-3.2 years of the included studies. The annual risk of hemorrhage after
endovascular repair was 0.2%.'"® Posterior location of the aneurysm, larger aneurysm size and patient
age >52 years increased risk of a poor outcome. The use of additional endovascular devices, such as
balloon-assisted coiling, stent-assisted coiling, and flow-diverting stents, was associated with higher
rates of unfavorable outcomes (7%, 9% and 12%, respectively). However, the increased complication
rates might reflect that these devices make it possible to treat aneurysms that otherwise would be

ineligible for treatment.**''*

Operator experience is probably more directly associated with outcome after treatment for unruptured

aneurysms than for ruptured aneurysms, and only medium- to high-volume institutions (>20 cases

annually) are advised to perform surgical and endovascular procedures on unruptured I1As.””!3"1%°
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Morbidity from both surgical and endovascular treatment has been significantly reduced the last

decades.?®

5.3.4.1 Risk of rupture versus risk of treatment
Factors affecting the management of unruptured aneurysms include life expectancy of the patient, the

estimated risk of rupture, treatment risk, and also the level of anxiety caused by the awareness of
having an unruptured aneurysm.*’ In an international effort to quantify and weigh the risks associated
with treatment versus risk of rupture, 69 specialists developed the Unruptured Intracranial Aneurysm
Treatment Score (UTATS). This is consensus-based score with a low evidence level, but can serve as a
valuable tool for indicating how a large group of specialists might manage an individual aneurysm

patient.>”-!%

Due to the substantial life-time risk of rupture,** some researchers suggest preventive treatment of
unruptured aneurysms in patients <50 years irrespective of aneurysm size, provided there are no
contraindications for treatment.” If a patient is selected for conservative management, a follow-up
with MRA or CTA at 6 to 12 months after initial discovery is recommended, with subsequent follow-
up every or every other year. If aneurysm enlargement is discovered, treatment should be offered

unless contraindications are present.'*®

While the aSAH incidence has been stable the last decades (see section 5.2.1), the proportion of small
aneurysms among ruptured aneurysms is increasing.'® This may be due to the detection and treatment
of large unruptured aneurysms.'® Treatment decisions for patients with smaller aneurysms can be
challenging. While aneurysm size is a powerful predictor for aneurysm rupture at the population level,
rupture prediction at the individual level is more complex. Indeed, on a population level, the most
cost-effective management of aneurysms smaller than 3 mm is no preventive treatment or follow-up
imaging.”"'” To reduce the aSAH burden also from small aneurysms, there is a need for developing

predictive models to assess individual risk.

5.4 Patient-specific rupture prediction

The growing numbers of incidentally discovered aneurysms represent a challenge: because the natural
history and risk of rupture is unclear, we risk over- or undertreating patients.*> However, it also
represents an opportunity. The prognosis after aSAH is largely determined already before the patient

reaches hospital (see section 5.2.3.3).!** Therefore, identifying the dangerous aneurysms beforehand
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and securing them from future rupture is the management strategy with the highest potential of

reducing mortality and morbidity from aSAH.

Aneurysm morphology and intraaneurysmal hemodynamics are two promising areas of research on
patient-specific rupture prediction. Morphological assessment aims to describe the size, shape and
configuration of the aneurysm. Evaluation of intraaneurysmal hemodynamics aims to calculate and

visualize characteristics and patterns of the blood flow.

5.4.1 Morphology of intracranial aneurysms
Assessment of aneurysm morphology can be done either on cerebral angiography images, or on

computerized models of the cerebral vasculature. There is a substantial heterogeneity in how
researchers define and measure the different morphological parameters,” but parameters can be
divided into 1-, 2- and 3-dimensional measurements, as well as considerations of the general
appearance of the aneurysm.'”® This section gives an overview of morphological parameters, but

without a detailed discussion of the different ways of defining each parameter.

1-dimensional parameters that are commonly measured include the aneurysm’s maximal diameter, the
diameter of the neck, and the distance from the neck plane to various locations on the aneurysm wall.
Also, the aneurysm’s diameter can be measured orthogonal to other parameters, such as maximal

diameter orthogonal to aneurysm height.'”

2-dimensional parameters include geometrical indices, and angles. The aspect ratio of an aneurysm is
defined as the ratio between aneurysm height and neck diameter, the bottleneck factor as the ratio
between width and neck diameter, and the size ratio as the ratio between height and the diameter of the
parent artery from which the aneurysm arises.”*'™ Angles are measured between the flow direction of

the parent artery and the direction of the aneurysm.'”

3-dimensional parameters include volume and other parameters that take into account the 3-
dimensional configuration of an aneurysm. Volume is either measured on 3-dimensional models or
calculated using mathematical formulas. Volume can be included in geometrical indices, such as
volume-to-neck ratio, undulation index, ellipticity index and non-sphericity index. The indices vary
from 0, being a completely smooth or spherical shape, to 1. Undulation index increases when the
surface becomes more irregular and when more concavities are present. Ellipticity index increases
when the aneurysm is more elongated. Non-sphericity index reflects ellipticity index and undulation
index, and measures the deviation of the aneurysm from a perfect sphere.'” Finally, the writhe number

has been introduced as another estimate of surface irregularity. The writhe number measures the
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twisting or curving of a coil around itself, and increases when more torsional forces are applied to the

aneurysm surface.’>!"

Qualitative evaluation involves characterizing the aneurysm appearance as smooth or irregular, and

counting number of blebs, which are irregular protrusions of the aneurysm wall."**!"8

Many morphological parameters are readily available from cerebral angiographies. In 2-dimensional
DSA, the viewer cannot decide the viewing angle, and measurements rely on the available viewing
plane. Angiograms can be segmented into 3-dimensional models. Segmentation involves partitioning
an image into sets of pixels (or voxels for volume images), based on detecting intensity and texture,
edges, or geometric models.*’ Segmentation into 3-dimensional computer models allows for precise

measurements, but depends heavily on the quality and resolution of the original angiography.**''?

5.4.2 Biomechanics and hemodynamics of intracranial aneurysms
Biomechanics is the study of structure and function of biological systems using the methods of

mechanics. A subfield of biomechanics—and the focus of this thesis—is hemodynamics, which is

concerned with the mechanical laws governing the motion of blood through blood vessels.®

5.4.2.1 The mechanical laws of blood flow
Blood flow through the cardiovascular system constantly exerts two pulsatile forces on the vessel

walls: cyclic pressure and wall shear stress. The cyclic pressure mechanically distends the vessel wall.
The wall shear stress (WSS) is a frictional force generated by blood flowing past the apical surface of

endothelial cells, as described in section 5.3.1.

Pressure is a measure of compression forces. In a stagnant fluid, pressure is uniformly distributed. In

solid bodies, pressure might be non-uniformly distributed due to structural irregularities.'*
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The vascular wall experiences the forces acting upon it as stress, a Radial stres
measure of the internal forces in the wall, illustrated in Figure 6. If

the wall were only an infinitely thin surface, its stress would be

Hoop stress

sufficiently described by the two forces exerted by the blood

flow—the cyclic pressure and the wall shear stress. However, the
biological vessel wall has a certain thickness and structural goe® s
integrity. Therefore, the stress experienced by the wall has many

components. In addition to friction between blood and the wall (the

shear stress) the components are:
Figure 6. Stress components in a
cylinder under pressure and flow.

e hoop stress, a pressure induced force, pulling on every Reprinted from Raghavan ML,
) ) ) o Kratzberg JA, Golzarian J:
particle of the wall in the circumferential direction; Introduction to biomechanics

related to endovascular repair of
e axial stress, a pulling force within the wall, parallel to the  abdominal aortic aneurysm. Tech
Vasc Interv Radiol 8:50-55, 2005,
vessel direction, arising when shear stress propagates with permission from Elsevier.

through the wall;

e radial stress, a pushing force orthogonal to both the direction and the radius of the vessel.'*®

An alternative to hoop stress in describing the circumferential stress is wall tension. The Law of
Laplace describes that there is an equilibrium between the transmural pressure and wall tension, and
that the wall tension increases with the pressure and the radius. The Law of Laplace is defined as

T = APr for a cylinder, and

T = APr/2 for spheres,

where T denotes wall tension; AP, transmural pressure; r, radius.'’
However, the Law of Laplace assumes an infinitesimally thin wall, where the radius is at least 10 to 20
times the wall thickness. This condition is rarely met in biological vessels, and the stresses within the

wall can have significant spatial variations.*’

The nature of fluid flow can be described as a spectrum from laminar to turbulent. In laminar flow,
the blood is organized in layers flowing on top of each other in a steady manner. Viscosity is the
friction between adjacent layers.'®' The most central layers of flow have a higher velocity than the
outermost ones. Reynolds number (Re) is a dimensionless number quantifying the relative importance
of inertial forces to viscous forces. At low Re, viscous forces are dominant and the flow is laminar. At
high Re, inertial forces dominate over viscous, and shear in the main flow causes turbulence and
chaos. The value of Re at which a transition from laminar to turbulent flow occurs, is called the

‘critical Reynolds number’.'®” In rigid pipes with steady flow, this number is 2300. Under pulsatile
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conditions, as in the human cardiovascular system, the critical Reynolds numbers is substantially
reduced. That is because decelerations increase the likelihood of flow destabilization. The average
Reynolds number where transition flow occurred in a study of five carotid arteries, was 500.

Turbulence increases the magnitude and variability of WSS.'**!¢!

Exact measurement of WSS in vivo is almost impossible, and it is therefore investigated using
computational simulation of models derived from angiographic data.''? These simulations can also

calculate flow patterns, impingement zones and velocities.*’

5.4.2.2 Computer simulation technology applied on intracranial aneurysm
hemodynamics
Computational fluid dynamics (CFD) is a well-established tool used in engineering, including aircraft

and vehicles. CFD is a branch of fluid mechanics, using differential equations to simulate fluid flow.
There is increasing interest in applying the technique in cardiovascular medicine. The construction and
solution of a CFD model can be described in seven stages (a simplified process is shown in Figure

7):112

1. Clinical imaging: CTA, MRA or DSA with sufficient anatomical and physiological detail and
quality.

2. Segmentation and reconstruction: Segmentation methods convert areas of interest on medical
images, such as blood vessels, to geometrical models.

3. Meshing: The geometrical model is divided into discrete volumetric elements or cells. The
calculations performed during the simulation are solved for each of these elements.

4. Boundary conditions and definition of fluid properties: Specifications of the physiological
properties at the inlet, the outlet and the walls, and the blood density and viscosity.

5. Simulation: Calculations of Navier-Stokes and continuity equations for each volumetric
element. A typical simulation is run over several cardiac cycles, each divided into hundreds or
thousands of individual time-steps. Millions of non-linear partial differential equations are
solved simultaneously at all time-steps, and 3-dimensional CFD modelling is therefore time-
consuming and computationally demanding.

6. Post-processing: Extracting and displaying the relevant data.

7. Validation: Modelled results must be validated against other measurements to ensure an

accurate and reliable model.

The CFD model relies on several assumptions, including the following:
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e The walls are assumed rigid and homogenous, when in reality they are flexible and
multilayered. Rigid walls may overestimate the WSS magnitude and sometimes display a
different distribution of WSS than in more advanced models with flexible walls.’ In addition
to the shear stress and flow patterns, cyclic pressure is sensed by the deeper smooth muscle
cells of the vascular wall. This mechanotransduction also contributes to wall maintenance, but
is undercommunicated in many computational studies.”'*® However, simulations with flexible
walls require more complex computational models, are much more computationally
demanding, and also introduce new assumptions and increased uncertainty.>®

e In vivo, blood behaves as a non-Newtonian shear-thinning fluid, because red blood cells are
suspended in fluid. That is, the viscosity decreases with higher velocity and shear. However,
these effects are thought to have little effect in large arterial blood flow modelling, such as in
the circle of Willis.*!"'*®

e Laminar flow is usually assumed in cerebral aneurysms, due to the Reynolds numbers being
far lower than the transitional threshold. Though the pulsatile nature of the flow and the
complex geometry of vessels and aneurysms might significantly alter this critical
threshold,>*® most studies still assume laminar flow because more complex calculations

would require patient-specific velocities and waveforms.'®?

Because of the assumptions required in computational simulations, the aim should be improved
understanding rather than exact numbers. Still, the ability to compute otherwise unmeasurable
hemodynamic variables is valuable, and CFD has potential to greatly enhance diagnostic assessment,

and design of devices such as stents.'"?
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: blood vessel

imaging

processing modeling

Figure 7. Image-based CFD modeling pipeline. The main steps followed to construct patient-specific
computational fluid dynamics models of blood flows in cerebral aneurysms from medical images are the
following: vascular modeling, blood flow modeling and flow visualization. Reproduced with permission from
Cebral J, Mut F, Sforza D, Lohner R, Scrivano E, Lylyk P, et al: Clinical Application of Image-Based CFD for
Cerebral Aneurysms. Int j Numer method biomed eng 27:977-992, 2011.

5.4.3 Can the morphology and hemodynamics of ruptured aneurysms

predict rupture of unruptured aneurysms?
Data on unruptured IA followed until rupture is rare. Therefore, the majority of existing studies aimed

to find rupture predictors compare morphology and hemodynamics from ruptured aneurysms with

other unruptured aneurysm.*’

Numerous studies have shown statistically significant morphological and hemodynamic differences
between ruptured and unruptured aneurysms.*®”*!”® However, applying results from these studies on
unruptured aneurysms to determine their risk of rupture critically relies on the premise that postrupture
morphology is not significantly different from that prior to rupture.*”'’® Recent research indicates that
this assumption does not hold. The morphology of many aneurysms changes during growth,'*®'®! and
case reports and small studies with 1 to 13 aneurysms indicate that morphology may change

considerably around the time of rupture. 138177
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6 Aims of the thesis

The general aim of the thesis was to improve the rupture prediction of unruptured intracranial

aneurysms, based on parameters of morphology and intraaneurysmal hemodynamics. Specifically, we

aimed to:

L. Compare aneurysm morphology from angiograms obtained before and just after rupture
and to evaluate whether postrupture morphology is an adequate surrogate for the
prerupture morphology in the evaluation of rupture risk.

IL Identify possible hemodynamic parameters at the time of diagnosis of intracranial
aneurysms that are associated with future rupture.

II. Identify possible morphological parameters at the time of diagnosis of intracranial

aneurysms that are associated with future rupture.
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7 Methods

All studies were approved by the Northern Norway Regional Committee for Medical Research Ethics,
which decided the studies to be exempt from patient consent. The studies were reported according to
the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement for

observational studies.'”!

7.1 Papers |, Il and llI: Electronic health records and imaging

The basis of the thesis is a nationwide retrospective data collection from the four neurosurgical centers
treating all IA and SAH in Norway: The University Hospital of Northern Norway, Tromsg; St. Olav’s
Hospital, Trondheim; Haukeland University Hospital, Bergen; and Oslo University Hospital
Rikshospitalet, Oslo. Thus, the data collection covered entire population of Norway (5,000,000

people).

We identified patients and collected clinical information from electronic health records, and retrieved

cerebral angiograms.

7.1.1 Electronic health records
We searched electronic health records using codes from the International Classification of Diseases,

version 10, to identify patients diagnosed with unruptured IA who later were hospitalized with SAH.
We created lists of patients diagnosed with 167.1 (cerebral aneurysm, unruptured) between October 1,
2003, and October 1, 2013. Of these patients, we identified those being subsequently hospitalized with
160.0-160.9 (nontraumatic SAH).

In Papers II and 111, each case was matched to two controls that did not experience 1A rupture during
the observation period, and that neither underwent prophylactic treatment (codes AAC00, AC10,
AACI15, AALOO and AAL99 in the Nordic Medico-Statistical Committee Classification of Surgical
Procedures [NCSP]). The primary matching factor was aneurysm location, and if location could not be
matched, the patient was excluded. Further matching was performed in the following order: aneurysm

size, patient sex and age.

For each identified patient, we recorded age, sex, date of diagnosis of unruptured 1A, date admitted for
SAH, and the reason for the aneurysm being conservatively managed. From the electronic health
records, we also retrieved known risk factors, such as hypertension, smoking, connective tissue
disease, polycystic kidney disease, family history, and prior aSAH. We determined the PHASES™ in

all patients, and UIAT?’ scores in all patients of Paper 1.
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7.1.2 Imaging

For Paper I, which was a case series of morphology around time of rupture, we retrieved the latest
available prerupture and the first available postrupture angiograms. For Papers Il and III, which were
matched case-control studies of rupture predictors at time of 1A diagnosis, we retrieved the first
available angiograms. Figure 8 illustrates the collected angiograms in relation to time of diagnosis and

rupture of the included aneurysms.

Figure 8. Collected angiograms (yellow camera symbols) in relation to the natural history of the included
aneurysms. In Paper I, we compared the latest angiogram before with the first angiogram after rupture. In
Papers Il and Ill, we compared angiograms at time of diagnosis between aneurysms with and without later
rupture.

*) Angiograms after rupture were also investigated in Papers Il and Ill (grey camera symbol) to confirm the
rupture of a previously diagnosed aneurysm, but these angiograms were not used in analyses.

7.1.2.1 Diagnosis of intracranial aneurysms and subarachnoid hemorrhage
Angiograms from patients identified with the electronic health records search strategy were inspected

by an experienced neuroradiologist and/or neurosurgeon to ensure the correct diagnoses. The original
angiograms included DSA, CTA and MRA images (from a variety of manufacturers, because images

were collected from the entire country).
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Patients were excluded if they had previous treatment of the aneurysm of interest, multiple aneurysms
of which the ruptured aneurysm was difficult to identify, or image quality precluding reliable

aneurysm measurements. Fusiform aneurysms were excluded.

7.1.2.2 Generation of patient-specific 3-dimensional models of cerebral arteries
For Papers II and III, we generated 3-dimensional models of the patients’ cerebral arteries.

Segmentation into models, and the subsequent meshing and simulation in Paper 11, was performed by

Simula Research Laboratory, Oslo, Norway.

Segmentation of the vasculature into models and computation of the different morphological
parameters were performed with the Vascular Modeling Toolkit (VMTK, http://www.vmtk.org) using
the scripts vmtkbranchextractor, bifurcationreferencesystems and vmtkbranchclipper. We isolated the
IA using a previously described algorithm.'** The geometries were segmented from MRA or CTA
images to include the ICA and/or basilar artery upstream of the aneurysm, and cylindrical extensions
were added to both inlets and outlets. In cases where the segmentation process failed to include
arteries visible on the original angiography, these arteries were created manually and attached to the

segmented models.

All segmented models were inspected by an experienced neurosurgeon to ensure consistency with the
original angiography. The engineering team conducting segmentation and computation was blinded to

the patients’ status as case or control and to any clinical data.

7.2 Papers | and lll: Manual and automatic measurement of
morphology

7.2.1 Manual measurement
For Paper I, two neuroradiologists performed manual measurements directly on DSA, CTA or MRA

angiograms, and determined several quantitative and qualitative features of the included IA.

The two neuroradiologists resided in different centers and assessed the aneurysms using measuring
tools in Siemens syngo.via and syngo InSpace (Siemens Healthcare, Erlangen, Germany). The
observers measured all aneurysms independently according to the defined measurement protocol,

blinded to each other’s results and with no prior information about aneurysm rupture state.

Initially, the observers interactively evaluated 3-dimensional volume rendering technique images for

general morphology, such as smooth/irregular and numbers of daughter sacs (Figure 9A). The
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aneurysm neck was identified and multiplanar cursors were aligned to define the aneurysm neck. The
aneurysm was rotated until the maximum length and diameters were revealed. The resulting volume
rendering technique projection was then converted to a thin-slice maximum-intensity picture on which

measurements were performed (Figure 9B).

(A) VRT (D)
Daughter sac

Height

Width H

(B) MIP (©)

Max. size

Length

Neck

Width L

Figure 9. Aneurysm measurement method. A, Volume rendering technique (VRT) image for assessment of
general morphology and identification of optimal measurement planes. B, Maximum intensity picture (MIP) for
measurements. C and D, Illustrations of parameter definitions.
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7.2.1.1 Development of measurement protocol
To ensure high reliability in the measurement process, we calculated the intraclass correlation

coefficient to guide the selection of parameters.’’ According to conservative criteria, values >0.81
represent substantial reliability.'* Mean intraclass correlation coefficient for all parameters except two
was 0.88. Of the two with lower intraclass correlation coefficient, one parameter (minimal size) was
excluded from further analyses, whereas the other (Neck) was redefined to increase precision. The

final measurement guide is described in section 7.2.3.

The mean values between observers were chosen when interrater difference was <2 mm. In cases of

>2 mm differences and for the redefined Neck parameter, values were settled by consensus.

7.2.2 Automatic measurement
For Paper 111, automatic measurements were performed on the segmented 3-dimensional models (see

section 7.1.2.2).

The automatic measurement was supplemented by a qualitative assessment of wall characteristics.
One neurosurgeon and one neuroradiologist, in consensus—blinded to patients’ status as case or
control and to any clinical data—characterized each aneurysm as irregular or smooth based on its
general appearance,* and counted number of blebs. Blebs were defined as “an irregular protrusion of

the aneurysm wall” on cerebral angiography.*’

7.2.3 Morphological parameter definitions
All aneurysm parameters must be fitted within the aneurysm sac. Parameter definitions were based on

previous literature.>? The definitions varied slightly between Papers I and III, because we chose
definitions that were most suitable for manual and automatic measurement, respectively (Table 2).

Parameters are illustrated in Figure 9, panels C and D.
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Table 2. Definitions of the morphological parameter definitions used in Papers | and Ill.”

Parameters Paper I
1-dimensional
Maximal size

Neck diameter

Height the longest line orthogonal to the neck,

originating from the neck centroid

the largest diameter of the neck plane

Paper Il

the longest line within the aneurysm

the average diameter of the neck through the
neck centroid

as the longest line orthogonal to the neck

Length the longest line originating from the centroid of the neck surface
Width H the largest diameter that is orthogonal to -

Height.
Width L the longest line orthogonal to and intersecting the line defined by Length

Parent artery diameter -

2-dimensional

Aspect ratio Height/Neck
Size ratio -
Bottleneck factor Width L/Neck
Height/Width N/A
Inflow angle® -
3-dimensional
Volume Volume=4/3xn(A/2)*(B/2)x(C/2),

where 4, B, and C are maximal size,
length, and width L, respectively.
Volume-to-neck ratio -
Non-sphericity index -

Qualitative assessment of wall characteristics
Irregular wall

Daughter sac/bleb

the average of the artery diameter (D)
immediately upstream of the aneurysm and

1.5 x Dy upstream from this point

Length/Parent artery diameter
Width/Neck

Length/Width

the angle between the vectors of aneurysm

Length and Parent artery flow direction

automatically calculated from segmented

model

Volume/Neck
1-(18m)!3 123 /8,
where V' is the aneurysm volume and S is the

IA surface area

irregular or smooth, based on general appearance

irregular protrusion of the aneurysm wall

'Differences between the two papers are highlighted with Italics. Dash (-) indicates that the parameter was not used for this

paper.

2When comparing digital subtraction angiography with another image modality, the available digital subtraction angiography

projections dictated which projections were used from the other modality.

3For anterior communicating artery (ACoA) aneurysms, which usually have two parent arteries, we used the inflow angle from
the side that was most aligned with the parent artery flow direction; i.e., the side where the aneurysm Length vector was most

aligned with the A1 artery flow direction vector.
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7.3 Paper ll: Computer simulation of hemodynamics

7.3.1 Meshing of the segmented models

The meshing was done adaptively, with the mesh being finest in the vicinity of the aneurysm, where
the distance between mesh nodes are approximately 0.135 mm, increasing to approximately 0.25 mm
in the remote parts of the domain. In addition, we added four boundary layers to properly resolve the
velocity gradients at the wall, with a total thickness of half the average nodal distance, and a thickness
factor of 0.6 between the layers. In addition, the meshing was done radius-adaptive, to ensure a

sufficient resolution even in the smallest segmented vessels.

7.3.2 Simulation
We imposed a fully developed pulsatile Womersley flow profile at the model inlets, at a heart rate of

63 bpm.® The flow rate was scaled with the area'®® with a mean velocity of 36.5 cm/s, to obtain a
mean flow rate of 245 ml/min (£100 ml/min).®> At the outlets, we scaled the flow according to the
principle of minimal work (Murray’s law). In segmented models where the PCoA was not merged to

the posterior circulation, we assumed zero flux.

Walls were assumed rigid and impermeable. We assumed blood to behave as a Newtonian fluid with a
viscosity of 0.00345 Pa-s and a density of 1060 kg/m3.*' The Navier-Stokes simulation equations were
solved and postprocessed with the open source softwares cbcflow and cbepost
(https://bitbucket.orgsimula_cbc/), based on the open source finite element library (FEniCS).'” The
equations were solved using piecewise linear approximation of the pressure, and quadratic
approximations of the velocity, effectively halving the nodal distance. The equivalent mesh sizes'®
ranged from 6.4 million to 62 million linear tetrahedral elements. To properly resolve the high
frequency flow dynamics, we resolved the simulations with a temporal resolution of 0.04

milliseconds.
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7.3.3  Hemodynamic parameter definitions
Table 3 (next page) specifies abbreviations, mathematical definitions and pragmatic explanations for

each studied parameter. Oscillatory shear index (OSI) and low shear area (LSA) are derivatives of
wall shear stress (WSS).% Pressure loss coefficient (PLc), inflow concentration index (ICI) and

viscous dissipation rate (VDR) are related to the flow phenotype.”'*?

7.4 Statistics

P values of <0.05 were assumed statistically significant. The variables’ distribution was investigated
visually with Q-Q plots and numerically with Shapiro-Wilk test. The data were analyzed with Stata for
Mac (version 14; StataCorp LP, TX, USA) and SPSS for Windows (version 24; IBM, NY, USA).

7.4.1 Paper |

The variables were found to be non-parametric. Thus, continuous variables were reported as medians
with range, and nominal variables as absolute numbers and percentages. Paired continuous variables
were compared using Wilcoxon signed-rank test, and paired nominal variables were compared using
McNemar’s test. Independent continuous variables were compared using Mann—Whitney U test or
Kruskal-Wallis test in cases of >2 groups. Categorical variables were compared using Chi-squared

test.

7.4.2 Papers Il and Il

Parametric variables were reported as means with standard deviations (SD). Nonparametric variables
were reported as medians with interquartile range (IQR). Balance between cases and controls was
assessed using the Student t-test for parametric variables, and the Wilcoxon rank-sum test for

nonparametric variables. Categorical variables were compared using the chi-square test.

Matched case-control analysis was performed using conditional logistic regression.''® For
multivariable regression, backward stepwise elimination of independent variables with a threshold

significance level of > 0.2 was used to select the final multivariable model.

In Paper 111, the relationship between Maximal Size, Size Ratio and Inflow Angle was assessed

separately for cases and controls using univariate linear regression and scatterplots.
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Table 3. Definitions and explanations of the studied hemodynamic parameters.

Parameter Name (Abbreviation) Definition Explanation

Average magnitude of the time-

ime- . 1
Time- and space-averaged WSS = f [zlds averaged WSS over the aneurysm
a JT,

(AWSS) A wall 21174
The maximal time-averaged WSS
i max |T| g
Maximum WSS (MWSS) x€lq in the aneurysm dome.?!174
The minimal fime-
Minimum WSS (MinWss) min|z| e minimal time-averaged WSS

XElq in the aneurysm dome.

1 Time-and space average
Logarithmic WSS (LnWSS) —f In|t| dS logarithmic WSS magnitude over
the aneurysm wall.’!

. T — Minimal time-averaged
Min. logarithmic WSS min In|z] . .

1 h h
(MinLnWSS) xelg ogarithmic WSS in the

aneurysm.’!

Measurement of the directional

111 |zl hange of th
Oscillatory shear index (OSI) — f “(1-=)ds change of the WSS vector,
|| averaged over the aneurysm

dome.'™*

Areas of the aneurysm wall
exposed to a WSS below 10% of

the mean parent arterial WSS,
174

0, otherwise ds normalized by dome area.

AWSS;. is computed as AWSS,
over the parent artery domain.

1 f {1,if IT| < 0.1AWSS,,
Low shear area (LSA) —
r

Aq

> Pressure loss associated with the
<(—pluml +Pin) - ( pluout| +pout)> aneurysm domain, relative to the

Pressure loss coefficient (PLc)

kinetic energy in the parent

wnl?)
2P| nl? 153

artery.

Qun/ Qpa > Concentration of inflow into the
Inflow concentration index (ICI) aneurysm, relative to the flow rate
Amn/Aneck in the parent artery.”!
F, / F, Amount of shear that is
Shear concentration index (SCI) ( ) concentrated in the high-shear
Ap/Aq region of the aneurysm dome.?!

Amount of energy dissipation in

1 2
V_fn 2v|lel|"av the aneurysm domain, relative to

Viscous dissipation ratio (VDR) the energy dissipation in the near

2
fﬂ 2V|lel|“av

V"” vessel domain.?!
T = instantaneous wall shear stress vector; T =a time-averaged quantity over one heartbeat; I'a = the aneurysm wall with
corresponding area As; || = a vector magnitude; uin/pin = the velocity/pressure in the plane one diameter upstream from the

aneurysm; Uout/Pout = the velocity/pressure in the plane one diameter downstream from the aneurysm; Qi» = the flow into the
aneurysm; Qpa = the parent artery flow rate; Ai» = the area of inflow into the aneurysm; Aneck = the total neck area; A, = the area
of high shear (1 SD above the average WSS in the near vessel domain); F» = the total shear over Ap; Fa = the total shear over
the aneurysm; Q. = the aneurysm domain with corresponding volume Va; Qs = the near vessel domain (<1cm from the
aneurysm) with corresponding volume V,; v = the kinematic viscosity; € = the strain-rate tensor; ||-|| = the Frobenius norm.
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8 Results

8.1 Paper

Title: “Cerebral Aneurysm Morphology Before and After Rupture: Nationwide Case Series of 29

Aneurysms”

The search identified 52 patients with confirmed aSAH, originating from aneurysms that were
recognized but not repaired prior to rupture. Of these, 23 were excluded (9 were fusiform and 14

because of missing or poor images).

The remaining 29 patients were included in the study. Median time span between imaging prior to and

just after rupture was 12 months (range, 0.3—96 months).

All 1-dimensional parameter medians were statistically significantly larger after rupture, except neck
diameter. Median aspect ratio before rupture was 1.5 (range, 0.8—4.0) compared with 1.9 (range, 0.8—
6.7) after rupture (p = 0.008). Median bottleneck factor was 1.5 (range, 0.9-4.0) before and 1.5 (range,
0.7-6.2) after rupture (p = 0.068). Number of aneurysms with >1 daughter sac was 9 (31%) before and
17 (59%) after rupture (p = 0.005). Figure 10 illustrates a typical change from pre- to postrupture
image. The magnitude of change was clearly dependent on the time elapsed between the image prior

to and just after rupture, visualized in Figure 11.

Clinical risk factors were not significantly associated with morphological change. In hypertensive
patients, aneurysms were significantly larger at diagnosis. However, changes in morphology from
before to after rupture were not significant, except for neck diameter, which tended to increase in
hypertensive patients (0.3 mm [—1.8 to 3.7]) and decrease (—0.4 mm [—2.9 to 0.5]) in nonhypertensive
patients (p = 0.047). Between current and former/never smokers, there was neither a significant

difference in morphology prior to rupture nor a significant change in morphology after rupture.
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(A) BEFORE RUPTURE (B) AFTER RUPTURE

6,42 mm 9.27 mm

4.83 mm

Figure 10. Volume rendering technique (VRT) images of one aneurysm
before and after rupture. Height and Maximal size measurements are
shown. A, Before rupture. B, After rupture. Maximal size is increased and a
daughter sac has developed.
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Figure 11. Difference between pre- and postrupture measurements of the 1-
dimensional parameters Maximal size, Height, Neck and Length,
categorized in accordance with the time elapsed between images. P values
from independent samples Kruskal-Wallis test.
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8.2 Paper i

Title: “Rupture prediction of intracranial aneurysms: a nationwide matched case-control study of

hemodynamics at the time of diagnosis”

Of the 43 patients with confirmed aSAH, originating from saccular aneurysms that were known prior
to rupture and had been treated conservatively, 20 were excluded because matching was not
accomplished; of these, 18 had aneurysms larger than 10 mm. Eight cases were excluded because of
insufficient image quality, and 3 were excluded because of insufficient image quality in the available
controls. Each of the remaining 12 patients were successfully matched to 2 control patients with a

confirmed saccular IA that was neither treated nor ruptured during follow-up.

The cases consisted of 4 ACoA, 7 MCA, and 1 PCoA aneurysms. For cases, the median time from
diagnosis to rupture was 3.4 years (IQR 1.6-6.3 years). For controls, the median time from diagnosis

to death or end of follow-up was 4.5 years (IQR 3.7-8.2 years).

In the univariate analysis, LSA was the only parameter statistically significantly associated with future
rupture (p = 0.041). Minimum logarithmic WSS, averaged logarithmic WSS, PLc, and ICI showed a
tendency to be associated with rupture (p = 0.09, 0.14, 0.15, and 0.18, respectively. Figure 12

visualizes WSS and LSA for all case and control aneurysms.

In the multivariable analysis, LSA ( = 8.72 [95% CI 0.85-16.59], p = 0.030) and ICT (B = 1.13 [95%
CI—0.30 to 2.55], p = 0.12) were retained in the conditional logistic regression model. Their p values
remained almost constant when adjusting for the matching variables patient sex, age, aneurysm

location and size, as well as smoking status, previous SAH, hypertension, and PHASES score.
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CONTROL 1 CONTROL 2 CONTROL 1 CONTROL 2

CONTROL 1 CONTROL 2

Figure 12. Visualization of WSS and LSA for all case and control aneurysms, grouped by location. The WSS is
represented by a color scale ranging from blue for WSS < 1.0 Pa, to red for WSS > 10 Pa. Areas of low shear
are colored gray, and represent areas of the dome where the average WSS is below 10% of the average WSS
in the parent artery. ACOM = ACoA; PCOM = PCoA.

Reprinted from Skodvin T@, Evju @, Helland CA, Isaksen JG: Rupture prediction of intracranial aneurysms: a
nationwide matched case-control study of hemodynamics at the time of diagnosis. [E-published ahead of print] J
Neurosurg, 2017, with permission from American Association of Neurological Surgeons.
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8.3 Paperlil

Title: “Prerupture intracranial aneurysm morphology in predicting risk of rupture: A matched case-

control study.”

The study was conducted on the same aneurysms that were included in Paper II, with 12 saccular IA
patients with confirmed aSAH matched to 2 control patients with a saccular IA that was neither treated

nor ruptured during follow-up.

In the univariate analysis, Inflow Angle was the only parameter that was significantly associated with
future rupture. The median Inflow Angle was 19 degrees (IQR, 8-42) in cases, compared to 45 degrees
(27-74) in controls (p = 0.045). P values for the other automatically measured parameters ranged from

0.19 to 0.89. P values for irregular wall and number of blebs were 0.22 and 0.14, respectively.

In the multivariable analysis, Inflow Angle was retained in the conditional logistic regression model

(the p value, therefore, was the same as in the univariate analysis).

Figure 13 visualizes Maximal Size—one of the matching factors—in relation to Size Ratio and Inflow
Angle (panels A and B, respectively). A higher Maximal Size correlated with an increased Size Ratio
for both cases (R? = 0.46, p = 0.015) and controls (R* = 0.64, p = <0.001). The relation with Inflow
Angle, however, was different in cases and controls. The Inflow Angle of 1As that did not rupture
showed no correlation with Maximal Size (R? = 0.001, p = .87), whereas in IAs that later ruptured, a

straighter Inflow Angle was correlated with larger maximal size (R? = 0.58, p = 0.004).
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Figure 13. Scatterplots of Maximal Size in relation to A, Size Ratio and B, Inflow
Angle for cases and controls. Linear regression shown separately for cases and
controls.

Reprinted from Skodvin T@, Evju @, Sorteberg A, Isaksen JG: Prerupture
intracranial aneurysm morphology in predicting risk of rupture: A matched case-
control study. [Accepted] Neurosurgery, 2018, with permission from Oxford
University Press.
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9 Discussion

There are three main findings of this thesis. First, the postrupture morphology of the intracranial
aneurysms was different from the prerupture morphology. Second, hemodynamic parameters at time
of diagnosis were different in aneurysms that later ruptured compared to those that did not. A larger
low shear area (LSA) might be an early predictor of aneurysm rupture. Third, most morphological
parameters at time of diagnosis were not different in aneurysms that later ruptured. An exception was

the inflow angle, which was more parallel with the flow direction in these aneurysms.

9.1 Strengths and limitations of the study

Retrospective case-control studies and case series are placed low in the hierarchy of statistical
evidence. Their use can, however, be appropriate in lack of higher-level good quality evidence.'"”
Because of the devastating nature of SAH and the scarce knowledge about which IAs will rupture, a
randomized trial between prophylactic and conservative treatment—or randomization to risk behavior
such as smoking—is highly unethical. Moreover, SAH from known IAs are rare. Cohort studies
require large numbers to be adequately powered. In this setting, case-control studies may be the source

of the best possible evidence. '

9.1.1 Strengths
There are three main strengths of the study. First, the study provides data on unruptured IA that later

ruptured, which is exceedingly rare. An answer to the question of whether the postrupture morphology
can be used to assess the rupture risk of unruptured 1A, addressed in paper I, has been warranted by
the scientific community for decades.**”*'”® The unique 11-digit identification number of all
Norwegian citizens enabled a population-based approach to link diagnosis and procedure codes across

the entire country, ensuring superior data quality compared to previous studies.

Second, the matching on both patient and aneurysmal characteristics between cases and controls in
Papers II and III was pivotal to combat confounding bias. For instance, unmatched studies reporting
WSS differences between ruptured and unruptured aneurysms might simply observe the effect of other
factors on hemodynamics. Lauric et al. observed a strong negative correlation between WSS and
aneurysm volume (R* = 0.97).°' The importance of matching based on clinical factors is illustrated in a
prospective study that estimated the joint hazard ratio for aneurysm rupture associated with smoking
and hypertension to be 13.3 (95% CI 6.9-25.4).”® The matching increases internal validity,” and

statistical power was increased because we were able to match two controls for each case.
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Third, we have selected strict parameters and strived to define them in a reproducible manner. There is
a substantial heterogeneity of parameter definitions in previous literature.” To raise the prestudy odds
of a true finding in our studies,” we limited the number of hemodynamic and morphological
parameters, and chose only parameters that have shown association with ruptured aneurysms in

previous studies.

9.1.2 Limitations
Bias, effect modification and random error might distort the association between parameters and

outcome reported in the papers.'**

9.1.2.1 Bias
Bias relates to systematic errors that result in an incorrect estimate of the association between

exposure and outcome. These errors can be broadly divided into selection, information and

confounding bias.

The studies of the thesis were subjected to selection bias because the included patients were selected
for conservative management, except those who either refused treatment or experienced aSAH while
waiting for IA repair. Thus, the IAs in the studies may have appeared less dangerous to the responsible
clinicians, and we may have been unable to study rupture predictors in highly unstable and fast-
growing [A. In Papers II and III, we studied characteristics of aneurysms at their first presentation.
Because morphology may change over time, morphological and hemodynamic differences between
cases and controls may have been larger closer to the time of rupture (see section 9.3.1.3). The
matching in Papers II and III caused large 1As to be underrepresented, since patients with such
aneurysms are quickly treated and not readily available as controls. However, this selection bias
caused a relative emphasis on small- and moderate-sized 1As, where decision support is needed the

most.

Several types of information biases affect the results. Retrospective study designs are prone to recall
bias, because both clinicians and patients may report exposure differently for cases and controls. A
differential information bias may affect Paper I, in which the rupture status affected IA measurements.
Though the radiologists received no prior information about the rupture status, they would in many
instances be able to detect which images belonged to postrupture IA. In spite of a long follow-up time,
Papers II and 111 suffered from misclassification bias if any of the control aneurysms would eventually
rupture during further follow-up. Information about blood pressure and smoking was registered in an
unstructured manner in the electronic health records. Therefore, this data cannot be adequately trusted

neither when present nor absent.

47



Confounding bias occurs when an additional (possibly hidden) variable is associated with both the
exposure and the outcome, but not being on the pathway between the exposure and outcome
itself.'**!>2 Examples of possible confounders in the studies are intraaneurysmal thrombi and
aneurysm wall composition. Thrombi might alter the flow that is depicted on the angiograms, which in
turn affects measurement and simulation results. The CFD analysis assumes homogenous walls,
whereas in reality the walls are multilayered and with varying thickness. Future studies can elucidate

the relation between thrombi, wall composition, intraaneurysmal flow and A rupture.

9.1.2.2 Effect modification
Effect modification exists when a variable alters the effect of an exposure on the outcome differently

for different groups.'** Previous studies have shown differences between male and female blood vessel
radius and bifurcation geometry.”® Such geometrical differences can affect both morphological and
hemodynamic parameters. The proportion of men and women is unequal within the three papers, and

possible effect modification cannot be excluded.

9.1.2.3 Random error, multiple testing and sample size
Random errors are evenly distributed among cases and controls, but reduce accuracy. Sources of

random error include—but are not limited to—the segmentation process, assumptions related to CFD
analysis (see section 5.4.2.2), variable angiogram quality, CTA and MRA slice thickness,

radiocontrast filling effects, and measurement imprecision.

To measure and reduce interobserver variability in Paper I, we calculated the intraclass correlation
coefficient (ICC) between the two neuroradiologists, and only used parameters that demonstrated high
reliability (see section 7.2.1.1). 45% of the cases in Paper I were evaluated with different image

modalities, but other studies have shown that different modalities can be reliably compared.®®

The combination of random error with the limited sample sizes in the papers carries the risk of a
statistical Type II error, in which a true difference between cases and controls is not detected.'>* This

especially pertains to parameters that were present in few of the included aneurysms, such as blebs.

Multiple simultaneous hypothesis tests, such as the univariate analyses in the three papers, gives the
risk of a statistical Type I error, in which a false difference between cases and controls is detected.
However, one cannot know which of any significant finding is a Type I error. Methods to correct for
multiple hypothesis testing, such as Bonferroni’s correction, reduce the significance level. This avoids

spurious significant results, but inflates the rate of Type II errors.'*’

48



In summary, though matching increases selection bias and therefore decreases generalizability, we
believe the matched design was highly warranted to control for known confounders and effect
modifiers of IA morphology and hemodynamics.”® We cannot rule out Type I or Type II errors and
must interpret our results carefully. Still, we know that research on IA around time of rupture and at
time of diagnosis is clinically sought-after. Therefore, despite limitations, we consider it almost
unethical not to publish our data, since we have had the rare opportunity to investigate prerupture

aneurysms.

9.2 Aneurysm morphology before and after rupture
The core finding of Paper I was that IA morphology had changed between imaging prior to and just

after aneurysm rupture. The observed changes increased with the time elapsed between imaging,
though gross changes also occurred within short time spans. Change occurred in a non-uniform

manner, signified by changes in aspect ratio and fraction of aneurysms with daughter sacs.

These findings did not support the assumption that postrupture morphology is representative for the
prerupture morphology.'™ The fraction of IA with blebs increased from 31% before to 59% after
rupture. Consistent with our study, a previous literature review reported that 17 of 23 1A increased in
size around time of rupture, and a case series in the same work showed presence of new daughter sacs
after rupture in 5 out of 6 patients.'”” However, in a meta-analysis including 4972 unruptured IAs, nine
percent of aneurysms enlarged within a mean follow-up time of 2.8 patient-years.’ Accordingly, our
data did not reveal what occurs during the exact moment of rupture, but rather supported the notion
that aneurysms grow over time, with periods with and without growth, and an inconstant risk of
rupture over time.'*?”** IA morphology just after rupture will be shaped by the rupture per se or even
in the short time span between rupture and postrupture imaging, plus any change that may have

occurred along the evolution of the aneurysm.

In summary, studies comparing unruptured aneurysms with aneurysms presenting after rupture have
generated important hypotheses about pathophysiology and risk factors for growth and rupture.'”
With the addition of the results from Paper I to existing data, we argue that the postrupture
morphology should not be considered a good surrogate in the evaluation of risk of rupture.
Morphological and hemodynamic rupture predictors should be validated in studies of prerupture

aneurysms.
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9.3 Predicting rupture

For morphological and hemodynamic parameters to aid treatment decisions of [A patients, we need
knowledge about which factors are associated with rupture, and software applications that allow
morphological and hemodynamic analyses to be routinely integrated in the diagnostic workup of daily

clinical practice.

9.3.1 Characteristics of prerupture aneurysms
9.3.1.1 Hemodynamic parameters
Paper II suggested that larger areas of low WSS and a concentrated inflow jet might constitute some of

the earliest detectable hemodynamic patterns of increased rupture risk.

Low or stagnant flow may trigger an inflammatory response that promotes atherogenesis and
leukocyte infiltration.'”® In histological analyses of ruptured and unruptured aneurysms, Frosen et al.
found that ruptured aneurysms were characterized by inflammatory infiltration as well as apoptosis

and degeneration of the wall matrix.>

Our findings are in accordance with other studies indicating that hemodynamic parameters might
predict rupture. Takao et al. found significantly lower PLc among 13 internal carotid artery (ICA) and
MCA aneurysms that later ruptured, compared with 87 control aneurysms. The 7 ICA aneurysms in
the study also had lower minimum WSS.'>* However, the authors did not report patient characteristics,
and although the aneurysms belonged to the same size category, the mean size was larger for
aneurysms that later ruptured than for those that did not. Duan et al. matched 6 patients with PCoA
aneurysms that later ruptured to 4 controls each, based on clinical factors. The aneurysms that later
ruptured showed larger LSA and lower normalized WSS. Case and control aneurysms were not
matched for size, and the mean size was significantly larger for the aneurysms that later ruptured
(mean 7.8 mm) than for those that did not (mean 4.7 mm).** Because of the differences between cases

and controls in the studies by Takao et al. and Duan et al., level of confounding is unknown.

To our knowledge, Paper II was the first study that matched cases and controls on both patient and
aneurysmal characteristics. [A growth and rupture are considered to be closely related, and our finding
of an increased LSA among IA that subsequently ruptured is supported by a matched case-control
study of IA growth. The study found statistically significantly larger LSA in 12 aneurysms that grew
for at least 1 year, compared with 12 stable aneurysms.'® Still, our findings must be validated in larger

studies with a similar matching on or adjusting for patient and aneurysm characteristics.
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9.3.1.2 Morphological parameters
In Paper 111, the morphology of the included unruptured IAs was largely unable to predict later

rupture. An important exception was a straighter Inflow Angle in aneurysms that later ruptured.

d,**1%%197 3 higher Aspect Ratio was significantly

In three previous studies where up to six IAs rupture
associated with rupture. However, none of these studies were matched on or adjusted for 1A size, and
might simply have observed the relationship between diameter and geometrical indices. A recent study
investigated clinical and morphological parameters at baseline for 142 patients, of which 34
experienced aneurysm rupture during a median follow-up time of 21 years. In the final multivariable
regression model, only aneurysm diameter > 7 mm predicted rupture. Morphological indices measured
on 2-dimensional angiograms, including Aspect Ratio and Volume-to-ostium Ratio, were only

significant when investigated separately from aneurysm diameter and volume.” In our study, on the

other hand, we were able to perform measurements on 3-dimensional models.

Simulation of hemodynamics provides possible explanations for our finding. In a CFD analysis of
idealized geometric models, an inflow angle more aligned with the parent artery exhibited higher jet
velocity and kinetic energy as well as higher WSS and WSS gradients.®?? In another CFD study of 21
patient-specific models, inflow angles more parallel to the parent artery had a tendency of jet flow
pattern and uneven distribution of unsteady pressure, compared to aneurysms with a main axis
perpendicular to the parent artery.””'>' Thus, inflow angles more parallel to the parent artery may
result in an unfavorable distribution of hemodynamic forces, leading to quicker aneurysm growth, to
points susceptible to perforation by the jet, or to spots with decreased WSS and consecutive

weakening.

9.3.1.3 |A development between time of diagnosis and rupture
Irregular appearance of the IA wall represents a higher risk of rupture in other studies,”"'*’ but was not

statistically significantly associated with rupture in Paper III. Parameters such as irregularity can be
viewed as macroscopic manifestations of underlying hemodynamic, cellular and humoral factors.*
Our findings did not show that blebs do not increase rupture risk—the aneurysms may have developed
blebs between the time of the angiogram and rupture. Rather, the results showed that, at this early

stage, blebs did not serve as a statistically significant rupture predictor in our study.

Our findings suggest that the long-term predictive value of most morphological parameters is limited,
perhaps except inflow angle. Still, Papers II and III are snapshots of IA morphology and
hemodynamics at a given time in their development. The time of diagnosis of an unruptured IA is

clinically important because it is the first time a treatment decision must be made. However, in a
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literature review of 30 unruptured IA <7 mm followed with serial imaging for a median of 6.5 years
before rupture, 27 (90%) IA enlarged before rupture.”’ A study of aneurysms right before rupture

might reveal larger differences between cases and controls than in our studies.

9.3.2 Clinical application of hemodynamics and morphology
The matching on clinical risk factors was paramount for our investigations of aneurysm-related

rupture predictors in Papers II and I1I. But clinical factors affect IA hemodynamics and

17,64

morphology, ** and hemodynamic and morphological differences between high- and low-risk IA may

therefore be larger in the general unmatched population.

Treatment decisions of TA patients must consider both patient- and aneurysm-related risk factors for
rupture.®>!** Knowledge about hemodynamic and morphological parameters is still limited, but may
serve as valuable decision support with respect to 1A treatment in the future. Clinicians and

researchers are already developing tools to integrate these parameters into the evaluation of [A.

There are two important obstacles for the clinical use of hemodynamic and morphological parameters.
First, hemodynamic simulation relies on segmentation of angiographies into models, which

traditionally has been a time-consuming process. However, Berg et al. recently showed that four

physicians were able to segment and simulate models Login Ciinical Data

of TA with results comparable to those made by a L AView

CFD engineer, though the lowest resolutions

underestimated WSS levels. Using a low spatial and ' @

Morphology
Analysis

Segmentation

temporal resolution, the simulation time for several of

the cases was only 10-30 minutes, whereas the usual

simulation time is several days.'' Thus, segmentation

and simulation can be feasible in a day-to-day clinical

Flow
Visualization

Flow Simulation

practice.

Second, prototypes of software applications to

facili rapi ment of hemodynamics an
acilitate rapid assessment of hemodynamics and Figure 14. AView workflow consisting of clinical data,

morphology in clinical settings have been developed. ~ Segmentation, morphology analysis, flow simulation,
and report modules. Reprinted from Xiang J, Varble

integrates N, Davies JM, Rai AT, Kono K, Sugiyama S, et al:
Initial Clinical Experience with AView—A Clinical

patient- and aneurysm-related factors and visualizes Computational Platform for Intracranial Aneurysm

. . Morphology, Hemodynamics, and Treatment

intraaneurysmal flow. The tool has been distributed Management. World Neurosurg 108:534—542, 2017,

with permission from Elsevier.

AView, created by Xiang et al.,'’>'"®

to select centers to test technical feasibility, and has
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been shown to improve the accuracy of morphological assessment compared to the regular evaluation
conducted by neuroradiologists on 2-dimensional images.'*® Figure 14 shows the AView interface and

workflow.

Developing prospective registries of IAs can incorporate hemodynamic and morphological
parameters. In addition to providing important epidemiological data, such registries can be important

sources for further research and validation of these parameters.

9.4 Directions for future research

Because improved treatment of complications of aSAH can have only minor effects on the outcome,'**
improved IA rupture prediction is the most promising way of reducing mortality and morbidity from

aSAH. Below, four areas in need of future research are outlined.

First, future studies must expand our knowledge about the prevalence and natural history of 1A, since
this knowledge is a prerequisite for reliable estimates of rupture risk. In an effort to provide better data
on IA prevalence, around 2,000 individuals from the general population will have cerebral imaging
using MRI as a part of the Tromse cohort study, Tromse, Norway. Similar studies, with subsequent

prospective follow-up, are desired for various ethnic groups and locations around the globe.

Second, in light of the results of Paper I, we discourage the use of postrupture IA as a surrogate for
prerupture aneurysms in the evaluation of rupture risk—hemodynamic and morphological parameters
should be investigated in prerupture aneurysms. The rupture predictors identified in Papers 11 and 111
need validation in larger studies. Also, we encourage follow-up imaging to evaluate [A stability and
possible morphological and hemodynamic development from diagnosis to growth or rupture, and

further research into IA biology and hemodynamics.

Third, we hypothesize that a ratio of IA size and Inflow Angle might be useful in evaluating the risk of
IA rupture, because in Paper III, there was a strong correlation between Maximal Size and a straighter
Inflow Angle among cases only. Such a ratio would not yield any extra information in our size-

matched study, but we encourage fellow researchers to investigate this in unmatched materials.

Fourth, technical advances and research is desired to reduce uncertainty and time consumption of
segmentation and simulation procedures. Increased MRI resolution gives information about wall
composition and thickness, which can be included in future studies along with patient-specific data on
blood pressure and velocity. Intuitive and accessible software applications must provide the clinician

with rapid access to the information needed for treatment decisions. The advent of automated
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approaches for segmentation and simulation, and 4-dimensional imaging, which incorporates time,
open up vast possibilities for integrating aneurysm- and patient-related factors in the evaluation of 1A

rupture risk.
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10 Conclusions

General conclusion
Hemodynamic and morphological parameters of unruptured intracranial aneurysms can be different

between those that rupture in the future than in those that remain unruptured. This difference can aid

the evaluation of risk of rupture, but the predictive value of each parameter remains uncertain.

Specific conclusions

L. The postrupture morphology of intracranial aneurysms is inadequate as a surrogate for the
prerupture morphology.
IL A larger low shear area (LSA) might be an early hemodynamic predictor of intracranial

aneurysm rupture.
111 The long-time predictive value of most common morphological parameters may be

limited. However, an inflow angle more parallel to the flow direction in the parent artery

might be an early morphological predictor of intracranial aneurysm rupture.
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