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Abstract
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Intracranial arteriovenous malformations (AVMs) are characterized by feeding arteries, a tangle
of abnormal vessels (nidus) and draining veins. Radiological evaluation methods are used
in diagnosing AVMs, treatment planning, post-treatment evaluation and monitoring stability.
The general aim of our studies reviewed in this thesis was to develop and evaluate magnetic
resonance imaging (MRI) techniques for the evaluation of AVMs.

Methods

Paper I — In 30 patients treated with proton radiation therapy, radiation-induced MRI changes
(vasogenic edema, contrast enhancement and cavitation) and their association with development
of neurological symptoms and nidus obliteration were assessed.

Paper II — We evaluated the effect of acquisition parameters (voxel size, number of signal
averages and velocity encoding) on the accuracy and precision of phase-contrast MRI (PC-
MRI)-measured flow and velocity in a small-lumen vessel phantom with constant flow.

Paper 111 — Normal ranges and test-retest reproducibility of flow and velocity in the anterior,
middle and posterior cerebral arteries were measured with PC-MRI in 30 healthy volunteers.

Paper IV — We studied PC-MRI-measured flow and velocity in feeding arteries in 10 patients
with AVMs and compared the values obtained with the results from paper I11. We also assessed
post-treatment changes in flow and velocity in three patients.

Results

Paper I — Radiation-induced MRI changes were found in 87% of patients after proton radiation
treatment of AVMs. MRI changes were associated with neurological symptoms but not with
nidus obliteration.

Paper II — PC-MRI overestimated flow in a small-lumen vessel phantom. Accuracy for
flow measurements improved by decreasing voxel size. Precision for both flow and velocity
measurements improved by increasing voxel size. Precision for flow measurements improved
by increasing the number of signal averages.

Paper III — We reported normal ranges and test-retest reproducibility for PC-MRI-measured
flow and velocity in the main intracranial arteries. Reproducibility was overall quite low, but
higher for the middle cerebral arteries than for the anterior and posterior cerebral arteries.

Paper IV — Patients with a large nidus have increased velocity measured with PC-MRI in
feeding arteries compared to intracranial arteries in healthy individuals. There is a reduction in
PC-MRI-measured flow and velocity after treatment.

Conclusion

Radiation-induced MRI changes are common after proton radiation treatment of AVMs. The
accuracy and precision of PC-MRI measurements in a phantom depend on acquisition parameter
settings. In patients with AVMs with a large nidus, increased velocity is observed in feeding
arteries, and a decrease in flow and velocity is observed after treatment. PC-MRI can potentially
be used as a clinical tool to aid treatment planning and post-treatment evaluation.
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Introduction

Intracranial arteriovenous malformations (AVMs) are thought to be a devel-
opmental anomaly of the vascular system. The exact mechanism of AVM for-
mation is not known, but most likely involves both genetic susceptibility and
environmental triggering factors'. AVMs are characterized by abnormal direct
connections between one or more arteries that normally supply the brain pa-
renchyma and one or more veins that would normally drain the brain. The
connection between the artery and vein occurs as a tangle of abnormally di-
lated vessels (i.e., nidus), which results in arteriovenous shunting with high
flow and pressure in the vessels and lack of a true capillary bed (Fig. 1).

Figure 1. Schematic drawing of normal capillaries and an arteriovenous malformation.
(a) Normal capillary bed with arteries (red), capillaries (purple) and veins (blue), and
(b) arteriovenous malformation with feeding artery (red), nidus (purple) and draining
vein (blue).

Over the years, cerebrovascular malformations have been classified in differ-
ent ways depending on the presence or absence of arteriovenous shunting, his-
topathological features or age of affected individuals. AVMs are high flow
lesions due to arteriovenous shunting and can present in all age groups™>. As
a group, AVMs are morphologically very heterogeneous, and they can vary in
both size and angio-architecture. These different individual characteristics of
AVMs influence both the symptomatology and the natural course of their be-
havior. AVMs can be classified according to their location as cortical (sulcal,
gyral, mixed or diffuse), subcortical or deep/central (subarachnoid,
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parenchymal, plexal or mixed)*. The feeding arteries and draining veins are
enlarged, and the flow in these vessels is increased due to the low resistance
(as there is no true capillary bed). This may lead to the formation of aneu-
rysms; flow-related arterial aneurysms, intranidal aneurysms and venous an-
eurysms, also referred to as venous pouches. Apart from the abnormal vessels,
AVMs may contain calcifications, gliotic tissue or blood at different stages of

aging.

Epidemiology and genetics

Intracranial AVMs are rare, with an annual detection rate of 2.3 per 100 000
population®®. They are most commonly diagnosed before the age of 40, mean
age of presentation 34 years, and are an important cause of hemorrhage in
children and young adults’. There is no gender predilection. Intracranial
AVMs are solitary in the majority of patients, and in patients with multiple
AVMs, there is usually an associated germline mutation and syndrome. In 5%
of patients, the AVM is associated with a genetic syndrome, e.g., hereditary
hemorrhagic telangiectasia and capillary malformation—arteriovenous malfor-
mation syndrome. In most sporadic AVMs, somatic mutations are found, and
they are believed to cause dysregulation of the biology of endothelial cells by
increasing the expression of genes related to angiogenesis and migration®.

Clinical presentation

AVMs are heterogeneous, giving a large spectrum of symptoms. The lesions
may lead to significant neurological disability or death from intracranial hem-
orrhage, but 20% of patients are asymptomatic, and the AVM is diagnosed as
an incidental finding’. As a result of the increasing availability of non-invasive
imaging, the incidence of unruptured and asymptomatic AVMs is probably
also gradually increasing. The most common symptoms of AVMs are dis-
cussed further in the following sections.

Hemorrhage

Hemorrhage is the most common presentation, and 50% of patients with
AVMs present with intracranial bleeding’. In patients presenting with their
first stroke (ischemic or hemorrhagic, excluding pure subarachnoid hemor-
rhage), an AVM is detected in 1.4%'°. AVMs are an important cause of intra-
cranial hemorrhage in the young population, and 30% of patients under 40
years with intracranial hemorrhage have an AVM as the underlying cause'’.
The annual risk for hemorrhage in an untreated AVM is 2%, and with a history
of previous hemorrhage, the annual risk increases to 4.5%”'%. Risk factors
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associated with hemorrhagic presentation include older age, previous hemor-
rhage and some angio-architectural and hemodynamic features (i.e., deep ve-
nous drainage, deep location and high arterial feeding pressure)’.

Seizures

In patients with unprovoked seizures, AVMs are found in < 1% of cases'>. On
the other hand, approximately 25-30% of adults with AVMSs have seizures as
the presenting symptom>”'*. The annual risk for a de novo seizure is 1%"°.
Younger patients with medium or large nidus (> 3 c¢m in diameter) and with
frontotemporal or cortical location of their AVM are at higher risk of devel-
oping seizures'*'®.

Other Symptoms

More unspecific or uncommon symptoms include headaches, neurological
deficits and tinnitus. In the entire population, AVMs are an extremely uncom-
mon cause of headaches. There are conflicting opinions regarding whether the
relationship between headache and AVMs is only coincidental. According to
the literature, there is a wide range in the prevalence of headache as the pre-
senting symptom in patients with AVMs, from less than 1% to almost 80%'".
Non-hemorrhagic neurological deficits affect approximately 10% of patients
with AVMs and have been thought to be related to arterial steal, i.e., that the
high flow in an AVM requires blood from surrounding brain parenchyma'’.
However, findings from studies on flow physiology and metabolism argue
against this assumption'®!?. An association between deep or brainstem AVMs
and non-hemorrhagic neurological deficits suggests a direct impact from the
nidus on white matter tracts as a cause of the non-hemorrhagic deficit®.

Treatment

The definite treatment of an AVM includes elimination of both the nidus and
the arteriovenous shunt. Ruptured AVMs are generally treated; however, the
treatment of incidentally diagnosed AVMs is controversial as the treatment-
related morbidity and mortality may exceed that of the natural history of
AVMs. At our institution, all AVMs are reviewed at a multidisciplinary neu-
rovascular conference, and specialists who perform surgery, endovascular
treatment and radiotherapy of AVMs determine the safest and most effective
treatment for each patient. The decision regarding treatment method must con-
sider many factors, such as patient’s age, neurological status, associated clin-
ical risk factors, angio-architectural features of the AVM and the patient’s
choice?2,
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Surgery

Surgery has the advantage of enabling a rapid cure in selected cases. In these
cases, there is an immediate elimination of hemorrhage risk and a durable re-
sponse. The surgical success rate depends largely on the Spetzler—Martin
grade, small, cortical AVMs being more suitable for surgical resection”. The
main disadvantage is the surgery’s invasiveness, with the associated risk of
neurological deficit and prolonged length of recovery”***.

Endovascular treatment

Endovascular embolization can also be used to quickly eliminate angiographic
risk factors for hemorrhage. But endovascular treatment is also applicable in
other clinical scenarios: for preoperative facilitation of surgery, to reduce ni-
dus size before radiotherapy, as curative treatment or to reduce symptoms.
There is no absolute contraindication for endovascular treatment, but the cure
rate for embolization alone is relatively low, and there is an associated risk for
intraprocedural stroke, both hemorrhagic and thromboembolic**?’.

Radiotherapy

Radiotherapy has the advantage of being non-invasive, with a high cure rate
combined with a relatively low complication rate. Histopathological studies
of AVMs after radiotherapy show damage to endothelial cells, followed by
progressive thickening of the intimal layer caused by proliferation of smooth-
muscle cells. Finally, cellular degeneration and hyaline transformation occur,
leading to narrowing and obliteration of blood vessels*?. After radiation
therapy, there is, however, a latency period between initial treatment and com-
plete treatment effect during which there is a remaining bleeding risk*’. The
patients are also at risk of radiation-induced complications, including necrosis,
cysts and tumors. There are three main radiotherapy techniques: photon beams
delivered with a gamma knife or linear accelerator (LINAC) or heavy charged
particles (i.e., proton or helium). Radiotherapy with photons is more available
and less expensive than radiation with protons. The advantages with protons
are a sharp dose fall-off, and therefore the possibility to spare more normal
brain tissue and, with dose modulation, deliver a more uniform dose to the
target. A proton radiation therapy plan with sharp dose fall-off is shown in
Fig. 2.
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Figure 2. Proton radiation therapy plan. (a) T2-weighted magnetic resonance image
in axial reconstruction plane with an arteriovenous malformation nidus in the left
frontal lobe. (b) Computed tomography image in axial reconstruction plane with the
nidus outlined in red. Two coplanar proton beams are used, and the different lines
show the sharp dose fall-off and the radiation dose delivered to the tissue.

Conservative management

Conservative management is chosen when the risk posed by treatment is too
high, such as in large brain AVMs or in asymptomatic patients who are be-
lieved to have a low risk for future hemorrhage. In a recent trial in patients
with unruptured AVMs, the risk of death or stroke was lower among patients
who received only medical management (pharmacological therapy for neuro-
logical symptoms) compared to those who underwent interventional therapy
(surgery, embolization and/or radiotherapy)’'*?. The studies had, however, a
short follow-up time (mean 33 and 50 months), but the result indicates the
need for better identification of patients at risk for hemorrhage and better
knowledge of the long-term risk of different treatments compared with con-
servative management.

Radiological evaluation methods

Radiological evaluation methods are used in diagnosing AVMs, in stratifying
risk for future complications, in treatment planning, in post-treatment evalua-
tion and in monitoring stability when conservative management is chosen. The
radiological techniques used depend on when during the evaluation processes
they are employed. A combination of imaging modalities is often used because
this gives additive information®***,
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Digital subtraction angiography

Digital subtraction angiography (DSA) is the standard reference for diagnos-
ing AVMs; it provides the most accurate information on angio-architecture
and hemodynamics. A DSA in a patient with an AVM is shown in Fig. 3. DSA
has the highest temporal and spatial resolution of the techniques used to detect
AVMs. DSA also gives more detailed information about the need and feasi-
bility for endovascular treatment, and it gives a possibility for simultaneous
treatment. However, if the patient has been previously treated with emboliza-
tion, subtle changes in the nidus hidden by the embolic material cannot be
revealed. The disadvantages of DSA also include thromboembolic risks, use
of ionizing radiation and iodinated contrast agents and the need for angi-
ography facilities and personnel®.

Figure 3. Digital subtraction angiography in a patient with an arteriovenous malfor-
mation in (a) coronal projection and (b) sagittal projection. Right internal carotid ar-
tery injection demonstrating a large right frontal and temporal arteriovenous malfor-
mation with superficial venous drainage to superior sagittal sinus.

Computed tomography

Non-contrast computed tomography (CT) has high sensitivity for detection of
intraparenchymal and subarachnoid hemorrhage and is therefore useful in an
acute setting. Additionally, findings on non-contrast CT may also be sugges-
tive of an underlying vascular anomaly as cause of the hemorrhage (enlarged
calcified vessels, regions with increased density corresponding to the nidus or
location of the hemorrhage). CT angiography (CTA) has excellent spatial res-
olution and is available, minimally invasive and fast. A CT and a CTA in a
patient with hemorrhage from an AVM are shown in Fig. 4. New CTA tech-
niques permit temporal encoding and therefore provide improved AVM de-
lineation (arterial, nidal and venous components), but the technology is not
uniformly available, and some angio-architectural details might still be missed
or misinterpreted compared to DSA*®, The disadvantages of CTA include
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the use of ionizing radiation, iodinated contrast agents and risk for metal streak
artifacts. CTA has relatively limited value in the follow-up of AVMs treated
with embolization because artefacts from the embolic agent compromise the
image quality”’.

Figure 4. Computed tomography in a patient with intracranial hemorrhage due to an
arteriovenous malformation (a) axial reconstruction plane non-contrast image, and (b)
axial reconstruction plane, maximum intensity projection contrast-enhanced angi-
ography. Intraparenchymal hemorrhage in left occipital lobe and adjacent nidus with
feeding artery from the left posterior cerebral artery and drainage through a single
vein to the left transverse sinus.

Magnetic resonance imaging

Both CT and magnetic resonance imaging (MRI) are cross-section-based im-
aging methods and provide information not only on the AVM but also on the
adjacent brain, information that is needed for treatment planning and diagnos-
ing post-treatment complications. Compared to CT, MRI has the advantage of
better soft tissue differentiation and characterization. Disadvantages with MRI
include higher cost, longer imaging time and risks associated with the mag-
netic field. Furthermore, magnetic resonance angiography (MRA), both time-
of-flight MRA (TOF-MRA) and contrast-enhanced MRA, have limited sensi-
tivity for detection of smaller AVM components (small feeding arteries, nidi

and aneurysm) and venous outflow anatomy***2.

The routine protocol for diagnosis and follow-up of AVMs in our institution
includes: T2-weighted images (for assessing nidus size and location), 3D
FLAIR (fluid-attenuated inversion recovery, for assessing perinidal edema and
gliosis), SWI (susceptibility-weighted image, for assessing blood products and
prior hemorrhage), DWI (diffusion-weighted image, for assessing acute ische-
mia), 3D TOF-MRA (for assessment of the arterial supply, nidus and venous
drainage as well as aneurysms), dynamic MRA (both with and without contrast-
enhancement, for time-resolved information and shunting) and 3D contrast-
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enhanced T1-weighted images (for overall anatomy and post-treatment compli-
cations). An MRI in a patient with an AVM is shown in Fig. 5.

With recent developments in MRA technique, both spatial and temporal reso-
lution have been greatly improved. Time-resolved MRA has compared favor-
ably to DSA concerning AVM assessment, but the role of MRA in this setting
still remains to be established***. MRI also permits more advanced imaging
methods with the possibility to measure tissue perfusion, flow and velocity
measurements, time-resolved selective MRA and functional MRI.

Figure 5. Magnetic resonance imaging in a patient with an arteriovenous malfor-
mation (a) T2-weigthed image and (b) 3D time-of-flight angiography. Nidus located
in the right frontal and parietal lobes adjacent to the central sulcus.

Transcranial Doppler ultrasound

Transcranial Doppler ultrasound (TCD) is non-invasive, non-ionizing, inex-
pensive, portable and safe. TCD cannot be used to depict the AVM, but as-
sesses blood flow and velocity in intracranial vessels, giving additional infor-
mation about hemodynamics*. The major disadvantages of TCD are that it is
an operator-dependent technique, has the potential lack of an acoustic window
in the skull and presents the risk for measurement errors caused by misalign-
ment between the ultrasound beam and the flow direction in the vessel. In
patients with AVMs, it is possible to perform measurements of blood flow and
velocity in arterial feeders in 71% of patients*. Measurements in anterior cer-
ebral artery (ACA) and posterior cerebral artery (PCA) are more difficult to
obtain than measurements in middle cerebral artery (MCA), possibly due to a
less suitable measurement condition due to the temporal bone window and
higher prevalence of anatomic variations*.
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Diagnosing AVM

AVMs can be found in patients with brain hemorrhage, when patients with
new neurological symptoms or seizures are evaluated or as an incidental find-
ing. DSA is the standard reference for diagnosing AVMs although many
AVMs can be identified by CT/CTA or MRI/MRA. The diagnostic criteria
include identification of both a nidus embedded in the brain parenchyma and
early venous drainage.

Identifying hemorrhage risk

In recent trials in patients with unruptured AVMs, medical management was
superior to interventional therapy (embolization, surgery and/or radiother-
apy)’'?**". Currently, as there is no completely safe treatment method, identi-
fication of patients with an increased risk for intracranial hemorrhage and who
would benefit from interventional therapy is crucial. Previous hemorrhage and
older age have been identified as risk factors for hemorrhage®*'2. In the past
decade, dramatic advances have been made in our knowledge of genetic, cel-
lular, angio-architectural and hemodynamic factors involved in AVM for-
mation, growth and rupture. Although this information has not yet had any
impact on current recommendations for management, it has great potential for
defining rupture risk and future therapeutic options. Increased vascular endo-
thelial growth factor (VEGF), alterations in the vessel wall, different angio-
architectural features and altered hemodynamics have all been identified as
risk factors for hemorrhage?>*%%.

Vascular endothelial growth factor and vessel wall integrity

Vascular endothelial growth factor is a signal protein that is crucial for vessel
formation, remodeling and growth. High levels of vascular endothelial growth
factor have been seen in resected AVMs and are associated with hemor-
rhage®. In the vessel wall of AVMs, a reduced number of mural cells (peri-
cytes and vascular smooth muscle cells) and infiltration of inflammatory cells
have been observed, and a consequence of the impaired mural integrity is
breakdown of the blood-brain barrier and hemorrhage*®**>'. Vascular endo-
thelial growth factor, vascular smooth muscle cells, pericytes and inflamma-
tory cells may represent novel therapeutic targets in AVMs.

Angio-architectural features and altered hemodynamics

The precise vascular locus of AVM hemorrhage is not known, apart from an-
eurysm-related subarachnoid hemorrhage. Currently, there is no reliable
method to predict hemorrhage because of inconsistency in clinical and angio-
architectural risk factors, and several characteristics predisposing to
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hemorrhage have been proposed. Characteristics in the feeding arteries, nidus
and draining veins have been identified as potential risk factors. Retrospective
studies comparing angio-architecture of AVMs that presented with hemor-
rhage with those with other initial clinical manifestations have identified sev-
eral factors that are associated with hemorrhagic presentation: small nidus,
arterial aneurysm, single arterial feeder, deep nidus location, deep venous
drainage and venous obstruction/stenosis®***. Increased pressure in feeding
arteries due to venous obstruction or high arterial flow is associated with hem-
orrhagic presentation in patients with AVMs**™°. Similarly, DSA- and MRI-
based studies have found changes in transit time implicating higher inflow and
increased upstream resistance, nidal and/or venous as a risk factor for hemor-
rhagic presentation®*®'. Apart from increased pressure and alteration in transit
time, it has been difficult to establish a correlation between AVM rupture and
altered hemodynamics. No association has been established between flow
measured with ultrasound and increased pressure in arterial feeders, and stud-
ies on flow and velocity measured with ultrasound or MRI found no associa-
tion between hemorrhagic presentation and measured parameters>***,

Wall shear stress (WSS) generated by the blood flow at the vascular wall is an
important biomarker for vascular disease. Wall shear stress is proportional to
the velocity gradient at the wall and the fluid viscosity®. Alterations in wall
shear stress have been identified as a regulator for vascular biology and pa-
thology. Changes in wall shear stress are associated with the inflammatory
process and subsequent changes in the vessel wall®®. It is not yet known
whether wall shear stress is abnormal in feeding arteries in patients with
AVMs". It is possible that wall shear stress measurements may lead to im-
proved strategies for AVM management, assessment of hemorrhage risk and
novel targets for pharmacological intervention. However, just because these
angio-architectural and hemodynamic features are associated with hemor-
rhagic presentation does not necessarily mean that they are predictors of either
the occurrence or the recurrence of hemorrhage. For example, AVM with
small nidus may be asymptomatic and never diagnosed if hemorrhage does
not occur. Patients are at risk for hemorrhage not only if AVMs are left un-
treated but also as a complication after treatment (after embolization, surgery
and radiotherapy). Identifying hemodynamic parameters pre-treatment that in-
crease hemorrhage risk and post-treatment risk could help direct patients to
alternative therapies and/or a different post-interventional management.

Treatment planning

The goal of treatment is complete AVM elimination with reduced symptoms
and reduced hemorrhage risk while preserving neurologic function. There are
several different scoring systems depending on the treatment method of
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choice, and they all assess the probability of nidus elimination and associated
treatment risk. For all interventional therapies, a large nidus and eloquent lo-
cation are associated with poor outcome.

Surgical scoring

Surgical scoring systems have been developed to aid clinical decision making
and improve patient selection. The Spetzler—Martin grading system is a well-
validated scoring system for estimating the risk associated with surgical re-
section (Table 1)*. It was developed to avoid complications associated with
surgical treatment of AVMs but has become part of the parlance of AVM
management utilized by neurosurgeons, neurooncologists and neuroradiolo-
gists alike. According to the Spetzler—Martin grading system, large nidus size,
eloquent location and deep venous drainage are associated with less successful
surgical outcome. A supplementary grading system has been introduced to
enhance the precision of the Spetzler—Martin grading system in predicting
neurological outcome and refining patient selection (Table 1)**. In this sys-
tem, older age, no history of hemorrhage and diffuse nidus are added as neg-
ative predictors for a successful surgical outcome®®’.

Table 1. Spetzler-Martin and supplementary arteriovenous malformation grading
score for surgical treatment

Spetzler-Martin® Supplementary grading®®
Graded feature Points assigned Graded feature Points assigned
Size of AVM (cm) Age (years)

Small (> 3) 1 >20 1
Medium (3-6) 2 2040 2

Large (< 6) 3 <40 3
Eloquence Prior hemorrhage
Non-eloquent 0 Unruptured 1
Eloquent 1 Ruptured 0
Venous drainage Diffuse

Superficial only 0 No 0

Deep 1 Yes 1

Endovascular and radiotherapy scoring

Several pre-treatment scorings systems have been proposed for endovascular
treatment and radiotherapy. Endovascular scorings systems are not frequently
used because of the large variety of clinical scenarios where endovascular
treatment is possible. The suggested scoring systems aim at estimating the risk
associated with the procedure rather than with the rate of successful nidus oc-
clusion. Identified risk factors include large number of arterial feeders and
draining veins, presence of direct arteriovenous shunting, more than one
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embolization session, large nidus size, deep venous drainage and eloquent lo-
cation (Table 2)?¢27-70-"1,

Table 2. Buffalo grading score and AVM embocure score for endovascular treatment

Buffalo grading score’ AVM embocure score’!
Graded feature Points assigned Graded feature Points assigned
Number of Size of AVM (cm)
arterial pedicles <3 1
1-2 1 36 2
3-4 2 >6 3
>3 3 Number of
Diameter of arterial pedicles
arterial pedicles 1-3 1
Most > 1 mm 0 4-6 2
Most < 1 mm 1 >6 3
Eloquence Number of
No 0 draining veins
Yes 1 1-3 1
4-6 2
>6 3
Vascular
eloquence
No 0
Yes 1

In patients treated with radiotherapy, scoring systems are based on both the
probability of nidus obliteration and risk for post-treatment hemorrhage or
treatment associated with permanent deficit. There are several different scor-
ing systems for radiotherapy that emphasize patient age, lesion size, location
relative eloquent brain and previous hemorrhage as predictors of outcome (Ta-
ble 3)"*7,

Table 3. Modified radiosurgery-based AVM scale and Virginia grading score for ra-
diotherapy

Modified radiosurgery-based Virginia grading score’”
AVM scale™
Graded feature Coefficient Graded feature Points assigned
AVM volume (ml) 0.1 AVM volume (¢cm’®)
Patient age 0.02 <2 0
AVM location 24 1
Deep 1 >4 2
Other 0 Eloquence 1
Hemorrhage 1

Modified radiosurgery scale grading is calculated as follows: AVM score = (0.1) x (volume,
mL) + (0.02) x (age, year) + (0.5) x (location, other = 0; deep = 1).
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Treatment evaluation

Follow-up after treatment consists of both clinical and radiological evalua-
tions and depends on the type of treatment chosen. After surgery, DSA is often
performed to confirm complete nidus resection. Follow-up after embolization
usually consists of MRI or DSA for assessment of recanalization or neovas-
cularization. After radiotherapy, MRI is usually performed during the latency
period between initial treatment and complete treatment effect, and finally
DSA is performed to confirm nidus obliteration. At our institution, follow-up
MRI after radiotherapy is performed after 6, 12, 24 and 36 months followed
by DSA if there is no visible AVM nidus left, otherwise follow-up with yearly
MRI is continued. For the evaluation of nidus obliteration, MRI has the same
specificity as DSA, but the sensitivity is not as good’®. Although DSA is the
first choice for definite assessment of remaining AVM in all patients, MRI is
used to assess remaining nidus when patients are reluctant to undergo DSA.
The risk for post-treatment complications depends on the treatment type. The
complications associated with surgery and embolization are most commonly
procedure related (hemorrhage or ischemic stroke). During the latency period
after radiotherapy treatment and complete treatment effect, patients are at risk
for developing radiation-induced side effects, and follow-up is therefore re-
quired. The occurrence of symptomatic treatment-related MRI findings in the
brain after photon radiation is approximately 9%’’. Photon radiation therapy
is more widely used than radiation therapy with other particles (e.g., proton,
helium), and radiological complication rates with other particles are not as
well studied. Diagnosing radiation-induced changes on MRI is complicated
due to the lack of studies correlating histopathological information with MRI
findings. Similar MRI appearance of edema and/or contrast enhancement may
be a manifestation of the desired treatment response, radiation-induced modi-
fications and complications.

Flow dynamics

Flow velocity in a tube is determined by the pressure and flow resistance. Flow
resistance in turn depends on the length and radius of the tube and the fluids’
viscosity. However, in a physiological context these parameters are not inde-
pendent of each other as the vessels are not rigid tubes, and they react to phys-
iological stimuli such as changes in blood viscosity’®. Blood is a complex fluid
with a mixture of semisolid and liquid materials, and the blood viscosity
changes depending on hemodynamic condition, plasma viscosity and amount
and deformity of red blood cells’®. Fluid motion follows different models de-
pending on the flow types. Blood flow over the vessel lumen has characteristic
pulsatile shapes that vary in different parts of the arterial system, and various
velocity profiles are evident throughout the cardiac cycle®. Normally, arterial
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flow is laminar (with higher velocities in the vessel center than in the vessel
wall), but turbulence is common, depending on both the velocity of the blood
and the vessel lumen diameter.

Phase-contrast MRI

MRI has improved substantially over the last few years, and it is now possible
to obtain not only anatomical images, but also physiological, metabolic and
functional information. MRI enables the acquisition of hemodynamic infor-
mation through measurement of blood flow parameters with a phase-contrast
MRI technique (PC-MRI)"**. This technique uses differences in phase be-
tween stationary and moving spins to calculate velocity. The spin precession
frequency depends on the field strength. A magnetic field gradient will affect
the field strength the spins are subjected to. By using bipolar magnetic field
gradients, the stationary spins will experience no net phase shift, whereas the
moving spins will have a net phase shift that is proportional to their velocity.
A schematic drawing of the principle of PC-MRI is shown in Fig. 6.

Figure 6. Schematic drawing of phase-contrast MRI. (a) Before magnetic field gradi-
ent is applied. (b) When the first bipolar magnetic field gradient (G+) is applied, the
spins’ phase shift depends on the position of the spins. (c) When the second magnetic
field gradient (G-) of the same intensity and duration but reverse polarity, is applied,
the stationary protons’ phase shift is cancelled out, whereas the moving spins’ phase
shift becomes proportional to the velocity of the spins.

Using this technique, the flow velocity profile over the heart cycle can be
measured. PC-MRI measurements are used in clinical practice to quantify
blood flow and velocities within the heart and great vessels and for qualitative
or quantitative flow assessment of cerebrospinal fluid. But pulsatile hemody-
namic information from intracranial arteries can also be obtained with PC-
MRI®.
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2D vs 3D Phase-contrast MRI

PC-MRI can be performed with a 2D sequence or with a 3D sequence. In 2D
PC-MRI, the measuring plane for flow information is predefined, and in 3D
PC-MRI a volume is obtained and flow can be quantified in any desired loca-
tion within the acquired volume. Three-dimensional PC-MRI offers the pos-
sibility to measure and visualize temporal evolution of vessels with complex
flow patterns. The disadvantages of 3D PC-MRI include a longer acquisition
time, lower spatial resolution and the requirement of advanced data processing
and visualization tools that are not yet widely available. It is also possible to
acquire time-averaged PC-MRI (non-gated images) both in a single imaging
plane or as a volume. Time-averaged PC-MRI has the advantage of shorter
acquisition time. The disadvantage of time-averaged PC-MRI is that the vari-
ation of flow and velocity over the cardiac cycle cannot be measured; only
information on mean flow and velocity can be obtained.

Phase-contrast MRI and AVM

Today, two imaging modalities are mainly used in clinical practice for evalu-
ation of hemodynamics in patients with AVM: DSA and TDC. In patients with
AVMs, the blood flow profile will be disturbed because of decreased re-
sistance leading to increased flow and a change in the flow curve shape. There
are studies investigating these changes with intraoperative Doppler ultrasound
or TCD¥#®_ MRI has the possible advantages over Doppler ultrasound of be-
ing less user dependent or dependent on vessel location. With MRI it is pos-
sible to obtain hemodynamic information from intracranial arteries in patients
with AVMs®. Flow parameters in the carotid arteries measured with PC-MRI
are affected in patients with AVMs and are normalized after successful treat-
ment®. Evaluations of flow velocity profiles in individual intracranial arterial
branches could be more sensitive to focal vascular disorders, e.g., AVMs, and
there are a few patient studies assessing PC-MRI’s usefulness for therapy
evaluation®*®. PC-MRI technique has thus the potential to be a non-invasive
alternative to DSA for therapy monitoring after AVM treatment.

Phase-contrast MRI — technical considerations

When performing flow and velocity measurements in the vascular system,
both accuracy and precision are important properties. Accuracy refers to the
correctness of the measurement (systematic error) and precision of the repeat-
ability of the measurement (random error). Variations in acquisition parame-
ters have been shown to influence both the accuracy and precision of PC-MRI
measurement.
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Phase-contrast MRI in phantom studies

There are several studies, theoretical computational modeling analyses and
experimental in vitro studies examining how MRI acquisition parameters in-
fluence flow and velocity measurements. Variations in acquisition parameters,
including voxel size, number of signal averages (NSA) and velocity encoding
(VENC), have been shown to influence both the accuracy and precision of
PC-MRI measurement’*. PC-MRI in neurovascular diseases is especially
challenging because the vessel lumen in the anterior, middle and posterior cer-
ebral arteries is only 1-3 mm’*. Studies of pulsatile flow in a vessel phantom
with 2 mm diameter found underestimation of flow and increased flow values
with increased voxel size, but assessments of effect of NSA or VENC varia-
tions were not done’>*.

Voxel size

In PC-MRI, the intensity of each voxel in the phase image is assumed to be
proportional to the mean velocity within the volume element. When examin-
ing vessels with a small lumen, inaccurate measurements due to variation of
phase and signal amplitude within a voxel will occur (i.e., partial volume ef-
fects at the vessel boundary and intraluminal intravoxel phase dispersion in
laminar flow)****"**_ In laminar flow, slower inflowing spins closer to the
vessel wall will experience more radiofrequency pulses than faster spins closer
to the vessel center. As a result, the signal from faster inflowing spins will be
less saturated, leading to a stronger signal in the center (inflow effect)”. A
schematic illustration of how the partial volume effect affects PC-MRI meas-
urements in a vessel is shown in Fig. 7.
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Figure 7. Schematic illustration of the partial volume effect at the vessel border and
at the vessel center. Two different tissues are present represented by white (stationary
tissue) and gray (flowing blood), and areas of different velocities are represented with
different color values (the darker the gray the faster the blood is flowing). The illus-
tration to the left represents the true values and the illustration to the right the meas-
ured values. Voxels such as (a) include only one tissue. Voxels such as (b) at the vessel
border are comprised of different tissues and are called partially occupied. Voxels
such as (c), which are comprised of different velocities, will experience intraluminal
intravoxel phase dispersion.

Signal-to-noise ratio

MRI images are not only created by signal but also by background noise.
Noise in the image does not provide any useful information. The signal-to-
noise ratio (SNR) will affect flow velocity measurements, and small differ-
ences in velocity and slow flow might be missed if the SNR is too low. A high
SNR is of less importance for the quantification of averaged measures (aver-
age over the vessel lumen or over the cardiac cycle)'®. Parameters influencing
the amount of noise in the image and signal from flowing spins will influence
the SNR. Voxel size will, apart from spatial resolution, also influence the
SNR. This is due to the fact that the signal in the image is dependent on both
voxel size and total sampling time. The SNR is directly proportional to voxel
size if sampling time is held constant; doubling voxel size will result in a dou-
bling of the SNR''. Sampling time will be determined by the NSA, samples
on phase encoding direction, samples on frequency encoding direction and
bandwidth.

Number of signal averages

The NSA is used to represent the number of times data is acquired when per-
forming MRI, and it is primarily used to improve the SNR. Higher NSA will
increase the signal, but because random noise is also sampled the SNR is pro-
portional to the square root of the NSA, i.e., quadrupling the NSA will double
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the SNR'". Increasing the NSA will also increase imaging time as data has to
be repeatedly sampled.

Velocity encoding

Another parameter influencing PC-MRI measurements is the VENC. The
VENC adjusts the bipolar gradients and is the preset maximum velocity that
can be measured before velocity aliasing occurs. Aliasing occurs when the
velocity information is wrapped back on itself when it falls outside the £180°
interval. If the VENC is set to high, the SNR of the measured velocity will
decrease, and as mentioned before, slow flow and small differences in velocity
might be missed if the SNR is too low’>!9%1%,

Other parameters

Apart from the above-mentioned imaging parameters, PC-MRI measurements
are also influenced by other factors affecting the SNR (i.e., repetition time
[TR], echo time [TE], bandwidth, flip angle), the MR system (i.e., magnetic
field, gradients), misalignment of the imaging plane and post-processing fac-
tors (i.e., size of region of interest [ROI])’"*.
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Aim of the Thesis

General aim

The general aim of our work reviewed in this thesis was to develop and eval-
uate MRI techniques for pre- and post-treatment evaluation of AVMs.

Specific aims

To evaluate the presence of radiation-induced changes (vasogenic
edema, contrast enhancement and cavitation) on post-treatment
MRI in patients with AVMs treated with proton radiation therapy.
We aimed further to assess the possible association between post-
treatment MRI findings and development of clinical symptoms and
nidus obliteration (paper I).

To evaluate the effect of acquisition parameters (voxel size, number
of signal averages and velocity encoding) on the accuracy and pre-
cision of PC-MRI measured flow and velocity in a small-lumen
vessel phantom (paper II).

To investigate the normal ranges and test-retest reproducibility of
flow and velocity parameters of the main intracranial arteries meas-
ured with PC-MRI (paper I1I).

To study PC-MRI measured flow and velocity parameters in feed-
ing arteries in AVMs before and after treatment. We aimed further
to compare the values obtained with the results from paper III (pa-
per 1V).
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Materials and Methods

Paper 1

Subjects

Thirty patients with AVMs (19 males, 11 females, age range 12-65 years,
mean 44) treated with proton radiation therapy between 2002 and 2015 and
examined with pre-treatment DSA and MRI and post-treatment MRI were in-
cluded in the study.

Clinical information

The patients’ medical records and treatment protocols were retrospectively re-
viewed. All the patients were treated at The Svedberg Laboratory in Uppsala,
Sweden. The treatment method has been previously described in detail and
includes a rigid fixation technique allowing a treatment accuracy of less than
1 mm'®. All patients were treated in a seated position with their head fixed.
All patients received corticosteroids in connection with the radiation treat-
ment. Presence of new or deteriorating neurological symptoms that required
additional corticosteroid treatment was noted.

Digital subtraction angiography

Pre-treatment DSA images were assessed by a neurointerventionist. We as-
sessed nidus size, AVM location, number of feeders, number and location of
draining veins, presence of and type of aneurysm, and we calculated the Spetz-
ler—Martin score. All available post-treatment DSA images were assessed by
a neurointerventionist for evaluation of obliteration of the AVM nidus and
graded as total (entire AVM nidus obliterated), partial (< 100% obliteration),
or none (no change in size of AVM).

Magnetic resonance imaging

Two radiologists, blinded to the patients’ symptoms, separately assessed all
MRI images. The presence of vasogenic edema, contrast enhancement and
cavitation was assessed on post-treatment MRI, with pre-treatment MRI used
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for comparison. When the two radiologists disagreed, a consensus reading was
conducted in which the images were reviewed by the two radiologists to-
gether. Vasogenic edema was defined as white matter hyperintensity on im-
ages from T2-weighted and/or FLAIR sequences that was not seen on pre-
treatment MRI and classified as no edema, minimal edema (traces or incom-
plete rim), perinidal (complete rim in the white matter surrounding the nidus
or previous nidus location) or severe (as perinidal but the rim at some location
at least 2 cm thick measured on axial images). Contrast enhancement was de-
fined as extravascular hyperintense signal on images from a contrast-enhanced
T1-weighted sequence and classified as no enhancement, minimal enhance-
ment (traces or incomplete ring), annular enhancement (complete ring) and
not gradable (when there was no intravenous contrast agent administered).
Cavitation was defined as a lesion with fluid signal on T1- and T2-weighted
images. The radiological classification used in paper I is shown in Fig. 8.

Figure 8. Classification of radiation-induced MRI findings after proton radiation treat-
ment of AVMs used in this article. Top row T2-weighted MRI with different grades
of edema in adherence to the nidus. Bottom row contrast-enhanced T1-weighted MRI
with different grades of contrast enhancement in adherence to the nidus.

Statistical analysis

Inter-rater reliability to determine the consistency among raters for the classi-
fication of findings on post-treatment MRI was calculated using linear
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weighted Kappa. A value of 0.21-0.40 was considered fair agreement; 0.41—
0.60, moderate agreement; 0.61-0.80, substantial agreement; 0.81-1.00, al-
most perfect. Kaplan—Meier survival curves were used to illustrate the appear-
ance of radiation-induced changes (vasogenic edema, contrast enhancement
and cavitation) over time. In cases where more extensive changes were ob-
served without prior observation of less extensive changes, we chose to regard
the appearance of more extensive changes as the appearance also of less ex-
tensive changes in the analysis. Pearson’s chi’ test and Fischer’s exact test
were used to determine association between groups (post-treatment MRI find-
ings and development of clinical symptoms or nidus obliteration). For Fisher’s
exact test, MRI findings were regrouped into categories; “vasogenic edema”
was regrouped into “no or minimal” and “perinidal or severe”, and contrast
enhancement was regrouped into “no” and “minimal or annular”. P <0.05 was
considered to be statistically significant.

Paper 11

Phantom

An in vitro flow model with constant flow was constructed. The phantom
comprised a plastic tube (2.2 mm inner diameter) passing through a plastic
box filled with agar gel, and a 10-liter water reservoir guaranteed a constant
preload to the submersible pump system. The flow rate was controlled with a
reservoir with a weight scale and timer placed at the end of the flow model.
Pump stability was monitored by measuring flow rate at eight different times
during the entire experiment, and the mean value was used as standard refer-
ence for flow. No standard reference was used for velocity.

Phase-contrast MRI

A 3 T scanner (Achieva 3 T X, Philips Medical Systems, Best, the Nether-
lands) and a 32-channel head coil were used for all the PC-MRI measure-
ments. The following PC-MRI parameters were used as the baseline setting:
TR/TE 20/8 ms, flip angle 15°, bandwidth 217 Hz/pixel, acquired voxel size
0.59/0.84/5.00 mm®, NSA 1 and VENC 200 cm/s. As the aim of this study
was to determine the optimum settings for small vessels and be able to use
acquisition at multiple time points throughout the cardiac cycle in vivo, we
used retrospective gating (artificial gating device) with 70 beats per minute
and 12 phases per cardiac cycle. We performed the PC-MRI sequence with
varying voxel sizes (2.5, 5.0, 7.5 mm®), NSA (1, 2, 3) and VENCs (200, 300,
400 cm/s). Three different settings were examined for each parameter, chang-
ing one parameter at a time. The effect of spatial resolution and highest pos-
sible SNR (changing voxel size combined with the highest NSA and lowest
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VENC) was also examined. A power analysis was performed in order to de-
termine the number of repetitions required with the available time at the MRI-
scanner. Based on the result, nine different settings were used, and the meas-
urements at each setting were repeated nine times without phantom reposi-
tioning.

Data evaluation

PC-MRI data were analyzed using commercially available software (Ex-
tended MR WorkSpace 2.6.3.5, Philips Medical Systems, Best, the Nether-
lands). All images were interpolated to a reconstructed pixel size of 0.59 x
0.59 mm?. An elliptic ROI of 17 mm? (50 pixels) was drawn around the vessel
in the phase difference image (PCA/P). Flow and maximum velocity were
calculated for each of the 12 phases during each repetition, with flow defined
as mean flow over the ROI and maximum velocity defined as the highest pixel
value over the ROI. The mean values for flow and maximum velocity were
calculated for each repetition. The accuracy of our phantom was determined
by comparing PC-MRI flow measurements at the baseline setting with meas-
urement from our standard reference. To illustrate the effect of the acquisition
parameters on flow velocity measurements, graphs of velocity across the flow
phantom lumen were created.

Statistical analysis

To assess accuracy, we calculated the relative error for PC-MRI flow meas-
urements as follows:

PC-MRI flow — standard reference
standard reference

Relative error =

To assess precision, two methods were used:
1. Coefficient of variation (CV), calculated as:

.. .y standard deviation
Coefficient of variation = x 100
mean

Where the standard deviation (SD) and mean of each setting was used.
2. Reproducibility coefficient, calculated as:

Reproducibility coef ficient = 1.96 X standard deviation
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The reproducibility coefficient for each setting was calculated and used to rep-
resent the least detectable difference (LDD). The LDD was calculated both in
absolute and in relative values (given in % of the mean).

To test for differences in the LDD between different settings, Breusch—Pagan
tests were used'®”. The alternative hypothesis was that the LDD changed in a
pre-specified direction when the settings were increased (increased voxel size
gives a lower LDD, increased NSA gives a lower LDD and increased VENC
gives a higher LDD). P < 0.05 was considered statistically significant. To il-
lustrate the results from the Breusch—Pagan test, a graph with LDD values
calculated from the regression model combining all measurements was made.

Paper 111

Subjects

Thirty healthy volunteers (15 males, 15 females, age range 18—49 years, mean
34) with no history of cerebral disease and no contraindications to MRI were
examined with PC-MRI.

Phase-contrast MRI

All subjects underwent PC-MRI investigations on two occasions. The exami-
nations were conducted between March 2013 and March 2014. A 3 T scanner
(Achieva 3 T X, Philips Medical Systems, Best, the Netherlands) and a 32-
channel head coil were used for all the PC-MRI measurements. Blood flow
and velocity information was obtained using a commercially available 2D PC-
MRI sequence for all vessels on the two different examination occasions. The
vessels, left and right anterior cerebral arteries (ACA), left and right middle
cerebral arteries (MCA) and left and right posterior cerebral arteries (PCA),
were localized with 3D TOF-MRA. The measuring plane was placed perpen-
dicular to the vessel at the following locations: ACA in the middle of the Al
segment (as the left and right A2 segments were in some subjects close to each
other and therefore impeded correct vessel delineation), MCA in the middle
of the M1 segment and PCA in the P2 segment where the right and left vessels
were as parallel as possible (if parallel, left and right vessels were measured
in the same sequence). The same settings for the PC-MRI sequence were used
for papers III and IV, and following imaging parameters were used: TR/TE
11/6.6 ms, flip angle 15°, bandwidth 55.6 kHz, acquired voxel size
0.59/0.84/4.00 mm and NSA 2. The VENC was set to 150 cm/s (ACA), 150
cm/s (MCA) and 50 cm/s (PCA). Repeated measurements with adjustment of
placement of the measuring plane were made if there were tortuous vessels or
branches causing inverted intraluminal signal (that was not caused by aliasing)
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seen in the phase difference image (PCA/P). To improve SNR, the VENC was
reduced and the measurement repeated if the measured peak velocity was be-
low one-third of the preset value. The VENC was increased if there was ali-
asing caused by phase wrapping. Retrospective gating was used to assess
blood velocity at 12 phases during the cardiac cycle. Pulse registration was
performed with a peripheral pulse unit (PPU) placed on the subject’s finger
or, if needed, with electrocardiogram monitoring. The PC-MRI sequence took
approximately 3 min 45 sec but could vary depending on subjects’ pulse and
need for repeated measurement.

Data evaluation

PC-MRI data were analyzed using commercially available software (Ex-
tended MR WorkSpace 2.6.3.5, Philips Medical Systems, Best, the Nether-
lands). An elliptic ROI was drawn around the vessel in the phase difference
image (PCA/P). ROI size was chosen based on signal properties on anatomical
magnitude image (FFE/M) and phase difference image (PCA/P). When nec-
essary for excluding an inverted intraluminal signal, a bézier ROI with smooth
contour line between outlining points was drawn. The outlining points were
then adjusted to exclude visible inverted signal that affected the maximum
velocity curve. Highest flow (HF), lowest flow (LF), flow average over the
whole cycle (mean flow, MF), peak systolic velocity (PSV), end-diastolic ve-
locity (EDV), velocity average over the whole cycle (mean velocity, MV),
resistivity index (RI) and pulsatility index (PI) were calculated for each vessel
separately. Flow was defined as mean flow over the ROI and velocity was
defined as the highest pixel value over the ROI. HF and PSV were defined as
the maximal flow or velocity over the heart cycle. LF and EDV were defined
as the lowest flow or velocity over the heart cycle. RI and PI were defined as
follows:

peak systolic velocity — end- distolic velocity

Resistivity index = - -
peak systolic velocity

peak systolic velocity — end-distolic velocity

Pulsatility index = -
mean velocity

Side difference between contralateral vessels in the measured parameters (HF,
LF, MF, PSV, EDV, RI and PI) was calculated as the difference in measured
parameter in the left and right arteries, and to obtain the relative difference,
we divided the side difference by the mean of the measured parameter in the
left and right arteries:
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left vessel — right vessel
(left vessel + right vessel)/2

Relative side dif ference (%) =

Statistical analysis

Statistical analysis was performed using RStudio (Version 0.98.501-© 2009—
2013 RStudio, Inc) and IBM SPSS Statistics 21 (IBM SPSS, Inc., Chicago,
IL, USA). Flow and velocity parameters in different vessels (left and right
combined) were compared using Friedman’s test and Wilcoxon’s paired rank
test. Significance level of observed differences was set at p < 0.05. Bland—
Altman plots were drawn for estimation of agreement between the first and
second measurements (different days). In the Bland—Altman plot, the relative
difference (the difference between first and second measurements divided by
the mean of the first and second measurements) was plotted against the mean
of the first and second measurements. We chose to plot the relative difference
(given in % of the mean value and not the absolute difference as used in a
conventional Bland—Altman plot) so that the different parameters more easily
could be compared with each other. For assessment of reproducibility, two
methods were used:

1. Intraclass correlation coefficient (ICC 1) calculated for the difference be-

tween the first and second measurements.

2. Reproducibility coefficient, calculated as:
Reproducibility coef ficient = 1.96 X standard deviation

Where the standard deviation (SD) of the difference between the first and sec-
ond measurements was used. The reproducibility coefficient was used to rep-
resent the LDD. The LDD was calculated both in absolute and in relative val-
ues (given in % of the mean value). Lines representing limit of agreement
(mean + 1.96 standard deviation, the range between these two limits is the
LDD) were drawn in the Bland—Altman plot.

Paper IV
Subjects

Subjects eligible for inclusion were patients with diagnosed intracranial
AVMs between 2014 and 2021 and that had a remaining AVM nidus. Ten
patients with AVMs were included in the study. Patients were examined on
inclusion in the study and repeated examination was performed if the patient
received additional treatment for the AVMs.
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Phase-contrast MRI

A 3 T scanner (Achieva 3 T X, Philips Medical Systems, Best, the Nether-
lands) and a 32-channel head coil were used for all the PC-MRI measure-
ments. The intracranial artery that mainly supplied the nidus (feeding artery)
was localized with a 3D TOF-MRA sequence. A feeding artery was defined
as the main intracranial arterial branch supplying the nidus (anterior, middle
or posterior cerebral artery; superior cerebellar artery; basilar artery and ante-
rior or posterior inferior cerebellar artery). Blood flow and velocity infor-
mation was obtained using a PC-MRI sequence. The measuring plane was
placed perpendicular to the feeding artery (MCA in M1 segment, PCA in P2
segment, basilar artery between the origin of anterior inferior cerebellar artery
and superior cerebellar artery and posterior inferior cerebellar artery [PICA]
0.5-2 cm from its origin from the vertebral artery) In arteries where we did
not have prior knowledge of normal ranges of PC-MRI measurements, meas-
urements were made also in the contralateral artery. Repeated measurement
with adjustment of placement of the measuring plane was made if there were
tortuous vessels or branches causing inverted intraluminal signal (that was not
caused by aliasing) seen in the phase difference image (PCA/P). The same
imaging parameters were used for the PC-MRI sequence as were used in paper
III. The VENC was set to 150 cm/s. For improved SNR, the VENC was re-
duced and the measurement repeated if the measured peak velocity was below
one-third of the preset value. The VENC was increased if there was aliasing
caused by phase wrapping. Retrospective gating was used to assess blood ve-
locity at 12 or 25 phases during the cardiac cycle. Pulse registration was per-
formed with a peripheral pulse unit (PPU) placed on the subject’s finger or, if
needed, with electrocardiogram monitoring.

Data evaluation

Nidus volume was evaluated using a 3D TOF-MRA sequence and commer-
cially available software (Vue PACS, version 12.2.8.100.0269, Philips Medi-
cal Systems, Best, the Netherlands). PC-MRI data were analyzed using com-
mercially available software (Extended MR WorkSpace 2.6.3.5, Philips Med-
ical Systems, Best, the Netherlands). An elliptic ROI was drawn around the
vessel in the phase difference image (PCA/P). ROI size was chosen based on
signal properties on anatomical magnitude image (FFE/M) and phase differ-
ence image (PCA/P). When necessary for excluding an inverted intraluminal
signal, the same ROI size adjustments were made as in paper III. Flow and
maximum velocity were calculated for each of the 12 or 25 phases during the
cardiac cycle, with flow defined as mean flow over the ROI and maximum
velocity defined as the highest pixel value over the ROI. Flow and velocity
parameters (HF, LF, MF, PSV, EDV, MV, RI and PI) were calculated for each
vessel as in paper I11.

37



Statistical analysis

To test for correlation between nidus volume and PC-MRI parameters, Spear-
man rank test was calculated using IBM SPSS Statistics 28 (IBM SPSS, Inc.).
A value of 0.30-0.49 was considered fair correlation; 0.50—0.79, moderately
strong correlation; and > 0.80, very strong correlation. Significance level of
observed correlations was set at p < 0.05. To test for differences between pa-
tients and healthy controls, data from paper III was used. A Gaussian mixture
distribution was fitted to each group of measurements from the healthy control
group to allow flexible modeling of non-normal data. To determine whether
any of the patients with AVMs had pathological measurements, we checked
which quantile of the fitted distribution their measurements corresponded to.
Values in patients above the 95" percentile in the healthy control group were
categorized as pathological. The analysis was carried out using the mixtools
package version 1.2.0 in R version 4.1.2'°%197,
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Results

Paper 1

Thirty patients were included in the study; patient demographics, AVM char-
acteristics, treatment parameters and outcome variables are described in sec-
tion for supplementary material.

Radiation-induced MRI changes

One hundred and twenty-nine post-treatment MRI examinations were in-
cluded, 105 of these were performed with contrast-enhanced T1-weighted im-
ages. Inter-rater reliability for the raters was 0.71 for vasogenic edema, 0.69
for contrast enhancement and 0.51 for cavitation. Radiation-induced MRI
changes are seen in a majority of AVM patients after treatment with proton
radiation. MRI findings (vasogenic edema, contrast enhancement and/or cav-
itation) were seen in 26 of 30 patients (87%): 25 of 30 (83%) developed vas-
ogenic edema, 18 of 26 (69%) developed contrast enhancement and cavitation
was seen in 5 of 30 (17%). The frequencies of different MRI changes are
shown in Table 4 and MRI findings in different patients are shown in Fig. 9.

Table 4. Frequencies of radiological changes in patients on post-treatment MRI

Vasogenic edema Contrast enhancement Cavitation

(n 30) (n 26%) (n 30)

Yes 25 (83%) Yes 18 (69%) Yes 5 (17%)
- Minimal 9 (30%) - Minimal 5 (19%)

- Perinidal 3 (10%) - Annular 13 (50%)

- Severe 13 (43%)

No 5(17%) No 8 (31%) No  25(83%)

*Intravenous contrast agent was not administered to four patients.
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Figure 9. Images from different patients demonstrating radiation-induced MRI find-
ings after proton radiation treatment of AVMs according to our classification; vaso-
genic edema (minimal (a), perinidal (b), or severe (c)), contrast enhancement (mini-
mal (d) or annular (¢)) and cavitation (f).

Kaplan—Meier survival curves that illustrate the interval between treatment

and MRI findings of vasogenic edema, contrast enhancement and cavitation
are shown in Fig. 10.
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Figure 10. Kaplan—Meier survival curves for the appearance of vasogenic edema (n
30), contrast enhancement (n 26) and cavitation (n 30) on post-treatment MRI. Vaso-
genic edema of various extent (green dotted line = minimal, purple dashed line =
perinidal or orange continuous line = severe), contrast enhancement (green dotted
line = minimal or orange continuous line = annular) and cavitation (orange continu-
ous line = presence of cavitation) is distinguished. The curves represent fraction of
patients without new MRI findings. Patients lost to follow-up are indicated on the
curve as tick marks. In cases where more extensive changes were observed without
prior observation of less extensive changes, we chose to regard the appearance of more
extensive changes also as the appearance of less extensive changes in the analysis.

Clinical symptoms and nidus obliteration

Seven patients (25%) developed new or deteriorating neurological symptoms
that required treatment with corticosteroids. One patient with severe vasogenic
edema and annular contrast enhancement developed symptoms and was rec-
ommended treatment, but further follow-up records were not available. One
patient with minimal vasogenic edema and minimal contrast enhancement de-
veloped symptoms and received treatment with corticosteroids, but the symp-
toms were not believed to be related to the radiation treatment. These two pa-
tients were excluded from the analysis. We found a significant association be-
tween MRI findings (both vasogenic edema and contrast enhancement) and
development of symptoms (p < 0.05, Table 5). All seven patients with symp-
toms that were treated with corticosteroids had extensive radiological findings
(combination of severe vasogenic edema and annular contrast enhancement).
We did not find any association between cavitation and symptoms.
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Table 5. Association between post-treatment MRI findings and new or deteriorating
symptoms

Vasogenic edema (n 28%), p < 0.05

No Minimal Perinidal Severe Total
No treatment 5 8 3 5 21
Treatment with corticosteroids 0 0 0 7 7
Total 5 8 3 12 28

Contrast enhancement (n 24*,**), p < 0.05

No Minimal Annular Total
No treatment 8 4 5 17
Treatment with corticosteroids 0 0 7 7
Total 8 4 12 24

Cavitation (n 28*), p > 0.05

No Yes Total
No treatment 18 3 21
Treatment with corticosteroids 6 1 7
Total 24 4 28

Pearson’s chi® test and Fischer’s exact test were used to determine relationship between groups.
Not all assumptions for Pearson’s chi® test were met (cells with expected count less than five).
For Fisher’s exact test, MRI findings were regrouped into categories; vasogenic edema was
regrouped into “no or minimal” and “perinidal or severe,” and contrast enhancement was re-
grouped into “no or minimal” and “annular”.

*Two patients were excluded from the analysis. One patient with severe vasogenic edema and
annular contrast enhancement developed symptoms and was recommended treatment but there
are no further follow-up records, and one patient with minimal vasogenic edema and minimal
contrast enhancement developed symptoms and received treatment with corticosteroids, but the
symptoms were believed not to be related to the radiation treatment.

**Intravenous contrast agent was not administered to four patients.

We found total nidus obliteration in 15 patients (52%), partial nidus oblitera-
tion in 14 patients (48%) and no patients with no effect on nidus size. In one
patient, obliteration could not be assessed (nidus was not visible on pre-treat-
ment MRI and post-treatment DSA was not performed). We found no associ-
ation between MRI changes and nidus obliteration.

Paper 11

All PC-MRI flow measurements were higher than our standard reference
(mean values ranging from 7.3 to 9.5 ml/s compared with 6.6 ml/s). The meas-
ured flow with our baseline setting was 11% higher than our standard refer-
ence. Flow measurements increased and velocity measurements decreased
with increased voxel size (Tables 6 and 7). The LDD for flow was 0.32 ml/s
for PC-MRI at baseline setting and 0.15 ml/s for the standard reference. Re-
sults from all the measurements are shown in Tables 6 and 7.
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Table 6. Results from PC-MRI measured flow with different acquisition parameters

Protocol Flow SD CvV LDD
(mean and range, ml/s) (%) (ml/s)
Voxel NSA VENC
(mm?® (ml/s)
2.5 1 200  7.30(7.05-7.61) 0.16 2 0.32 (4%)
5.0 1 200  8.74 (8.67-8.83) 0.05 1 0.10 (1%)
7.5 1 200  9.49(9.20-9.59) 0.12 1 0.24 (3%)
2.5 2 200  7.54(7.36-7.71) 0.12 2 0.23 (3%)
2.5 3 200  7.73(7.58-7.90) 0.09 1 0.18 (2%)
2.5 1 300  7.38(7.08-7.70) 0.21 3 0.41 (5%)
2.5 1 400  7.38 (7.04-7.52) 0.14 2 0.28 (4%)
5.0 3 200  8.41(8.33-8.50) 0.07 1 0.13 (2%)
7.5 3 200  9.48(9.33-9.58) 0.08 1 0.15 (2%)
Standard reference 6.59 (6.50-6.70) 0.08 1 0.15 2%)

NS4 number of signal averages, VENC velocity encoding, SD standard deviation, CV coeffi-
cient of variation, LDD least detectable difference, both in absolute and in relative values (given
in % of the mean).

Table 7. Results from PC-MRI measured maximum velocity with different acquisition
parameters

Protocol Maximum Velocity SD Ccv LDD
(mean and range, cm/s) (%) (cm/s)
Voxel NSA VENC
(mm?® (ml/s)
2.5 1 200 173 (168-177) 2.86 2 5.60 (3%)
5.0 1 200 160 (158-162) 1.13 1 2.21 (1%)
7.5 1 200 150 (149-154) 1.45 1 2.84 (2%)
2.5 2 200 166 (161-174) 3.82 2 7.49 (5%)
2.5 3 200 176 (174-178) 1.23 1 2.42 (1%)
2.5 1 300 170 (164-173) 2.78 2 5.45 (3%)
2.5 1 400 174 (172-177) 1.94 1 3.80 (2%)
5.0 3 200 156 (153-161) 3.12 2 6.12 (4%)
7.5 3 200 153 (151-155) 1.34 1 2.62 (2%)

NS4 number of signal averages, VENC velocity encoding, SD standard deviation, CV coeffi-
cient of variation, LDD least detectable difference, both in absolute and in relative values (given
in % of the mean).
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Graphs of velocities across the flow phantom lumen are illustrated in Fig.11.
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Figure 11. PC-MRI measurements in a small-lumen vessel phantom with different
MRI acquisition parameters. The flow velocities were binned according to the radial
distance from the tube center. The plot shows the mean and standard deviation calcu-
lated over all phases and repetitions. The velocity scale for individual acquisition pa-
rameters is shown separately. Gray horizontal lines = 0 cm/s for each acquisition pa-
rameter, with the first gray line at the bottom pertaining to the baseline setting.

We found a decrease in the LDD for flow when increasing voxel size and the
NSA (p <0.05) but no change when increasing the VENC (Fig. 12). We found
a decrease in the LDD for maximum velocity when voxel size was increased
(p <0.05), but no change when increasing the NSA or VENC (Fig. 12).
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Figure 12. PC-MRI measurements in a small-lumen vessel phantom with different
MRI acquisition parameters. The least detectable difference for different settings,
based on a regression model combining all measurements.

Paper 111

We have reported normal ranges and test-retest reproducibility for 2D PC-
MRI-measured flow and velocity parameters in all three main intra-cranial
arterial branches in healthy volunteers. We obtained usable PC-MRI infor-
mation in all 360 arteries.

Flow and velocity parameters

In all examined arteries, there was a large range of all the measured parameters
(Fig. 13 and Table 8).
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Figure 13. Box plot for flow and velocity parameters in the main intracranial arteries.
ACA anterior cerebral artery, MCA middle cerebral artery, PCA posterior cerebral ar-
tery. Horizontal line in box = median, box margins = first and third quartiles, whiskers
= range, dots = outliers. Wilcoxon’s paired rank test was used to test for differences
between groups, significance level was set at p < 0.05. **p < 0.01, ***p < 0.001.
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Reproducibility

Reproducibility was overall quite low, but higher for MCA than for ACA and
PCA. The ICC and LDD for all individual vessels are shown in Table 9. The
ICC was generally low, with a large dispersion between side, vessel and pa-
rameters. There were no clear differences for the ICC of the flow parameters
between the different vessels (Table 9). Observed ICC values were higher for
the EDV than for the PSV, and higher for the RI than the PI in all vessels
(Table 9). Observed ICC values were higher for the MCA than for the ACA
and PCA for both the PSV and EDV (Table 9). LDD calculations enable esti-
mation of the required pathological change in velocity parameters for PC-MRI
to be used as a tool for diagnosis and/or monitoring of treatment response.
Reproducibility for the measured parameters is illustrated by Bland—Altman
plotin Fig. 14. We used the relative difference between the two examinations,
so results from different parameters can easily be compared. For all studied
vessels, the LDD was lower for the HF and the MF than for the LF (Table 9
and Fig. 14). For all studied vessels, the LDD was lower for the EDV than for
the PSV and lower for the RI than for the PI (Table 9 and Fig. 14). Reproduc-
ibility for relative side difference between contralateral vessels was overall
poor (Table 10).
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Figure 14. Bland—Altman plot for flow and velocity parameters in the main intracra-
nial arteries. Relative difference between two examinations compared with mean be-
tween two examinations. Green = anterior cerebral artery, orange = middle cerebral
artery and purple = posterior cerebral artery. Horizontal continuous line = mean dif-
ference. Horizontal dashed line = limit of agreement (mean + 1.96 standard deviation,
the range between the lines represents least detectable difference).
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Paper IV

Ten patients with remaining AVM nidus were included in the study. Patient

demographics, AVM characteristics and treatment parameters are described
in Table 11.

Table 11. Patient demographics, AVM characteristics and treatment parameters

Age at first MRI (years) 2268 (mean 43, median 43)
Symptoms at diagnosis

Hemorrhage 4 (40%)

Seizures or other neurological symptoms 6 (60%)

Prior treatment of AVM 5* (50%)

Surgery 1 (10%)

Radiation 2 (20%)

Embolization 3 (30%)

Nidus volume at first MRI 0.5-92.9 cm?® (mean 15.4, median 4.1)
Main feeding artery

Middle cerebral artery 5 (50%)

Posterior cerebral artery 3 (30%)

Basilar artery 1(10%)

Posterior inferior cerebral artery 1(10%)

*One patient was treated with both embolization and radiation.

We obtained usable PC-MRI information in all 10 patients. Three patients un-
derwent treatment and follow-up MRI. A total of 19 MRI examinations were
included in the study. An MRI from one patient is shown in Fig. 15.

Figure 15. The images are from one of the subjects with an AVM with the middle
cerebral artery as feeding vessel. (a) 3D time-of-flight MR angiography sequence with
AVM nidus in left parietal lobe. (b-c) Phase-contrast MRI (phase-difference images)
obtained perpendicular to the middle cerebral artery in diastole (b) and systole (c). A
region of interest (ROI) surrounds the middle cerebral artery.
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Flow and velocity in patients with AVMs

Results from the first MRI in all 10 patients are shown in Table 12 and Fig.
16. The main feeding artery was the middle cerebral artery in five patients, the
posterior cerebral artery in three patients and the basilar artery and posterior
inferior cerebellar artery in one patient each. Table 13 shows the results ob-
tained in patients in this study compared with those in healthy controls from
paper III. Patients with nidus larger or equal to 5.7 cm® had pathological ve-
locities.

57



*K10)1€ I][9q2190 JoLIdJul JoLdisod pJ4 ‘A191ie Ie[iseq pg ‘Alojre [e1qa1d0 Joudisod pHg ‘A1oIe [81qaI10d S[ppIwW PO

[19°1 L0 99 LE 144! ¢'¢ [ 0°¢ VOId
SS0 o LY 99 19 L1 80 9°C vd
08°0 IS0 S9 4 SOT I'v 0°¢ 'S VOd 11V uvaojy
LLO €50 9C 81 8¢ 80 0} €1 VOod
98°0 4] I0T I8 891 ¢¢ 0 9 VOod
8L°0 870 L9 LS 601 9 9y S'L VOod
060 6S°0 144\ 89 61 L'¢ L1 09 VOW [V uvopy
8¢'1 6L°0 44 LL 69¢ 0 ['0 ['6 VO
8S°0 10 19 Sy 08 0 4 9 VO
S80 S0 1481 78 081 6'¢ 4 9y VO
8L°0 12%0) S9 1974 ¥6 L'C 71 'S VO
60 £€9°0 691 06 S 74 9°¢ I'C 0°¢ VO
xopul _ xopuj (s/u) (s/wd) Ky0pA (5/ud) KHOPA (s/1) (s/1) (s/1) K1opre

fipesing  AJADSISTY  AJDOPA UBA  JM[OJSEIP-PUY  JI[0)SAS YedJ  MO[ UBIAl MO[] JSIMOT MO[f JSAYSIH  SuIpady urejy

SINAV [erueroenur yym syuened ur A19)1e Suipasy urew oy ul parnsedw siojowered A)100[oA pue MO[ ‘7] 9[qeL



Flow - Middle Cerebral Artery

%100

10
9+ B
8 S
7
6
w
=
£ 5
4 4
3 +
2 +
1
o S ———
1 5 9 13 17 21 25
Cardiac Phases
Flow - Posterior Cerebral Artery
9
8 et o .
7 —\
6 | I O —
L
£ 5
4
3
2
1 ‘ _—/ e —
0 +—rrrrrrrrrTrrr R s
1 5 9 13 17 21 25
Cardiac Phases
Flow - Basilar and Posterior Inferior Cerebellar
Artery
10
9 .
8
7
i 6
=
£ 5
4
3
2
1
0

Cardiac Phases

w==Basilar artery «=PICA - AVM

PICA - Contralateral

Velocity - Middle Cerebral Artery

. A S o e )

1 5 9 13 17 21 25
Cardiac Phases

Velocity - Posterior Cerebral Artery
200

150

50

Cardiac Phases

Velocity - Basilar and Posterior Inferior Cerebellar
Artery

200

Cardiac Phases

w=m=Basilar Artery «==PICA - AVM - PICA - Contralateral

59



Figure 16. Curves representing flow and maximal velocity calculated for each of the
12 or 25 phases during the cardiac cycle in 10 different patients. Graphs are separated
according to feeding artery (middle cerebral artery, posterior cerebral artery and bas-
ilar artery or posterior inferior cerebellar artery [PICA]).
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There were statistically significant correlations between nidus volume and
flow and velocity parameters. Spearman correlation coefficient was found to
be moderately strong for highest flow (0.64), mean flow (0.73), peak systolic
velocity (0.76) and end-diastolic velocity (0.77) and very strong (0.83) for
mean velocity. No significant correlation was found between nidus volume
and lowest flow, resistivity index or pulsatility index.

Changes in flow and velocity after treatment

Three patients were examined both before and after treatment. Two patients
received treatment with proton radiation, and one patient was treated with par-
tial embolization of the nidus. Results from these three patients are shown in
Table 14 and Fig. 17. Results comparing measurements after treatment in pa-
tients from this study with healthy controls in paper III are shown in Table 15.
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Figure 17. Curves representing flow and maximal velocity calculated for each of the
12 or 25 phases during the cardiac cycle in three different patients. Patients received
treatment for their AVMs, and phase-contrast MRI was performed at baseline and
follow-up at different timepoints after treatment.
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Discussion

In patients with AVMs, correct information regarding the malformation’s
characteristics is crucial for the choice of adequate treatment method and eval-
uation of treatment response. It is important to gain knowledge of technical
difficulties and normal variation among healthy individuals to be able to un-
derstand the complexity of AVMs and the behavior of the malformation both
before and after treatment. In our work presented in this thesis, we have as-
sessed the occurrence of radiation-induced changes on conventional MRI (T2-
or T1-weighted images) in patients with AVMs after proton radiation therapy.
We have also tried to understand how these changes affect the patients and
seen that patients that develop new or deteriorating neurological symptoms
had extensive radiation-induced changes. With advanced imaging methods
(PC-MRI), we have assessed the effect of acquisition parameters on the accu-
racy and precision of flow and velocity measurements. And lastly, we have
seen that it is possible to obtain hemodynamic information in feeding arteries
in patients with AVMs. Velocity parameters measured with PC-MRI in pa-
tients with a large nidus differ from those in intracranial arteries in healthy
subjects, and there is a reduction of flow and velocity after treatment with
proton radiation therapy or embolization.

Paper I — Radiation-induced MRI changes in patients
with AVMs treated with proton radiation therapy

In this study, we aimed to evaluate the emergence of radiation-induced
changes on post-treatment MRI in patients with AVMs treated with proton
radiation therapy. We aimed further to assess the possible relation between
post-treatment MRI findings and the development of clinical symptoms and
nidus obliteration. An increased understanding of the behavior of the AVMs
and brain parenchyma after proton radiation therapy is important since it can
help guide dose prescriptions and need for additional treatment for individual
patients treated with radiotherapy.

Diagnosing radiation-induced changes on MRI is complicated due to lack of

studies correlating MRI findings with histopathological information. Both
vasogenic edema and contrast enhancement may be a manifestation of the

67



desired treatment response and radiation-induced complications. Another dif-
ficulty when diagnosing radiation-induced MRI changes is that there are sev-
eral scoring systems that have been proposed for evaluation of post-treatment
MRI, and there is no consensus on what scoring system to use'**"''?. No pre-
vious study of scoring systems has evaluated the inter-rater agreement among
raters that use that system. We used a visual scoring system, and the agreement
between the raters was substantial for vasogenic edema (0.71) and contrast
enhancement (0.69) and moderate for cavitation (0.51).

Radiation-induced MRI changes

Vasogenic edema was observed in more patients (83%) than in previous stud-
ies on proton radiation-treated AVMs, but we used different definitions of
edema than have been used previously (there is an overlap with our study re-
garding patient inclusion; 16 of the patients in one of the previous studies were
also included in our study)'**'"*. We observed contrast enhancement in 69%
of the patients. We are not aware of any previous study reporting the incidence
of contrast enhancement after proton radiation therapy of AVMs. There is a
large range of reported frequencies of radiation-induced MRI changes in pho-
ton-treated patients in different studies, and this large range may reflect dif-
ferences in study design (e.g., different definitions of edema, radiation doses,
patient population, lesions included, follow-up times, etc.). Vasogenic edema
was found between 4% and 100% of patients and contrast enhancement be-
tween 16% and 66% 1114115 Five patients (17%) developed cavitation.
It should be noted that this is probably a heterogeneous group, including both
radiation-induced necrosis, cyst formations and other types of new developed
fluid collections. In previous studies on both proton and photon radiation ther-
apy cysts and radiation necrosis has been observed between 0% and 13% of
patientsl 10,111,114,116-1 18.

Clinical symptoms and nidus obliteration

All seven patients that developed symptoms requiring treatment with cortico-
steroids had extensive radiation-induced MRI changes, but not all patients
with extensive MRI findings developed symptoms. This is in accordance with
a previous study that found symptomatic edema in 17% of patients after pro-
ton radiation (as mentioned before, there is an overlap with our study regard-
ing patient inclusion and some patients have been described previously)'*. In
patients treated with photon radiation, 9% experience symptomatic radiation-
induced changes, and the proportion of patients with symptoms varies from
0% to 43%’". We found no association between MRI changes and nidus oblit-
eration. One previous study on patients treated with proton radiation found
that patients with edema had a higher rate of nidus obliteration (as mentioned
before, some of the patients in this study were also included in ours)'*. In
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patients treated with photon radiation, there are conflicting results regarding
the association between edema and nidus obliteration’”!! 114113119121 " A qif.
ference in study design is a probable explanation for the difference in results,
and the lack of a standardized scoring system for radiation-induced MRI
changes makes the comparison of the results from different studies even more
complicated.

Paper II — Accuracy and precision of PC-MRI
measurements in a small-lumen vessel phantom

In this study we examined the accuracy and precision of PC-MRI measure-
ments in a vessel phantom with small lumen diameter and constant flow. We
also explored the impact of change in spatial resolution, NSA and VENC on
PC-MRI measurements.

Accuracy and precision at baseline setting

In our study, the measured flow with PC-MRI was higher than our standard
reference. Previous studies on larger vessels have shown better accuracy”®'**
124 We believe that the overestimation seen in our study was caused by a larger
contribution of both partial volume effects at the vessel boundary and intralu-
minal intravoxel phase dispersion when examining small vessels with limited
spatial resolution. Other studies have shown an underestimation in flow when
examining small vessels, but these studies were performed with a phantom
with pulsatile flow”>*. In a pulsatile flow that resembles arterial pulsation
with a shorter systolic than diastolic phase, inadequate temporal resolution is
also a source of inaccuracy, and as maximum velocity is underestimated, the
flow will also be underestimated. Precision was overall good for PC-MRI
measurements, but precision was poorer at baseline setting than for our stand-
ard reference.

Voxel size

With increased voxel size, we found an increased overestimation of flow.
Higher flow values with decreasing spatial resolution have also been observed
in previous studies®*’*?**> With increased voxel size, the proportion of par-
tially occupied voxels at the vessel boundary and different velocities within
an intraluminal voxel will increase, and as a result the influence from partial
volume effects and intravoxel phase dispersion will be larger. As a conse-
quence, increased voxel size will yield increased overestimation of flow. With
increased voxel size, we found a decrease in the maximum velocity, which
was also previously observed in an experiment with a 15 mm phantom with
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constant flow”. As stated before, different velocities are found within one
voxel in laminar flow, which causes intravoxel phase dispersion and measure-
ment of average velocity rather than the maximum velocity. SNR will also
affect flow velocity measurements, and small differences in velocity and slow
flow might be missed if the SNR is too low. Voxel size will, apart from spatial
resolution, also influence the SNR. In our study, increasing voxel size yielded
increased precision regarding both flow and velocity. Increased precision in
flow measurements with increased voxel size has been described previously®”.

Number of signal averages

In our study, no change in accuracy was observed when NSA was altered.
Increasing NSA improved precision regarding flow, in accordance with a pre-
vious study, but we could not see any change in precision regarding maximum
velocity”'. One possible explanation concerning the finding of improved pre-
cision regarding flow, but not maximum velocity is that the true variation in
maximum velocity has the same order of magnitude as the random error. An-
other possible explanation is that there might be small movements in the phan-
tom during the measurements (due to the gradients) and that maximum veloc-
ity is more sensitive to the placement of the voxels than is flow.

Velocity encoding

Theoretically, increased VENC (with decreased SNR) would be expected to
affect the precision of maximum velocity, with less influence on flow. Since
flow is the averaged velocity for several voxels, noise is less likely to influence
the measurement. Previous studies of both pulsatile and constant flow have
shown that an increase in the VENC causes a decrease in precision in flow
and velocity measurements with increased overestimation of maximum veloc-
ity’'*%1%_Other studies found no change in accuracy or precision of PC-MRI
flow measurements when the VENC was changed”'?. In our study, no
change in accuracy or precision was observed when the VENC was increased.
We believe that the reason for difference in results may be that the VENC
setting in our study was not altered enough to change the outcome.

Optimal setting

When selecting the optimal setting for PC-MRI examination, you must first
decide the measurement task, i.e., to choose whether the main goal is to
achieve optimal accuracy or precision. If the goal is optimal accuracy (e.g.,
diagnosing a disease), then high spatial resolution is required. If precision in
repeated measurements is desirable (e.g., monitoring treatment response), a
high SNR is preferred (e.g., larger voxel size, increasing NSA). In a clinical
setting, we need to achieve a balance between accuracy and precision, and
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therefore, it is most often not useful to measure with high precision if we know
the value will be highly inaccurate. In addition, a result cannot be considered
highly accurate if the precision of the method is low.

Maximum velocity is less influenced than flow by artifacts resulting from
changes in spatial resolution (e.g., partial volume artifacts at the vessel wall
and truncation artifacts). If the purpose of PC-MRI measurements is to assess
hemodynamic changes in a patient (in an artery with pulsatile flow), the dias-
tolic velocity is likely the most reliable parameter because the velocity in the
diastolic phase is less variable and hence not as affected by temporal resolu-
tion as in the systolic phase. In our study, neither NSA nor VENC influenced
the precision of maximum velocity.

Paper IIT — Normal ranges and reproducibility of PC-
MRI measurements in intracranial arteries in healthy
volunteers

We reported normal ranges and the reproducibility of 2D PC-MRI-measured
flow and velocity parameters in the three main branches of the intracranial
arteries. We found a wide range of values for the measured parameters and
that reproducibility was generally low, with a large spread between the param-
eters. Reproducibility differed a lot between the vessels, with overall higher
reproducibility estimates for relative values observed for MCA.

Flow parameters

The observed normal ranges for PC-MRI-measured flow and velocity param-
eters in the main intracranial arteries in this study were generally somewhat
higher than in previous 2D PC-MRI studies®"'?'*?, There were no clear dif-
ferences in spatial or temporal resolution that could explain this. Study popu-
lations were also of similar age. Our study was performed at 3 T, whereas
previous studies used either 1.5 or 3 T. Measurements at higher field strength
could be expected to be more accurate, gaining from an increase in the SNR,
but should not result in higher flow estimates'?*. A more recent study found

more similar results compared to ours, but only report mean flow'*.

Velocity parameters

We chose to measure not only flow values but also velocity parameters be-
cause we believe that these may sometimes be more sensitive to hemodynamic
responses due to vessel pathology. Our results are similar to previous studies
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on velocity parameters in intracranial arteries measured with 2D PC-MRI'**
130

Reproducibility

We have found no previous study assessing the reproducibility of PC-MRI for
the evaluation of the intracranial arteries. This technique’s low reproducibility
for smaller vessels limits its use in vessels beyond the proximal intracranial
arteries for many pathologies. LDD calculations enable estimation of the re-
quired pathological change in velocity parameters for PC-MRI to be used as a
tool for diagnosis and/or monitoring of treatment response. When the LDD is
lower than the expected pathological change in, for example, the feeding ar-
teries in AVMs, PC-MRI is able to detect the pathological values. We found
overall lower LDDs for relative values in the MCA than in the ACA and PCA.
A possible explanation is that MCA has a larger diameter than the ACA and
PCA and is therefore less influenced by spatial averaging. Overall, low ICC
and high LDD estimates were found in the relative side differences between
the hemispheres and between the two examinations, except for flow parame-
ters in the ACA, where the ICC was 0.62—0.88. This was reflected in the large
LDD for the relative side difference, and our conclusion is that the ratio be-
tween the sides is not of any great help in clinical follow-up studies. After the
publication of our study, the ICC for flow measured with PC-MRI was found
to be between 0.14-0.89 for mean flow with overall better reproducibility'*>.
This could be due to measurements being taken on the same day and less phys-
iological variation than in our study where patients were examined on differ-
ent days.

Paper IV — PC-MRI measurements in feeding arteries in
patients with AVMs

In this study, we measured flow and velocity with cardiac-gated PC-MRI in
feeding arteries in patients with AVMs. Patients with large nidus had higher
flow and velocity, and velocity was superior to flow in discriminating between
normal and pathological measurements. We found a decrease in both flow and
velocity measurements after treatment. One of the strengths in our study is
that we investigated several different flow parameters to better understand
which parameter to use when trying to identify pathological values and mon-
itor treatment response.
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Flow and velocity in patients with AVMs

Increased mean flow, mean velocity and peak systolic velocity in feeding ar-
teries have been seen in previous studies®*****’_In our study, mean flow in
the MCA was 5.8 ml/s and 4.1 ml/s in the PCA, which is in accordance with
previously published values**’. We found a correlation between flow and ve-
locity parameters and nidus volume. To our knowledge, no previous study has
investigated the relation between nidus volume and measurements in single
intracranial arteries.

Comparison with healthy subjects

When looking at the results from patients with MCA or PCA as the main feed-
ing artery compared with the results from healthy controls in paper III, veloc-
ity measurements in patients with a large nidus differ from those in intracranial
arteries in healthy subjects. We believe, therefore, that velocity parameters
should be used to discriminate between healthy and pathological values and
for the assessment of treatment effect.

Changes in flow and velocity after treatment

In all three patients that were examined both before and after treatment, there
was a decrease in flow and velocity parameters after treatment. In patients that
receive radiation treatment for AVMs, there is a latency period between initial
treatment and complete treatment effect. We could see a decrease in velocity
parameters from the first follow-up examination and up to 2.7 years after treat-
ment in the two patients treated with radiation. As changes in blood flow and
velocity in the feeding artery represent changes in the shunt volume, PC-MRI
might be useful for monitoring treatment response after radiosurgery. De-
creased flow after radiosurgery has also been observed in three previous stud-
ies®*% After embolization, the treatment effect is immediate. In one patient
that was treated with partial embolization, follow-up MRI 4 days after treat-
ment showed a reduction in flow and velocity parameters. Decreased flow af-
ter embolization has also been observed in previous studies®®!**!3,

What parameters to evaluate

We used cardiac-gated PC-MRI and were thus able to detect the fluctuations
in flow and velocity over the cardiac cycle. We could therefore calculate not
only mean flow and velocity but also the maximal and minimal values. When
comparing the results from this study to previously published measurements
in healthy individuals, we could see that velocity parameters were more sen-
sitive to distinguish pathological from normal values. We believe that one rea-
son for this result is that velocity measurements are not as sensitive to artifacts
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that make it necessary to adjust ROI size. Most previous studies on patients
with AVMs have evaluated flow and mean velocity over the vessel lumen and
not maximum voxel value as we have.

Summary

Comparing studies of AVMs is difficult because the condition is rare and the
angio-architectural characteristics of AVMs vary widely. There are also dif-
ferences in patient groups, follow-up protocols as well as therapy techniques
among studies. One of the main limitations in this thesis is the small and het-
erogeneous patient group.

After proton radiation therapy of AVMs, radiation-induced MRI findings are
seen in a majority of patients. Is well known that radiation-induced findings
are common in patients treated with photon radiation. Because of the use of
proton radiation and the sharp dose fall-off with sparing of normal brain pa-
renchyma, it is possible there are fewer MRI changes induced by damage to
normal brain tissue and that the changes we see depend on other factors (i.e.,
changes in the angioarchitecture of the nidus). As we found that the incidence
of changes in our patients was similar to that seen in patients treated with pho-
ton radiation, it is possible that also in photon-treated patients the MRI
changes are due to a radiation effect in the target and indirect changes in the
surrounding tissue and not to direct damage to the brain. It would be desirable
if radiological findings could predict treatment result, primarily because of the
latency period between initial treatment and complete treatment effect and the
remaining bleeding risk from a residual nidus. We could not find any relation
between MRI changes and nidus obliteration. Further studies in larger popu-
lations and preferably with histopathological correlation would be valuable.

PC-MRI overestimates flow but has good precision when measuring a con-
stant flow in a phantom. With adjustments of the acquisition parameters, it is
possible to achieve improvements in accuracy and/or precision. The main lim-
itations when applying our results to a clinical setting are that our study was
conducted only with constant flow and that the use of a phantom fails to rep-
licate the conditions in vivo (e.g., signal characteristics of tissue, normal phys-
iological variations). There is a large normal range and poor repeatability for
flow parameters measured by PC-MRI in intracranial arteries of healthy vol-
unteers. The large range of normal values in small vessels indicates the need
for a large pathological change in order to be detected and limits the hemody-
namic assessment with this technique beyond the proximal intracranial arter-
ies for many pathologies. Despite the limitation with spatial resolution and the
large normal range in healthy individuals, we were able to detect pathological
velocities in patients with a large AVM nidus. In the three patients we treated,
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we could see a decrease in both flow and velocity in the feeding artery after
treatment. This shows that with the PC-MRI technique it is possible to acquire
information on the hemodynamic status in AVMs.
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Conclusions

Paper 1

Radiation-induced MRI changes are seen in a majority of patients after proton-
radiation treatment of AVMs. Extensive MRI changes are associated with new
or deteriorating symptoms. We found no association between MRI changes
and nidus obliteration.

Paper 11

It is possible to measure flow and velocity with PC-MRI in a small-lumen
vessel phantom with constant flow with good precision but poor accuracy.
Accuracy for flow measurements improved by decreasing voxel size. Preci-
sion for both flow and velocity measurements improved by increasing voxel
size. Precision for flow measurements improved by increasing the NSA.

Paper 111

We have reported normal ranges and test-retest reproducibility for 2D PC-
MRI-measured flow and velocity parameters in all three main intracranial ar-
terial branches. Reproducibility was overall quite low, but higher for MCA
than for ACA and PCA. Our results serve as a reference for future studies on
neurovascular pathologies using PC-MRI.

Paper IV

Patients with a large AVM nidus have increased velocity measured with PC-
MRI in feeding arteries compared to intracranial arteries in healthy individu-
als. There is an association between nidus size and flow and velocity. There is
a reduction in flow and velocity in feeding arteries after treatment. Future
studies in larger patient cohorts are needed to evaluate the usefulness of PC-
MRI as a tool for risk stratification and evaluation of treatment response.
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Future perspectives

Radiation-induced changes are seen on post-treatment MRI in patients with
AVMs treated with proton radiation. After treatment with proton radiation,
there is a latency period of several years between initial treatment and the
complete treatment effect. We could not see any finding on conventional MRI
(T2- or T1-weighted images) that predicted final treatment result. Finding a
method to predict final treatment result and the need for additional treatment
for these patients would be greatly beneficial.

Patients with unruptured AVMs are another group of patients where additional
information about the AVM nidus is needed. Patients with AVMs have an
increased risk for intracranial hemorrhage, with an annual bleeding risk of
2%"'%. In the ARUBA trial, where patients with unruptured AVMs were ran-
domized to different treatment strategies, medical management was superior
to interventional therapy (embolization, surgery and/or radiotherapy)®'*.
Therefore, there is a need to identify risk factors that help select patients that
will benefit from treatment. The blood flow and velocity in the feeding artery
are believed to be related to the resistance in the nidus. PC-MRI measurements
in the feeding artery make it possible to obtain functional hemodynamic in-
formation about the AVM and possibly also about the pressure conditions in-
side the nidus. As the intranidal pressure has an important impact on the risk
of rupture, hemodynamic information in the feeding artery may assist in the
estimation of the patient’s individual risk of intracranial hemorrhage and may
help to assess which patients will benefit from interventional therapy.

In patients with AVMs partially treated with embolization, there is a clinical
difficulty in assessing the remaining nidus. CTA and DSA are methods of rel-
atively limited value in the follow-up of AVMs treated with embolization. The
presence of tantalum in certain embolic agents aggravates (or even makes im-
possible) the use of CTA in assessing the angio-architecture of AVMs*. The
artefacts generated by tantalum cannot be eliminated even with the use of so-
phisticated software'*’. DSA is an invasive method that is not only uncomfort-
able for the patient but also involves risks related to the angiography tech-
nique, use of contrast agents and ionizing radiation. Although very informa-
tive, this method cannot reveal subtle changes in the nidus hidden by the em-
bolic material. None of these methods can easily provide information on
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intranidal pressure and hemodynamics that are essential for the decision on
therapy or follow-up only.

Our studies reviewed in this thesis show that it is possible to obtain hemody-
namic information in feeding arteries in patients with AVMs. Velocity param-
eters measured with PC-MRI in the intracranial arteries in healthy subjects
differ from those in patients with a large nidus and that there is a reduction of
flow and velocity after treatment. With further studies in larger cohorts, it
would be possible to evaluate to what extent PC-MRI can be used as a clinical
tool to aid treatment planning and post-treatment evaluation in patients with
AVMs.

Potentially, with improved and optimized technique, it will be possible to de-
tect more subtle changes in flow and velocity with PC-MRI. In patients with
neurovascular disorders where physiological evaluation is important PC-MRI
might serve as an alternative or complement to perfusion studies.
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Summary in Swedish/ Sammanfattning pa
svenska

Arteriovends missbildning (AVM) i hjarnan ar ett tillstdind som medfor risk
for blodning, vilket i sin tur medfor risk for hjarnskada och ibland d6d. AVM
ar en typ av kérlmissbildning dér det kapillarnét saknas som normalt forbinder
artdr och ven och dar utbytet av ndringsdmnen och gaser till vdvnader sker.
AVM bestér av en eller flera tillférande artérer, dérefter ett kidrlnystan som
kallas nidus, och slutligen sammanstralar kdrlen i nystanet till drainerande ve-
ner. AVM kan, beroende av bland annat ldge och storlek, behandlas med op-
eration, stralbehandling, endovaskuldr behandling eller en kombination av
dessa. Stralbehandling av AVM anvénds framfor allt pa de kdrlmissbildningar
som antingen &r beldgna néra funktionellt sarskilt viktiga omraden, till exem-
pel sprakcentra, eller dr djupt beldgna. Stralbehandling kan ges antingen med
fotoner (gammastralning) eller tunga laddade partiklar, till exempel protoner.
Protonstralbehandling har fordelen att straldosen kan goras mer fokuserad och
pa sa vis minska risken for skada pa intilliggande hjarnvavnad. Protonstralbe-
handling &r mycket resurskridvande och det finns bara ett fatal centra i varlden
som behandlar AVM. For att diagnosticera och f6lja upp behandlingen av
AVM, oavsett behandlingsmetod, anvinds i dag kateterledd rontgenundersok-
ning av hjdrnans blodkérl (digital subtraktionsangiografi, DSA). Detta innebéar
risker i form av dels rontgenstrélningen i sig, dels risk for ocklusion av hjérn-
artdrerna med atfoljande stroke. Ett icke-invasivt alternativ till rontgenunder-
sOkning &r darfor onskvart.

For att folja upp resultaten efter protonstralebehandling och identifiera kom-
plikationer f6ljs patienterna i dag upp med magnetkameraundersokning
(magnetic resonance imaging, MRI), som kan ge information om savil AVM
1 sig som eventuella skador pd intilliggande hjdrnviavnad. Det &r ofullstdndigt
ként i vilken omfattning odnskade effekter p& hjarnan uppkommer efter pro-
tonstrélebehandling. Det &r inte heller studerat om MRI kan anvindas for tidig
prognostisering av behandlingseffekt. Med MRI kan man férutom att skapa
anatomiska bilder d4ven samla in funktionell information. Med faskontrast-
MRI (phase-contrast MRI, PC-MRI) kan flodeshastigheten i blodkarl métas
over hjartcykeln. Hos patienter med AVM ir flodesforhallandena fordndrade
i de tillférande kdrlen och mitning av flodeshastigheterna skulle kunna vara
ett satt att beddma behandlingseffekt.
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Syfte och fragestillningar:

Att utvérdera hur olika MRI-tekniker kan anvéndas vid planering av och upp-
foljning efter behandling av intrakraniella AVM.

Specifika

- Attmed MRI kartldgga behandlingsresultat och komplikationer hos
patienter som protonstralebehandlats for AVM och utvirdera om
MRI tidigt i forloppet kan identifiera slutligt behandlingsresultat
(delarbete I).

- Attutvérdera hur olika akvisitionsparametrar paverkar noggrannhet
och upprepbarhet vid flodesméatningar med MRI i ett flodesfantom
(delarbete II).

- Attutvirdera normalintervall och upprepbarhet av flddesméatningar
med MRI i1 intrakraniella artdrer hos friska forskningspersoner
(delarbete III).

- Att utvirdera om diagnostik och behandlingsuppf6ljning av in-
trakraniella AVM kan utféras med flodesmitningar med MRI
(delarbete 1V).

Delarbete |

Magnetic resonance imaging detected radiation-induced changes in patients
with proton radiation-treated arteriovenous malformations

Syftet med studien var att med MRI kartligga behandlingsresultat och kom-
plikationer hos patienter som protonstralebehandlats for AVM och utvérdera
om MRI tidigt i forloppet kan identifiera tecken pa daligt behandlingsresultat.
Detta var en retrospektiv studie dar inklusionskriterier var protonstralbehand-
ling for AVM och undersékning med DSA och MRI fore och efter behandling.
Vi studerade dels frekvensen av stralrelaterade biverkningar (6dem, kontrast-
medelsuppladdning och kavitering), dels om MRI-fynd &r associerad med nya
eller forvarrade neurologiska symptom och dels om MRI-fynd kan predicera
slutlig ocklusionsgrad. Totalt inkluderades 30 patienter som genomgick pro-
tonstralebehandling for AVM mellan 2002 och 2015. Vi gjorde en retrospek-
tiv genomgang av journaler och radiologiska bilder. I journalerna noterades
om patienten fick nya/férvarrade neurologiska symptom som kriavde kortison-
behandling. Pé radiologiska bilder gjordes en gradering av stralbehandlings-
inducerade fynd pd MRI (6dem, kontrastmedelsuppladdning och kavitering)
och grad av nidusobliteration pd DSA eller MRI. Resultaten visar att efter
protonstralbehandling av AVM ses stralinducerade MRI-fynd hos majoriteten
av patienterna (87%). Odem forekom hos 83%, kontrastmedelsuppladdning
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hos 69% och kavitering hos 17%. Uttalade MRI-fynd &r associerat med nya
eller forvarrade neurologiska symptom. Vi kunde inte hitta ndgon association
mellan MRI-fynd och nidusobliteration.

Delarbete 11

Effect of MRI acquisition parameters on accuracy and precision of phase-
contrast measurements in a small-lumen vessel phantom

Syftet med studien var att kartldgga hur akvisitionsparametrar paverkar nog-
grannhet och upprepbarhet av flode och hastighet matt med PC-MRI. De pa-
rametrar som vi undersokte var voxelstorlek, “number of signal averages”
(NSA, antal ganger signalinsamlingen upprepas) och “velocity enconding”
(VENC, fordefinierad maximal hastighet som kan matas). Vi anvédnde oss av
ett flodesfantom med konstant fléde och innerdiameter 2,2 mm. Vi utgick fran
en grundinstdllning och dndrade sedan varje parameter i tva steg, dér vi dnd-
rade en parameter i taget. Totalt gjorde vi nio olika instéllningar och varje
instdllning upprepades nio ganger. Vid atta olika tillfallen under férsoket kon-
trollerade vi det faktiska flodet med hjilp av en timer och en vag. Vi fann att
flodet métt med PC-MRI var hogre dn var referensstandard (medelvarden mel-
lan 7,3 och 9,5 ml/s f6r PC-MRI jaimfort med 6,6 ml/s for referensstandard).
Minskad voxelstorlek forbattrade noggrannheten med minskat flode fran 9,5
till 7,3 ml/s. Det var generellt bra upprepbarheten for flodesmétning med PC-
MRI, men upprepbarheten var simre for grundinstillningen &n for vér refe-
rensstandard. Upprepbarheten for flodesmétning forbéttrades med dkad vox-
elstorlek och 6kad NSA. Upprepbarheten for hastighetsmitning forbattrades
med 6kad voxelstorlek.

Delarbete 111

Normal ranges and test-retest reproducibility of flow and velocity
parameters in intracranial arteries measured with phase-contrast magnetic
resonance imaging

Syftet med studien var att kartldgga flodeshastighetsprofiler i intrakraniella
artdrer hos friska forskningspersoner med PC-MRI. For att korrekt kunna vér-
dera resultatet av flodesmétningar i intrakraniella artirer kriavs kunskap om
normalvariationen och om hur reproducerbar tekniken ér. I delstudie 3 har vi
darfor matt flodeshastighetsprofiler med PC-MRI i1 de sex huvudgrenarna av
hjarnans artdrer hos 30 friska forskningspersoner. Flodesparametrarna som vi
har utvarderat ar: hogsta flode, lagsta flode, medelflode, hogsta maximala has-
tighet, 1dgsta maximala hastighet, genomsnittlig maximal hastighet, pulsatilt
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index och resistivt index. Vi har undersokt dessa i de sex huvudgrenarna av
hjarnans artdrer (arteriae cerebri anterior, arteriac cerebri media och arteriae
cerebri posterior). Upprepbarheten har bedomts genom att méatningarna utforts
tva ganger, vid olika tillfallen, pd samma forskningsperson. Resultaten visar
att det finns ett stort normalintervall for flodesparametrar i intrakraniella arta-
rer mitt med PC-MRI. Normalintervallet ar storre i arteriae cerebri anterior &n
i arteriae cerebri media och arteriae cerebri posterior. Upprepbarheten var ge-
nerellt dalig men béttre for arteriae cerebri media &n arteriae cerebri anterior
och arteriae cerebri posterior. Upprepbarheten dr ocksa béttre for hogsta flode,
medelflode, ldgsta diastoliska hastighet och resistivt index &n for de Gvriga
uppmétta parametrarna.

Delarbete IV

Flow and velocity in intracranial arteries of patients with arteriovenous
malformations measured with phase-contrast magnetic resonance imaging

Syftet med studien var att méta flodeshastighetsprofiler med PC-MRI for dia-
gnosticering och monitorering av behandlingsresultat efter stralbehandling el-
ler endovaskuldr behandling av AVM. Detta var en longitudinell studie dér
patienter med AVM med kvarvarande nidus var kandidater for studieinklus-
ion. Patienterna undersoktes vid studieinklusion samt nér det var mojligt &ven
efter behandling. Flodeshastighetsprofilen méttes i den intrakraniella artdr
som beddmts huvudsakligen forsérja AVM. Samma flodesparametrar som 1
delarbete I1I utvdrderades. Vi jaimforde ocksa resultaten av flodesparametrar
mellan friska forskningspersoner fran delarbete III och patienter med AVM.
Totalt 10 patienter inkluderas varav tre patienter genomgick behandling och
upprepade undersokningar kunde goras. Vi fann att patienter med stora nidus
hade hogre hastighet i tillforande artér &n friska forskningspersoner samt att
flode och hastighet i tillférande artérer sjunker efter behandling.

Slutsatser

Efter protonstralbehandling av AVM ses stralinducerade MRI-fynd hos majo-
riteten av patienterna. Uttalade MRI-fynd ar associerat med nya eller forvér-
rade neurologiska symptom. PC-MRI 6verskattar flode men har bra upprep-
barhet vid métning av ett konstant flode 1 ett flodesfantom. Med justering av
voxelstorlek kan antigen forbattring av noggrannheten eller upprepbarheten
av PC-MRI-mitningar goras. Det finns ett stort normalintervall for flodespa-
rametrar métt med PC-MRI i intrakraniella artirer hos friska forskningsperso-
ner. Upprepbarheten var generellt dalig men béttre for arteriae cerebri media
an de Ovriga kédrlen och béttre for hogsta flode och lagsta diastoliska hastighet
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an for de Gvriga uppmatta parametrarna. Med PC-MRI &r det mojligt att iden-
tifiera patologiska hastigheter hos patienter med stora AVM-nidus och efter
behandling sjunker flode och hastighet i tillférande artdr. Vara fynd talar for
att PC-MRI ger information om hemodynamiska foéréndringar i tillférande ar-
tarer till AVM som skulle kunna anvindas for behandlingsmonitorering och
eventuellt for att bedoma blodningsrisk.
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Supplementary material

Table 16. Patient demographics, AVM characteristics, treatment parameters and out-
come variables

Sex

Male 19 (63%)
Female 11 (37%)
Age at treatment (years) 12-65 (mean 44, median 46.5)
Symptoms at diagnosis

Asymptomatic 6 (20%)
Headache 11 (37%)
Neurological deficit 11 (37%)
Seizure 10 (33%)
Hemorrhage 6 (20%)
Tinnitus 3 (10%)
Prior treatment of AVM

No 26 (87%)
Embolization 3 (10%)*
Surgery 1 (3%)
Radiation therapy 0

Size of nidus

<3 cm 14 (47%)
3-6 cm 10 (33%)
>6cm 6 (20%)
Location

Cortical 26 (87%)
Subcortical 25 (83%)
Ventricular 7 (23%)
Corpus callosum 1 (3%)
Frontal 8 (27%)
Temporal 7 (23%)
Parietal 13 (43%)
Occipital 8 (27%)
Basal ganglia 3 (10%)
Internal capsule 2 (7%)
Cerebellar hemisphere 3 (10%)
Vermian 1 (3%)
Deep cerebellar nuclei 1 (3%)
Brain stem 0
Aneurysm

No 25 (83%)
Flow related 4 (13%)
Intranidal 1 (3%)
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Feeding arteries

1

2-3

>3

Venous drainage

Single draining vein

Superficial drainage only

Deep drainage only

Both superficial and deep drainage
Spetzler—Martin score

1

2

3

4

5

Target volume at radiation
Number of fractions

2 fractions

5 fractions

Radiation dose per fraction (physical
Gy)

7 Gy

10 Gy

11 Gy

12 Gy

Total radiation dose (physical Gy)
Additional treatment of AVM
No

Radiation therapy

Embolization

Surgery

Hemorrhage after proton radiation
therapy

No

Yes

Post-radiation symptoms requiring
treatment with corticosteroids
Change in nidus (DSA or MRI, n
29)****

No

Partial obliteration

Total obliteration

Survival

Yes

Death due to other causes

Death due to AVM

4 (13%)
8 (27%)
18 (60%)

8 (27%)
18 (60%)
1 (3%)
11 (37%)

6 (20%)

10 (33%)

6 (20%)

5 (17%)

3 (10%)

< 1-62 cm?® (mean 10.3, median 6.5)

27 (90%)
3 (10%)
7-12 mean (11.2, median 12.0)

3 (10%)

2 (7%)

9 (30%)

16 (53%)

20-35 (mean 24.2, median 24.0)

28 (93%)**
1 (3%)

1 (3%)

0

29 (97%)
1 (3%)***
7

0
14 (48%)
15 (52%)

27 (90%)
3 (10%)
0

*Two patients did undergo embolization for flow-related aneurysms, but the nidus was not

treated prior to proton radiation therapy.

**One patient did undergo embolization for two flow-related aneurysms, but the nidus was not

additional treated.

***(One patient developed hemorrhage due to a ruptured intranidal aneurysm.
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****Seventeen patients underwent post-treatment DSA, 12 did not undergo DSA and oblitera-
tion is based on their latest MRI, one did not undergo DSA and nidus was not seen on pre-
treatment MRI.
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