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cerebral blood flow

confidence interval
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direct current

delayed cerebral ischemia (after SAH)
Dutch acute Stroke Trial

multi-spin-echo (MR imaging)

electro encephalography

functional MRI
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International Classification of Headache Disorders
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Laser-Doppler Flowmetry
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modified Rankin Scale

sodium chloride

non-contrast CT

National Institutes of Health Stroke Scale
near infrared spectroscopy

odds ratios

posterior cerebral artery

posterior communicating artery

relative risk (ratio)
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transient ischemic attack
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Introduction

Stroke is the second leading cause of death worldwide, causing 6 million deaths per
year." It is also the third leading cause of disease burden, resulting in the loss of 100 million
disability-adjusted life years.? Stroke is a disease of the arteries and small blood vessels
supplying the brain of blood. There can be an obstruction, causing an ischemic stroke, or a
rupture of a blood vessel, causing a hemorrhage. When one of the blood vessels ruptures
in the subarachnoid space surrounding the brain, the hemorrhage is called a subarachnoid
hemorrhage (SAH).

After the initial impact of stroke, secondary brain damage can occur which can further
affect clinical outcome. Several mechanisms play a role in this secondary damage. One of
those mechanisms is spreading depolarization. The aim of this thesis is to investigate the
relation between spreading depolarizations and secondary damage after ischemic stroke
and subarachnoid hemorrhage. In this introduction the knowledge on stroke and spreading
depolarization (first described as spreading depression of electrocorticographic activity) is
reviewed, gaps in this knowledge are delineated and an outline of the thesis is presented.

Ischemic stroke

Signs and symptoms of ischemic stroke are related to the affected brain region and
may include affected speech and vision, muscle weakness of the face and limbs, impaired
motor coordination and numbness.** When obstruction of a blood vessel causes the blood
flow (perfusion) to the brain tissue to drop below a critical minimum, around 20 mL/100 g/min,
the brain tissue will stop functioning.5  If the perfusion of the tissue is restored within hours,
the tissue can function again and the signs and symptoms will disappear within minutes to
hours. Hence, this is termed a transient ischemic attack (TIA).” If, however, the blood flow is not
restored in time or drops below around 10 mL/100 g/min, the brain tissue will be permanently
damaged, termed an ischemic stroke or brain infarct® ¢, after which recovery of functions is only
possible through functional compensation, rehabilitation and neuroplasticity, in which other parts
of the brain take over lost functions.® ® Common causes of blood vessel obstruction are large
artery atherosclerosis, embolisms from the heart, small vessel disease and dissection of artery
walls.'® Important risk factors for stroke include hypertension, smoking, atrial fibrillation, diabetes
mellitus, and hyperlipidemia.!-'3

Subarachnoid hemorrhage and delayed cerebral ischemia

Only 5-10% of strokes are subarachnoid hemorrhages, but these are fatal in up to half
the patients' and occur at a younger age than ischemic stroke; half the patients are younger
than 55 years at the time of subarachnoid hemorrhage.'® Therefore, the impact on society,
measured by loss of productive life years, is similar to that of ischemic stroke.'® The cause of
85% of the spontaneous subarachnoid hemorrhages is an aneurysm in one of the arteries that
make up the circle of Willis or its direct branches.'” The circle of Willis is a roundabout which
interconnects the major arteries to the brain. This provides redundancy, although the circle
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Chapter 1

is incomplete in the majority of people.' In the course of life, a weakness in the wall of these
arteries can develop, causing it to bulge out. This is called an aneurysm and is found in 3% of
the healthy population.’ When an aneurysm ruptures, blood spreads into the subarachnoid
space, leading to a subarachnoid hemorrhage.? This can cause sudden headache, vomiting,
seizures, focal neurological signs and symptoms, such as vision disturbances, and a lower level
of consciousness that can progress to death.?

For patients that initially survive an aneurysmal subarachnoid hemorrhage, secondary
complications can be detrimental to the outcome. One feared complication is cerebral ischemia
in the subacute phase after subarachnoid hemorrhage called delayed cerebral ischemia (DCI),
which occurs in approximately one-third of subarachnoid hemorrhage patients.?' Delayed
cerebral ischemia is characterized by clinical deterioration, such as decreased consciousness,
aphasia and limb weakness, usually accompanied by radiologically detectable lesions.?? The
clinical features can be reversible or become permanent when the brain tissue becomes
permanently infarcted.?® Delayed cerebral ischemia has a peak occurrence on day 4-10 after
subarachnoid hemorrhage and often occurs in a different brain region than that of the aneurysm
or its perfusion territory.?* Vasospasm of the large arteries has been implicated, because it
occurs in the same timeframe and would account for the diffuse localization of delayed cerebral
ischemia.?? Several publications even refer to the clinical syndrome of delayed cerebral
ischemia as “vasospasm”, suggesting a conclusive etiology.?? Vasospasm is indeed correlated
with delayed cerebral ischemia, poor outcome and mortality.?> However, not all patients with
vasospasm develop delayed cerebral ischemia and vasospasm is not detected in all patients
who develop delayed cerebral ischemia.?® Furthermore, a study with a potent vasospasm
inhibitor, clazosentan, did not result in improved outcome compared with placebo.?” Hence,
other mechanisms than vasospasm also have been implicated in the development of delayed
cerebral ischemia. While brain tissue damage in the first days after a subarachnoid hemorrhage
is by definition not delayed cerebral ischemia-induced tissue damage, early processes may
contribute to the later development of delayed cerebral ischemia. Transient cerebral ischemia
and the presence of blood in the subarachnoid space may be accompanied by direct tissue
damage from the force of the blood spraying out of an artery, increased intracranial pressure,
and mechanical damage caused by brain shift and herniation. These processes can make the
brain tissue more susceptible to damage in following days.?® Besides these early processes and
vasospasm of the large arteries, other implicated mechanisms include arteriolar constriction,
microthrombosis?®, inflammation® 3!, vasoconstrictor receptor upregulation®? and spreading
depolarizations.*

Spreading depolarizations

Spreading depolarization is defined as transient depolarization and inactivity of neurons
and glial cells, spreading across brain tissue like waves in water.** Spreading depolarizations
were first reported by Le&o in 1944 as cortical spreading depression of electrocorticographic
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activity.®® In experimental animal models, spreading depolarization can be initiated by a multitude
of stimuli, such as cortical application of potassium, a pinprick and direct electrical stimulation
of the brain.** Additionally, many factors can sensitize brain tissue to spreading depolarizations,
such as drugs®, high extracellular potassium and low nitrous oxide concentrations.®” Under
such circumstances, or in sufficient strength in normal tissue, the stimulus causes neurons to
completely depolarize from the normal resting potential and become functionally inactive. This
depolarization spreads to surrounding tissue across the cortex at a speed of 2-6 mm/min.* That
speed is markedly slower than the propagation of physiological action potentials across neural
axons, which are propagated as a controlled partial axonal depolarization. This supports the
theory that spreading depolarizations may propagate through gap junctions between neurons.
Another hypothesis is that glial cells play a leading role in the propagation of spreading
depolarization waves.3% 4°

Spreading depolarizations and migraine

The first clinical manifestation associated with spreading depolarizations is visual aura,
a symptom of migraine.*' Migraine is a debilitating brain disorder that manifests as severe
headache attacks, often accompanied by nausea, vomiting and sensitivity to light and sound.*?
In one-third of patients, headaches are accompanied by an aura.** 4 The most common
symptom of aura is a scintillating scotoma, or flickering, that spreads throughout the peripheral
visual field. Scintillating scotomas are likely caused by a spreading depolarization wave front
that spreads across the primary visual brain cortex.*! Migraine is considered a neurovascular
disorder but it is a matter of debate whether neuronal or vascular mechanisms play a greater
role. Likely they both play a role as migraine headache is thought to originate from the action
of nerves innervating cerebral and meningeal blood vessels.* In a transgenic mouse model
of migraine with an increased susceptibility to spreading depolarization*¢-*¢ and ischemic
depolarizations resulting in increased ischemic stroke vulnerability*®, the underlying genetic
defect causes neuronal hyperexcitability.*6- 485 Other factors suggest a more prominent role of
vascular mechanisms in migraine. Patients who have migraine with aura, have a doubled risk
of ischemic stroke and the risk seems to be greater for patients with more frequent migraine
attacks.®" %2 Furthermore, several diseases and genetic disorders cause both migraine and
ischemic stroke.®*%® A third argument for the importance of vascular mechanisms in migraine
is that some studies suggested that a different anatomy of the arterial circle of Willis compared
with controls.'® People with migraine more often had a missing segment and thus an incomplete
circle. However this was not found in all studies and it's unknown whether in migraine patients
with stroke the circle of Willis is different compared with stroke patients without migraine.5®

Spreading depolarizations in relation to delayed cerebral ischemia

Spreading depolarization is accompanied by a strong disruption of the concentration
gradient of electrolytes such as sodium and potassium between the intra- and extracellular
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Chapter 1

space, causing neurons to swell.” During a refractory period, as the electrolyte balance is
restored, electrolyte pumps require an increased supply of oxygen and nutrients.% Under normal
conditions, an spreading depolarization is accompanied by an increase in perfusion to meet
this demand.* However, in pathological states, such as after brain trauma, ischemic stroke
or subarachnoid hemorrhage, a paradoxical decrease in perfusion can occur after spreading
depolarization.®® It is hypothesized that the imbalance between increased metabolic demand
and decreased supply in oxygen and nutrients may cause the depolarizations to last longer,
called intermediate or ischemic depolarizations, or become permanent (terminal or anoxic)
depolarizations.*® Spreading depolarizations are therefore a mechanism implicated in the
development of delayed cerebral ischemia after a subarachnoid hemorrhage.3? %°

After a subarachnoid hemorrhage, the threshold for spreading depolarization initiation
and the subsequent vascular response may be altered by hemolysis products such as
potassium®, decreased nitrous oxide, upregulation of vasoconstrictor receptor expression in the
neurovascular unit®? and inflammation.®" Under such circumstances, spreading depolarization
may become permanent (terminal or anoxic) depolarization.®' Induced hypertension is an often
implied treatment for subarachnoid hemorrhage patients with delayed cerebral ischemia.5?
Although the effectiveness of induced hypertension has not been established yet, it can be
hypothesized that hypertension in theory might counteract cerebral hypoperfusion caused
by vasospasm and spreading depolarizations. Spontaneous spreading depolarizations were
described in rats after subarachnoid hemorrhage and magnesium was found to inhibit spreading
depolarizations and decrease brain lesion volume.® Spontaneous SDs were also demonstrated
after subarachnoid hemorrhage in humans who had cortical electrode strips placed during
surgery for aneurysm clipping.® A total of 298 spreading depolarizations was recorded in 13 of
the 18 patients. Moreover, in the seven patients that developed delayed cerebral ischemia, it
was always time-locked to a sequence of recurrent spreading depolarizations in every single
case with high positive and negative predictive values (85% and 100%).3® Until now, however,
a direct relationship between spreading depolarizations and the occurrence of delayed cerebral
ischemia has not been shown.

Recording of spreading depolarizations

Spreading depolarization leads to a local disruption of neural activity that can be
recorded in animals by electrodes on or in the cortex. In humans, in case part of the skull is
surgically removed, electrocorticography can be performed directly on the cortex without the
interference of the skull which is present in regular electro encephalography (EEG).%* This
allows for measuring a direct current shift and a depression of neural activity during a refractory
period. Recently, however, possibilities were found that seem to allow detection of spreading
depolarizations with non-invasive EEG in humans.® Alternatively, spreading depolarization
events can be detected in humans and experimental animals based on the cerebral perfusion
response. The perfusion response can be recorded with continuous superficial techniques such
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as laser speckle imaging, near infrared spectroscopy (NIRS) and Laser-Doppler Flowmetry
(LDF).65%8 With LDF, a laser beam penetrates the brain tissue, is then scattered by red blood
cells, and reflected back.®® Recording the Doppler shift allows for measurement of the blood
flow of the microcirculation. In some experimental models, changes caused by spreading
depolarizations are visible even to the naked eye.?” 707

The previously discussed techniques are all limited to recording of spreading
depolarization events and their effects at the cortical surface. For three-dimensional imaging,
and non-invasive recording of spreading depolarization, magnetic resonance (MR) imaging
can be used.”? 73 |t is also used in regular health care, for diagnostic purposes, to support
radiotherapy or surgery, and for identification of prognostic markers.” MR imaging relies on a
strong magnetic field in which the spins of hydrogen 'H and other atoms align.” By manipulating
the phase and orientation of 'H spins (which are abundantly present in soft tissues) using
magnetic field gradients and radio frequency pulses, and by recording the radio frequency the
atoms emit, it is possible to create a three-dimensional image based on MR signals with different
properties for different tissues. Relaxation of the atoms’ magnetization occurs in the direction of
the primary magnetic field (T1 relaxation) and in the plane perpendicular to the primary magnetic
field (T2 relaxation). In reality, the spins’ magnetization dephases quicker than the T2 relaxation
because of inhomogeneities in the primary magnetic field, this is called T2* relaxation. '"H MR
images can be sensitized to these relaxation times, providing different anatomical contrasts.™
MR imaging produces images with a greater detail of soft tissue anatomy than computerized
tomography (CT) imaging, which is based on ionizing X-rays.” Functional imaging is possible by
imaging at a high temporal resolution to record dynamic physiological or functional processes.

MR imaging of spreading depolarizations is based on either hemodynamic changes
or cellular changes. Hemodynamic changes, such as increased oxygenation and perfusion,
have been measured with T,- or T,*-weighted imaging” and perfusion imaging™, respectively.
Blood oxygenation level-dependent (BOLD) MR imaging is an indirect measure of neuronal
activity. Under normal circumstances, an increase in neuronal activity gives rise to an increase
in oxygen supply and uptake. However, the oxygen supply exceeds the oxygen consumption,
leading to a change in the balance of the principal blood oxygen transporter, oxyhemoglobin
and its deoxygenated state, deoxyhemoglobin. The consequent decrease in deoxyhemoglobin,
which has a different magnetic susceptibility, can be detected in MR imaging.” The first scans of
spreading depolarization in a patient with a migraine aura were made with BOLD MR imaging.*’
Cellular changes, such as transient cell swelling, in relation to spreading depolarization have
been measured with diffusion-weighted 'H MR imaging.” In biological tissue, diffusion of water
is limited by structures such as cells, fibers and macromolecules. This diffusion restriction
changes when cells depolarize and swell, which can be measured statically or dynamically
with diffusion-weighted MRI imaging.”” The physiological mechanisms underlying a spreading
depolarization wave and the interaction between cellular and hemodynamic mechanisms are
not yet fully understood, especially pathological mechanisms such as the inverse hemodynamic
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hypoperfusion response that occurs in pathological brain tissue.*® Improved imaging techniques
could contribute to unraveling these mechanisms.

Spreading depolarization-modulating drugs

In experimental animal studies, many drugs were found to either inhibit or facilitate
spreading depolarizations.*® This spreading depolarization modulation could apply to several
parameters, such as initiation threshold, propagation speed, duration or frequency of spreading
depolarizations.* In some animal models, the spreading depolarization inhibiting effect of some
drugs increased with a longer pretreatment duration, which should be taken into consideration
when interpreting negative results from studies with a short or no pretreatment.*® Conversely,
eventual translational therapeutic efforts based on pharmacological spreading depolarization
inhibition might be more successful when employing drugs that do not require extensive pre-
treatment. A final caveat when interpreting animal studies on spreading depolarizations is that
drug doses may also be higher in animal studies, but this is needed due to a higher metabolism
in smaller animals.” While many influences, such as extracellular potassium and nitrous oxide
concentrations, may facilitate spreading depolarizations, only few drugs such as barbiturates are
known to do so in animal studies.”®8? In contrast, multiple drugs were found to inhibit spreading
depolarization in animal models.%: 88384 Categories of spreading depolarization-inhibiting drugs
include antiepileptic drugs (e.g. valproate, phenytoin and topiramate), migraine prophylactics
(e.g. propranolol, valproate), drugs affecting the NMDA receptor and calcium antagonists (e.g.
nimodipine).%:8-8 Some of these drugs, such as valproate, have been well established as
spreading depolarization inhibitors in multiple animal studies by several groups.®’-%° Nimodipine
is used clinically to prevent delayed cerebral ischemia in people after subarachnoid hemorrhage
and may decrease the calcium influx in neurons or glial cells.? *° However, it is not known on
what mechanism the effect of nimodipine is based. It is unknown if spreading depolarization
inhibition is a potential therapeutic target for reducing delayed cerebral ischemia after
subarachnoid hemorrhage or reducing delayed brain injury after ischemic stroke.
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Outline of this thesis

In chapter 2 we studied the hypothesized link between spreading depolarizations and
delayed brain injury in a randomized controlled experiment in rats in which a subarachnoid
hemorrhage was induced by endovascular puncture and spreading depolarizations were
induced by KCI application in one of the two groups.

To test whether the effects of spreading depolarizations on lesion expansion could
be diminished by drugs, we used the same model in chapter 3 to assess if spreading
depolarization inhibitor valproate prevents spreading depolarization-induced delayed brain injury
after subarachnoid hemorrhage.

To be able to investigate spreading depolarizations more easily in animals and patients,
we evaluated non-invasive MRI techniques for recording of spreading depolarizations. In
chapter 4, we tested the effectiveness of two novel MR techniques for imaging spreading
depolarizations. One technique, diffusion-weighted multi-spin-echo (DT2) MRI, aims to measure
both the hemodynamic and cellular response, which can provide unique information on the
interaction between these two physiological processes. The other technique, balanced-steady-
state-free-precession (b-SSFP) MRI, aims to improve the sensitivity and a spatial specificity
compared to conventional gradient-echo MRI techniques.

In a first step to translate this research to the clinical setting, we investigated the clinical
association between spreading depolarization and secondary ischemia through observational
studies. In chapter 5 we investigated in a large cohort of subarachnoid hemorrhage patients
whether spreading depolarization-inhibiting home medication would reduce the development of
delayed cerebral ischemia and improves clinical outcome after three months.

In chapter 6, we tested in an ischemic stroke cohort the hypothesis that variations in the
arterial circle of Willis are more common in stroke patients with migraine compared with stroke

patients without migraine.

In chapter 7, | reviewed the conclusions of the chapters and discuss implications and
suggestions for future research on spreading depolarization and stroke.
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Chapter 2

Spreading depolarizations increase
delayed brain injury in a rat model
of subarachnoid hemorrhage

Hamming AM, Wermer MJ Umesh Rudrapatna S, Lanier C, van Os HJ,
van den Bergh WM, Ferrari MD, van der Toorn A, van den Maagdenberg AM,
Stowe AM, Dijkhuizen RM

J Cereb Blood Flow Metab 2016 Jul; 36(7):1224-31



Abstract

Our study demonstrates that artificially induced SDs after experimental SAH in rats
augment delayed brain injury. Our findings are in line with the hypothesis that SDs contribute to
the development of DCI in SAH patients,® which may be triggered by early brain injury leading
to further progression of post-SAH tissue damage.

SAH was induced by endovascular puncture of the right internal carotid bifurcation.
After one day, brain tissue damage was measured with T,-weighted MRI, followed by application
of 1M KCI (SD group, N=16) or saline (no-SD group, N=16) to the right cortex. Cortical laser-
Doppler flowmetry (LDF) was performed to record SDs. MRI was repeated on day 3, after which
brains were extracted for assessment of SAH severity and histological damage.

5.0+2.7 SDs were recorded in the SD group. SAH severity and mortality were similar
between the SD and no-SD groups. SAH-induced brain lesions expanded between days 1 and
3. This lesion growth was larger in the SD group (241+233 mm?3) than in the no-SD group (29154
mm?3) (p=0.001).

We conclude that induction of SDs significantly advances lesion growth after
experimental SAH. Our study underscores the pathophysiological consequence of SDs in the
development of delayed cerebral tissue injury after SAH.

SDs increase delayed brain injury in rat SAH

Introduction

Aneurysmal subarachnoid hemorrhage (SAH) has a poor prognosis.? A feared
complication is the development of delayed cerebral ischemia (DCI), which occurs in
approximately one third of patients. The cause of DCI has been an ongoing matter of debate
and suggested mechanisms include vasospasm, (micro-)thrombosis and cortical spreading
depolarization.?® °! It has been shown in rats that accumulation of the hemolysis products
hemoglobin and K* in the subarachnoid space can induce spreading ischemia — an inverse
hemodynamic response (i.e. transient hypoperfusion) to spreading depolarization in tissue
at risk — contributing to expanding cortical infarction.®® Furthermore, electrocorticography
measurements in cortical tissue of SAH patients have revealed spreading depolarizations (SDs)
in association with development of delayed ischemic damage.*®

SDs are slow waves of neural cell depolarization, self-propagating through the cortex
at a speed of 2-6 mm/min.3 Under normal conditions, a SD is a reversible phenomenon
accompanied by an increase in perfusion to support restoration of the electrolyte balance.**
However, SDs may lead to irreversible damage in metabolically compromised brain tissue, such
as after SAH or ischemic stroke.* In rats, occasional SD-like phenomena have been detected
acutely after experimental SAH.%%°2 |[n a small series of 13 patients, electrocorticographic activity
and perfusion were measured from a strip of opto-electrodes on the cortex after surgery for
aneurysm clipping.® Clusters of prolonged SDs, accompanied by transient hypoperfusion, were
measured in close proximity to ischemic brain damage in five patients.®
Despite these observations, a direct link between the occurrence of SDs and (delayed)
progression of cerebral tissue injury after SAH has not yet been demonstrated. Therefore, we
tested the hypothesis that SDs, artificially induced in rats after SAH, increase delayed brain
injury, measured with MRI and histology.
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Chapter 2

Materials and Methods

Study design

This study was performed in accordance with guidelines of the European Communities
Council Directive and approved by the Animal Experiments Committee of the University
Medical Center Utrecht and Utrecht University. Data reporting is in compliance with the ARRIVE
guidelines (www.nc3rs.org.uk/arrive-guidelines).

A sample size of 16 animals (male Wistar rats (200-250 g); Charles River, Sulzfeld,
Germany) per group was a priori calculated based on a Chi-square test with a hypothesized
SD-induced lesion growth from 200 + 75 mm?3 to 300 + 75 mm?, and 35% mortality before day 3,
based on a previous study from our group.®® Rats were housed under standard conditions and
received daily intraperitoneal saline injections. Rats were excluded if no SAH was identified on
post-mortem investigation.

An additional six healthy control rats were used in a pilot study to measure the
consequences of SD induction in healthy brain.

Subarachnoid hemorrhage model

Rats were anesthetized, endotracheally intubated and mechanically ventilated with 2%
isoflurane in air/O, (80%/20%). Intracranial endovascular perforation at the bifurcation of the
right anterior cerebral artery and middle cerebral artery was induced by transiently advancing a
sharpened prolene 3-0 suture through the right internal carotid artery, as described previously.5?
After this, anesthesia was ended and rats were extubated.

Induction and recording of SDs

One day after SAH, rats were endotracheally intubated and mechanically ventilated
with 2% isoflurane in air/O, (80%/20%) for MRI (see below). Directly after MRI, rats remained
anesthetized, and a 2-mm burr hole was drilled in the skull at 2 mm anterior of lambda and 2
mm right of the sagittal suture, and the underlying dura was opened. Laser-Doppler flowmetry
(LDF) probes (Moor Instruments, Devon, UK) were positioned at 1 and 2 mm anterior of the burr
hole (2 mm right of the sagittal suture) after skull thinning at these positions. A saline-soaked
cotton ball was placed in the burr hole. After ten minutes of baseline recording, the cotton ball
was replaced by a cotton ball soaked in 1.0 M KClI (pilot study (N=6) and SD group (N=16)) or
saline (no-SD group (N=16)). LDF recording was continued for 50 minutes. Distinct transient
increases in LDF were scored as SDs by an observer blinded to group assignment.
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Sensorimotor function test

Functional status was assessed daily before any procedures with an inclination test (SD
group: N=11; no-SD group: N=12).% To this end, rats were placed on a triplex plane, of which the
horizontal angle was increased in steps until the rat slid down.

MRI of brain lesions

On days 1 and 3 post-SAH, rats were endotracheally intubated and mechanically
ventilated with 2% isoflurane in air/O, (80%/20%) for MRI on a 4.7T/40cm MR system (Varian
Inc., Palo Alto, CA, USA). A 90-mm Helmholtz volume coil and an inductively coupled surface
coil (2.5-cm diameter) were used for excitation and detection of radio frequency signals,
respectively. The MRI protocol included T,-weighted multi-echo MRI (repetition time (TR) 3000
ms; echo times (TE) 12-144 ms in twelve 12-ms steps; field-of-view (FOV) 32x32 mm?; data
matrix 256x128; 19 slices of 1 mm; number of acquisitions (NA) 2).

T, maps were calculated from a non-linear least squares fitting routine. Images were
registered to a reference T,-weighted image using FLIRT.® Lesion regions, characterized by
clear T, hyperintensity, were drawn using FSL software (3.1.8, University of Oxford, Oxford,
UK) by two independent, observers who were blinded to group assignment, from which the
intersection was taken. A cortical tissue volume of 2x2x1 mm? below the burr hole was excluded
from lesion volume calculation to prevent inclusion of tissue that was directly affected by KCI.
Lesion growth was calculated as the difference between lesion volumes on day 3 and day 1.

SAH severity scoring

After spontaneous death or after sacrificing of the rat on day 3, brains were perfusion-
fixed with 4% paraformaldehyde and removed from the skull. Pictures of the ventral side of
the brain were scored according to Sugawara’s SAH severity score®, ranging from 0 (no
subarachnoid blood) to 18 (large SAH).

Histology of tissue damage

Extracted brains were stored in phosphate-buffered saline with 0.5 g/L sodium azide
(Sigma-Aldrich, St. Louis, MO, USA). We selected brain samples from rats (SD group: N=4, no-
SD group: N=5) with different patterns of lesion development after SAH: MRI-detectable lesions
on days 1 and 3; MRI-detectable lesions only on day 3; and no MRI-detectable lesions on days
1 and 3. The brains were cryoprotected by subsequent immersion in 15% sucrose (for 48 h) and
30% sucrose solutions (for 48 h). Coronal sections (30 um) were cut on a freezing microtome,
followed by Nissl staining according to standard protocols.%”

Images of complete coronal sections corresponding with MRI slices were acquired
using digital microscopy (Nanozoomer 2.0HT, Hamamatsu, Hamamatsu-shi, Shizuoka-ken,
Japan). Further analysis was done on 20X images of four selected regions, characterized by: (i)
T, hyperintensity on post-SAH days 1 and 3 (‘early lesion’); (ii) T, hyperintensity only on post-
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SAH day 3 (‘delayed injury’); and (iii) two contralesional counterparts (regions 1, 2, 3 and 4,
respectively, in Figure 4A). Presence of neuronal injury/death, identified by pyknotic cell staining
patterns, was scored for each quadrant of the respective regions by an observer blinded to
group assignment, resulting in neuronal injury scores ranging from negative to ++++ for each
region.

Statistics

A repeated measures ANOVA with post-hoc paired t-testing was used to analyze scores
on the inclination test. An independent samples t-test was used for comparing T, values between
(sub)groups, and a paired samples t-test for comparing T, values within individuals. Lesion
volumes on MRI and SAH severity scores were compared with a Mann-Whitney U test. Lesion
incidence and mortality were analyzed with a Chi-square test. Spearman’s Rho was calculated
to measure correlation between SAH severity and mortality, and between number of SDs and
lesion volume. Values are shown as mean * SD. A p-value <0.05 was considered statistically

significant.
1 day post-SAH, KCl-induced SDs 3 days post-SAH,
before SDs after SDs

T2 (ms)
100

80
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40

20
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Figure 1. T, maps of lesions, and LDF recordings of SDs. T, maps of a posterior brain slice at
day 1 post-SAH, before SD induction (left panel), and at day 3 post-SAH, after SD induction
(right panel), in two rats from the SD group. Arrows indicate the KCI application site (right
panel). Middle panel: LDF recordings from the same two rats, showing KCl-induced SDs with
associated transient flow increases (top row) or reductions (bottom row (recordings from both
LDF probes)). Lesion growth between days 1 and 3 was larger in the animal with SD-associated
transient hypoperfusions.
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Results

One rat was excluded based on the absence of a SAH on post-mortem investigation,
resulting in final sample sizes of 16 (for the SD group) and 15 (for the no-SD group).

In the six healthy control rats, KCI application led to 6.7 + 1.8 SDs, depicted by transient
increases in blood flow as measured during the 50-min LDF recording. MRI of the underlying
cortical tissue one day after KCI application showed no signs of tissue damage (T, values:

58 + 1 ms ipsilateral versus 59 + 1 ms contralateral. In the SD group, 5.0 £ 2.7 SDs were
measured in 9 out of 12 surviving rats. Most of these SDs were characterized by transient
hyperperfusion (Figure 1, top), similar to the observation in healthy control rats. However, in two
rats, we recorded spreading hypoperfusion (Figure 1, bottom). In these two animals, cortical

T, values below the KCI application site were slightly elevated before SD induction (60 + 3 ms)
as compared to the animals with hyperemic responses (58 + 1 ms), but this difference was not
statistically significant (p=0.32). LDF recordings were unsuccessful in three rats. No SDs were
recorded in the no-SD group.

Sensorimotor function, as scored from the horizontal angle on the inclination test, was
lower at day 1 (SD group: 35 + 7; p=0.002; no-SD group: 39 + 6; p=0.02) and day 3 post-SAH
(SD group: 38 £ 7; p=0.01; no-SD group: 40 + 6; p=0.03) as compared with pre-SAH (SD
group: 49 £ 3; no-SD group: 46 + 3). However, there were no statistically significant differences
between the groups.

Mortality, lesion characteristics and SAH severity are shown in Table 1. There were no
statistically significant differences in mortality and SAH severity between the SD and no-SD
groups.

Lesions, identified as hyperintense tissue on T,-weighted MR images in ipsi- and
contralateral cortical and subcortical areas, had significantly prolonged T, values as compared
with T, values in unaffected tissue (SD group: 52 + 1 ms; no-SD group: 52 + 1 ms), at post-SAH
day 1 (SD group: 75 = 7 ms; p<0.001; no-SD group: 68 + 4 ms; p<0.001) and day 3 (SD group:
62 £ 5 ms; p<0.001; no-SD group: 61 + 3 ms; p<0.001). Figure 2 shows the lesion incidence
maps of the groups at both time points, as well as the lesion growth. Figure 3 shows the lesion
volumes of the individual animals at days 1 and 3 post-SAH in the SD and no-SD groups.
Lesion occurrence and size were not statistically significantly different between groups at day 1
(before SD induction (Table 1); admittedly this may also be due to the large variations in lesion
size. At day 3, the lesion area had expanded, particularly in the SD group, which mostly (but
not exclusively) involved ipsilateral cortical regions in both groups (Figures 2 and 3). Lesion
occurrence at day 3 was higher in the SD group (100%) as compared to the no-SD group (31%)
(p=0.001). Moreover, lesion growth at day 3 was considerably larger in the SD group (241 + 233
mm?) as compared to the no-SD group (29 £ 54 mm?) (p=0.008).
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SD group
Day 1

No-SD group
Day 1

AN

Growth

Figure 2. Maps of lesion incidence and growth.

Multislice T, maps of rat brain (top row), with the excluded region below the KCI application site
in red, and voxel-based representations of fraction of rats with lesioned tissue identified on T,
maps at days 1 and 3, and the difference between these time-points (‘lesion growth’), in SD and
no-SD groups. SD = spreading depolarization.
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Figure 3. Lesion size. Lesion volumes of individual animals at days 1 and 3 post-SAH in the SD
(A) and no-SD groups (B). Each animal is represented by a different color.

Figure 4. Histology.

A. T, maps of a brain slice of a rat from the SD group at post-SAH days 1 (top) and 3
(bottom). A subcortical lesion was present at post-SAH day 1, before SD induction, and a
cortical lesion became apparent at post-SAH day 3, i.e. 2 days after SD induction. Regions-
of-interest in early injured tissue (region 2), delayed injured tissue (region 4), and unaffected
contralesional counterparts (regions 1 and 3, respectively) are displayed in the post-SAH day 3
image. B. Nissl-staining of four regions-of-interest (20X magnification) as displayed in fig. 3A.
Contralesional regions (1 and 3) show unaffected healthy tissue. Tissue with early injury after
SAH (i.e. before SD induction) shows clear signs of blood extravasation into the parenchyma
(reddish brown areas), neuronal damage and/or death, as shown by the majority of shrunken,
pyknotic nuclei (region 4). The extent of tissue injury is milder in the region with delayed
lesion manifestation (i.e. after SD induction) (region 2), with only a few dark, shrunken nuclei
interspersed in the parenchyma. Scale bars: 300 pym.
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We found no statistically significant correlation between SAH severity and 3-day lesion
volume (Rho=0.36; p=0.10) or lesion growth (Rho=0.33; p=0.14). There was a high correlation
between number of recorded SDs and lesion growth in the SD group (Rho=0.69, p<0.001).

Because of the large variation in lesion size, we performed a subgroup analysis based
on the presence of a small lesion (size of < 20 mm?3) or a large lesion (size of > 20 mm?3) on day
1. The lesion growth in animals with a small lesion at day 1 was significantly larger in the SD
group (142 = 119 mm? (N=6)) than in the no-SD group (4 £ 12 mm? (N=10)) (p=0.001). In rats
with a large lesion at day 1, lesion growth was not significantly different between the SD group
(367 £ 298 mm? (N=6)) and the no-SD group (114 = 55 mm? (N=4)) (p=0.29); again this may be
due to large variation in growth in the SD group.

Lesioned tissue, as identified with MRI on day 1, revealed pyknotic staining patterns
with shrunken or absent nuclei on histological sections at day 3 (median injury score: +++) and
presence of hemorrhages (Figure 4B, region 4). In lesion growth regions, where tissue lesions
were identified with MRI only at day 3, the extent of injury was smaller (median injury score: ++)
(Figure 4B, region 2). Neuronal injury was absent in regions identified as non-lesioned with MRI
at day 3 (Figure 4B, regions 1 and 3).

Table 1. Mortality, lesion characteristics and SAH severity.

Day 1 (pre-SD) Day 3 (post-SD)
Group SD No-SD p SD No-SD p
Mortality 25% (N=16) 7% (N=15) 0.17 25% (N=12) 7% (N=14) 0.21
Lesion occurrence 50% (N=12) 29% (N=14) 0.26 100% (N=9) 31% (N=13) 0.001*
Lesion size (mm?3) 152 +£295 (N=12) 49 +95(N=14) 0.35 273 £275 (N=9) 60 + 112 (N=13) 0.008*
Lesion growth (mm?)  N/A N/A N/A 241+ 233 (N=9) 29 + 54 (N=13) 0.001*
SAH severity score N/A N/A N/A 11.9+3.4 (N=9) 11.9+2.7(N=13) 0.84

Day 1 mortality was measured between pre-SAH and post-SAH day 1, i.e. before KCI or NaCl
application. Day 3 mortality was measured in the interval between post-SAH days 1 (after KCI or
NaCl application) and 3. Lesions were identified as clearly hyperintense brain tissue areas on T,
maps. Lesion occurrence and size were recorded on days 1 and 3. Lesion growth was defined
as brain tissue area with a lesion on day 3 where no lesion was identified on day 1 (which

could only be measured in animals that survived until day 3). SAH severity was measured from
Sugawara’s scoring test.%
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Discussion

Our study demonstrates that artificially induced SDs after experimental SAH in rats
augment delayed brain injury. Our findings are in line with the hypothesis that SDs contribute to
the development of DCI in SAH patients,% which may be triggered by early brain injury leading
to further progression of post-SAH tissue damage.

Cortical SDs have been previously recorded in humans up to two weeks post-SAH,®
and in laboratory animals within the first hours after SAH.%2 % The mechanism leading to SDs
after SAH is unknown, but several pathologic conditions such as hypoxia, transient ischemia,
high extracellular potassium levels and free hemoglobin may trigger SDs.?8 %% Under normal,
physiological conditions experimentally induced SDs are followed by hyperemia to compensate
for the increased energy metabolism. In accordance, we detected clear hyperemic responses
with LDF after cortical application of 1 M KCI for less than an hour in healthy control rats, and
no signs of tissue injury were detected with MRI one day thereafter. However, since cortical KCI
application at higher dosage and for longer duration has been shown to cause direct local tissue
damage, ' we excluded the underlying cortical volume from SAH lesion volume calculations.
Nevertheless, possible further effects of KCI on tissue injury development in SAH-affected brain
could not be ruled out.

SD-induced hyperemic responses, similar to those observed in healthy control rats,
were found after KCI application to the perilesional cortex of rats at 1 day after SAH. However,
in two out of nine animals, we detected waves of transient hypoperfusion, which suggests
that the underlying tissue was already compromised. This confirms the hypothesis that under
pathological conditions, such as after stroke or SAH, paradoxical hypoperfusion can occur
after SDs, ultimately leading to ischemic tissue damage.% 1°!: 192 |mportantly, SD-induced
hypoperfusion may also have occurred outside of our LDF recording region, i.e. in compromised
areas with impaired neurovascular coupling, thereby contributing to post-SAH lesion expansion.

Despite large variation in lesion size after SAH, which is a feature of the endovascular
puncture model in rats®, the degree of SAH severity was similar between groups, and we
measured statistically significant differences in lesion growth between the SD and no-SD
groups. Our study is the first to relate lesion expansion to SDs beyond the first day after SAH
in an experimental model. Lesion volume as measured by MRI expanded eight times more
after induction of SDs, as compared to conditions without experimentally induced SDs. In a
subgroup analysis of rats with small or large lesions on day 1 post-SAH, before cortical KCI or
NaCl application, we found that the contribution of SDs to lesion growth was most significant
in animals with small initial lesions. This suggests that under pathological conditions SD
occurrence in relatively unaffected tissue can have critical impact on remote areas with neuronal
or neurovascular impairment.
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We did not detect any spontaneous SDs during the relatively short recording time-
frame of 1 h. Nevertheless, this does not exclude the occurrence of SAH-induced spontaneous
SDs outside of the recording time or outside the observed region. Theoretically, the possible
occurrence of spontaneous SDs — conceivably triggered by early brain injury — may have
contributed to the 122% delayed lesion growth that was found in the no-SD group, but this could
also be explained by other pathological factors that have been previously measured in this rat
SAH model, such as vasospasm?®: 1931 and Juxury perfusion.®

Histological analysis revealed clear neuronal pyknosis in all areas identified as lesion
areas on T, maps at post-SAH day 3, which reflects ischemia-induced apoptosis and/or
necrosis. No pyknosis was observed in non-lesioned areas, confirming that absence of MRI-
detectable lesions corresponded with intact tissue. The extent of neuronal damage was related
to the time of lesion occurrence on MRI, reflecting the different progression of early and delayed
injury. However, more detailed histological assessments are required to accurately characterize
the status of tissue damage in relation to the different aspects of SAH pathophysiology.

Despite the increased lesion expansion, we did not detect statistically significant effects on
sensorimotor function between the SD and no-SD groups. This may be related to the relatively
crude outcome measure of the inclined plane test, which suggests that more extensive and
subtle behavioral tests should be included in future studies.

In conclusion, our study in rats demonstrates that KCl-induced SDs in perilesional
cortical tissue aggravate (early) brain tissue damage after SAH leading to augmentation of
delayed brain injury. Our animal model of modulation of brain injury by SD induction after SAH
may be useful for future studies on the pathogenesis and treatment of evolving brain injury,
which may include preclinical testing of therapeutic effects of SD inhibitors.
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Abstract

Background and Purpose

Spreading depolarizations (SDs) may contribute to delayed cerebral ischemia after
subarachnoid hemorrhage (SAH). We tested whether SD-inhibitor valproate reduces brain injury
in a SAH rat model with and without experimental SD induction.

Methods

Rats were randomized in a 2x2 design and pretreated with valproate (200 mg/kg) or
vehicle for 4 weeks. SAH was induced by endovascular puncture of the right internal carotid
bifurcation. One day post-SAH, brain tissue damage was measured with T,-weighted magnetic
resonance imaging, followed by cortical application of 1 mol/L KCI (to induce SDs) or NaCl (no
SDs). Magnetic resonance imaging was repeated on day 3, followed by histology to confirm
neuronal death. Neurological function was measured with an inclined slope test.

Results

In the groups with KCI application, lesion growth between days 1 and 3 was 57+73mm?
in the valproate-treated versus 237+232mm? in the vehicle-treated group. In the groups without
SD-induction, lesion growth in the valproate- and vehicle-treated groups was 8£20mm? versus
27+52mm?3. On fitting a 2-way analysis of variance model, we found a significant interaction
effect between treatment and KCI/NaCl application of 161mm? (P=0.04). Number and duration
of SDs, mortality and neurological function were not statistically significantly different between
groups. Lesion growth on magnetic resonance imaging correlated to histological infarct volume
(Spearman’s rho=0.83;P=0.0004), with areas of lesion growth exhibiting reduced neuronal death
compared with primary lesions.

Conclusions

In our rat SAH model, valproate treatment significantly reduced brain lesion growth after
KCl application. Future studies are needed to confirm that this protective effect is based on SD-
inhibition.

Valproate reduces SD injury in rat SAH

Introduction

Delayed cerebral ischemia (DCI) is a common and feared complication after
subarachnoid hemorrhage (SAH) which occurs in approximately one third of patients.?

The mechanisms that are involved in DCI development are largely unknown. Spreading
depolarizations (SDs) have been suggested to be associated with DCI in experimental and
clinical SAH studies.5®

SDs are waves of depolarizations of neurons and glial cells that spread across brain tissue at a
speed of 2 to 6 mm/min."% SD is the underlying mechanism of a migraine aura, but may also be
associated with other brain diseases. In migraine aura, the tissue recovers from the electrolyte
imbalance caused by SDs, presumably through temporary hyperperfusion.*' However, after an
acute ischemic brain insult, such as SAH, SDs may cause permanent tissue injury arising from
spreading ischemia because of an inverse hemodynamic response to SD combined with an
increased metabolic demand.® % In a small study of SAH patients who needed surgery for their
ruptured aneurysm, SDs were recorded by electrocorticography and seemed associated with the
development of DCI.* Inhibition of SD is therefore a potential therapeutic approach to prevent
brain injury after SAH.

Multiple drugs, including antiepileptic drugs and migraine prophylactics, have SD-
inhibiting properties.* For SAH patients, nimodipine is the only established drug for the clinical
prevention of DCI.2° Although the mechanism of action of nimodipine has not been elucidated, it
has shown to be effective in inhibiting SDs in animal studies.? "% Valproate is another effective
SD-inhibiting drug.®-# Intraperitoneal injection of valproate was found to decrease lesion size
after ischemic stroke in a rat model,' where SDs have been shown to contribute to lesion
growth.%8 1% Valproate treatment has also been shown to improve the outcome in a mouse
model with SAH induced by subarachnoid blood injection."® However, the mechanisms through
which valproate may reduce brain injury after SAH remains unknown.

We recently developed a rat model for SD-induced delayed brain injury after SAH." The
aim of our study was to investigate whether valproate inhibits post-SAH lesion growth after SAH
with and without experimental induction of SDs.
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Methods

Study Design

This study was performed in accordance with guidelines of the European Communities
Council Directive and approved by the Animal Experiments Committee of the University Medical
Center Utrecht. Data reporting is in compliance with the Animal Research: Reporting of In Vivo
Experiments guidelines (ARRIVE; www.nc3rs.org.uk/arrive-guidelines). Adult male Wistar rats
of 200 to 250 g (Charles River, Sulzfeld, Germany) were housed in a 12-hour light, 12-hour dark
cycle and had access to standard laboratory chow and water ad libitum. A sample size of 16 to
17 animals per group was a priori calculated based on the Chi-square test with a hypothesized
valproate-induced lesion reduction from 300 (£75) mm?3 to 200 (£75) mm?® and 35% mortality
before day 3, based on previous research from our group.® Rats were randomized in a 2x2
design with randomization through an electronically generated list by an independent person
with allocation concealment. Animals were treated daily, starting 4 weeks before SAH induction,
with 0.2 mL/100 g of 100 mg/mL intraperitoneally administered sodium valproate (200 mg/kg;
valproate groups) or saline (with a similar osmolarity and pH as valproate; vehicle groups). Four
weeks after treatment onset, SAH was induced in all animals, followed by cortical application
of KCI — to induce SDs — (KCI groups) or application of saline — which does not induce SDs
— (NaCl groups). The treatment was continued until 2 days after SAH. This resulted in the
following groups: valproate-KCI group (N=17); vehicle-KCI group (N=16); valproate-NaCl group
(N=17), and vehicle-NaCl group (N=16). Rats were excluded if their body weight dropped below
280 g after pretreatment, and in case no SAH was present on postmortem investigation. Data
from the vehicle groups have also been used for an earlier study.

Subarachnoid Hemorrhage Model

Rats were anesthetized, endotracheally intubated, and mechanically ventilated with
2% isoflurane in air/O, (4/1). Core temperature was maintained at 37.5°C using a temperature-
controlled heating pad. SAH was induced by intracranial endovascular perforation as described
previously.®® In brief, a stump was created from the right external carotid artery, through which
a sharpened 3-0 prolene suture was advanced into the right internal carotid artery to perforate
the intracranial bifurcation at the base of the middle and anterior cerebral arteries. After SAH
induction, the suture was withdrawn, and temporary clips on the common carotid artery were
removed to enable reperfusion, after which anesthesia was ended.

Induction and Recording of Spreading Depolarizations

One day after SAH (and after the first magnetic resonance imaging [MRI] session, see
below), a 2-mm burr hole was drilled in the skull at 2 mm anterior to lambda and 2 mm right
of the sagittal suture, and the underlying dura was opened. In addition, the skull was indented
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with a drill at 1 and 2 mm anterior of the burr hole. A small amount of mineral oil was placed in
the indents and a glass fiber probe was placed at each indent, connected to a laser-Doppler
flowmetry (LDF) device, which continuously measured cerebral blood flow (CBF) for 1 hour.

A cotton ball soaked with saline was placed in the burr hole. After 10 minutes, the ball was
replaced by a cotton ball soaked in 1.0 mol/L KClI to induce SDs (KCI groups) or in saline (NaCl
groups). LDF recording was continued for 50 minutes. Number of SDs, estimated from distinct,
propagating, transient increases or decreases in LDF were scored by an observer who was not
present during LDF recording and blinded to group assignments. We also measured the total
duration of the LDF response to SD by visually scoring the duration of all flow transients We
have previously shown that the KCL-application did not induce MRI-identifiable lesions in rats
without SAH.™

Sensorimotor Function Test

In subgroups of rats (N=10 [group valproate-KClI], 12 [group valproate-NaCl], 10 [group
vehicle-KCI] and 12 [group vehicle-NaC])) we daily assessed functional status with an inclination
test.® This test assesses a rat’s ability to keep from sliding down a triplex plane with increasing
horizontal angle, scored by the maximum angle before a rat slid down. The inclination test is a
relatively simple and easily applicable test, which we have used in a previous study in rats after
SAH.20

MRI of Brain Lesions and Perfusion

On days 1 and 3 post-SAH, rats were endotracheally intubated and mechanically
ventilated with 2% isoflurane in air/O, (4/1) for MRI on a 4.7T/40 cm magnetic resonance
system. The MRI protocol included T ,-weighted multi-echo MRI and a flow-sensitive alternating
inversion recovery (ITS-FAIR)"2 protocol with a 2-shot gradient-echo echo planar imaging
acquisition for perfusion measurement (see Data Supplement).

T,-maps were calculated from a non-linear least squares fitting routine. Images were
registered to a reference T,-weighted image using Oxford Centre for Functional MRI of the Brain
(FMRIB’s) Linear Image Registration Tool (FLIRT).% In this reference image, regions of interest
encompassing the ipsilateral and contralateral sensorimotor cortex and striatum were drawn
(by a blinded observer) for cortical and subcortical perfusion measurements. Lesion regions,
characterized by clear T -hyperintensity, were drawn using FMRIB Software Library (FSL)
software by 2 independent observers who were blinded to group assignment. The intersection
of both sets of lesion regions was taken for further lesion size analyses. We subdivided lesion
regions in ipsilateral and contralateral cortical and subcortical regions for additional analysis.

A cortical tissue volume of 3x3x2 mm? below the burr hole was excluded from lesion volume

calculation to prevent inclusion of tissue that was directly affected by KCL-application. Lesion
growth was calculated as the difference between lesion volumes on days 3 and 1 post-SAH.

Cerebral blood flow (CBF) was measured in the ipsilateral and contralateral cortical and
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subcortical regions after registering the CBF images to the T -weighted reference image."?
Cortical CBF was expressed as percentage of the CBF value in the unaffected subcortical area
contralateral to the side of SAH induction.

SAH Severity Scoring

Surviving rats were euthanized on day 3 post-SAH, after MRI, by an intraperitoneal
overdose of pentobarbital. Brains were perfusion-fixed with 4% paraformaldehyde and removed
from the skull. Pictures were taken from the base of the brain. To score SAH severity, ventral
brain images were segmented into 6 segments, followed by SAH severity scoring between 0 (no
subarachnoid blood) and 18 (large SAH) according to Sugawara et al.*

Histology of Tissue Damage

Extracted brains were stored in phosphate-buffered saline with 0.5 g/L sodium azide.
A randomly chosen cohort of brains were used for a separate microthrombi study and was
unavailable for histological analysis. From the remaining brains, we selected brain samples
from rats (group valproate-KCI, N=6; group valproate-NaCl, N=0; group vehicle-KCI, N=4; group
vehicle-NaCl, N=5) with the following patterns of lesion development after SAH: MRI-detectable
lesions on days 1 and 3; MRI-detectable lesions only on day 3; and no MRI-detectable lesions
on days 1 and 3 post-SAH. Brains were cryoprotected by immersion in 15% sucrose for 48
hours followed by immersion in 30% sucrose solutions for another 48 hours. Coronal sections
(30 um) were serially cut on a freezing microtome, followed by a combined Nissl or Luxol fast
blue (LFB) stain.®” Images of complete serial coronal sections were acquired using digital
microscopy. Severity analysis was done on 20x images of 4 or 5 selected regions of interest
(ROls), characterized by: (1) T, hyperintensity on post-SAH days 1 and 3 (‘early lesion’);
(2) T, hyperintensity only on post-SAH day 3 (‘delayed injury’); or (3) no T, hyperintensities.
Presence of neuronal injury/death, identified by pyknotic cell staining patterns, was scored
for each quadrant of each ROI on a scale ranging from 0 to 4 (ie, least to greatest severity)
by an observer blinded to group assignment."" Total infarct volume was determined using
area annotations (um?2) in NDP view (Nanozoomer Digital Pathology software by Hamamatsu
[Hamamatsu City, Japan]) by a second blinded observer.

Outcome Measures

The primary outcome measure (lesion growth) was defined as tissue with a lesion
on day 3 where no lesion was seen on day 1 post-SAH. Other outcome measures were
sensorimotor function score and mortality. Mortality was determined between pre-SAH and 1
day post-SAH, before SD-induction, and between days 1 and 3 post-SAH, after SD-induction.

38

Valproate reduces SD injury in rat SAH

Statistics

To assess the effect of SD (KCI versus NaCl) and pretreatment (valproate versus
vehicle) on lesion growth, we used a 2-way analysis of variance. The interaction between
medical treatment and NaCl/KCl was of particular interest to us because it captures the
difference in pretreatment effect between the NaCl and KCI groups. We observed considerable
skewedness of the distribution of the lesion growth and possibly also heteroskedasticity between
the 4 groups. To account for this, we used the robust Huber-White sandwich estimator for the
standard errors. We computed this estimator by fitting a generalized estimating equations
(GEE) model in SPSS with the robust option and independent correlation structure.' 14
Inclination test scores were analyzed with the same statistical model. Difference in mortality
between days 1 and 3 between valproate-KClI versus vehicle-KCl and valproate-NaCl versus
vehicle-NaCl groups was analyzed with a Fisher exact test. Spearman’s Rho was calculated to
measure correlation between lesion sizes as scored by the 2 observers; between MRI-based
and histological lesion volumes; and between T -hyperintensity and neuronal injury severity
scores. Number of SDs and total duration of the SD-induced LDF change were statistically
compared between the KCI groups with an unpaired Student’s t test. Cortical CBF values from
MRI measurement on day 1 were compared between treatment groups and between ipsi- and
contralateral sides with a 2-way analysis of variance. Values are shown as meanzstandard
deviation. A P value <0.05 was considered statistically significant.
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Figure 1. Laser-Doppler flormetry (LDF) recordings. One rat from the valproate-KCI group
showing transient flow increases on both probes typical of spreading depolarization (SD) In the
NaCl groups, no pattern of transient increases or decreases were seen.
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Results

Four rats were excluded because of significant loss of body weight (N=1) or absence
of subarachnoid blood (N=3), resulting in the following final group sizes: valproate-KCI group

(N=15); vehicle-KCI group (N=16); valproate-NaCl group (N=16) and vehicle-NaCl group (N=15).

SAH severity of surviving rats at day 3 was moderate, with group scores of 11+2 (valproate-
KCI), 1243 (vehicle-KCI), 1013 (valproate-NaCl) and 12+3 (vehicle-NaCl), and no statistically
significant differences between groups.

Spreading Depolarizations

In the rats with experimental SD-induction, we measured 4.1+2.9 (valproate-KCI group)
and 5.0+2.7 SDs (vehicle-KCI group) (P=0.54) during 50 minute recording after KCL-application
(figure 1). The average total duration of LDF change was 642+571s in the valproate-KCI group
and 1158+508s in the vehicle-KCI group (P=0.09). No spontaneous SDs were recorded after
cortical saline application in the NaCl groups. Figure 1 shows typical LDF recordings after
cortical KCI or NaCl application.

Brain Lesion Development

MRI revealed lesions with prolonged tissue T, in ipsilateral and contralateral cortical
and subcortical areas, which expanded between days 1 and 3 after SAH (figure 2). Delineated
lesions volumes, identified as hyperintense tissue in ipsilateral and contralateral cortical and
subcortical areas on T,-weighted magnetic resonance images, correlated between raters with
Rho=0.96 (P<10%). In the groups with SD-induction, lesion growth from day 1 to day 3 post-
SAH was 57+73mm? in the valproate group as compared to 237+232mm? in the vehicle-treated
group (figure 3A). In the groups without experimental SD-induction, lesion growth was 8:20mm?
in the valproate group and 27+52mm? in the vehicle treated group. On fitting a 2-way analysis
of variance model, we found a significant interaction effect between treatment and KCL/NaCL
application of 161mm?3 (P=0.04). Analysis of subregions within the lesion territory revealed that
statistically significant effects for treatment (P=0.004), NaCI/KCI (P<0.001) and their interaction
(P=0.021) were only detectable in the ipsilateral cortical lesion subregion, and not in the other
lesion subregions (Table 1.).

Cerebral Blood Flow

On day 1 after SAH, before KCI/NaCl application, cortical CBF values were 1341+91% (of

reference) in the ipsilateral and 131£86% in the contralateral hemisphere in the vehicle-treated
animals. In valproate-treated animals, ipsi- and contralateral CBF values were 111+39% and

96+30%, respectively. There was a significant main effect of treatment on cortical CBF; CBF was

lower in valproate-treated rats (P=0.04). There was no significant main effect of hemispheric
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side (P=0.51), and no significant interaction effect between treatment and hemispheric side
(P=0.69).

Sensorimotor function

Sensorimotor function, expressed by the inclination test score was significantly reduced
at 1 (valproate-KCI group:33+7; vehicle-KCI:38+7; valproate-NaCl:38+10; vehicle-NaCl:40+6)
and 3 days after SAH (valproate-KCI group:34+6; vehicle-KCl:35+7; valproate-NaCl:3616;
vehicle-NaCl:39+6) as compared with before SAH (valproate-KCI group 46+4; vehicle-KCl:49+3;
valproate-NaCl:4516; vehicle-NaCl:46+3; P<10* in all groups). There were no significant group
differences in the inclination test score change between days 1 and 3 (figure 3B).

Mortality

Figure 3C shows survival in the experimental groups. Between day 1 and 3 post-SAH,
none of the 11 rats in the valproate-treated group died after KCL-application, whereas 3 of 11
rats had died in the vehicle-treated group (P=0.21). In the NaCl groups, 4 out of 11 rats that had
died in the valproate-treated group, and 1 out of 14 rats in the vehicle-treated group (P=0.13).

Histology

Histological assessment of neuronal death with Nissl staining showed that lesioned
tissue, as identified with T,-weighted MRI on day 1 post-SAH (early lesion), had pyknotic
staining patterns with shrunken or absent nuclei and reduced Luxol fast blue staining, indicative
of demyelination, when the rats were euthanized at day 3 post-SAH (Figure 4; neuronal injury
severity score 3+1). In regions where tissue lesions were identified with T,-weighted MRI only
at day 3 (lesion growth), the histological degree of injury was generally less severe (neuronal
injury severity score 2+1). Neuronal injury was absent in all regions identified as non-lesioned
with T,-weighted MRI at day 3 (neuronal injury severity score 0+0). The neuronal injury severity
score was significantly correlated with absent, late or early presence of T -lesions (Spearman’s
rho=0.91; P=2*102*). Histologically measured infarct volumes were significantly correlated
with T,-based lesion volumes (Spearman’s rho=0.83; P=0.0004), confirming infarction in MRI-
identified lesion areas.
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Figure 2. Lesion incidence maps. Voxel-based representations of fraction of rats with lesioned
tissue identified on multislice T-maps at days 1 and 3 after subarachnoid hemorrhage (SAH),
in the KCI-groups with valproate or vehicle treatment, projected over a rat brain T, template.
The red rectangle overlaid on the rat brain T, template (top row) is the area below NaCI/KCL
application, which was excluded from analysis. There was significantly less lesion growth in the
valproate-treated group than in the vehicle-treated group.

Table 1. Mortality, lesion characteristics and SAH severity.

Day 1 (pre-SD) Day 3 (post-SD)
Group SD No-SD p SD No-SD p
Mortality 25% (N=16) 7% (N=15) 0.17 25% (N=12) 7% (N=14) 0.21
Lesion occurrence  50% (N=12) 29% (N=14) 0.26 100% (N=9) 31% (N=13) 0.001*
Lesion size (mm?) 152 £ 295 (N=12) 49 +95 (N=14) 0.35 273 +275 (N=9) 60+ 112 (N=13) 0.008*
Lesion growth (mm?®) N/A N/A N/A 241 + 233 (N=9) 29+ 54 (N=13) 0.001*
SAH severity score  N/A N/A N/A 119+34(N=9) 11.9+27(N=13) 0.84

Day 1 mortality was measured between pre-SAH and post-SAH day 1, i.e. before KCI or NaCl
application. Day 3 mortality was measured in the interval between post-SAH days 1 (after KCI or
NaCl application) and 3. Lesions were identified as clearly hyperintense brain tissue areas on T,
maps. Lesion occurrence and size were recorded on days 1 and 3. Lesion growth was defined
as brain tissue area with a lesion on day 3 where no lesion was identified on day 1 (which

could only be measured in animals that survived until day 3). SAH severity was measured from
Sugawara’s scoring test.*
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For figure 3, please turn over.

Val roate- K(_II |

Figure 4. Histology. Data from a rat from the valproate-KCI group and a rat from the vehicle-KCI
group. For each rat, the upper left image shows a T, map of a coronal slice with four regions

of interest. The lower left image shows the corresponding histological section with Nissl and
Luxol fast blue staining, from which 40x magnifications of the 4 regions of interest are shown.
Shrunken, pyknotic nuclei, indicating neuronal damage and/or death, were clearly observed

in tissue with magnetic resonance imaging (MRI)-detectable injury at day 1 (region 4), and

to lesser extent in tissue with later lesion manifestation (ie, after spreading depolarization
[SDJ-induction; region 2). No lesions were detected on the MRI and histology sections of the
displayed rat from the valproate-KCI group. Scale bars: 100 um.
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Discussion

In our randomized, vehicle-controlled rat SAH study, treatment with valproate reduced
lesion growth after KCL application to induce of SDs. This protective effect was not found in
absence of experimental SD induction. We previously reported that experimental SD induction
with cortically applied KCI advances lesion growth after SAH in rats.™"

The mechanism leading to SDs after clinical SAH is unknown, but it may be related
to hemolysis products such as potassium.® In animal studies, many drugs have been shown
to influence occurrence, frequency or duration of SDs through modification of the induction
threshold, refractory period, or even SD amplitude or length.* We chose valproate as an SD-
inhibiting treatment because, after sufficient pretreatment, this drug has proven to be an effective
inhibitor of SD.%"% One earlier study also reported beneficial effects of valproate treatment
after SAH.""% In that randomized, vehicle-controlled study, valproate administration decreased
the number of degenerating neurons and improved neurobehavioral outcome after SAH in
mice. However, that study involved a prechiasmatic blood injection model of SAH, without
development of delayed injury."® Furthermore, a potential SD-inhibiting mechanism was not
investigated.

An advantage of valproate for the translation of our results to clinical practice is the long
experience with the drug as a therapy in different patient populations. Valproate is prescribed for
prevention of epilepsy, migraine, manic episodes, and neurogenic pain in humans."® Although
the exact pharmacological action of valproate is unknown, it probably acts through multiple
mechanisms.""® Our hypothesis was that valproate directly inhibits the effect of SDs on lesion
growth.3¢ However, the difference in number and duration of SDs was not statistically significant
between the groups. Therefore, valproate may also have indirectly mitigated the effect of
SDs through its anti-excitotoxic properties''® or by influencing (acute) hemodynamics —we did
measure a significant treatment effect on cortical CBF before SD induction. We accounted for
the effects of valproate early after SAH by selecting lesion growth after day 1 as our outcome
measure. Although the effect of valproate on lesion growth was only significantly present in the
KCI group, and most pronounced in the cortex ipsilateral to KCL application, an effect through
CBF modulation cannot be excluded. Furthermore, one could rationalize that measurement
of systemic parameters, such as blood pressure, would have been beneficial to ascertain the
efficacy of valproate treatment, but because we performed survival experiments we opted to
leave out such invasive procedures.

Our study has several limitations. First, valproate was administered as pretreatment,
starting 4 weeks before SAH induction. Future studies should test the potential of valproate, or
other SD inhibiting drugs, to reduce delayed brain injury when administered acutely after SAH.
Second, we did not detect spontaneous SDs, which may be explained by the relatively short
recording time limited to 2 cortical regions. SDs were induced by cortical application of 1 mol/L
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KCI close to the lesion site, which may have directly affected lesion development in addition

to the SD-induced pathophysiological effects. We accounted for this by excluding underlying
cortical tissue from lesion volume calculations. With the current design we cannot exclude
effects of perforation-induced focal ischemia on lesion volume, the magnitude of this effect
could be established in future experiments by application of KCI to the hemisphere contralateral
to the perforation. Third, despite the observed difference in delayed brain injury between the
valproate- and vehicle-treated groups, we did not measure significant differences in (changes in)
sensorimotor function scores. This may be explained by lack of sensitivity of the inclination test
to measure potential subtle effects on neurological function on top of the effect of the SAH and
the limited sample size (only a subset of rats was tested). Fourth, the final time point of our study
was at 3 days after SAH. This may be too early to represent DCI in SAH patients. Nevertheless,
our model in rats — which have higher metabolism than humans — clearly demonstrates
development of delayed brain injury in relation to SDs, which was the target for our therapeutic
intervention. Finally, the induced brain lesions are likely to be in part because of direct effects

on CBF after endovascular puncture, leading to early ischemic injury. This may explain why a
relatively large part of the lesion is present in the ipsilateral hemisphere. To assess the effects of
valproate treatment on delayed brain injury, and minimize the influence of direct ischemic injury,
we used lesion growth after day 1 post-SAH as our outcome measure.
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Conclusions

In conclusion, we found that pretreatment with valproate, a clinically prescribed drug,
decreases delayed brain injury in a rat model of SAH with experimental SD induction after KCL-
application., Future studies are needed to confirm that this protective effect is based on SD
induction and to investigate the therapeutic potential of SD-inhibiting drugs in the prevention of
DCl in humans.
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Supplemental material

MRI protocol

4.7T/40 cm MR system (Varian Inc., Palo Alto, CA, USA). A 90-mm Helmholtz volume
coil and an inductively coupled surface coil (2.5 cm diameter) were used for excitation and
detection of radio frequency signals, respectively. The MRI protocol included T -weighted
multi-echo MRI (repetition time (TR) = 3000 ms; echo times (TE) = 12-144 ms in twelve 12-ms
steps; field-of-view (FOV) = 32x32 mm?; data matrix = 256x128; 19 slices of 1 mm; number of
acquisitions (NA) = 2 and a flow-sensitive alternating inversion recovery (ITS-FAIR)"? protocol
with a 2-shot gradient-echo EPI acquisition (TR = 10000 ms; TE = 4.8 ms; delay between the
46 images in the inversion curve = 150 ms; flip angle = 10°; FOV = 32x32 mm?; data matrix
= 64x64; slice thickness = 2 mm,; selective inversion slab = 10 mm; NA = 16) for perfusion
measurement

Manufacturer information

- Laser-Doppler flowmetry (LDF) device: type moorVMS-LDF, Moor Instruments, Devon, UK
- FSL software: 3.1.8, Flitney et al., University of Oxford, Oxford, UK

- Pentobarbital: Alfasan, Woerden, The Netherlands

- Sodium azide: Sigma-Aldrich, St. Louis, MO, USA

- Digital microscopy: Nanozoomer 2.0HT, Hamamatsu Photonics, Hamamatsu-shi, Japan
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Abstract

Growing clinical evidence suggests critical involvement of spreading depolarizations
(SDs) in the pathophysiology of neurological disorders such as migraine and stroke. MRI
provides powerful tools to detect and assess co-occurring cerebral hemodynamic and cellular
changes during SDs. This study reports the feasibility and advantages of two MRI scans, based
on balanced steady-state free precession (b-SSFP) and diffusion-weighted multi-spin-echo
(DT2), heretofore unexplored for monitoring SDs. These were compared with gradient-echo
MRI. SDs were induced by KCI application in rat brain. Known for high SNR, the T-and T -
based b-SSFP contrast was hypothesized to provide higher spatiotemporal specificity than
T, math formula -based gradient-echo scanning. DT2 scanning was designed to provide
simultaneous T, and apparent diffusion coefficient (ADC) measurements, thus enabling
combined quantitative assessment of hemodynamic and cellular changes during SDs.

Procedures were developed to automate identification of SD-induced responses in all
the scans. These responses were analyzed to determine detection sensitivity and temporal
characteristics of signals from each scanning method. Cluster analysis was performed to
elucidate unique temporal patterns for each contrast.

All scans allowed detection of SD-induced responses. b-SSFP scans showed
significantly larger relative intensity changes, narrower peak widths and greater spatial
specificity compared with gradient-echo MRI. SD-induced effects on ADC, calculated from
DT2 scans, showed the most pronounced signal changes, displaying about 20% decrease, as
against 10-15% signal increases observed with b-SSFP and gradient-echo scanning. Cluster
analysis revealed additional temporal sub-patterns, such as an initial dip on gradient-echo scans
and temporally shifted T, and proton density changes in DT2 data.

To summarize, b-SSFP and DT2 scanning provide distinct information on SDs compared
with gradient-echo MRI. DT2 scanning, with its potential to simultaneously provide cellular and
hemodynamic information, can offer unique information on the inter-relationship between these
processes in pathologic brain, which may improve monitoring of spreading depolarizations in
(pre)clinical settings.

Novel MRI contrasts for SD

Introduction

The occurrence of spreading depolarizations (SDs) in cerebral tissue has been
implicated in the pathophysiology of various brain disorders, such as migraine, ischemic stroke,
subarachnoid hemorrhage and traumatic brain injury."” However, the exact mode of action
through which SDs affect brain tissue remains unclear. SDs are fronts of profound cellular and
electrophysiological changes that propagate slowly across the cortex, regardless of functional or
vascular territories. They are characterized by disruption of ion homeostasis, leading to neuronal
swelling, distortion of dendritic spines, dramatic reduction in low frequency (i.e. direct current
(DC)) extracellular potential and temporary silencing of brain activity (therefore often referred to
as cortical spreading depression).5 118120

SDs result in drastic increase in cellular metabolism and energy requirements, leading
to high demands on neurovascular coupling. Recent experimental studies have shown that
complex vasomotor responses are trigged by SDs.'?' An intrinsic relationship between the
propagation of vasodilation associated with SD, and the nature of the vasculature, has also
been observed.'?? Thus, given that hemodynamics are strongly influenced by SDs, and that
hemodynamics in turn influence tissue status'?', discerning the various vascular changes
that co-occur with cellular changes during SDs can lead to improved monitoring, which may
ultimately lead to development of treatment strategies that can contain or mitigate their
deleterious effects.

Optical and electrophysiological measurements have provided insights into micro-
circulation and neuronal signaling during and after SD propagation'?-'25, and form the main basis
of what is currently known about these topics. However, besides being fairly invasive, the spatial
coverage of these techniques is rather limited, thereby hindering studies on the entire brain.
While laser-speckle imaging can overcome this restriction to some extent'?, the recordings are
mostly limited to blood flow measurements on the cortical surface. Thus, MRI with its unique
repository of varied contrast mechanisms, its whole-brain coverage and its non-invasiveness is
well suited to assess different features of SDs over a large spatial extent.

The strong influence SD wields on hemodynamics (i.e. increased tissue oxygenation
and perfusion) has previously been exploited using T, -weighted MRI"® '?".1% and perfusion
imaging’? in rodent and feline models. Likewise, the profound cellular changes induced by SD
have been the target of diffusion-weighted MRI sequences, which allowed detection of transient
cell swelling.7 92 129-132

To gain more insight into the vascular events triggered by SDs, one can use the
knowledge gained by the functional MRI (fMRI) community, which seeks answers to similar
questions related to the interaction between cellular and hemodynamic events, but in the context
of brain function. fMRI studies have revealed that, although T, contrast shows higher sensitivity
to blood oxygenation changes (i.e. the BOLD effect) in comparison with T, contrast, it is mainly
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influenced by large venous structures, especially at low field strengths. However, spin-echo MRI
signals have been shown to be mostly sensitive to changes at the microvascular level, which are
more closely related to neuronal changes.*'*® For this reason, spin-echo-based fMRI studies
have been suggested for improved spatial and temporal specificity.’*® As in the case of fMRI, a
better understanding of the hemodynamics that accompany SDs can be obtained by measuring
complementary functional contrasts under similar conditions. We therefore hypothesized that
passband balanced steady-state-free-precession (b-SSFP) contrast, owing to its dependence on
T,and T,"¥%, would provide higher spatiotemporal specificity in comparison with gradient echo
T, contrast in localizing SD events.

In order to gain insight into co-occurring cellular changes during SDs, diffusion-weighted
MRI can be included in the imaging protocol. Earlier MRI studies have executed more than one
scan (generally T,- and diffusion-weighted imaging), either in succession or in an interlaced
manner, to discern the various physiological processes accompanying SDs.”® 128129 131 However,
with this approach, the exact spatiotemporal relationships between the two contrasts cannot
be established due to the need for spatially co-registering and temporally interpolating the
separate datasets. The capacity to simultaneously acquire multiple contrasts in a single scan
can yield direct information regarding the causal relationships between their representative
processes. Further, if such contrasts are parametrically quantified, the information they provide
can be straightforwardly compared and cross-validated between sessions, groups and other
measurements.

Motivated by these ideas, a diffusion-weighted multi-spin-echo MRI scan (denoted as
DT2), capable of producing T, and ADC maps within 10 s, was developed and deployed to
elucidate the simultaneous evolution of T, and ADC during the propagation of cortical SDs. Such
a scan would provide spatiotemporally co-localized information regarding the inter-connections
between hemodynamics (BOLD) and cellular changes in brain (patho)physiology and could help
understand the physiological causes behind non-quantitative contrast mechanisms such as
b-SSFP.

Studies with optical and electrophysiological measurements have shown that the
amount of change observed in various physiological parameters and their timing and duration
during SDs are varied.'® Thus, in this study, we analyzed the temporal characteristics, and to
a limited extent the spatial characteristics, of the proposed MRI-based contrasts during SDs, to
elucidate the relationships between the observed contrasts and the physiological changes that
drive them.
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Methods

Animal preparation

Adult male Wistar rats (n=15, weighing 250-300 g) were used for the experiments
with approval from the Utrecht University Ethical Committee on Animal Experiments. All the
procedures followed the guidelines of the European Communities Council Directive. Rats were
anesthetized with 4% isoflurane for endotracheal intubation, followed by mechanical ventilation
with 2% isoflurane in air/O, (2:1) mixture. A cranial window of 2x2 mm was opened in the skull 2
mm anterior and 2 mm lateral of lambda. The dura was carefully opened without causing injury
to the underlying brain parenchyma. The exposed brain parenchyma was covered by a small
cotton wad drenched in saline. In order to be able to trigger the onset of SDs inside the scanner,
a nylon tube (=1 mm diameter), pre-filled with KCI solution (1 M) was carefully glued to the skull
with its opening adjacent to the cotton wad. The other end of the tubing was attached to a 1
ml syringe filled with 1 M KCI solution, which allowed delivery of KCI to the cotton wad on the
cortical surface during MRI acquisition.

During MRI scanning, the animals were ventilated with 70% air and 30% O, mixed
with 2.0-2.5% isoflurane, and body temperature was maintained at 37°C using a temperature-
controlled warm water bed. Blood oxygenation and end-tidal CO, were monitored throughout the
session.

MRI scans

MRI scans were performed on a 4.7 T/40 cm magnet (Varian, Palo Alto, CA, USA). A
custom-built (2.5 cm diameter) surface coil was used for both transmission and reception of RF
signals. Throughout the duration of the experiments, on a weekly basis, the stability of the scans
was monitored using quality assurance measurements™' using an agarose gel phantom. In each
session, after preliminary scans for positioning, shimming and pulse power calibrations, three
scans were performed to measure the onset and evolution of SDs. The first scan performed was
the combined diffusion and T, mapping sequence (DT2). The second and the third scans were
nearly equally split between a gradient-echo 3D echo-planar imaging (GE3d-EPI) scan and a
b-SSFP scan. All three scanning protocols were developed in-house. The power calibration (for
maximum signal-to-noise-ratio (SNR)) was separately performed for each of the scans before
the induction of SDs.

DT2 scan

The DT2 scan was based on a multislice multi-spin-echo two-shot EPI sequence with
provision for diffusion-weighting. The pulse-sequence diagram for this scan is given in Fig. 1.
During acquisition, the diffusion-weighting was turned on only for the first echo. Five successive
spin-echoes were acquired without further diffusion-weighting. Since we used a surface coil
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for both signal transmission and reception, a pair of adiabatic full-passage hyperbolic-secant
inversion pulses replaced the conventional refocusing pulse.'? Though this increased the
minimum achievable echo time in comparison with non-adiabatic refocusing pulses, the

delay between the adiabatic pulses was efficiently used for diffusion-weighting. The diffusion
gradients were straddled around the two inversion pulses (along with crusher gradients in other
directions). This strategy resembles spectroscopic diffusion-weighted sequences'® but can
additionally suppress eddy-current artifacts caused by the diffusion-weighting gradients. The
sequence parameters were as follows: echo time (spacing) (TE), 25 ms; repetition time (TR),
1.67 s; interleaves, two; number of echoes, six; averages, one; field of view (FOV), 32x32x12
mm; data matrix, 64x64x10; acquisition plane, axial; diffusion-weighting direction, x (lateral). The
scan involved sinusoidal (non-cartesian) readout-based k-space sampling, in order to reduce
the readout duration. The reconstruction was based on fast Gaussian gridding.'* The temporal
resolution of the scan (time per volume) was 3.3 s. The scan protocol changed the diffusion-
weighting b-value to three different values (0, 300 and 500 s/mm?), periodically.

Previous studies that assessed diffusion changes alone during SDs used maximum
b-values in the wide range of 850—1780 s/mm? 77128132 gnd reported about 20-30% decrease
in ADC during SDs. Thus, assuming a normal brain gray matter ADC of 0.65x10° mm?/s, with a
b-value of 500 s/mm?, one can expect more than 7% increase in diffusion-weighted signal during
SDs, compared with baseline. Thus, we decided to use a maximum b-value of 500 s/mm? and
additionally acquire T, information. This also facilitated better spatial resolution and coverage
(whole brain) with the proposed DT2 scan, compared with most previous studies.

With this scan, ADC and T, maps could be obtained at 9.9 s intervals. In each session,
the DT2 scan lasted 40 min. The first 10 min of acquisition was used for obtaining baseline data.
At the end of the 10th minute, 50 u/ KCI was slowly dropped on the cotton wad, to trigger the
onset of SDs.

Gradient-echo scan

The GE3d-EPI scan was based on EPI in two dimensions and stepped Fourier
encoding in the third. As in the case of DT2 scans, the EPI part of the scan was based on non-
cartesian (sinusoidal) readout of k-space, with reconstruction based on fast Gaussian gridding.
The sequence parameters were as follows: TE, 20 ms; TR, 40 ms; interleaves, one; phase
encodings (in third dimension), 28; averages, two; FOV, 32x32x14 mm; data matrix, 64x64x28;
acquisition plane, axial. Prior to the start of the gradient-echo scan, the cotton wad on the rat
head was refreshed with 10 u/ KCI. The temporal resolution of the GE3d-EPI scan was 2.24 s.
The total duration of the GE3d-EPI scan was 40 min.
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Figure 1. Pulse sequence diagram for the combined diffusion- and T,-weighted multi-spin
echo (DT2) scan with EPI readout. HS-AFP, hyperbolic secant, adiabatic full passage inversion
pulse. a, flip angle optimized for maximum SNR. Diffusion-weighting gradients are shown in
black. Crushers and spoiler gradients are shown in gray.

b-SSFP scan

The b-SSFP scan used in this study was optimized on the sole criterion of minimizing
the temporal resolution. At the fastest temporal resolution achievable, the excitation flip angle
that provided the highest overall SNR (in the brain region) was empirically determined by
acquiring eight datasets with flip angles varying from 5 to 70°. This typically resulted in flip
angles around 25-30°, and was used for the SSFP time-series acquisition. The sequence
parameters were as follows: TE, 2 ms; TR, 4 ms; phase encodings (PExPE2), 64%24; averages,
one; FOV, 32x32x12 mm; data matrix, 64x64x24; acquisition plane, axial. The temporal
resolution of the b-SSFP scan was 6.14 s per 3D volume. The b-SSFP scan was executed
contiguously without stopping after acquisition of each 3D dataset to maintain the steady-state
condition. Prior to the start of the b-SSFP scan, the cotton wad on the rat head was refreshed
with 10 ul KCI.
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MRI data analysis
Processing of GE3d-EPI and b-SSFP data

The spatial resolutions of GE3d-EPI and b-SSFP scans were the same. We also
analyzed these data in the same manner to compare their signal characteristics. After
reconstruction, brain masks were generated and split manually into ipsilateral (KCI application
side) and contralateral hemispheres. Since the rats were well anesthetized (2-2.5% isoflurane),
no motion-correction had to be applied to the datasets. The temporal data from brain voxels
were filtered using a robust smoothing procedure'#® and de-trended. From these data, modified
Z-scores (0.6745*(x(t)-median)/median absolute deviation (MAD))' were calculated at each
voxel location in the temporal dimension. The temporal changes in signals, expressed as
percentages of median values, were used for statistical analyses.

Knowing that substantial signal increases are expected in gradient echo images in
response to SDs,” '27:128 only ipsilateral time series with a maximum Z-score greater than 1.64
(p<0.05) were further analyzed using a peak-finding algorithm.'” For every peak detected
in a time series, a 5 min window of data (2.5 min on each side of the peak) was retained for
statistical analysis of peak amplitude and duration. To visualize the movement of SDs, the
temporal Z-score evolutions were spatially filtered using a 3D Gaussian kernel with standard
deviation of 0.25 mm and converted to movies.

Processing of DT2 datasets

After data reconstruction, generation of brain masks and separation into ipsilateral
and contralateral hemispheres as described earlier, the DT2 datasets were processed in two
stages. Given that estimation of both T, and ADC can be biased at low SNRs'® 9, the first
stage was used to perform spatial smoothing of the raw data. Conventional spatial smoothing
can result in loss of SD-related information since SDs affect spatially specific voxels at a time.
Thus, we decided to perform anisotropic spatial smoothing.'s® ' For this study, the weights for
spatial smoothing were based on the temporal correlations of T, and ADC among neighboring
voxels. For this, estimates of the underlying ADC, T, and proton density were obtained from a
linear least-squares fit to the DT2 data with a moving window of 120 s duration, with window
shifts of 10 s. From these, the temporal correlations (of T, and ADC) between each voxel and its
neighbors in a 3x3x3 grid were calculated.

For performing anisotropic spatial smoothing, the raw data time series at each voxel
location was normalized using the median proton density (PD) (over time), to bring the signal
amplitude of all voxels to the same scale. Then, in the 3x3x3 grid around every voxel location,
the sum of correlations in T, and ADC values with those of the central voxel were assigned as
spatial smoothing weights. Only those neighbors with both correlations above 0.1 were used for
smoothing. Finally, the weighted sum of neighboring time series was added to the time series of
the voxel under consideration, to obtain a smoother DT2 dataset.
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In the second stage, these noise-reduced DT2 datasets were used to obtain temporal
evolutions of ADC, T, and PD. In this stage, the parameters were estimated using the more
accurate (but computationally more expensive) non-linear least-squares fit in a moving window
manner, with window width of 70 s and step size of 10 s. The temporal evolutions of the three
parameters at each voxel location were then converted to modified Z-scores and the relative
signal changes were expressed as percentages of the median and used for all further statistical
analyses. Since SDs have been shown to induce reductions in ADC™ 2%, we subjected ADC
data to a valley-picking (instead of peak-picking) procedure as described above. T, and PD
changes co-occurring in the same temporal window as ADC changes were used for all analysis
(i.e., T, and PD did not undergo peak-picking on their own). In order to mitigate the effect of
moving window temporal smoothing, the obtained ADC valley patterns were de-convolved
with the moving window boxcar function using Lucy—Richardson deconvolution's? and were
separately analyzed as well. To visualize ADC, T, and PD evolutions, their Z-score data were re-
sampled to isotropic 0.5 mm voxels, and converted to movies.

Statistical analysis

To compare the sensitivity of the proposed imaging protocols with SDs, and to compare
their temporal characteristics, the maximum relative signal changes and the full-width at half-
maximum (minimum in the case of ADC) (FWHM) were calculated for each data pattern at four
different Z-score thresholds, 1.64, 2.33, 2.58 and 3.09 (corresponding to p-values 0.05, 0.01,
0.005 and 0.001, respectively) and analyzed using t-tests. Further, to quantify the effect of
different scans on the signal changes, robust, non-parametric Cliff's & effect sizes'® %4, which
are valid under non-normality and variance heterogeneity, were estimated.

In order to discern if different temporal evolutions were found in the different
contrasts, k-means clustering was performed on the peak waveforms obtained from GE3d-EPI
and b-SSFP signals and the parameters (ADC, T, and PD) obtained from the DT2 scans with
data obtained at a Z-threshold of 2.33. This was performed after up-sampling all the waveforms
to 1 s resolution using spline interpolation, and aligning their peak (valley) positions. Since
the target of cluster analysis was to separate temporal profiles of the signals rather than their
actual magnitudes, the waveforms were scaled to unit height before clustering. For example,
if x(f) represents the peak waveform in terms of percentage of baseline, then the scaling was
performed as (x(t)-100)/(max(x(t))-min(x(t))). In order to obtain robust results, clustering was
repeated 200 times (replicates) for each dataset, with different starting cluster centroid positions.

The SNR obtained with the three scanning protocols in the contralateral (to the site of
KCI application) dorsal cortex was assessed by taking the temporal median of the ratio between
the mean signal average (in the dorsal cortex) and the standard deviation of manually delineated
noise-only voxels.

The movies created from the three scans were analyzed to calculate the speed of travel
of SD waves across the cortex from the site of KCI application to the tip of the cortex.
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Results

From the 15 animals used in this study, data from 21 DT2 sessions (four animals
were scanned twice and one animal was scanned three times), 13 GE3d EPI sessions and 15
b-SSFP sessions of 40 min duration each contributed towards the analysis.

Example movies created to visualize the movement of SDs on the rat brain’s cortical
surface are provided as supplementary information (Movies 1-3), with one dataset from each
scan. They represent modified Z-scores in the range of 1.5-4 (1-3 for DT2 contrasts). Movies
from most datasets revealed clearly distinguishable waves of signal intensity changes in
b-SSFP and GE3d-EPI scans and ADC changes in DT2 scans, propagating from the region
of KCI application, up to the frontal cortex. The frequency of occurrence of SD events during a
40 min observation window was assessed by manually counting the SD events in the movies
(summarized in supplementary information Table S2). Most datasets contained three or four
SD events. The time taken by SD waves to travel over the cortex (approximately 12 mm in
length) was also assessed from the same movies, and was found to be around 4—4.5 min (see
supplementary information Fig. S1), thereby indicating a travel speed of around 2.7—-3 mm/min.
This compares well with earlier reports.'?°

Fig. 2 shows representative voxel time series data obtained using the three different
scans in different rats, where the effect of SDs on the signals is clearly visible. The top and
middle time series in Fig. 2 represent signal amplitudes in a voxel of GE3d-EPI and b-SSFP
scans. Peaks in signal intensity reflect the passage of SD through that voxel. The bottom time
series in Fig. 2 represents ADC changes induced by SD in a voxel in one of the DT2 datasets,
where ADC declines mark occurrences of SD. One can appreciate the high SNR afforded by
the b-SSFP scan, albeit at a lower temporal resolution than the GE3d-EPI scan. In fact, the
SNR was high enough to detect the traversal of SDs without any processing in the b-SSFP
datasets, unlike the case for GE3d-EPI datasets. Results from the SNR analysis on the three
different datasets (summarized in supplementary information Fig. S2) revealed that, while GE3d-
EPI datasets had an average SNR of around 25 (at each time point), b-SSFP datasets had an
average SNR of 64. After normalization for varying temporal resolutions (2.24 s for GE3d-EPI
and 6.14 s for b-SSFP), the b-SSFP datasets seemed to have about 50% higher SNR than
GE3d-EPI datasets.

Fig. 3 shows representative SD-related Z-score activation maps from GE3d-EPI,
b-SSFP and DT2 (ADC) datasets, overlaid on their corresponding anatomical images. The bright
yellow regions represent strong positive T,, T -weighted signal increases relative to baseline,
during the passage of SD in the case of GE3d-EPI and b-SSFP datasets, respectively. ADC
changes in the DT2 dataset are presented with a change in sign for easier visualization. The
corresponding changes in T, and PD in the same dataset were relatively small, and hence
have not been shown. Such signal/parameter changes were found mainly in the ipsilateral
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hemisphere (i.e. on the side where KCI was applied) and propagated over the cortex anteriorly,
posteriorly, medially and laterally. Supplementary Figures S3, S4 and S5 portray the spatial
traversal of SD as captured in representative GE3d-EPI, b-SSFP and DT2 (ADC) datasets.

The number of peak (valley in the case of ADC) waveforms collected from the three
different scanning protocols at four Z-thresholds are summarized in supplementary information
Table S1, and indicates that a large number of samples (6000—-70 000) were available for
amplitude change and FWHM analysis. Estimates of these parameters at two (out of the
four) Z-thresholds are presented in Fig. 4. Higher signal increases were found in b-SSFP
scans in comparison with GE3d-EPI scans at all Z-thresholds. DT2 data revealed even
stronger responses to SDs, as decreases in ADC significantly exceeded the increase in signals
observed with both GE3d-EPI and b-SSFP. Also, smaller FWHMs were observed in b-SSFP and
deconvolved ADC signals in comparison with GE3d-EPI signals at all Z-thresholds. b-SSFP and
deconvolved ADC waveforms showed similar FWHMs.

From the knowledge of the total number of peak waveforms detected under different
contrasts at different Z-thresholds (Table S1), and by the estimated number of SDs contributing
to these waveforms (by visual counting of SD events), we estimated that the average number
of voxels highlighted in response to a single SD event under b-SSFP scans was restricted to
about 75% of the volume highlighted with GE3d-EPI scanning. Moreover, increasing Z-threshold
during peak-detection (from 2 to 4.7 in seven steps) revealed a greater drop-out rate for GE3d-
EPI waveforms than b-SSFP, thereby hinting at possible lower spatial specificity in GE3d-EPI
responses.

Table 1 summarizes the Cliff's 0 effect size estimates obtained by pairwise comparisons
of signal change and FWHM among contrasts at two Z-scores. Cliff's § is a non-parametric
measure of effect size that ranges from -1 to 1 and represents the degree of overlap (0
indicating complete overlap and +1 indicating no overlap) in the populations of the samples
being compared. While we find significant differences in peak amplitude changes across scans,
in particular between GE3d-EPI and ADC (deconv.) and b-SSFP and ADC (deconv.), the effects
are much smaller in the case of FWHM measurements. We find minimal differences in FWHM
between b-SSFP and ADC (deconv.), and the biggest differences were between GE3d-EPI and
ADC (deconv.).

To study the temporal profiles of various signals and parameters in detail, peak
waveform examples at a Z-threshold of 2.33 were chosen. Fig. 5 (A)—(E) summarizes the results
obtained from different contrasts as a plot of median £ median absolute deviation (MAD) of the
corresponding peak waveforms. Although the b-SSFP signal response (Fig. 5B) is narrower
and slightly elevated in comparison with GE3d-EPI signals (Fig. 5 (A)), the shapes of the
temporal profiles look similar. The PD changes (Fig. 5 (E)) resemble ADC changes (Fig. 5C).
However, T, changes (Fig. 5D) seemed less specific.

61



Chapter 4

Results from the k-means cluster analysis are presented in Fig. 5(F)—(J), showing the
median temporal waveform corresponding to the first three major clusters. The percentage of
total peak waveforms contributing to each cluster under different contrasts is summarized in
supplementary Table S3. We found that in all the contrasts the first three major clusters were
able to account for 72% or more contributing waveforms. Fig. 5(F) and (G) reveals several sub-
patterns within GE3d-EPI and b-SSFP scans, respectively. In particular, two clusters in b-SSFP
(clusters 1 and 2), and more predominantly cluster 2 corresponding to GE3d-EPI scans, indicate
an initial signal dip with respect to the baseline. This indication was also evidenced by patches
of negative Z-scores preceding the arrival of the signal peak in several voxel locations in the
movies of GE3d-EPI Z-scores. Fig. 5(H) reveals that ADC changes also showed distinct modes,
with cluster 1 showing a pronounced increase in ADC before the decrease associated with SD,
while cluster 3 shows a post-SD overshoot. Similarly, Fig. 5(J) also indicates possible patterns of
increased relative PD before (cluster 3) or after (cluster 1) the onset of the main response. Most
of these patterns were visible in movies of the corresponding parameters. The minima in clusters
1 and 3 occur a few seconds before or after the minimum in ADC. Although in Fig. 5(1) T, signals
from the three clusters look dissimilar at the outset, they show similar patterns at different time
points; i.e., they seem to represent certain phenomena taking place with various lags.

Table 1. Cliff's 6 estimates for comparisons of maximum percent signal change (PSC) and

FWHM between scans. Boxplots of the corresponding data are depicted in Fig. 4.

Z=2.33 Z=3.09
PSC FWHM PSC FWHM
GE3d-EPI vs b-SSFP 0.18 -0.12 0.18 -0.16
GE3d-EPI vs ADC (deconv.) -0.64 0.17 -0.57 0.08
b-SSFP vs ADC (deconv.) -0.43 0.013 -0.35 -0.1
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Table S1. Number of peak waveforms at various Z-thresholds detected using a peak-picking
algorithm. These waveforms were used in the analysis reported in Fig. 4.

Z-threshold
Scan 1.64 2.33 2.58 3.09
GE3D-EPI 61081 33774 27726 19246
b-SSFP 44545 23594 18931 12320
DT2 70531 24116 15536 6140

Table S2. Frequency table of number of spreading depolarization events observed (in 40min)
from 28 combined GE3d-EPI and b-SSFP datasets, visually observed to contain 73 SD events
in all.

#SD %

1 17.4
8.7
34.8
26.1
8.7
4.35

N o0~ 0N

Table S3. Percentage of samples contributing to various clusters reported in Fig. 5.

Cluster Number

Scan 1 2 3 4 5
GE3D-EPI 32 31 23 12 3
b-SSFP 39 25 22 10 4
ADC (DT2) 25 25 22 21 8
T2 (DT2) 26 25 22 14 14
PD (DT2) 28 26 25 12 9
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SD traversal time (back to front, in min)
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GE3d-EPI b-SSFP ADC
Figure S1. Estimated time for traversal of spreading depolarization events on the cortex
(posterior to anterior) in min, as observed from the three scans.

100 - ‘
75 -
0’ Figure S3. Representative images from six axial slices (left to right: top slice to bottom slice) of
% 50 - one of the GE3d-EPI datasets at different time points depicting the movement of a spreading
depolarization (the yellow arrow points to the induction site). The sets of images (top to bottom)
. | | were captured with a difference of 33.6s each and cover a span of 168s. Relative time stamps
| [ | are marked on the left side of each set.
25- | ; !

GE3d-EPI b-SSFP DT2

Figure S2. Estimated SNR (mean signal/noise-SD) in the contralateral side of dorsal cortex
(median over time) obtained from the three scans. Regions containing CSF were excluded from
the analysis.
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Figure S4. Representative images from six axial slices (left to right: top slice to bottom slice) Figure S5. Representative images from six axial slices (left to right: top slice to bottom slice) of
of one of the b-SSFP datasets at different time points depicting the movement of a spreading one of the DT2 (ADC) datasets at different time points depicting the movement of a spreading
depolarization (the yellow arrow points to the induction site). The sets of images (top to bottom) depolarization (the yellow arrow points to the induction site). The sets of images (top to bottom)
were captured with a difference of 30.7s each and cover a span of 154s. Relative time stamps were captured with a difference of 30s each and cover a span of 150s. Relative time stamps are
are marked on the left side of each set. marked on the left side of each set.
4(3) -4(-3)
Figure S6.

Colour scales for videos. The number in the brackets

corresponding to those of DT2 video and those outside

depict the scale for GE3d-EPI and b-SSFP datasets.
Videos: https://doi.org/10.1002/nbm.3288 1-5 (1)-1.5 (-1)
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Discussion

Assessing the impact of SDs on both hemodynamics and cellular changes can help
identify routes to tackle their deleterious effects. MRI is well suited to study such phenomena
non-invasively over large spatial scales. We have presented two novel approaches to detect
SDs using MRI, namely b-SSFP, which is expected to provide predominantly T -related
contrast, and a diffusion-weighted multi-spin-echo (DT2) scan, which allows for simultaneous
acquisition of T, and ADC maps, which broadly represent hemodynamic and cellular changes.
We compared results from these scans with results obtained from a more conventional gradient-
echo MRI sequence.

Overall, the temporal characteristics, namely, the speed of travel of SDs estimated
from the scans (2.7-3 mm/min) and the duration of SDs (around twice the FWHM estimates)
are in the typical range reported in the literature.'* 5° Also, the spatial movement of SD-related
changes followed the often reported patterns. These observations clearly demonstrate the
suitability of b-SSFP and DT2 for visualization of SD-related changes.

b-SSFP-based detection of SDs

To the best of our knowledge, application of b-SSFP to detect SDs has not been
reported. However, the growing wealth of literature on its value for fMRI'38 139. 156-158 gypports its
suitability. We used a pass-band b-SSFP technique, which, at the short repetition time used in
this study, is mostly influenced by changes in T, 3% ' and mostly reflects oxygenation changes
in capillary beds and arterioles.

Results from our comparisons between b-SSFP and GE3d-EPI data reveal the superior
sensitivity (in terms of increased signal changes) and sharper temporal profile (lower FWHM)
of b-SSFP signals in our experiments. Besides, the more restricted response regions observed
with b-SSFP scanning (about 75% of GE3d-EPI scans), combined with the lower fall-off rate
of number of detected peak waveforms with increasing Z-threshold, may indicate that b-SSFP
scanning provides better spatial specificity than GE3d-EPI for localizing SDs. This possibility
is in agreement with fMRI studies, which have shown that spin-echo sequences, which are
more sensitized to microvascular signal changes, allow better co-localization with functionally
activated brain regions.'® Gradient-echo MRI approaches are sensitive to less specific changes
in remote draining veins as well, and may overestimate the spatial extent of the effect of SD on
neuronal tissue. Therefore, spin-echo-based techniques, such as the b-SSFP, may allow more
accurate monitoring and identification of regions where SDs can cause tissue damage, e.g.
secondary ischemic injury following stroke.

Moreover, at short repetition times, distortions and signal drop-outs in b-SSFP images
are typically less in comparison with EPIl images, since the increased pass-band minimizes the
banding artifacts usually associated with b-SSFP."® Besides, hardware demands (on gradients)
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are generally lower in b-SSFP in comparison with EPI. Above all, b-SSFP can provide the
highest possible SNR per unit time compared to all other scans.' In our experiments, b-SSFP
scans had nearly 50% greater SNR than the GE3d-EPI scans. Though b-SSFP in this study
was used in pass-band mode, it is a highly configurable sequence with myriad contrast options
that can reveal complementary information about tissue oxygenation status.'® Thus, in our
perspective, measurement of hemodynamic changes during SDs can benefit substantially by the
use of b-SSFP.

During tissue depolarization, due to high energy demands, tissue uptake of oxygen
increases drastically, resulting in initial blood deoxygenation.'® This could perhaps explain
the initial dip we see in both b-SSFP and GE3d-EPI responses. In order to satisfy this
energy demand, a hyperemic response is triggered, whereby blood oxygenation eventually
supersedes the demand (BOLD effect). This is a natural explanation for the signal increases
we observed in our b-SSFP scans during SDs. However, the exact source of b-SSFP contrast
in this study may need more careful evaluation, given the observed small T, changes (=2%),
but large (=10%) changes in T,-dependent b-SSFP contrast. Pass-band 3D b-SSFP signal is
principally insensitive to T, changes and inflow.”” From spin-echo fMRI studies, it has been
observed that T,-weighted BOLD changes (and thus T, changes) are typically small (=2%)">*
160 in contrast with gradient-echo BOLD signal changes (=7%). A b-SSFP-based fMRI study in
humans has shown that the signal increases at short TR (4 ms) in response to visual stimuli are
expected to be less than 1%."5” A recent study of SDs in rats'®! reports 3—4% spin-echo BOLD
signal changes in a restricted region of interest. This again is much lower than the b-SSFP
signal changes observed in this study.

Thus, from both our DT2 results and existing literature, despite the fact that SDs may
elicit stronger vascular responses than fMRI activation, it seems unlikely that the large changes
in b-SSFP contrast observed in our study are entirely T, related. We conjecture that, apart
from T ,-related changes, the b-SSFP signal increases observed during SDs could have been
influenced by the ADC changes as well. This is supported by the =20% drop in ADC values
as measured with DT2. The b-SSFP sequence, like all others, possesses a certain inherent
diffusion weighting, depending on the strength of the imaging gradients used. Although this topic
was addressed earlier'®?, to our knowledge no clear analytical solutions are available to estimate
the inherent diffusion-weighting of b-SSFP scans. However, unlike a conventional diffusion-
weighted spin-echo sequence, it is known that very small unbalanced diffusion-weighting
gradients can provide significant diffusion-weighting in b-SSFP scans.'®® The b-SSFP sequence
used in this study used relatively large imaging gradients, which were active for most of the
repetition time. Thus, we suspect that the b-SSFP scan used in our study had a relatively high
inherent diffusion-weighting. Given these facts, a decrease in tissue ADC during SD could have
contributed to significant signal increases in b-SSFP contrast.

71



Chapter 4

DT2-based detection of SDs

The design of the DT2 sequence reported here is similar to the PFG-CPMG sequence
reported in'®, but with important modifications, namely, the use of adiabatic refocusing pulses,
split-gradient diffusion-weighting and EPI readouts. Other scans for combined T, and ADC
measurements have been proposed in the context of structural imaging.'® 165167 Also, scans
have been proposed for combined T, and ADC measurements.'® "% In the context of fMRI,
Song et al."® have reported on a combined T, and ADC scan protocol that can better localize
regions related to neuronal activation. While the temporal dynamics of BOLD signals have been
extensively studied and characterized in fMRI literature, hemodynamic changes associated with
SDs and their relationship with co-occurring cellular changes remain largely unexplored.

The observed 20% decline in tissue ADC during SDs is in line with earlier observations™
128 92171 gand has been attributed to transient cell swelling due to the temporarily altered ion
homeostasis."® This is purported to reduce the mobility of tissue water molecules and leads
to subsequent decrease in ADC.” '?The apparent non-specificity of T, changes in DT2 data
(Fig. 1) prompted us to verify them by performing only T, fits to b=0 data. These results (not
shown) were nearly identical, indicating the robustness of the observations. Dynamic changes
in T,-based signals are typically attributed to hemodynamics (BOLD effect). In Fig. 5(1), cluster
3 seems to represent the expected hyperemic response associated with SDs. This response
shows an initial dip (compared with baseline) in T,, which corroborates our observations from
the GE3d-EPI and b-SSFP datasets. The other two clusters seem to show a similar response
except for a lead or lag. Thus, our data may point to the varied oxygenation status of different
tissue compartments during the passage of SDs. Though at present we do not have a clear
understanding of these signals or the changes in PD (Fig. 5(J)), they may eventually provide
new insights into the multitude of physiological processes co-occurring during SDs. If verified,
the possible contribution of diffusion-related signal changes to b-SSFP scanning during SDs (as
discussed earlier) could be an important example to illustrate the strength of DT2 scanning in
disentangling the possible confounds in contrast mechanisms.

Study limitations

In our experiments, a surface coil was used for RF transmission and reception. This
reduced the SNR achievable in lower parts of the brain drastically in all the scans, apart from
increasing echo time (TE) in DT2. Performing these experiments with a volume-transmit/surface-
receive coil set-up can drastically improve the SNR in all the scans. Although the effect of
temporal smoothing on DT2-derived parameters has been largely addressed by deconvolution
processing, direct measurements would be desirable.

It has been observed that the choice of anesthesia impacts the rate of occurrence and
propagation of SD events.'”? '7® These rates may be lower under isoflurane anesthesia than
under other types of anesthesia. However, the complete effect of anesthesia on the nature of
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temporal evolution of MRI contrasts during SDs has not been fully characterized yet and may
have to be taken into consideration in future studies.

On the data modeling front, given the fact that our model does not take into account
either the massive influx of extracellular water into intracellular space during SD-triggered cell
swelling or the possible changes in diffusivity and T, in the two pools '™, a cellular association
with the observed T, changes cannot be ruled out. Similarly, a rigorous interpretation of
reduction in ADC and any associated changes in PD may have to consider the water exchange
between various compartments and associated changes in membrane properties and
diffusivities.*

Our study demonstrates the potential of specific MRI approaches to monitor and assess
distinctive SD-associated changes in whole-brain tissue. Nevertheless, cross-validation with
other modalities such as electrocorticography and laser-Doppler flowmetry are necessary to
further elucidate the underlying physiological mechanisms of the observed imaging contrasts.
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Abstract

Background

Delayed cerebral ischemia (DCI) occurs in approximately one-third of patients with
aneurysmal subarachnoid hemorrhage (aSAH). A proposed underlying mechanism for DCI is
spreading depolarization(SD). Our aim was to, retrospectively, investigate the influence of the
use of SD-modulating drugs on the occurrence of DCI.

Methods

We, retrospectively, combined data from four cohorts of aSAH patients with data on the
use of home medication prior to hospital admission, occurrence of DCI, and clinical outcome.
Home medication was classified as “SD-inhibiting”, “SD-facilitating”, or “SD-neutral based”
on a comprehensive literature review. We defined subgroups “likely”, “possibly” and “weak”
concerning the amount of evidence in literature. We performed Cox and Poisson regression
analysis and calculated hazard ratios (HR) and risk ratios (RR) for the influence of “SD-
modulating” drugs on primary outcome measure DCI and secondary outcome measure poor
clinical outcome (modified Rankin Scale = 3) three months after aSAH. We adjusted for age, sex

and clinical condition on admission (aHR/aRR).

Results

DCI occurred in 343 (29%) of 1,194 patients. Patients using SD-inhibiting home
medication had an aHR for DCI of 0.66 (95%CI: 0.42-1.06) and an aRR for poor outcome
of 1.13 (95%CI: 0.90-1.41). Patients using SD-facilitating drugs had an aHR for DCI of 1.24
(95%CI:0.83-1.87) and an aRR for poor outcome of 1.19 (95%CI: 0.95-1.50). When comparing
patients using SD-inhibiting drugs with patients using SD-facilitating drugs, the aHR was 0.54
(95%CI: 0.29-0.99) for DCI and the aRR 0.97 (95%Cl: 0.71-1.32) for outcome.

Conclusions

In this exploratory study chronic use of SD-inhibiting drugs tended to reduce DCI but
did not result in a better clinical outcome. Additional research is needed to investigate the
specific effects of SD-modulation on DCI and outcome and to further explore its effectiveness in
preventing DCI after aSAH.

SD-modulating drugs & DCI

Introduction

Delayed cerebral ischemia (DCI) after aneurysmal subarachnoid hemorrhage (aSAH)
occurs in approximately one-third of patients after aSAH and is an important cause of poor
outcome.?? It has long been assumed that DCI is caused by cerebral vasospasm, however, not
all DCI patients have vasospasm and not all aSAH patients with vasospasm develop DCI.'"®
Another proposed mechanism for DCI is the occurrence of waves of self-propagating neuronal
depolarization, called spreading depolarization (SD). SDs are the underlying mechanism of
migraine aura but have also been found after trauma, stroke and aSAH.% ¢ In healthy brain,
SDs appear to be benign phenomena often followed by hyperperfusion, but in injured brain SDs
may cause hypoperfusion and ischemia.®® In aSAH patients, a correlation between SDs and DCI
was found.®® 77 Therefore, SDs may be a target for prevention or reduction of DCI.

In animals, SDs can be inhibited by several drugs, such as migraine prophylactics and
calcium-antagonists, especially when treatment is started weeks before the event.® Migraine
prophylactic drugs often need chronic administration to achieve efficacy on experimental SDs.®
Drugs that suppress SDs after brief treatment probably increase in efficiency by longer treatment
duration.*® Until now, nimodipine is the only proven drug for the risk reduction of DCI in humans.
It has been suggested that this beneficial effect is partly based on SD-inhibition.%5 1% 17 Because
a randomized trial with pre-treatment of SD inhibitors several weeks before stroke onset is not
possible in patients we, retrospectively, investigated large cohorts of aSAH patients. Our aim
was to investigate the possible influence of chronic use of SD-modulating drugs at the time of
aSAH on the occurrence of DCI and clinical outcome.

Drugs were categorized for their influence on SD based on literature, where most evidence was
based on animal studies.
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Materials ans Methods

Cohorts

We performed a retrospective study for which we included four cohorts of aSAH patients
who were admitted to the University Medical Center Utrecht (UMCU) or the Academic Medical
Center (AMC) Amsterdam and for whom the use of medication on admission was known as
well as whether DCI had developed and what the clinical outcome was. These cohorts included
participants of the DECIDE study,'”® 8 the OPTICA study,'®' the MASH (1 and 2)'®2 '8 studies
and a combined observational cohort of patients from the UMCU and AMC. Home medication
was gathered from the patients’ clinical records. Based on the assumption that 10% of the
patients would use SD-inhibiting drugs at time of aSAH and 25% of these patients would
develop DCI versus 35% of the unexposed patients, power analysis showed that the ~1,300
patients included in the four studies would be sufficient to detect a RR of 0.7 with accurate
confidence intervals. Details of all studies, including in- and exclusion criteria, are listed in table
1. Patients who participated in more than one study were included only once.

All aSAH patients received nimodipine upon admission. After admission, home
medication was usually continued or substituted, except for anticoagulants and most
antihypertensive drugs. All trials and cohorts were approved by the Medical Ethical Committee of
the local hospitals.

Literature study
To classify SD-modulating effects of home medication we conducted a comprehensive
literature study using PubMed and WebOfKnowledge. We used the search-terms “spreading
depression” OR “cortical spreading” OR “anoxic depolarization” OR “spreading depolarization”
AND (name of drug). For the name of the drug, when available, a MeSH-term was used.
Other clinically used drugs of the same functional group were also included in our search to
assess group effects for drugs with no relevant hits. For each drug, the number of hits was
stated. For every useful hit, the experimental method (species, dose, route, pre-treatment, SD
induction and SD monitoring) was assessed, as well as the influence of the drug treatment on
SD susceptibility, speed, duration and amplitude. The effect of each drug on SDs was scored
first for each published article and thereafter a total score for each drug was given based on
the summary of all articles independently by two researchers (A.M.H and |.A.M). When both
researchers gave a different score a definite conclusion was reached by consensus. We scored
drugs that inhibit or facilitate SDs as:
- Likely: Studies in mammals, with concentrations that did not deviate strongly
from human therapeutic range with a clear influence on susceptibility, duration or
amplitude of SDs, or two distinct references classified as “possibly”.
- Possibly: Evidence for SD-modulating effects of the drug in the literature but not
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meeting the criteria for likely.

- Weak evidence: SD-modulating effects were described in drugs of the same
pharmacological group but no literature about the effects on SDs of this particular
drug was found.

If studies described absence of drug-specific effects on SD susceptibility, duration or
amplitude, the drug was classified as ‘no SD effect’. Drugs without (useful) hits were classified
as ‘no available data’ and drugs with conflicting study results were categorized as ‘no consistent
data’. Drugs in the class ‘no SD effect, ‘no available data’ or ‘no consistent data’ were combined
and classified as ‘SD-neutral drugs’. The complete list of drugs is listed in the web appendix.

Patients

We classified patients according to their home medication. Patient classes were use of
SD-inhibiting drugs (‘likely’, ‘possibly’ and ‘weak’), SD-facilitating drugs (‘likely’, ‘possibly’ and
‘weak’), SD-neutral drugs or no use of home medication. Patients using a combination of both
inhibiting and facilitating drugs were excluded from the study.

Outcome measures

The primary outcome was development of DCI. In the DECIDE, OPTICA and MASH-
2 studies, DCI was defined as a decline in neurological function without any other possible
explanation such as hydrocephalus, infections or metabolic disturbances, based on CT and
blood examination results. In the MASH-1 and the AMC and UMCU cohort studies, DCI was
defined as a new spontaneous hypodense lesion as revealed by a CT scan compatible with
clinical features of DCI (gradually developed focal deficits, decreased level of consciousness, or
both). The secondary outcome measure was poor clinical outcome defined as a score of =2 3 on
the modified Rankin Scale (mRS)'® three months after onset of aSAH.

Data analysis

Cox (for DCI as outcome measure) and Poisson (for the dichotomous mRS outcome
measure) univariable and multivariable regression analyses were done to calculate hazard
ratios (HR) and risk ratios (RR) including 95% confidence intervals (Cl). We calculated HRs
and RRs for the primary and secondary outcome measures for the use of SD-inhibitors (likely,
possibly, weak and all combined) and the use of SD-facilitators (likely, possibly, weak and
all combined) compared with patients without use of SD-modulating medication (SD-neutral
and no home medication). The same analyses were performed comparing only patients who
used SD-inhibitors with patients who used SD-facilitators. Adjustments (aHR/aRR) were made
for age, sex and clinical condition on admission (assessed by means of World Federation of
Neurosurgical Societies (WFNS) SAH grading scale'®) on admission. A Kaplan-Meier survival
curve was constructed with DCI as the outcome measure. Patients with unknown mRS score at
three months were excluded from analyses of the clinical outcome.
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Results

Patients and literature study

In total 1,289 potentially eligible patients were identified. Complete datasets on
medication and DCI were available for 1,209 patients. A total of 848 articles was reviewed,
yielding 386 different drugs, of which 52 were classified as SD-inhibiting and 32 as SD-
facilitating (Table 2 and tables A.1, A.2 and A.3 of the appendix).

Fifteen patients were excluded because they used both SD-inhibiting and SD-facilitating
medications. The remaining 1.194 patients were included in the present study and 155 (13%) of
these used SD-modulating medication before admission: 89 (57%) SD-inhibiting drugs and 66
(43%) SD-facilitating drugs. Patients’ characteristics are shown in table 3.

SD-modulation in relation with DCI

DCI occurred in 343 (29%) patients (table 3). Kaplan-Meier analysis showed a trend
towards less DCI in the group using inhibiting drugs and more DCI in the group using facilitating
drugs compared with patients not using SD-modulating drugs (Figure 1).

After adjustment for age, sex and WFNS the aHR was 0.66 (95% CI: 0.42-1.06) for
patients using inhibiting drugs and 1.24 (95% CI: 0.83-1.87) for patients using facilitating drugs
compared to patients without use of SD-modulating medication (table 4). When comparing
patients using SD-inhibiting drugs with patients using SD-facilitating drugs, a HR of 0.56 (95%
Cl: 0.31-1.02) and an aHR of 0.54 (95% CI: 0.29-0.99) was found for the occurrence of DCI.

SD-modulation in relation with clinical outcome

Clinical outcome was poor in the 423 (47%) of the 909 patients with a known mRS score
after three months. The aRR for a poor outcome was 1.13 (95% CI: 0.90-1.41) for patients using

SD-inhibiting home medication and 1.19 (95% CI: 0.95-1.50) for patients using SD-facilitating
home medication compared to patients without use of SD-modulating medication (table 4).
When comparing patients using inhibiting drugs with patients using SD-facilitating drugs, a RR
of 0.97 (95% CI: 0.70-1.33) and an aRR of 0.97 (95% CI: 0.71-1.32) was found for the clinical
outcome.
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Figure 1. Kaplan-Meier curve of the cumulative incidence of delayed cerebral ischemia grouped

by drug usage.
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Number
52
15
13
24

Likely
Possibly
Weak

Table 2. Results of the drug literature search
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Table 4. Crude and adjusted effect estimates for DCI and poor outcome according to drug used.

Crude HR Adjusted HR mRS 23 Crude RR Adjusted RR

DCI +

(95% Cl) (95% Cl)

(n (%))

(95% Cl) (95% Cl)
359/796 (45%)

(n (%))

No SD-modulating drugs  299/1,039 (29%)

ref.

ref.

ref.

ref

0.70 (0.44-1.12) 0.66 (0.42-1.06) 34/61 (56%) 1.24 (0.98-1.57) 1.13 (0.90-1.41)

19/89 (21%)

SD-inhibiting drugs

1.25 (0.86-1.82)

1.39 (0.94-2.04)

0.46 (0.15-1.42)  10/16 (63%)

0.50 (0.16-1.56)

3121 (14%)

Likely

1.31(0.87-1.97)

1.29 (0.80-2.10)

712 (58%)

1.00 (0.44-2.24)

1.06 (0.47-2.39)

6/18 (33%)

Possibly

1.00 (0.72-1.40)

1.14 (0.81-1.60)

0.62 (0.33-1.18) 17/33 (52%)

0.65 (0.35-1.22)

10/50 (20%)

Weak

1.19 (0.95-1.50)

1.28 (1.00-1.63)

1.24 (0.83-1.87) 30/52 (58%)

25/66 (38%) 1.26 (0.84-1.89)

SD-facilitating drugs

222 (2.05-2.39)  1.32 (1.18-1.48)

1/1 (100%)

5.03 (0.70-36.26)

7.56 (1.06-54.07)

1/1 (100%)

Likely

0.89 (0.60-1.34)

0.92 (0.59-1.42)

1.03 (0.56-1.88) 12/29 (41%)

1.01 (0.55-1.84)

11/36 (31%)

Possibly

1.53 (1.20-1.97)

1.71 (1.35-2.18)

1.41 (0.81-2.45) 17122 (77%)

1.47 (0.84-2.56)

13/29 (45%)

Weak

Left columns: Cox-regression analysis with DCI as the outcome variable. Adjustments were made for age, sex and WFNS. DCI + were patients who
developed DCI after aSAH within the follow-up period of 21 days. Right columns: Poisson-regression analysis with dichotomous mRS as the outcome

variable (n

285 missing). Adjustments were made for age, sex and WFNS. The group of patients with no SD-modulating drugs is composed of 624 (60%)

patients without the use of home medication and 415 (40%) patients using non-SD-modulating drugs.

SD-modulating drugs & DCI

Discussion

Our exploratory analysis suggest a trend towards a protective effect of SD-inhibiting
drugs on the development of DCI but this did not result in a better clinical outcome. In contrast,
our data suggest a neutral, or even detrimental, influence of SD-modulating drugs on clinical
outcome. The suggestion of a possible protective effect of SD-inhibition on DCI supports recent
findings that SDs play a role in the development of secondary ischemia after aSAH.33.59.66.177 |
2009, SDs were detected with electrocorticography in a small series of aSAH patients. In almost
all SAH patients SDs were present, and a correlation between the occurrence of SDs and the
development of DCI was found.®® "7 The association between SDs and progression of cerebral
ischemia has also been described in animals and patients.

In an ischemic stroke model in rats, SD-waves have been found to circle around and
enlarge ischemic brain lesions.'® In addition, SDs have been shown to occur in the penumbra
of patients with ischemic stroke.'” In injured brain tissue the vascular response to SDs may be
a paradoxical vasoconstriction or vasospasm.'’? Decreased delivery of oxygen and metabolites
in injured brain tissue may explain why SDs cause no damage in normal brain tissue, but might
cause (progression of) ischemia after aSAH or ischemic stroke.% 177

We have no good explanation for the absence, or possible negative effect, of both SD-
modulating drugs on clinical outcome. Our crude RRs for outcome changed considerably after
adjustment for age, sex and WFNS score, however, we cannot exclude residual confounding.
Unfortunately, because of lack of information we were not able to adjust for the amount of
extravasated blood measured with the modified Fisher score, which has been suggested to be
another predictor for DCI and clinical outcome.?3 186187

Our study has several limitations. First, our main assumption, based on animal studies,
was that prolonged drug treatment is needed for effective SD-inhibition and that SDs generally
develop early after aSAH. . ¢6.87.177 Although we assumed that most drugs were in chronic
use at the time of hemorrhage, and were continued during admission, we did not check this in
every patient. In addition, we did not include possible effects of drugs that were started during
admission. All patients used nimodipine during their hospital course. Because several studies
suggest that the protective effect of nimodipine is partly based on SD inhibition, the standard
use of nimodipine might have diluted our effect estimates.8% %0 1. 18 Part of our study population
participated in the MASH trials and were randomized between magnesium or placebo treatment.
We did not take this treatment into account because magnesium was not found to be effective
and randomization in the MASH trial was considered independent of SD-modulating home
medication.'®? 18 Second, because SDs can only be measured with invasive corticography we
were not able to directly measure the effect of the SD inhibiting drugs on the occurrence of
SDs. Many of the drugs used in the study have multiple mechanisms of action which hampers
interpretation of our data. Third, we classified the SD-effect of drugs by assessing whether the
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dose used in animals correlated plausibly with the human therapeutic range. This could possibly
have diluted the effect estimates. Also, there were no data on 252 drugs at the time the literature
search was performed. We assumed that these drugs did not have any SD-modulating effects.

Besides that, confounding may have occurred because the included patients were
taking their SD-modulating drugs for diseases such as migraine or epilepsy, which themselves
may have an effect on the occurrence of DCI. Because of a possible hyperexcitability of the
brain one could hypothesize that patients with these diseases are more susceptible to develop
DCI. However, in a recent study a history of migraine was not a predictor for the occurrence of
DCI.2 In addition, drugs used for migraine or epilepsy were mostly classified as SD-inhibiting
drugs. Therefore, even despite a possibly higher risk of DCI in these patients, there still was a
positive trend in our study for a beneficial effect of SD-inhibition.

Strong points of this study, which is the first to study the effect of SD-modulating drugs
on DCI in humans, are the large number of patients investigated and the extensive literature
study on SD-drugs. This study also includes a pre-treatment effect as the drugs were already
used before admission to hospital. The need for a long pre-treatment phase could also, in part,
explain why many trials on neuroprotective therapies for prevention of DCI after aSAH have not
been successful.
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Conclusion

Although no firm conclusions can be drawn from our study, it suggests a possible
protective role of SD-inhibiting drugs against DCI, which provides opportunities for new research
on preventing DCI. However, more insight is needed from epidemiological and experimental
studies into the possible detrimental effects on clinical outcome before SD-inhibition is studied
further for preventing DCI in humans.

Sources of Funding

This study was supported by a grant of the Dutch Brain Foundation (project 2011(1)-
102). Dr. Wermer was supported by a personal grant from the Netherlands Organisation for
Scientific Research (ZonMW Veni grant) and the Netherlands Heart Foundation (2011T055).

Supplementary data
The results of the literature study can be found in Tables A1 and A2.
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Subgroup Drug Mesh term Hits fo SD categ: Species

Anti-depressants

Serotonine manipulators Methysergide

(oa. SSRIs)

TCAs

AEDs

Benzodiazepines

Anti-hypertensives

Beta blockers

Calcium antagonists

Central acting BPLs

Diuretics
Other

Pizotyline
Fluoxetine
Citalopram
Amitriptyline

Valproic Acid

Topiramate

Carbamazepine
Etiracetam
Phenytoin

Lamotrigine

Oxcarbazepine
Gabapentin
Riluzole
Phenobarbital

Barbital

Diazepam
Clonazepam

Midazolam

Propranolol

Metoprolol

Nimodipine

Nifedipine
Diltiazem

Verapamil

Clonidine

Amiloride

Diuretics (non antihyper Furosemide

Mannitol

NSAIDs
Acetaminophen

Indomethacin

Comments Monitor Human dose Dose, route
5 ip Rat DC 1-6 mg/day 10 mg/kg, i.p.
Rat DC 10 mg/kg/day, p.o.
Rat DC 0.1-1 mg/kg/day, i.p.
Chicken retina DC 100 uM, CM
2 na Rat DC 1.5-4.5 mg/day 10 mg/kg, i.p.
1 ip Rat DC 20-60 mg/day 10-40 mg/kg/day, s.c.
2 ip Rat DC 20-40 mg/day 20 mg/kg/day, i.p.
1 ncd Rat DC 50-300 mg/day 20 mg/kg, i.p.
Rat DC 10-20 mg/kg/day, i.p.
21 il Rat DC 10-60 mg/kg/day 200 mg/kg, i.v.
Rat DC 200 mg/kg, i.p.
Rat DC 200 mg/kg, i.p.
Cat LDF, SUA 3.5-7 mglkg, i.v.
Rat DC 100-200 mg, i.p.
Rat DC 200 mg/kg/day, i.p.
Rat DC 25-200 mg/kg/day, i.p.
Rat DC, LDF 200mg/kg, i.p.
Mouse hippocampal slices DC 1 mM, aCSF
19 il Cat LDF, SUA 25-200 mg/day 10-30 mg/kg, i.v.
Rat LDF, SUA 10-30 mg/kg, i.v.
Rat DC 60-80 mg/kg, i.p.
Rat DC 80 mg/kg/day, i.p.
Rat DC 60-80 mg/kg/day, i.p.
Rat DC, LDF 50-600 mg/kg/day, p.o.
Rat DC, LDF 50-600 mg/kg/day, p.o.
2 ip Mouse Optical 10-60 mg/kg/day 0.35-0.5 mM, local
2 iw Rat neocortical slices DC 500-3000 mg/day 32-100 M, CM
10 ip Cat DC, SUA 150-400 mg/day 1-2 mg/ml, local
Rat DC 80 mg/kg, i.p.
Rat DC 30-90 mg/kg, nd
Chicken retina Optical nd
Mouse hippocampal slices DC 50 uM, CM
Chicken retina DC 0-100 uM, CM
Rat caudate nuclei DC 100 uM, CM
Guinea pig hippocampal slices DC 10.7 uM, CM
Cat DC nd
4 il Guinea pig hippocampal slices DC 50-500 mg/day 8.8 uM, CM
Rat DC, ECoG 15 mg/kg, i.p.
1 na Rat DC 600-2400 mg/day 200 mg/kg, p.o.
Rat DC 50 mg/kg, p.o.
8 il Rat DC 900-3600 mg/day 100-200 mg/kg, i.v.
Mouse DC, ECoG 50-400 mg/kg, i.v.
2 ip Guinea pig hippocampal slices DC 100 mg/day 1-1.95 yM, CM
5 fp Cat Fluorometric 100-250 mg 20-80 mg/kg, i.c.
Cat nd
1 fp Chicken retina DC 650-970 mg 800 uM, CM
Chicken retina Optical 800 uM, CM
6 fp Rat chronically epileptic DC 6-40 mg/day 5-10mg/kg, i.v.
Rat DC 40 mg/kg, i.p.
1 na Cat LDF, SUA 2-4 mg/day 15-45 pglkg, i.v.
2 il Mouse hippocampal slices DC 7.5-15 mg/day 10 nM, CM
Human trauma DC avg 22.3 mg, i.v.
16 il Rat DC 120-320 mg/day 20 mg/kg, i.p.
Rat DC 20 mg/kg, p.o. b.i.d.
Rat DC 20 mg/kg, i.p.
Rat DC 20 mg/kg/day, i.p.
Rat DC, LDF 250-1000 pmol/L, CM
Chicken retina DC 700 uM, CM
Rat DC, LDF 20 mg/kg, i.p.
Rat ECoG, [14Cliap 1.5 mg/kg, i.v.
na Cat LDF, SUA 100-400 mg/day 25 mg/kg, i.v.
Rat DC, ECoG 5 mg/kg, i.v.
24 il Rat LDF,DC 360 mg/day 2 pglkg/min, i.v.
Rat LDF, DC 2 pglkg/min, i.v.
Guinea pig hippocampal slices DC 7.27 uM, CM
Rat SHRSP nd nd
Rat DC 10°M, CM
1 iw na organotypic cultures DC, optical 30-120 mg/day 10 uM, CM
2 iw Guinea pig hippocampal slices DC 200-300 mg/day 277 uM, CM
10 ncd Guinea pig hippocampal slices DC 320-720 mg/day 1.27 uM, CM
5 ip Rat DC 0.1-1.5 mg/day 1.25-10 mg/kg, i.p.
Rat DC 0.56 pmol/L, CM
Chicken retina DC 100-500 u M, CM
6 fl Human slices DC 5-10 mg/day 50 pmol/L, CM
Guinea pig hippocampal slices DC 25-200 ymol/L, CM
1" ncd Cat DC, LDF 20-1500 mg/day 0.2-20 mg/kg, i.v.
Rat hippocampus DC 2mM, CM
Rat hippocampus DC, Optical 2mM, CM
13 na Rat DC 1500-2000 mg/kg, i.v. 20% solution, 1 mL i.v.
6 fp Chicken retina DC 1500-2000 mg/kg 10 mM, CM
Rat DC, LDF, FOSir 200 mg/kg, i.p.
Rat DC, LDF, FOSir 200 mg/kg/d, i.p.
13 fp Rat DC, LDF 75-200 mg/day 5 mgl/kg, i.v.
Rat DC, LDF 5 mglkg, i.v.

Table A1. Results of the literature search.
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Duckrow, J Cereb Blood Flow Metab 1991
Kaube, Eur Neurol 1994
Alemdar, Cephalalgia 2007
Dreier, Neurosurgery 2002
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Ashton, Brain Res 1997
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Richter, Neurosci Lett 2002

Kunkler, Hippocampus 2004

Ashton, Brain Res 1997

Ashton, Brain Res 1997

Marrannes, book 1 (review Ayata)
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Wiedemann, Naunyn-Schmiedebergs Arch Pharmacol 1996
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M’uller Neuroscience 2000
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Batinga, Neurosci Lett 2011
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Shimizu, Neuroreport 2000
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Table A1 (continued).

Subgroue Drug Mesh term Hits fo SD catege Species Comments Monitor Human dose Dose, route
Rabbit Optical 15 mg/kg, i.v.
Rat ECoG, [14Cliap 5 mg/kg, i.v.
Rat DC 10 mg/kg, i.v.
Rabbit DC, LDF 5-10 mg/kg, i.v.
Rabbit DC, LDF 5-7 mg/kg, i.v.
Rabbit DC, LDF 5-10 mg/kg, i.v.
Immune suppressants
Glucocorticoids Dexamethasone 9 il Rat IHC 0.5-24 mg/day 2 mgl/kg, i.p.
Rat IHC 2 mg/kg, i.p.
Rat IHC 1.5-5 mg/kg, i.p.
Rat in vivo + slices DC, NB, ICC 1.5 mg/kg, i.p.
Chicken retina Optical 0.1-3 mM, CM
Other Cyclosporine 4 il Rat ECoG, LDF 2.5-15 mg/kg/day 0.1 mmol/L, CM
Opiates
Morphine 9 na Human trauma DC < 10 mg/day avg. 8 mg
Sufentanil 1 na Human trauma DC 10-20 p g/hour, epidural avg. 0.06 mg
Fentanyl 3 na Human trauma patient DC 0.2-0.8 mg avg. 0.15mg
Naloxone 11 ncd Rat DC 0.1 mg, i.v. 10 mg/kg/d, s.c.
Rat DC 40 mg/kg, i.p.
Antidiabetics
Insulin 36 ncd Rat nd 0.5-1.0 IU/kg, i.v. nd
Rat hypoglycaemic DC 21U/kg, i.p.
Rat hypoglycaemic DC 3 U/kg/day, s.c.
Cat Optical 1.5-4.5 mU/kg/min, i.v.
Rat hippocampal slices DC, optical 400 pg/mL, CM
Rat DC 0.3U/100g, i.v.
Rat DC 2.7-3.7 U/kg, i.p.
Glyburide 2 nd Rat DC, LDF 2,5-15 mg/day 10-6, 10-5, 10-4M, CM
Tolbutamide 4 na Rat hippocampal slices DC 0,5-2 g/day 200 uM, CM
Antibiotics
Penicillins 33 il Rat DC 1.2*10° IE, i.v. nd
Rat DC 10 M, topical
Rat DC nd
Rat DC nd, topical
Rat DC 0.5 mg, topical
Ceftriaxone 1 nd Rat hippocampus DC 1-4 g/day, i.v. 200 mg/kg, i.p.
Narcotics
Ketamine 29 il Human trauma + sih DC 40-240 mg/d 2-3 mg/kg/h, i.v.
Rat DC 40,80 mg/kg, i.p.
Rat DC 10 mg/kg, i.p.
Human trauma DC avg 200 mg, nd
Rat DC >12mg/kg, i.p.
Rat DC 50 mglkg, i.p.
Rat DC 50 mg/kg, i.v.
Rat DC 100 mg/kg, i.p.
Rat DC 30-100 mg/kg, i.p.
Propofol 6 il Human trauma DC avg 150 mg, i.v. avg 150 mg, i.v.
Mice DC 120-200 mg/kg, i.p.
Pentobarbital 39 na Rat ECoG, [14Cliap  100-200 mg 40 mg/kg, i.v.
Rat DC 1.0 MAC
Vitamins & minerals
Vitamin B2 7 fp Rat DC 3-10 mg/d 10 mg/kg, i.p.
Ascorbic Acid 10 fp Rat well- and malnourished DC, ECoG 50-500mg/day 60 mg/kg/d, p.g.
Magnesium Sulfate 15 ncd Chicken retina Optical 500-1500mg/day, i.v. 0-4 mM, CM
Rat SAH DC 90 mg/kg, i.v.
Rat DC 90 mg/kg, i.v.
Anticoagulants
Dipyridamole 2 il Rat hippocampus DC 200mg/day 100 pM, CM
Rat hippocampus DC 100 uM, CM
Acetylsalicylic acid 3 na Cat LDF, SUA 1-8g/day 30 mg/kg, i.v.
Antipsychotics
Haloperidol 4 ip Rat DC 0.5-20mg/day Intracerebral infusion
Hormones
Progesterone 8 ncd Rat neocortical slices DC na 0.1-50 pmol/L, CM
Estrogens 55 ncd Rat neocortical slices DC na 0.1-50 pmol/L, CM
Rat WAR [a]e} na
Mice nd nd
Mice FHM1 DC na
Rat DC 0.025-0.075 mg, s.c. pellet 21 days release
Rat ovariectomized DC na
Melatonin 8 ip Rat LDF 2mg/day 20-40 mg/kg, i.p.
Chicken retina Optical 0.3-1.4 mM, CM
Norepinephrine 17 ip Rat DC, LDF 2-4 pg/min 0.1-1 mmol/L, CM
Propylthiouracil 2 nd Rat nd 75-150mg/day 8 mg/kg/day, nd
Somatostatin 6 nd Rat cortical slices DC 3.5 ug/kg/h, i.v. 1uM, CM
Local acting agents
Miconazole 1 na Rat DC, LDF na 10-6, 10-5 M, CM
Benzocaine 1 na Chicken retina DC na 1-4 mM, CM
Parasympatihicolytics
Atropine 17 nd Rat ECoG, [14Cliap  0,3-0,6 mg, s.c./im. 0.3 mg/kg, i.v.
Migraine prophylactics
Flunarizine 26 il Rat DC 10mg/day 20-40 mg/kg, i.p.
Rat DC 20 mg/kg, p.o. b.i.d.
Rat DC 20 mg/kg/day, p.o.
Rat DC 30 mg/kg, p.o.+ 10 mg/k
Rat DC 40 mg/kg, i.p.
Rat DC 10-20 mg/kg, i.p.
Rat DC 20 mg/kg, p.o. b.i.d.
Rat DC 30+10 mg/kg, nd
Rat DC 1-2 mg/kg i.p.+40 uM, tc
Rat LDF 1 mg/kg, i.v.
Migraine treatment
Ergotamine 13 na Rat DC 1-4mg/week, supp 0.31-20 mg/kg, i.p.
Chicken retina DC 10-20 yM, CM
Dihydroergotamine 14 na Cat LDF, SUA 1-3/attack, max 6mg/wk 15 pglkg, iv.
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Table A1 (continued).

Subgroup Drug Mesh term Hits fo SD categc Species Comments Monitor Human dose Dose, route
Mice Optical 0.03-0.15 mg/kg, nd
Sumatriptan 69 na Cat MRI 50-300mg/day 0.3 mg/kg, i.v.
Cat, rat DC 0.3 mg/kg, i.v.
Rat DC 0.3 mg/kg, i.v.
Rat DC 0.3 mg/kg, i.v.
Chicken retina DC 1.5mM, CM
Rat DC,LDF 2mg/kg, i.v.
Rat hippocampal slices nd 10M, CM
Chicken retina DC 0.05-2mM, CM
Dementia drugs
Memantine 6 il Rat DC, LDF 10-20mg/day 3-10 mg/kg, i.p.
Membrane stabilizers
Lidocaine 23 na Cat LDF, SUA 200-300mg/hour, i.v. 5 mglkg, i.v.
Chicken retina bC 3-7mM, CM
Rat caudate nucleus DC 200 yM, CM
Gerbil hippocampal slices DC 10,50,100 yM, CM
Rat DC, LDF 10u g, local
Anti-arrhythmics
Quinidine bisulfate 2 ip Rat cortical slices DC 200-1600 mg/day 100-200 yM, CM
Gastric antispasmodic
Papaverine 7 ip Rat LDF, DC 300-600mg/day 100 pmol/L, CM
Rat LDF 100 pM, CM
Nitrates
Nitroglycerin 16 ip Mice DC, optical 0,4-1,2mg, s.I. 0.5-10 mg/kg, i.p.
Cat DC, LDF 0.25 pg/kg/min, i.v.
Muscle relaxants
Baclofen 5 na Chicken Retina nd 30-80mg/day 100 pm, CM
Pulmonary hypertension
Sildenafil 4 na Rat DC 20-60mg/day 100 pg, CM
Ungrouped
Theophylline 4 fp Rat hippocampus DC 5-900mg/d 1mM, CM
Rat hippocampus DC 1 mM, CM
Lithium 12 ncd Rat DC 800-1600mg/d 50mg/kg, i.p.
Rat nd 1.5 g/kg, nd
Zaprinast 1 ncd Rat DC 25-100mg/d 300 pg, CM

SD-modulating drugs & DCI

Pretreatment  SD induction Susceptibility Speed Duration Amplitude Reference

nd KCI 1 nd nd 1 Zyuzin, Headache 2012

15 min KCI o o o nd Bradley, Exp Neurol 2001

15 min KCI > nd nd - Read, Brain Res 2000

30 min KCI o nd 1 P Moskowitz, J Neurosci 1993

15 min KCI - nd nd nd Read, Brain Res 2001

nd KClI nd 16 1 1o Wiedemann, Naunyn-Schmiedebergs Arch Pharmacol 1996
-5 min Ischemia 1 nd 1 nd Mies, J Stroke Cerebrovasc Dis 1998
nd hypoxia - nd nd nd Takagi, Nihon Yakurigaku Zasshi 1998
na M 1 16 nd nd Maranhao-Filho, Cephalalgia 1997
60 min KCI 1 nd nd 1 Peeters, J Pharmacol Exp Ther 2007
60 min Ischemia - o nd - Kaube, Eur Neurol 1994

30 min nd 1 16 1 1 Chebabo Exp Brain Res 1993

na hypoxie/hypoglyce | nd I nd Toner, Neuroscience 1997

10 min Ischemia 1 nd - 1 Liu, Anesthesiology 1997

20 min M, KCI “ nd nd nd Lambert, Cephalalgia 2011

na KCI nd l 10 | Margineanu, Brain Res Bull 2006

nd KCI 1 (CSI -CSD) nd nd nd Dreier, J Physiol 2001

nd KCI = nd nd nd Scheckenbach, Exp Neurol 2006
30,60 min E nd o P 1 bates, Cephalalgia 2010

2hrs KClI nd nd 1 - Read, Cephalalgia 1997

na KCL o nd nd nd Sheardown, Brain Res 1993
100-200 min posE nd nd o - Wang, Brain Res 2004

120 min KClI 1 nd nd nd Hada, Eur J Pharmacol 1996

120 min KCI 1 nd nd 1 Kaku, Brain Res 1994

1x 15-30 days KCL nd 1 nd nd de Aguiar, Nutr Nrsc 2011

nd nd nd 1 nd nd Guedes, Braz J Med Biol Res 1989
100-200 min posE nd nd 1 1 Wang, Brain Res 2004

Legend of tables A1 & A2

Abbreviation Definition

- no effect

| decrease

1 increase

o dose dependent increase

-0 dose dependent decrease

TCAs tricyclic antidepressants

AEDs anti-epileptics

BPLs blood pressure lowering drugs

NSAIDs non-steroidal anti-inflammatory drugs

il SD inhibitor likely

ip SD inhibitor possibly

iw SD inhibitor weak

fl SD facilitator likely

fp SD facilitator possibly

fw SD facilitator weak

nd no data

ncd no consistent data

DC slow extracellular potential shift

LDF laser doppler flowmetry measuring blood flow
changes

SUA single unit spike activity

ECoG electrocorticogram

IHC immunohistochemistry

NB northern blot

ICC immunocytochemistry

14C-iap [14C]J-iodoantipyrine

E electricatelectrically-induced SD

M mechanical pinprick-induced SD

KCI kaliumcloride-induced SD

OGD oxygen glucose deprivation-induced SD

CM culture medium

i.v. intraveneous

i.p. intraperitoneal

i.c. intracortical

p.o. per os

b.id. bis in die

p.g. per gavage

i.m. intramusculair

s.l. sublingual

supp suppositorium

avg average

sah subarachnoidal hemorhage

sih spontaneous intracranial hypotension

SHRSP stroke-prone spontaneously hypertensive
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Chapter 5 SD-modulating drugs & DCI

Table A2. Medications with category 'no data’ or without any hits. Table A2 (continued).
Group Drug Mesh term hits  cat. Group Drug Mesh term hits  cat. Group Drug Mesh term hits  cat. Group Drug Mesh term hits cat.
Serotonine manipulators Venlafaxine 0 nd ‘Telmisartan 0 nd Pentazocine 1 fw Magnesium Hydroxide 0 nd
(oa. SSRIs) Paroxetine 0 nd Parasympatihicolytics Ipratropium 0 nd Meperidine 1 fw Lactulose 0 nd
Duloxetine 0 nd Tiotropium 0 nd Piritramide 0 fw Polyethylene Glycols 0 nd
Escitalopram 2 nd Atropine 17 nd Remifentanil 0 fw Magnesium Oxide 1 nd
Fluvoxamine 0 nd BPIs, central acting Methyldopa 0 nd Tramadol 0 nd Psyllium 0 nd
Sertraline 0 nd Moxonidine 0 nd Codeine 0 nd Immune suppressants Mycophenolate mofetil 0 nd
TCAs Clomipramine 1 nd BPLs, diuretics Triamterene 0 nd Antibiotics Amoxicilin 0 nd Anticoagulants Warfarin 0 nd
Imipramine 1 nd Epithizide 0 nd Clarithromycin 0 nd Acenocoumarol 0 nd
Nortriptyline 0 nd Hydrochlorothiazide 0 nd Clavulanic Acids 0 nd Phenprocoumon 0 nd
Maprotiline 0 nd Chlorthalidone 0 nd Floxacillin 0 nd Clopidogrel 0 nd
Other antidepressives Mirtazapine 0 nd Clopamide 0 nd Norfloxacin 0 nd Heparin 3 nd
Anti-epileptics Ethosuximide 0 iw BPLs, other Urapidil 0 nd Ciprofloxacin 0 nd Dalteparin 0 nd
Felbamate 0 iw Bumetanide 3 nd Trimethoprim 0 nd Nadroparin 0 nd
Lacosamide 0 iw Spironolactone 2 nd Cotrimoxazole 0 nd Danaproid 0 nd
Stiripentol 0 iw NSAIDs Ibuprofen 3 fw Cefazolin 0 nd Enoxaparin 0 nd
Vigabatrin 0 iw Diclofenac 4 fw Doxycycline 0 nd Fondaparinux 0 nd
Zonisamide 0 iw Aceclofenac 0 fw Erythromycin 0 nd Tinzaparin 0 nd
Pregabalin 1 iw Celecoxib 0 fw Nitrofurantoin 0 nd Antipsychotics Clozapine 0 nd
Primidone 0 fw Etoricoxib 0 fw Clindamycin 0 nd Pimozide 0 nd
Benzodiazepines Clobazam 0 nd Phenylbutazone 0 fw Antiviral agents Acyclovir 0 nd Risperidone 0 nd
Alprazolam 0 nd Naproxen 4 fw HAART 0 nd Perphenazine 0 nd
Bromazepam 0 nd Rofecoxib 0 fw Zidovudine (HAART1) 0 nd Olanzapine 0 nd
Chlordiazepoxide 1 nd Nabumetone 0 fw Lamivudine (HAART2) 0 nd Anti-diabetics Metformin 0 nd
Lorazepam 0 nd Meloxicam 1 fw Lopinavir (HAART3) 0 nd Glimepiride 0 nd
Lormetazepam 0 nd H2r-antagonists Cimetidine 1 nd Tenofovir (HAART4) 0 nd Gliclazide 0 nd
Prazepam 0 nd Ranitidine 3 nd Emtricitabine (HAART5) 0 nd Calcium antagonists Mepirodipine 0 iw
Oxazepam 0 nd Famotidine 0 nd Efavirenz (HAART6) 0 nd Felodipine 0 iw
Flumazenil 1 nd Nizatidine 0 nd Histamine antagonists Promethazine 1 nd Lacidipine 0 iw
Flurazepam 0 nd Proton pump inhibitors Omeprazole 0 nd Cetirizine 0 nd Nicardipine 3 iw
Zopiclone 0 nd Esomeprazole 0 nd Acrivastine 0 nd Lercanidipine 0 iw
Zolpidem 0 nd Pantoprazole 0 nd Trimeprazine (Alimemazine) 0 nd Isradipine 1 iw
Temazepam 0 nd Lansoprazole 0 nd Clemastine 0 nd Nitrendipine 0 iw
Nitrazepam 0 nd Rabeprazole 0 nd Cyproheptadine 1 nd Amlodipine 0 iw
Beta blockers Atenolol 1 nd Urine retention drugs Tamsulosin 0 nd Desloratadine 0 nd Hormone and -inhibitors Tamoxifen 3 nd
Oxprenolol 0 nd Doxazosin 0 nd Dexchlorpheniramine 0 nd Deamino Arginine 0 nd
Acebutolol 0 nd Alfuzosin 0 nd Dimethindene 0 nd LH 3 nd
Betaxolol 0 nd Dutasteride 0 nd Ebastine 0 nd Thyroxine 0 nd
Carvedilol 0 nd Finasteride 0 nd Fexofenadine 0 nd Methimazole 0 nd
Bisoprolol 0 nd Terazosin 0 nd Hydroxyzine 0 nd Potassium lodide 1 nd
Celiprolol 0 nd Lipid lowering agents Simvastatin 0 nd Ketotifen 0 nd Carbimazole 0 nd
Esmolol 0 nd Atorvastatin 0 nd Levocetirizine 0 nd Medroxyprogesterone 0 nd
Labetalol 0 nd Fluvastatin 0 nd Loratadine 0 nd Vasopressin 0 nd
Nebivolol 0 nd Pravastatin 0 nd Mebhydroline 0 nd Vertigo drugs Betahistine 0 nd
Pindolol 0 nd Rosuvastatin 0 nd Mizolastine 0 nd Local acting agents Indacaterol 0 na
Sotalol 0 nd Cerivastatin 0 nd Oxatomide 0 nd Povidone 0 na
ACE inhibitors Lisinopril 0 nd Colesevelam 0 nd Rupatadine 0 nd Albuterol 0 na
Enalapril 0 nd Ezetimibe 0 nd Cinnarizine 1 nd Tiotropium 0 na
Captopril 0 nd Ciprofibrate 0 nd Terfenadine 0 nd Formoterol 0 na
Perindopril 0 nd Glucocortcoids Prednisolone 1 iw Sulfamethoxazole 0 nd Salmeterol 0 na
Benazepril 0 nd Prednisone 1 iw Vitamins & minerals Vitamin B Complex 7 nd Ephedrine 0 na
Fosinopril 0 nd Cortisone 0 iw Thiamine (VitB1) 0 nd Terbutaline 0 na
Cilazapril 0 nd Hydrocortisone 2 iw Niacinamide (VitB3) 0 nd Fluticasone 0 na
Quinapril 0 nd Methylprednisolone 1w Pantothenic Acid (VitB5) 1 nd Beclomethasone 0 na
Ramipril 0 nd Triamcinolone 1 iw Pyridoxine (VitB6) 0 nd Budesonide 0 na
Trandolapril 0 nd Opiates Alfentanil 3 fw Biotin (VitB7) 4 nd Ciclesonide 0 na
Zofenopril 0 nd Buprenorphine 0 fw Folic Acid (VitB9) 1 nd Miconazole 0 na
Angiotensin inhibitors Candesartan 1 nd Dextromoramide 0 fw Vitamin B12 0 nd benzocaine 1 na
Eprosartan 0 nd Dextropropoxyphene 0 fw Vitamin D 0 nd Chloramphenicol 0 na
Irbesartan 0 nd Hydromorphone 0 fw Iron fumarate 0 nd Latanoprost 0 na
Losartan 0 nd Methadone 0 fw Calcium Carbonate 3 nd Acetylcysteine 0 na
Valsartan 0 nd Nicomorphine 0 fw Cholecalciferol 0 nd Dorzolamide 0 na
Olmesartan 0 nd Oxycodone 0 fw Laxatives Bisacodyl 0 nd Betamethasone 0 na
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Table A2 (continued).
Group Drug Mesh term hits cat. Group Drug Mesh term hits cat.
Bexamethasone 0 na Gemibrozi 0 nd
Fusidic Acid 0 na Tolterodine 0 nd
Timolol 3 na Thalidomide 0 nd
Migraine prophylactics Methysergide 0 nd Sulfasalazine 0 nd
Pizotyline 0 nd Solifenacin 0 nd
Topiramate 0 nd Digoxin 1 nd
Migraine treatment Almotriptan 1 nd Nevirapine 0 nd
Eletriptan 1 nd Pancreatin 0 nd
Rizatriptan 4 nd
Naratriptan 2 nd
Frovatriptan 0 nd
Zolmitriptan 6 nd
Dementia drugs Rivastigmine 0 nd
Gastric antispasmodic Mebeverine 0 nd
Scopolaminebuty! 0 nd
Nitrates Isosorbide Dinitrate 0 nd
Isosorbide-5-mononitrate 0 nd
Nitroprusside 1 nd
Dopamine antagonists Domperidone 0 nd
Metoclopramide 1 nd
Droperidol 0 nd
Alizapride 0 nd
Hemostatics Tranexamic Acid 0 nd
MS drugs Interferon beta-1b 0 nd
Interferon beta-1a 0 nd
Interferons 6 nd
Copolymer 1 (Glatirameer) 0 nd
Muscle relaxants Atracurium 0 nd
Botulinum Toxins 14 nd Legend of tables A1 & A2
Dantrolene 3 nd Abbreviation definition
Hydroquinidine 0 nd Py o effect
Pramipexol 0 nd ! decrease
Ropinirole 0 nd Is anre%se dont i
- ose dependent increase
R_Ot'gt_)tfne 0 nd -6 dose dependent decrease
Tizanidine 0 nd TCAs tricycliq ant_idepressants
Parkinson drugs Levodopa 0 nd AEDs anti-epileptics )
A di 0 " BPLs blood pressure lowering drugs
mantadine n NSAIDs non-steroidal anti-inflammatory drugs
Benserazide 1 nd il SD inhibitor likely
aatio i : ; ; ip SD inhibitor possibly
Claudicatio intermittens Glnkgol bll(l)ba 0 nd W SD inhibitor weak
Pentoxifylline 0 nd fl SD facilitator likely
Gout drugs Allopurinol 0 nd I\a gg Eaci:itator poss‘,(ibly
. acilitator weal
Colchicine 1 nd nd no data
Calcium regulators Etidronic Acid 0 nd ncd no consistent data
Alendronate 0 nd EI(DZF Islow extra?ellllelar potential shiftA I q
Risedronic acid 0 nd :hs:r:;ec;pp er flowmetry measuring blood flow
Rheumatoid arthritis Methotrexate 0 nd SUA single unit spike activity
Infliximab 0 nd ECoG electrocorticogram
L IHC immunohistochemistry
Azathioprine 0 nd NB northern blot
TNFR-Fc fusion protein 0 nd ICC immunocytochemistry
; 14C-iap [14C]-iodoantipyrine
. Hydroxychloroqume 0 nd E electricatelectrically-induced SD
Pulmonary hypertension Tadalafil 0 nd M mechanical pinprick-induced SD
Ib shorten action potential Flecainide 0 nd (K)%'D kaIiumcIolride-indducec_i Stl? induced SD
oxygen glucose deprivation-induce
Plropafenorlw 0 nd CM culture medium
Disopyramide 0 nd i.v. intraveneous
Antipsychotics Haloperidol 4 ip i.p. intraperitoneal
i.c. intracortical
Ungrouped Sucralfate 0 nd p.o. per o0s
Misoprostol 0 nd b.i.d. bis in die
Acetylcysteine 0 nd P-g. pergavage
i.m. intramusculair
Montelukast 0 nd sl sublingual
Potassium Chloride » ncd supp suppositorium
avg average
Mesna 0 nd sah subarachnoidal hemorhage
Naltrexone 0 nd sih spontaneous intracranial hypotension
SHRSP stroke-prone spontaneously hypertensive
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Abstract

Objectives

Migraine is a risk factor for stroke, which might be explained by a higher prevalence
in anatomical variants in the circle of Willis (CoW). Here, we compared the presence of CoW-
variants in patients with stroke with and without migraine.

Materials and Methods

Participants were recruited from the prospective Dutch acute Stroke Trial. All
participants underwent CT-angiography on admission. Lifetime migraine history was assessed
with a screening questionnaire and confirmed by an interview based on International
Classification of Headache Disorders criteria. CoW was assessed for incompleteness/
hypoplasia (any segment<1mm), for anterior cerebral artery asymmetry (difference>1/3) and for
posterior communicating artery (Pcom) dominance (Pcom-P1 difference>1/3). Odds ratios with
adjustments for age and sex (aOR) were calculated with logistic regression.

Results

We included 646 participants with stroke, of whom 52 had a history of migraine.
Of these, 45/52 (87%) had an incomplete or hypoplastic CoW versus 506 (85%) of the 594
participants without migraine (aOR:1.47; 95%CI:0.63-3.44). There were no differences between
participants with and without migraine in variations of the anterior or posterior CoW, anterior
cerebral artery asymmetry (aOR:0.86; 95%CI:0.43-1.74), or Pcom dominance (aOR:0.64;
95%CI:0.32-1.30). There were no differences in CoW-variations between migraine patients with
or without aura.

Conclusion
We found no significant difference in the completeness of the circle of Willis in acute
stroke patients with migraine compared to those without.

CoW in migraine patients with ischemic stroke

Introduction

The circle of Willis (CoW) is an important structure for collateral cerebral blood flow.
Anatomical variations of the CoW are common in the general population. CoW variants may
be congenital but can also be acquired when patients get older.’®® Some'*-'%3, but not all%® 19
19 studies report a higher frequency of incomplete CoW in migraine patients compared with
controls in particular for the posterior circulation and in patients with migraine with aura.

Migraine with aura is associated with a two-fold risk of ischemic stroke.*? In addition,
migraine with aura is strongly associated with subclinical infarctions in the posterior circulation.®®
Variation in the anatomy of the CoW, notably in the posterior circulation, might contribute to the
increased risk of stroke in migraine patients like in patients with cardiovascular disease.® 197. 19
An incomplete CoW might hamper collateral blood flow through the CoW in case of an ischemic
event and might also affect cerebral perfusion, possibly facilitating spreading depolarizations
(SDs)."2 SDs are the electrophysiological correlate for migraine aura, and most commonly affect
the visual cortex in the posterior circulation territory.4' 1% Higher susceptibility to SDs decreases
the threshold for cerebral ischemia.*® %176 Thus the combination of SDs and CoW variations
might be a risk factor for stroke in migraine.

The relationship between migraine and CoW-variants has thus far only been
investigated in population or out-patient based migraine cohorts.%192 1% One would expect,
however, that if there is a real relationship between variation in the CoW and migraine,
this should be more pronounced in patients with stroke. In the present study we tested this
hypothesis.
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Materials and methods

Patients

Participants were included from the Dutch acute Stroke Trial (DUST), a large
prospective multicenter cohort study performed between May 2009 and August 2013 in the
Netherlands (ClinicalTrials.gov NCT00880113)."*® The aim of DUST was to investigate the
value of CT perfusion (CTP) and CT angiography (CTA) for predicting outcome after ischemic
stroke.'® Inclusion criteria were: age =18 years, onset of stroke symptoms<9 h, and NIHSS =2
or 21 if intravenous thrombolysis was indicated. Exclusion criteria were: other diagnosis than
ischemic stroke on CT scan, known renal failure or known contrast allergy. Between February
2011 and August 2013, 10 of the 14 participating hospitals (University Medical Center Utrecht
(UMCU), Alysis, Catharina Ziekenhuis, St Radboud Nijmegen, Gelre Hospital Apeldoorn,
Leiden University Medical Center (LUMC), Medisch Centrum Haaglanden (MCH), St Elisabeth
Ziekenhuis, VU Medical Center (VUmc) and St Antonius Ziekenhuis) included patients in the
migraine side-study.

Demographic data, medical history, cardiovascular risk factors and NIHSS score on
admission were prospectively recorded. Stroke territory was assessed by the treating physician
with access to clinical and radiological data. DUST was approved by the medical ethical
committee of the participating hospitals. Written informed consent was obtained from all patients
for use of their data.

Migraine assessment

Lifetime migraine history was assessed in a uniform way by the DUST research
nurses with the short 5-item migraine in stroke screener (MISS). The MISS questionnaire was
validated in a previous study and has a high negative predictive value (0.99) but a moderate
positive predictive value (0.80) in patients with stroke.?® Therefore, all patients who answered
positively to any of the questions were contacted by a research assistant, trained by a migraine
neurologist (G.M.T), for an extensive migraine interview to verify the migraine diagnosis. The
migraine interview was based on the International Classification of Headache Disorders (ICHD)-
I criteria?®’ which are comparable to the recently updated ICHD-III beta criteria®2. Migraine
diagnoses were divided in two subtypes: 1) migraine with aura and 2) migraine without aura.
Patients who had both migraine attacks with and without aura, were included in the migraine
with aura group. Patients who fulfilled the criteria for migraine without aura but had probable
or possible aura symptoms were classified as migraine without aura. Patients who refused to
participate in the telephone interview or were lost to follow-up were excluded from the analysis.
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Assessment of anatomical variations in the circle of Willis

All patients underwent non-contrast CT, CTP and CTA on admission with standardized
scan protocols between centers. Scan parameters of the non-contrast CT (NCCT) were: 120
kVp, 300 mAs and 1 mm reconstructed slice thickness. For CTA 60—-80 mL of contrast agent
(300 mg I/mL) was injected into the antecubital vein (18-gauge needle) at a rate of 6 mL/s
followed by a 40 mL saline flush at a rate of 6 mL/s. The scan parameters for the CTA were: 120
kVp, 150 mAs and 1 mm reconstructed slice thickness. Radiologic parameters were assessed
by one of three neuroradiologists with at least 5 years of experience in stroke imaging.?

Our primary endpoint was incompleteness of the CoW. Segments of the CoW were
considered normal if they had a diameter of = 1 mm. Segments < 1 mm were classified
as hypoplastic or invisible. The anterior CoW was classified as incomplete if the anterior
communicating artery or one of the A1 segment(s) of the anterior cerebral artery were
hypoplastic or invisible. The posterior CoW was classified as one-sided incomplete if one of the
posterior communicating arteries (Pcom) or P1 segments of the posterior cerebral artery was
hypoplastic or invisible. If a hypoplastic or invisible Pcom or P1 segment was present on both
sides, the posterior CoW was classified as two-sided incomplete.

A1 asymmetry was considered present if the diameter of the left and right A1 segments
differed by more than one-third. The Pcom was considered dominant if the Pcom diameter
exceeded the ipsilateral P1 diameter by more than one-third. Additional variants of the CoW
were noted, such as a median artery corpus callosi (MACC, three A2 segments) and an azygos
anterior cerebral artery. Patients with incomplete radiological data on the CoW anatomy were
excluded. For a subgroup analysis excluding patients with large vessel disease, we excluded all
patients with with a stenosis >70% or occlusion in a large vessel (common and internal carotid,
basilar an vertebral arteries) as visible on CT-angiography.

Data analysis

Anatomical variations of the CoW were compared between stroke patients with and
without a history of migraine. Within the patients with migraine we compared CoW variations
in patients with and without aura. Odds ratios (OR) and 95% confidence intervals (CI) were
calculated with univariable and multivariable (aOR, adjusted for age and sex) logistic regression
analyses. Data were analysed with IBM SPSS Statistics for Windows, Version 20.0.
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Results

Patients

In total 866 DUST patients were included in the participating hospitals during the
period of collecting the MISS migraine questionnaire. Of those, 707 (82%) participants filled in
the questionnaire. In total 32 were lost to follow-up, 25 refused to participate in the telephone
interview and in 4 the radiological data on the CoW were incomplete for technical reasons.

We therefore included 646 patients in our study; 52 with a history of migraine and 594 without
migraine. Of the 52 patients with migraine, 29 (56%) had migraine with aura and 23 (44%) had
migraine without aura.

Stroke patients with migraine were in general younger, more often female and had less
often hypertension compared with stroke patients without migraine (Table 1). Migraine with aura
patients more often had ischemia in the posterior circulation compared to migraine without aura
patients and patients without migraine. Stroke subtypes were scored according to the etiological
TOAST classification (as introduced in the Trial of Org 10172 in Acute Stroke Treatment).'®
Stroke subtypes were comparable between the groups except that small vessel disease was
more often found to be the cause of stroke in migraine patients with aura.

Variants of the circle of Willis

Forty-five (87%) of the 52 migraineurs had an incomplete CoW versus 506 (85%) of the
594 participants without migraine (OR 1.12; 95% CI 0.49-2.56) (Table 2). After adjustment for
age and sex the aOR was 1.47 (95% CIl 0.63-3.44). There were also no differences between
the two groups when the anterior and posterior CoW were analyzed separately. Asymmetry of
the A1 segment of the anterior cerebral artery (aOR 0.86; 95% CIl 0.43-1.74) and dominance
of the posterior communicating artery (aOR 0.64; 95% CI 0.32-1.30) were also not different in
migraineurs. Migraine with aura patients more often had an incomplete anterior CoW compared
with participants without migraine (aOR 3.22; 95% CO 1.21-8.59). There were no differences
in posterior of total CoW incompleteness between migraine with aura and participants without
migraine.

In total 23 (79%) of migraine with aura patients had an incomplete CoW versus 22
(96%) migraine without aura patients (aOR 0.14; 95% CI 0.01-1.58) (Table 3). There was
no difference in A1 asymmetry or Pcom dominance between the two subtypes of migraine.
Additional variants (most commonly the MACC) were found in 4% of all patients and were not
more frequent in migraineurs.

In patients with ischemia in the posterior circulation, incompleteness of the posterior
CoW was not more common in migraineurs than in patients without migraine (aOR 0.81; 95%Cl
0.16-4.14).
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In a subgroup analysis excluding patients with large vessel disease, no significant
differences were found between participants with versus no migraine, nor in participants with
migraine with aura versus no migraine in unadjusted nor adjusted odds ratios, comparing total,
anterior and posterior completeness, A1 asymmetry nor Pcom dominance (supplementary tables
2b and 3b).

Table 1. Baseline characteristics of the 646 participants.

No migraine  Migraine MA MO P-value
N=594 N=52 N=29 N=23 (migraine vs
no migraine)
Age (mean, £SD) 67 (£ 13) 60 (x11) 58(x8) 64(x13) 0.0003
Women 221 (37%) 29 (56%) 12 (41%) 17 (74%) 0.01
Smoker (N=615) 168 (30%) 23 (45%) 13 (45%) 10 (45%) 0.03
Alcohol use (N=496) 263 (62%) 26 (72%) 14 (70%) 12 0.46
(75%)
NIHSS (median, N=642)* 5(7) 5(9) 5(9) 4(7) 0.36
Stroke/TIA history (N=641) 138 (23%) 14 (27%) 7 (24%) 7 (30%) 0.57
Hypertension (N=639) 284 (48%) 20 (38%) 10(34%) 10 (43%) 0.29
Stroke territory
ACA (N=596) 23 (4%) 1(2%) 0 (0%) 1 (6%) 0.56
ACM (N=595) 426 (77%) 29 (67%) 17 (65%) 12 (71%) 0.15
Posterior territory (N=616) 98 (17%) 11 (23%) 8(30%) 3 (14%) 0.32
Stroke type (N=416) 0.99
Large vessel disease 169 (44%) 13 (42%) 7 (47%) 6 (38%)
Cardiac embolus 96 (25%) 8 (26%) 3(20%) 5(31%)
Small vessel disease 78 (20%) 7(23%) 4 (27%) 3 (19%)
Dissection 22 (6%) 2 (6%) 1(7%) 1 (6%)
Other 20 (5%) 1(3%) 0 (0%) 1(6%)

* parentheses: interquartile range

MA = migraine with aura. MO = migraine without aura. NIHSS = National Institutes of Health
Stroke Scale. ACA = anterior cerebral artery. ACM = middle cerebral artery. Smokers only
include current smokers. Alcohol use is any degree of alcohol consumption. Hypertension
refers to a history of hypertension prior to the stroke. Stroke territory was scored by the treating
physician, with access to radiological data. Posterior stroke territory includes both the posterior
cerebral artery (PCA), basilar and vertebral artery territories. Stroke type is according to TOAST
classification, with dissections specified from other causes. (N) = The number of patients for the
particular variable in case there are missing data. P-values, for migraine versus no migraine,
are calculated with an independent samples Student’s t-test for age, a Mann-Whitney U test for
NIHSS and a Chi-square test for the other variables. Characteristics with P-values < 0.05 do not
have to be confounders whereas characteristics with P-values >0.05 may still be confounders.
We considered age and sex to be confounders and adjusted for them in our analyses.
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Table 4. Studies reporting CoW anatomy in migraine populations.

This study

Ezzatian-Ahar
201494t
CcC

Ikeda

Schoonman
2010%
CcC

Bugnicourt
20102

CcC
Pro

Cavestro
20117

Cucchiara
20132
CcC

2009'%
cec?

cc

CcC?
Pro

Design

Retro Retro Pro

Retro

Pro

Data collection
Controls

Healthy controls Non-migraine

Non-migraine Pt Unknown

Pt with no Pt with other

Age and sex

stroke Pt

646
594

neurol diseases

124
77

headache
429

matched Pt

170
53

84
37

173

100

44

12
32 (27%)

159

Non-migraine

52 (56%)
66 (13)

48 (0%)

204 (32%) 47 (51%) 73 (42%)
38.7 (14.8)

44.8 (14.9)

117 (48%)
33.3 (6.6)

Migraine (% MA)

Mean age (St.dev)

33.2 (8.9) 28 (MO), 25 (C)

42.9 (9.3)

250 (39%)

CT

84 (100%)

MR

122 (71%)

MR

25 (78%)

86 (69%)

MR

314 (73%)

MR

132 (78%)

MR

Women

MR

Imaging

Incomplete posterior CoW*

44 (85%)
22 (76%)
22 (96%)

n/a
n/a

28 (38%) *

16 (50%)

n/a

n/a
8 (67%)

23 (49%) *

82 (30%) *

Migraine 71 (61%) *

6 (19%) *

14 (61%)
9 (38%)

24 (36% )*
58 (28%) *
26 (16%)

MA 36 (64%) *
MO 35 (57%)
Control 22 (41%)

20 (43%)
15 (41%)

22 (52%) *
55 (55%)

501 (84%)

14 (18%)

Anterior CowW

8 (15%)
6 (21%)
2 (9%)

n/a
n/a
n/a
n/a

n/a
n/a
n/a
n/a

3 (6%) 3 (9%)

2 (9%)

26 (10%) *
6 (9%)

Migraine 31 (26%) *

n/a

n/a
2 (17%)

MA 18 (32%) *
MO 13 (21%)
Control 7 (13%)

1 (4%)
4 (5%)

20 (10%) *
8 (5%)

61 (10%)

Percentages are percentage incomplete posterior CoW as detected on MR or CT angiogram

migraine without

migraine with aura; MO =

cohort study; MA =

aura; * Statistically significant difference compared with controls. Note that in this table, in contrast to table 2, both MA and MO patients were compared with controls rather than

Case-control study; C

prospective; Retro = retrospective; CC

controls; M = Median; Pro =

Pt = patients; C

with each other. Also note that Ikeda found a lower prevalence of incomplete CoW compared with controls; T Ezzatian-Ahar et al. did not discriminate between anterior and

posterior incompleteness of the CoW; £ A part of this table is derived from the paper of Cucchiara et al.

CoW in migraine patients with ischemic stroke

Discussion

In our ischemic stroke cohort, anatomical variations of the CoW were equally common in
patients with or without a history of migraine and in migraineurs with or without aura.

Several studies have reported an increased prevalence of CoW variants in people
with migraine in comparison to the controls, in particular in migraineurs with aura and in the
posterior circulation.®®'%® However, in most studies, the frequency of CoW variants in the control
group was less than 50% which is considerably lower than expected from population based
studies?%+20% and the 85% we found (Table 4).

Some of the variation in frequency of CoW anomalies among previous studies may
have been due to differences in scoring criteria. We used a cut-off of 1 mm for incompleteness
because it is known from previous autopsy and flow model studies that segments below this
diameter significantly compromise blood flow.2%°-2'2 For the same reason we chose a one-third
difference for A1 asymmetry and Pcom dominance.?'% 2" Most other MRI studies used a cut-off
of 0.8 mm. Also the age and sex distribution of the study populations varied between studies.
Our stroke cohort consisted of relatively old persons which may account for the relatively high
proportion of CoW variants as CoW variation is more common in elderly.?°6 Our results suggest
more frequent incompleteness of the anterior circle in migraine patients with aura compared to
stroke patients without migraine. We feel this finding should be interpreted with caution because
it was not reported in previous studies, it was based on only 6 migraine with aura patients and a
pathophysiological explanation for the difference is lacking.

This is the first study that investigated the association between CoW variants and
migraine in a stroke population. The strengths of our study are the prospective data collection,
the large number of participants, the verified migraine diagnosis and the detailed investigation
of the CoW by trained neuroradiologists. However, our study also has limitations. Not all DUST
patients answered the MISS migraine questionnaire and 8% of the patients could not be
contacted for a telephone interview. Because of the etiological nature of the study, we tried to
avoid misclassification bias and only included patients with a negative questionnaire or a verified
migraine diagnosis. Therefore, the exact prevalence of migraine in our stroke population cannot
be derived from our study. In addition, we cannot exclude that some patients who reported
on the MISS screener not to have a migraine history might not have accurately recalled their
migraine symptoms when asked about it many years later. Furthermore, we cannot exclude that
CoW morphology changed because of the stroke, given the plastic nature of CoW anatomy.?'®
However, since all patients in our study had a stroke we feel that it is unlikely that this affected
the internal validity of our study. In addition, all patients were scanned in the first hours after
onset excluding chronic adaptations of the CoW after stroke. Also, chronic changes to the
CoW may have occurred because of atherosclerotic changes related to ageing.?'* To address
this problem we corrected for age. In addition, we performed a subgroup analyses in which we
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excluded patients with large vessel stenosis or occlusions. In this subgroup analyses our results
stayed essentially the same. An ultimate future study would focus on the longitudinal relation
between migraine symptoms and CoW morphology.”

While there is radiological and genetic evidence for a relationship between CoW
variants and stroke, causality is debated.'®”:2'%2'7 |n a prospective follow-up study in patients
with atherosclerotic disease, an incomplete (<0.8 mm or absent segment) anterior and posterior
CoW was related to future anterior circulation stroke.'® An incomplete CoW might decrease
the possibilities for collateral blood flow and might cause shear induced platelet aggregation
and possibly facilitates SDs.?'® 219220 However, other studies also suggested that the CoW
mainly functions as a pressure absorber." In case the CoW is a redundancy mechanism where
a secondary route takes over perfusion of the brain when the primary route is blocked, an
incomplete circle may contribute to the chance of developing ischemia.?? It can be hypothesized
that patients with an incomplete posterior CoW with migraine are more susceptible for ischemia
in the posterior territories. However, in our patients with posterior ischemia, there were no
differences in completeness of posterior CoW in migraineurs compared with patients without
migraine. We did not investigate the influence of pial and leptomeningeal collaterals. Future
studies are needed to assess their role in the vascularization of the posterior circulation in
patients with migraine and to assess the longitudinal relationship between migraine and CoW
morphology.
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Over the past decades, evidence has accumulated that spreading depolarization (SD)
plays a relevant role in brain lesion development after subarachnoid hemorrhage (SAH). In this
thesis the role of SD as a cause and potential therapeutic target of brain tissue damage after
SAH was investigated.

Discussion

SDs and delayed cerebral ischemia in the
experimental SAH model

One of the most important findings of this thesis is the establishment of a direct
association between SD and lesion growth after SAH in a relevant rat model as reported in
chapter 2 and supported by findings in chapter 3. After induction of SDs with KCI application,
SAH-induced brain lesions enlarged more than when no SDs were induced. Establishing such
a direct association between SD and lesion growth after SAH is only feasible in animal models,
as it would be unethical to subject humans to experimental induction of SD after SAH. The
use of an animal model is both a strength and a limitation, because findings in these animal
studies eventually need to be translated to SAH patients. This was taken in consideration
when selecting the animal model for our studies. There are various rat models for SAH that
involve either an injection of blood in the subarachnoid space??? or endovascular puncture of
the intracranial bifurcation of the internal carotid artery.??® In contrast to the relatively mild blood
injection model, the artery puncture model used in the studies in Chapters 2 and 3, is known
to often cause ischemia, mortality and increase in intracranial pressure'®, thus making it more
comparable to the pathophysiology of human SAH patients.

In the study in Chapter 2 we found MRI-detectable lesions in only a minority of the
rats in the control group in which SAH was induced without subsequent SD induction. In
contrast, in earlier MRI studies using the same rat SAH model, lesions were observed more
frequently.5® % A difference between our study and the previous studies is that the animals in
our study formed the control group of the treatment study in chapter 3, and therefore received
four weeks pretreatment of daily intraperitoneal saline injections. Perhaps stress from the
injections preconditioned??* the rats to be less susceptible to lesion development after SAH.
Another possible explanation for the lower lesion incidence is the use of a rat strain with lower
susceptibility to cerebral ischemia, for example due to more collateral vessels. However, both in
the experiments described in this thesis and in experiments where SAH resulted in high lesion
incidences,® % Wistar rats were used, be it from different suppliers (Harlan versus Charles
River).??s The study in Chapter 6 on variations in the arterial circle of Willis, a roundabout
which, when complete, interconnects the main cerebral arteries for redundancy, demonstrated
in humans a well-known variability in cerebral vascular anatomy. This variability has also
been found in rats?® and, more specifically, between suppliers.??®* Such variations in vascular
anatomy, with better collateral vessels, may therefore explain why in the rat strain used in this
thesis there is a lower lesion incidence. Unfortunately, the imaging protocol did not include an
angiogram to assess the vascular anatomy.
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Comparison of the vascular response to SD with human SAH patients

In 2006, it was shown in patients that brain damage after SAH is associated with
spreading depolarization (SD).* While earlier studies had sought to establish such an
association in animal models,® %227 this was the first study to do so in SAH patients. The
investigators used an elegant technique of placing a strip of electrodes on the brain surface of
patients who were selected for cranial surgery, for example for clipping of the aneurysm that
caused the hemorrhage. In the patients, every case of delayed cerebral ischemia (DCI) was
preceded by an SD, sometimes by prolonged SDs with refractory periods of over an hour.
Later, this electrode strip technique was improved for a second group of patients by adding
optodes to the strip that allow optical measurement of the perfusion response.®® The findings
from that study supported the notion that there is a spectrum ranging from normal-duration SDs
(refractory period lasting a few minutes) to prolonged “intermediate depolarizations” (lasting
up to several hours) and ultimately terminal depolarization (permanent).*® It was hypothesized
that DCI may be caused by cortical spreading ischemia, which is an SD followed by an inverse,
paradoxical hemodynamic response.??%22° This hypoperfusion could result in a large disbalance
between increased demand and decreased supply in oxygen and nutrients and ultimately a
permanent terminal depolarization.* In the experimental SAH model of Chapters 2 and 3 we
confirmed the occurrence of such spreading hypoperfusions.

Translation of our rat model to SAH patients

Notwithstanding the advantage of animal SAH models that allow a controlled setting,
such models are at best a proxy of the human condition. Our rat model of endovascular SAH
followed by experimental SD induction has several limitations.

First, the timescale of lesion development differs between the rodent model and
patients. In rats the lesions typically develop in the acute phase (within hours) after SAH
induction.®® This contrasts to the time frame of 4-10 days in which DCI develops in humans.?*
This discrepancy is partially offset by a markedly higher metabolism in rats’, but translating
such time frames from small animals to humans is inherently imperfect and in future research
a longer follow-up could provide new insights.?! It is unclear whether differences between
species in metabolism are a sufficient explanation for the different time frames of lesion onset
between rats and patients or if different mechanisms are involved such as a changing blood
flow in the endovascular puncture SAH model caused by temporary reduced flow through the
internal carotid artery or possible increased perfusion pressure thereafter caused by closing the
external carotid artery. To specifically assess delayed mechanisms of post-SAH brain injury, we
calculated subacute lesion growth, rather than lesion size, as the primary outcome measure
in our model. We observed cases of new lesions at day 3 post-SAH in brain regions in which
no lesions were visible at day 1 post-SAH. We found such lesions in the SD as well as no-SD
groups, albeit with a lower incidence in animals without SD. Although spontaneous SD may have
contributed to these secondary lesions in the no-SD groups, we were not able to identify this
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as the cause. Secondary lesions formed only a small part of the total lesion volume compared
to the initial lesion that developed within a day after SAH. The additional secondary lesions
may potentially provide a valid representation of DCI, but their low incidence, small volume and
unknown underlying cause hampers the translational value.

Second, in the rat model not all new lesions occurred in the cortex where SDs
were induced. This may be explained by occurrence of spontaneous SD.® Even for the
subcortical lesions, a direct effect of SD cannot be ruled out, since SD may occur in subcortical
regions.?%232 The experimentally induced SDs may nevertheless have contributed to subcortical
and ipsilateral lesions through indirect mechanisms, such as disruption of the blood-brain
barrier'’”, edema formation"’, inflammation®, excitotoxicity caused by glutamate?* and
vasoconstrictor receptor upregulation.

Third, it is difficult to measure subtle effects on functional outcome in rats. We used a
crude measure of neurological outcome that showed no significant differences between groups.
Future studies should include more extensive testing, such as the modified Garcia score,
which includes assessment of spontaneous activity, (a)symmetry in the movement of all four
limbs, forepaw outstretching, climbing, body proprioception, and response to whisker touch
and is considered a standard for determining neurological deficit in rodents.?42¢ Nevertheless
behavioral assessments in rats remain a partial approximation of a full neurological examination
in human patients.?*’

Future perspectives on our animal model

Despite the limitations discussed in Chapters 2 and 3 and above, our animal model of
SAH followed by KCI application, has the advantage of allowing the characterization of the direct
association between SDs and brain injury. While the occurrence of spontaneous SDs have been
reported in rats after SAH®, experimental SD induction may provide a new, controllable model
for future research on lesion development after SAH and the pathophysiological role of SD. This
can be combined with longitudinal three-dimensional recording of SD using in vivo MRI, with
techniques discussed in Chapter 4 which are also applicable in patient studies. Future animal
studies on lesion growth after SAH should strive for even more direct control of and insight into
the mechanisms responsible for how, when and where brain lesions develop after SAH. For
example, it is poorly understood what invokes the paradoxical hypoperfusion response to SD.?
However, this more direct control and insight of underlying mechanisms should be balanced
against comparability with human patients, where DCI occurs spontaneously, in one-third of
the patients and at seemingly unpredictable locations and moments.?® Perhaps future research
could benefit from involving multiple research groups, multiple rat strains or even multiple animal
species. Either way, future research will benefit from adequate translational techniques for
recording SD and its effects after SAH.
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Recording of spreading depolarizations

We reported the application of two MRI techniques that are novel in measuring SDs
(Chapter 4). One, balanced-steady-state-free-precession (b-SSFP), improved the sensitivity and
a spatial specificity compared to conventional gradient-echo MRI techniques, while the other,
diffusion-weighted multi-spin-echo (DT2) allowed for simultaneous recording of cellular and
hemodynamic changes. Both techniques were found to have additional value in the evaluation
of SDs. While these MRI techniques were compared with the frequently applied gradient echo
BOLD MRI technique, they were not compared with the ultimate gold standard for SD detection,
electrocorticography (ECoG), which excludes accurate evaluation of the detection specificity and
sensitivity. This may be assessed in future experiments as electrocorticographical SD recordings
in animals while inside an MRI scanner have been shown to be feasible.?# 2% Prolonged
measurement of SDs in SAH patients may provide useful insights. For example monitoring the
direct effects of interventions on SDs could inform on the therapeutic mode of action. However,
despite the translational value of MR, it is impractical for prolonged bedside monitoring of
SAH patients. Previously, prolonged recording of SDs seemed only possible in humans with
ECoG, for which part of the skull had to be removed for a clear signal. However, a study with
combined ECoG and non-invasive electroencephalography (EEG) in five SAH patients found
that more than 70% of the SDs could be detected on EEG as a slow potential change.?*° This
was supported by another study in traumatic brain injury patients in whom SDs were detected
as depressions of high-amplitude delta activity on EEG.%® These depressions could last over
a day after a cluster of SDs. Therefore, detection sometimes required reviewing the EEGs on
a highly compressed timescale. These have been the first studies to show the propagation of
electrophysiological SDs across large brain areas in humans.

Future perspectives on clinical recording of spreading depolarizations

While an association between EEG and ECoG findings on SD was found by the studies
described in the previous section, and while it may be possible to predict DCI based on EEG
findings?#, it is currently not possible to detect SDs based on EEG data alone, without ECoG
recordings.® Thus it is uncertain if EEG data provides a sufficiently robust bedside technique
for recording of SDs, even with the best possible registration and processing. Furthermore,
bedside monitoring of continuous EEG recordings would be labor intensive, requires continuous
accounting for artefacts, further development of software processing and requires definition
of cut-off values.®* 240 Another potential noninvasive method for recording SDs may be
magnetoencephalography, but its application has so far only been reported in one case of a
patient with a migraine aura.?*? Other continuous monitoring techniques, such as laser Doppler
flowmetry, are not feasible in humans, because the human skull is too thick.?*
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In contrast to noninvasive techniques, invasive monitoring allows for ECoG recording,
and measurement of local blood flow and even tissue oxygen pressure or metabolites.®®
244,245 Such invasive measurements have increased our understanding of SDs in humans
and may aid in comparing animal studies to human patients. However, serious limitations
include complications such as hemorrhage and infection, and the craniotomy may itself be a
confounding factor.?*¢ Therefore, invasive recording of SD and associated physiological changes
will likely not become common clinical practice, but rather a means to produce insight in the
mechanisms involved in SDs, DCI and brain infarct growth and a reference for non-invasive
techniques such as MR imaging for detailed three-dimensional recording and EEG for bedside
recording. MR imaging of SDs could involve a protocol like the b-SSFP method described
in Chapter 4, to enable sensitive detection of subtle changes (between groups, between
SD waves and/or between brain regions). Even more insightful studies will be possible with
MRI techniques that record hemodynamic and cellular effects simultaneously, such as with
a diffusion-weighted multi-spin-echo technique (DT2) as applied in Chapter 4. If SDs are a
preventable culprit in lesion development after SAH, such techniques may one day become a
regular part in diagnosis, monitoring or personalized treatment selection after SAH .
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Spreading depolarization-modulating drugs

For our rat studies in Chapter 3, we selected valproate, which has the advantage
in translating our findings to human patients that it is a commonly prescribed drug, also
after SAH.?*” We found that valproate mitigated the lesion growth caused by cortical KCI
application after SAH compared to placebo. In our epidemiological study on SAH patients
using SD-inhibiting home medication (Chapter 5), we found a trend towards less DCI but
no statistically significant difference in clinical outcome. The imperfections of drugs such as
valproate may contribute to the inadequate translation of animal findings on SD modulation to
human patients, which may be less of an issue with targeted drugs. Valproate is prescribed
for different disorders in humans such as epilepsy, migraine, manic episodes and neurogenic
pain?8, suggesting multiple mechanisms of action which could even conceivably have opposite
effects on outcome.” 24° Such opposite mechanisms may be expressed differently in human and
animal studies, and thus contribute to the translational discrepancy between the reduced lesion
growth in our rat studies in Chapter 3 and the lack of statistically significant effects in Chapter
5. Despite the effects of valproate in our rat studies, which were only found after cortical KCI
application, we measured no significant reduction of total SD duration, further suggesting that
valproate mitigated lesion growth through multiple mechanisms. For example, valproate may
also decrease cerebral perfusion?252 which could in turn have a more detrimental effect on
brain tissue in humans than in rodents.

A recent mouse study confirmed our finding of a neuroprotective effect of valproate on
outcome after SAH, ' this study does not provide a deeper understanding of the mechanisms
involved by modulating a proposed mechanism, such as our KCI application. Comparison to this
study is further limited by the fact that a different, less severe SAH model was used, i.e. blood
injection in the subarachnoid space, with no subsequent brain lesions, in which there was no
post-procedural mortality in their 48h follow-up.'° If valproate is a double-edged sword after
SAH with neuroprotective and detrimental effects, a deeper understanding could contribute to
a more targeted medical prevention of brain tissue damage after SAH and ultimately a better
clinical outcome.

Historically, drugs such as valproate have been clinically incorporated if they had been
proven effective in improving the clinical outcome, regardless of how this was accomplished.
Clinical testing of novel drugs however, is often preceded by preclinical assessment of their
mechanism of action.?® Such drugs may be more specific in inhibiting SD or otherwise
preventing brain damage after SAH, without pretreatment and only have mild side effects and
thus be administered prophylactically to all patients. A drug that might have these properties
is SD-inhibitor tonabersat. It is approved for use in humans, but not used in clinical practice
because it produced inconsistent results in three clinical trials on its effectiveness in migraine
prophylaxis, presumably related to the multifactorial cause of migraine.?%42% Tonabersat is,
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however, an effective and one of the most specific inhibitors of SD in animals®” and would
therefore be an interesting candidate for future translational research.

Future perspectives on SD-modulating drugs in SAH

The central question for research expanding on this thesis will be if and how SD
inhibition is a potential target for preventing DCI after a SAH. Currently, | feel that based on the
findings from this thesis and the evidence in the literature, a clinical drug trial on SD inhibition in
SAH, would be premature. This paragraph will summarize the necessary steps that could lead
towards such a trial. First of all, while the research in this thesis points to a causal relationship
between KCI application and lesion growth in our rat model (Chapters 2 and 3), and while DCI
was always preceded by SDs in the few humans in which continuous monitoring was present,3
a causal relationship between SAH-induced SDs and DCI has not (yet) been established in
humans. Research establishing this causal relationship would provide a better basis for any
trials on inhibiting SDs. MRI, such as described in Chapter 4, may contribute to identification of
SD-associated tissue changes and a potential inverse, paradoxical hypoperfusion response?#
that may precede DCI . Second, the ultimately relevant outcome is the clinical outcome; how the
patient is doing, for example three months after the SAH. Smaller trials could first be powered to
measure the effect on more direct outcome measures such as the presence or volume of DCI.
An additional approach would be non-invasive bedside measuring of the effects of drugs on
SDs, utilizing the therapeutic window between SAH and DCI that is absent in ischemic stroke.
Such trials with bedside SD recording could provide a much larger datasets than studies with
invasive methods. Third, an effective drug should have limited side effects and require little
or no pre-treatment. Based on data from trials with continuous bedside monitoring for SDs, it
might also be feasible to target drug administration only at patients in whom SDs have already
been detected or are predicted to occur (or to cause DCI) based on markers that are yet to
be established. Fourth, this thesis has focused on SD inhibition with drugs, but alternatively
factors that affect the susceptibility of brain tissue for SD, such as high extracellular potassium
and low nitrous oxide concentrations, or vagus nerve activity may be targeted.” 2%® While not a
condition sine qua non for drug trials, more research on the physiology of SDs could increase
our understanding and may lead to alternative or supplementary means for manipulating SD
susceptibility other than through drugs.
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Conclusion

Subarachnoid hemorrhage (SAH) is a debilitating disease with complications such as
delayed cerebral ischemia (DCI) occurring right under the eyes of treating physicians, nurses
and other health care providers. A process that is involved in these complications is spreading
depolarizations (SD). In this thesis SD-inhibiting drugs reduced lesion growth in our animal
studies. Future research should aim at improving our understanding of mechanisms through
which SD affects lesion development after SAH. Such research may increase our understanding
of how SD-inhibiting drugs improve outcome, opening the way for evidence-based development
of new targeted drugs. In the end, succesful translation of these findings to clinical practice may
contribute to improved treatment and recovery of patients with a SAH.
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Summary

This thesis is about the role of spreading depolarization (SD) in subarachnoid
hemorrhage (SAH). A SAH is a type of stroke usually caused by rupture of an aneurysm that is
most often located at the intracranial arterial roundabout called the circle of Willis, or one of its
branches. Patients who survive the first days after the SAH are prone to develop detrimental
complications, such as delayed cerebral ischemia (DCI). One possible mechanism associated
with the development of DCI after a SAH is metabolic tissue exhaustion due to SD. SDs are
self-propagating waves (at 2-6 mm/minute) of mass neuronal and glial cell depolarization in
brain tissue. They have been associated with the visual disturbances in migraine patients,

i.e. aura, where SD is followed by cerebral hyperperfusion to restore the electrolyte balance,
without accompanying tissue damage. However, in pathological states, such as after a SAH,
a paradoxical hemodynamic response of hypoperfusion can occur, which can contribute to
(worsening of) cerebral tissue damage.

In the experiments described in this thesis, we used a multidisciplinary, translational
approach, combining data obtained in rats and humans, to investigate the associations between
SD and DCI after SAH.

In chapters 2 and 3 we used a rat model of subarachnoid hemorrhage (SAH). At day
one post-SAH, we measured brain tissue damage with MRI, followed by artificial induction of
spreading depolarization (SD) versus sham induction. At day three post-SAH, we repeated MRI
to measure lesion growth. In chapter 2, we describe that the lesion growth was more than eight
times larger in the SD group than in the no-SD group. Neuronal damage in the lesions was
confirmed by histology. In chapter 3, both experimental groups of rats from chapter 2, which
were treated with saline (placebo), were compared to two additional groups of rats that were
treated with SD inhibitor valproate for four weeks prior to SAH. We found a significant interaction
effect on lesion growth between treatment and placebo of 161mm?2 (p=0.04). Chapters 2 and 3
combined suggest a direct association between SD and lesion growth after experimental SAH,
which can be counteracted by valproate.

MRI techniques for recording SD are based on either hemodynamic (blood perfusion)
changes or tissue water diffusion changes (such as caused by cell swelling). Hemodynamic
changes may be measured with gradient-echo MRI techniques. In chapter 4, we explored
the application of MRI techniques to monitor SD induced in rats. First, we compared a
balanced-steady-state-free-precession (b-SSFP) technique to gradient-echo MRI, and showed
significantly larger relative signal intensity changes, narrower peak widths and greater spatial
specificity associated with SD. Second, we applied diffusion-weighted multi-spin-echo (DT2)
scans, which allowed for simultaneous recording of hemodynamic and diffusion changes. Both
b-SSFP and DT2 scanning improved the monitoring of SD by providing more sensitive image-
based detection and additional information on the interaction between perfusion and diffusion
responses, respectively.

For translating the findings of chapters 2, 3 and 4 to the clinical setting, we performed
clinical observational studies in chapters 5 and 6. For chapter 5, we collected data on home
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medication, occurrence of delayed cerebral ischemia (DCI) and clinical outcome assessed by
the modified Rankin Score three months after SAH from four cohorts of SAH patients. Based
on a comprehensive literature review, the home medication was classified for SD modulation
properties: i.e. likely, possible or weak evidence for being SD facilitating or inhibiting. We found
a trend towards less DCI in patients using SD-inhibiting drugs (adjusted hazard ratio 0.66;

95% confidence interval 0.42-1.06), but this did not result in a better clinical outcome (adjusted
relative risk 1.13; 95% confidence interval 0.90-1.41). This suggests a possible protective effect
of SD-inhibition on DCI but an unclear possible detrimental effect on other factors that affect
clinical outcome.

In chapter 6 we tested, in a cohort with a different kind of stroke, namely ischemic
stroke, the hypothesis that anatomic variations in the arterial circle of Willis are more common
in patients with migraine. A high rate of incomplete circles amongst migraine patients was found
in some, but not all previous population-based studies, which may contribute to the increased
ischemic stroke risk in migraine patients, for example by reduced collateral flow. In our cohort,
we found no statistically significant differences in the percentage of incomplete circles of Willis
between migraine (87%) and non-migraine patients (85%; adjusted odds ratio 1.47; 95%
confidence interval 0.63-3.44). Based on this finding, we conclude that it is unlikely that circle
of Willis variants play an important pathophysiological role in the relation between migraine and
stroke.

Chapter 7 provides a general discussion of the findings from chapter 2-6.
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Samenvatting

Dit proefschrift gaat over de rol van spreading depolarizations (SD) bij subarachnoidale
bloedingen (SAB). Een SAB wordt meestal veroorzaakt door een scheur in een verwijding in
een slagader (aneurysma). Meestal betreft dit een slagader die onderdeel uitmaakt van de cirkel
van Willis, een soort rotonde van slagaders aan de onderzijde van de hersenen. Als patiénten
de eerste dagen na een bloeding overleven lopen ze risico op secundaire complicaties, zoals
hersenschade door late ischemie ofwel delayed cerebral ischemia (DCI). Metabole uitputting
van het hersenweefsel door SD’s is een mechanisme dat mogelijk een rol speelt bij het ontstaan
van DCI na een SAB. SD’s zijn massale ontladingen van zenuwcellen en gliacellen, die zich
als golven voortplanten over de hersenschors met een snelheid van 2-6 mm/minuut. Ze zijn
ook het mechanisme achter visuele stoornissen, zogenaamde aura’s, die vaak voorkomen
bij migrainepatiénten. Bij pati&énten met migraine wordt een SD golf gevolgd door verhoogde
doorbloeding van het hersenweefsel om de elektrolytbalans te herstellen, zodat er geen
permanente weefselschade optreedt in de hersenen. Als de hersenen in een pathologische
toestand verkeren, zoals na een SAB of een herseninfarct, kan na een SD juist een paradoxale
verminderde doorbloeding optreden wat kan bijdragen aan weefselschade in de hersenen.

In de experimenten beschreven in dit proefschrift gebruiken we een multidisciplinaire,
translationele aanpak, waarbij we studies in zowel ratten als mensen hebben gedaan om de
samenhang tussen SD’s en DCI na een SAB nader te onderzoeken.

In hoofdstuk 2 en 3 gebruikten we een experimenteel model waarin we bij ratten een
SAB opwekten. Een dag na de SAB maten we hersenschade met MRI, waarna bij de een
helft van de ratten kunstmatig SD’s werden opgewekt en bij de andere helft niet. Op dag drie
na de SAB herhaalden we de MRI om laesiegroei te meten. In hoofdstuk 2 beschrijven we
dat de laesiegroei acht keer hoger was in de SD groep. De weefselschade op de MRI werd
onder de microscoop (histologisch) bevestigd. In hoofdstuk 3 vergeleken we beide groepen
ratten uit hoofdstuk 2 die gedurende 4 weken waren voorbehandeld met fysiologisch zout
(placebo) met twee andere groepen ratten die 4 weken waren voorbehandeld met SD-remmer
valproaat. Er werd een statistisch significant interactie-effect gevonden van 161mm? (p=0.04)
van de behandeling met valproaat op laesiegroei. Hoofdstukken 2 en 3 suggereren een directe
associatie tussen SD en laesiegroei na experimentele SAB en geven een eerste aanwijzing dat
de deze laesiegroei kan worden tegengegaan door valproaat.

MRI technieken voor het vastleggen van SD’s zijn gebaseerd op hemodynamische
(doorbloedings-) veranderingen en water diffusie veranderingen (zoals zwelling van cellen). De
gebruikelijke techniek om hemodynamische veranderingen vast te leggen is gradiént-echo MRI.
In hoofdstuk 4, hebben we SD’s opgewekt in ratten tijdens MRI om nieuwe MRI technieken
voor het detecteren van SD’s te verkennen. Ten eerste hebben we balanced-steady-state-free-
precession (b-SSFP) vergeleken met gradiént-echo en aangetoond dat b-SSFP significant
grotere veranderingen van de relatieve intensiteit, smallere piekbreedtes en hogere spatiéle
specificiteit heeft bij het vastleggen van SD’s. Ten tweede hebben we diffusie gewogen multi-
spin-echo (DT2) scans gemaakt, waarmee zowel hemodynamische als diffusie veranderingen
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tegelijkertijd vastgelegd kunnen worden. B-SSFP bleek aanvullende informatie te geven over
SD'’s in vergelijking met gradiént-echo MRI door gevoeliger registratie. DT2 scans idem door
meer begrip van de interactie tussen perfusie- en diffusieprocessen.

Om de bevindingen van hoofdstuk 2, 3 en 4 naar de kliniek te vertalen, hebben we
in hoofdstuk 5 en 6 klinische observatie studies gedaan. Voor hoofdstuk 5 hebben we van
vier cohorten SAB patiénten gegevens verzameld over thuismedicatie. We onderzochten hoe
vaak DCI bij deze SAB patiénten voorkwam en hoe hun klinische uitkomst drie maanden na
de bloeding was (met behulp van de modified Rankin Score). Op basis van een uitgebreid
literatuuroverzicht werd de thuismedicatie ingedeeld naar invioed op SD’s: 1) remmende
invioed, 2) neutrale/geen invlioed of 3) faciliterende invloed. In dit onderzoek vonden we een
trend richting minder DCI bij patiénten die SD-remmende medicatie gebruikten (adjusted hazard
ratio 0.66; 95% betrouwbaarheidsinterval 0.42-1.06). Patiénten bleken echter niet een betere
klinische uitkomst te hebben. Dit suggereert dat SD-remmende medicatie DCI mogelijk kan
verminderen maar ook dat er behalve DCI andere belangrijke factoren zijn die uiteindelijk de
klinische uitkomst van een patiént bepalen.

In hoofdstuk 6, hebben we in een cohort met een ander type beroerte, namelijk een
herseninfarct, de hypothese getest dat anatomische variaties in de arteriéle cirkel van Willis
vaker voorkomen bij migrainepatiénten. Eerder werd een verhoogd percentage incomplete
cirkels onder migrainepatiénten gevonden in sommige, maar niet in alle, populatiestudies.

Een hoger percentage incomplete cirkels zou dan een van de oorzaken kunnen zijn van de
verhoogde kans op herseninfarcten in de achterste hersen gebieden bij patiénten met migraine,
bijvoorbeeld door minder goede collaterale bloedvoorziening of doorbloedingsproblemen met
hierdoor een verhoogde gevoeligheid voor SD’s. In deze studie vonden we geen statistisch
significante verschillen in varianten van de cirkel van Willis tussen herseninfarct pati€nten met
(87%) en zonder (85%) migraine (adjusted odds ratio 1.47; 95% betrouwbaarheidsinterval 0.63-
3.44). Daarom concluderen we dat het onwaarschijnlijk is dat variatie in de cirkel van Willis een
belangrijke factor is bij het ontstaan van herseninfarcten bij migrainepatiénten.

Hoofdstuk 7 bevat een algemene discussie van de bevindingen in hoofdstuk 2-6.
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