Aus dem Centrum flr Schlaganfallforschung Berlin der Medizinischen

Fakultat der Charité — Universitatsmedizin Berlin

DISSERTATION

Improved assessment of hypoperfusion, blood-brain barrier
disruption, and ischemic cellular damage in stroke patients using

magnetic resonance imaging

zur Erlangung des akademischen Grades

Medical Doctor - Doctor of Philosophy (MD/PhD)

vorgelegt der Medizinischen Fakultat

Charité — Universitatsmedizin Berlin

von

Ahmed Abdelrahim Ahmed Khalil

aus Dschidda, Saudi-Arabien

Datum der Promotion:

07.12.2018



Ahmed A Khalil — MD/PhD Dissertation

Table of contents

1 SUIMIMAIY ittt ettt s sttt e s bt e e eh bt e e s b b e ekt e e e bt e e e beeeenbbeennbeeennbeaeas 3
1.1 ADBSErACt (ENGIISN) e s 3
1.2 ADSIrACt (AEULSCN) ..ccueiieieiece et ens 4
IR T [ 41 7T 18T {[o] o TSP U PR RPRPRRPP 5
L4 ODJECLIVES ...ttt bbbt b bbbt 9
15 IMEENOUS .. bbb bbbt 9
1.8 RESUILS .o bbb bbb 15
O A B TS0t U1 o] o RS UPSTRRRR 18
IS =11 o] [T [ o] ) APPSR 21

2 ATFIAVIT ..ot b e 27

3 Declaration of contribution to the publiCations.............ccccooiiiiiiiiiec e, 28

4 Print versions of the selected pUbIICAtIONS ..........ccccviiieiiic e 29
o A U] o] [ Tor: 14 o] e RSP R U UURPR PR PRRRIN 29
A Vo] [ To%: 11 o] o SRR 41
T U o] [ Tor: 11 o] 1 SO PR 54

5 CUIMICUIUM VBB ....cuieieie ettt bbbttt bbbt ne e 68

6  Complete List OF PUDHCAIIONS ........coviiiiiiiiiieieeee e 71
6.1  Peer-reviewed original research artiCles...........ccooeieiiiiniiiiiieee e 71
6.2 BOOK CRAPLETS ....oeeeeeceeeie ettt ettt e et e et e et e s re e teeneesbeenteennenneas 71
TR I o (1o €111 USSP PP TP PRURPRRPIN 72
6.4  Selected CONFEIreNCe aDSIIACES .........veieeieiie e 72

7 ACKNOWIEUGIMENTS .....cuiiieieciieie ettt te et e st e e e s e e sta e bearaesaeenteeneenreas 75



Ahmed A Khalil — MD/PhD Dissertation 3

1 Summary

1.1 Abstract (English)

Introduction

Emerging magnetic resonance imaging (MRI) techniques can potentially improve clinical decision-
making in acute stroke. First, however, these techniques need to be investigated in a routine clinical
setting and their use thoroughly validated by comparing them to established methods and relevant
clinical outcomes. In this dissertation, we studied three MRI methods for assessment of cerebral
perfusion without exogenous contrast agents, quantification of blood-brain barrier disruption, and
improved detection of infratentorial ischemic damage.

Methods

In Study I, we compared a contrast agent-free method for measuring perfusion, known as BOLD delay
(from the blood-oxygenation-level-dependent signal), to the clinical reference standard, dynamic
susceptibility contrast MRI (DSC-MRI) in 30 stroke patients within 24 hours of symptom onset. In
Study I1, we used dynamic contrast-enhanced MRI (DCE-MRI) to quantify blood-brain barrier (BBB)
leakage in 54 stroke patients within 48 hours of symptom onset. In Study Il1l, we compared the
diagnostic performance of a stimulated echo acquisition mode (STEAM) diffusion weighted imaging
(DWI1) sequence to that of the clinical reference standard, an echo planar imaging (EPI) DWI
sequence, in 57 patients with suspected infratentorial stroke.

Results

BOLD delay was closely related to DSC-MRI parameters that reflect both macrovascular delay and
microvascular perfusion and was capable of distinguishing severe hypoperfusion from milder blood
flow changes (Study 1). We quantified BBB permeability and observed an increase in leakage over
time in ischemic lesions. Leakage was also present in contralateral tissue, where it decreased over
time (Study I1). STEAM-DWI showed good agreement with EPI-DWI and a high sensitivity to
ischemia, with far fewer intraparenchymal artifacts than EPI-DWI (Study I11).

Conclusions

This dissertation shows that BOLD delay, DCE-MRI, and STEAM-DWI can be incorporated into
routine MRI protocols for the assessment of stroke patients. They provide useful information
regarding perfusion, BBB permeability, and infratentorial ischemic damage and have the potential to
influence acute stroke diagnosis and management. The dissertation also highlights several weaknesses
of these methods, opening up paths for further research and improvement.
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1.2 Abstract (deutsch)

Einfuhrung
Innovative Magnetresonanztomographie-Techniken (MRT) bergen das Potential klinische

Therapieentscheidungen beim akuten Schlaganfall positiv beeinflussen zu kdnnen. Diese Techniken
miussen jedoch zuerst in der klinischen Routine evaluiert und genau validiert werden, indem man sie
mit etablierten Methoden und deren Ergebnissen vergleicht. In dieser Dissertation wurden drei MRT-
Techniken zum verbesserten Nachweis infratentorieller Schlaganfalle, Beurteilung der
Bluthirnschranken-Stérung und Kontrastmittel-freien Perfusion untersucht.

Methoden

In Studie | wurde eine Kontrastmittel-freie Methode der Perfusionsmessung, bekannt als "BOLD
(,,blood-oxygenation-level-dependent®) delay" mit dem klinischen Referenzstandard, der DSC-MRT
(,,dynamic susceptibility contrast™) bei 30 Schlaganfallpatienten innerhalb von 24 Stunden nach
Symptombeginn verglichen. In Studie Il wurde die DCE-MRT (,,dynamic contrast-enhanced®)
eingesetzt, um eine Stérung der Bluthirnschranke bei 54 Schlaganfallpatienten innerhalb von 48
Stunden nach Symptombeginn quantitativ erfassen zu kénnen. In Studie I11 wurde die diagnostische
Aussagekraft der STEAM (,,stimulated echo acquisition mode®) diffusions-gewichtete (DWI)
Sequenz mit der klinischen Referenzmethode, der echoplanaren (EPI=echo planar imaging) DWI bei
57 Patienten mit fraglichen infratentoriellen Schlaganfall evaluiert.

Ergebnisse
Die BOLD Technik zeigte einen engen Zusammenhang mit DSC-MRT Parametern hinsichtlich

Folgen von Stenosen/Verschliissen der zerebralen Arterien. Eine schwere Minderdurchblutung konnte
von leichten Veranderungen der Blutflusses unterschieden werden (Studie I). Stérungen der
Bluthirnschranke konnten quantitativ erfal3t und eine weitere Zunahme im ischamischen Areal im
zeitlichen Verlauf beobachtet werden. Eine Stérung der Bluthirnschranke fand sich auch im
»gesunden kontraldsionalen Hirngewebe, die sich im zeitlichen Verlauf besserte (Studie I1). Die
STEAM-DWI zeigte eine gute Ubereinstimmung mit der EPI-DWI und eine hohe Sensitivitat mit
deutlich weniger intraparenchymalen Artefakten als die EPI-DWI (Studie I11).

SchluRfolgerungen

Diese Dissertation konnte zeigen, dal} der BOLD delay, die DCE-Technik und die STEAM-DW! fiir
die MRT Schlaganfalldiagnostik in Routine-Protokolle inkorporiert werden konnte. Damit stiinden
aussagekraftige Zusatzinformationen zu Perfusion, Bluthirnschrankenpermeabilitdt und Detektion
von infratentoriellen Schlaganfallen zur Verfiigung mit der Mdéglichkeit besserer Therapieoptionen.
Diese Dissertation zeigt auch die Schwéchen dieser Methoden auf und er6ffnet damit einen Weg fur
weitere Forschungsmaglichkeiten und Verbesserungen.
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1.3 Introduction

When a patient presents with clinical features suggestive of acute stroke, the immediate aims are to
confirm the diagnosis, to determine whether this particular patient is likely to benefit from or be
harmed by treatment, and to treat them as fast as possible (when indicated). Medical imaging plays an
important role in the first two of these aims as well as in monitoring the effects of treatment and the
progression of stroke. Magnetic resonance imaging (MRI) is particularly useful for this purpose as it
allows a lot of relevant information to be gathered. Although generally considered slower to acquire
and analyze than computed tomography (CT), which has been the standard imaging modality used in
acute stroke for decades, MRI does not need to be prohibitively time consuming. Several centers have

implemented acute stroke MR protocols'~ within recommended hospital arrival-to-treatment times®.

Such protocols include carefully selected sequences that assess pathophysiological processes that are
relevant to stroke patients' management®’. T2*-weighted sequences are used to exclude hemorrhage,
and diffusion weighted imaging (DWI) sequences detect areas of severe ischemic cellular damage,
including irreversible infarction. This is important for excluding stroke mimics, classifying stroke
subtypes, and assessing the risk of treatment complications. Vessel stenosis or occlusion can be
visualized using MR angiography, which also helps to classify stroke subtypes and plan mechanical
thrombectomy. Fluid-attenuated inversion recovery (FLAIR) sequences are used to assess the age of
ischemic lesions, including differentiating acute from chronic ischemic damage and estimating the
time of stroke onset in patients without a clear known onset time. Perfusion imaging can help predict
which patients will respond best to treatment by detecting the presence or absence of damaged yet

potentially salvageable tissue.

Despite the advances made in recent years in stroke imaging, most patients are still excluded from
treatment in the acute phase because decision-making is based on simplistic time-based models®. The
cause of this is probably multifactorial, including limited access to, and experience with, advanced
MRI techniques in most hospitals. However, by improving imaging methods we can better investigate
phenomena that may enhance the efficacy of available stroke therapies (as well as the development of
new therapeutic options) and the quality of decision-making itself (i.e., determining which criteria to
use for treatment). This is especially relevant for patients who are currently left untreated with
thrombolysis and thrombectomy but who may yet benefit if more information from advanced imaging

helps guide the decision-making process. Ultimately, however, the usefulness of any imaging
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technique in acute stroke involves a pragmatic compromise between diagnostic performance, the time
taken to acquire the data, the complexity of the data acquisition and analysis, and the robustness of

the method to patient-related factors®.

The complex pathophysiology of acute stroke offers a plethora of opportunities for improving patient
outcomes (Figure 1). Having appropriate tools for testing whether or not certain pathophysiological
processes, and their modulation by therapy, are relevant to the management of acute stroke patients is
critical. In this dissertation, the use of emerging MRI techniques for measuring three key aspects of

stroke pathophysiology, outlined individually below, is investigated.

MR Angiograph I
CT Angiograghg I mag I ng

i CT Perfusion
Vessel occlusion LEgrusk

ASL
Thrombosis BOLD delay

Embolism )
Perfusion changes

MR Spectrosc: IEY
Decreased CBF + CBV Quantitative M
Prolonged MTT

M. Jar del o
acrovascular aelay Metabolic disturbances

Dwi
Altered Oz consumption \ DCE-MRI

Altered glucose consumption
Acidosis Early structural changes

Cytotoxic edema \ FLAIR
BBB leakage
Late structural changes

Vasogenic edema

Pathophysuﬂogy Cellular necrosis

Figure 1— Overview of ischemic stroke pathophysiology, with a focus on processes measurable using
clinically accessible medical imaging techniques in humans. Protective processes, such as the extent
of collateral flow, also play a crucial role in stroke pathophysiology and can be assessed using
medical imaging (not depicted here). The processes and methods primarily investigated in this
dissertation are italicized and in blue. MR: magnetic resonance, CT: computed tomography, PET:
positron emission tomography, CBF: cerebral blood flow, CBV: cerebral blood volume, MTT: mean
transit time, BBB: blood-brain barrier, DSC: dynamic susceptibility contrast, ASL: arterial spin
labelling, DWI: diffusion weighted imaging, DCE: dynamic contrast-enhanced, FLAIR: fluid-

attenuated inversion recovery.
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1.3.1 Cerebral perfusion

An immediate consequence of the occlusion of a brain artery is reduced blood flow to the area supplied
by that vessel. Part of this area, the ischemic penumbra, is characterized by severely reduced blood
flow and reversible cessation of normal electrical neural activity*°. The penumbra represents the tissue
at risk of being permanently damaged as time passes and its detection helps identify whom to treat,
and therefore avoids potential side effects in patients with a low chance of responding favorably to
reperfusion therapy. It also allows treatment of patients who would otherwise be excluded®!, such as

those presenting beyond conventional time windows or without detectable infarction at presentation®?.

A number of approaches can be used to visualize the penumbra in clinical practice. Most commonly,
perfusion is measured using dynamic susceptibility contrast MRI (DSC-MRI), where a paramagnetic
contrast agent (usually gadolinium-based) is injected intravenously. The resulting signal loss on a
rapidly acquired T2*-weighted sequence is used to infer information about blood flow®. This well-
established technique is not without its limitations, most prominently the potential side effects of
gadolinium. These include kidney damage!* and long-term deposition in the brain, the consequences
of which are yet to be fully understood*®. The results of this technique are also highly dependent on

how the data are acquired and processed®*8, making reproducibility and standardization difficult.

A commonly used alternative that does not require an exogenous contrast agent is arterial spin
labelling (ASL). Cerebral blood flow is calculated from the differences in brain tissue magnetization
measured before and after inverting the magnetization ("labelling™) of water protons in the neck
arteries with radiofrequency pulses. ASL has certain drawbacks compared to DSC-MRI, including
low SNR and an inherent sensitivity to head motion*®. Crucially, its interpretation is difficult when
the time it takes the labelled blood to travel from the labelling area to the measurement area is
unknown. This occurs in patients with severe atherosclerotic disease affecting the large vessels?,

although attempts have recently been made to circumvent this problem?.

The shortcomings of existing methods, and the fact that no single available method is likely to be
appropriate for all patients, have motivated a search for novel non-invasive techniques to measure
perfusion in stroke patients. This includes using the blood-oxygenation-level-dependent (BOLD)
signal as an endogenous source of blood flow contrast?®. In Study | of this dissertation, we
quantitatively compared the results of a BOLD-based technique, known as BOLD delay, to that of the
clinical reference standard for measuring perfusion, DSC-MRI, in acute ischemic stroke?.
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1.3.2 Blood-brain barrier permeability

The blood-brain barrier (BBB), the lining of brain capillaries by endothelial cells sealed by tight
junctions, is disrupted in stroke, allowing the passage of large molecules into brain tissue. This
increased permeability is associated with complications such as hemorrhagic transformation?*% and
vasogenic edema®. Until recently, the evaluation of BBB permeability in acute stroke patients has
been done either in a semi-quantitative manner, which is difficult to interpret and not as sensitive to
subtle permeability changes?’, or with long acquisition times (up to 30 minutes)?3, making it difficult

to implement in a routine clinical setting.

In Study Il of this dissertation, we used an MRI approach with a short (six-minute) acquisition time

to quantify BBB permeability in a group of stroke patients®.

1.3.3 Cerebral ischemic cellular damage

Ischemic cellular damage (cytotoxic edema) is a consequence of the metabolic changes brought
about by a severe reduction in blood flow. DWI has a very high sensitivity for detecting such
ischemic changes®®. However, ischemic damage is often mimicked or concealed on standard DWI
sequences by anisotropic diffusion and magnetic susceptibility artifacts, respectively. This is
particularly relevant in the infratentorial compartment, where ischemic lesions are often less
conspicuous and small and where artifacts are prominent because of tissue-air interfaces near the

skull base®122,

In Study 111 of this dissertation, we assessed the clinical utility of a DWI sequence that is less prone
to susceptibility artifacts, known as stimulated echo acquisition mode DWI (STEAM-DWI), by
directly comparing its diagnostic performance to conventional DWI methods (echo planar imaging
DWI; EPI-DWI) in a group of stroke patients®3.
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1.4 Objectives

This dissertation aimed to bridge technical innovations in MR methods with their practical application
by validating three different MR techniques in the setting of acute ischemic stroke. This involved
testing them as part of a routine clinical workflow and comparing them to more established methods.
The eventual goal is to use these emerging methods in practice to better characterize acute stroke

patients and help make more informed and justified clinical decisions.
The specific objectives of this dissertation were as follows:

e Study I (Publication 1): To compare hypoperfusion measured using a novel, non-invasive
perfusion MRI technique (BOLD delay) with the current clinical reference standard, DSC-
MRIZ,

e Study Il (Publication 2): To quantify and monitor blood-brain barrier leakage in acute ischemic
stroke using DCE-MRI%,

e Study Il (Publication 3): To assess the diagnostic performance of a DWI sequence that is less
prone to artifacts (STEAM-DWI1) compared to the clinical reference standard (EPI-DWI) for

detecting infratentorial ischemic tissue damage®.

1.5 Methods

This section provides a conceptual description of the main MRI techniques assessed in this
dissertation. The specific methodologies of each study, including the study design, patient selection
criteria, image processing, outcome measures, and statistical analysis, are described in detail in the

attached original publications.

All data were derived from two prospective, observational clinical studies (the 1000plus study?,
clinicaltrials.gov NCT00715533 and Longitudinal MRI Examinations of Patients With Brain
Ischemia and Blood-Brain Barrier Permeability [LOBI-BBB], clinicaltrials.gov NCT02077582) that
were approved by the ethics committee of the Charité Universitatsmedizin Berlin. Patients gave
written informed consent to participate. Imaging was performed on a 3T Siemens Tim Trio MRI
scanner adjacent to the stroke unit of a large university hospital (Charité Campus Benjamin Franklin,
Berlin). All sequences investigated in this dissertation were incorporated into a routine stroke imaging

protocol?.
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1.5.1 Assessing cerebral perfusion without exogenous contrast agents

The effect of deoxyhemoglobin on R2* is the basis of the BOLD signal. Slow fluctuations in the
BOLD signal at rest (known as low frequency oscillations; LFOs) reflect hemodynamic responses to
neuronal activity (neurovascular coupling)®* and other mechanisms that produce slow, oscillatory
changes in cerebral blood flow. Although the former is what is typically sought after in resting-state
functional connectivity experiments®, the latter (referred to here as vascular LFOSs) contributes a large

deal to the total measured BOLD signal®%’,

Of these, local vascular LFOs are a consequence of vessel wall motion, are modulated by changes in
sympathetic nervous system activity and partially entrained by slow changes in neuronal activity®.
Systemic vascular LFOs, on the other hand, originate from outside the brain but also contribute to the
resting BOLD signal. Evidence for their extracerebral origin comes from the observation that cerebral
BOLD signal oscillations correlate strongly with fluctuations in blood flow measured peripherally,
for example recorded in the extremities using near-infrared spectroscopy®®. A substantial component
(~25%) of systemic LFOs originates from heart rate and blood pressure variations*. Importantly,
systemic LFOs are physiological signals in and of themselves, and not the result of aliasing of higher-
frequency signals when data are undersampled*, nor are they directly related to neurovascular
coupling*. They oscillate at the same frequencies as neuronal and local vascular LFOs and cause
changes in R2* that are similar to those caused by neurovascular coupling, unlike the much faster
BOLD signal changes caused by cyclical cardiac and respiratory activity®’. Their spatial and temporal
distribution closely resembles cerebral blood flow, travelling from the arteries through the gray matter
to the veins in about 6 seconds, similar to the time it takes for blood to pass through the brain.

Because LFOs in the BOLD signal partially reflect travelling waves originating from outside the brain,
tracking their path can be used to assess tissue perfusion. Time shift analysis (Figure 2) involves cross-
correlating the BOLD signal time course of each voxel in the brain with a reference time course (both
filtered to retain only the low frequencies)?*44, The reference can be the average signal from the entire
brain?34>-47 the healthy hemisphere??4, the major venous sinuses?>*°, or a recursively-generated
signal*>#8, The time shift that corresponds to the maximum correlation coefficient is identified, and
used as a measure of how delayed the voxel’s LFOs are compared to the reference signal's LFOs.
Voxelwise maps generated using this procedure are referred to as time shift analysis or BOLD delay

maps.
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Reference

Voxel 1 :
Voxel 2 VW\A/V\'V’V\,V«W
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Figure 2 — Schematic of time shift analysis. The BOLD signal time course of a voxel (shown here for
two voxels — 1 & 2) is time-shifted (arrowheads) and correlated at each time shift with the reference
time course (in this case, the average BOLD signal across the entire brain). A plot of the correlation
coefficient (Pearson's r) at each time shift shows how the time shift step corresponding to the
maximum correlation between the two signals is identified (black circles) and represents the BOLD
delay value. Note that the extent to which the signals are shifted (the limits of the x-axis on the plot)
is known as the time shift range. The result of doing this for all voxels in the brain is a BOLD delay
map, where areas of low perfusion have positive BOLD delay values (voxel 2) and areas of normal
perfusion have a BOLD delay of zero (voxel 1). Adapted in part from Lv et al., Ann. Neurol. 2013.

In Study I, thirty patients with supratentorial stroke received DSC-MRI and resting-state functional
MRI within 24 hours of symptom onset. Patients with severe head motion (a spike of >3 mm or a
mean framewise displacement of >0.5 mm in the resting-state scan) were excluded. Values of BOLD
delay (calculated using both a whole-brain and venous sinus reference, using three time shift ranges)
and the coefficient of variation of the BOLD signal were compared to four DSC-MRI parameters in
156 regions of interest using Pearson correlation coefficient and multiple linear regression. In
addition, a receiver operating characteristic (ROC) analysis assessed the performance of each measure

for detecting the presence of severely hypoperfused tissue (defined as Tmax delay > 6 s).
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1.5.2 Quantifying blood-brain barrier leakage

Low-molecular weight paramagnetic contrast agents, such as gadolinium, extravasate into the
extracellular space when the blood-brain barrier is disrupted. They prolong the longitudinal relaxation
rate (R1), causing a hyperintense signal on post-contrast T1-weighted images. In dynamic contrast-
enhanced MRI (DCE-MRI), multiple T1-weighted images are acquired after contrast agent injection.
The relationship between the change in signal intensity over time and contrast agent concentration
provides information about blood flow, blood volume, and the permeability of the microvasculature.
One quantitative method for analyzing DCE-MRI data is the Patlak model, which considers two
compartments (blood plasma and extracellular space) and is described by the following equation®®:

t

C,(t) = v,C,H (L) + KTrams f C,(1)dr
0

In this equation, t is the time after contrast agent injection, Ct is the contrast agent concentration in the
tissue, K™ js the rate of contrast agent delivery to the extracellular space per volume of tissue
(normalized to the arterial plasma concentration), C, is the plasma contrast agent concentration, and
Vp is the fractional plasma volume. Using linear regression, K™ and v, can be obtained. The Patlak
model assumes a lack of backflux of contrast agent from the extracellular space to the blood
(unidirectional transport), a low rate of contrast agent extravasation, and sufficient blood flow. This
model was found to be generally robust and particularly appropriate for situations where permeability

is low, such as stroke?’.

Calculating the parameters in the Patlak equation requires mapping the longitudinal relaxation time
(T1). In Study I, this was done using a 3D spoiled fast low angle shot (FLASH) sequence with
multiple flip angles before contrast agent injection. This was followed by acquiring repeated single
flip angle 3D FLASH images, starting one minute before a continuous infusion of 10 mL of
gadobutrol. In total, 54 stroke patients within 48 hours of symptom onset (28 of whom had a follow-
up 5-7 days later) were investigated. The skull, scalp, cerebrospinal fluid, and blood vessels were
removed from the T1-weighted images. Each patient's DWI was registered to the corresponding T1-
weighted image. K™ values within the acute DWI lesion and a contralateral region of interest were
extracted for all patients and timepoints and compared using the Wilcoxon signed-rank test.
Permeability changes over time, adjusted for potential confounders, were assessed using a linear

mixed model.
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1.5.3 Improved detection of cerebral ischemic cellular damage

The diffusion of water molecules can be measured using MRI and allows the visualization of cytotoxic
edema, which is characterized by sequestration of water inside cells, where diffusion is limited by
intracellular organelles. In diffusion-weighted imaging (DWI) sequences, a radiofrequency (RF) pulse
is applied in the presence of a strong magnetic field ("diffusion-encoding") gradient. The phase shift
acquired by a spin as a result depends on how strong the magnetic field (which includes the main
magnetic field and the diffusion-encoding gradient) is at the spin’s location. A "refocusing” RF pulse
(180°) is then applied to invert this phase shift. Because stationary spins will experience the same
local magnetic field before and after the refocusing pulse, their cumulative phase shifts will be zero
and an echo signal with maximum amplitude will be formed. In contrast, a moving spin will be
exposed to a different local magnetic field strength (due to its different position) and will acquire a
phase shift that is proportional to the spin’s displacement in the direction of the diffusion-encoding
gradient. As a result, the cumulative phase shifts of moving spins will be non-zero, resulting in a

reduction in the MR signal®°.

Conventional diffusion-weighted sequences use a 90° RF pulse followed by a 180° RF pulse, with
diffusion gradients applied in between, to generate a spin echo. They typically combine this with an
echo planar imaging (EPI) readout, acquiring multiple lines of k-space (effectively sampling all data
points needed to reconstruct an image) within a single shot. This greatly shortens acquisition time but
renders the sequence vulnerable to artifacts such as susceptibility-related signal losses and chemical

shift effects®.

Diffusion-weighted stimulated echo acquisition mode (STEAM) sequences combine a series of at
least three RF pulses, that collectively induce what is known as a stimulated echo (STE), with
diffusion-encoding gradients (Figure 3)°%. The interval between the second and third pulses (the
mixing time) largely determines the diffusion weighting. During this time, spins experience only T1
(longitudinal) relaxation, which is much longer than the T2 (transverse) relaxation that occurs in the
first and third intervals. Signal decay is therefore slower in a STEAM sequence, allowing long mixing
times to be used. Due to the flip angles of the applied RF pulses and the partial T1 relaxation occurring
during the mixing time, the maximum magnitude of a STE is only half that of a spin echo®>*,
However, compared to conventional DWI, the technique has the advantage of being far less prone to

susceptibility-related signal losses, even with single-shot acquisitions®?.
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Figure 3 — Schematic diagram of a diffusion imaging pulse sequence using stimulated echoes (STE).
Diffusion-encoding gradients (diagonal stripes) are placed within the first and third intervals — the
summed duration of these two intervals is the echo time (TE). The crusher gradient (horizontal stripes)
during the mixing time (TM) dephases the transverse magnetization, eliminating any spin echoes
generated by the first two 90° RF pulses. For high-speed (single-shot) imaging, the part within the
dashed box can be repeated using a succession of slice-selective low flip angle excitation pulses (@)

and varying phase encoding gradient values. Adapted from Merboldt et al., Magn. Reson. Med. 1992.

In Study I11, we calculated inter-modality and inter-rater agreement for STEAM-DW!I1 and two EPI-
DWI sequences (with different slice thicknesses — 5 mm [LR-DWI] or 2.5 mm [HR-DWI]) in 57
patients with suspected infratentorial stroke and no contraindication to MRI consecutively recruited
between March 2010 and October 2011. Each patient's images (all 3 DWI sequences) were checked
for the presence of ischemic lesions and intraparenchymal artifacts by two raters (one senior and one
junior). Cohen’s kappa, overall raw agreement, proportions of specific agreement, and the intraclass
correlation coefficient were calculated for the presence of ischemic lesions. We also calculated the
sensitivity of each sequence to infratentorial ischemia in a subset of 45 patients with a final diagnosis
of infratentorial infarction, confirmed by persistence of the neurological deficit and/or follow-up MRI
showing the final infarct.
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1.6 Results

1.6.1 Assessing cerebral perfusion without exogenous contrast agents

The following shows the relationship between the DSC-MRI perfusion parameters (time-to-maximum
[Tmax], mean transit time [MTT], cerebral blood flow [CBF], and cerebral blood volume [CBV]) and
the BOLD-based perfusion parameters. For the latter, "WB" and "VS" refer to the reference signal
used for time shift analysis (whole-brain and venous sinus respectively), and the numbers (3, 7, or 10)
are the time shift ranges — the number of time shifts (in units of repetition time) performed for finding
the maximum correlation coefficient. "CoV" is the coefficient of variation of the BOLD signal.
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Figure 4 — The relationship between each DSC-MRI perfusion parameter and the rest of the
parameters. Violin plots showing the distribution in the study sample of Pearson correlation
coefficients (calculated for each individual patient, n = 30) between perfusion parameter values
extracted from a custom atlas composed of 156 regions of interest (for details, see Supplemental
Material in Khalil et al., Stroke 2017). Black dots show the median in the study sample.
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Figure 5 — Violin plots showing the distribution of area under the curve (AUC) values for each of the
perfusion parameters (calculated for each individual patient, n = 30) for identifying severe
hypoperfusion, defined as a Tmax delay of > 6 seconds. Black dots show the median in the study

sample and the dashed line corresponds to an AUC of 0.5, suggestive of random prediction.

1.6.2 Quantifying blood-brain barrier leakage

The 54 stroke patients in our sample were scanned at baseline a median of 35 hours following
symptom onset (interquartile range [IQR] = 25 — 41 hours) and had a median NIHSS of 4 at admission
(IQR = 2 — 8). MR angiography showed vessel occlusion and stenosis in 37.0% and 20.4% of the

patients, respectively.

We observed a median K™ of 0.7 (IQR = 0.4 — 1.8) x 102 min™! in the DWI lesion, compared to
0.2 (IQR =0.1-0.7) x 103 min! in the contralateral tissue (Wilcoxon signed-rank test, p < 0.001).
Hemorrhagically transformed ischemic tissue had a higher median K™ of 1.8 (n =11, IQR=1.2 —
2.2) x 107 min! than the DWI lesions without hemorrhagic transformation (n = 43, median K™ =
0.7 x 102 min'%, IQR = 0.4 — 2.0 x 10~ mint, Wilcoxon signed-rank test, p = 0.055).

In the 28 patients who received follow-up imaging, median K™ values in the DWI lesion increased
from 1.1 (IQR = 0.5 — 1.9) x 103 min* to 2.3 (IQR = 0.8 — 4.6) x 1072 min™* within the first week
(linear mixed model, p < 0.001). This increase was most prominent in patients with baseline vessel
occlusion or stenosis (linear mixed model, p = 0.046). K™ decreased from a median of 0.3 (IQR =
0.1-0.8) x 103 min?t0 0.1 (IQR = 0.0 — 0.6) x 10~ min! in the contralateral tissue within the first

week (linear mixed model, p = 0.052).
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1.6.3 Improved detection of cerebral ischemic cellular damage
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Figure 6 — A) Violin plots showing the distributions of signal-to-noise ratios (SNR) of the DWI
sequences in the study sample. Black dots indicate the mean. B) Bar plot showing the number of
patients in the study sample (total n = 57) with at least one ischemic lesion or artifact for each DWI
sequence. C) Bar plot showing the total number of ischemic lesions or artifacts in the study cohort for
each DWI sequence. LR-DWI: low-resolution echo planar imaging DWI (5 mm slice thickness), HR-
DWI: high-resolution echo planar imaging DWI (2.5 mm slice thickness), STEAM-DWI: Stimulated

echo acquisition mode DWI.

Table 1 — Agreement of LR-DWI and STEAM-DWI with the HR-DWI reference standard on the

presence of ischemic lesions (n = 57), based on the senior raters' judgement.

Sequence kappa Positive percent  Negative percent Intraclass correlation
agreement (%) agreement (%) coefficient (95% CI)

LR-DWI 0.80 95.5 84.6 0.77 (0.62 — 0.86)

STEAM-DWI 0.68 93.3 75.0 0.63 (0.45-0.76)

Inter-rater agreement (Cohen's kappa) on the presence of ischemic lesions was 0.55 (p<0.0001) for
HR-DWI, 0.67 (p<0.0001) for LR-DWI, and 0.62 (p<0.0001) for STEAM-DWI.

Table 2 — The sensitivity of each DWI sequence to ischemia, calculated from the 45 patients (out of

57) where a definite final diagnosis of infratentorial stroke could be made.

Sequence Number of positive scans Sensitivity in % (95% CI)
HR-DWI 42 93.0 (81.7 — 98.6)
LR-DWI 39 87.0 (73.2-95.0)

STEAM-DWI 40 89.0 (76.0 — 96.3)
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1.7 Discussion

This dissertation assessed the use of three MR imaging techniques for assessing blood flow, measuring
blood-brain-barrier leakage, and detecting infratentorial cerebral ischemia in stroke patients. The
results show that each of these techniques possesses substantial potential for being routinely used in
stroke patients, both in terms of practicality and diagnostic performance. Crucially, the dissertation

also identifies several points of potential improvement that are the focus of ongoing work.

1.7.1 Assessing cerebral perfusion without exogenous contrast agents

Although several prior studies had shown the feasibility of using BOLD delay to measure
perfusion?>#>4753 our study provided the first comprehensive investigation of the relationship
between blood flow and delayed BOLD signal oscillations. Within a clinically relevant time window
of 24 hours following symptom onset, BOLD delay is closely and independently related to DSC-MRI
perfusion parameters that reflect both macrovascular delay (time-to-maximum; Tmax) and
microvascular perfusion (mean transit time; MTT). BOLD delay thresholds are also capable of

detecting severely hypoperfused tissue, which is important for identifying tissue at risk of infarction®.

Besides allowing assessment of functional connectivity, a single resting-state functional MRI scan
can be used to assess changes in blood flow in more than one way. These include temporal delays as
well as changes in the amplitude and frequency of LFOs>>~>’. For example, our study showed that the
standard deviation of the BOLD signal closely reflects blood volume in stroke patients. The ability of
the BOLD signal to provide many different types of information poses both an opportunity, that of
measuring several relevant pathophysiological processes with a single scan, and a challenge, that of
unravelling these processes. This necessitates investigating these processes in animal models®® and
using sophisticated statistical methods for decomposing complex signals, such as independent

component analysis®.

Our study also provides some insight into the feasibility of BOLD delay in routine clinical practice.
Out of the 50 patients who were eligible for the study, 15 had to be excluded based on motion
thresholds derived from functional connectivity studies (and a further 4 due to poor-quality DSC-MRI
data), highlighting that motion is currently an important drawback of using BOLD delay in such
populations. We are currently studying the effect of motion on BOLD delay empirically, and exploring

the use of motion correction techniques to improve data quality.
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The BOLD delay method is undergoing several other important improvements. We recently started
applying it to ultra-fast multiband EPI sequences®. Preliminary evidence suggests that their high
temporal resolution can separate LFOs from cyclical cardiac and respiratory activity that are otherwise
aliased in sequences with long repetition times®®. Multiband sequences can be also be used to shorten
scan time while maintaining data quality®. We are also currently incorporating BOLD delay maps
into the routine imaging workup of acute stroke patients in our hospital, which includes a workflow

for calculating and visualizing the maps at the MR scanner immediately after acquiring the data.

1.7.2 Quantifying blood-brain barrier leakage

Previous studies assessing BBB leakage in acute stroke using DCE-MRI have been cross-sectional,
involving relatively small samples or using long acquisition times*. In our study, we used a six-
minute DCE-MRI protocol and found that BBB permeability was several times higher in stroke
lesions than in contralateral tissue within the first 48 hours after symptom onset and increased further
over time, particularly in patients with a vessel occlusion or stenosis at baseline. These findings have

recently been independently replicated?®.

We also observed BBB dysfunction in apparently healthy tissue contralateral to the acute infarct. This
was seen despite the thorough exclusion of blood vessels and cerebrospinal fluid, which may show
high permeability values that contaminate nearby tissues through the partial volume effect.
Widespread BBB leakiness exists in patients with microvascular dysfunction®®, a comorbidity
commonly seen in stroke patients. However, we observed that this leakiness decreases upon follow-
up imaging about a week after stroke onset, suggesting that it may instead reflect a global BBB

disruption related to post-stroke neuroinflammation.

The clinical significance of BBB dysfunction and its trajectory over time in stroke patients is not yet
well understood. Evidence suggests that BBB leakiness is associated with poor outcomes after stroke
treatment® and its peak coincides with the development of hemorrhagic transformation and vasogenic
edema®?®, The timing of this peak varies between patients?®, necessitating measurement on an
individual basis, and emphasizing the need for a convenient and accurate method of doing so. Our
group is currently acquiring more longitudinal data from acute stroke patients using DCE-MRI to

better characterize the progression of BBB leakage over time and determine its clinical consequences.

Particularly in mild strokes, BBB leakage can be subtle. Its detection requires the use of both a

sensitive acquisition technique and an appropriate pharmacokinetic model. Although the Patlak model
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(used in Study I1 of this dissertation) is sensitive to subtle BBB dysfunction?’, an iterative data-driven
model selection process may help determine the optimal method for analyzing a given dataset®®. This
approach has recently been applied in a study of three ischemic stroke patients®’ and can potentially

improve the reliability of the calculated permeability metrics.

1.7.3 Improved detection of cerebral ischemic cellular damage

Although STEAM-DWI was used in some of the earliest work on detecting ischemic cellular damage
using MRI in humans®, its use eventually declined because EPI-DWI provided high-quality images
with shorter scan times®®. However, recent technical developments in STEAM-DWI, as well as the
drawbacks of conventional (EPI-based) DWI in the infratentorial compartment, motivated us to

explore its use for diagnosing brainstem and cerebellar stroke.

Our study emphasizes the fact that artifacts and ischemic lesions are easily mistaken for one another
on conventional DWI. In many cases, the diagnosis of an infratentorial stroke cannot be made with
confidence because of the presence of these artifacts. This results in infratentorial ischemic damage
commonly being missed on routine imaging’®, with clinical consequences such as an inability to
properly determine stroke etiology®? or prevent post-stroke complications such as recurrence or
disability’®. In our study, STEAM-DWI showed similar diagnostic performance for detecting

ischemic damage as routine DWI, with almost no relevant intraparenchymal artifacts.

STEAM-DWI generally takes longer to acquire and has a lower signal-to-noise ratio than EP1-DWI2,
For this reason, STEAM-DW!1 is not recommended as a routine replacement for EPI-DW!1 in all cases.
However, it may be useful when the diagnosis is in doubt, for example in patients with negative EPI-
DWI but a clinical suspicion of an infratentorial stroke. It may also be useful for readers without
extensive experience with stroke imaging (such as junior radiologists or neurologists), for whom the
artifacts on conventional DWI may be particularly confusing. Since our study was published,
substantial improvements have been made to the STEAM-DW!1 sequence that allow faster acquisitions

with improved signal strength and image quality 2.

In conclusion, the three MR techniques investigated in this dissertation, none of which is currently
routinely used in stroke imaging, are feasible in a clinical setting and provide valuable information
about blood flow, BBB permeability, and tissue ischemia. Such techniques may help us investigate
how these pathophysiological processes, and the interventions that potentially influence them, affect

stroke patients’ prognoses and clinical outcomes.
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Abstract

Objectives

To assess the sensitivity of stimulated echo acquisition mode diffusion weighted imaging
(STEAM-DWI) to ischemic stroke in comparison to echo-planar imaging diffusion weighted
imaging (EPI-DWI) in the infratentorial compartment.

Methods

Fifty-seven patients presenting with clinical features of infratentorial stroke underwent
STEAM-DWI, high-resolution EPI-DWI (HR-DWI, 2.5 mm slice thickness) and low-resolu-
tion EPI-DWI (LR-DWI, 5 mm slice thickness). Four readers assessed the presence of
ischemic lesions and artifacts. Agreement between sequences and interobserver agree-
ment on the presence of ischemia were calculated. The sensitivities of the DWI sequences
were calculated in 45 patients with a confirmed diagnosis of infratentorial stroke.

Results

Median time from symptom onset to imaging was 24 hours. STEAM-DWI agreed with LR-
DWI in 89.5% of cases (kappa = 0.72, p<0.0001) and with HR-DWI in 89.5% of cases
(kappa = 0.68, p<0.0001). STEAM-DWI showed fewer intraparenchymal artifacts (1/57)
than HR-DWI (44/57) and LR-DWI (41/57). Ischemia was visible in 87% of cases for LR-
DWI, 93% of cases for HR-DWI, and 89% of cases for STEAM-DWI. Interobserver agree-
ment was good for STEAM-DWI (kappa = 0.62, p<0.0001).

Conclusions

Compared to the best currently available MR sequence for detecting ischemia (HR-DWI),
STEAM-DWI shows fewer artifacts and a similar sensitivity to infratentorial stroke.

PLOS ONE | DOI:10.1371/journal.pone.0161416  August 16,2016
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Introduction

Diftusion-weighted imaging (DWI) has a sensitivity exceeding 90% for detecting acute ische-
mia [1,2] and is routinely used for this purpose in clinical practice. However, commonly used
DWTI sequences, which combine a pulsed gradient spin-echo sequence and an echo-planar
imaging (EPI) readout, show anisotropic diffusion and susceptibility artifacts. Such artifacts
are particularly prominent in the infratentorial compartment and can hamper the detection of
ischemic lesions in this area. The presence of these artifacts in the brainstem and cerebellum,
where infarcts tend to be small and often inconspicuous, complicates the diagnosis of stroke
using EPI-based DWI sequences [3-5].

DWT acquired with a slice-thickness of 2.5 mm is better at detecting ischemic lesions than
that acquired with the more commonly used 5 mm slice thickness [6], most likely due to the
higher spatial resolution. Therefore, despite taking longer to acquire and having a potentially
lower signal-to-noise ratio, thin-slice DWT is considered the best available imaging tool in clini-
cal practice for diagnosing cerebral ischemia. However, both these sequences are acquired with
an EPI readout and therefore suffer from susceptibility artifacts. Diffusion-weighted images
acquired using stimulated echo acquisition mode (STEAM-DWI) sequences are not affected by
these artifacts [7-9], which makes them promising alternatives to conventional DWI sequences
in infratentorial stroke. However, despite their potential advantages, the utility of STEAM-
DWI sequences for diagnosing ischemic stroke has not yet been assessed.

In this study, we assessed the sensitivity to ischemia and the presence of intraparenchymal
artifacts in three different DWI protocols (two EPI protocols with differing slice-thicknesses
and one STEAM sequence). We hypothesized that STEAM-DWI would show fewer artifacts
than both DWI protocols acquired using thin (2.5 mm) and thick (5 mm) slices and that the
sensitivity of STEAM-DWTI for detecting ischemia would be similar to conventional EPI-based
DWTI sequences.

Materials and Methods
Study design

This was a retrospective analysis of a prospective, single-center observational study (the
1000Plus study, ClinicalTrials.gov Identifier NCT00715533, full study protocol available here
[10]), which received approval from the local ethics committee (Charité Ethikkommission,
Ethikausschuss 4 am Campus Benjamin Franklin, Charitéplatz 1, 10177 Berlin; Institutional
Review Board number EA4/026/08). All patients gave written informed consent.

Participants

Patients presenting to the emergency department who were clinically suspected of having an
infratentorial stroke and who had no contraindications to MRI, were consecutively recruited
between March 2010 and October 2011 at the Charité Campus Benjamin Franklin hospital in
Berlin, Germany. Fig 1 shows a flowchart of the participants in this study.

Test methods

MR images were acquired on a Siemens Tim Trio 3T scanner with a 12-channel head coil.
All patients received a thick-slice DWI sequence (referred to henceforth as low-resolution
DWI, LR-DWI), a thin-slice DWI sequence (referred to henceforth as high-resolution DWI,
HR-DWI), and a STEAM-DWI sequence in addition to a standard stroke imaging protocol,
the details of which have been published by Hotter et al. [10]. All three DWT sequences were
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Fig 1. Flowchart of study participants.
doi:10.1371/journal.pone.0161416.g001
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performed consecutively in the same scanning session without clinical intervention in between
and their scanning parameters are shown in Table 1.

Although HR-DWI is highly sensitive to ischemia [6], it nevertheless suffers from false-neg-
atives [11] and we therefore considered it to be an unsuitable reference standard in this study.
Instead, each patient’s final diagnosis was collected from the hospital records and discharge let-
ters and was determined based on 1) clinical information, 2) follow-up MR imaging studies
(FLAIR images performed at least one day and up to five days after the initial scan to confirm
infarction and rule out alternative diagnoses), and 3) ancillary investigations including ECG,
intra- and extracranial Doppler ultrasonography, and echocardiography. Patients received a
final diagnosis of definite ischemic stroke if they had a persisting neurologic deficit at discharge
or if they had imaging evidence of infratentorial infarction on follow-up MRI examinations.
Similar to previous studies [4,5], this was used as the reference standard for all sensitivity calcu-
lations in this study.

Image analysis

After completion of the recruitment phase, four readers who were blinded to all clinical infor-
mation, including each subject’s final diagnosis, independently assessed the diffusion-weighted
images. Two of them were senior, more experienced readers (a radiologist and a neuroradiolo-
gist with 7 and 14 years of stroke MRI experience respectively) and two were junior readers (a
stroke researcher and a junior physician with 4 and 1.5 years of stroke MRI experience respec-
tively). DWI images were randomly assigned with each reader assessing approximately half of
the cases. Each image was assessed by both a senior and junior reader to calculate interobserver
agreement.

The readers noted how many hyperintensities were visible on each diffusion-weighted
image, the anatomical location of each hyperintensity, and whether it corresponded to an
ischemic lesion or an artifact. Intraparenchymal hyperintensities that did not, in the readers’
experience, correspond to an infarction but would likely cause some diagnostic confusion in
the setting of suspected infratentorial stroke were considered relevant artifacts (see Fig 2 for an
illustrative example). Typical susceptibility artifacts seen in the interface between tissues (see
Fig 2), particularly around the temporal lobe, were not considered relevant artifacts in this
study because they do not clearly lie within the brain parenchyma and are unlikely to be con-
sidered ischemic in practice.

Image signal-to-noise ratios were calculated by dividing the mean signal intensity within the
brain on a single slice by the standard deviation of the signal intensity in a region of interest
(ROI) outside the brain on the B0 images. In addition, we calculated the lesion percentage con-
trast-to-noise ratios (CNR) for 10 of the patients using the trace DWI images. After registering
the images to a template, a ROI was placed within the acute infarct. A second ROI was placed
in healthy-appearing tissue in the contralateral hemisphere in the case of cerebellar stroke and
on the opposite side in brainstem strokes. The mean signal intensity in the lesion (SL) and the
mean signal in the healthy tissue (SH) were extracted and percentage CNR was calculated as
follows: 100 x (SL-SH)/SH [1].

Analysis

SPSS for Windows (Version 21; SPSS, Chicago, Ill) was used for statistical analysis.

Cohen’s kappa, overall raw agreement, and proportions of specific agreement [12] between
the DWI sequences on the presence or absence of ischemic lesions (based on the senior readers’
judgement) were calculated and the intraclass correlation coefficient was used to evaluate the
agreement on the number of ischemic lesions.

PLOS ONE | DOI:10.1371/journal.pone.0161416  August 16,2016 4/13
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Table 1. Acquisition parameters for the DWI sequences.

Parameter HR-DWI LR-DWI STEAM-DWI
Slice thickness (mm) 2.5 5 5
Number of slices 50 25 25
In-plane resolution (mm) 1.2x1.2 1.2x1.2 1.44x1.44
Matrix 192 x 192 192 x 192 160 x 120
Repetition time (s) 7.6 7.6 6.85
Echo time (s) 0.093 0.093 0.044
Diffusion-encoding gradient directions 6 6 6
b-value (s/mm?) 1000 1000 1000
Number of averages 2 2 5
Acquisition time (s) 133 91 330

doi:10.1371/journal.pone.0161416.1001

Sensitivity of each DWI sequence to ischemia was calculated, including 95% confidence
intervals. The sensitivities of each sequence were compared using McNemar’s chi-square test.

In an exploratory analysis, we also calculated the sensitivity (and 95% confidence intervals)
of each DWI sequence in patients presenting within 3 different time windows from stroke
symptom onset to MR imaging (< 12 hours, > 12 < 24 hours, and > 24 hours).

Results

Participants

A total of 57 patients were recruited for the study (see Fig 1); 39 males and 18 females with a
mean age of 68 years (range = 44 to 92 years). Median NIHSS was 2 (range = 0 to 12) on admis-
sion and 1 (range = 0 to 9) at discharge. Median time from symptom onset to imaging was 24
hours (range = 2 to 217 hours, IQR = 47 hours).

Fig 2. Artifacts on the DWI sequences. A) Example of artifacts on the high-resolution EPI-DWI (three
consecutive slices shown). A typical susceptibility artifact is visible on the EPI-DWI (orange arrow)—note that
such artifacts were ignored by the raters and are not the focus of this study. An intraparenchymal
hyperintensity in the left pons (white arrow) is seen on a single slice. B) Neither of these artifacts is present on
the STEAM-DWI.

doi:10.1371/journal.pone.0161416.g002
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Presence and number of artifacts and ischemic lesions in the DWI
sequences

At least one artifact was seen on 44/57 of the LR-DWT images (a total of 74 individual artifacts),
41/57 of the HR-DWI images (a total of 78 individual artifacts), and 1/57 of the STEAM-
DWI images (a total of 1 artifact). Fig 2 shows examples of typical artifacts seen on the DWI
sequences.

At least one hyperintensity due to ischemia was seen on 42/57 of the LR-DWT images (a
total of 58 lesions), 46/57 of the HR-DWI images (a total of 71 lesions), and 44/57 of the
STEAM-DWT images (a total of 60 lesions).

Agreement between DWI sequences on the presence of ischemia

STEAM-DWTI agreed with the LR-DWT in 51/57 (89.5%) of cases (kappa = 0.72, p<0.0001),
positive percent agreement (PPA) was 93% (95% CI = 86.8-97.8%) and negative percent agree-
ment (NPA) was 78.6% (95% CI = 57.1-93%). STEAM-DWTI agreed with the HR-DWT in 51/
57 (89.5%) of cases (kappa = 0.68, p<0.0001), PPA was 93.3% (95% CI = 87.4-97.9%) and
NPA was 75% (95% CI = 50-91.7%). LR-DWI agreed with HR-DWT in 53/57 (93%) of cases
(kappa = 0.80, p<0.0001), PPA was 95.5% (95% CI = 90.2-99%) and NPA was 84.6% (95%

CI = 66.7-96.8%). Fig 3 shows a representative example of agreement between the DWI
sequences. Table 2 shows a cross-tabulation of these results.

The intraclass correlation coefficients for the number of ischemic lesions detected was 0.84
(95% CI = 0.74 t0 0.9) for LR-DWI versus STEAM-DWTI, 0.63 (95% CI = 0.45 to 0.76) for
STEAM-DWI versus HR-DWI, and 0.77 (95% CI = 0.62 to 0.86) for LR-DWI versus HR-DWI.

Agreement between the senior and junior readers on the presence of hyperintensities corre-
sponding to ischemia was calculated for the LR-DWT (kappa = 0.67, p<0.0001), HR-DWI
(kappa = 0.55, p<0.0001), and STEAM-DWTI (kappa = 0.62, p<0.0001) sequences.

Test results (sensitivity to ischemia)

Forty-five out of 57 patients had a confirmed final diagnosis of infratentorial infarction. Base-
line imaging showed the presence of infarction in 39/45 (87%, 95% CI = 73.2-95%) of cases for
LR-DWI, 42/45 (93%, 95% CI = 81.7-98.6%) of cases for HR-DWTI, and 40/45 (89%, 95%

CI =76-96.3%) of cases for STEAM-DWI. The differences between sensitivities of STEAM-
DWI and HR-DWI or STEAM-DWI and LR-DWI were not statistically significant (p = 0.623,
p = 0.99, respectively).

Of the false-negative DWI images, true infarcts (confirmed by follow-up imaging or consis-
tent with the patient’s clinical deficit at hospital discharge) that were judged as artifacts by the
readers were seen in 5 out of 6 of the LR-DWTI, 2 out of 3 of the HR-DWTI, and none of the
STEAM images. In one patient, STEAM-DWI showed an ischemic lesion that was considered
an artifact on the HR-DWTI (see Fig 4).

Ischemic lesions were seen on the HR-DWI that were not detected on the STEAM-DWI
sequence in three patients (see Fig 5). Table 3 shows a cross-tabulation of these results. Table 4
shows the sensitivity of each of the sequences to infarction stratified based on time from symp-
tom onset to MR imaging.

Signal-to-noise and contrast-to-noise ratios

Image SNR (n = 53, mean +/- SD) was 78.7 +/- 16.0 for HR-DWI, 112.6 +/- 29.7 for LR-DWI,
and 35.6 +/- 5.9 for STEAM-DWI. Lesion percentage CNR (n = 10, mean +/- SD) was 92.3%
+/- 32.1% for HR-DWI, 73.7% +/- 27.4% for LR-DWI, and 43.5% +/- 12.5% for STEAM-DWIL.

PLOS ONE | DOI:10.1371/journal.pone.0161416  August 16,2016 6/13
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Fig 3. Representative example of agreement between DWI sequences for a patient studied 8 hours
after onset of stroke symptoms. Both low- (A) and high-resolution (B) EPI-DWI show a hyperintensity in the
right pons spanning three slices. C) STEAM-DWI also shows a hyperintensity in the right pons. D) FLAIR
performed five days after baseline scans confirmed the presence of an infarct in the same location. Ischemic
lesions are indicated by red arrows.

doi:10.1371/journal.pone.0161416.g003

Discussion

Diffusion-weighted imaging with stimulated echoes was used in some of the earliest studies
investigating the detection of acute ischemia using MRI [13]. Since then, concerns about poor
signal-to-noise ratios have overshadowed the potential advantages of this technique. To assess

Table 2. Cross-tabulation of STEAM-DWI versus HR-DWI and LR-DWI in the whole sample.

HR-DWI LR-DWI
Positive Negative Positive Negative
STEAM-DWI Positive 42 2 40 4
Negative 4 9 2 11

Results of stimulated echo acquisition mode DWI (STEAM-DWI) compared to high-resolution EPI-DWI (HR-DWI) and low-resolution EPI-DWI (LR-DWI)
sequences on presence or absence of ischemic lesions in the entire sample, regardless of final diagnosis.

doi:10.1371/journal.pone.0161416.1002
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Fig 4. Example of disagreement between DWI sequences for a patient studied 19 hours after onset of
stroke symptoms Both low- (A) and high-resolution (B) DWI show a hyperintensity in the right pons that was
judged to be an artifact. C) The STEAM-DWI shows a hyperintensity in the right pons that was judged to be
an ischemic lesion. D) FLAIR performed 5 days after baseline scans confirmed the presence of an infarct in
the same location. Ischemic lesions are indicated by red arrows.

doi:10.1371/journal.pone.0161416.9g004

the practical implications of these concerns, we determined the agreement between two EPI-
based DWI sequences and a STEAM-based DWI sequence and compared their sensitivities to
infratentorial ischemic stroke. We found good agreement between STEAM-DWI and EPI-
based DWI sequences and similar sensitivity to ischemia in these patients.

On EPI sequences, susceptibility artifacts in areas adjacent to the temporal lobes and
brainstem can appear as signal hyperintensities on diffusion-weighted images and can easily
be confused for small, localized brainstem or cerebellar infarctions (see Fig 2). Our results
show that such artifacts are far less frequent in STEAM-DWI than in either of the EPI-DWI
sequences. Conversely, very small areas of ischemia can be mistaken for artifacts on EPI-DWI
sequences—this happened in several cases in our study and substantially contributed to the
false negative rates of these sequences (see Fig 4). Despite having a similar false-negative rate,
no true ischemic lesion was misjudged as being artifact in the STEAM-DWI sequence. These
results reaffirm the notion that the presence of DWI artifacts is of practical importance
because it can hinder stroke diagnosis. Thus, using a sequence lacking these artifacts, either

PLOS ONE | DOI:10.1371/journal.pone.0161416  August 16,2016 8/13
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Fig 5. Example of disagreement between the DWI sequences. In this patient, MRI was performed 25
hours after the onset of stroke symptoms. Both low (A) and high-resolution (B) EPI-DWI show a
hyperintensity (red arrows) in the right cerebellar lobe that was judged to be an ischemic lesion. Also note the
hyperintensity in the periphery of the left cerebellar lobe (yellow arrows), which was judged to be an artifact.
C) STEAM-DWI was judged as normal in this case. D) FLAIR performed 5 days after baseline scans
confirmed the presence of an infarct in the same location.

doi:10.1371/journal.pone.0161416.9005

instead of conventional EPI-DWT or as an add-on, may be particularly helpful when the diag-
nosis is unclear.

STEAM sequences have inherently lower signal-to-noise ratios than spin-echo EPI sequences
[14] yet we found good overall agreement between STEAM-DWTI and both HR-DWI and

Table 3. Cross-tabulation of STEAM-DWI versus HR-DWI and LR-DWI in patients with confirmed stroke.

HR-DWI LR-DWI
Positive Negative Positive Negative
STEAM-DWI Positive 39 1 37 3
Negative 3 2 2 3

Results of stimulated echo acquisition mode DWI (STEAM-DWI) compared to high-resolution EPI-DWI (HR-DWI) and low-resolution EPI-DWI (LR-DWI)
sequences on presence or absence of ischemic lesions in patients with a confirmed final diagnosis of infratentorial stroke.

doi:10.1371/journal.pone.0161416.1003
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Table 4. Sensitivity (and 95% Cl) of DWI sequences to infarction (in patients with confirmed stroke) stratified by time from symptom onset to

imaging.

<12 hours (n=12)
>12 < 24 hours (n = 15)
>24 hours (n =18)

doi:10.1371/journal.pone.0161416.1004

HR-DWI LR-DWI STEAM-DWI
100% (73.5—100%) 100% (73.5-100%) 91.7% (61.5-99.8%)
86.7% (59.5-98.3%) 80% (51.9-95.7%) 93.3% (68.1-99.8%)
94.4% (72.7-99.9%) 83.3% (58.6-96.4%) 83.3% (58.6-96.4%)

LR-DWI for detecting ischemia. Agreement between the DWI sequences by itself is not neces-
sarily an adequate measure of the diagnostic performance of STEAM-DWT in a clinical setting
because it does not rule out the possibility that both sequences being compared mistakenly diag-
nosed the cases. We therefore used a final diagnosis of infratentorial infarction, collected from
follow-up imaging and other clinical data as performed in previous similar studies [4,5], as a ref-
erence standard to compare the actual sensitivities of the different DWI sequences. Our results
show that despite having substantially lower contrast-to-noise ratios than EPI-DWI, the rate of
detection of ischemic lesions was similar between the sequences.

We found a false-negative rate of 7% for HR-DWI and 13% for LR-DWI. Both these values
are substantially lower than those reported by Oppenheim et al. (31% for HR-DWI) and Bena-
meur et al. (56% for LR-DWI) in infratentorial stroke [4,6]. However these authors only stud-
ied patients presenting within 24 hours of symptom onset, when hyperintensities on DWI may
be less conspicuous [15,16] and used lower magnetic field strengths than our current study.
Overall sensitivity to ischemia detection was similar between STEAM-DWI and LR-DWTI in
our study and the sensitivity of STEAM-DWI was only slightly lower than that of HR-DWTI.
These results suggest that STEAM-DWI is able to dependably detect infratentorial ischemia in
the majority (89%) of cases.

It is important to note that despite overall sensitivity to ischemia being similar, the
STEAM-DWI sequence detected fewer (n = 60) ischemic lesions than HR-DWI (n = 71). The
data suggest that this difference is likely due to slice thickness, because the number of lesions
detected by STEAM-DWI was similar to LR-DWI (n = 58). Small, scattered lesions may appear
to coalesce or partially disappear due to partial volume effects associated with low spatial reso-
lution in the slice-select direction [17]. The number and pattern of ischemic lesions provides
clues to stroke etiology [18]. Therefore, an important technical improvement to the STEAM-
DWTI sequence would be to acquire thinner slices, potentially improving its detection of multi-
ple lesions.

Our study has some limitations worth mentioning. Artifacts in the STEAM-DWI sequence
could have been classified as ischemic lesions based on the readers’ prior knowledge of the
sequence’s properties, erroneously inflating its sensitivity. Because of this, we interpreted our
data under the assumption that it is unlikely for a hyperintensity located in the same location
as the final infarct to be an artifact mistaken for true ischemia. We therefore looked at the
results of each sequence not only in terms of presence or absence of ischemic lesions, but also
based on lesion location (although this was only possible for patients with follow-up imaging).
Assessing the specificity of the different sequences could also have helped clarify the effect of
this potential bias. However, this could not be done in our study because, unless a clear alterna-
tive diagnosis is established, the lack of imaging evidence of an infarction does not reliably
exclude infratentorial stroke [19-21].

The use of a clinical reference standard itself is a potential limitation because there is inher-
ent inter-observer variability in the diagnosis of stroke [22,23], which is closely related to clini-
cians’ experience [24]. Although our study was performed in a large center with considerable
experience in managing stroke patients, the imperfect nature of the standard could have

PLOS ONE | DOI:10.1371/journal.pone.0161416  August 16,2016 10/13



@’PLOS ‘ ONE

STEAM-DWI and Infratentorial Stroke

affected our sensitivity estimates. Our strict definition of a definite stroke also meant that sensi-
tivity estimates could only be calculated based on 45 patients in our sample of 57. This modest
sample size was the result of the prolongation of our routine stroke MR protocol by the addi-
tion of two sequences, which could not be justified in every case. However, our study was suffi-
ciently powered to detect a difference of 15% or more between the sensitivities of EPI-DWI
and STEAM-DWI [25]. This minimum detectable difference is markedly less than is expected
based on the differences in SNR and CNR between the two sequences.

Our sample mostly consists of patients with subacute stroke but 12 patients with a con-
firmed diagnosis of infratentorial stroke were scanned within 12 hours of symptom onset. A
single infarct was missed by the STEAM-DWTI sequence in this subgroup, although this suba-
nalysis was exploratory and should be assessed in larger prospective studies. Taking into
account the fact that DWI lesions tend to be less conspicuous in the early hours following
symptom onset [15], particularly in posterior circulation stroke [4], assessing the performance
of STEAM-DWT  in very early stroke is crucial. In our current study, performing such a time-
consuming protocol (with three separate DWT scans) in an early time window could not be
justified.

In this study, we attempted to compensate for the inherently low SNR of the STEAM-DWI
sequence by increasing the number of averages, which led to longer acquisition times (5.5 min-
utes). However, attempts at shortening the total acquisition time of the STEAM-DWI sequence
while maintaining or improving SNR can be achieved by using head coils with more channels
that better support parallel imaging [26]. Further technical improvements may be achieved by
adopting concepts recently developed for real-time MRI [27]. Such ideas include the use of
radial encoding strategies and pronounced data undersampling [28] in conjunction with itera-
tive image reconstruction by regularized nonlinear inversion [29,30]. This may allow studies in
earlier time windows to be done.

Conclusions

The results of our study show that STEAM-DWTI suffers far less from artifacts mimicking
ischemia than conventional EPI-DWI sequences. The sensitivity of STEAM-DWTI to the pres-
ence of ischemia is similar to that of the best currently available MRI sequence used for this
purpose, HR-DWI. With further technical development, STEAM-DWI may become a useful
replacement or add-on to conventional DWTI sequences in cases of suspected infratentorial
stroke.
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