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Abstract

Acute ischemic stroke (AIS), which constitutes approximately 80% of overall

strokes, is a major cause of death and disability due to blockage of blood supply to the

brain tissue. Without early recanalization, the ischemic penumbra (IP) (i.e., the area that

is at risk for infarction) will gradually diminish and then turn into irreversible infarct

core (IC) with time. In 1995, the National Institute of Neurological Disorders and

Stroke (NINDS) study group reported that treatment with intravenous recombinant

tissue plasminogen activator (rtPA) within 3 hours of the onset of AIS can effectively

improve the patients’ neurological function and result in a favorable outcome at3

months. In recent years, there have been a number of clinical trials (e.g. ECASS-III,

SITS-ISTR) investigating the therapeutic time window beyond 3 of the onset of AIS.

For a subgroup of patients with AIS, for example, wake-up stroke, the exact time of

onset is uncertain and then would be excluded from rtPA treatment.

In addition, an important consideration is to determine whether the substantial

salvageable brain tissue is present before any form of thrombolytic therapy. For patients

excluded from rtPA treatment according to current guidelines, the selection of patients

for thrombolysis may be made more efficacious by considering individual salvageable
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tissue rather than relying solely on the onset time as the determinant of selection. The

current imaging modality such as computed tomography (CT) or magnetic resonance

imaging (MRI) can comprehensively detect and characterize AIS to help physicians

with the selection of appropriate candidates for thrombolysis. In MRI techniques,

diffusion-weighted imaging (DWI) and perfusion-weighted imagings (PWI) are two

powerful techniques used to evaluate whether the salvageable brain tissue is present.

With the use of concept of PWI/DWI mismatch of greater than 20%, clinicians can

define the salvageable tissue, which may be considered for selecting patients eligible for

thrombolysis beyond time windows. However, the image data processing could be very

time-consuming and might not be appropriate in the AIS setting. Because time is critical,

an effective diagnostic imaging method is desirable for clinical decision-making.

In recent years, another imaging technique of MRI such as diffusion tensor

imaging (DTI) has emerged as a promising tool to study AIS. DTI has shown to be

capable of delineating in the micro-structural changes of brain due to ischemic

stroke-induced damage, commonly expressed as the fractional anisotropy (FA). In this

study, we first hypothesize that the DTI metric changes may differ in IP and IC regions

due to ischemic injury as a result of different extents of perfusion deficit. We further
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hypothesize that the evolution of DTI metric changes may be used to predict the onset

time of AIS. To verify hypotheses, we established permanent middle cerebral artery

occlusion (MCA0) model in rat at 7T MRI and then DTI sequences were performed

repeatedly after MCAo for longitudinal observation of FA changes from IP and IC,

respectively. Because the FA is a relative scalar value defined by the ratio of pure

anisotropic diffusion (q) and diffusion magnitude (L), we measured the parameters q

and L separately in affected ipsilateral and unaffected contralateral sides and calculated

differences between the ipsi- and contralateral side (r) for more complete picture of

diffusion changes in AIS. We also test the effect of oxygenation in the evolution of g

and L. The study found that discrimination of IP from IC by rL values showed

comparable results to the conventional PWI/DWI mismatch. Additionally, by regression

analysis, the stroke age of 4.5 hours can be estimated by an rq value of -44.6% (a 44.6%

reduction) in the cortical IC regions.

In conclusion, our preliminary results suggest that a single DTI could provide a

quick and reliable measure to distinguish IP from IC based on the L values, and

estimate stroke age using the g values, thus potentially provide valuable information to

the treating physicians considering whether to treat acute stroke by means of
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thrombolytic therapy or conservative management.

Keywords: acute ischemic stroke; ischemic penumbra; infarct core; diffusion-weighted

imaging; perfusion-weighted imaging; diffusion tensor imaging
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Chapter 1 Introduction

Acute ischemic cerebral stroke (AIS) comprises 80% of overall cerebral stroke and
has been the major cause of socioeconomic burden in most modernized society. The
main cause of AIS is occlusion of a cerebral artery, which is directly followed by
hypoperfusion in the respective vascular territory[1]. At acute phase, millions of
neurons begin to lose their function each minute inside the infarct core (IC)[2]. If no
effective therapy is employed and early recanalization of the occluded artery does not
take place, the hypoperfusion area will diminish and then turn into irreversible ischemic
infarct with time. The efficacy of intravenous thrombolysis is thus closely related to the
time from AIS onset to the reperfusion of the ischemic brain [3, 4] . On the other hand,
reperfusion of an already infarcted brain may result in hemorrhage and malignant brain
edema that cause further damage. Therefore, it is important to recognize the acute
ischemic brain tissue which is still salvageable before any form of thrombolytic therapy
is to be instituted. Apparently, neuroimaging plays a major role in this regard.

The diagnostic superiority of magnetic resonance imaging (MRI) for AIS has been
firmly established[5]. Diffusion-weighted imaging (DWI) and perfusion-weighted

imagings (PWI) are two of the most powerful techniques for AIS diagnosis and
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management. DWI may delineate infarcted brain tissue within minutes[6] and PWI

define the area of cerebral hypoperfusion, which is potentially salvageable from

ischemic damage[7]. Recently, several multi-centric trials such as DIAS and DEFUSE

began to move from computed tomography (CT) to MRI in an attempt to find other

indicators, which can be utilized to tailor to the individual patient’s need [8, 9]. For

example, the MR-defined ischemic penumbra (IP) by lesion volume difference between

PWI and DWI may potentially help to extend therapeutic time window more than 3

hours[10]. Notwithstanding, the requirements for thrombolytic therapy of recombinant

tissue plasminogen activator (rtPA) haven’t changed for the last 20 years, i.e. the

documentation of a National Institutes of Health Stroke Scale (HINSS) score, exclusion

of intracranial hemorrhage (ICH) by CT, and AIS within the first 3 hours.[11]. One of

the reasons is that using the IP or PWI/DWI mismatch as a simplified marker for

thrombolysis could be very technically demanding and is not available in many

institutes[12, 13]. Although perfusion and diffusion maps can be obtained separately

with many MRI workstations, there are only a few tools available to compute PWI/DWI

mismatch maps[14]. Therefore, without suitable software, the computation of IP is

time-consuming and operator-dependent. On the other hand, nephrogenic systemic

1-2
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fibrosis (NSF) associated with gadolinium-based contrast agents may prompt concerns

in methods that do not require exogenous contrast agents.

More recently, diffusion tensor imaging (DTI) has shown to be capable of

delineating the micro-structural changes of brain due to ischemic injury. DTI, which

measures diffusion in a minimum of six directions, is better suited for a more

comprehensive evaluation of diffusion changes in ischemic white matter, commonly

expressed as the fractional anisotropy (FA). In early cerebral ischemia, FA value can be

higher in infarcted region than that of contralateral normal brain, suggesting irreversible

structural damage[15]. It is not known exactly, however, if the conversion of FA can be

used as the indicator for therapeutic time window[16, 17]. On the other hand, DTI may

help the determination of lesion age of AIS[18]. Therefore, it is desirable that certain

functional imaging parameters such as DTI from the acute setting could be used as a

surrogate marker in the decision making of acute ischemic stroke therapy. To evaluate

the time course of FA as a function of IP and cell edema as shown by DWI, it is

important to establish an animal model in order to simulate a transient or permanent

ischemic cerebral stroke such that the evolution of the ischemic brain can be monitored

by repeated scans over time. Another important issue is the need of high resolution MR

1-3
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imaging with reasonable signal-to-noise (SNR) ratio if the simulations are to be

performed in small animals.

In this study, we established permanent occlusion model in rat at 7T MRI and

utilize the advantages of ultrahigh field MRI for a higher SNR[19], which in turn

provides higher resolution imaging at a relatively small expense of scan time. Keeping

identical geometric parameters and similar contrast parameters, 7T can provide better

visualization of the intracranial vasculature[20] and estimation of metabolite

concentrations[21] than 1.5T. We hypothesize that the evolution of DTI metric changes

may differ in IP and IC regions due to different stages of axonal and myelin damages as

a result of different extents of perfusion deficit during the hyperacute stroke stage. We

further hypothesize that the DTI metric alternations can be used to predict the first

6.5-hour onset time of stroke. To our knowledge, this is the first study to investigate the

potential utility of a single DTI sequence to substitute the conventional approach of

PWI/DWI mismatch, and help the estimation of stroke-lesion age with unknown onset

time.

1-4
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Chapter 2 Methods

In this chapter, techniques of diffusion and perfusion MR imaging used in the
presented study will be introduced.
2.1 Diffusion tensor imaging and the anisotropy index

Since the basic principles of diffusion-weighted imaging (DW1) were introduced in
the mid-1980s [1-3], DWI has widely used in many clinical applications [4-7]. In these
applications, the most successful application of DWI has been the diagnosis and
characterization of acute stroke. Previous studies have reported that DWI is able to
detect water diffusion abnormalities at a very early stage of the ischemic event[8] ,even
within minutes after the onset [9, 10]. An early detection of stroke event may provide
opportunities for advanced therapies within treatment time window. DWI, therefore, has
become the most reliable neuroimaging tool in routine assessment of acute/subacute
ischemic stroke [11].

The diffusion of water in a medium can be regarded as a random thermal motion.
This phenomenon was first detected by the English botanist Robert Brownian in 1827,
and therefore named ‘Brownian motion’. To probe this free motion, which is on the

order of several micrometers in vivo, a common approach is to incorporate two
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additional strong gradient pulses in the spin echo pulse sequence before and after the
180°-refocusing pulse (Fig. 1-1). These additional pulses allow this pulse sequence very
sensitive to molecular motion. In this section, how diffusion affects the MRI signal
would be briefly introduced.

Consider a static spin whose cumulative phase shift in the presence of a magnetic
field gradient is given by [12]:
o() =Bt + [ GOX(E)dE 2.1)
where ¢ is the cumulative phase shift, y is the gyromagnetic ratio, By is the static
Bo-field, G is the gradient strength, and x(t) is the location of a static spin at time t. The
first and second terms represent the phases due to static Bo-field and the applied field
gradients, respectively. In the absence of diffusion, there will be zero phase
accumulation throughout the two additional gradient pulses and then the formation of a
spin echo at exactly t=TE. For a moving spin, a phase shift due to the displacement
throughout the two additional gradient pulses at t=TE is
o(TE)=)| “) G(t)x(t)dt —7 ij”e(t')x(t')dt' . 2.2)
In the case of diffusion, the displacement of each moving spin is different, and the

resulting phase shifts induced by individual spin will differ. Accordingly, the incoherent

2-2

d0i:10.6342/NTU201700312



phase shifts of all spins lead ultimately to a phase dispersion and reduced spin echo
amplitude att = TE.
According to the Bloch-Torrey equation incorporated the effect of diffusion[13], the

corresponding spin echo attenuation can be expressed as:

Misrese = Mo &0 () 90(-5D) 23
where the first term is the normal echo attenuation due to spin-spin relaxation, and the
second term is the diffusion term. D is the diffusion coefficient, which reflects the
mobility of the molecules in their micro-environment, b describes the two additional
gradient pulses amplitude and timing and is given by:

b= yZGZ(sZ(A—g) (2.4)
where y is the gyromagnetic ratio, G is the gradient strength, ¢ is the duration of a single
gradient lobe ,and A is time interval between the start of the first and second gradient
lobes. The diffusion coefficient (D) along any direction can therefore be calculated by

two measurements with and without diffusion-encoding gradients in the following

equation:

p-— ! .{M(bﬂ} @5
bl_bO M(bo)

Generally, maximum b, values applied in the stroke diffusion studies are usually in the

2-3
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range of 800-1500 s/mm?[14] and bo is 0. The hyperintensity observed in a DWI
reflects a decrease of the diffusion coefficient of water in the ischemic region[4].
However, diffusion of water molecules in biological tissues is not always free in all
directions. In fact, there are barriers to free diffusion due to the presence of
macromolecules, organelles, cell membrane, and other cellular and subcellular
structures[15]. This causes a phenomenon known as anisotropic diffusion, which means
different diffusion properties in different directions. In biological tissues such as white
matter of the brain, diffusion of water molecules has a higher mobility along the axis of
the fibers than in perpendicular direction. This diffusion anisotropic process can be
characterized by a tensor formalism, which fully describes molecular mobility along
each direction. Mathematically the diffusion tensor is a symmetric and real 3x3 matrix

with six independent elements:

Dxx ny xz
b=/b, D, D, (2.6)
sz Dzy Dzz

where Dyx , Dyy and D, define the diffusion constants along the main axis in the

reference frame, and the off-diagonal terms, D;; , represent the effect of the applied field

gradient along i on the random motions along j , with i, j = X, y, z. [16]. As the diffusion
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tensor matrix is symmetric (i.e., Dyy = Dy;, Dix = Dy, and D,y= Dy,), at least six

measurements are made including along three physical axes of the MRI scanner

gradients (i.e., along the X, y, z directions) and along three oblique directions — that is

combinations of x and y or y and z or z and x directions. When diffusion anisotropy is

considered, Eq.(2.5) then becomes[17]:

M
In( MES;] =—b,D,, +b, D, +b,D, +(b, +b,)D, +(b, +b, )D, +(b, +b,)D,,]
0

where

b, :yzéz(A—g)GiGj, ij = xy.z @.7)
In practical, this MR imaging technique is referred to as diffusion tensor imaging (DTI),
which acquires six non-collinear diffusion-encoding gradients pulse sequences with
high b values (typically 1000 sec/mm? is used for brain) plus one without
diffusion-encoding gradient (b=0), subsequently used to calculate six diffusion
coefficients (Dj) along six gradient directions. After performing diagonalization of
tensor matrix (D) on the basis of each pixel, the three pairs of eigenvectors and
eigenvalues can be obtained as follows:

DD, =D, forief{l23} (2.8)
In the diffusion tensor model, diffusion space can be considered as an ellipsoid with
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three axes which coincide to the eigenvectors (D,,D,,D,) of D [17] and the
eigenvalues (A, A,,A,) are the corresponding diffusion coefficients along the three axes
of the diffusion ellipsoid. If A,is the largest eigenvalue as compared with A, and2,, its
corresponding eigenvector is referred to as the principal diffusion direction (Fig. 1-2). In
neural fibers, this phenomenon is quite common and principal diffusion direction of
water molecules is favored along the axis of the fibers. Conversely, in a medium such as
cerebral-spinal fluid within the ventricles, the three eigenvalues could be almost the
same (A, = A, = A;) and this environment would be regarded as isotropic.

Once the eigenvalues of diffusion tensor is obtained, several parameters can be
constituted pixel-by-pixel to characterize the amount of diffusion anisotropy and maps
of derived parameters can be produced for visualization. Here, we report two commonly

used indices [16, 18-22]. One is the mean diffusivity defined as:

Tr(Q) _ Dxx + Dyy + Dzz
3 3 (2.9)

where the trace of the diffusion tensor is given by Tr(D) = Dyy +Dyy + D, . It is used to
characterize the overall mean-squared displacement of molecules and the overall

presence of obstacles to diffusion, i.e., the average size of the diffusion ellipsoid. The
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second one is fractional anisotropy (FA) [16]:

3 Uy =2 + Gy = 2 0y~ 1)

FA=
2 \//1124_}22_’_/132

(2.10)

FA measures the fraction of the “magnitude” of D [16] and FA is sensitive for low

anisotropy value[12]. Its range is from O for isotropic to 1 for infinite anisotropic

diffusion.

DTI has drawn much attention on clinical applications for its ability of measuring

three-dimensional water diffusion. Many important applications of this technique focus

on diagnosis of white matter diseases, such as white matter degeneration[23], multiple

sclerosis[24], ischemic cerebral stroke[25] (Fig.1-3) and so forth. Since this technique

can measure the white matter diffusion anisotropy which somewhat directly reflects the

density of white matter bundles, the principal diffusion direction can be used to trace

white matter fibers, which provide the connectivity of brain regions[16].
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v

Figure 1-1. Two additional strong gradient pulses in the spin echo pulse sequence
before and after the 180%-refocusing pulse. The G is the definition of the gradient
strength. ¢ is the duration of a single gradient pulse ,and A is time interval between the

start of the first and second gradient pulses.

Figure 1-2. Schematic representation of diffusion ellipsoid with three axes which
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coincide to the eigenvectors (D,,D,,D,) and the eigenvalues (A,,A,,A;)

Figure 1-3. Conventional T2 image, the corresponding apparent diffusion coefficient

(ADC), and FA maps of a rat stroke model at 30 minutes (a-c) and 6 hours (d-f) after

onset at 7T. The red and yellow regions-of-interest are on the area of the cortices and

white matter, respectively. The numbers on the FA maps represents FA values. At 30

minutes, conventional T2 image showed no obvious abnormality and the ADC map

displayed signal drop on infarct region. Conversely, FA values of infarct region were

higher than that of contralateral site. At 6 hours of follow-up, the conventional T2

image showed slightly hyperintense cortex and the ADC map hypointense, while FA

values increased substantially in the left cortices and white matter regions.
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2.2 Dynamic susceptibility contrast-enhanced technique

Various MRI techniques have been developed to measure in vivo hemodynamic

parameters such as cerebral blood volume (CBV), cerebral blood flow (CBF) and mean

transit time (MTT). These techniques can be categorized into two groups according to

the use of contrast agents: exogenous or endogenous. In clinical practice, hemodynamic

parameters are often evaluated by dynamic susceptibility-weighted contrast (DSC) MRI

technique with administration of intravenous exogenous contrast agent such as

gadolinium-chelate[26]. Multiple imaging levels covering the large portion of brain is

acquired during the first passage of an intravenous administrated bolus agent. Because

the DSC technique is based on a fast echo-planar imaging (EPI) acquisition to produce a

temporal resolution of approximately 2 seconds , the whole acquisition can be

accomplished less than two minutes and the maps of hemodynamic parameters can be

further calculated and obtained. Rapid completion of a perfusion examination is an

important consideration for uncooperative patients, such as with acute stroke or

neurodegenerative diseases, which can be one of the advantages that the DSC MRI is

favored in routine clinical use. However, EPI-induced distortion of anatomy is often

seen due to susceptibility artifact from the skull base and orbits. In this section, we will
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focus on technique of DSC MRI and introduce post-processing of the DSC data
Measurements of CBV, CBF, and MTT can be made by applying indicator dilution
theory [27, 28]. Hemodynamic parameters can be quantified (i.e., expressed in absolute
units) only if an arterial input function (AIF) can be measured[29]. However,
quantification of hemodynamic parameters with DSC MRI may be difficult, since
determination of a small diameter of the feeding arteries is problematic in a rat brain
[30]. Therefore, hemodynamic parameters expressed here were semi-quantitative,
termed “relative”, which indicates that no absolute quantification was performed by
de-convolution with an AIF, obtaining relative CBF (rCBF), relative CBV (rCBV), and
relative MTT (rMTT) in arbitrary units. In general, commercial postprocessing software
packages have been widely available and easy-to-use in most modern MRI scanners.
Firstly, the acquired signal-time curve must be converted to a concentration one by
the following formula[31]:
C(t) c 4R, (1) = —% In %:) (2.12)
where C(t) is the change in concentration over time, A Rj(t) is the change in transverse

relaxation, S(t) is the signal intensity over time, Sy is the baseline MR intensity, and TE

is the echo time. In addition, to eliminate the second-pass effect (i.e., recirculation), a
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gamma-variate function is used. The gamma-variate function can be expressed as[32]:

C(t) =k(t-t,)2e " (2.12)
where k, a and b are arbitrary parameters, and tp is the first-bolus arrival time. The
rCBV can be determined by the integral of the post-gamma-variate fitted C(t) [33] and
rMTT can be calculated as the normalized first moment of the fitted C(t) [34] by the

following equations respectively:

CBV = j: AR, (tydt

“tx AR, (t)dt 213
IMTT= ! al (@13)

jo AR, (Hdt

Using the central volume principle, rCBF can be calculated by rCBV/rMTT[35]. The

hemodynamic parameters can be calculated on a pixel-by-pixel basis and the maps

would be constituted (Fig. 1-5).
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Figure 1-4. Dynamic susceptibility contrast-enhanced MR imaging of a rat brain.
Sixteen consecutive coronal images with temporal resolution of 1 second are shown
from a total of 300 coronal images. The normal left hemispheres showed significant
hypointensities (the second row) due to magnetic filed inhomogeneity caused by the

arrival of contrast agent.
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Figure 1-5. From a thread-embolized stroke rat, color-coded hemodynamic maps (from
left to right: rCBF, rCBV and rMTT maps) were obtained at 2.5 hours post ischemia.
On these maps, rCBF and rCBV maps showed hypointensities on right ischemic lesions,

while rMTT map showed elevated values on the corresponding lesion area. The

colorbars are arbitrary units.
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2.3 Topographic classification of brain tissue types

Previous studies have shown variable tissue responses to the ischemic injury in

cortical, subcortical gray matter (GM) and white matter (WM) [36, 37]. In this study,

therefore, we applied an atlas-based classification (ABC) method during image

processing to identify the tissue types within each image voxel for each rat model. The

purpose of ABC method is to deform a standardized rat brain atlas into our rat’s brain in

order to create a new individualized rat brain atlas. To perform this, both a rat brain

atlas in which the structures of interest have been previously delineated and a

registration technique which find a best alignment between two images are required. In

this section, a brief statement of this work is described below.

As mentioned above, the labelled rat brain atlas of Sprague-Dawley and the FA

template with a isotropic resolution of 78 um are downloaded through the INCF

Software Center (Figs 1-6A and 1-6B, http://software.incf.org / software /

waxholm-space—atlas—of-the— spraguedawley-rat—brain)[38]. The FA template will be

subsequently used to co-register and resample (down-sampling) to the FA maps of rats

by using the FLIRT toolbox (https:/fsl.fmrib.ox.ac.uk/fsl/fslwiki) [39, 40]. This toolbox

can be used to co-register two single image volumes together implemented by a
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12-parameter affine transformation. In FLIRT, an affine transformation is a process of

geometric manipulation of images in which a transforming matrix that best aligns the

input (FA template) and reference (our FA map) images will be estimated firstly then it

is applied to produce a new output FA map. A 3-D (a set of 2-D images) affine

transformation can be achieved by using a 4x4 transforming matrix whose 12 of the 16

elements effect the operations of rotation, translation, scaling and shearing. After

transforming, the original input image is resampled and a new output image is produced.

The intensity of output image is derived from the input image (FA template) but the

field of view (FOV) and voxel size is determined by the reference image (our FA map).

In the meanwhile, the estimated matrix (i.e., 4x4 affine transforming matrix) is saved

and can be secondly applied to the labelled rat brain atlas shared from the INCF

Software Center to produce a new individualized one that matches the output image

(Fig. 1-7).

Once the individualized labelled rat brain atlas is being completed, the tissue

classification can be done accordingly. The label description file (Fig. 1-6C) can be

used to specify the selected anatomical structure of interest on the atlas. In addition , the

atlas originally proposed by Papp et al. differentiates the rat brain into 32 WM regions
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and 40 GM regions [38]. We further categorized 37 cerebral GM regions into cortical

and subcortical regions, using the corpus callosum and external capsule as the border

landmarks (Fig. 1-8 and Table 1-1).
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Figure 1-6. (A) The FA templates of Sprague-Dawley rat brain with ultra-high

resolutions are shown in coronal, sagittal and horizontal views shared from the INCF

Software Center, together with (B) the corresponding atlas delineations. The different

colors represent the different anatomical structures, and each color is labelled with a

number which represents a certain anatomical structure (for instance, green is labeled

with number “39”, representing “thalamus”). (C) The label description file. The

numbers in red box are the numbers labelled on the color-coded atlas in (B) and the

corresponding anatomical structures in green box.
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Figure 1-7. Atlas-based classification process using FLIRT toolbox
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Figure 1-8. The spatial maps of identified cortical (light gray), subcortical GM (dark

gray), and white matter (white).
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Table 1-1. The cerebral regions defined in Sprague Dawley rat brain atlas

Cortical region (gray matter)

cingulate cortex, area 2
dorsal-intermediate entorhinal area
glomerular layer of the accessory olfactory
bulb

olfactory bulb

subiculum

ventral-intermediate entorhinal area
caudal entorhinal field

dorsal-lateral entorhinal area
perirhinal cortex
glomerular layer of the olfactory bulb

frontal association cortex
postrhinal cortex

medial entorhinal field
Neocortex

Subcortical gray matter

substantia nigra

striatum

entopeduncular nucleus

septal region

hypothalamic region

superficial gray layer of the superior
colliculus

deeper layers of the superior colliculus
pontine nuclei

inferior olive

nucleus of the stria medullaris
hippocampal formation

pretectal region

subthalamic nucleus
globus pallidus
Thalamus

pineal gland
inferior colliculus
periaqueductal gray

periventricular gray
interpeduncular nucleus

spinal trigeminal nucleus

basal forebrain region

bed nucleus of the stria terminalis

White matter

corticofugal pathways
anterior commissure, intrabulbar part
facial nerve
anterior commissure, posterior part
optic nerve
commissure of the superior colliculus
mammillothalamic tract
genu of the facial nerve
fasciculus retroflexus
stria terminalis
corpus callosum and associated subcortical
white matter
commissure of the inferior colliculus
habenular commissure

alveus of the hippocampus

medial lemniscus

anterior commissure, anterior part
ventral hippocampal commissure
optic tract and optic chiasm
Fornix

commissural stria terminalis
fimbria of the hippocampus

stria medullaris of the thalamus
posterior commissure

brachium of the superior colliculus

ascending fibers of the facial nerve
supraoptic decussation
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Chapter 3 Using DTI metrics in animal stroke

model

3.1 stroke model in normobaric hyperoxia

3.1.1 Introduction

In acute ischemic stroke trial, the concept of “time is brain” is based on the
non-specific computed tomography findings of possible salvageable ischemic penumbra
(IP) [1]. In contrast, “physiology is brain” is another emerging concept with which the
salvageable IP and infarct core (IC) can be specifically defined by perfusion/diffusion
mismatch magnetic resonance imaging (MRI). However, in the acute setting,
perfusion/diffusion mismatch can be both technically and computationally demanding.
Moreover, in 28% of patients who had wake-up stroke, the onset time was not known
[2].

Diffusion tensor imaging (DTI) can be applied to measure cerebral micro-structural
changes after ischemia by characterizing their tensor magnitude, orientation, and
anisotropy. The derived DTI metrics, such as fractional anisotropy (FA), can be used as
surrogate markers in monitoring the cell membrane integrity over time after injuries [3].

Recent reports have indicated the advantages of DTI in determining the onset time of
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ischemic stroke, either by days or hours [4, 5]. However, these human study results

were mostly extrapolated from acute data of different patients. The evolution of DTI

metric changes in ischemic brain within the first 6 hours of stroke onset remains

unknown.

Recent advance of high Tesla preclinical MRI has significantly improved the

spatial resolution of the injured brain in ischemic stroke researches. In one murine

model of permanent middle cerebral artery occlusion (MCAO), a rapid reduction of

axial and radial diffusivity, along with later FA reduction at 24 hours, was consistent

with axonal breakdown and myelin damage [6]. However, interpretation of ischemic

injury of the microstructure solely based on FA changes can be misleading, since the

FA is a relative scalar value defined by the ratio of pure anisotropic diffusion (q) and

diffusion magnitude (L). Hence, inclusion of the parameters q and L may provide a

more complete picture of diffusion environment in ischemic stroke.

In the experimental rat MCAo0 model, we hypothesize that the evolution of DTI metric

changes may differ in IP and IC regions due to different stages of axonal and myelin

damages as a result of different extents of perfusion deficit during the hyperacute stroke

stage. We further hypothesize that the DTI metric alternations can be used to predict the

3-2

d0i:10.6342/NTU201700312



first 6.5-hour onset time of stroke. Therefore, the purpose of our study is to investigate

whether the DTI metrics are capable of discriminating IP from IC, and determining the

stroke onset within the first 4.5 hours.
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3.1.2 Animal preparation and data analysis

Animal preparations

The experiment procedure was approved by the local Institute of Animal Care and

Utilization Committee. Eleven male Sprague-Dawley rats (250-300 g; National

Laboratory Animal Center, Taiwan) were prepared by permanent occlusions of

unilateral MCA using the intra-luminal suture, as proposed by Chiang et al. [7]. Three

of the eleven rats died within 6.5 hours after MCAo0 and were therefore excluded from

the subsequent analysis. One of the eight included rats died after the 24-hour imaging.

Magnetic resonance imaging

All MRI animal experiments were performed in a 7T scanner (PharmaScan 70/16;

Bruker, Germany). The rats were maintained under anesthesia using 1.5-2% isoflurane

with an oxygen flow of 1 L/min. Rectal temperatures were maintained at 37°C by

infusing warm air through the magnet bore. In accordance with methods published by

Bratane et al. [8], T2-weighted imaging (T2WI), diffusion-weighted imaging (DW]1),

DTI, and dynamic susceptibility contrast (DSC) perfusion imaging were performed at

eight time points, starting from 0.5 hour after MCAo, then repeated every hour until 6.5

hours, with a final 24-hour imaging performed for the assessment of the final infarct
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volume. Post MCAo0, 100% normobaric hyperoxia (NBO) was applied using a face
mask and continued for 6.5 hours, to prolong the perfusion/diffusion mismatch
evolution [9]. T2WI was acquired using TR/TE of 6000/80 ms and slice thickness of 1
mm with in-plane resolution of 0.2 x 0.2 mm? Multi-shot echo-planar imaging
technique was used for DWI with b factors of 0 and 1100 s/mm?. DSC imaging was
estimated by a bolus injection of Gd-DTPA (0.3 mmol/kg, Magnevist, Bayer Schering
Pharma, Germany) with a serial gradient-echo echo-planar imaging using TR/TE of
1000/10 ms, flip angle of 90°, and 40 repetitions. DTI were acquired using multi-shot
echo-planar imaging, including 6 volumes with diffusion gradients applied along 6
non-collinear orientations (b = 1100 s/mm?), and one volume without diffusion
weighting [10]. The scanning parameters were TR/TE of 10,000 /23 ms, A/5 of 12/4 ms,
and 6 averages. All data were zero-filled to generate images with a resolution of
128x128 pixels.
Data analysis
Calculation of apparent diffusion coefficient (ADC), rCBF, and FA maps

The ADC, rCBF, and FA maps at each time point were calculated using in-house

MATLAB (MathWorks, Natick, MA) scripts. The ADC map was calculated using
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DWiIs based on Stejskal-Tanner equation. For rCBF, the concentration-time curves were
obtained from the signal-time curves of DSC MRI, followed by a gamma-variate fitting
for the recirculation removal [11, 12]. FA maps were calculated from the DTI as

follows:

FAﬂE‘/(A_Z)ZHAZ_’T)”(%‘Z)Z =ﬁﬂ
2 \//112+/122+232 2L

where A; were the eigenvalues of the diffusion tenor matrix, and 2 was the mean
diffusion. The scalar measures q and L represented pure diffusivity and magnitude
diffusion, respectively [13].
Delineation of IP and IC

Perfusion deficit was first defined, based on the criteria that the CBF-defined
lesion volume at 3 hours was equal to the infarct volume at 24 hours [14]. Because
NBO can cause a reduction of CBF in normal brain and improvement of CBF in
ischemic regions [9], a lower CBF threshold of 46% reduction was used in this study to
identify CBF deficits [14]. Abnormal ADC was defined using a reduction of 30% of the
contralateral hemisphere with the exclusion of the ventricles [9, 15]. To delineate the
areas of IC and IP, the rCBF map was first co-registered to the ADC map. IP was then

defined as regions showing rCBF values < 54% and ADC > 70%, and IC was identified
3-6
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as regions showing rCBF values < 54% and ADC < 70% of the contralateral

homologous brain (Fig. 2-6). The rCBF and ADC of normal tissue (NT) were defined as

the averages of the homologous areas of IP and IC values in the contralateral normal

hemisphere.

Topographic classification of brain tissue types

Previous studies have shown variable tissue responses to the ischemic injury in

cortical, subcortical gray matter (GM) and white matter (WM) [16, 17]. In this study,

we applied an atlas-based tissue classification method during image processing to

identify the tissue types within each image voxel for each rat model. Specifically, a FA

template of Sprague-Dawley rat brain [18] was co-registered and resampled to the FA

map of the rats using a 12-parameter affine transformation implemented by the FLIRT

toolbox [19]. The tissue atlas originally proposed by Papp et al. differentiates the rat

brain into 32 WM regions and 40 GM regions [18]. Further, we categorized 37 cerebral

GM regions into cortical and subcortical regions, using the corpus callosum and

external capsule as the border landmarks. Finally, the relative DTI metrics, as compared

to the contralateral homologous tissue, were calculated as follows: rX = (Xipsilateral -

Xeontratateral)/ Xcontratateral, Where X indicates the value of indices (FA, L or g value).
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Statistical Analysis

Statistical analyses were performed to determine whether the post-MCAo DTI

metrics can be used to discriminate IP from IC and NT, regardless of the time effect.

One-way analysis of variance (ANOVA) model with post hoc analysis was applied to

evaluate whether the means of DTI metrics within the IP, IC, and NT regions were

significantly different at each imaging time point. Receiver operating characteristic

(ROC) curve analysis was performed to determine the optimal threshold of rL to

differentiate regions among IC, IP, and NT at 1.5 hours. The sensitivity, specificity, and

accuracy were then calculated for the selected optimal thresholds. Nonlinear regression

analysis using an exponential function to minimize the least squares, was employed to

reveal the relationship between the rq values and the time after stroke [20].
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3.1.3 Results
NBO effects on ADC and CBF lesion volumes

The evolution of IC defined by ADC lesion volume remained stationary after 90
minutes with a size around 130 mm® during the NBO treatment. This result indicated
the effectiveness of NBO in preventing further tissue death and therefore prolonged the
perfusion/diffusion mismatch. The volumes of CBF perfusion deficit were around 1.69
to 2.18 times the ADC lesion volume over the imaging time points.
Evolutions of DTI metrics among tissue types

Figure 2-1D illustrates the slight progressive increase of ischemic regions over
time, on T2WI after MCAo. The L and g maps demonstrate a consistent hypointensity
change in the ischemic areas over all time points (Figs. 2-1A and 2-1B). The FA maps
exhibit an initial elevation of FA value at 0.5 hour in the ischemic region, and a later
reduction at 6.5 hours after MCAo (Fig. 2-1C). The FA evolution depends on the
changes of rL and rq values. For instance, the evolutions of rL value in IC were stagnant
(with an average reduction of 41.28% and 43.25% in cortical and subcortical GM,
respectively) (Fig.2-2A). However, the rq value in IC exhibited a monotonic decrease,

from a reduction of 28% at 0.5 hour to 50% at 6.5 hours, in both cortical and subcortical
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GM (Fig. 2-2B). Accordingly, the relatively small reduction of rq as compared to a

larger reduction of rL resulted in a 20% increase of FA in the cortical and subcortical

GM IC regions during the first 3.5 hours (Fig. 2-2C). At 6.5 hours, the reduction of rq

value became greater than the reduction of rL, leading to a marked decrease in FA

(negative rFA values) in the same region. On the other hand, the evolution of rFA in

WM IC was relatively stable with a 6.41 £ 1.34% increment due to the similar decay

profiles of rL and rq (right column in Fig. 2-2).

Discrimination of IP from IC and IP from NT by rL

Significant differences (p <0.05) in rL values were found between IP and IC, and

between IP and NT for all tissue subtypes (Fig. 2-2A). The ROC curves and the optimal

rL thresholds for discriminating IP from IC and NT are shown in Fig. 2-3, and Table

2-1, respectively. The threshold for discriminating IP from IC is relatively constant

(about -29%). However, the optimal rL threshold for separating IP from NT shows a

significant difference between cortical and subcortical regions (p = 0.022). The results

indicate that the tissue-specific rL threshold is an important factor in discriminating

between IP and NT. The overall performance of tissue-specific rL thresholds is listed in

Table 2-2, which shows excellent discrimination of IP from IC by rL in all tissue
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subtypes (average accuracy > 0.95). The discrimination performance between IP and

NT is good in the subcortical GM and cortical regions, with an average accuracy of 0.83

and 0.79, respectively, and moderate in the WM region with accuracy at 0.68.

The representative maps of the rL-defined IC and IP (Fig. 2-4B) as compared with the

corresponding perfusion/diffusion-defined IC and IP (Fig. 2-4A) of a rat suggested that

the rL-defined maps can successfully segment the ischemic regions into IP and IC. The

T2WIs at 24 hours showed complete infarct of the ipsilateral MCA territory.

Exponential decay of g-value in cortical IC

A reduction of the rg value in cortical IC from -26.9% to -47.6% within the 6.5

hours after stroke onset was observed (Fig. 2-2B). A nonlinear regression analysis was

further applied to estimate the relationship between the rq values and the time after

stroke. The passed time after stroke onset can be assessed by the equation, passed time

(in minutes) = 1.636xexp (-0.115xrqg). This exponential decay of rq value over time

suggests that rq value in cortical IC can be a potential surrogate marker to determine the

stroke onset time at the hyeracute stage; for instance, an rg value reduction smaller than

44.6% predicts an acute stroke onset less than 4.5 hours (red dashed lines in Fig. 2-5).
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3.1.4 Discussion and conclusion

Three important conclusions relating to clinical stroke management were derived

from our study results: 1) The brain tissue subtypes (cortical, subcortical GM, and WM)

exhibited different responses to ischemic injury, which can be characterized by the

temporal evolutions of g and L; 2) Discrimination of IP from IC and NT by rL values

showed comparable results to the conventional perfusion/diffusion mismatch; 3) A

reduction of 44.6% of rq value can be used as a biomarker to determine hyperacute

stroke onset at less than 4.5 hours.

Previous studies reported that NBO treatment can delay the perfusion/diffusion

mismatch and improve outcome after cerebral ischemia [9, 21]. Our results confirmed

the NBO effect on the prevention of further infarct in brain ischemia by illustrating a

stationary evolution of ADC-defined lesion volume over time. Although the salvageable

brain tissue in IP benefits from the NBO treatment, previous studies showed a limited

therapeutic effect of NBO on IC [22-24]. Accordingly, monotonic decreases of rq in IC,

indicative of continuous degradations of cell membrane integrity, were observed in all

cortical, subcortical GM, and WM regions under NBO. In contrast, our study showed

neuroprotective effects of NBO on IP, which led to a relatively stable evolution of rq in
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IP as opposed to that in IC.

The discrepancy of anisotropy diffusion between GM and WM can be attributed to the

differences in the pathophysiologic response to ischemic injury, the biophysical

diffusion mechanisms, and the blood supply from collateral circulations. The

pathophysiologic responses of myelinated WM to ischemia involve hydropic swelling

of oligodendroglial cell bodies and the astrocytic swelling secondary to cytotoxic edema,

resulting in axonal changes [25, 26]. The vulnerability of WM can lead to earlier and

greater anisotropy changes than GM in acute stroke.

In biophysical diffusion mechanisms, the intra- and extracellular accumulation of

fluid, and resultant changes in water diffusion, also differs between GM and WM [27,

28]. Furthermore, mechanisms of cytoskeletal breakdown and disruption of axonal

transport were only observed in WM, and therefore can cause further diffusion

reduction [25, 26]. Finally, the pial collateral circulation is a critical source of perfusion

for the cortical GM after ischemia [29]. Previous rodent study has reported that the

integrity of native pial collateral circulation is a major contributor to the tissue survival

after MCAo [30]. Therefore, the existence of collateral circulation may interpret the

lesser decrease of diffusion anisotropy in cortical IC (-26.89% of rq) as compared to the
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larger reduction of anisotropy in WM IC (-38.20% of rq) at 0.5 hours after MCAo (Fig.

2B).

Perfusion/diffusion mismatch has been extensively used to individually identify the

salvageable IP and IC regions in acute stroke. However, this advanced imaging

technique is limited by several technical and computational demands at the acute setting.

First, the injection of gadolinium-based contrast agent requires normal renal function

and may potentially cause nephrogenic systemic fibrosis [31]. Second, although

DSC-derived perfusion parameters correlated well with the quantitative PET findings in

acute stroke [32], the DSC technique may overestimate the CBF and underestimate the

mean transit time [33]. Third, several computational issues need to be carefully

addressed when deriving rCBF from DSC data. Gamma-variate fitting is a necessary

process to extract the first pass of the contrast agent while reducing noise contamination

[11]. The rCBF estimation may e affected by the employed deconvolution model,

especially in the clinical DSC data [34].Finally, perfusion- and diffusion-weighted

images are acquired by using two separate imaging sequences, and therefore

post-processing to co-register two image sets are required to improve the accuracy in

estimating the mismatch between ADC- and CBF-defined deficits. Our findings
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suggested that the L-defined maps, calculated from a single DTI sequence, can help

discriminate IP from IC (with accuracy > 0.95) which is comparable to the

perfusion/diffusion mismatch during hyperacute stroke (Fig. 2-2A and Fig. 2-4). For the

discrimination between IP and NT, the tissue-specific rL thresholds can ensure

sufficient accuracies (> 0.79) for tissues in the subcortical GM and cortical region;

however, only moderate accuracy can be achieved in the WM areas (0.68, see Table

2-2). This can be explained by the fact that the WM is a relatively scanty area in the rat

brain with limited image pixels, leading to increased vulnerability to inaccuracy.

The time course of diffusion anisotropy in acute ischemic brain has been reported

by several human studies [3-5, 16] and animal models [17, 24]. These studies described

an elevation of FA during the hyperacute stroke phase followed by a decrease of FA in

the subacute/chronic phase [3-5, 16]. Our results also showed a 20% increase of rFA in

the cortical and subcortical GM IC regions during the first 3.5 hours, and a subsequent

reduction to -10% at 6.5 hours after MCAo (Fig. 2-2C). The acute increase of FA in

ischemic brain can be a combined effect from the increased membrane permeability

[35], myelin fiber swelling [35], and the effect of signal to noise ratio on the calculation

of the anisotropy indices [36]. Furthermore, in terms of mathematics, FA value is
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determined by the interplay between g and L. Therefore, investigating the individual

evolutions of g and L rather than their ratio, may avoid the misinterpretations of

diffusion anisotropy. Our result confirmed that the acute increase of FA in the cortical

and subcortical GM IC regions was due to the relatively small reduction of rq as

compared to a larger reduction of rL. Hence, the value of rq may provide a more

accurate measure of changes in diffusion anisotropy caused by ischemic brain injury

[13].

Several human studies suggested that diffusion anisotropy measured by FA might

help to determine the time of onset in cerebral ischemia [4, 5]. Changes of FA were

observed by extrapolating patients with different stroke ages irrespective of topography

of stroke regions, and therefore the true temporal evolution of diffusion anisotropy

during the hyperacute stroke could not be revealed. In our results, the evolutions of rq

value in the cortical, subcortical GM, and WM IC regions all exhibited monotonic

decreases within the first 6.5 hours of stroke onset (Fig. 2-2B). By regression analysis,

the stroke age of 4.5 hours can be estimated by an rq value of -44.6% (a 44.6%

reduction) in the cortical IC regions (Fig. 2-5). These findings suggest that rq value

could be useful in evaluating stroke onset time, particularly in patients with wake-up
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stroke.

Several methodological concerns must be addressed in our study. First, 100% NBO

was given after MCAo and continued for 6.5 hours. Although NBO treatment is helpful

to evaluate the IP regions (perfusion/diffusion mismatch) by prolonging the time

window, further studies are warranted to clarify if the rq and rL changes during

hyperacute stroke under normal atmospheric conditions would produce similar results.

Second, the assessment of the DTI changes for rat WM can be limited by the imaging

resolution [37]. Because the area of a rat WM is much smaller than GM areas,

insufficient spatial resolution may result in additional bias caused by the partial volume

effect.

Our results suggested that DTI could provide a quick and reliable measure to

distinguish IP from IC based on rL values, and predict stroke age using the rq in cortical

IC during the hyperacute phase. To our knowledge, this is the first study to demonstrate

the potential utility of a single DTI sequence to substitute the conventional approach of

perfusion/diffusion mismatch, and help the evaluation of stroke age with unknown onset

time.
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Table 2-1. Optimal rL threshold (%) in discriminating IC, IP, and NT for each rat

Rats #1 #2 #3 #4 #5 #6 #7 #8 Average (std)
IPvs. IC

Cortical -30.01 -32.31 -2945 -26.76 -28.70 -33.58 -27.93 -26.80 -29.44 (2.31)
Subcortical -24.84 -29.07 -28.81 -29.02 -25.92 -28.45 -30.08 -28.07 -28.03 (1.65)
WM -31.19 -28.28 -25.72 -27.39 -27.02 -27.25 -29.04 -32.34 -28.53(2.09)
IPvs. NT

Cortical -6.62 -8.74 -10.63 -13.41 -10.46 -9.43 -11.63 -10.74 -10.21(1.89)
Subcortical -8.36 -10.61 -14.04 -12.04 -13.15 -15.92 -12.60 -13.38 -12.51(2.13)
WM -10.92 -12.61 -850 -17.60 -10.47 -11.62 -12.22 -11.53 -11.93(2.45)

IC = infarct core, IP = ischemic penumbra, NT = normal tissue, WM = white matter, std

= standard deviation.
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Table 2-2. Discrimination performance based on rL values

Accuracy Sensitivity Specificity

Mean Max. Min. Mean Max. Min. Mean Max. Min.

IPvs. IC

Cortical 095 098 081 094 0.99 0.79 0.93 0.99 0.83

Subcortical 0.97 0.99 091 0.98 0.99 0.94 0.92 0.99 0.75

WM 095 0.97 091 094 0.98 0.81 0.93 0.99 0.88
IPvs. NT
Cortical 0.79 0.87 0.70 042 0.63 0.22 0.95 0.98 0.86

Subcortical 0.83  0.89 0.74  0.40 0.52 0.14 0.97 0.99 0.94

WM 068 077 060 040 0.56 0.26 0.91 0.99 0.83

Note.—IC = infarct core, IP = ischemic penumbra, NT = normal tissue, WM = white

matter, Max = maximum, Min = minimum, Sensitivity is calculated as the proportion of

positives that the perfusion/diffusion-defined IP voxels are correctly identified as IP by

using the rL values; Specificity is calculated as the proportion of negatives that the

perfusion/diffusion-defined IC or NT voxels are correctly identified as IC or NT based

on the rL values; Accuracy is defined as the proportion of true positives and true

negatives to the overall testing voxels.
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Figure 2-1. Serial L (A), g (B), FA (C), and T2WI (D) maps of a rat for demonstrating

the spatiotemporal evolutions. The L and g maps showed significant hypointensities on

the ischemic lesion, while FA maps displayed an initial elevation (red arrows) of the

ischemia with a later reduction (white arrows) by 6.5 hours. T2WI showed

progressively minor increased intensity in the ischemia areas, over time.
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Figure 2-2. Temporal evolutions of rL (A), rq (B), and rFA (C) in cortical (left column),

subcortical GM (middle column), and WM regions (right column), respectively. *

indicates significant difference between IP and NT (p < 0.05), and # represents

significant difference between IP and IC (p < 0.05). Error bars are +SEM.
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Figure 2-3. ROC curves in discriminating IP from IC (blue curves) and NT (red
curves) for cortical (A), subcortical GM (B), and WM (C) using rL values. Gray areas

indicate the range for eight rats.
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Figure 2-4. The IC (red) and IP (green) regions defined by perfusion-diffusion

mismatch (A) and proposed L-defined method (B) a rat at 90 min after MCAO. The

24hr-T2WIs are also displayed to show the final infarct regions (C). A severe edema

extending to normal hemisphere is observed in the 24hr-T2WiIs.
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Figure 2-5. Relationship between the rq value and the time after stroke for the cortical

IC. The solid curve represents the empirical relationship, i.e. elapsed time = 1.636*exp

(-0.115*rg value), estimated by nonlinear regression analysis. The red dashed lines

indicate that the 4.5-hr stroke onset can be identified by a 44.6% reduction of rq value.

Error bars are +SEM.
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Figure 2-6. Representative perfusion/diffusion mismatch (A) by coregistration of an

rCBF map (B) and an ADC map (C). The perfusion deficit was determined using a

reduction of 46% of the rCBF compared to the contralateral hemisphere. Abnormal

ADC was defined using a reduction of 30% of the contralateral hemisphere with the

exclusion of the ventricles.
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3.2 stroke model in room air

3.2.1 Introduction

In section 3.1, we have comprehensively characterized changes of g and L from

different types of brain tissue in the ischemic region, using a longitudinal rat stroke

model under normobaric hyperoxia (NBO). With brain tissue segmentation, the

ischemic core (IC) and penumbra tissue (IP) can be successively delineated based on the

tissue-specific relative L (rL) thresholds. In previous experimental design, the stroke rat

under NBO can slow down the evolution of perfusion/diffusion mismatch after

stroke[9], and thus “buying time” for better depict penumbra evolution during 6.5 hours.

However, the use of 100 % oxygen may confuse the results and cannot be widely

available to acute stroke patients. To translate our proposed tissue-specific rL thresholds

for further application, herein, we repeated the experiment to investigate the evolution

of g and L changes in stroke rats under room air, which closely mimics the clinical

condition.
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3.2.1 Animal preparation and data analysis
Animal preparations

The experiment procedure was approved by the local Institute of Animal Care and
Utilization Committee. The rats were housed in a humidity- and temperature-controlled
room with 12:12-hour light-dark cycle. The rats were allowed free access to sterile food
and water. Sixteen male Sprague-Dawley rats (270-350 g; Taipei Medical University
Animal Center, Taiwan) were prepared by permanent occlusions of unilateral MCA
using the intra-luminal suture.
Magnetic resonance imaging

All MRI animal experiments were performed in a 7T scanner (PharmaScan 70/16;

Bruker, Germany). The rats were maintained under anesthesia using 1.5-2% isoflurane
delivering with room air during the surgery and MR experiment. Rectal temperature
was maintained at around 37°C by infusing running warm water through water-bath
temperature controller set outside the magnet room. The diffusion tensor imaging (DTI)
was performed with six non-collinear diffusion-encoding gradients at b factor of 1200
s/mm? plus one b = 0 ss/mm? T2-weighted reference. The signal readout module was a

multi-shot echo-planar imaging (TR = 3000 ms, TE = 37 ms, NEX = 6) with
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navigator-echo correction. To investigate the longitudinal changes of g and L, the DTI

scan was executed from 0.5 to 4.5 hours. The first scan was executed at 0.5 hour and

followed by the four successive scans. The sixth scan was executed at 1.5 hours and

followed by the four successive scans, and then identical scan protocol was executed at

2.5 and 3.5 hours, respectively. Finally, the total twenty DTI scans were obtained for a

stroke rat. Perfusion-weighted imaging (PWI) was performed using the dynamic

susceptibility contrast (DSC) technique at a temporal resolution of 1 second and 300

repetitions with bolus injection of Gd-DTPA via the tail vein. Given the

pharmacokinetics of gadolinium chelate in the plasma[8], PWI are acquired only at 0.5,

1.5, 2.5, and 3.5 hours, respectively. The PWI acquired at 0.5, 1.5, 2.5, and 3.5 hours

were then used to calculate the mismatch at the 0.5 hour and the following four time

points, the 1.5 hours and the following four time points, the 2.5 hours and the following

four time points, and the 3.5 hours and the following four time points, respectively. All

image data were zero-filled to generate images with a resolution of 128x128 pixels.

Data analysis

Calculation of apparent diffusion coefficient (ADC), rCBF, and FA maps

The ADC, rCBF, and FA maps at each time point were calculated using in-house
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MATLAB (MathWorks, Natick, MA) scripts as details in section 3.1.2. Specifically,

both ADC and FA maps were derived from the DTI as following equations respectively:

Tr(D) _ Dxx + Dyy + Dzz

ADC=
3 3

cas BN -2V + (4= 2) + (3, - 2)° :\Eg
2 VAl it 4t 2L

where the trace of the diffusion tensor matrix given by Tr(D)=Dyy +Dyy +Dg;.
The &, were the eigenvalues of the diffusion tenor matrix, and 2 was the mean
diffusion. The scalar measures q and L represented pure diffusivity and magnitude
diffusion, respectively [13].
Delineation of IP and IC and Tissue Segmentation

The IC and IP were defined based on the perfusion/diffusion mismatch concept,
where IC was determined as tissues showing reductions of 43% or more in the relative
cerebral blood flow (rCBF)[14] and a drop of 30% or more in the apparent diffusion
coefficient (ADC)[15] compared with the contralateral hemisphere, and IP as tissues
showing perfusion deficit but the ADC reduction was less than 30%. The normal tissue
(NT) was defined as the homologous areas of IP and IC in the contralateral normal
hemisphere. To identify the tissue types within each image voxel for each rat model,
atlas-based tissue classification method was also applied during image processing[18].
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The relative g and L, as compared to the NT, were then derived from tissue subtypes

(e.g., gray matter (GM) and white matter (WM)) in ischemic region.

Statistical Analysis

Statistical analyses were performed to determine whether the post-MCAo DTI

metrics can be used to discriminate IP from IC and NT, regardless of the time effect.

One-way analysis of variance (ANOVA) model with post hoc analysis was applied to

evaluate whether the means of DTI metrics within the IP, IC, and NT regions were

significantly different at each imaging time point.
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3.2.3 Results

The longitudinal evolutions of g and L among tissue subtypes in IP, IC and NT,

respectively, were expressed as the percentage changes relative to the contralateral

tissue. After stroke onset, L values in IC dropped dramatically in all tissue subtypes at

0.5 hour (reduction of 35.73%, 35.36% and 37.74% in cortical, subcortical GM and

WM, respectively, Fig. 2-7A to C) and further decreased steadily in the following 4.5

hours. While the change of L-value in IP was relative stagnant and similar among three

tissue subtypes over time (reduction from 7.20 to 7.49%, 4.30 to 5.61% and 5.79 to

5.56% in the cortical, subcortical GM and WM, respectively, Fig. 2-7A to C), it is still

different from NT. Reduction of g-value was found in IC among all tissue subtypes

(from 12.89 to 38.01 %, from 9.74 to 32.64 % and from 32.72 to 48.84% in cortical,

subcortical GM and WM, respectively, Fig. 2-8A to C), while only the change of

g-value in IP in the WM was deviated from NT (increase of 0.75 to 2.07% in IP,

respectively, Fig. 2-8C) after stroke.
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3.2.4 Discussion and conclusion

Firstly, the results have demonstrated that the trends of post-ischemic g or L

changes under room air were similar to those under NBO reported in section 3.1.

Although NBO and room air groups exhibited similar behaviors of trends, animals in

NBO may stop penumbral tissue migrating into infarct and then preserved more

volumes of penumbra[9], which may provide advantages to reperfusion[21]. Second, the

results are similar but slightly different. A possible explanation for this slight

discrepancy between NBO- and room air group may lie in the contralateral normal

hemisphere that was used as a reference for expressing the percentage changes of the

DTI metrics due to ischemia. Although the inhalation of 100% oxygen is capable of

reducing cell death in ischemic region, it also induced considerably cell death in the

contralateral normal region, and the amount of dead cells within normal region appears

to be larger than that under room air [9]. Neuronal death in the contralateral normal side

may alter some degree of the anisotropy of neurons and their DTI metrics, leading

ultimately to a slight discrepancy between NBO- and room air group. Finally, compared

with NT, the magnitudes of reduction of L in IC and those in IP were significantly

different at all time points (Fig. 2-7). The present findings enhanced the previous results
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that L may provide a means of distinguishing regions among IC, IP and NT despite

different types of tissue in the acute phase after ischemic stroke.

Taken together, the evolution of g- and L-value in stroke rats under room air

showed resemble the results under NBO, which support the previous study’s findings

that DTI could provide a quick and reliable measure to distinguish IP from IC based on

rL values, and predict stroke age using the rqg in cortical 1C during the hyperacute phase.

We hope that the results under room air would be helpful to translate our proposed

method for further application.
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Figure 2-7. Temporal evolutions of relative L values in cortical (A), subcortical GM
(B), and WM regions (C), respectively. * indicates significant difference between IP

and NT (p < 0.05), and # represents significant difference between IP and IC (p < 0.05).

Error bars are +SEM.
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Figure 2-8. Temporal evolutions of relative q values in cortical (A), subcortical GM (B),

and WM regions (C). Error bars are +SEM.
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Chapter 4 Conclusion

In this thesis, we have demonstrated that the microstructural changes caused by
ischemic brain injury can be characterized by pure DTI metrics, the diffusion magnitude
(L) and pure anisotropy (q), in hyperacute stroke. The major findings of our study can
be summarized as follows:

1. The evolution of FA in IC showed decrease in cortical and subcortical regions
but remained relatively steady in white matter within the first 6.5 hours of stroke. The
responses of brain tissue to ischemic injury appear to be topographically dependent,
probably due to differential extent of collateral circulation.

2. The difference in the FA time course between IP and IC at acute stage of stroke
was mainly determined by the interplay of the dynamic changes of g and L, which were
varied between IC and IP.

3. The evolutions of L value were similar in IC in all tissue subtypes, showing
significant initial reductions after stroke onset and then remaining steady up to 6.5 hours.
The differences of L evolution in IC as opposed to that in IP may allow discrimination

of IP from IC.
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4. The evolution of g value in IC showed exponential decrease from -26.9% to

-44.6% in cortical regions within the 4.5 hours of stroke onset. This may help to

determine the age of an ischemic stroke involving cortices.

In conclusion, our study showed distinct temporal patterns of DTI metrics in IP

and IC on a rat MCAo0 model. The difference of rL can be used to discriminate IP from

IC and from NT, based on the tissue-specific thresholds. Moreover, the pure anisotropy

measured by rqg in cortical IC can be potentially employed as a surrogate marker to

determine the acute stroke onset time. To our knowledge, this is the first study to

demonstrate the potential usage of a single DTI sequence to substitute the conventional

approach of perfusion/diffusion mismatch and help the evaluation of stroke age for

patients with unknown onset time.
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