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Abstract

Magnetic resonance imaging (MRI) is a universally-used tool in clinical
neurosurgery. It has revolutionized preoperative diagnosis, surgical planning,
intraoperative targeting, and postoperative surveillance. Nevertheless, the idea
that early, quantifiable perioperative structural changes of the brain relate
meaningfully to the prediction of long-term structural consequences and

functional outcomes remains underdeveloped.

The central hypothesis of this thesis is that the perioperative period
provides a unique opportunity to examine brain structure using MRI, which may
predict eventual clinical outcomes. The specific aims of this thesis were to
determine (1) the predictive value of early, post-injury, perioperative clinical
diffusion-weighted imaging (DWI) in the setting of pediatric traumatic brain
injury (TBI) and suspected non-accidental trauma (NAT) to predict ultimate
distribution of structural brain damage and functional outcome; (2) the
relationship between structural characteristics of various components of the
limbic system, measured using perioperative MRI, and seizure control or
neuropsychological outcomes in patients with drug-resistant temporal lobe
epilepsy (TLE); and (3) the feasibility of acquiring diffusion tensor imaging (DTI)
intraoperatively, with an open cranium, during surgery for intraaxial brain

lesions using a novel, readout-segmented DTI approach.

In study #1, we demonstrate that the pattern of restricted diffusion on

early post-injury diffusion-weighted MRI is predictive of long-term structural



volume loss and corresponding clinical functional deficits in pediatric TBI due to
suspected NAT. In study #2, we characterize the macrostructural and
microstructural changes of limbic structures following resective surgery for
drug-resistant TLE using a within-subjects longitudinal design with special focus
on the early postoperative period. This work identified a novel structural
biomarker of refractory postoperative seizures—contralateral hippocampal
volume loss—significant within one-week of surgery and found to be more
pronounced amongst those with postoperative seizures. Postoperative
hippocampal DTI changes suggest that the mechanism of contralateral
hippocampal atrophy is multifactorial, involving resolution of cytotoxic edema
and deafferentation but not early postoperative fluid shifts. In study #3, we
demonstrate the utility of readout-segmented DTI (compared to conventional,
single-shot DTI) for open cranial intraoperative white matter reconstructions of
surgically relevant tracts during resective neurosurgery by reducing the impact
of susceptibility artifact-related image degradation and spatial distortion. Taken
together, the studies presented in this thesis establish that structural brain
changes can indeed be measured in the perioperative period and do relate

meaningfully to patient outcome.
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CHAPTER 1: Background and Literature Review

Cameron A. Elliott

1.1 Thesis overview

Magnetic resonance imaging (MRI) is a universally-used tool in clinical
neurosurgery. It has revolutionized preoperative diagnosis, surgical planning,
intraoperative targeting, and postoperative surveillance. However, the
relationship between quantitative, MRI-based perioperative structural measures

of the brain and clinical outcomes has been underexplored.

The aim of this thesis is to characterize brain structural changes in the
perioperative period, including both the intraoperative and postoperative
period, and their relationship to clinically relevant surgical outcome variables.
The thesis will begin with an introduction to MRI along with background specific
to pediatric traumatic brain injury (TBI), temporal lobe epilepsy (TLE) surgery
and finally intraoperative diffusion tensor imaging (iDTI) in the intraoperative
MRI surgical theatre. In chapter 2, the overarching hypotheses and specific aims
of each of the three studies that make up this thesis are summarized. Chapter 3
examines the relationship between early, perioperative post-injury diffusion-
weighted imaging (DWI) changes and long-term structural and functional

outcomes in the setting of pediatric TBI attributable to suspected non-accidental
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trauma (NAT). In chapters 4 and 5, the nature and time course of postoperative
macrostructural and microstructural changes of structures in the limbic system
(hippocampus, mammillary bodies and fornix) following resective surgery for
drug-resistant TLE are discussed. In particular, the relationship between these
MRI measures and clinically relevant neuropsychological and seizure control
outcomes are discussed. Chapter 6 describes the relative utility of readout-
segmented DTI in comparison to standard single shot DTI for susceptibility
artifact-resistant open cranial DTI tractography in the intraoperative setting to
identify surgically-relevant white matter tracts during supratentorial intraaxial
surgery. Following these four chapters (chapters 3 through 6) containing
original data, a brief discussion highlighting the key findings and impact of this

work is presented, along with general limitations and future directions.

1.2 Magnetic Resonance Imaging (MRI)

1.2.1  Principles of MRI

MRI capitalizes on the behavior of specific atomic nuclei placed in a
powerful static external magnetic field (Bo) and exposed to a perpendicular
oscillating magnetic field generated by a radiofrequency coil to create an image
sensitive to the local tissue environment. The typical MRI signal is derived largely
from the human body’s hydrogen (1H) nuclei, which are principally associated
with water and fat molecules—although other elements such as 1°F, 23Na or 31P
can also can be used in MRI (Pooley, 2005). Each individual hydrogen nucleus
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(indeed every atomic and subatomic particle) has an intrinsic spin angular
momentum (‘spin’) in which the positively-charged proton spins about an axis
and has a slight polarity or net magnetic dipole moment. At baseline the vector
sum of all the individual dipoles will be zero because of their random orientation.
However, once in By, individual dipoles will align either in the same direction
(parallel; lower energy state) or exact opposite (anti-parallel; higher energy
state) direction, with slight preponderance of the former, resulting in a net
longitudinal magnetization (termed M, for its alignment with By along the z-axis
which has a maximal value, at equilibrium, of Mo). In addition, protons precess at
a frequency (wo) according to the Larmor equation, where wo is the precessional
frequency, y is the gyromagnetic ratio of the MRI-active nucleus (42.6 MHz/Tesla

for H1) and B, is the main magnetic field.

Equation 1.1 wo=yBo (Larmor Equation)

The application of a radiofrequency (RF) pulse—a time varying excitation
(B1) field with components oscillating at the Larmor frequency and oriented
perpendicular to Bo—perturbs or ‘tips’ the net alignment away from M.
Although at baseline, prior to the RF pulse, individual nuclei are precessing, their
vector sum (net magnetization, M;) is not yet precessing about the axis of By
(Figure 1.1, A/B)(Elster, 2015). Precession of net magnetization begins after the
energy input from the RF pulse tips M; away from its equilibrium alignment

(Figure 1.1, C/D).
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Figure 1.1: Concept of net magnetization in MRI

(A) Net magnetization (M) is the vector sum of all individual nuclei included in a
sample, which are all individually precessing, but at baseline the net
magnetization is not (B). Once subjected to the main magnetic field, Bo, M will
develop over time; however, net magnetization does not precess until perturbed
by the energy input from an RF pulse (C) that induces precession of M at the
Larmor frequency (D). Adapted with permission from Elster, 2015.

The exchange of energy between RF pulse and protons causes some spins
to adopt a higher energy state and align to precess in a different orientation,
resulting in a progressive tipping of the net magnetization away from M; such as
into the transverse plane (in which case, B; is labeled a 90° RF pulse). A longer
RF pulse can achieve further tipping of net magnetization to any orientation such
as 1800 or in the -z direction, in which case B; is called a 180° RF pulse. It is only
after the injection of energy from the RF pulse that an MR signal can be

recorded—a manifestation of Faraday’s law of induction—such that an induced



current is generated in the receive coil, a set of electromagnetic coils which

detects each sweep of the precessing M.

After the RF pulse, relaxation of the excited (higher energy state) group of
spins is stimulated by interaction with its external environment and results in a
release of absorbed energy (Pooley, 2005). In terms of net magnetization this
can be described by two independent relaxation processes called longitudinal
relaxation (T1) and transverse relaxation (T2) (Bloch, 1946). Longitudinal
relaxation describes the recovery of the longitudinal component of net
magnetization as higher energy state protons stimulated by interactions with
their environment begin to fall back to lower energy states, thereby emitting
absorbed energy into the local environment (spin-lattice). The longitudinal
relaxation time (T1) is defined as the time required for M; to recover from 0 to
63% of its equilibrium value (Mo; Figure 1.2A). Transverse relaxation describes
the decay of the transverse component (Myy) after an RF pulse as spins dephase
(lose phase coherence) because of static magnetic field inhomogeneities and
interactions with adjacent nuclei (spin-spin interactions). The transverse
relaxation time (T2) is defined as the time required for Myy to decay to 37% of its

initial value (Figure 1.2B).
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Figure 1.2: Relaxation time constants

Graphical representations of relaxation time constants: (A) longitudinal
relaxation time (T1) and (B) transverse relaxation time (T2). Adapted with
permission from Elster, 2015.

Image contrast in MRI is based on different values for T1 and T2 in
different tissues or pathological processes. The value of T1 and T2 is largely
dependent on the size and motion of molecules within which hydrogen resides
such that small mobile molecules (e.g., water) will have long T1 and T2. In the
brain, for example, cerebrospinal fluid (CSF) has very long T1 while white matter
has very short T1 (rapid relaxation), with grey matter (GM) having an
intermediate value. Finally, it is important to mention that in practice My, decay
proceeds faster than expected based on molecular interactions alone at a rate
noted as T2* This faster-than-expected dephasing occurs as the result of
imhomogeneities in the main magnetic field, which arise from Bo inhomogeneity
or magnetic susceptibility distortions (e.g., resulting from superparamagnetic

blood products such as hemosiderin).



However, to take advantage of differences in signal of different tissue
types throughout the volume of interest (e.g., the brain), the problem of spatial
localization of signal from a variety of locations must be solved. Various methods
are used to achieve this, including differences in frequency, phase, signal timing,
and distance from receive coils (Elster, 2015). Frequency encoding using
supplemental magnetic fields called gradients (generated by gradient coils)
alters the Bo predictably as a function of position such that the local resonance
frequency will vary as a function of position (e.g., x-axis). This principle can also
be used to excite selectively (select) a particular slice of spins along the axis
perpendicular to the applied linearly varying gradient (e.g., z-axis) by applying
an RF pulse tuned to the particular Larmor frequency of that slab. Within this
slice, the application of gradients in the x- and y-direction (frequency- and
phase-encoding directions, respectively) generates voxels within a particular
slice. For each voxel, ultimate signal intensity is dependent on local T1 and T2 as
well as on proton density (PD). The raw data output is represented in k-space in
which values corresponding to the spatial frequencies of the MR image are

represented, which can be transformed into image space by a Fourier transform.

Ultimately, MR image contrast is determined by varying operator-
selected sequence parameters, including time between successive RF pulses
(repetition time, TR) and the time between an RF pulse and measurement of
signal (echo time, TE). The extent to which image contrast is influenced by
tissue, T1, T2, PD, susceptibility, or diffusion is determined largely by these

parameters, which are often communicated by the parameter ‘weighting’ (Figure
7



1.3). Images that are primarily influenced by T1 are called ‘T1-weighted’ and will
have short TR and TE (Figure 1.3). Specifically, in T1-weighted images the short
TR allows tissue contrast between areas with long T1 (e.g., CSF) and short T1
(e.g., GM), such that CSF would have low signal (i.e., recovered M;) compared to
GM. Images that are primarily influenced by T2 are called ‘TZ-weighted” and will
have long TR and TE (Figure 1.3) such that tissues with substantially different
T2 will be contrasted based on the extent of Mxy decay. Images that are primarily
influenced by PD have long TR but short TE (Figure 1.3). Although T1- and T2-
weighted images are the most commonly used, several other contrasts, such as

susceptibility or diffusion, can be used.
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Figure 1.3: Common tissue weights in MRI

Common parameter weightings (T1, T2, PD) and their relative repetition time
(TR) and echo time (TE). Used with permission from Elster, 2015.

1.2.2 T1-weighted MRI for quantitative structural imaging
analysis
T1-weighted images with high spatial resolution—such as are acquired

using the Magnetization-Prepared Rapid Gradient Echo (MPRAGE)—are

commonly used for the types of quantitative analyses discussed below.

1.2.2.1 Background & Acquisition
MPRAGE, a workhorse sequence of cranial neuroimaging, is a fast 3D
gradient echo sequence preceded by the application of magnetization-prepared

180° RF pulse (to invert the net magnetization vector to the -z plane). High-
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resolution (1x1x1mm?3) MPRAGE provides high signal, grey-white matter tissue
differentiation (e.g., at the cortical ribbon) and visualization of smaller
structures owing to high spatial resolution with a reasonable acquisition time
(Brant-Zawadzki et al., 1992; Keller and Roberts, 2009). Spatial resolution in
MRI is defined by the size of voxels, which in turn depends on operator-selected
factors including matrix size (number of steps in frequency encoding and phase
encoding direction), field-of-view (FOV) and slice thickness. Specifically, dividing
the FOV by the matrix size will provide in-plane resolution or voxel size, whereas
slice thickness determines depth (z-axis) of the voxel. Most quantitative
structural analyses are carried out on sequences with isotropic voxels, i.e., the
same size in all directions, most commonly 1 x 1 x 1Imm. The optimal orientation
of the acquisition is dependent on the planned structural analysis (see section
1.2.2.3.1 on manual volumetry for further details) but generally occurs along the
bicommissural (AC-PC) line. At the time of acquisition, MRI data is routinely
inspected for gross acquisition problems such as motion artifact, inadequate

coverage of the structure of interest, or missing slices.

1.2.2.2 Preprocessing

After acquisition, MRI data is transferred to a computer workstation
where gross visual inspection of the raw data is repeated (particularly if the
observer was not present at the time of the initial quality assurance step during

acquisition). Malrotation or malalignment not recognized at the time of
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acquisition can be corrected or realigned using internal points of reference such
as the AC-PC plane (Boccardi et al., 2014). Raw scan data in DICOM (Digital
Imaging and Communications in Medicine) format is converted to NIfTI
(Neuroimaging Informatics Technology Initiative) a common input file format
for a wide variety of software packages. Next, a correction for intensity non-
uniformity (or inhomogeneity) is applied using one of several widely-available
algorithms (Brinkmann et al., 1998; Sled et al., 1998). Intensity non-uniformity is
a non-anatomic variation of signal within a structure made of the same tissue.
The cause of this distortion may be multifactorial but generally results from
inhomogeneity in the RF or static field or patient motion and has been described
to be more prominent in acquisitions involving surface coils (which are common
in MR neuroimaging) (Ganzetti et al., 2016; Hou, 2006; Sled et al, 1998).
Intensity non-uniformity can significantly affect attempts to segment brain
tissue by tissue type (e.g., grey versus white matter) or by common patterns of
tissue contrast in specific brain regions, owing to low-frequency alterations of
MR signal at edges or contours (Hou, 2006). Finally, certain structural analyses
that require comparison between MR data from different subjects, or acquired in
different orientations, may require image registration. Registration is defined as
spatially aligning multiple MR data sets. Registration can occur either between
scans directly or between scan data and a common template, such as the MNI
ICBM 152 brain (Montreal Neurological Institute), a template space generated
from scans of 152 normal adult brains (Chau and McIntosh, 2005). Registration

requires the application of a transformation of the input image to the reference
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space; this can be accomplished by either a linear or non-linear approach. Linear
registration can be accomplished either by using a 6-parameter rigid or 12-
parameter affine method, with the latter allowing for scaling and shearing
transformations in addition to the translocation and rotational transformations
allowed in the 6-parameter rigid method (Despotovic et al., 2015; Viergever et
al, 2001). In contrast, non-linear registration is commonly used to pool results
across subjects in a common reference space for which linear methods may not
achieve satisfactory registration. Specifically, non-linear registration also allows
deformations or ‘warps’ executed by computer algorithms to create improved
registration across subjects (Andersson et al., 2007; D’Agostino et al., 2003; Van

Hecke et al., 2007).

1.2.2.3 Analysis

As mentioned above, quantitative analysis of structural MRI data is
commonly carried out using T1-weighted images (e.g., high-resolution MPRAGE)
that offer excellent tissue-type differentiation (e.g., between GM, white matter
and CSF). However, quantitative analysis of other sequences yields
complementary data such as proton-density sequences (for manual
measurement of intracranial volume—for instance, see Nordenskjold et al,
2013), T2-weighted images (for T2-relaxometry, see section 1.4.4.2.2) or

diffusion tensor images (DTI, see sections 1.2.3, 1.3.3-1.3.5 and 1.4.4.2.4).
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Structural MRI analysis can be categorized as manual or automated techniques,

which are described in detail below.

1.2.2.3.1 Manual techniques

There are two manual techniques for in vivo MRI-based measurement of
a structure of interest: stereology and volumetry (Keller and Roberts, 2009). In
stereological methods, volume or surface area is estimated by first randomly
choosing a set of parallel and equidistant MR images through the structure of
interest and then superimposing a grid of points and counting the total number
of points that fall within the boundaries of the structure (Garcia-Finana et al,,
2009, 2003; Keller and Roberts, 2009; Roberts et al.,, 2000). In contrast, manual
volumetry (also called segmentation or tracing), as used in chapters 4 and 5,
involves the slice-by-slice delineation using a mouse or stylus-driven cursor of
an entire brain structure or region by an expert observer based on an in-depth
knowledge of neuroanatomy. Volumetry is generally performed based on an
established protocol which defines the specific procedure by which the observer
traces or fills in the anatomical structure of interest on synchronized 2D
orthogonal MR-images (i.e., axial, coronal and sagittal). Based on the tracings on
each slice, the structure of interest can be extracted as a 3D object and verified
for expected shape/contours; its total volume can be computed (voxels within

label multiplied by the number of mm?3 per voxel, based on image resolution)
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and then used as a scalar metric in subsequent analyses. Various software
packages exist to facilitate multi-planar viewing. These include, e.g., MNI Display
(McConnell Brain Imaging Centre) or ITK-SNAP (Figure 1.4)(Yushkevich et al,

2006), among others.
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Figure 1.4: Multiplanar viewing and manual segmentation in ITK-SNAP

Used with permission from Prof. P. Yushkevich, ITK-SNAP (www.itksnap.org).

Manual volumetry protocols exist for a variety of distinct structures or
regions including the hippocampus, amygdala, thalamus, fornix, mammillary
bodies and temporopolar, entorhinal, and perirhinal cortices (Cendes et al,,

1993a; Copenhaver et al., 2006; Frisoni et al., 2014; G Gong et al., 2008; Insausti
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et al, 1998; Malykhin et al, 2007; Watson et al., 1997). Volumetry data has
contributed to our understanding of the natural history, structural-functional
correlation (e.g., neuropsychological performance) and structural consequences
of medical or surgical interventions in Alzheimer disease, schizophrenia,
depression and TLE (Bonilha and Keller, 2015; C. A. Elliott et al., 2016; Elliott et
al,, 2018; Fernandes et al., 2014; Frisoni et al., 2010; Heckers, 2001; Mueller et

al,, 2010; Noulhiane et al., 2006; Sheline et al., 2003, 1996; Yasuda et al., 2010).

Manual volumetry is the most commonly used and most accurate method
for in vivo structural interrogation using MRI data (Morey et al., 2008; Pardoe et
al, 2011). Moreover, when evaluating volumetric output from any automated
method of segmentation, due diligence requires some level of quality assurance
that is still best conducted by an expert observer with not only the prerequisite
knowledge of the relevant regional neuroanatomy but also the experience with
the appearance of structures of interest on an MRI. For this reason, it remains
critical that investigators using automated techniques are well-versed in manual
volumetry techniques for their structure of interest. In fact, manual volumetry
has been used for the generation of probabilistic brain atlases upon which atlas-
based automated segmentation approaches are designed (see 1.2.2.3.2 below)
and is generally used as the gold standard against which automated algorithms
are evaluated (Frisoni and Jack, 2011). Finally, manual volumetry is best able to
handle distorted anatomy that may produce abnormal MR signal, accompany

certain disease states, or pertain following neurosurgical interventions or
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resection, after which large portions of the brain may be missing or have

abnormal MR signal.

Nonetheless, manual volumetry does have important drawbacks.
Foremost is the investment of time required to train ‘expert’ tracers, validate
their performance, and perform tracings of the structure of interest (a typical
hippocampal tracing takes 30 - 40 minutes). The validation phase of training
requires blinded intra-rater reliability assessment of tracings separated in time
as well as inter-rater reliability assessment with expert tracings. Manuscripts
using manual segmentation should provide measures of intra- and inter-
observer reliability (e.g., intraclass correlation coefficient, ICC) (Koo and Li,
2016; Nugent et al, 2013; Shrout and Fleiss, 1979). Manual volumetry is
therefore largely not feasible in larger datasets, nor has it been adopted
clinically. The labor-intensive nature of manual volumetry may result in errors
resulting from observer fatigue (Morey et al., 2008). Second, unique to manual
volumetry, there is a theoretical risk of ‘hand wobble’ resulting in inadvertent
inclusion of non-target tissue or exclusion of true target tissue (Keller and
Roberts, 2009). In practice, this can largely be mitigated by adjusting the
sensitivity of the mouse or stylus driving the cursor and by carefully toggling ‘on’
and ‘off’ of tracings (to facilitate visualization of underlying anatomy) to verify
that target tissue is filled in satisfactorily. Third, the tracing output of observers
may be systematically biased by a priori knowledge of clinical variables, scan
date, patient identity, or treatment group. In many cases (see methods, chapter

3), such sources of bias can be minimized by anonymization, coning down to the
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structure to be segmented (e.g., the non-resected, contralateral hippocampus to
avoid the observer viewing the ipsilateral resection cavity, thereby identifying
the subject as a patient who has undergone surgery for TLE and not a control),
and finally random order presentation with respect to relevant patient variables
(e.g., patient versus control or scan date). Similarly, other sources of bias have
been described—such as left-right perceptual asymmetry bias—which may
impact results if scans are not flipped such that all tracings occur on the same
side of the screen (Guo et al.,, 2009; Jewell and McCourt, 2000; Maltbie et al,,
2012; Rogers et al., 2012). However, certain qualitative abnormalities (e.g., T1
hypointensity or alterations of normal hippocampal architecture) are not
possible to conceal from the observer. Next, considerable differences may exist
in local protocols used by different laboratories, the impact of which may vary
based on the anatomical complexity or indistinctness of boundaries on MRI (e.g.,
anterior boundaries of hippocampal head and amygdala; posterior boundaries of
hippocampal tail and isthmus or thalamus; lateral boundaries of thalamus with
internal capsule) (Frisoni et al., 2014; G Gong et al., 2008; Pruessner et al., 2000).
For example, there are currently more than 12 unique local protocols for manual
hippocampal volumetry, resulting in widely ranging estimates of normal
hippocampal volume differing by as much as 2.5-fold (Boccardi et al., 2011;
Geuze et al, 2005). Recently, this issue was partially addressed by an
international Delphi panel, leading to the creation of the “EADC-ANDI
Harmonized Hippocampal Protocol,” which the panel found to have superior

measurement stability (intra- and inter-rater reliability) compared to local
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protocols (Boccardi et al., 2015). As an illustrative example, this process found
enhanced stability of segmentations performed with an AC-PC orientation,
rather than the traditional acquisition along the long axis of the hippocampus
(Frisoni et al., 2014). However, this protocol has not yet been widely adapted,

nor do similar protocols exist for other brain structures (Wisse et al., 2017).

1.2.2.32 Automated techniques

An exhaustive overview of various automated MRI segmentation
techniques is outside of the scope of this thesis, except specifically to highlight
the basics of two key techniques which are treated later in this chapter,
discussing the diffuse nature of structural change in TLE. Automated techniques
obtain regional or global brain measures without substantial direct user input.
Such measures are obtained by matching geometric and tissue signal intensity
patterns to a probabilistic neuroanatomic atlas by spatial normalization or
differences in signal intensity alone (Keller and Roberts, 2009; Toga and
Mazziotta, 2002). For example, in the FMRIB Software Library (FSL), the
intensity-based segmentation FMRIB of the Automated Segmentation Tool

(FAST; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FAST) assigns each scanned voxel

to a tissue type (GM; WM; CSF) on the basis of fitting a Gaussian probability to a
histogram of the intensity of all voxels (Despotovi¢ et al., 2015; Zhang et al,,
2001). Output tissue type metrics can be used directly or the GM segmentation

can be used to perform voxel-based morphometry (VBM) in which local
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differences in cortical or subcortical GM density (a surrogate marker of volume)
or cortical thickness (regional or global combined thickness of all cortical layers
perpendicular to the cortical surface) can be performed (MacDonald et al,
2000). Finally, in atlas-based automated segmentation, the image to be
segmented is coregistered to a probabilistic atlas generated by multiple prior
expert manual segmentations (Dale et al,, 1999; Patenaude et al.,, 2011). Next,
voxels are assigned to be part of a particular brain structure or region on the
basis of signal intensity and spatial position (e.g, FreeSurfer—

https://surfer.nmr.mgh.harvard.edu/)(Dale et al, 1999). Alternatively, in the

FSL-FIRST algorithm (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki), a shape/appearance
model is generated (from a probabilistic atlas generated by manual
segmentation) for a subcortical structure (e.g., left hippocampus). This model is
expressed as a deformable surface mesh that is represented mathematically by a
set of connected vertices (point distribution model). Each model is determined
by mean vertex position for a structure of interest from the manual volumetry
training set. To segment a structure, its model is first fit to the input image by
transforming it into target space and then searching for the most probable shape

given the local signal intensities (Patenaude et al., 2011).

Automated segmentation is much less labor-intensive than manual
techniques, allowing application to large imaging datasets without the direct
need for expert neuroanatomical knowledge (Morey et al, 2008). Automated
segmentation algorithms are not subject to potential biases that may affect

manual segmentation as direct user input is limited. Finally, automated output is
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highly reproducible on the same scan data (Gronenschild et al., 2012). However,
automated segmentation results still require thorough slice-by-slice
interrogation by neuroanatomical experts to ensure validity. Moreover,
automated tools may produce erroneous segmentations if spatial registration
fails, which is especially problematic when used in cases of advanced disease,
brain malformations, or following resective cranial neurosurgery (Despotovic¢ et
al, 2015). Outside of problems with registration, automated segmentation
algorithms may also produce segmentation errors when subject data differs
significantly from the population upon which the atlas reference was built, in

terms of age, sex, or neuropathology (Despotovi¢ et al., 2015).

1.2.2.4 Sources of error in structural MRI measures

To interpret observed changes in structural measures at the individual or
group level, it is necessary to understand factors that may cause fluctuations of
the measurement of interest. Potential sources of variance have been
categorized previously as scanner-related, acquisition-related, physiologic, or
measurement-related (Biberacher et al, 2016). A full treatment of
measurement-related factors influencing variance has been provided above
(section 1.2.2.3.1). Scanner-related factors may include intrascanner variability
(scanner drift) or interscanner variability. Scanner drift is generally not a major
issue in structural MRI studies, though it has been demonstrated to be an

important factor to correct for in diffusion MRI analyses (Vos et al., 2017). To
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minimize intrascanner variability, it is important that MRI scanners (in
particular those used for quantitative research) undergo routine quality
assurance (Firbank et al., 2000). Interscanner variability, in contrast, may be
responsible for significant differences in automated global and regional brain
volume measurements in healthy controls scanned over time on different
scanners and at different field strengths (Biberacher et al., 2016; Droby et al,,
2015; Huppertz et al,, 2010; Jovicich et al., 2009; Moorhead et al., 2009; Schnack
et al, 2010; Shokouhi et al, 2011; Suckling et al.,, 2012; Takao et al.,, 2011;
Whitwell et al, 2001). The impact of inter-scanner variability (including
different field strengths) in manual volumetry is less clear. For example, one
study found no significant difference in measurement error of healthy controls
scanned at 1.5-Tesla versus 3-Tesla (Briellmann et al, 2001) while another
found significant volume differences at 1.5-Tesla versus 4-Tesla (Levy-Reis et al,,
2000). Acquisition-related factors such as subject motion (Reuter et al.,, 2015)
and position with respect to scanner isocentre (to minimize static field
inhomogeneity) and gravity (particularly relevant when the cranium is open
during surgery) are also important considerations (Caramanos et al, 2010;
Romano et al.,, 2011). It is also important to consider the effect of physiologic
factors on structural measures, including hydration levels (Duning, Heindel and
Knecht, 2005; Kempton et al., 2011), time of day (Nakamura et al., 2015), stress

(Cho, 2001; Fink, 2011), or day of menstrual cycle (Hagemann et al,, 2011).

Given the multitude of factors that may affect experimental variance of

MR-based brain volume measurements, one group took a unique approach to
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assess the sample size needed to detect a patient-control volume difference of
5% (with 80% statistical power) in a 2-sample cross-sectional versus
longitudinal study design using a scan-rescan paradigm of 52 healthy controls
assumed to have stable volume over time (Steen et al,, 2007). Given this effect
size and the measured variability between individuals in this study, they
reported a required sample size of 73 patients and 73 controls for a cross-
sectional study versus 5 patients and 5 controls for a longitudinal design. Such
longitudinal designs are attractive in that each subject’s brain volumes are
compared within subject over time, thus limiting the variance associated with

the above factors, which cannot be easily controlled (Morey et al., 2008, 2010).

1.2.2.5 Interpretation of Structural Measures

Individual or group-wide MRI-based structural measures can be reported
either as absolute or relative values (Watson et al., 1997). Reporting relative
values requires a comparison either as a ratio or a difference (i.e., between left
and right sides in the same individual or for the same structure in the same
subject over time; see chapter 3). Absolute values, on the other hand, are
complicated by the potential impact of variables that may affect regional volume
of interest such as brain size, head size, age, gender and side (Barnes et al,, 2010;
Davis and Wright, 1977; Nordenskjold et al., 2013; Scahill et al., 2003; Watson et
al, 1997; Whitwell et al, 2001). An optimal approach would normalize the

volume of the structure of interest by comparing patients to age and gender
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matched control subjects for a particular side, which can then be corrected by
head or brain size (Watson et al., 1997). Head size correction is performed by
presenting a ratio of the target volume to an estimation of head size (or brain
size, which is usually estimated by a measure of intracranial volume, ICV) or by
using head size as a covariate in the analysis (Bengtson et al., 2000; Bilir et al,,
1998; Kuzniecky et al, 1996; Watson et al, 1997). However, estimating
intracranial volume is in and of itself a technical challenge as several different
methods exist to accomplish it, ranging from slice-by-slice manual volumetry
(gold standard, requires 25 minutes), to every nth slice manual volumetry, to
automated techniques (e.g., as available in Statistical Parametric Mapping (SPM)
or FreeSurfer) (Eritaia et al,, 2000; Nordenskjold et al.,, 2013). Nonetheless, as

«

Nordenskjold et al, explain “..normalizing a structure by dividing it by an
estimated ICV containing error, the normalized volume will contain an error
proportional to the error in the ICV estimation” (p. 360, 2013). Moreover, in
comparison to manual volumetry measures of ICV, commonly used automated
measures tend to overestimate ICV by 5 - 21% and vary in association with
factors such as gender or degree of atrophy such that the selected ICV method
may influence study conclusions (Nordenskjold et al, 2013). Unanswered
questions regarding ICV estimation include the impact of cranial neurosurgical

procedures on measures of ICV itself or whether postoperative surrogates for

brain size should account for resected areas or not.
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1.2.3  Diffusion Tensor Imaging (DTI)

1.2.3.1 Background & Acquisition

The process of diffusion, or Brownian motion, describes the random
movement of molecules due to thermal collisions (Brown, 1887). The net flux of
particles down their concentration gradient, as described by Fick’s first law, is
dependent on the concentration gradient and the diffusion coefficient, D,
expressed in mm?/second (Fick, 1855). However, diffusion continues even in the
absence of a concentration gradient (i.e. at equilibrium) such that molecules will
travel a distance (r), in time (t) based on the diffusion coefficient (D) of the

medium (Einstein, 1905):

Equation 1.2: r=v2Dt

The diffusion coefficient (D) was subsequently described to be proportional to
the Boltzmann constant (k) and absolute temperature (T) yet inversely
proportional to the particle size (r) and medium viscosity (n) according to the

Stokes-Einstein equation:

kT

61N

Equation 1.3: D=

Diffusion is also influenced by the presence or absence of physical barriers, at
the microstructural level, which limit random molecular movement in certain

directions more than in others. For example, in the absence of any physical
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barriers (e.g., in a homogeneous fluid), diffusion is observed to occur similarly in
all directions and is said to be isotropic. In this case, diffusion can be described
by a single diffusion coefficient (D). However, in biological tissues, diffusion
varies with direction and is said to be anisotropic. Cerebral white matter, for
example, has a high degree of diffusion anisotropy on account of myelin in axon
sheaths, cellular membranes and various microstructural elements, which tend
to restrict diffusion to a direction perpendicular, rather than parallel, to the long
axis of such structural elements. Anisotropic diffusion cannot be characterized
by a single diffusion coefficient, but rather by a diffusion tensor which is a 3 x 3
matrix of diffusion in different orientations. Specifically, each part of the
diffusion tensor is estimated by measuring the extent to which protons dephase
when placed in diffusion-weighting gradients of particular directions (Winston,
2012), which will be more pronounced in protons that move during and in

between diffusion gradient application.

Diffusion MRI is sensitized to molecular movement with the application
of two equal diffusion-sensitizing gradients applied on either side of a refocusing
180° RF pulse, as first performed by Stejskal and Tanner using a pulsed spin

echo sequence (Figure 1.5)(Stejskal and Tanner, 1965).
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Figure 1.5: Stejskal-Tanner diffusion pulsed gradient spin echo sequence

Strong symmetric diffusion gradients on either side of a 180° refocusing RF
pulse results in net dephasing of mobile spins but not stationary spins
(slice and phase imaging gradients not shown)(adapted with permission
from Elster, 2015).

Following application of the 90° RF pulse, net magnetization is rotated
horizontally (Mxy). Then the diffusion-sensitizing gradients are turned on,
causing the spins to dephase. Next, a refocusing 180° RF pulse flips the direction
of precession such that with the application of the second lobe of the diffusion-
sensitizing gradient, the direction is effectively reversed, resulting in rephasing
of the dephased spins. Stationary (non-diffusing) spins experience equal
dephasing and rephasing effects, do not develop any net phase shift, and
therefore generate relatively hyperintense signal. Mobile (diffusing) spins
experience unequal rephasing compared to the dephasing experienced during
initial diffusion-sensitizing gradient application owing to proton movement in
the direction of this gradient such that they experience a different gradient
strength in the second lobe of the diffusion-sensitizing gradient, developing net

phase shift and therefore net signal loss. The extent of this signal loss is
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measured in multiple unique directions from which a tensor can be calculated.
The extent of diffusion-weighting of an image (i.e., the sensitivity to molecular
motion) is determined by the b-value (Equation 1.4), which is dependent on the
gyromagnetic ratio (y) as well as diffusion gradient pulse features including
strength (G), time interval (A), and duration (0) of the diffusion-sensitizing

gradient (Figure 1.6) (Elster, 2015).

RF L J b
m—a—!
G
Gain M
e
A

Figure 1.6: Diffusion-gradient parameters

The b-value of Stejskal and Tanner diffusion sequence is related to the
magnitude (G), duration (3), and time interval (A) of the diffusion-sensitizing
gradients.

Equation 1.4: b = y2G%*6%(A — g)

Signal in DWI (S) after application of diffusion-sensitizing gradients is related to
signal at baseline in the b0 image (S,), b-value (b, in s/mm?) and the diffusion

coefficient (D, in mm?/s) according to equation 1.5:
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Equation 1.5: S= S,e PP

Therefore, greater signal loss will occur when diffusion-sensitizing gradients are
applied in an orientation with a high tissue diffusion coefficient or when
scanning using higher b-values. The larger the b-value, the stronger the diffusion
effects observed; however, the lower overall signal in the image due to increased

signal loss due to increased T2 relaxation.

In DWI as is commonly used clinically, diffusion is interrogated using
gradients applied in three mutually orthogonal directions and with multiple b-
values to calculate the apparent diffusion coefficient (ADC) simplified for each
voxel as an average value. In contrast, when diffusion is interrogated with at
least six unique gradient directions, more sophisticated models can be used to
represent the diffusion in a voxel—such as in DTI. Specifically, in DTI, diffusion-
weighting gradients are used to estimate diffusion in six or more dimensions as
well as one at baseline (b0), which is mathematically described by a [3 x 3] array
or matrix of numbers describing diffusion rates in different orientations (Figure

1.7, Elster 2015).
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Figure 1.7: The diffusion tensor matrix
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The diffusion tensor matrix describes diffusion rates in three principal (x, y and
z) directions of the scanner (corresponding to Dxy, Dyy and D;;) as well as 6 other
terms that represent diffusion occurring in orientations in-between these. In the
case of completely isotropic diffusion, a single diffusion coefficient, D, can
completely describe diffusion in a voxel such that D = Dyx = Dyy = Dz, and the
other terms all are zero.

The calculated tensor for each voxel can then be modelled as a diffusion ellipsoid
using a different frame of reference than at scan acquisition, with the main axis
of this ellipsoid shifted to lie along the axis of the principal diffusion direction as
well as two mutually perpendicular minor axes. Each axis of the ellipsoid can be
described by orthogonal eigenvectors (€1, €2, €3), with length specified by a
designated eigenvalue (A1, A2, A3), that are proportional to diffusion in that

direction (Figure 1.8).
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Figure 1.8: The diffusion tensor ellipsoid

Diffusion can be modelled by shifting the frame of reference to a coordinate
system parallel to the principal direction of diffusion expressed as eigenvectors

(e1, €2, €3) and eigenvalues (A1, A2, A3) (adapted with permission from Elster,
2015).

Whereas both DWI and DTI provide information on interrogated tissue
microstructure, DWI outputs are limited to added eigenvalues (trace) or
averaged (mean diffusivity, MD or apparent diffusion coefficient, ADC which is
equal to trace/3). In contrast, in DTI, the eigenvalues can also be used to create
images or maps that provide information about the directionality of tissue
microstructure. The main diffusion metrics include axial diffusivity (AD), radial
diffusivity (RD), mean diffusivity (MD), and fractional anisotropy (FA). Axial
diffusivity is the first eigenvalue (equation 1.6). Radial diffusivity is the average
of the second and third eigenvalues, describing diffusion perpendicular to the

principal diffusion direction (equation 1.7).

Equation 1.6 AD =1,
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RD - (/12+/’{3)

Equation 1.7 >

Mean diffusivity is a scalar measure of the average diffusion in a voxel or the

mean of three eigenvalues, such that lower values mean less molecular diffusion.

A+AziAs

Equation 1.8: MD = .

Fractional anisotropy describes the extent of diffusion anisotropy in a voxel by
relating the relative difference between the first eigenvalue and the others
(ranging from 0 - 1). It is rotationally invariant, containing no particular

information about the principal orientation of diffusion.

— 2 - 2 - 2
Equation 1.9: FA=\/(A1 oMM G e Vi U W)

2112 +2,%2+23%)

Each of these scalar diffusion metrics can be plotted as grey scale image where
voxel intensity corresponds to metric value. For example, in an FA map, voxel
intensity would relate to FA value such that relatively dark voxels would have
lower FA (lower anisotropy) than bright voxels (higher anisotropy)(Figure 1.9,
A). By combining the rotationally invariant information regarding FA with
orientation of the ellipsoid in each voxel (as indicated by the eigenvector, €1), a
directionally encoded color (DEC) or colored FA map can be constructed in
which the principal diffusion direction is described relative to the patient such
that red indicates mediolateral, green indicates anteroposterior and blue
indicates superoinferior (Figure 1.9, B). Finally, virtual white matter dissection
can be achieved in vivo using the deterministic approach of fiber assignment by
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continuous tracking (FACT) or white matter tractography (Catani et al., 2002;
Mori et al.,, 1999). In this approach, fiber tracks are assigned in user-specified
region(s) of interest (ROI) assuming one single diffusion tensor is adequate to
represent diffusion in that voxel based on the principal direction (eigenvector)
of diffusion in each voxel (Figure 1.9, C). DTI analysis methods are detailed

further in section 1.2.3.3 below.

Figure 1.9: DTI maps

Examples of an FA map (A), directionally-encoded colour map (B) and
tractography of the corticospinal tract (C).

1.2.3.2 Preprocessing

After acquisition, diffusion MRI datasets are transferred to a computer
workstation where gross visual inspection of raw data diffusion data is
performed including comparison to co-acquired structural MRI data to look for
evidence of image degradation resulting from artifacts or flips of diffusion data
in image space (Soares et al.,, 2013). Numerous DTI-analysis software packages

are available for data preprocessing steps and DTI analysis—a full discussion of
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which is beyond the scope of this thesis. DTI analyses in this thesis have been
carried out using ExploreDTI (version 4, Utrecht, The Netherlands)(Leemans et
al, 2009) as well as StealthViz (Medtronic Inc., Louisville, CO, 2013). For
example, in ExploreDTI, data preprocessing may include correction of signal
drift (Vos et al, 2017), Gibbs ringing, subject motion, eddy current induced
distortions (Leemans et al, 2009), and geometric distortions caused by BO-

inhomogeneity (Huang et al., 2008; Irfanoglu et al., 2012; Tournier et al., 2011).

1.2.3.3 Analysis

Diffusion MRI data can be analyzed in several different ways, ranging
from largely qualitative assessment of trace and ADC maps (e.g., chapter 3), to
quantitative regional analysis of DTI metrics (e.g., chapter 5), to quantitative and
reconstructive modeling of particular tracts, or white matter tractography (e.g.,
chapter 6). For example, clinically, trace or average DW images that display the
geometric mean diffusion of diffusion-weighted images along three orthogonal
directions (i.e., x-, y-, and z-axes) are compared qualitatively to ADC maps, which
are created by dividing the signal in each voxel of the mean DW images (Spwi) by
the signal of a corresponding location in the BO image (So) and then taking the

logarithm (Equation 1.10 and Figure 1.10).
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Figure 1.10: Trace and ADC-map images following a traumatic brain injury
resulting in an acute subdural hematoma along the posterior falx cerebri.

Trace diffusion-weighted images provide the average diffusion of three
orthogonal directions (A) during application of diffusion-sensitizing gradients to
which the signal in corresponding points of an apparent-diffusion coefficient
(ADC) map (B) will be inversely related, as in this example of a patient with an
acute subdural hematoma along the posterior falx cerebri. See also equation
1.10. Adapted with permission from Elliott et al., 2017.

Signal intensity on trace DWI relates to how much diffusion occurs during
application of diffusion-sensitizing gradients such that hyperintensity (e.g., acute

stroke, or cerebral abscesses) indicates less mobile spins (i.e. restricted) which

34



rephase more completely than freely diffusing spins (i.e., unrestricted), which
experience unequal rephasing and therefore decreased signal. The ADC-map,
voxel-by-voxel, is inversely related to the trace DW image and by convention
displays voxels with higher ADC (diffusion) as hyperintense (white) and voxels
with lower ADC as hypointense (dark). However, because the trace DW images
are in fact somewhat diffusion- and T2-weighted, it becomes necessary to
compare trace DW images to ADC image maps to detect cases where DW images
are falsely hyperintense or “contaminated” by lesions which have very long T2
(e.g., cerebral gliomas). This situation has been termed “T2-shine-through,”
wherein which case bright areas on DW images would not correspond to dark
areas on the ADC-map images. Conversely, lesions with very short T2 (e.g.,
subacute intracerebral hematoma) may cause false signal loss on DW images
(enhanced T2*-decay caused by paramagnetic effects of deoxyhemoglobin) with

scattered areas of bright and dark voxels on the ADC-map (Elster, 2015).

Alternatively, quantitative analysis of diffusion metrics can be extracted
and averaged for regions or structures of interest from parametric maps (e.g.,
MD, FA) to provide information regarding tissue microstructure. In this
approach, particular attention must be paid to selecting an ROI, which for
complex anatomical structures may not necessarily be best carried out on the
relatively low spatial resolution diffusion images or corresponding maps (for
more thorough handling of this issue please refer to further discussion found in
chapter 5, sections 5.2.3 and 5.4). Selection of ROIs on non-anatomical DW

images may falsely include adjacent non-target structures or CSF, or may index
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only a small portion of the anatomical structure of interest. These sources of
error may substantially change the output diffusion metric result and make

comparisons across studies more challenging.

Finally, the directional information provided by diffusion data may be
used to create reconstructions of white matter tracts, termed white matter
tractography (Basser and Jones, 2002; D K Jones et al., 1999; Mori et al,, 1999).
White matter tractography is a burgeoning field in neuroimaging, with
numerous strategies available that vary considerably in acquisition technique,
applied method of tract modeling, and fiber tracking (Essayed et al., 2017). The
DTI model alone will be briefly reviewed here, although several other more
sophisticated models exist, including diffusion kurtosis imaging (DKI), high
angular resolution diffusion imaging (HARDI) and diffusion spectral imaging
(DSI) (Alexander et al., 2007; Tuch et al., 2002; Wedeen et al., 2008). In the DTI
model, as employed in this thesis (chapters 5 & 6), diffusion in each voxel is
represented by a single tensor, which is most accurate when a voxel is
dominated by one major population of fibers transiting in a single orientation.
When this is not the case, as is common for mixed populations of crossing fibers,
kissing fibers, or rapidly bending fibers, the DTI model may no longer completely
describe diffusion, and fiber tractography techniques (described below) may

struggle as FA will fall, causing fiber tracking to cease (Duffau, 2014).

White matter tract reconstruction is carried out by either deterministic or

probabilistic fiber tracking algorithms (Essayed et al., 2017). Both methods aim
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to describe likely fiber tracks emanating from a start or ‘seed’ ROI but differ in
that deterministic tractography generates a single track or streamline from the
seed ROI while probabilistic tractography, in contrast, describes all possible
connections along with their probabilities (Basser et al., 2000; Behrens et al,,
2007; Winston, 2012). For example, in this thesis (chapter 6), the deterministic
method FACT is used to generate tract reconstructions based on user selected
tract initiation (seeding) ROIs. From these ROIs, the algorithm will attempt to
follow the primary diffusion orientation eigenvector from voxel-to-voxel based
on inputted values of FA for track initiation (typically 0.2 to 0.3) and
termination, turning angle (usually 30-45°), and minimum or maximum track
length. Additional ROI constraints may be applied to further limit reconstructed
tracks including ‘and’ ROI (requiring reconstructed tracks to pass through both
‘seed’ as well as ‘and’ gates) or ‘not’ ROI (removing reconstructed tracks that

pass through ‘not’ regions).

It is important to recognize that the extensive user input required for
deterministic tractography may significantly affect resulting white matter
reconstructions. For example, although more permissive FA thresholds (e.g.,
0.10-0.15) may permit tracking near brain tumours associated with vasogenic
edema, they may also introduce spurious tracks (Akai et al., 2005). Similarly, the
selection of ROIs, which is prone to variability, bias, and presupposed user
knowledge of complex neuroanatomy, has been shown to significantly affect
tractography results (Colon-Perez et al,, 2016; Essayed et al., 2017; Golby et al,,

2011). Numerous atlases exist which may help guide ROI selection in both
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normal and disease states, and limit ROI-related variability in tractography;
however, considerable disagreement between sources still exists limiting
universal application (Catani and Thiebaut de Schotten, 2008; Holodny et al,,
2001; Lawes et al., 2008; Munnich et al., 2018; Niu et al., 2016; Radmanesh et al,,
2015; Wassermann et al,, 2016). Although it is possible (albeit computationally
expensive) to create whole-brain DTI tractography maps seeding from the entire
brain instead of from user selected ROIs, practically this method requires some
form of parcellation to facilitate human interpretation for comparisons across
subjects or to interpret output in individual patients and often is not used
clinically thanks to its prolonged computing time (Wakana et al, 2007).
Similarly, although probabilistic tractography may more accurately reconstruct
tracts which are difficult to model by deterministic method (e.g., the optic
radiation), wide scale clinical application is limited by the computational
requirements (Winston et al., 2012). Therefore, deterministic DTI tractography,
as employed in chapter 6 of this thesis, despite its recognized limitations,
remains the most commonly used tool for white matter reconstruction in clinical

neurosurgery.

1.2.4  Perioperative applications of MRI in Neurosurgery

Following its development by Lauterbur, Mansfield, Damadian and others

in the 1970s and its rapid uptake in the neurological sciences in the subsequent
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decades, MRI has become a ubiquitous component of preoperative evaluation,
surgical planning and postoperative surveillance for many cranial neurosurgical
pathologies (Damadian, 1971; Damadian et al., 1977; Lauterbur, 1973; Macchia
et al, 2007). However, modern cranial neurosurgery is also dependent on
preoperative MRI data for accurate intraoperative targeting and complication
avoidance. Specifically, cranial neurosurgery is exclusively performed using
neuronavigation (discussed in detail in section 1.5.2) to display the position of a
navigated instrument on preoperative cross-sectional MRI data create tailored
craniotomies and avoid adjacent non-target tissues (e.g. cortical veins, dural
venous sinuses, functional cortex or subcortical white matter tracts). However,
in the case of gliomas or epileptogenic lesions—which may lack distinct
boundaries with adjacent non-target tissue—neuronavigation is also used
throughout the operation to inform the extent of resection. The accuracy of
preoperatively acquired MRI data during surgery is decreased by unpredictable
brain deformation, or ‘brain shift’ (see also section 1.5.4), which accompanies all

cranial neurosurgery (Mislow et al.,, 2009).

One approach to overcoming the problem of brain shift is to update
neuronavigation patient space with intraoperatively acquired MRI data.
Pioneering work at the Brigham and Women’s Hospital in Boston led by Dr.
Peter Black culminated in the first, 0.5-Tesla, open-configuration, double-donut
intraoperative MRI system in 1994 (Gering et al.,, 2001; Mislow et al., 2009).
Although several other low field open-configuration iMRI systems were

subsequently developed (e.g. PoleStar 0.12-Tesla developed by Moshe Hadani
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with Medtronic, Louisville, USA) it was not until the advent of higher-field
closed-bore iMRI solutions that higher SNR and spatial resolution images could
be acquired. For example, the 1.5-Tesla ceiling-mounted, mobile Siemens iMRI
developed by Dr. Garnette Sutherland and IMRIS in 1999 which allowed high
quality intraoperative MRI acquisition in surgical position by moving the
scanner in and out of the surgical field (Sutherland et al., 1999). More recently,
3-Tesla ceiling-mounted iMRI designs are available (Figure 1.11), which have
been shown to enhance surgical targeting and allow intraoperative verification
of lesion resection for cerebral gliomas, pituitary and skull base lesions, pediatric
tumors and drug-resistant epilepsy (DRE) (Choudhri et al., 2014b; Coburger et
al, 2017, 2016, 2014; Ginat et al, 2014; Hatiboglu et al, 2010, 2009;
Mohammadi et al., 2014; Napolitano et al., 2014; Senft et al., 2011; Shah et al,,

2012; Sylvester et al., 2015; Wu et al., 2014).
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Figure 1.11: Intraoperative MRI Theatre

The Dan and Bunny Widney Intraoperative MRI Surgical Suite at the University
of Alberta Hospital. Image used with permission, courtesy of IMRIS.

Despite the unquestioned utility of MRI to improve the safety and quality
of neurosurgical procedures, there have, to date, been relatively few attempts to
use perioperative MRI (especially intra- and early post-operative MRI) to predict
clinically meaningful outcomes or provide pathophysiological insights into
neurosurgical illness. This concept is a key theme of the work presented in this
thesis. Figure 1.12 outlines the potential utility of perioperative MRI in three
disease entities that will be covered in chapters 3-6. Sections 1.3 - 1.5 of this

chapter provide a literature review related to these three entities.
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Figure 1.12: Timing of MRI and potential utility in neurosurgery

Examples of specific utility of MRI with respect to the time of surgical
intervention in the three neurosurgical diseases discussed in this thesis. WM:
white matter; ICP: intracranial pressure; Tx: treatment, QOL: quality of life.

1.2.4.1 Unique Challenges of Post- and Intra-operative MRI

There are several unique challenges specific to MRI acquisition in the
early postoperative period (arbitrarily defined as within seven days of cranial
neurosurgery). Postoperative pain, nausea, emesis, confusion or seizures, among
others, can limit patient tolerance to often lengthy research scans, which can
increase motion artifact or require abbreviated MRI acquisition protocols.
Anticipation and aggressive symptomatic treatment may help in certain
circumstances to mitigate the impact on data acquisition and quality. Next,

invasive monitoring equipment which may remain in-situ temporarily—
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particularly on the first postoperative day—including Foley catheters, external
ventricular drains, endotracheal tubes, and arterial or central venous catheters
although not contraindicated for research MRI acquisition, increase the logistical
challenges of ultra-early postoperative scans owing to the added difficulty of
patient transfer from unit to MRI machine and from bed to MRI table as well as
by occasionally requiring the presence of specific healthcare professionals at the
time of scan (e.g., medical doctor and/or registered nurse, based on MRI-unit
regulations). Clinical MRI in the pediatric age group or in patients with altered
levels of consciousness often requires sedation to prevent substantial motion
artifact. Finally, skin should be closed with sutures rather than standard
stainless steel surgical staples which may impart ferromagnetic artifact.
Although magnetic field interactions and heating are generally not problematic,
they may require special safety clearance when present, particularly for 3-Tesla

scanners (Gill and Shellock, 2012).

The iMRI environment also presents a host of challenges which may affect
data quality. First, typical iMRI installations—such as the IMRIS 3-Tesla surgical
suite (Figure 1.11)—are limited to 8-channel, two-piece, flexible receive surface
coils (Figure 1.13) which typically provide inferior signal-to-noise (SNR)

compared to typical 32- or 64-channel research scanner receive coils.
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Figure 1.13: Intraoperative MRI surface coil

Eight-element flexible, surface receive coil affixed to IMRIS-adapted Mayfield
cranial fixation device and surgical table (image used with permission and
courtesy of IMRIS)

In addition, many neurosurgical procedures require a non-supine, non-neutral
head position which, depending on patient body habitus, may result in scanning
away from isocentre, which in turn may affect static field homogeneity or
gradient linearity (Choudhri et al,, 2014a). Non-neutral head positions can make
registration of intraoperatively acquired structural or diffusion images to
preoperative reference images more challenging or impossible; they also can
affect the diffusion-sensitizing gradient direction in diffusion scans, making
directionally-encoded colour (DEC) FA maps more difficulty to interpret (C

Nimsky et al., 2005b).
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1.3 Pediatric traumatic brain injury

1.3.1 Introduction

Trauma is the most common cause of death in children (CDC, 1990).
Among infants (<2 years of age), inflicted head injury is the most common cause
of traumatic death (Duhaime et al., 1992) and a leading etiology of NAT. Inflicted
head injury in infants is associated with 31-45% morbidity and 6-26% mortality
(Duhaime et al., 1998, 1992; Ghahreman et al.,, 2005; Holloway et al.,, 1994;
Jayawant et al., 1998; Kemp et al., 2009; King et al., 2003). Clinical evaluation and
management of infantile TBI should always include consideration of the
possibility of NAT. Infants are more vulnerable to catastrophic injury secondary
to TBI or NAT for a variety of reasons including immature musculoskeletal
structure (e.g., cranial bones remain thin, pliable, and largely unfused at
sutures), increased vulnerability of the developing brain to excitotoxic injury,
relatively large skull to body ratio, more pronounced impact of repeated injury,
and potential for cascading impact of disruption of myelination and arborization
early in life (Figaji, 2017; Sarioglu et al,, 2017). “Shaken-baby syndrome” is one
common type of NAT which is thought to involve an abrupt angular deceleration
force on the cranium when an infant is shaken while held by the trunk, leading to
an impact of the skull on a nearby hard surface (Duhaime et al., 1998). This
syndrome is commonly accompanied by a pattern of injury including subdural

and subarachnoid hematoma, long bone fractures, and retinal hemorrhages.
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Evaluation and management of pediatric TBI is a complex,
multidisciplinary process which will not be described in this thesis. Rather the
remainder of this section will describe the expanding role of neuroimaging—

particularly DWI—in pediatric TBI.

1.3.2 Neuroimaging evaluation

Initial neuroimaging evaluation of pediatric TBI is carried out by
computerized tomography (CT) which rapidly identifies cranial vault fractures,
intracranial bleeding (e.g., epidural, subdural, intraparenchymal, intraventricular
or subarachnoid hemorrhage), intracranial hypertension (i.e, elevated
intracranial pressure), or established infarct. Modern multiplanar CT is fast,
often obviating the need for sedation or anesthesia to facilitate motion-artifact
free scanning, in contrast to MRI scanning, which almost always requires
sedation in this age group. However, one CT scan of the head exposes the patient
to approximately 4 milli-Sieverts, which is equivalent to approximately 200
chest x-rays or a 10-month dose of background irradiation, unlike MRI (Brody et
al., 2007; The Royal College of Radiologists and The Royal College of Paediatrics
and Child Health, 2008). Also, CT imaging has limited utility in accurate
characterization of the extent and pattern of intracranial injury (Kemp et al,,

2009).

MRI, in contrast, particularly when accompanied by DWI, provides

superior characterization of the patterns of injury that commonly accompany
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TBI/NAT, such as focal or diffuse hypoxia/ischemia, intraparenchymal shearing
injury (diffuse axonal injury), subtle post-traumatic cortical injury, or
microhemorrhages (Barnes, 2011; Biousse et al, 2002; Duhaime et al., 1998;
Ichord et al, 2007; Imagawa et al., 2014; Parizel et al., 2005; Vazquez et al,,
2014). For example, a recent meta-analysis of the relative utility of cranial MRI
following CT amongst children with suspected NAT brain injury provided
additional findings in 25% of a total of 367 cases (across 18 included studies),
including subdural hematoma, subarachnoid hemorrhage, ischemia and diffuse
axonal injury, not identified on initial CT (Kemp et al., 2009). Moreover, the
signal of blood products on various T1- and T2-weighted sequences provides
additional information as to the timing of injury and may identify hemorrhages
of different ages. Therefore, these authors suggest that early MRI with DWI be
performed in all cases of pediatric TBI for which potential for NAT exists and in
which either the CT head is abnormal or there are ongoing clinical concerns
(Kemp et al, 2009). Finally, MRI in TBI secondary to NAT is predictive of
subsequent functional outcome in cases found to have intraparenchymal
lesions—however, the relative utility of CT versus MRI was not assessed

(Bonnier et al,, 2003).

1.3.3  Utility of diffusion MRI

The extent of DWI abnormalities in pediatric TBI and suspected NAT
provides the most accurate early estimate of the true extent of microstructural
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injury, which may help to inform ultimate clinical outcome (Ashwal et al.,, 2011;
Elliott et al., 2017; Geddes et al., 2001b; Suh et al,, 2001). DWI can demonstrate
abnormalities within minutes to hours of injury before the diffuse nature of
insult may be visualized on conventional MRI or CT (Suh et al, 2001). For
example, DWI commonly reveals more widespread abnormalities than other
non-DWI MRI sequences or CT alone in 50-89% of cases (Biousse et al., 2002;
Kemp et al, 2009; Suh et al, 2001; Zimmerman et al,, 2007). This finding is
largely based on DWI being sensitive to the presence of cytotoxic edema—a final
common pathway that accompanies a variety of cerebral insults that
compromise cellular membrane ionic balance—unlike T1- and T2-weighted
sequences. Specifically, in cytotoxic edema, there is impaired ATP-dependent
sodium/potassium pump function resulting in a relative increase in the fraction
of intracellular water (due to increased intracellular sodium) characterized by
high signal on DWI with corresponding areas of low signal on ADC (restricted
diffusion; as well as reduced MD) (Ebisu et al, 1993; Hergan et al, 2002;
Schaefer et al.,, 2000). The most familiar clinical scenario in which this occurs is,
of course, ischemic stroke, in which within minutes of arterial occlusion,
restricted diffusion becomes readily apparent and predictive of the infarct core.
However, in the setting of brain injury secondary to NAT, DWI is useful to
identify other non-ischemic causes of restricted diffusion. Zimmerman et al., for
example, described five distinct patterns of altered DWI signal associated in 33
patients with NAT head trauma including (1) diffuse, supratentorial hypoxic

ischemic injury (39%), (2) watershed-type supratentorial ischemia (42%), (3)
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venous infarction (12%), (4) diffuse axonal injury (6%) and (5) contusion (6%)
(Zimmerman et al., 2007). Other patterns of injury have been described in older
patients with subdural hematoma secondary to NAT, such as unilateral white

matter DWI restriction (McKinney et al., 2008).

1.3.4 Pathophysiology of diffusion abnormalities

The observed pattern of diffusion injury has been interpreted to reflect
the presumed pathophysiology of the injury and has been dichotomized as either
(1) hypoxic-ischemic type injury typified by confluent diffusion abnormalities
approximating known vascular territories, or (2) directly traumatic type, which
tends to be more focal in nature (Ichord et al, 2007). Many of the described
mechanisms of injury in head injury secondary to NAT (e.g., transient or
persistent cardiorespiratory compromise, vasospasm adjacent to subarachnoid
hemorrhage, or primary direct injury) fit with this dichotomy, except for
excitotoxic injury secondary to seizures or status epilepticus (Goldstein et al,,
2011; Kemp et al,, 2003; Moritani et al., 2005; Pierce et al., 2002; Zimmerman et

al, 2007).

1.3.5 Prognostic value of diffusion MRI

The extent of early post-injury diffusion MRI abnormalities in head injury

secondary to suspected NAT provides potentially useful information about
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clinical outcome. Suh et al,, for example, found a significant correlation between
the extent of DWI injury (categorized as (1) focal, unilateral; (2) multifocal but
unilateral; (3) multifocal, bilateral but not diffuse or (4) diffuse) in 20 children
with presumed or suspected head injury secondary to NAT with Children’s
Outcome Scale at the time of discharge from hospital (Suh et al., 2001). However,
in this study, long-term functional outcome or follow-up MRI imaging was
unavailable and outcome was assessed at the time of discharge (mean length of
stay was 13 days). It remains unclear how early DWI abnormalities relate to
outcome at more clinically meaningful follow-up intervals in the months and
years after injury. Specifically, the long-term structural and functional
consequences of early DWI abnormalities are poorly understood. In chapter 3 of
this thesis, we attempt to address this question by examining the relationship of
extensive, unilateral white-matter areas of restricted diffusion in infants with

subdural hematomas suspected to be secondary to NAT.

1.4 Temporal Lobe Epilepsy

1.4.1 Introduction

Epilepsy is a highly disabling disease characterized by an enduring
predisposition to recurrent unprovoked seizures thought to affect over 70
million people globally (Ngugi et al., 2010). A seizure is defined as a transient
abnormal excessive or synchronous neuronal discharge accompanied by signs or

symptoms (Fisher et al., 2017, 2014, 2005). Epilepsy is the fourth most common
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neurologic condition accounting for 1% of the global burden of disease (Engel et
al,, 2012; Hirtz et al,, 2007). In the United States alone approximately 3.4 million
people have active epilepsy conveying a total direct and indirect societal cost of
over $15 billion per year (England et al., 2012; Zack and Kobau, 2017). Epilepsy
is associated with increased mortality and morbidity as well as marked
stigmatization (Bandstra et al., 2008; Tedrus et al, 2017). Individuals with
epilepsy, compared to the general population, have higher rates of premature
death secondary to status epilepticus, accidents or sudden unexplained death in
epilepsy (SUDEP) with standardized mortality ratios ranging from 1.6 to 19.8
deaths per 1000 people with epilepsy in high-income countries and low- and -
middle-income countries respectively (Levira et al.,, 2017; Thurman et al., 2017).
In addition, individuals with epilepsy experience substantial morbidity and
decreased quality of life secondary to higher rates of bodily injury, progressive
cognitive impairment, psychiatric illness, and unemployment (Devinsky et al.,

2016).

Approximately 30 - 40% of patients with epilepsy experience ongoing
seizures despite optimized anti-epileptic drug (AED) therapy (Engel, 2016).
Operationally, the International League Against Epilepsy (ILAE) categorizes such
patients as DRE based on failure of adequate trials of two tolerated,
appropriately chosen and used antiepileptic drugs to achieve seizure freedom
(Kwan et al, 2011, 2010; Kwan and Brodie, 2000). Patients with DRE are at
highest risk of epilepsy-related morbidity and mortality (5 -10x higher than

general population) and account for up to 80% of the cost of epilepsy (Engel,
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2016). Of the surgical epilepsies, TLE is the most common, representing
approximately 60% of all focal epilepsies—so named for their origin in one
hemisphere or, as often, in one lobe (Engel, 2001; Fisher et al., 2017). Typical
patients with TLE presents in their third to fourth decade with DRE, classically
following an initial precipitating injury (IPI), early in life, which may include
febrile seizures (FS), birth trauma, TBI or meningitis/encephalitis (Thom et al,,
2009). Patients classically experience seizure onset in the second decade of life
following a seizure-free interval (latency period) followed by a period of
inadequately controlled seizures with mean duration of 22 years (Berg, 2004;
MacRae et al., 2002). The classic semiology (signs and symptoms of seizures) of
TLE is a focal awareness impairing seizure (FAIS) that classically involves a focal
aware seizure (or aura), most commonly an epigastric rising sensation followed
by a blank, motionless stare, oral or manual automatisms (purposeless,
stereotyped and repetitive movements such as lip smacking or picking at things),

or contralateral dystonic posturing (Fisher et al., 2017).

Based on seizure semiology, electroencephalographic findings,
neurocognitive assessment, and MRI findings, TLE can be subdivided into mesial
versus lateral (neocortical) TLE (Engel, 2001). Mesial TLE is the most common
subtype, named for seizures arising from the infero-mesial temporal lobe
structures of the hippocampus, parahippocampal gyrus (PHG), and amygdala.
The most common etiology of mesial TLE is a focal loss of hippocampal neurons
accompanied by gliosis termed hippocampal sclerosis (HS), Ammon’s horn

sclerosis (AHS), or mesial temporal sclerosis (MTS) which accounts for 50 - 60%
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of cases (Bliimcke et al., 2007; Gates and Cruz-rodriguez, 1990; Thom, 2014).
Low grade neoplasms and focal cortical malformations (dysplasia) are two other
common causes of mesial TLE (I Bliimcke, 2009). In approximately 5% of cases
HS will co-occur in the presence of an additional extrahippocampal abnormality
such as a neocortical focal cortical dysplasia (FCD), low grade tumours, vascular

malformations, or gliotic cortex (Blumcke and Spreafico, 2012).

1.4.2 The epileptogenic hippocampus

1.4.2.1 Anatomy and nomenclature

The hippocampal formation is a paired, inferomedially located temporal
lobe structure which consists of both the hippocampus proper (cornu Ammonis)
and the dentate gyrus (Figure 1.14)(Duvernoy et al., 2005). It is an integral part
of the limbic system, a group of structures implicated broadly in declarative
memory and emotion (Duvernoy, 2005). The dominant and non-dominant
hippocampi (relative to laterality of language, i.e.,, dominant, indicating on the
same side of language representation) is thought to be involved with verbal and
figural memory, respectively (Corkin, 1965; Kimura, 1963; Milner, 1971, 1968).
Phylogenetically, the hippocampus and the adjacent PHG are 3-layered
archicortex, with the latter including several cortical parts called the entorhinal
cortex, perirhinal cortex, and posterior parahippocampal cortex (Scharfman et

al, 2000).
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The limbic system, so-named by Paul Broca for its location at the limbus
(Latin for border) of the cerebral hemispheres and the brainstem (Broca, 1878),
consists of both cortical and subcortical components (Figure 1.14). Limbic
cortical areas include the hippocampus and PHG as well as neocortical areas
including the insular, cingulate, orbitofrontal, and subcallosal cortices (Chan et
al., 1997; Rajohan and Mohandas, 2007; Swenson, 2006). Subcortical structures
include the amygdala, hypothalamus, mamillary body septal nuclei, olfactory

bulb, and parts of the thalamus (Swenson, 2006).
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Figure 1.14:The hippocampus and other limbic system components

The hippocampus is a paired inferomedially located temporal lobe structure
shown here in relation to limbic cortical components including the
parahippocampal gyrus and cingulate gyrus as well as subcortical structures
including the amygdala (amygdaloid body), anterior nucleus of the thalamus,
hypothalamus and mamillary body. The mamillary body receives hippocampal
output via the limbic white matter tract, the fornix. Modified and used with
permission from Blausen.com staff 2014 (Blaus, 2014).

The hippocampus is a curved, tubular structure likened to a seahorse or a
ram’s horn (the latter being the basis for which hippocampal subfields—shown
in Figure 1.15; see CA1 - CA4—were named cornu Ammoni) (Duvernoy, 2005).
Microscopically, hippocampal subfield distinctions are made based on
architectonic variations of both cellular morphology and connectivity, according
to the seminal work of Lorente de No (Lorente de No R, 1928) and these
subfields are differently affected in HS. For example, CA1 (so-called Sommer
sector or the vulnerable sector), which is continuous with the subiculum, is the

area most commonly involved in HS while CA3 (so-called Spielmeyer sector or
55



the “resistant sector”) is commonly spared (Sommer, 1980; Spielmeyer, 1927).
The relative relationship of the cornu Ammonis and the dentate gyrus is
preserved along the anterior-posterior extent of the hippocampus, consisting of
two interlocking U-shaped laminae each with distinct cellular composition.
Macroscopically, the hippocampus is divided, along its anterior-posterior extent,
into three subregions: the head, body, and tail. The entire adult human

hippocampus generally spans 4 - 4.5 cm (Duvernoy, 2005).
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Figure 1.15: Hippocampal subfields

Coronal illustration with inset coronal MRI (bottom right) through body of
hippocampus demonstrating the relative position of cornu Ammoni 1 - 4,
dentate gyrus, subiculum and parahippocampal gyrus. Used with permission
from Wikimediacommons under the GNU_Free_Documentation_License.
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Input to the hippocampus arises largely from the entorhinal cortex
(layers II and III) as well as via the fornix from septal, diencephalon, basal
forebrain and commissural fibers from the contralateral hippocampus (Mark et
al,, 1995; Rajohan and Mohandas, 2007). The dentate gyrus, which is made up of
granule cells, receives most of the excitatory input from the entorhinal cortex
passing through the subiculum (termed the perforant pathway). Axons of
granule neurons called mossy fibers (so named by Ramon y Cajal for numerous
varicosities along their length (Cajal S, 1894)) project to CA4/CA3 pyramidal
cells. Thereafter CA3/CA4 axons leave the hippocampus as the alveus, eventually
coalescing as the fimbria of the fornix. In addition, exiting axons from CA3/CA4
may also emit collateral projections back to CA1l as so-called Schaeffer
collaterals. CA1 axons may subsequently project back to the entorhinal cortex,
closing a trisynaptic loop, or go on to enter the alveus and then the fimbria,
accompanied by fibers from CA3/CA4 (as well as by substantial projections from
the subiculum) to provide the main output from the hippocampus (Chan et al,,
1997; Duvernoy, 2005). In addition, there are direct alvear pathway projections
from entorhinal cortex neurons to CA1 pyramidal cells which then either project
via the avleus to the fimbria-fornix or innervate the subiculum, which ultimately
projects back to the deeper layers of the entorhinal cortex (Duvernoy, 2005).
Accumulated axons of the alveus assemble on the ventricular surface of the
hippocampus, forming the crus of the fornix at the level of the splenium of the
corpus callosum, which projects anteriorly as the body then columns of the

fornix innervating the anterior nucleus of the thalamus directly (or indirectly via
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the mammillary bodies, as the mammillothalamic tract). Thalamic output
thereafter innervates either the retrospenial area or the cingulate cortex, and
from the latter the cingulum ultimately projects back to the entorhinal cortex,
completing the circuit of Papez (Figure 1.16)(Nakano, 1998; Oikawa et al,, 2001;

Papez, 1937; Thomas etal., 2011).
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Figure 1.16: The circuit of Papez

The circuit of Papez begins in the subiculum of the hippocampus from which
postcommissural fornix fibers largely project to the mammillary body. The
mamillothalamic tract projects from mammillary bodies to the anterior nucleus
of the thalamus, which in turn projects via the cingulum from the cingulate
cortex to the entorhinal cortex where via either direct (alvear) or perforant
pathway, the circuit concludes back in the subiculum. Modified with permission
from WikimediaCommons (public domain).
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1.4.2.2 Pathology of Hippocampal Sclerosis

Hippocampal sclerosis was first reported in 1825 (Bouchet and
Cazauvieilh, 1825). In 1980, Sommer described the observation of subfield
specific loss of hippocampal pyramidal cells (Sommer, 1980). Although HS may
accompany any epilepsy syndrome, it is the classic and most commonly
identified etiology of mesial TLE, making up 56% of surgical cases (Malmgren
and Thom, 2012; Novy et al., 2013; Thom, 2014). The term HS, or its eponym
Ammon’s horn sclerosis (AHS), specifically refers to focal neuronal loss
restricted to the hippocampus proper (cornus Ammonis); in some cases sclerosis
and neuronal loss occurs extrahippocampally in the adjacent mesial temporal
structures of the amgydala and uncus, in which case, the term “MTS” is more
aptly used (Mitchell et al., 1999). Histopathological characteristics of HS include
segmental hippocampal cell loss, granule cell dispersion within the dentate
gyrus, and reactive gliosis. The classic pattern (MTS type I) of selective subfield
hippocampal pyramidal cell death occurs predominantly in CA1 and to a lesser
extent in CA3 and CA4 (hilar region) with relative sparing of CA2 and dentate
gyrus granule cells (Figure 1.17)(Blumcke, 2009; Thom et al., 2009; Thom et al,,

2010).

59



vl AT Sha

Figure 1.17: Photomicrographs of Nissl stained hippocampal slices

Shown in a normal subject (left) and (right) in a patient with mesial temporal
sclerosis showing marked CA1/3/4 pyramidal cell loss with relative sparing of
CA2 (arrow). Adapted with permission from Chan et al., 1997.

Other less common subtypes of MTS include (1) MTS type 2, characterized by
cell loss restricted to CA1 alone, or (2) MTS type 3 (or end folium sclerosis)
which involves cell loss mostly in the CA4/hilar region (Thom et al., 2010).
Although the atypical subtypes of MTS account for up to only 10% of cases they
may be more difficult to visualize on preoperative imaging and have been
reported to be associated with a worse surgical outcome with seizure-free rates
as low as 25% for MTS type 3 (Blumcke et al., 2007; Thom et al., 2010; Thom et

al., 2002; VanPaesschen et al,, 1997).
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1.4.3  Epilepsy Surgery

1.4.3.1 Historical Aspects

The concept of surgical treatment of medically refractory epilepsy began
in the early 1900s with surgical pioneers including Victor Horsley, Fedor Krause
and Harvey Cushing; each who independently carried out successful focal brain
resections while avoiding eloquent regions identified by mapping using direct
cortical stimulation (Feindel et al., 2009). Subsequently in 1928, Wilder Penfield
carried out the first staged, anterior temporal lobectomy (ATL) for drug-
resistant post-traumatic TLE (Feindel, 1991). Over the next two decades,
Herbert Jasper and Penfield were largely responsible for a shift in focus to the
role of mesial temporal structures in epileptogenesis, the iterative development
of the ability to record intraoperatively from these regions, and the surgical
technique required to safely resect this tissue. Penfield and Baldwin published
the first technical description of a subtotal, ATL (or the “Montreal Procedure”) in
1952; this involved inferomesial temporal resection including the amgydala,
uncus, and hippocampus (Feindel et al,, 2009; Preul and Feindel, 1991). The
widespread uptake of this approach and its subsequent modification to include
en bloc resection by Falconer facilitated the discovery of the histopathological
characteristics of mesial TLE (Falconer, 1953). The advent of cross-sectional
imaging such as CT and subsequently MRI allowed accurate detection of
pathologic tissue preoperatively and also ensured satisfactory surgical resection

(Feindel, 1991; Kuzniecky et al., 1987, 1996).
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1.4.3.2 Temporal Lobe Epilepsy Surgery

Ultimately, approximately one third of patients with epilepsy and up to
90% of those with HS will develop DRE and may present for epilepsy surgical
evaluation (Kwan et al,, 2011; Schuele and Liiders, 2008; Semah et al., 1998). In
these cases the surgical treatment has been demonstrated to convey superior
rates of seizure freedom relative to ongoing medical management in well-
designed, randomized, controlled studies (Dwivedi et al., 2017; Engel et al,
2012; Wiebe et al, 2001). In their landmark randomized-controlled trial
involving 80 TLE patients, Wiebe et al., (2001) found significantly higher rates of
freedom from disabling seizures in patients randomized to ATL versus ongoing
maximal medical therapy (58% versus 8%), as well as improved quality of life
scores. Similarly, in the Early Randomized Surgical Epilepsy Trial (ERSET),
patients randomized to ATL and continued AED treatment were found to have a
significantly higher rate of freedom from disabling seizures (73%) compared to
ongoing AED treatment alone (0%) at 2 years follow-up (Engel et al,, 2012). Most
recently, Dwivedi et al. randomized a group of pediatric patients with DRE not
limited to TLE, finding that surgery along with ongoing medical treatment
resulted in substantially higher seizure freedom (77%) at 1 year after surgery
compared with ongoing medical treatment alone (7%). Seizure control after
surgery is commonly categorized using one of two clinical scales, the Engel or
ILAE classification of epilepsy surgery seizure outcome (Table 1.1 and 1.2)

(Durnford et al,, 2011; Engel et al., 1993b; Wieser et al., 2001).
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Table 1.3: Engel classification of postoperative seizure
freedom

Class I: Free of disabling seizures”
A: Completely seizure free since surgery
B. Nondisabling simple partial seizures only since surgery
C. Some disabling seizures after surgery, but free of disabling
seizures for at least 2 vears
D. Generalized convulsions with AED discontinuation only
Class II: Rare disabling seizures (“almost seizure free™)
A, Initially free of disabling seizures but has rare seizures now
B. Rare disabling seizures since surgery
C. More than rare disabling seizures since surgery, but rare
seizures for the last 2 years
D. Nocturnal seizures only
Class III: Worthwhile improvement”
A. Worthwhile seizure reduction
B. Prolonged seizure-free intervals amounting to greater than half
the followed-up period, but not <2 years
Class IV: No worthwhile improvement
A. Significant seizure reduction
B. No appreciable change
C. Seizures worse

“ Excludes early postoperative seizures (first few weeks).

" Determination of “worthwhile improvement™ will require quanti-
tative analysis of additional data such as percentage seizure reduction,
cognitive function, and quality of life.

(Adapted with permission from Engel, 1993).

Table 1.2: ILAE classification of postoperative seizure
freedom

Outcome
classification Definition

Completely seizure free; no auras

Only auras; no other seizures

One to three seizure days per year; + auras

Four seizure days per year to 50% reduction of

baseline seizure days; = auras

5 Less than 50% reduction of baseline seizure days to
100% increase of baseline seizure days; + auras

6 More than 100% increase of baseline seizure days;

+ auras

o o —

(Adapted with permission from Wieder et al., 2001).
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Several surgical approaches exist for the treatment of drug-resistant
mesial TLE. Although it was the traditional en bloc ATL (Falconer and Taylor,
1968; Morris, 1956; Penfield and Baldwin, 1952; Walker, 1967) that was
formally compared to medical management in the above mentioned randomized
controlled trials (Engel et al, 2012; Wiebe et al, 2001), a number of other
available surgical options include lesionectomy, selective
amygdalohippocampectomy (SAH), and the Spencer anteriomesial lobectomy
(Spender et al., 1984). As well, minimally invasive options such as radiosurgery
(Régis et al., 1999) and MRI-guided laser thermal ablation (LaRiviere and Gross,

2016) (Figure 1.18) also exist.
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Anterior temporal lobectomy Amygdalohippocampectomy

Figure 1.18: Anterior temporal lobectomy (ATL) versus selective
amygdalohippocampectomy (SAH)

Diagrammatic representation of the differences in resected tissue (green
shading) between ATL (left column) and SAH via a transcortical approach (right
column). Adapted with permission from (Spencer and Burchiel, 2012).

The en bloc ATL involves resection of anterolateral temporal neocortex (6
- 6.5 cm for the non-dominant hemisphere, 4 - 4.5 cm for the dominant
hemisphere measured from the temporal tip) with mesial resection of the

amygdala and anterior 3 - 4 cm of the hippocampus (Wiebe et al.,, 2001). In

contrast, in SAH, an equivalent mesial temporal resection is performed either via

65



a subtemporal, transsylvian, or transcortical (trans-middle temporal gyrus)
route to spare the lateral temporal neocortex (Niemeyer, 1958; Olivier, 2000;
Wheatley, 2008). Initially developed by Brazilian neurosurgeon Paulo Niemeyer
in 1958, the rationale for this procedure is to achieve equivalent seizure control
with better neuropsychiatric outcomes. Indeed, numerous retrospective studies
have found similar rates of postoperative seizure control to ATL (Arruda et al,,
1996; Clusmann et al, 2002; Helmstaedter et al, 2008; Paglioli et al., 2004;
Sindou et al,, 2006; Tanriverdi et al., 2008; Tanriverdi and Olivier, 2007) with
improvement in neurocognitive outcome. Finally, in the Spencer procedure
greater posterior resection of the hippocampus is permitted via an en bloc
anterolateral resection 4.5 cm from the temporal tip, sparing the lateral
temporal neocortex (Spender et al., 1984). Although randomized controlled trial
data comparing these surgical approaches is lacking, there is a meta-analysis of
1200 mesial TLE patients treated in a non-randomized fashion with either ATL
or SAH revealing an 8% higher rate of seizure freedom amongst those who
underwent an ATL (Josephson et al, 2013). Notably, in this study robust
comparison of neuropsychological outcomes was not feasible because of
heterogeneity.

As the postoperative surveillance period is lengthened, rates of seizure
freedom after TLE surgery decline to 47% at 5-years postoperatively and to 41%
at 10 years (McIntosh et al., 2004; Paglioli et al., 2004). Similarly, in another
prospective series with long-term postoperative follow-up of 615 patients (of

whom 497 underwent ATL), rates of freedom from disabling seizures decayed to
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52% at 5 years after surgery, 47% at 10 years and only 37% at 10 years (de Tisi
etal,, 2011). It remains difficult to predict which patients will experience durable
seizure freedom following TLE surgery such that only 28% of patients will have
stopped AED by ten years after surgery (de Tisi et al., 2011). Although certain
factors—such as identifying a lesion on preoperative MRI, the absence of simple
partial seizure within 2 years following surgery, or complete mesial resection on
postoperative MRI—may portend better long-term rates of seizure freedom,
none of these are particularly useful at the individual patient level (de Tisi et al,,

2011; Stefan et al., 2009).

1.4.4 Role of Imaging in TLE

1.4.4.1 Qualitative structural brain imaging in TLE

While MRI is central to epilepsy evaluation in terms of lesion detection
and characterization, it is also critical in surgical cases to define planned
resection areas and to plan invasive recordings (Malmgren and Thom, 2012).
The diagnostic yield of MRI in patients with DRE ranges from 50-80% based on
technical factors (e.g., sequence selection and orientation of acquisition; field
strength; receiver coil characteristics), patient factors (e.g., motion artifact) and
assessor factors (e.g., epilepsy radiologist versus general non-cranial radiologist)
(von Oertzen et al., 2002). On the basis of MRI findings, TLE can be classified as
mesial TLE with HS, lesional TLE (temporal lesions other than HS or HS

associated with additional lesions) or non-lesional (MRI-negative) TLE. Lesional
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TLE may include either solitary temporal lesions other than HS or HS associated
with additional temporal or extratemporal lesions—termed dual pathology—
such as FCD or low-grade tumors, which occur in up to 35% of TLE cases
(Ingmar Bliimcke, 2009). Overall, however, the most common neuropathological
finding in surgical epilepsy series in adults is HS (Ingmar Bliimcke, 2009).
Qualitative visually-detectable abnormalities of HS seen on high quality clinical
MRI include increased hippocampal signal on T2-weighted or FLAIR images (in
80 - 85%), hippocampal volume loss (in 90 - 95%), decreased signal intensity
on Tl-weighted images (in 10 - 95%), and loss of normal hippocampal
architecture (60 - 95%) (Berkovic et al, 1991; Jackson et al., 1993, 1990;
Kuzniecky et al, 1987; Woermann et al, 1998). Based on these findings,
experienced neuroradiologists will identify HS in 80 - 90% of histologically
confirmed cases, although quantitative adjuncts such as hippocampal volumetry,
morphometry or T2-Relaxometry increase this sensitivity to 90-95% (Bronen et
al, 1997; Jack et al,, 1990; Jackson et al, 1993; Koepp & Woermann, 2005;
Woermann et al., 1998). The preoperative identification of HS is one of the most
important predictors of postoperative seizure freedom in many surgical series
(Arruda et al,, 1996; Berkovic et al., 1995; McIntosh et al,, 2001, 2004; Spencer et

al., 2005; Spencer and Huh, 2008).

However, in many cases the epileptogenic zone, as approximated by
surrogate markers including the epileptogenic lesion and symptomatogenic
zone, may extend beyond the mesial temporal lobe or even extratemporally

(Bartolomei et al., 2008; Berkovic et al., 1995; Kahane and Bartolomei, 2010;
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Ozkara and Aronica, 2012; Wieser, 2004). Structural and functional
abnormalities in TLE, therefore, are best conceptualized to fall along a spectrum
ranging from focal-mesial temporal lobe subtype to a network extending beyond
the temporal lobe (so-called temporal plus subtype) (Kahane and Bartolomei,
2010). Mounting evidence indicates that the spatial extent of the TLE
epileptogenic network relates to the duration of a patient’s epilepsy, implying
that the disease is progressive and that early, successful resective surgery may

halt this process (Bartolomei et al., 2008).

1.4.4.2 Quantitative structural brain imaging in TLE

Advanced imaging techniques and a variety of post-processing tools have
not only improved the sensitivity of MRI-based diagnosis of epileptogenic lesions
but have also revealed further evidence of brain-wide structural abnormalities,
in TLE, that may extend beyond the hippocampus and temporal lobe—extending
even into the contralateral hemisphere. Quantitative MRI analysis tools,
including hippocampal volumetry, T2-relaxometry, magnetic resonance
spectroscopy (MRS), DTI, and VBM may improve preoperative identification of

epileptogenic lesions as well as of diffuse structural abnormalities in TLE.

14421 Volumetry
Hippocampal volumetry (as used in chapters 3 and 4) is a quantitative

technique wherein hippocampal tissue is segmented or traced on contiguous T1-
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weighted MR images acquired perpendicular to the long axis of the hippocampus
or along the AC-PC line (Cendes et al., 1993a; Cook et al., 1992; Jack et al., 1990b;
Watson et al,, 1997). The basic principles of manual volumetry are covered in
detail above, in section 1.2.2.3.1. Reduced MRI hippocampal volumes have been
demonstrated to correlate with reduced subfield pyramidal cell density (Bronen
et al,, 1989, 1991; Lencz et al,, 1992). Hippocampal volumetry is performed in
either an automated (computed software-based algorithm) or a manual fashion
by a trained observer. Manual hippocampal volumetry is more sensitive than
automated methods, but it is much more time consuming and requires an expert
tracer given the complex anatomy involved (Pardoe et al., 2011). Considerable
variability in manual hippocampal volumetry protocol exists resulting in poor
inter-observer agreement between protocols (Frisoni et al, 2014) although
there is relatively high agreement between rates when using the same protocol

(Malykhin et al., 2007).

Manual hippocampal volumetry has been consistently demonstrated to
be superior to visual identification of the qualitative abnormalities associated
with HS (Cendes et al., 1993a; Coan et al., 2014; Coan and Kobayashi, 2004; Jack
et al,, 1990b), particularly in cases of bilateral HS, mild unilateral disease, or in
cases where no detectable atrophy is apparent (Jackson et al., 1994). A direct
comparison of hippocampal volumetry to visual analysis showed only slightly
superior sensitivity (76% versus 71%, respectively) for pathological HS (Jack et
al., 1990b); however, there was a significant relationship between volume loss of

the operated hippocampus and postoperative seizure freedom (Jack et al., 1992).
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In blinded manual volumetry for TLE, the superiority of manual hippocampal
volumetry to visual assessment was even clearer (sensitivity 92% versus 56%,
respectively) (Cendes et al, 1993b). In a recent assessment of 203 patients
clinically diagnosed with mesial TLE and having undergone 3-Tesla MRI
scanning, visual analysis identified 125 (62%) as having radiographic signs of
HS. The automated FreeSurfer hippocampal volumetry agreed in 95% of the
cases; however, it mistakenly identified an additional 10 (13%) as having HS
when in fact they were visually judged to be normal (Coan et al., 2014). When
combined with T2-relaxometry analysis, automated analysis resulted in an
increase in detection of HS by 28%, which was corroborated by
histopathological analysis in all but one of the patients who went on to have TLE

resective surgery.

Volumetric abnormalities in mesial TLE are not limited to the mesial
temporal structures ipsilateral to the seizure focus. The concept of TLE as a
brain-wide disease emerged in Margerison and Corsellis’s neuropathological
autopsy study (1966) in which they systematically examined and identified
abnormalities in extrahippocampal structures such as the thalamus, cerebellum,
and cerebral cortex in patients with TLE (Margerison and Corsellis, 1966).
Subsequent analysis of structural MRI data using automated techniques
(introduced above, section 1.2.2.3.2) have largely supported this idea. Volume
loss in patients with mesial TLE is consistently reported to be most severe in the
ipsilateral (adjacent) extrahippocampal structures including the amygdala,

temporopolar, parahippocampal, and lateral temporal cortices (Bernasconi,
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2003; Bernasconi et al., 2004, 2003; Bernhardt et al., 2010; Cendes et al., 19933;
Kalviainen et al,, 1997; Keller and Roberts, 2008; Lee et al., 1998; Salmenpera et
al,, 2001; Sankar et al., 2008)(Figure1.19). Left-sided TLE with HS typically has a
more pronounced, bilateral pattern of atrophy as well as more severe
neuropsychological deficits compared to right-sided TLE (Ahmadi et al., 2009;
Bernhardt et al., 2008; Bonilha et al.,, 2007, 2004b; S S Keller et al., 2002; S. S.
Keller et al., 2012; Simon S. Keller et al., 2002; Keller and Roberts, 2008;
Kemmotsu et al.,, 2011; Riederer et al., 2008). Entorhinal cortex atrophy often
accompanies mesial TLE—with or without HS—correctly lateralizing the seizure
focus in cases of mesial TLE without HS in 64% of cases and being largely absent
in cases of extratemporal epilepsy (Bernasconi et al.,, 2003, 2001). Mesial TLE is
consistently accompanied by lateral temporal and frontal lobe decreases in
cortical thickness irrespective of the presence of HS; however, mesiotemporal
volume loss is considerably more severe amongst patients with HS (Bernhardt et

al, 2010).

Contralateral atrophy has also been demonstrated in unilateral HS
(Figure 1.19) involving the contralateral temporal pole, hippocampus, and PHG
as well as global temporal atrophy (Araudjo et al, 2006; Lee et al, 1998).
However, hippocampal atrophy contralateral to the epileptogenic focus may be
less common than once thought, as a recent review of VBM analyses found it to
be present in only 17% of reports (Keller and Roberts, 2008). This may, in part,
be due to some studies including and analysing patients with both left and right

HS together. For instance, Bernasconi and colleagues found that bilateral
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hippocampal head and entorhinal cortex atrophy was present only in left-sided
mesial TLE (Bernasconi, 2003; Bernasconi et al., 2003). In addition, areas of
bilateral extratemporal GM loss in mesial TLE include frontal and prefrontal
cortices (DeCarli et al., 1998; Keller et al., 2009) and the cerebellum (Lawson et
al., 2000; Sandok et al., 2000). Atrophy is worse ipsilateral to the epileptogenic
area and is usually more diffuse in left-sided mesial TLE. Bilateral atrophy in the
dorsal prefrontal cortex in these cases correlates with impaired performance on
tests of executive function (Keller et al.,, 2009; S S Keller et al., 2002; Simon S.

Keller et al., 2002; Keller and Roberts, 2008).

These diffuse cortical changes are accompanied by bilateral subcortical
atrophy of the thalamus, globus pallidus, and mammillary bodies (Figure
1.19)(Alex et al,, 1995; G Gong et al,, 2008; Keller and Roberts, 2008; Kim et al.,
1995; Nagasaka et al., 2002; Natsume et al., 2003; Scanlon et al., 2013). Thalamic
atrophy is most pronounced ipsilateral to the epileptogenic focus and correlates
with the duration of epilepsy (G Gong et al, 2008; Nagasaka et al, 2002;
Natsume et al, 2003; Scanlon et al, 2013). Similar to findings in entorhinal
cortex, thalamic atrophy may help with clinical lateralization of epilepsy by
including patients with mesial TLE but normal hippocampal volumes

(Bernasconi et al,, 2001; Natsume et al., 2003).
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Figure 1.19: Distribution of structural volume loss in TLE

Brain regions in TLE patients found to have significantly reduced volume
relative to healthy controls. Ipsilateral (left) and contralateral (right) are relative
to the epileptogenic focus. Adapted with permission from Keller and Roberts,
2008.

There is mounting evidence that hippocampal, extrahippocampal
temporal, and even extratemporal volume loss may represent an ongoing and
progressive pattern of injury correlating significantly with duration and severity
of seizures, further emphasizing the need for definitive surgical intervention in
drug resistant TLE (Bernasconi et al., 2005; Caciagli et al., 2017). Moreover, the
extent of preoperative temporal and extratemporal volume loss may relate to
ongoing seizures following TLE surgery. For example, in a VBM analysis of
preoperative imaging in patients who underwent TLE surgery, those with
refractory post-operative seizures were found to have more pronounced and

widespread gray matter atrophy in the temporal and extratemporal regions,
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bilaterally (Keller et al., 2007). In a similar study following TLE surgery, Yasuda
et al. found the surgical failure group to have significantly more preoperative
gray matter atrophy in bilateral temporal lobes as well as extratemporal atrophy
in the thalamus, caudate, and insula; and in frontal, occipital, and parietal lobes
(Yasuda et al., 2010). Although atrophy was more extensive in the temporal lobe
ipsilateral to the epileptogenic focus, the finding of extratemporal as well as
bilateral areas of gray matter atrophy was thought to be at least partially
responsible for continued epileptogenesis. Preoperative contralateral entorhinal
cortical atrophy (Bernhardt et al.,, 2013) as well as ipsilateral posterior medial
temporal and contralateral medial temporal atrophy (Keller et al., 2007) in
patients with mesial TLE have also been identified to correlate with worse post-
surgical epilepsy outcomes. Other studies, however, find no relation between
preoperative extrahippocampal (Urbach et al., 2005) or extratemporal (Gross et
al, 2006) atrophy and worse surgical outcomes. Thus it remains unclear
whether these extratemporal or contralateral hippocampal abnormalities are
predictive of refractory seizures following temporal resection or are simply
collateral damage (Arfanakis et al.,, 2002; Cendes et al., 1997; Gross et al.,, 2006;

Seidenberg et al.,, 2005).

14422 T2 Relaxometry

MRI relaxometry is the measurement of relaxation times (T1, T2, T2*) on
appropriate MRI sequences. T2 relaxometry, specifically, is a quantitative
technique whereby the signal intensity on T2-weighted images can be measured

in an ROI (Berkovic et al,, 1991; Jackson et al., 1993, 1990). T2 relaxometry may
75



improve detection of hippocampal abnormalities, including cases of mild
unilateral HS, bilateral HS, mesial TLE but no hippocampal volume loss
(Bernasconi et al., 2000; Sato et al., 2016), and neocortical abnormalities (Rugg-
Gunn et al., 2005). For example, drug resistant TLE patients with HS will show
marked increases (>10 ms) in hippocampal T2 relaxation times relative to
healthy controls, ipsilateral to the seizure focus (Jackson et al., 1993; Namer et
al, 1998; Van Paesschen et al.,, 2001; Woermann et al.,, 1998). T2-relaxometry
may also be elevated (albeit to a lesser degree) and can assist in preoperative
lateralization of the seizure focus amongst drug resistant TLE patients with

normal MRI (i.e., no HS) (Bernasconi et al., 2000).

1.44.2.3 Magnetic resonance spectroscopy

MR spectroscopy allows in vivo measurement of the chemical
composition of an ROI in terms of the presence and concentration of metabolites
(Duncan, 1996). Proton MRS studies in TLE, for example, reveal reduction in the
metabolite N-acetylaspartate (NAA) relative to creatine (Cr) in one or both
temporal lobes, which is thought to relate to neuronal loss or mitochondrial
injury (Cendes et al,, 1997, 1994; Hugg et al., 1993). Although the current clinical
utility of MRS in lateralization of TLE is limited, it may have potential as a
biomarker that relates to multi-focal epileptogenesis in patients who fail to
respond to resective surgery or as a marker of postoperative recovery of NAA
level when seizures control is achieved with an ATL (Cendes et al., 2002, 1997;

Hugg et al., 1996; Serles et al,, 2001).
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1.44.2.4 Diffusion tensor imaging

DTI is a quantitative imaging technique that can mathematically model
characteristics of diffusion in each voxel of diffusion data as a tensor and can
provide information regarding tissue microarchitecture (Winston, 2012). The
basic principles of diffusion MRI are discussed above (section 1.2.3). Although
DTI analysis is most commonly used to provide information about white matter
tract integrity, so too can it provide information about gray matter structures,
such as the hippocampus (Fellgiebel et al., 2004; Forster et al., 2012; Hong et al,,
2010; Miiller et al., 2005; Ostojic et al., 2015; Pereira et al., 2014; Pfeuty et al,,
2011; Sagi et al., 2012). To date, hippocampal DTI in TLE has been performed
using an ROI type approach drawn on non-anatomical diffusion images (Assaf et
al., 2003; Bernhardt et al., 2016; Ercan et al,, 2016; Hugg et al., 1999; Pereira et
al, 2006; Salmenpera et al., 2006). Characteristically, these reports find that
hippocampal DTI in TLE is associated with elevated mean MD and reduced FA
ipsilateral to the seizure focus and may assist in clinical disease lateralization in
preoperative evaluation. The hippocampus contralateral to the seizure focus
may have diffusion properties similar to healthy controls (Assaf et al., 2003;
Diizel et al., 2004; Ercan et al.,, 2016; Hugg et al., 1999; Kantarci et al., 2002; U. C.
Wieshmann et al,, 1999), or it may be abnormal with isolated decrease in FA
(Ercan et al., 2016; Kimiwada et al., 2006; Liacu et al., 2010) or MD (Londono et
al, 2003; Thivard et al., 2005). However, hippocampal DTI measures provide
microstructural data that is complementary to volumetry data without clear

correlation between the degree of diffusion data abnormality (relative to healthy
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controls) and either the severity of hippocampal atrophy (Diizel et al., 2004;
Londono et al,, 2003; U. Wieshmann et al., 1999) or duration of disease (Thivard
et al., 2005). Diffusion abnormalities of the contralateral hippocampus may be
partially reversible following TLE surgery (e.g., recovery of depressed
hippocampal MD) which may correlate with postoperative improvement in some
measures of verbal and non-verbal (i.e., hippocampally-mediated) memory

(Pfeuty et al., 2011; Thivard et al., 2007, 2005).

The variability of hippocampal diffusion data in TLE may be, in part, a
result of sampling errors when an ROI approach is applied on non-anatomical
(i.e.,, poor spatial resolution) raw diffusion images to interrogate a variable
portion of the hippocampus with variable placement along the anterior-
posterior axis of the structure. Given the complexities of hippocampal anatomy,
described above, inaccuracies of ROI placement may be a key source of sampling
error. For example, Assaf et al. report a 4 x 8 mm ROI drawn on diffusion images
amongst 12 non-lesional TLE patients while Hugg et al. elected to measure DTI
on a single coronal slice which also included the amygdala (Assaf et al., 2003;
Hugg et al., 1999). Moreover, hippocampal diffusion has been shown to vary
significantly along the anterior-posterior axis (Elliott et al., 2018; Hong et al,,
2010). In chapter 3 of this thesis, we present a means to measure hippocampal
DTI using an ROI that encompasses the whole hippocampus created using

manual hippocampal tracings, which mitigates some of these technical concerns.
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DTI has also been used to demonstrate diffuse, brain-wide white matter
abnormalities in TLE which vary slightly based on the presence or absence of HS
and the side of the seizure focus. For example, patients with TLE and HS have
been reported to have reduced FA in the fornix (bilaterally), cingulum, external
capsule, corpus callosum, temporal lobe white matter, arcuate fasciculus, and
uncinate fasciculus (Arfanakis et al., 2002; Concha et al., 2009, 2005a; Focke et
al,, 2008; Gross et al., 2006; Kim et al,, 2008; Lin et al., 2008; Nilsson et al., 2008;
Thivard et al., 2005). Notably, reported white matter tract abnormalities vary
from study to study and amongst TLE patients without HS are generally reported
to be less severe (Concha et al, 2009). The distribution and extent of white
matter DTI abnormalities may also differ depending on the side of HS, with left-
sided lesions typically associated with greater extrahippocampal and
extratemporal abnormalities (Focke et al,, 2008; S. Keller et al., 2012). Moreover,
bilateral white matter changes in the temporal lobe white matter, thalamus,
putamen, and corpus callosum are accompanied by corresponding reductions in

volume (albeit only in patients with left-sided HS)(S. S. Keller et al., 2012).

1.5 Intraoperative DTI in Cranial Neurosurgery

1.5.1 Introduction

The concept of maximal safe surgical removal underlies the neurosurgical
treatment for a wide variety of cranial pathologies originating from within the

brain itself (so-called intraaxial lesions). This requires a delicate balance between
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removing the greatest amount of target tissue possible while minimizing damage
to adjacent functional tissue. Clinical assessment of the former—also called
extent of resection (EOR)—may be defined radiographically (e.g., T1l- or T2-
abnormality in the case of low-grade gliomas, LGG) or conceptually (e.g.,
epileptogenic zone in the case of DRE). In many cases, achieving a gross total
resection (GTR) does not necessarily imply that the pathological tissue is
completely removed; for example, in high-grade glioma (HGG), tumour cells are
known to invade well beyond the borders of the lesion on imaging, or in FCD,
neuronal migrational abnormalities may extend broadly. Interestingly, the
concept of minimizing damage to perilesional functional brain tissue depends
largely on how one defines “functional brain”. One possible way to define
functional brain tissue would be based on the extent of clear radiographic
abnormality such that all normal appearing perilesional tissue would be
presumed to be functional and endeavored to be preserved. Alternatively, one
might define functional brain as “eloquent cortex,” or tissue which has a “readily
identifiable neurological function and, if injured, [may] result in a disabling

neurological deficit.” (p. 477.) (Spetzler and Martin, 1986)

Intraoperatively, functional brain tissue can be assessed using direct
electrical stimulation (DES) either to produce a stereotypical motor response or
to interrupt the conscious performance of a higher-order task during awake
craniotomy. In the former, the DES current required to elicit a motor evoked
potential (MEP) recorded from an intramuscular electrode can be used as a

surrogate marker of proximity to primary motor cortices or corticospinal tract
80



(CSpT). In the latter, DES-related interruption of language tasks such as naming
pictures of common objects or spontaneous speech can provide information
regarding the proximity of the stimulation site to cortical or subcortical
structures involved in these tasks. Electrophysiological monitoring, although it is
the gold standard for defining and preserving eloquent tissue, is not without
limitations and cannot be applied wuniversally. For example, while
electrophysiological monitoring of motor or sensory systems is possible under
general anesthesia, it requires expert neurophysiological interpretation and can
be limited by stimulation-provoked seizures. By contrast, electrophysiological
monitoring of language-related tasks is considerably more complex to interpret
and requires the patient to be awake during surgery such that various
components of language (e.g., productive speech or naming) can be assessed
often using the intraoperative presentation of visual stimuli. However, there are
several potential patient factors, such as claustrophobia, pediatric or geriatric
patients, intraoperative patient fatigue, sensory limitations (e.g., poor hearing),
low pain tolerance, the presence of lesion-related symptoms such as altered level
of consciousness or preexisting motor impairment, and medical factors, such as
anesthesia concerns that limit the broad application of this technique. Moreover,
electrophysiological monitoring paradigms are not described for all eloquent
regions of the brain, and institutional experience is highly variable. Preoperative
localization of perilesional areas of functional importance is also possible using
MRI techniques such as DTI (see section 1.2.3) to create white matter tract

reconstructions or functional MRI (fMRI) statistical maps of brain function

81



secondary to increases in regional blood flow. Regardless of how surgical targets
or functional limits are defined, the more formidable challenge is to translate

these definitions into the intraoperative environment.

1.5.2  Neuronavigation

Modern cranial neurosurgical intraoperative identification of target and
non-target tissue relies heavily on frameless stereotaxy or “neuronavigation,”
which allows the real-time visualization of the tip of a pointer or navigated
instrument on a reference cross-sectional imaging data set (most commonly an
MRI dataset)(Roberts et al., 1986). Stereotaxy (from the Greek word stereo
meaning “solid” (thus three dimensional) and taxis meaning “touch”) is the
concept that relates any intracerebral point to signed distances from three
mutually orthogonal planes (Cartesian coordinate system) when touched by an
intracranial probe contacting a rigid extracranial frame mounted to the
calvarium (Gildenberg, 1997). In the most commonly used form of
neuronavigation, called optical neuronavigation, a cranial surface (‘skin’) model
generated from a preoperative T1-weighted image is registered in three-
dimensional space to the unique contours of sincipital and nasal anatomy or to
the unique position of fiducial skin references (placed prior to preoperative
scan) traced or touched by a navigational probe with known tip geometry
relative to four infrared-reflective spheres (Figure 1.20). Thereafter, once the
relationship between craniofacial contours and the model of these contours is
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established and because the calvarium is rigidly affixed to the surgical table
using a skull clamp, to which in turn a navigation reference arm is attached, the
reference arm when visualized will have a known localization in this registered
space as the arm itself is tracked by four additional reflective spheres. In other
words, patient space is linked to image space through the process of registration,
whereby the rigid geometrical transformation that is required to achieve this
link is determined (Fitzpatrick, 2010; Mert et al, 2013). Accuracy of such
neuronavigational systems has been shown to range from 0.9 to 3.2 millimeters
when compared intraoperatively to anatomical landmarks (Mascott, 2005;

Wolfsberger et al., 2002).

Figure 1.20: Neuronavigation components

(A) Medtronic neuronavigational components including base station (far left)
with infrared emitter and detector “eyes”, and surgeon’s monitor (larger screen,
right). (B) Navigational reference arm affixed to Mayfield cranial fixation device
topped with four reflective spheres and navigational probe (held in gloved hand)
with known geometry and localized in navigational reference space with four
additional reflective spheres. Panel A adapted with permission from Springer:
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The history, current status, and future of StealthStation treatment guidance
system by R. Bucholz and L. McDurmont (2009)(Bucholz and McDurmont, 2009).
Panel B adapted with permission from Elsevier: Brain shift in neuronavigation of
brain tumors: a review by Gerald, I] et al., 2017(Gerard et al., 2017).

Once registration is established, neuronavigation provides real time
spatial location of the navigational probe or any navigated instrument such as a
suction catheter or ultrasonic aspirator relative to the navigation reference arm-
skull clamp-patient head construct, and relative to intracranial target tissue
superimposed on anatomical MRI images (Figure 1.21). Neuronavigation use in
clinical neurosurgery is commonplace, particularly so for intraaxial lesions, and is
used at all stages of the operation including preoperative planning (i.e., skin
incision, determining craniotomy location and size) as well as iteratively during
the operation itself (i.e., prior to opening dura or performing corticectomy, and
during and after target lesion removal). In circumstances where the target tissue
is difficult to distinguish from non-target tissue intraoperatively by texture or
appearance—as may commonly be the case in MRI-negative resections for DRE
or in some diffusely infiltrating, low grade gliomas—neuronavigation also helps
to define the limits of resection. In many cases, input data from different MRI
sequences or even imaging modalities may be combined (or “merged”) in
neuronavigational systems in reference space (commonly defined with a T1-
weighted MRI). For example, in a calcified LGG, the reference exam might be a T1-
weighted image with both brain and forehead/nasal coverage merged with a T2-

weighted image to better define the intended EOR.
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Figure 1.21: Neuronavigational surgical display

Surgeon’s neuronavigational monitor displaying the position of probe (purple
wand, bottom right panel) and tip (red dot, posteromedial to lesion on axial slice,
bottom left panel) superimposed on non-enhancing left frontotemporal glioma
(T1-weighted image) and transiting tracts (corticospinal, blue; inferior
frontooccipital fasciculus, green; superior longitudinal fasciculus, orange).
Images generated with i7 StealthStation manufactured by Medtronic and used
with permission.

1.5.3 DTl in neurosurgery: preoperative mapping

A wide variety of other spatial data may be integrated into
neuronavigational systems following registration to anatomical reference space,
including cortical surface maps, vessel reconstructions, DTI-based tract models,
fMRI-based statistical maps, or perfusion weighted images (Mert et al., 2013;
Salama et al, 2017). In current neurosurgical practice, white matter
reconstructions are commonly obtained using deterministic FACT methods, user

selected ROIs and the diffusion tensor model (introduced above, section 1.2.3) on
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preoperatively acquired diffusion data. Fiber reconstructions or DEC maps may
either be interpreted offline or following merging into anatomical reference
space—a practice first described in 2001 (Coenen et al., 2001)—providing a
glimpse into true white matter tract morphology, which is not readily apparent
on standard anatomical MR images. DTI-based tract reconstructions may help
confirm the location of tracts relative to target tissue or suspected anatomical
structures (e.g., central sulcus), may inform preoperative risk stratification and
patient counseling, and may guide intraoperative direct electrophysiological
mapping (Hendler et al., 2003; Mori et al,, 2002). The anatomic accuracy of DTI
tractography-based track reconstructions can be indexed, in the case of the CSpT,
by relating the required current (in milliamperes, mA) applied via direct cortical
or subcortical stimulation to elicit a stereotyped peripheral motor response
(Kamada et al., 2007, 2005; Zhu et al, 2012). For example, Zhu et al., 2012,
interrogated the accuracy of CSpT tractography using DES, identifying a
significantly greater distance to modelled tract location for subcortical
stimulation sites that did not elicit a motor response (negative sites) versus those
that did (positive sites; 12.4 + 2.9 versus 5.2 * 2.2, mean * SD, respectively).
Moreover, the concordance between DTI corticospinal models and stimulation
sites was high with reported sensitivity of 92.6% and specificity of 93.2% (Zhu et
al, 2012). Bello et al. (2008) identified a similarly high correspondence between
DTI-tractography (not limited to the CSpT obtained at 3-Tesla) and DES sites with
reported sensitivities for CSpT of 95% and for language tracts of 97% (Bello et al,,

2008).
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The utility of DTI-tractography was formally evaluated in a randomized-
controlled trial by Wu et al,, (2007) for patients with cerebral gliomas who
underwent microsurgical resection using neuronavigation either with merging of
DTI-based CSpT reconstructions (n = 118) or without (n = 120). Interestingly,
although no difference in EOR was identified overall (or when stratified by LGG
and HGG), DTI-based neuronavigation was found to significantly reduce the
occurrence of postoperative motor deficits, to improve the 6-month Karnofsky
Performance Scale as well as to increase the overall survival of HGG patients (Wu
et al, 2007). By contrast, other large (n = 190) non-randomized series have
demonstrated significant improvements in EOR in LGG in favor of DTI when
combined with overlay of functional MRI and intraoperative stimulation versus
intraoperative-stimulation resections alone (EOR 90% versus 77%, respectively)

(lus etal., 2012).

1.5.4  Surgically-induced brain deformation

A major problem with neuronavigational data based on preoperatively
acquired images is that the correspondence between intracranial and
extracranial anatomy (the latter, of course, upon which neuronavigational
registration is established) deteriorates once the skull is opened due to
surgically-induced brain deformation (“brain shift”), which may significantly
decrease navigational accuracy. Although brain shift has long been appreciated
in intraaxial cranial neurosurgery (Dorward et al, 1998; Nauta and Bonnen,
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1998), it was not objectively quantified until widespread adoption of
neuronavigation (Nabavi et al, 2001). It was not until the advent of
intraoperative MRI—initially as low-field (<0.5-Tesla) (Black et al., 1997) and
subsequently as high-field systems (1.5-Tesla or greater)(Sutherland et al,
1999)—which allowed intraoperative anatomical MRI with sufficient soft tissue
detail to be acquired that the complexity and extent of brain shift was fully
realized (Dorward et al., 1998; Hartkens et al., 2003; Hill et al., 1998; Jacobsohn
and Roberts, 1999; Maurer et al, 1998; Nabavi et al, 2001). Initial
neuronavigational studies identified inward shift (“sinking”) in glioma patients
undergoing resection with more than one-third having marked shifts of greater
than 1 cm (Dorward et al., 1998; Hill et al., 1998). By contrast, subsequent iMRI-
based studies where patients were scanned at a variety of stages during
surgery—for example (as categorized by Nabavi et al, (2001)), immediately
after dural opening, after resection, and finally after dural closure but prior to
closure of skull cap and skin—revealed a more complicated picture of brain shift
as a continuous, unpredictable, bidirectional process that occurs diffusely
throughout the entire brain (Maesawa et al., 2010; Nabavi et al,, 2001; C Nimsky

et al., 2005a).

[t is relevant to note that a variety of other non-iMRI-based methods have
also been applied to compensate for brain shift including intraoperative
ultrasound (Reid, 1978), computed tomography (Shalit et al., 1979), or optical

brain surface scanning (Roberts et al, 1999). These so-called sparse-data
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solutions, which have inherent limitations in surgical field coverage, resolution,

and soft tissue contrast, are beyond the scope of this thesis.

1.5.5  Current utility of intraoperative MRI

Intraoperative MRI (iMRI) neurosurgical theatres allow acquisition of
updated anatomical MR images which when merged with neuronavigational
reference images account for brain shift by updating the intraoperative position
of target tissue relative to adjacent non-target tissue. Although several
configurations exist, high-field applications (e.g., IMRIS 3-Tesla iMRI surgical
suite similar to the Dan and Bunny Widney 3-Tesla Intraoperative Surgical Suite
at the University of Alberta Hospital, Figure 1.11) seamlessly move the magnet in
and out of the operating theatre on ceiling-mounted rails to mate with a
specifically designed surgical table and head clamp to scan the patient in surgical

position while covered by a sterile drape (Sutherland et al., 1999).

Overall iMRI has been found to enhance EOR in enhancing (Hatiboglu et al.,
2009; Napolitano et al., 2014; Senft et al., 2011) and non-enhancing gliomas
(Coburger et al,, 2016; Mohammadi et al., 2014; Wu et al.,, 2014), pituitary/skull
base lesions (Coburger et al, 2014; Sylvester et al, 2015), pediatric lesions
(Choudhri et al., 2014b; Shah et al,, 2012) and DRE (Nowell et al,, 2017). For
example, Senft et al. (2001) studied iMRI utility in contrast enhancing gliomas,
identifying a significant increase in EOR of contrast enhancing tumor tissue

among patients randomized to the iMRI group versus conventional microsurgery
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(96% vs 68%, respectively), which was associated with a significantly longer
progression-free survival (226 days versus 98 days). More recently, in a triple-
blinded study including patients with both LGG and HGG, Wu et al. (2014)
postponed patient randomization until after the treating surgeon was satisfied
with the EOR (using conventional tools alone), at which point patients who were
randomized to further iMRI-interrogation were scanned and reoperated if
residual target tissue was identified and felt to be resectable. In patients with
HGG, randomization to the iMRI group led to further resective efforts in 8/22
(36%) but did not result in a group-wide difference compared to the non-iMRI
group in terms of the rate of GTR (91% versus 73%, respectively). By contrast, in
patients with LGG, randomization to the iMRI group led to further resective
efforts in 9/22 (41%), which did increase the rate of GTR compared to the non-

iMRI group (82% versus 43%, respectively).

1.5.6 Intraoperative DTI in cranial neurosurgery

Given the benefit of DTI and iMRI in achieving more complete intraaxial
resections, and faced with the complex and unpredictable nature of brain shift, a
logical next step would be to extend iMRI acquisitions to include DTI (hereafter
iDTI). A major technological barrier which currently limits iDTI acquisition,
particularly in 3-Tesla iMRI units, is the image degradation encountered due to
susceptibility artifact (Potgieser et al, 2014). For example, current iDTI
acquisition strategies at high-field employing standard single-shot echo-planar
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imaging are rendered unusable for DTI-tractography due to susceptibility
artifact in 36% of cases (Ostry et al,, 2013). Moreover, in most published iDTI
reports tract reconstructions are largely limited to the CSpT. Susceptibility
artifact describes image degradation because of spatial mismapping of the MR
signal and signal loss occurring as the result of local inhomogeneities in the
static magnetic field caused by diamagnetic, paramagnetic or ferromagnetic
materials which accelerate spin dephasing (Elster, 2015). Susceptibility artifact
is particularly problematic at tissue boundaries such as air-tissue interfaces
which occur at baseline (prior to any surgical intervention) in the orbitofrontal
cortex and anterior temporal poles due to proximity to the frontal and paranasal
air sinuses. This spatial distortion of the MR signal can significantly impact tract
reconstructions such that modeled tracts terminate in different sulci entirely
(Jones and Cercignani, 2010). For example, Treiber et al. recently identified
preoperative spatial distortions due to susceptibility artifact in 250 patients with
brain tumours which produced spatial inaccuracies ranging from 1.2 - 5.9 mm
(median 2.1mm) (Treiber et al,, 2016). The impact of such artifact within the
iMRI environment as well as when collecting DTI data while the cranium is open

is less clear.

Ostry et al. (2013) investigated single-shot echo-planar iDTI (SS-DTI) in a
3-Tesla iMRI suite in 25 patients with supratentorial intraaxial lesions adjacent
to the CSpT (Ostry et al,, 2013). They interrogated CSpT reconstructions based
on pre- and post-iMRI DTI data using monopolar subcortical DES for motor

mapping by recording the minimal current required to provoke an MEP and
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relating this to the measured distance from this stimulation site to the tract
position. Significant current-distance correlations were identified for both pre-
iMRI (R = 0.47, p <0.001) and post-iMRI (R = 0.34 p < 0.001). However, 9 of 25
(36%) iDTI scans were rated as unusable for tractography due to poor SNR and
image distortion. Moreover, in this work quantitative analyses regarding tract
shift are not provided. By contrast, image degradation due to susceptibility
artifact has not been reported as a significant problem for iDTI at lower field (0.3
- 1.5T), although tractographic analyses in these studies have largely been
limited to the CSpT (Maesawa et al., 2010; Christopher Nimsky et al., 2005;
Ozawa et al,, 2009; Prabhu et al,, 2011; Romano et al,, 2011; Shahar et al,, 2014).
For example, Nimksy et al. (2005) first described intraoperative DTI acquisition
using single-shot echo-planar imaging at 1.5-Tesla during supratentorial glioma
resection in 37 patients (mostly with HGG) and without the use of DES (Nimksy
et al., 2005). Using registered colour FA maps in neuronavigation, they reported
unpredictable and bidirectional shift white matter with maximal shift relative to
preoperative location ranging from -8 to 15 mm (negative indicating inward
shift), although mean tract shift was found to be 2.7 + 6 mm (Nimksy et al,,
2005). More recently, Maesawa et al., performing iDTI at 1.5-Tesla in 28 patients
with pericentral gliomas, described a marked intraoperative CSpT shift ranging
from -23 to +12 mm (Maesawa et al., 2010). In contrast to the findings of Ostry
(2013), Maesawa et al. reported a significant correlation between the distance
from stimulation sites to the modeled intraoperative tract position and

subcortical DES intensity (R = 0.757, p < 0.01), which was not found when using
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CSpT reconstructions obtained from preoperatively acquired data (R = 0.154)
(Maesawa et al., 2010). Subsequent work by Prabhu et al. (2011) confirmed the
finding of a significant correlation between tumor-to-CSpT distance and
subcortical direct electrical stimulus intensity for intraoperative DTI but not
preoperative DTI (Prabhu et al., 2011). They identified similar tumor-to-CSpT
differences in comparing pre- to intra-operative DTI with a mean of 5.4 + 5.4 mm
(range 0 - 18 mm). Shahar et al. identified mean intraoperative tumor-to-CSpT
shift of 2.95 + 4.18 mm (range -8.8 to 19.2 mm); however, they found it to be
significantly greater in enhancing gliomas (mean tract shift 3.93 + 3.64 mm)
versus non-enhancing gliomas (mean tract shift 0.18 + 0.18 mm; p < 0.001)
(Shahar et al, 2014). Other iDTI studies have reported other factors to be
important predictors of subcortical shift, including the presence of peritumoral
vasogenic edema or craniotomy size (Romano et al, 2011) or entry into the

ventricular system during surgery (Nimsky et al., 2000).

1.5.7 Readout-segmented iDTI in 3-Tesla iMRI

Intraoperative 3-Tesla MRI generally provides superior image quality
with higher SNR and more rapid acquisition and permits higher resolution
imaging compared to lower field (0.3 - 1.5-Tesla) iMRI systems (Ginat et al,
2014; Jissendi et al., 2008; Vargas et al., 2009). However, these advantages may
be offset by image degradation due to artifacts which are more pronounced at
higher field strength, especially susceptibility artifact. Image degradation due to
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susceptibility artifact is particularly problematic for sequences such as
conventional DTI employing a single-shot echo-planar imaging (SS-DTI)(Elster,
2015; Vargas et al,, 2009) and currently presents a technical limitation for open
cranial, 3-Tesla iDTI as discussed above (section 1.5.6). In SS-DTI, data from an
entire slice is rapidly acquired in a ‘single-shot’ (TR, approximately 100ms)
following a 90° RF and 180° refocusing pulse by applying an oscillating readout
gradient along the frequency-encode axis (x-axis) accompanied by a brief
orthogonal phase-encoding gradient (y-axis) filling k-space line by line (Cohen-
Adad, 2012). Although this method allows fast whole brain DTI, minimizing
motion-related artifact, it results in geometric distortions owing to susceptibility
artifact. This geometric distortion is more pronounced at tissue boundaries (e.g.,
air-tissue, calvaria-muscle) where differences in susceptibility result in local Bo-
inhomogeneities that cause accelerated spin dephasing and the accumulation of
phase-encoding errors in the phase-encode direction (Cohen-Adad, 2012; Elster,
2015). In addition, the prolonged TE of SS-DTI results in T2*-blurring
(compounded in areas of local Bo-inhomogeneity) and decreased signal
amplitude in white matter which has T2 of approximately 70 ms at 3-Tesla

(Cohen-Adad, 2012; Porter and Heidemann, 2009).

These SS-DTI problems can be mitigated by minimizing sampling time
either by decreasing echo spacing, increasing receiver bandwidth or using
parallel imaging techniques (Porter and Heidemann, 2009). Alternatively, in so-
called Readout-Segmented DTI (RS-DTI), sampling time can be abbreviated at the

cost of longer imaging time by limiting the portion of k-space filled in the readout
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direction (with full coverage in the phase encoding direction) for each of a
number of shots which when combined provide complete slice coverage (Frost et
al, 2012; Porter and Heidemann, 2009; Robson et al, 1997). Porter and
Heidemann have described reduced image degradation due to susceptibility
artifact with improved SNR and spatial resolution using RS-DTI compared with
standard SS-DTI research high-field (3-Tesla) applications, commonly with 32 -
64 channel receive coils. However, the utility of RS-DTI for both preoperative and
intraoperative DTI in the 3-Tesla iMRI setting is unknown; it is the focus of

chapter 6 of this thesis.
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CHAPTER 2: Aims and Hypotheses

Cameron A. Elliott

2.1 General Aims

The general aim of this thesis is to improve the clinical utility of MRI
acquired in the perioperative period in neurosurgery. The original manuscripts
which are presented in the following chapters are centered on the following
three questions: (1) whether early-post injury DWI predicts long-term structural
and functional consequences in pediatric TBI and suspected NAT; (2) whether
immediate and longitudinally-acquired postoperative anatomical and diffusion
MRI measures of the hippocampus and extrahippocampal limbic structures
relate to, or predict, seizure outcome in TLE surgery; and (3) whether
intraoperative readout-segmented DTI (RS-DTI) permits susceptibility-artifact
resistant intraoperative DTI which can be employed during cranial intraaxial

resections for the purposes of brain-shift resistant neuronavigation.
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2.2 Specific studies within this thesis

2.2.1 Study #1 (Chapter 3): Relationship between early
diffusion restriction and delayed structural and clinical

outcome in pediatric TBI

Rationale/Aim: MRI with DWI sequences is the imaging modality of choice to
identify the extent of cerebral injury in the acute evaluation of pediatric TBI
thought to be secondary to NAT. This study aimed at identifying the association
between areas of diffusion restriction identified on early clinical MRI scans and

delayed follow-up structural MRI.

Hypothesis: Areas of restricted diffusion identified on early post-injury DWI will
be associated with delayed T1-weighted MRI atrophy and functional deficits

among patients with pediatric TBI suspected to be secondary to NAT.

2.2.2  Study #2 (Chapter 4): Postoperative longitudinal
hippocampal structural changes following surgery for

drug resistant TLE.

Rationale/Aim: Resective surgery has been demonstrated to be an effective
treatment for drug-resistant TLE. However, it remains difficult in these patients
to predict long-term seizure freedom (i.e., durable surgical cure of epilepsy). The
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structural consequences of TLE surgery as detected by longitudinal
postoperative MRI and their potential relationship to relevant patient outcome
variables such as postoperative seizure freedom or neuropsychological outcome
are inadequately characterized. This study aimed at identifying the extent and
time course of postoperative volumetric changes of the non-resected or

contralateral hippocampus following resective surgery for drug resistant TLE.

Hypothesis: Longitudinal structural MRI will identify changes in the volume of
the contralateral (i.e., not resected) hippocampus that are associated with
eventual postoperative seizure and neuropsychological outcome following

surgery for drug-resistant TLE.

2.2.3  Study #2 (Chapter 5): Postoperative longitudinal limbic
micro- and macro-structural changes following surgery

for drug resistant TLE

Rationale/Aim: Resective surgery has been demonstrated to be an effective
treatment for drug-resistant TLE. However, it remains difficult in these patients
to predict long-term seizure freedom (i.e., durable surgical cure of epilepsy).
This study aimed at characterizing the course of postoperative microstructural
changes in the contralateral, non-resected hippocampus using longitudinal DTI,

as well as extrahippocampal structural changes of the fornix and mammillary
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bodies (i.e., key components of the limbic circuit). Structural changes were

correlated with postoperative seizure and neuropsychological outcome.

Hypothesis: Longitudinal structural and diffusion metrics of the limbic system
are associated with postoperative seizure and neuropsychological outcome
following surgery for drug-resistant TLE. Longitudinal postoperative
hippocampal diffusion metrics will provide insight as to potential mechanisms of

observed postoperative hippocampal volume change.

2.2.4  Study #3 (Chapter 6): Evaluation of readout-segmented
DTI open cranium white matter reconstruction in

cranial intraaxial resections

Rationale/Aim: Intraoperative acquisition of DTI data in 3-Tesla intraoperative
MRI installations for white matter tractography is currently limited by image
degradation due to susceptibility artifact. A novel readout-segmented DTI (RS-
DTI), REadout Segmentation Of Long Variable Echo trains (RESOLVE)(Frost et
al, 2012; Porter and Heidemann, 2009), shows promise for minimizing
susceptibility artifact and increasing SNR relative to standard single-shot DTI
(SS-DTI); however, its utility has not yet been demonstrated in 3-Tesla iMRI.
This study aimed to compare RS-DTI to SS-DTI for open cranium iMRI DTI

acquisition to measure anatomical deviation relative to artifact-resistant T1-
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weighted reference images, image contrast for delineation of gray-white junction

and the feasibility of clinical deterministic tractographic analysis.

Hypothesis: RS-DTI will decrease susceptibility-artifact related anatomical
distortion, improve gray-white junction delineation and facilitate white matter

tract reconstructions relative to standard SS-DTI.
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CHAPTER 3: Early diffusion restriction of white
matter in infants with small subdural hematomas
is associated with delayed atrophy

Cameron A. Elliott, Vijay Ramaswamy, Francois D Jacob, Tejas Sankar and
Vivek Mehta

This chapter has been published in part as:

Elliott CA, Ramaswamy V, Jacob FD, Sankar T and Mehta V. Early diffusion
restriction of white matter in infants with small subdural hematomas is

associated with delayed atrophy. Childs Nerv Syst 2017, 33: 289-295.

3.1 Introduction

Traumatic Brain Injury (TBI) is a major cause of infant morbidity and
mortality. In children less than two, evaluation of pediatric TBI should include
consideration of NAT which is a common cause of brain injury leading to death
or significant long-term disability (Duhaime et al, 1998, 1992). The most
common cranial manifestations of NAT in infancy are subdural hematomas and
retinal hemorrhages. Infants have poorer outcomes after TBI than older children
and adults (Anderson et al., 2005, 2000), which may relate to a combination of:
increased vulnerability of the developing brain to excitotoxic injury; immature
physical structure of the brain, skull and neck musculature; synergistic impact of

possible repeated injury; and cascading impact of early disruption of normal
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developmental processes such as myelination and arborization (Anderson et al,,
2005; Durkin et al,, 1998; Jagannathan and Jagannathan, 2008; Moritani et al,,
2005). The initial neuroimaging modality of choice in evaluating pediatric head
trauma is CT which rapidly identifies intracranial hemorrhage, but has limited
utility in identifying the extent and pattern of microstructural brain injury
(Kemp et al, 2009). Characterizing the pattern of injury has value in
prognostication of outcome and documentation of the extent of injury, and may
eventually guide neuroprotective strategies(Bonnier et al., 2004, 2003). MR],
specifically DWI, is superior to CT in documenting the pattern of brain injury in
children, especially in those with suspected NAT which is more commonly
accompanied by diffuse hypoxia/ischemia (Barnes, 2011; Biousse et al., 2002;
Duhaime et al.,, 1998; Ichord et al, 2007; Imagawa et al., 2014; Parizel et al,,
2005; Vazquez et al,, 2014). MRI may also be superior in demonstrating subtle
intraparenchymal injury such as diffuse axonal injury, microhemorrhages and

cortical injury (Parizel et al., 2005).

In this case series, we describe novel acute and chronic MRI findings in
four infants with subdural hematomas secondary to suspected NAT. Specifically,
these cases highlight that restricted diffusion of the white matter on early DWI
obtained in the acute post-injury setting may be associated with long-term

structural and functional consequences.
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3.2 Methods

The Institutional Review Board of the University of Alberta approved this

retrospective review (Pro00066737).

3.3 Cases

Relevant details for all cases are summarized in table 3.1; specific case

descriptions are found in the text below.

3.3.1 Case 1:

This patient was a 16-month-old male with mild language delay, who
presented to the Emergency Department for irritability after he fell out of his
toddler bed. There was no associated loss of consciousness and GCS on
admission two hours post-injury was 14/15. His head circumference on
admission was at the 98t percentile. A CT scan of the head revealed an acute left
sided subdural hematoma and bilateral extra-axial fluid collections with
associated midline shift (Figure 3.1, Patient 1, A). A repeat CT scan, 12 hours
later, showed an increase in midline shift which prompted burrhole evacuation
of the subdural collection and placement of a left subdural drain. On post-injury
day 3 he had a cluster of focal seizures of the right arm and leg lasting 2 minutes
each treated successfully with an intravenous dose of 20mg/kg of Phenobarbital.

A daily prophylactic dose of Phenobarbital was then initiated. DWI MRI of the
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brain 5 days post-injury showed restricted diffusion with corresponding
reduction in ADC limited to the left hemisphere cerebral white matter (Figure
3.1, Patient 1, B-C). Time of flight MR angiography (MRA) and bilateral duplex
doppler carotid ultrasound were normal. T2 gradient echo imaging did not
reveal intraparenchymal hemorrhage. A bone scan showed possible increased
uptake in the left distal tibia and right humerus however a full body MRI failed to
confirm these findings. Ophthalmological assessment revealed bilateral
multilayered retinal hemorrhages. A full metabolic and hematological workup
was negative. The child protection medical team was consulted. At three weeks
post admission, a persistent left subdural collection was drained via subdural-
peritoneal shunt insertion. At 18 months post-injury, his language development
was reported to be delayed and had persistent distal right hand weakness but
was ambulatory. At 9 years post-injury he has persistent right spastic
hemiparesis treated with an ankle-foot orthosis and botulinum toxin injections.
MRI at 9 years post-injury revealed obvious left sided cortical and subcortical
atrophy (Figure 3.1, Patient 1, D-E), corresponding to the original area of

restricted diffusion on DWIL.

3.3.2 Case 2:

This patient was an 18-month-old developmentally normal and
previously healthy male who fell backwards from a height of 6 feet from an
elevated high chair with immediate loss of consciousness. His GCS was 8/15
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upon arrival of EMS and he was intubated and brought to the Pediatric Intensive
Care Unit. Head circumference on admission was well above the 98t percentile.
An initial CT scan of the head showed a small right frontal subdural hematoma
(Figure 3.1, Patient 2, A) which was drained through a burrhole with placement
of an intraparenchymal pressure monitor. On post-injury day 3 the patient was
noted to have three brief left arm and leg motor seizures treated with an
intravenous infusion of 20mg/kg of Phenobarbital with initiation of a daily
prophylactic dose without subsequent events. DWI MRI, on post-injury day 4,
revealed restricted diffusion of the white matter bilaterally (Figure 3.1, Patient 2,
B-C). Time of flight MRA of the intracranial vasculature was normal and T2
gradient echo imaging did not reveal intraparenchymal hemorrhage.
Ophthalmological examination revealed multi-layered retinal hemorrhages. A
bone scan and skeletal survey were negative. A metabolic workup consisting of
serum quantitative amino acids and urine organic acids and a full hematological
workup were negative. The child protection medical team was consulted. Upon
discharge to the rehabilitation hospital approximately one month post-injury the
patient was visually impaired, aphasic and non-ambulatory. Over the next few
months he continued to have accumulation of bilateral subdural collections
requiring repeat burrhole drainage. At 10 months post-injury, he had regained
some language function, however, remained delayed for age, has reduced visual
acuity but ambulates independently with obvious bilateral spasticity and
weakness. At 9 years post-injury he has persistent left sided hemiparesis,

peripheral visual field constriction and has broad developmental disability. MRI
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at 9 years post-injury revealed right parieto-occipital atrophy and ex vacuo
dilatation of the occipital horn of the right lateral ventricle (Figure 3.1, Patient 2,

D-E).

3.3.3 Case 3:

A 6-month-old male, previously well and developmentally normal,
presented with a 10-minute clonic seizure of the left face, arm and leg. The
patient was described to be irritable with periods of emesis in the preceding 24
hours. His head circumference on admission was at the 50t percentile. A CT scan
of the head at admission revealed a small subdural hematoma along the
posterior falx cerebri and a hypodensity in the right medial occipital lobe (Figure
3.1, Patient 3, A). DWI MRI, on post-admission day 3, revealed restricted
diffusion in the right parietal and occipital lobe in the territory of the posterior
cerebral artery limited to the white matter (Figure 3.1, Patient 3, B-C). A duplex
doppler ultrasound of the carotid arteries was normal. He had two subsequent
two-minute left-sided focal seizures on post-admission day 1 which were
controlled with intravenous Phenobarbital. Urine organic acids and
hematological workup were negative. Ophthalmological assessment revealed
bilateral multilayered retinal hemorrhages. A bone scan and skeletal survey
were both normal. The child protection medical team was consulted. Eight
months post injury the patient remained paretic in the left arm, was non-
ambulatory and had delayed language and gross motor skills. MRI 8-years post-
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injury revealed atrophy of the right occipital and parietal lobe, corresponding to
the original area of restricted diffusion on DWI (Figure 3.1, Patient 3, D-E). At 8-
years post-injury, the child has persistent left spastic hemiparesis, is ambulatory
with an ankle-foot orthosis (AFO) and attends a school for the developmentally

disabled.

3.3.4 Case 4:

A 19-month-old previously well and developmentally normal female,
presented with an altered level of consciousness, recurrent apneas and a GCS of
12/15. Multiple bruises and an area of swelling in the left parietal scalp were
noted. A CT scan of the head revealed a subdural hematoma along the left
posterior falx cerebri (Figure 3.1, Patient 4, A). Her head circumference was at
the 50t percentile at admission. Ophthalmological assessment revealed bilateral
multilayered retinal hemorrhages and a bone scan revealed increased uptake in
the left fibula. On post-injury day 4 the patient had multiple right face, arm and
leg clonic seizures. The seizures were initially controlled with intravenous
Phenobarbital. A repeat CT scan of the head revealed a midline shift to the right
and loss of grey-white differentiation in the entire left hemisphere. She
subsequently went into partial status epilepticus lasting one hour and
deteriorating to a GCS of 7 prompting an urgent decompressive left
hemicraniectomy. Post-operatively the patient had five right focal motor
seizures over 2 days eventually controlled with intravenous phenobarbital,
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phenytoin and a midazolam infusion. MRI of the brain and contrast enhanced
MRA of the neck was done on day 6 post-injury; DWI revealed extensive
restricted diffusion of the left hemisphere white matter (Figure 3.1, Patient 4, B-
C), while MRA did not show arterial dissection. T2 gradient echo MRI did not
reveal any micro-hemorrhages. A full metabolic and hematological workup was
negative. The patient regained antigravity strength of the right leg and regained
movement with gravity distally in the right upper extremity. The child
protection medical team was consulted. Six months post-injury the patient
started saying a few words, was able to ambulate independently, had antigravity
movement in the full range of movement of the right upper extremity with a
right homonymous hemianopsia. MRI at 6 years post-injury revealed marked left
parietal and frontal lobe atrophy (Figure 3.1, Patient 4, D-E). Currently, the child
is ambulatory, attends school for the developmentally disabled and remains on

Phenobarbital for seizures.
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Table 3.1: Summary of four cases of Non-Accidental Trauma (NAT)

MRI Restricted
Diffusion Surgical Tx Delayed MRI
(Post-injury (Post-injury interval; years)
interval; days)

CT Seizure Type
Number  Age Mechanism (Post-injury
Head .
interval; days)

Clinical Outcome
(Post-injury
interval; years)

FMS Lt. hemispheric Burrhole Rt. Spastic

Fall from Lt. 6mm . Lt. hemispheric - :
1 16M Rt. arm/leg* WM evacuation . . hemiparesis
toddler bed ASDH 3) (5) with drain cortical/subcortical atrophy (9) 9)
es;lcrlrl};gl:n Rt. Parieto-occipital Lt. hemiparesis,
Fall from hich Rt 3mm FMS Bilateral with cortical/subcortical atrophy and peripheral visual loss
2 18M n g ' Lt. arm/leg* hemispheric WM . ex-vacuo dilation of occipital horn & broad
chair ASDH intraparench . :
3 (4) ymal ICP right lateral ventricle developmental delay
monitor ©) ©)
Small FMS Rt. Parieto- Rt. Cortical/subcortical parieto- henL{it. 2?::;51211(1
3 6M Unknown falcine Lt. arm/leg* occipital WM None occipital atrophy develo;)mental delay
ASDH (1) 3) (8) 8)
EMS Decompressi
Small Rt. Face/arm/leg Lt. hemispheric ve ]Ijt Lt. cortical/subcortical fronto- Developmental dela
4 19M Unknown falcine  followed by partial WM hemicrar;iect parietal p 6) y
ASDH status epilepticus* (6) (6)
(5) omy

Abbreviations: M, Months; ASDH, Acute Subdural Hematoma; FMS, Focal Motor Seizures; WM, White matter; *Phenobarbital initiated after seizure; ICP,
Intracranial Pressure.
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Figure 3.1: Early areas of restricted diffusion predict ultimate structural
consequences

Patient 1: a) Axial CT scan four hours post injury showing a left sided acute
subdural hematoma, b) Axial B1000 image and c) Axial ADC map at the level of
the extreme capsule at 5 days post-injury revealing restricted diffusion in the left
sided cerebral white matter, d - e) Delayed axial T1 weighted images at the level
of the globus pallidus and higher showing cortical and subcortical atrophy of the
left hemisphere at 9 years post-injury.

Patient 2: a) Axial CT at presentation showing a right frontal subdural
hematoma, b) Axial B1000 image and c) Axial ADC map at 4 days post-injury at
the level of the posterior limb of the internal capsule showing restricted
diffusion bilaterally and symmetrically in the cerebral white matter, d - e)
Delayed axial T1 weighted images showing right parietal and occipital atrophy
and ex-vacuo dilatation of the occipital horn of the right lateral ventricle.

110



Patient 3: a) Axial CT scan at presentation showing an acute subdural hematoma
along the posterior falx cerebri, b) Axial B1000 at the level of the posterior limb
of the internal capsule and b - c) Axial B1000 and ADC map at the level of the
centrum semiovale 3 days post-injury showing restricted diffusion of the right
posterior white matter, some restricted diffusion in the right occipital and
parietal lobe, d - e) Delayed axial T1 weighted images at 8-years post-injury
showing atrophy of the right occipital and parietal lobe.

Patient 4: a) Axial CT scan at presentation showing an acute subdural hematoma
along the posterior falx cerebri, b) Axial B1000 and c) Axial ADC map 6 days
post-injury at the level of the posterior limb of the internal capsule showing
restricted diffusion in the left cerebral white matter and d - e) Delayed axial T1
weighted images at 6-years post-injury showing marked left parietal and frontal
atrophy.

3.4 Discussion

In this case series, we highlight that relatively small traumatic subdural
hematomas in very young children with TBI can manifest with extensive,
predominantly unilateral white matter injury as detected by early DWI. We also
demonstrate for the first time the long-term structural and functional
consequences to this pattern of injury, demonstrated respectively by delayed
atrophy on structural MRI in regions initially showing restricted diffusion, and

by the presence of long-term neurological deficits and developmental delay.

Our finding of restricted diffusion in the post-TBI setting is in and of itself
not unprecedented. Indeed, DWI is frequently obtained in the evaluation of
suspected NAT in infants and often (in up to 89% of cases) reveals more
extensive injury than is evident with CT or conventional, non-DWI, MR
sequences alone (Biousse et al., 2002; Kemp et al, 2009; Suh et al, 2001;

Zimmerman et al, 2007). The severity of DWI abnormality has been
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demonstrated to correlate well with ultimate clinical outcome (Ashwal et al,,
2011; Geddes et al.,, 2001a; Suh et al.,, 2001). Previous reports have described
DWI restriction in NAT as occurring in five different radiographic patterns,
including: 1) hypoxic-ischemic injury presenting with diffuse supratentorial
swelling (39%); 2) watershed type infarction (42%); 3) venous infarction
secondary to bridging vein disruption (12%); 4) diffuse axonal injury (6%); or 5)
contusion (6%) (Zimmerman et al, 2007). None of these, however, are

consistent with the observed patterns of injury in our case series.

McKinney et al. (McKinney et al., 2008) do describe a pattern of unilateral
white matter DWI restriction on subacute MRI in a subset of children with
suspected NAT (2 of 11 patients over 5 years, both of whom had SDH, albeit
without post traumatic seizures) which they proposed might be secondary to
transient cervical compression. However, their patients were older than in our
series, and they did not report long term clinical and radiographic follow up. In
this paper, we demonstrate for the first time the association between areas with

early diffusion restriction and long term structural and clinical outcomes.

Restricted diffusion is thought to be largely due to cytotoxic edema
secondary to disruption of normal cellular metabolism resulting in net
movement of water molecules into cells where diffusion is relatively restricted
compared to an extracellular location (Hergan et al., 2002). The pathophysiology
of diffusion restriction in TBI falls along a spectrum that can be dichotomized as

either hypoxic-ischemic (tending to be more diffuse) or directly traumatic (focal)
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in nature (Ichord et al,, 2007). The etiology of restricted diffusion in suspected
NAT is multifactorial and may include transient cardiorespiratory compromise
(e.g. apnea, strangulation), direct primary traumatic injury, reactive vasospasm
of cerebral arteries in the vicinity of hemorrhagic lesions, excitotoxic injury,
seizures or damage from convulsive or non-convulsive status epilepticus all
occurring in the context of an inherently greater vulnerability of the developing
brain to injury regardless of cause (Goldstein et al, 2011; Kemp et al,, 2003;

Moritani et al., 2005; Pierce et al., 2002; Zimmerman et al., 2007).

It is unclear why the predominantly unilateral areas of restricted
diffusion we observed were limited to white matter, largely sparing the
metabolically much more active overlying cerebral cortex which is considered
more vulnerable to ischemia (Bastin et al., 2000; Brierley and Excell, 1966;
Marcoux et al., 1982). Global hypoxic-ischemic encephalopathy has been shown
to cause extensive white matter injury while sparing the cortex, but it tends to
occur in a bilaterally symmetric pattern (Chalela et al, 2001; Hirano and
Zimmerman, 1971; Schwedemberg, 1957). That being said, one potential
explanation accounting for unilateral restricted diffusion of the subcortical white
matter may be that it might represent a subacute (3 - 7 days) phase of hypoxic-
ischemic encephalopathy secondary to transient cervical compression due to
Wallerian degeneration following initial cortical injury (Chalela et al., 2001;
McKinney et al., 2008; Pantoni et al., 1999). We believe this is less likely in our
case series as the pattern of white matter injury on DWI in all patients involves

both anterior and posterior circulations, and in no cases was there external
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evidence of trauma to the neck. Furthermore, the M1 territory of the middle
cerebral artery was spared in all four patients, arguing against proximal carotid

occlusion as a mechanism for this pattern of injury.

Unilateral peri-ictal diffusion abnormalities have been reported following
seizures and/or status epilepticus, though these also tend to involve the cortex
and tend to be transient (although may result in delayed cortical atrophy)
(Chatzikonstantinou et al., 2011; Cole, 2004; Donaire et al., 2006; Lansberg et al,,
1999; Rennebaum et al, 2016; Senn et al., 2003; Szabo et al., 2005). These
changes are thought to be secondary to peri-ictal increases in regional energy
metabolism, hyperperfusion and cytotoxic edema due to net movement of water
into cells following failure of Na/K ATPase pumps (Heiniger et al, 2002;
Lansberg et al., 1999). In the current case series, we suspect that seizure activity,
which was present in all subjects (including one patient with focal status
epilepticus, as described), likely contributed to the extent of brain injury and
eventual outcome. However, the atypical pattern of restricted diffusion leads us
to speculate that there may have been a potentially synergistic effect of seizure
activity following SDH. This would be consistent with the observed concordance
between the laterality of focal seizures, the SDH, and the most confluent area of
restricted diffusion observed in all patients. Future imaging studies in which
additional MRI sequences, such as MR spectroscopy and perfusion imaging, are
obtained in the early post-traumatic setting, may help to further elucidate other

mechanisms at play in patients such as those we describe.
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This case series has limitations which are important to highlight.
Admittedly, our study population only includes 4 patients, though this is similar
to previously published case series3?. Second, although long-term follow-up MRI
was available in all patients, there was some variability in the timing of its
acquisition (6 - 9 years). Third, electroencephalographic data were not available
in these cases so we cannot conclusively exclude the possibility of non-
convulsive seizures or non-convulsive status epilepticus as contributors to the
observed pattern of restricted diffusion. Finally, in these four cases
anticonvulsants were not instituted prophylactically but rather only reactively

once focal motors seizures occurred.

In summary, the four cases presented here highlight that relatively small
subdural hematomas in the setting of suspected NAT—complicated by post-
traumatic seizures—may produce in a unique pattern of predominantly
unilateral, early white matter injury evident on DWI. This pattern of injury may
in turn be associated with delayed brain atrophy of affected brain regions, and

further may result in clinically significant, long-term functional consequences.
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CHAPTER 4: Progressive contralateral
hippocampal atrophy following surgery for
medically refractory temporal lobe epilepsy

Cameron A. Elliott, Donald W. Gross, B. Matt Wheatley, Christian Beaulieu
and Tejas Sankar

This chapter has been published in part as:

Elliott CA, Gross DW, Wheatley BM, Beaulieu C, Sankar T. Progressive
contralateral hippocampal atrophy following surgery for medically

refractory temporal lobe epilepsy. Epilepsy Research 2016, 125: 62 - 71.

4.1 Introduction

Surgical treatment of medically refractory, TLE with MTS is associated
with a high rate of seizure control, with rates of seizure freedom ranging
between 41-72% depending on the length of follow-up (Cohen-Gadol et al,
2006; de Tisi et al., 2011; McIntosh et al., 2004; Wiebe et al., 2001). Despite
effective seizure control, it remains difficult to predict which patients will
continue to experience seizures post-operatively. Moreover, post-operative
neuropsychological consequences (e.g. verbal or non-verbal memory deficits)

need to be balanced against long-term seizure benefit.
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High resolution, structural MRI demonstrates diffuse pre-operative gray
matter atrophy in TLE relative to healthy controls, which may be associated with
cognitive dysfunction (Keller and Roberts, 2008). Though present throughout
the brain, atrophy is most pronounced in the temporal lobe ipsilateral to the
epileptic focus (S S Keller et al, 2002; Keller and Roberts, 2008), and
quantitative, MRI-based, pre-surgical manual volumetry has consistently shown
that hippocampal atrophy—sometimes undetectable visually—correlates well
with the epileptogenic focus (Cendes et al., 1993a, 1993b; Jack et al., 1990a;
Watson et al,, 1997). Gray matter changes following TLE surgery, however, are
much less thoroughly described with largely inconsistent results based
exclusively on comparisons between a single pre-operative and a single post-
operative scan (Fernandes et al., 2014; Noulhiane et al., 2006). For example, one
recent longitudinal study identified mild post-operative contralateral
hippocampal atrophy in 47 TLE surgery patients imaged post-operatively at a
single delayed time point (mean 4-years, range 0.5-9.6 years)(Fernandes et al,,
2014). In contrast, an earlier report which compared contralateral hippocampal
volumes at 6-months following TLE surgery in 24 patients with unilateral MTS to
those in 16 healthy controls did not find any significant difference in
hippocampal volumes (Noulhiane et al., 2006). Both of these reports studied the

hippocampus as a whole and did not look at hippocampal subcomponents.

Understanding the specific structural consequences of TLE surgery may
ultimately be clinically useful, as they may help to predict the likelihood of poor

post-operative seizure control or neuropsychological deterioration on the basis
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of early post-operative imaging findings. In this study, the first objective was to
characterize the extent and time course of changes found in the contralateral
hippocampus, including its subcomponents of head, body, and tail, following TLE
surgery in patients scanned longitudinally at short intervals within the first post-
operative week and beyond. The second objective was to investigate the
relationship between post-operative contralateral hippocampal volume and

neurocognitive outcomes, surgical approach, resected side and seizure control.

4.2 Methods

This study was approved by the University of Alberta Health Research

Ethics Board and informed consent was obtained from all participants.

4.2.1 Participants

Our study included 26 patients with medically refractory TLE who
underwent surgery at the University of Alberta Hospital from 2005 - 2014 and
group of 12 control subjects of similar age with no history of epilepsy or any
other neurologic or psychiatric disease. Participants were referred through the
comprehensive epilepsy program. Each patient had a standard preoperative
assessment including MRI, ictal and inter-ictal long-term video
electroencephalography (EEG) and neuropsychological evaluation. On the basis

of this evaluation participants either underwent an ATL or SAH by a single
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neurosurgeon (author B.M.W.). In our institution, only patients with clear cut
MRI evidence of MTS accompanied by corroborative clinical and EEG findings
are offered SAH as an option. The majority of cases had subjective evidence of
unilateral MTS on MRI (visually detectable hippocampal atrophy, or abnormal
hippocampal shape/internal architecture with or without increased signal on
T2 /FLAIR sequences) (n=23) with concordant evidence from surface EEG-video
telemetry and neuropsychiatric evaluation. The remaining three cases included
one participant with imaging evidence of bilateral MTS (surgical side with more
severe visible atrophy than non-surgical side), one with an isolated right inferior
frontal lesion and one with no detectable lesion. In seven cases, surgery was
preceded by bitemporal stereoelectroencephalography (SEEG) evaluation when
recommended by the comprehensive epilepsy team on the basis of ambiguous
surface telemetry. In all seven cases SEEG demonstrated unilateral temporal ictal

onset.

4.2.2 Image acquisition

Patients were imaged in two distinct groups, either: i) as part of a two-
scan group (N = 16) having a single preoperative and a single delayed
postoperative scan (average inter-scan interval 5.4 + 3.2 years, range 0.4 - 8.6);
or ii) as part of an intensively imaged longitudinal group (N = 10) scanned on
postoperative days 1, 2, 3, 6, 60, 120 and a delayed time point (average 2.4 + 1.5
years, range 1.0 - 5.7) in order to better characterize the early time course of
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postoperative hippocampal volume change. Sutures were used to close skin in
the longitudinal group instead of staples for high quality MRI scanning in the
immediate post-operative period. To investigate variability of hippocampal
volumes in the non-operated, non-epileptic brain, nine healthy subjects (average
age 33.3 + 13.1 years old; range 23 - 58; all but one right-hand dominant) were
scanned on two separate occasions (average inter-scan interval 6.9 + 2.1 years;
range 3.6 — 9.1) as controls for the two-scan group, while three healthy subjects
(20, 22, and 33-years of age, all right-hand dominant) were imaged
longitudinally (i.e., at baseline and then in a delayed fashion on days 1, 2, 3, 6 and

60) as controls for the longitudinal group.

Images for all patients and controls were acquired on a Siemens Sonata
1.5T scanner (Siemens Healthcare, Erlangen, Germany) using an eight-element
head coil. Whole brain, axial, T1-weighted, 3D-MPRAGE images were obtained
aligned to anterior-posterior commissural line with voxel size 1 mm x 1 mm x 1

mm, TR 1890 ms, TE 4.38 ms, and scan time 6:03 min.

4.2.3 Volumetric analysis

Volumetric analysis was performed using manual segmentation by a
single trained observer (author C.E.). DISPLAY software (Montreal Neurological
Institute, Montreal, Canada) was used to delineate anatomical boundaries of the
structures of interest in three orthogonal planes simultaneously on 3D-MPRAGE

images (Bonilha et al., 2004a). The observer was blinded to surgical status (i.e.,
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pre-resection, post-resection or control) and time point (i.e., post-operative day)
by ensuring that anonymized images of patients were interspersed with controls
in random order. Images were zoomed in to the structure of interest such that
the resection cavity (or lack thereof) was not visible. The hippocampal formation
was traced using a protocol described by Malykhin and colleagues with
previously demonstrated robust inter- and intra-rater reliability (Malykhin et al.,
2007). Segmentation yielded whole hippocampal volume (WHV), as well as
hippocampal head (HHV), body (HBV) and tail (HTV) volumes for each subject
(Figure 4.1). To evaluate the possibility of mechanical deformation causing
spurious atrophy of periventricular structures—say, due to dural opening
and/or CSF egress during resection—the volume of the caudate nucleus was
measured using a manual protocol described by Looi and coworkers (Looi et al,,
2008). The caudate nucleus is not directly connected to the mesial temporal lobe
and would not be expected to change in volume by way of disconnection

following temporal resection.
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Figure 4.1: Representative sub-regional hippocampal tracings

Examples of sub-regional hippocampal tracings on a pre-operative study patient according to protocol
by Malykhin et al., 2007 showing first coronal slice of the hippocampal head (A), middle coronoal slice
of the hippocampal body (B) and first coronal slice of the hippocampal tail (C) as well as. Lateral sagittal
slice of the hippocampus (D) showing location of three previous tracings, respectively
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4.2.4 Defining a variability threshold for hippocampal

volume

To identify a conservative threshold beyond which changes from baseline
in the longitudinal surgical group would represent a real change (attributable to
a surgical effect rather than measurement error), a normal variation range for
hippocampal (and sub-regional) measurements was calculated in our
longitudinal control group (not expected to undergo significant changes over
time apart from scanner-related effects such as scanner drift). Similar to
previous longitudinal studies, the normal variation range for hippocampal (and
sub-regional) measures were defined arbitrarily as twice the average absolute
deviation from baseline for both hippocampi in each of three healthy controls
scanned longitudinally (index scan and four subsequent scans at day 1, 3, 6 and
60) (Liu et al., 2013). In the longitudinal surgical arm, the absolute difference of
each post-operative measure relative to each patient’s pre-operative baseline
was calculated and considered significant if it exceeded the normal variation

range.

4.2.5 Seizure and neuropsychological outcome

Seizure outcome was categorized based on the modified Engel
classification (Engel et al, 1993a). Accordingly, seizure outcome was
dichotomized as either free from disabling seizures (Engel [; including

nondisabling simple partial seizures or auras) or not (Engel >I). Each patient
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underwent pre- and post-operative tests of verbal and figural memory as well as
the Wechsler Adult Intelligence Scale (WAIS; standard scores) with full-scale IQ
(IQ), verbal comprehension index (VCI), perceptual reasoning index (PRI) and
working memory index being recorded. Verbal memory was summarized using
an average (VM) of t-scores (population mean = 50, SD = 10) for recognition
memory test for words (immediate recall), verbal paired associates II (delayed),
logical memory II (delayed) and Rey auditory verbal learning test (RAVLT;
delayed). Figural memory was summarized as an average (FM) of t-scores
(population mean = 50, SD = 10) for recognition memory for faces, continuous
visual memory test (CVMT; delayed) and Rey-Osterreith complex figure (CFT;
delayed). Pre- and post-operative group means were compared for each of these
six scores (IQ, VCI, PRI, WMI, VM and FM) separately for dominant and non-
dominant hemisphere surgery. Hemispheric dominance was established based
on handedness alone 9/17 (53%), fused dichotic listening test 6/17 (35%), fMRI
for language lateralization 1/17 (6%) and/or intracarotid amytal procedure

3/17 (18%).

4.2.6  Statistical analysis

To assess intra-rater reliability for hippocampal volume, the same
observer (C.E.) traced the hippocampus in 20 subjects (10 patients and 10
controls) on the same scan on two separate occasions within two weeks of the

original tracing. Inter-rater reliability was assessed using an in-house training
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data set of normal and diseased hippocampi traced by Malykhin and colleagues
to which tracings of a single observer (C.E) were compared (Malykhin et al,,
2007). Intra- and inter-rater reliability were assessed using the two-way random

effects ICC for absolute agreement between measures.

A paired t-test was used to compare pre- to post-operative volumes in the
two scan group. For the longitudinal group, hippocampal volumes were
normalized to pre-operative baseline and expressed as a percentage of the same.
A linear regression between normalized hippocampal volumes obtained during
the first post-operative week relative to baseline was performed to estimate the
rate of daily hippocampal atrophy during this time. A non-parametric Wilcoxon
Signed-Rank Test with Holm-Bonferroni corrections for multiple comparisons
(3) was used to compare pre-operative, day 6-7 and year 1 - 3 post-operative
means in the longitudinal group. An unpaired t-test was used to compare
atrophy across surgical approach, side and based on seizure outcome
(dichotomized as free of disabling seizures—Engel class I—or continued
disabling seizures—Engel class > I). A non-parametric Wilcoxon Signed-Rank
Test was used to compare mean pre- and post-operative neuropsychological
testing scores due to the smaller number of patients in whom scores were
measured. A non-parametric Mann-Whitney U-test was used to compare median
post-operative hippocampal volumes stratified for seizure outcome (seizure free
versus continued seizures) due to small sample size in the continued seizure
group. A linear regression between normalized hippocampal volumes obtained

during the first post-operative week relative to baseline was performed to
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estimate the rate of daily hippocampal atrophy during this time. P<0.05 was
used as the threshold for statistical significance throughout; Bonferroni
correction was used to correct for multiple comparisons where appropriate.

SPSS version 21 (IBM) was used for all statistical analyses.

4.3 Results

4.3.1 Descriptive patient data

Detailed patient (n = 26) demographic data is displayed in Table 4.1. In
summary, the mean age was 39.9 * 10.8 years (range 19 - 59 years) with 42%
(11/26) patients being male. The control group consisted of 12 subjects of
similar age (p = 0.24, unpaired t-test; average age 35 * 13 years old; range 20 -
58) with no history of epilepsy or any other neurologic or psychiatric disease.
Fourteen patients (55%) underwent an ATL. Left-sided surgery occurred in
12/26 (46%). Surgical pathology was consistent with MTS in 23 patients.
Surgical pathology in the remaining three patients was reported as normal, FCD

type 1C and gliosis respectively (see Table 4.1).
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Table 4.1: TLE surgery patient demographics

Demographics for TLE surgery patients with 1-16 from two scan group and 17-26 from more frequent longitudinally scanned groups.

Pt  MRI Lesion Sex/Age(yrs)/Handedne IPIs SEEG Surgery Disease Duration Pathology Outcome (EC)
Ss (yrs)

1 MTS F/38/RHD FS No Left SAH 37 MTS Ila
2 MTS M/33/RHD None No Left SAH 15 MTS Ia
3 MTS F/21/RHD FS No Left SAH 10 MTS IIb
4 MTS M/31/RHD None No Left SAH 23 MTS Ia
5 NL! M/55/RHD None No Left SAH 15 MTS Ia
6 MTS F/41/RHD TBI No Right SAH 27 MTS Ia
7 MTS F/37/RHD None No Right SAH 36 MTS Ilc
8 MTS F/37/RHD FS No Right SAH 29 MTS Ia
9 MTS F/46/RHD FS, TBI No Right SAH 32 MTS Ila
10 MTS M/19/RHD FS No Left ATL 16 MTS Ia
11 NL! F/44/RHD None No Left ATL 6 MTS Ia
12 MTS F/41/RHD None Yes Left ATL 18 MTS Ia
13 MTS F/52/RHD FS, TBI No Left SAH 13 MTS Ia
14 MTS M/44/RHD M Yes Left ATL 43 MTS Ic
15 MTS F/58/RHD None No Left ATL 47 MTS Ila
16 MTS F/36/LHD FS, TBI No Right ATL 16 MTS Ia
17 MTS M/34/RHD None No Left SAH 6 MTS Ia
18 MTS M/45/RHD FS No Right SAH 28 MTS Ia
19 MTS F/54/RHD None Yes Left ATL 26 MTS Ia
20 MTS M/24/LHD FS, M No Left ATL 12 MTS Ia
21 MTS* F/39/RHD None No Right ATL 20 Normal Ia
22 MTS M/29/RHD None No Right ATL 11 MTS Ia
23 Bilat MTS M/59/RHD TBI Yes Right ATL 29 MTS Ia
24  R.FrT2AbN F/50/RHD None Yes Right ATL 8 Gliosis Ia
25 MTS M/31/RHD TBI Yes Right ATL 7 FCD type 1C  Ila
26 MTS F/36/RHD TBI Yes Right ATL 24 MTS Ia
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AbN: Abnormality; ATL: Anterior Temporal Lobectomy; EC: Engel Class; FCD: Focal Cortical Dysplasia; FS: febrile seizure; IPI: Initial
Precipitating Incident; LHD: Left-Hand Dominant; M: Meningitis; NL: non-lesional; RHD: Right-Hand Dominant; SAH: Selective
Amygdalohippocampectomy; TBI: traumatic brain injury. *Although patient 21 had MRI evidence of MTS, pathology was reported as normal.
Two patients reported as non-lesional on MRI were found to have evidence of MTS on final pathology
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4.3.2  Surgical outcome

Seizure control across all patients, determined at an average of 5.2 *+ 3.6
years following surgery, was as follows: Engel [—77% (IA - 73%, IC - 4%) 1IA -
15%, IIB - 4%, IIC - 4%. There was no significant difference between seizure

freedom rates by surgical approach (SAH - 67%; ATL - 79%; p = 0.47).

4.3.3 Reliability of volumetric measures

Intra-rater reliability for the whole hippocampus (WHV) was high with an
average measures ICC of 0.97 (95% confidence interval 0.93 - 0.99; F(19,19) =
40.19, p < 0.001). Inter-rater reliability for WHV was also high with an average
measures ICC of 0.93 (95% confidence interval 0.71 - 0.98; F(9,9) = 13.97, p <
0.001). Intra- and inter-rater reliability data for the hippocampal head (HHV),
body (HBV) and tail (HTV) demonstrated ICC ranging from 0.89 - 0.99 with the

highest ICCs observed for HBV (Table 4.2).

Table 4.2: Reliability data for hippocampal volumetry measurements

Inter- and intra-rater reliability as measured by average measure ICC (with 95%
confidence interval) for hippocampal volumes and sub-regions (head, body and tail).

HHV HBV HTV WHV

Inter-Rater Reliability 0.92 0.99 0.89 0.93
(1co (0.69 - 0.98) (0.96 - 0.99) (0.56-0.97) (0.71-0.98)

Intra-Rater Reliability 0.91 0.99 0.98 0.97
(I1CC) (0.78 - 0.97) (0.98-0.97) (0.96 - 0.99) (0.93-0.99)
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4.3.4 Hippocampal volume: two scan group

In the two scan group (n = 16: ATL = 6; SAH = 10; Figure 4.2), with a mean
interval between surgery and post-operative scan of 5.4 * 3.2 years (range 150
days - 8.6 years), there was statistically significant post-operative atrophy of
contralateral whole hippocampus volume (WHV) (preoperative mean WHV
3462 + 379 mm?3 versus post-operative mean WHV 3054 + 471 mm3; p < 0.001,
paired t-test) with 12% mean volume loss relative to baseline. When analyzed
separately, there was significant atrophy of hippocampal body volume (HBV)
with 27% mean volume loss relative to baseline (pre-operative mean HBV 1066
+ 158 mm3 versus post-operative mean HBV 780 + 150 mm?3; p < 0.001, paired t-
test). There was more modest atrophy of hippocampal tail volume (HTV) with
9% mean volume loss relative to baseline (pre-operative mean HTV 558 *144
mm3 versus post-operative mean HTV 509 * 115 mm3; p = 0.041, paired t-test),
which did not survive Bonferroni correction for multiple comparisons (i.e., p >
0.05/3 or 0.017). There was no significant post-operative atrophy of
contralateral hippocampal head volume (HHV) (pre-operative mean HHV 1838 +
324 mm3 versus post-operative mean HHV 1766 + 329 mm3; p = 0.063, paired t-
test). In contrast, hippocampal volumes were not significantly different over
time in the two-scan healthy control group (n = 9) with similar inter-scan
interval (WHV: scan 1 mean 4075 * 350 mm3 versus scan 2 mean 4020 + 339
mm3; p = 0.099, paired t-test; HBV: scan 1 mean 1356 + 164 mm3 versus scan 2

mean 1335 * 134 mm?3; p = 0.213, paired t-test) (Figure 4.3).
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Figure 4.2: Postoperative two scan group hippocampal volumetry

Mean contralateral hippocampal volume (mm3) pre- and post-operatively in the
two scan group (n = 16; ATL - 6; SAH - 10). There was statistically significant
post-operative atrophy (mean of 5.4 * 3.2 years after surgery) for (A) whole
hippocampus (WHV) by 12%, (B) hippocampal body (HBV) by 28%, but not (C)
hippocampal head (HHV) or (D) tail (HTV). * denotes p<0.05, **denotes p<0.01.
Error bars denote SEM.
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Figure 4.3: Control subject hippocampal volumetry

Mean hippocampal volume (mm3) in the healthy control group (n = 9) scanned
twice over time (mean inter-scan interval 6.9 + 2.1 years). There was no
significant difference over time amongst healthy controls in mean (A) whole
hippocampus, hippocampal (C) head, (B) body or (D) tail. Error bars denote
SEM.

4.3.5 Hippocampal volume: longitudinal group

In the longitudinal group (n = 10; ATL = 8; SAH = 2) post-operative
hippocampal atrophy progressed rapidly over the first week (Figure 4.4A) with
an average volume loss of 1.3%/day (best-fit regression line first post-operative
week revealed a slope significantly different from zero; y = -1.3x + 97.2, t = -3.1,
p = 0.005). All ten subjects had major reductions in WHV by the end of the first

post-operative week (mean 12 + 4.8%).
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Figure 4.4: Normalized individual longitudinal postoperative hippocampal
volumetry

Longitudinal normalized volume of the contralateral (non-resected)
hippocampus in ten patients prior to (P1) and following (days, d; months, m and
years, y) temporal lobe epilepsy surgery (ATL - 8; SAH - 2) for medically
refractory epilepsy. Post-operative measures were normalized to each subject’s
pre-operative baseline. The dashed red lines show the normal variation range
defined from repeated measures of both hippocampi in three healthy controls
using the same scanner, protocol and time period. (A) WHV loss occurred rapidly
over the first week (-1.3%/day) such that all ten subjects had significant
reductions from baseline by the end of the first post-operative week which
subsequently recovered in two subjects but remained significantly depressed in
all others at long-term follow up. (B) HBV loss accounted for the majority of
hippocampal atrophy occurring drastically over the first post-operative week (-
3.0%/day) in all subjects and remained significantly depressed in all subjects at
long-term follow up. (C) HHV was more scattered and less severe although
significant volume loss occurred over the first week in three subjects and
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ultimately in 7 subjects at delayed follow up. (D) HTV was considerably
heterogeneous with long-term significant volume loss relative to baseline
occurring in 5 subjects. SAH, selective amygdalohippocampectomy; ATL,
anterior temporal lobectomy.

The majority of the observed post-operative hippocampal atrophy was largely
complete by day 7 (p < 0.001) without any further significant decline at the
group wide level thereafter relative to the most delayed scan point (> 3 years;

Figure 4.5A, whole hippocampal volume, WHV).
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Figure 4.5: Raw longitudinal postoperative hippocampal volumetry

Early (6 - 7 days, 6 - 7d) and delayed (1 - 3 years, 1 - 3y) post-operative
contralateral hippocampal and sub-regional absolute volume (in mm3) changes
following surgery for medically refractory TLE in the longitudinal group (n = 10;
ATL - 8; SAH - 2). Despite the factor of 2-3 variability in the absolute volumes
across subjects, there is statistically significant and consistent early atrophy of
the whole hippocampus (WHV, A) and the hippocampal body (HBV, B), followed
by volumetric stabilization without any further atrophy or recovery at the
group-wide level. The hippocampal head (HHV) and tail (HTV) do not undergo
similar group-wide changes over the same time period. **denotes p<0.01
relative to baseline. Error bars denote SEM. Individual subject labels are the
same as in figure 4.4.

That being said, at the individual level there was considerably more variability in
WHYV beyond the first post-operative week (Figure 4.4A). For example, six
subjects (1, 2, 3, 7, 9 and 10) had further hippocampal atrophy (-4.6 + 2.6%,

mean * SD) from the end of the first post-operative week until the most delayed
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scan. Two subjects (6 and 8) had no further hippocampal atrophy outside of the
first week while two subjects (4 and 5) had hippocampal volumes that returned

to or near preoperative baseline

Sub-regional analysis revealed that the WHV change is accounted for by
volume loss specific to the hippocampal body (Figure 4.4B). Hippocampal body
atrophy occurred rapidly over the first week following surgery with an average
volume loss of 3.0%/day (best fit regression line plotted over the first post-
operative week revealed a slope significantly different from zero; y = -3.0x +
94.1, F1,24 = 15.05, p = 0.007). As a group there was no further significant
atrophy or recovery in HBV after the first post-operative week (Figures 4.4B and
4.5B). For the HHV and HTV, no significant early or delayed longitudinal changes

were observed given the inter-subject variability (Figures 4.4C/D and 4.5C/D).

As predicted, longitudinal hippocampal and sub-regional volumes in
healthy control group scanned at similar time intervals as the longitudinal
surgical arm did not show significant change over time (Figure 4.6). Left and
right hippocampal measurements had similar longitudinal variability for each
measure. The normal variation range was 3.0% for WHV, 5.6% for HHV, 3.4% for

HBV and 6.3% for HTV.
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Figure 4.6: Control subject normalized longitudinal volumetry

Time course of normalized hippocampal and sub-regional volume from three
controls (C1, C2, C3) imaged longitudinally over a similar time span as the
longitudinal surgical group. Measurements are normalized to each subject’s
baseline for each structure. The normal variation range (two red dashed lines)
was defined as twice the average absolute deviation from the initial scan

baseline of the six hippocampi.

4.3.6 Hippocampal atrophy differences by surgical approach

and seizure outcome
Combining the data from the post-operative scan from the two-scan

group with the most delayed post-operative scan of the longitudinal group (i.e.

all 26 TLE patients together), baseline hippocampal volumes contralateral to the
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identified surgical target (seizure focus) were significantly smaller in TLE
patients than in healthy controls (TLE WHV 3381 + 493 mm?3 versus control

WHYV 3992 + 486 mm3; p < 0.001, unpaired t-test).

Overall the average volume loss at 4.3 + 3.0 years was 12 * 6% for the
WHV and 27 * 8% for the HBV. There was no significant difference in mean
atrophy of either WHV or HBV by surgical approach (WHV: 12 + 7% vs. 12 + 5%,
ATL vs. SAH, p = 0.94; HBV: 26 + 8% vs. 27 + 8%, ATL vs SAH, p = 0.66) or side of
resection (WHV: 14 + 5% vs. 11 * 7%, Left vs. Right, p = 0.31; HBV: 26 + 8% vs.
27 * 9%, Left vs. Right, p = 0.89). However, when post-operative hippocampal
atrophy was analyzed by seizure outcome, there was significantly less atrophy of
the WHV in patients free of disabling seizures (Engel I) (11 * 6%, median * SD, n
= 20) versus those with continued post-operative disabling seizures (18 + 5%, n
= 6; Mann-Whitney U = 27.0, p = 0.048); results were similar for HBV (23 + 7%; n
= 20 Engel ], versus 36 * 8%; n = 6 with ongoing seizures; Mann-Whitney U =
21.0; p = 0.019, Figure 4.7). There was no significant difference in pre-operative
contralateral hippocampal volume when analyzed by seizure outcome (WHV
stratified by Engel 1 vs Engel >1, Mann Whitney U-Test, p = 0.61; HBV stratified

by Engel 1 vs Engel >1, Mann Whitney U-Test, p = 0.38).
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Figure 4.7: Postoperative normalized hippocampal volume loss by seizure
outcome

Post-operative contralateral whole hippocampal (WHV; A) and hippocampal
body (HBV; B) atrophy expressed as a percentage of baseline at most delayed
time point (4.3 * 3.0 years post-surgery) combined across both single-scan
group and longitudinal group (n=26). There was a statistically significant
difference between subjects who were seizure free (Engel I, n=20) versus those
with continued post-operative seizures (Engel > I, n=6) who had a greater
reduction of hippocampal volume. * denotes p<0.05. Error bars denote SEM.

The performance of delayed WHV or HBV alone as a predictor of seizure
outcome (Engel 1 versus Engel > 1) was evaluated with ROC curves which
revealed an area under the curve (AUC) of 0.775 + 0.117 (0.57 - 0914; p =
0.019) and 0.825 £ 0.099 (0.626 - 0.945; p = 0.001), respectively (Figure 4.8).
The optimal cutoff value was WHV atrophy of greater than 17% (sensitivity =
67%; specificity = 85%) or HBV atrophy of greater than 32% (sensitivity = 67%;

specificity of 90%) with no significant difference between ROC curves.
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Figure 4.8: Receiver operating characteristics (ROC) curves for seizure
freedom based on delayed hippocampal atrophy

ROC curves showing discrimination between subjects who are free of disabling
seizures (Engel 1) versus those with disabling post-operative seizures (Engel >1)
on the basis of atrophy at the most delayed scan time across two-scan and
longitudinal group: left, whole hippocampal volume and right, hippocampal body
volume. For whole hippocampal volume the area under the ROC curve (AUC)
was 0.775 (SE = 0.117, 95% Confidence interval 0.57 - 0.914; p-value = 0.019)
with the optimal criterion being atrophy of greater than 14% relative to baseline
with a sensitivity of 67% and specificity of 85%. For hippocampal body volume
alone the area under the ROC curve (AUC) was 0.825 (SE = 0.099, 95%
confidence interval 0.626 - 0.945; p-value = 0.001) with the optimal criterion
being atrophy of greater than 32% relative to baseline with a sensitivity of 67%
and specificity of 90%. Pairwise comparison of ROC curves did not reveal a
statistically significant difference between whole hippocampal versus
hippocampal body volume alone as a predictor of seizure outcome (p = 0.732).

4.3.7 Caudate volumetry

The caudate nucleus contralateral to the side of resection was used as a
control region since it would not be expected to undergo atrophy due to

disconnection caused by temporal lobe resection but might experience
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mechanical deformation following surgery. Caudate volume in the longitudinal

surgical group revealed no significant atrophy following surgery (Figure 4.9).
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Figure 4.9: Postoperative caudate volumetry

Post-operative contralateral caudate volume following surgery for medically
refractory TLE in the longitudinal group (n = 10; ATL - 8; SAH - 2) at 6 - 7 days
(6 - 7d) and at the most delayed scan time (1 - 3 years) compared to pre-
operative baseline (P1). Caudate volume did not change significantly following
surgery. Dashed grey lines indicate mean and error bars indicate SEM.

4.3.8 Neuropsychological assessment

Neuropsychological testing was performed at an average of 1.7 + 2.0
years post-operatively in 17 of 26 patients. Our principal goal was to assess pre-
and post-operative verbal and figural memory function, since these are widely
believed to be hippocampally-mediated (Corkin, 1965; Kimura, 1963; Milner,
1971, 1968). These results are summarized for dominant (n = 8) and non-
dominant (n = 9) hemisphere resections in Table 4.3. There was no significant

change in verbal memory or figural memory average t-scores for non-dominant
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resections or verbal memory average score following dominant resections.
There was a statistically significant improvement in figural memory average t-
scores following dominant resection (from 26 * 7 pre-surgery to 30 + 8, p =
0.02) which did survive Bonferroni correction for multiple comparisons (i.e., p <
0.05/2 or 0.025). There was no significant correlation between any memory
score and the delayed contralateral hippocampal volumes. The pre- and post-
operative full-scale 1Q, verbal comprehension index, perceptual reasoning index
and working memory index did not show any statistically significant post-

operative changes (Table 4.4).

Table 4.3: Pre- and Post-operative average memory scores of patients
following temporal lobe epilepsy surgery

Displayed scores are average T-scores * standard deviation.

Dominant Resection (n = 8) Non-dominant Resection (n =
9)
Score PreOp PostOp p-value PreOp PostOp p-
value
VM 38+8 387 0.84 41+9 44 + 8 0.16
FM 267 30+8 0.02* 266 275 0.74

VM: verbal memory average score; FM: figural memory average score.
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Table 4.4: Pre- and Post-operative cognitive performance of patients
following temporal lobe epilepsy surgery

Displayed score are average standard scores * standard deviation.

Dominant Resection (n = 8) Non-dominant Resection (n =
9)
Score PreOp PostOp  p-value PreOp PostOp p-value
(0} 87 +10 88+8 0.73 80+11 83+10 0.20
VCI 87 +10 84+9 0.69 81+9 82+8 0.60
PRI 96+ 9 99 +11 0.45 90+ 16 92 +14 0.21
WMI 9117 91+15 0.73 83+16 83+17 0.87

IQ: intelligence quotient; VCI: verbal comprehension index; PRI: perceptual
reasoning index; WMI: working memory index.

4.4 Discussion

Following TLE surgery, we report atrophy of the contralateral, non-
resected hippocampus, occurring largely in the hippocampal body with this
finding being demonstrated independently in two separate groups (two scan and
longitudinal groups). Based on the longitudinal study, atrophy begins
immediately post-operatively and continues during the first post-operative week
where it then levels off after a sizeable drop of ~12% for whole hippocampus
and ~27% for the body. Delayed atrophy was significantly more severe amongst
patients who continued to have disabling seizures following surgery, but no
significant differences were observed based on surgical approach or side of

surgery.

To our knowledge there have been no previous reports examining gray
matter changes following TLE surgery with the same degree of temporal
resolution, nor have hippocampal sub-regions been specifically studied in the

postoperative period. The design of the longitudinal arm of our study did limit
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recruitment due to a host of challenges associated with scanning in the
immediate post-operative period (e.g. tolerating transfer or scan, inability to
perform in-patient research scans on weekends at our institution), which have
been described in other studies of this type (Fuerst et al., 2003; Liu et al., 2013).
Nevertheless, our study design with imaging at short intervals in the immediate
post-operative period allowed us to show, for the first time, that post-operative
contralateral hippocampal volume decreases at an estimated rate of 1.3%/day
over the first post-operative week (2.9%/day for HBV), stabilizing thereafter but

remaining significantly reduced relative to baseline years later.

The earliest published study examining contralateral hippocampal
structural changes after TLE surgery did not detect a significant reduction in
contralateral hippocampal volumes, though these authors actually compared
post-operative 6-month hippocampal volumes from patients to those of healthy
controls (rather than to pre-operative volumes in the same patients) (Noulhiane
et al., 2006). A more recent study reported the presence of mild contralateral
hippocampal atrophy after TLE surgery (n=47 with unilateral MTS) at
approximately 4 years of follow-up (Fernandes et al., 2014). Their reported
mean post-operative hippocampal atrophy of 3.9% at 4 years post-surgery
relative to pre-operative baseline was much smaller than the 12% drop
observed in our study. Methodological differences in manual hippocampal
volumetry may account for this difference in the degree of reported atrophy at
similar post-operative times. Supporting this possibility is the fact that their

study reports very large baseline mean hippocampal volumes of 5437 mm3 14,
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certainly much larger than both the mean hippocampal volume we report
(approximately 3400 mm?3) and typically reported normative data in other
studies of hippocampal volume in healthy adults (~3000 - 4000 mm3) (Frisoni et

al, 2014).

It is not immediately obvious why we observed dramatic, early, and
sustained post-operative contralateral hippocampal atrophy. One possible
underlying explanation may be deafferentation, which has been suggested to
contribute to pre-operative contralesional atrophy in TLE relative to healthy
controls (which we also find in this study), because ipsilateral MTS-related cell
loss may result in decreased input to contralateral temporal structures (Bonilha
et al, 2010). Similarly, in the post-operative state, the removal of tonic
commissural excitatory input originating from the resected epileptogenic focus
and projecting to contralesional structures may contribute to atrophy.
Furthermore, the consequences of deafferentation can be rapid: brain insults
such as ischemic stroke or TBI have been demonstrated to induce a robust
contralesional plasticity response as early as four days after injury (Andersson et
al, 2013; Buga et al, 2008; Kim et al,, 2005; Pekna et al,, 2012). For example,
stereotactic entorhinal cortex injury in mice elicits a rapid, contralateral, glial
cell mediated genetic response which is at least partially triggered by
deafferentation (Andersson et al., 2013). Longitudinal DTI following TLE surgery
also supports our observation that post-operative brain changes occur soon
after surgery, with limited progression seen beyond 2-4 months (McDonald et

al, 2010; Winston et al., 2014). One DTI study showed changes in FA of the
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fornix as early as post-operative day 2 after TLE surgery(Liu et al., 2013). Early
decreases in FA are consistent with deafferentation experiments in animal
models describing dendritic atrophy within 2 hours of axotomy followed shortly
after by cell body atrophy at 48 hours (Deitch and Rubel, 1989). Finally,
deafferentation is further supported by our finding of similar atrophy in patients
who had ATL or SAH suggesting that specific removal of hippocampal-

hippocampal connections may mediate contralateral volume loss.

It is possible that glucocorticoid-mediated hippocampal atrophy—as seen
in Major Depressive Disorder (Fink, 2011; Kanner, 2011; Sheline et al., 1996;
Vachon-Presseau et al., 2013)—may at least partial contribute to our findings,
given the expected cortisol rise due to the post-operative stress response.
Unfortunately, we did not routinely measure serum cortisol levels during this
study in order to establish a correlation with hippocampal volume. Another
potential contributor to early post-operative atrophy may be generalized
mechanical deformation following craniotomy or local periventricular atrophy
due to egress of CSF. Our finding that the volume of the contralateral caudate
nucleus—a periventricular structure—did not change post-surgery, suggests

that neither of these explanations is likely.

It is unclear why atrophy in this study is most pronounced in the
hippocampal body. Subdivision of the hippocampus into head, body, and tail as
in our segmentation protocol is classically based on differences in anatomical

connectivity (Duvernoy, 1998). Previous MRI studies examining regional
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hippocampal atrophy in preoperative TLE have reached disparate conclusions as
to the sub-region most severely affected by the disease, with some showing
greater atrophy of the head (Bernasconi, 2003), others favouring volume loss in
the body (Bronen et al,, 1995) and still others suggesting atrophy is distributed
across the entire structure (Quigg et al, 1997). It is certainly possible that
different sub-regions may also be differentially affected by TLE surgery, and we
speculate that surgery likely results in a greater disconnection of commissural
fibers of the hippocampal body compared to those of the head or tail. It is also
possible that the chance of outlier measurements for the hippocampal head and
tail was greater due to inherent greater measurement error and variability (inter
and intra rater reliability was better for the HBV than HHV and HTV- Table 4.2).
This combined with the fact that the HHV and HTV together make up more than
twice the volume contribution to the whole hippocampus as the hippocampal
body may have contributed to less clear trends than for the hippocampal body

alone.

Our neuropsychological analysis did not reveal cognitive deficits
attributable to the shrinking, non-resected hippocampus. This may have been
the result of the positive impact on cognition of post-operative seizure control
and/or cessation of AED. In fact, for dominant temporal lobe surgery, there was
a significant improvement in figural memory aggregate score. For other tests
including IQ, verbal comprehension, perceptual reasoning, working memory and
verbal memory aggregate score there was no significant change from

preoperative baseline.
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This is the first study of patients who have undergone TLE surgery with
intensive longitudinal post-operative imaging including a healthy control group
with imaging at similar time points. It would have been ideal to include an age-
matched, medically-refractory, non-surgical TLE group serially at identical
intervals, however this was not feasible as essentially all medically intractable
TLE patients with MTS proceeded to surgery. Previous studies have
demonstrated that the contralateral hippocampus in unilateral TLE (without
surgery) is atrophic relative to healthy controls (Keller and Roberts, 2008)
which we confirm with this study. However, longitudinal hippocampal
volumetry in this population does not reveal progressive atrophy contralateral
to the epileptogenic focus in patients with ongoing disabling seizures in contrast

to the ipsilateral hippocampus which does shrink over time (Fuerst et al.,, 2003).

4.5 Conclusions

In conclusion, we describe the degree and time-course of atrophy of the
contralateral hippocampus following TLE surgery for medically refractory
epilepsy. Post-operative contralateral hippocampal atrophy begins immediately
and progresses significantly over the first post-operative week. Atrophy does not
significantly differ by surgical approach or surgical side, but is significantly
worse in patients with ongoing post-operative seizures. Neuropsychological

testing reveals no significant post-operative deficit attributable to this post-
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operative hippocampal atrophy. The observation that patients with ongoing
disabling post-operative seizures experience greater hippocampal atrophy,
combined with the observation that most of the significant atrophy occurs
within the first week after surgery, may in the future allow for predictions of
treatment failure based on early post-operative MR-based hippocampal
volumetry. Future work will be necessary to describe the influence of TLE
surgery on extra-hippocampal and extra-temporal neuroanatomy, and

associated downstream effects on seizure and neurocognitive outcome.
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CHAPTER 5: Longitudinal hippocampal and extra-
hippocampal microstructural and
macrostructural changes following temporal lobe
epilepsy surgery

Cameron A. Elliott, Donald W. Gross, B. Matt Wheatley, Christian Beaulieu
and Tejas Sankar

This chapter has been published in part as:

Elliott CA, Gross DW, Wheatley BM, Beaulieu C, Sankar T. Longitudinal
hippocampal and extra-hippocampal microstructural and macrostructural
changes following temporal lobe epilepsy surgery. Epilepsy Research 2017.

https://doi.org/10.1016/j.eplepsyres.2018.01.008

5.1 Introduction

Surgical treatment of medically refractory TLE with MTS is associated
with excellent short term seizure control compared to non-operative treatment
(Wiebe et al,, 2001). However, seizure control decays over time, such that by 10
years after surgery less than half of patients remain seizure free (de Tisi et al,,
2011; McIntosh et al., 2004). Reliable prediction of post-operative seizure
outcome remains challenging. Recently, using longitudinally-obtained structural
MRI scans in patients undergoing surgery for TLE, early and progressive post-
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operative volume loss of the non-resected (i.e., contralateral) hippocampus was
identified (C. A. Elliott et al, 2016). This post-operative contralateral
hippocampal volume loss was significantly more pronounced amongst patients
with seizure recurrence at two years after surgery but was uncorrelated with
surgical approach or neurocognitive outcome. At present, the mechanisms
underlying this phenomenon of contralateral hippocampal volume loss are not
yet known. Whether post-operative atrophy extends beyond the contralateral
hippocampus, especially within structures having direct hippocampal

connections, is also an open question.

DTI is a quantitative MRI approach which can be used to assess
microstructural changes within brain regions of interest. In the hippocampus,
DTI is a sensitive measure of microstructure which may provide information
which is both complementary and partially overlapping to volumetry.
Hippocampal DTI measures depend on the disease process in question and in the
case of TLE are related to seizure lateralization (Bernhardt et al., 2016; Ercan et
al, 2016; Fellgiebel et al., 2004; Fellgiebel and Yakushev, 2011; Forster et al,,
2012; Gaolang Gong et al., 2008; Kantarci, 2014; Kimiwada et al., 2006; Londono
et al,, 2003; Nazem-Zadeh et al,, 2014; Szabo et al,, 2014; U. Wieshmann et al,,
1999; Yuce et al., 2016). Specifically, the hippocampus ipsilateral to seizure focus
is generally found to have increased MD and reduced FA relative to healthy
controls (Bernhardt et al,, 2016; Salmenpera et al,, 2006). TLE DTI findings in the
hippocampus contralateral to the seizure focus are more disparate, with some

reports showing no difference from healthy controls (Assaf et al., 2003), and
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others showing reduced FA alone (Kimiwada et al., 2006; Liacu et al., 2010) or
reduced MD alone (Thivard et al, 2005). In one prior study, contralateral
hippocampal diffusivity changes were found to be at least partially reversible
following either SAH or ATL in 23 patients, based on a single post-operative scan
(mean delay 8 months post-operatively) using a coarse region-of-interest drawn
on native MD maps (Pfeuty et al,, 2011). Interestingly, recovery of hippocampal
diffusivity was suggested to correlate with postoperative improvement in
measures of verbal and non-verbal memory—thought to be largely

hippocampally mediated.

Previous investigations have used DTI extensively to examine
longitudinal postoperative microstructural changes in TLE including
extrahippocampal structures such as the fornix, cingulum, external capsule, and
uncinate fasciculus among others (Concha et al., 2007; Liu et al., 2013; McDonald
et al,, 2010; Schoene-Bake et al,, 2009; Winston et al.,, 2014; Yogarajah et al,,
2010). Although early postoperative scans (within 1-2 months of surgery) are
uncommonly acquired, when available, changes in diffusion parameters
including in the fornix are evident within this time frame or earlier (Liu et al,,
2013; McDonald et al,, 2010). However, such postoperative longitudinal analyses
have not been extended to include volumetric analysis of the interconnected
structures that form part of the circuit of Papez, such as the fornix and
mammillary bodies—an important next step given the more direct relationship

between MRI-evident volume loss and histologic cell loss (Fuerst et al., 2003;
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Watson et al,, 1997). It also remains unclear to what extent surgery affects the

fornix and mammillary bodies ipsilateral and contralateral to the side of surgery.

The first goal of this study was to characterize the evolution of the
microstructural properties of the contralateral, non-operated hippocampus
using DTI metrics over time following TLE surgery. The second aim was to
characterize the downstream extra-hippocampal changes of volume in the
mammillary bodies and fornix. The final objective was to examine the
relationship between these measures and clinically relevant outcome variables

of seizure and neurocognitive outcome, as well as hippocampal volume.

5.2 Methods

5.2.1 Participants

Our study included 25 patients with medically refractory TLE who
underwent surgery at the University of Alberta Hospital from 2005 - 2014 and a
group of 12 control subjects of similar age with no history of epilepsy or any
other neurologic or psychiatric disease. These subjects make up a subgroup of
patients who also had longitudinal DTI taken from a previously published article
on hippocampal volumetric change after TLE surgery (C. A. Elliott et al.,, 2016)
and include some of the same TLE subjects investigated using DTI changes of the
fornix after surgery (Concha et al., 2010, 2009, 2007, 2005b; Liu et al., 2013).

This study was approved by the University of Alberta Health Research Ethics
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Board and informed consent was obtained from all subjects. Participants were
referred through the comprehensive epilepsy program. Each patient had a
standard preoperative assessment including MR, ictal and inter-ictal long-term
video electroencephalography (EEG) and neuropsychological evaluation. On the
basis of this evaluation, participants either underwent an ATL (n = 13) or SAH (n
= 12) by a single neurosurgeon (author B.M.W.). In our institution, only patients
with clear cut MRI evidence of MTS accompanied by corroborative clinical and
EEG findings were offered SAH as an option. Subjects had evidence of MTS on
MRI (visually detectable hippocampal atrophy, or abnormal hippocampal
shape/internal architecture with or without increased signal on T2/FLAIR
sequences) (n = 23) and/or surgical pathology (n = 23) with concordant
evidence from surface EEG-video telemetry and neuropsychiatric evaluation.
One participant had imaging evidence of bilateral MTS (surgical side having
more severe visible atrophy than the non-surgical side). Two subjects were
reported as non-lesional on MRI but surgical pathology was consistent with MTS.
In seven cases, surgery was preceded by bitemporal SEEG evaluation when
recommended by the comprehensive epilepsy team on the basis of ambiguous
surface telemetry. In all seven cases SEEG demonstrated unilateral temporal ictal

onset.
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5.2.2 Image acquisition

All patients were imaged preoperatively (within 3 months prior to
surgery) and postoperatively (mean post-operative interval 4.3 * 3.0 years,
range 0.4 - 8.6). A subset of patients (n = 10) were also imaged at frequent
intervals on postoperative days 1, 2, 3, 6, 60 and 120 in order to better
characterize early postoperative structural brain changes. Sutures were used to
close skin instead of staples for high quality MRI scanning in the immediate post-
operative period. Non-operated, non-epileptic healthy subjects (n = 9, average
age 33.3 = 13.1 years old; range 23 - 58; all but one right-hand dominant) were
scanned on two separate occasions (average inter-scan interval 6.9 + 2.1 years;
range 3.6 - 9.1). In addition, 3 healthy subjects (20, 22, and 33-years of age, all
right-hand dominant) were imaged longitudinally (i.e., at baseline and then in a
delayed fashion on days 1, 2, 3, 6 and 60) as controls for the longitudinally

imaged surgical subgroup.

All MRI data were acquired on a 1.5T Siemens Sonata (Siemens
Healthcare, Erlangen, Germany) using an eight-element head coil at the Peter S.
Allen MR Research Centre at the University of Alberta. Whole brain, axial, T1-
weighted, 3D-MPRAGE) images were obtained aligned to anterior-posterior
commissural line with voxel size 1 mm x 1 mm x 1 mm, TR 1890 ms, TE 4.38 ms,
and scan time 6:03 min. DTI was acquired using a dual spin-echo, single shot
echo-planar imaging sequence with 52 axial-oblique slices with no inter-slice

gap; TR = 6400 ms; TE = 88 ms; 2 x 2 x 2 mm?3 voxel resolution (interpolated to 1

155



x 1 x 2 mm3) along six non-collinear diffusion sensitizing gradient directions

with b =1,000 s/mm?; 1 b =0 s/mm?; 8 averages for a scan time of 7:26 min.

5.2.3 DTI analysis of hippocampus

Raw data were imported and processed to correct for subject motion,
DWI signal drift, eddy current and EPI deformations in ExploreDTI (version 1,
Utrecht, The Netherlands)(Leemans et al.,, 2009). Diffusion metrics of interest
included FA, MD, AD, and RD, which were calculated using previously
determined hippocampal volumes from high resolution T1-weighted images (C.
A. Elliott et al, 2016). Each tracing was used as a ROI following affine co-
registration of the DTI to T1-weighted image in the motion correction step
above. This is distinct from previously published approaches (Pfeuty et al., 2011;
Thivard et al, 2007, 2005), which rely on creating hippocampal regions of
interest using non-anatomical (diffusion-weighted) images on which boundaries
of the hippocampus are less apparent. Each ROI was verified visually for
accurate co-registration to both the DTI raw MD map and the T1-weighted image
based on anatomical landmarks, by the same tracer (CAE) who traced the
hippocampi originally. DTI analysis was carried out both on the entire
hippocampus and on hippocampal anatomical subdivisions (head, body, tail)

separately based on previously created ROIs.
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5.2.4 Volumetric analysis of fornix and mammillary bodies

Volumetric analysis of the fornix and mammillary bodies was performed
with manual tracing by a single observer (CAE) using ITK-SNAP software

(www.itksnap.org; (Yushkevich et al, 2006). Volumetric analysis of the non-

operated (contralateral) hippocampus has already been reported as part of a
previously published paper (C. A. Elliott et al., 2016). Anatomical boundaries of
the structures of interest were viewed simultaneously in three orthogonal
planes on 3D-MPRAGE images (Bonilha et al.,, 2004a). The observer was blinded
to surgical status (i.e., pre-resection, post-resection or control) and time point
(i.e., post-operative day) by ensuring that anonymized images of patients were
interspersed with controls in random order. Images were zoomed to the
structure of interest such that the resection cavity (or lack thereof) was not
visible. The fornix and mammillary bodies were traced using a protocol
described by Copenhaver and colleagues with previously demonstrated robust
inter- and intra-rater reliability (Copenhaver et al, 2006). According to this
protocol, the fornix and mammillary bodies are considered to be single rather
than paired structures; the protocol instructs the observer to segment both sides
of these structures together as one, incorporating midline regions that are fused
(including part of the body of the fornix, the hippocampal commissure, and
midline mammillary body). As a subanalysis, in order to assess potential
laterality of the postoperative changes in these structures, the ipsilateral and
contralateral portions were separated by an arbitrary approximation of midline

(fornix: line between the longitudinal fissure and the cerebral aqueduct on
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coronal slices; mammillary bodies: line between the posterior-most aspect of the

interpeduncular fossa and the cerebral aqueduct on axial slices).

5.2.5 Seizure and neuropsychological outcome

Seizure outcome was categorized based on the modified Engel
classification (Engel et al, 1993a). Accordingly, seizure outcome was
dichotomized as either free from disabling seizures (Engel [; including non-
disabling simple partial seizures or auras) or not (Engel >I). Each patient
underwent pre- and post-operative tests of verbal and figural memory as well as
the Wechsler Adult Intelligence Scale (WAIS; standard scores) with full-scale IQ
(IQ), verbal comprehension index (VCI), perceptual reasoning index (PRI) and
working memory index (WMI). Verbal memory was summarized using an
average (VM) of t-scores (population mean = 50, SD = 10) for recognition
memory test for words (immediate recall), verbal paired associates II (delayed),
logical memory II (delayed) and Rey auditory verbal learning test (RAVLT;
delayed). Figural memory (FM) was summarized as an average of t-scores
(population mean = 50, SD = 10) for recognition memory for faces, continuous
visual memory test (CVMT; delayed) and Rey-Osterreith complex figure task
(CFT; delayed). Pre- and post-operative group means were compared for each of
these six scores (IQ, VCI, PRI, WMI, VM and FM) separately for dominant and
non-dominant hemisphere surgery. Hemispheric dominance was established

based on handedness alone 9/17 (53%), fused dichotic listening test 6/17
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(35%), fMRI for language Ilateralization 1/17 (6%) and/or intracarotid

etomidate procedure 3/17 (18%).

5.2.6 Statistical analysis

Statistical analyses were performed with Prism software version 7
(Graphpad) and SPSS 24 (IBM). Fisher’s exact test was used for categorical
variables. The distribution of all continuous data was first evaluated with the
Shapiro-Wilk test of normality. A paired t-test or Wilcoxon matched-pairs signed
rank test was used for comparison of two paired groups. An unpaired t-test or
Mann-Whitney U-test was used to compare two unpaired groups, the latter
when data was not normally distributed. The longitudinally imaged group was
analyzed with the non-parametric Friedman test with Dunn’s post test to correct
for multiple comparisons. Pearson correlation analysis was performed to
examine the degree to which preoperative contralateral hippocampal DTI
metrics (FA, MD, AD, RD) were related to postoperative contralateral
hippocampal volume (expressed as a percentage of each patient’s preoperative
baseline). Performance on verbal and non-verbal memory tests (as well as an
aggregate score for each) was analyzed in a two-way mixed ANOVA, with time
relative to surgery (preoperative, postoperative) as a within-subject variable
and side of resection relative to dominant (language) hemisphere (dominant,
non-dominant) as the independent variables. Correlations between

postoperative changes of FA and MD and postoperative neuropsychological
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scores were tested with Pearson correlation, except when data were not
normally distributed in which case Spearman’s nonparametric correlation was
used. Partial Pearson correlation was also performed to adjust for the
preoperative baseline score on each memory test as well as the length of the
delay between pre- and post-operative neuropsychological testing (Baxendale et
al,, 2008; Pfeuty et al., 2011). Holm-Bonferroni correction was used to correct for
multiple comparisons. All tests were conducted as two-tailed, with a type 1 error

setata = 0.05.

5.3 Results

5.3.1 Patient characteristics

Detailed patient demographic data is displayed in Table 5.1. In summary,
the mean age was 39.3 + 10.8 years (range 19 - 59 years) with 44% (11/25) of
patients being male. The control group consisted of 12 subjects of similar age
(t(25)=1.072, p = 0.29; average age 35 + 13 years old; range 20 - 58); 7/12 being

male) with no history of epilepsy or any other neurologic or psychiatric disease.
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Table 5.1: Characteristics of TLE surgery patients

Characteristics of TLE surgery patients with 1-16 from two scan group and 17-25 from the subset of patients with

multiple postoperative scans.

Patient Age(yrs)/Sex/Handedness  MRI Lesion Pathology IPIs SEEG Surgery Dlg??)on Outcome (EC)
1 38F/R MTS MTS FS No Left SAH 37 Ila
2 33M/R MTS MTS None No Left SAH 15 la
3 21F/R MTS MTS FS No Left SAH 10 IIb
4 31M/R MTS MTS None No Left SAH 23 la
5 55M/R NL* MTS None No Left SAH 15 la
6 52F/R MTS MTS FS, TBI No Left SAH 13 la
7 41F/R MTS MTS TBI No Right SAH 27 la
8 37F/R MTS MTS None No Right SAH 36 lic
9 37F/R MTS MTS FS No Right SAH 29 la
10 46F/R MTS MTS FS, TBI No Right SAH 32 Ila
11 19M/R MTS MTS FS No Left ATL 16 la
12 44F/R NL* MTS None No Left ATL 6 la
13 41F/R MTS MTS None Yes Left ATL 18 la
14 44M/R MTS MTS M Yes Left ATL 43 Ic
15 58F/R MTS MTS None No Left ATL 47 Ila
16 36F/L MTS MTS FS, TBI No Right ATL 16 la
17 34M/R MTS MTS None No Left SAH 6 la
18 45M/R MTS MTS FS No Right SAH 28 la
19 54F/R MTS MTS None Yes Left ATL 26 la
20 24M/L MTS MTS FS, M No Left ATL 12 la
21 39F/R MTS Normal None No Right ATL 20 la
22 29M/R MTS MTS None No Right ATL 11 la
23 59M/R MTS" MTS TBI Yes Right ATL 29 la
24 31M/R MTS FCD™ TBI Yes Right ATL 7 Ila
25 36F/R MTS MTS TBI Yes Right ATL 24 la

ATL: Anterior Temporal Lobectomy; EC: Engel Class; FCD: Focal Cortical Dysplasia; FS: febrile seizure; IPI: Initial Precipitating Incident; L:
Left-Hand Dominant; M: Meningitis; NL: non-lesional; R: Right-Hand Dominant; SAH: Selective Amygdalohippocampectomy; TBI: traumatic
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brain injury. fTwo patients reported as non-lesional (NL) on MRI were found to have evidence of MTS on final pathology. *Bilateral evidence
of MTS on MR, although right significantly more pronounced than left. “Neocortical (temporal) focal cortical dysplasia type 1C, without MTS
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Thirteen patients (52%) underwent an ATL and 12 patients (48%) underwent a
SAH. Left-sided surgery occurred in 12/25 (48%). Surgical pathology was
consistent with MTS in all but two cases (patient #21, MRI consistent with MTS
but pathology reported as normal; patient #24, MRI consistent with MTS but
pathology reported as a temporal neocortical FCD; Table 5.1). Two patients (#5
and #12) reported to be non-lesional based on MRI had surgical pathology

consistent with MTS.

5.3.2 Surgical outcome

Seizure control across all patients, determined at an average of 5.2 + 3.6
years following surgery, was as follows: Engel [—76% (1A - 72%, IC - 4%), 11A -
16%, IIB - 4%, IIC - 4%. There was no significant difference between seizure
freedom rates by surgical approach (SAH - 67%, n = 8/12; ATL - 85%, n =

11/13; p = 0.38; Fisher’s exact test).

5.3.3 Baseline hippocampal diffusion metrics

There was no significant difference in hippocampal FA, MD, AD, and RD
values in healthy subjects between sides (FA left: 0.18 + 0.01, right: 0.19 * 0.01;
MD left: 0.97 + 0.02 x10-3 mm?/s, right: 0.97 + 0.03 x10-3 mm?/s; AD left: 1.14 +
0.03 x10-3 mm?/s, right: 1.16 * 0.03 x10-3 mm?/s; RD left: 0.88 * 0.03 x10-3
mm?/s, right: 0.86 * 0.03 x10-3 mm?/s). Consequently, in subsequent analyses
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left and right control hippocampal diffusion metrics were pooled. At baseline,
TLE patients showed significant differences in hippocampal FA, MD, AD and RD

between operated (ipsilateral, iHC) and non-operated (contralateral, cHC) sides

4+

(FA, iHC: 0.23 £ 0.05, cHC: 0.18 * 0.02, p < 0.001; MD, iHC: 1.08 * 0.18 x10-3

+

mm?/s, cHC: 0.96 * 0.07 x10-3 mm?/s, p = 0.005; AD, iHC: 1.32 = 0.23 x10-3

+

+
+

mm?/s, cHC: 1.14 + 0.06 x10-3 mm?/s, p < 0.001; RD, iHC: 0.95 = 0.17 x10-3
mm?/s, cHC: 0.87 £ 0.05 x10-3 mm?/s, p = 0.03; Figure 5.1). At baseline,
hippocampal diffusion metrics were significantly different between TLE patients
and controls in the iHC, but not the cHC (FA, iHC: 0.23 * 0.05, healthy control
0.18 £ 0.01, p < 0.001; MD, iHC: 1.08 * 0.18 x10-3 mm?/s, healthy control 0.97 *
0.03 x10-3 mm?/s, p = 0.009; AD, iHC: 1.32 * 0.23 x10-3 mm?/s, healthy control
1.15 # 0.03 x10-3 mm?/s, p = 0.001; RD, iHC: 0.95 = 0.17 x10-3 mm?/s, healthy
control 0.88 * 0.02 x10-3 mm?/s, p = 0.04; Figure 5.1). Finally, TLE patients
demonstrated no differences in baseline ipsilateral or contralateral hippocampal

diffusion metrics when analyzed by seizure outcome.
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Figure 5.1: Preoperative diffusion parameters in TLE patients and controls

Mean preoperative hippocampal diffusion parameters in twenty-five TLE
surgery patients (ATL - 13; SAH - 12) for the ipsilateral hippocampus (iHC)
versus contralateral hippocampus (cHC) as well as pooled (left and right)
hippocampal parameters in twelve healthy controls. The ipsilateral (resected)
hippocampus (iHC) showed significant differences in (A) fractional anisotropy
(FA), (B) mean diffusivity (MD), (C) axial diffusivity (AD) and (D) radial
diffusivity (RD) compared to the contralateral (non-resected) hippocampus
(cHC). * denotes p<0.05, **denotes p<0.01, ***denotes p<0.001. Error bars
denote SD. ATL, anterior temporal lobectomy; SAH, selective
amygdalohippocampectomy.
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5.3.4 Postoperative contralateral hippocampal diffusion

metrics

Postoperatively across all patients (n = 25) at an average of 4.3 + 3.0
years, contralateral hippocampal FA decreased significantly compared to
preoperative baseline (preoperative: 0.18 = 0.02, postoperative: 0.17 * 0.02; Z =
-250, p = 0.0001; Figure 5.2); by this time contralateral hippocampal FA had also
become significantly lower than in healthy controls (postoperative: 0.17 = 0.02,
control: 0.18 + 0.01; t(47) = 3.87, p = 0.0003; Figure 5.2). By contrast,
postoperative contralateral hippocampal MD increased significantly compared
to preoperative baseline (preoperative: 0.96 + 0.05 x10-3 mm?/s, postoperative:
0.99 £ 0.07 x10-3 mm?/s; p = 0.01; Figure 5.2), though, there was no significant
difference between contralateral hippocampal MD in patients after surgery
compared to healthy controls (Figure 5.2). No significant change was observed in
AD after surgery. Contralateral hippocampal RD did increase significantly
following surgery (preoperative: 0.87 + 0.05 x10-3 mm?/s, postoperative: 0.91
0.07 x10-3 mm?/s; p < 0.0001), though was not significantly different compared
to healthy controls. Postoperative DTI metrics were not significantly different
between patients free of disabling seizures versus those with ongoing disabling

seizures.

In healthy controls, unlike in patients, hippocampal FA and AD did not
change over time (inter-scan interval: 6.9 + 2.1 years). Unexpectedly, in healthy

controls, hippocampal MD and RD decreased over time (MD: scan 1, 0.97 + 0.03
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x10-3 mm?/s, scan 2, 0.96 * 0.03 x10-3 mm?/s, t(23) = 4.68, p = 0.0001; RD: scan
1,0.88 £ 0.03, scan 2 0.86 = 0.03 x10-3 mm?/s, t(23) = 4.93, p < 0.001). Note that

this direction of change is opposite to that observed in patients (Figure 5.2).
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Figure 5.2: Postoperative changes in hippocampal diffusion compared to
healthy controls

Mean contralateral hippocampal diffusion parameters before and after TLE
surgery in twenty-five patients (ATL - 13; SAH - 12) and twelve healthy
controls. Mean interval between baseline and follow-up scans was 4.3 years for
TLE patients and 6.9 years for healthy controls. In the surgical group, the non-
resected hippocampus showed significant (A) postoperative decline in fractional
anisotropy (FA), and increase of (B) mean diffusivity (MD) and (D) radial
diffusivity (RD) but not (C) axial diffusivity (AD). In the control group, there was
no significant change over a similar inter-scan interval in FA or AD (A, (),
however, MD and RD decreased significantly over time in the opposite direction
compared to TLE surgery patients (B, D). * denotes p<0.05, ***denotes p<0.001.
Error bars denote SD. ATL, anterior temporal lobectomy; SAH, selective
amygdalohippocampectomy.
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Multiple-scan longitudinal analysis (n=9) of postoperative contralateral
hippocampal diffusion metrics in TLE patients revealed that progressive changes
in FA (decrease), MD (increase), and RD (increase) did not occur until delayed

time points (1-3-years; Figure 5.3).
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Figure 5.3: Mean early versus late postoperative contralateral hippocampal diffusion parameters compared with
controls

Mean longitudinal early (6 - 7 days) and delayed (1 - 3 years) individual postoperative contralateral hippocampal diffusion
parameters in nine patients compared to before surgery for medically refractory temporal lobe epilepsy (ATL - 7; SAH - 2)
and three healthy controls scanned at 6 - 7 days and 2 months after initial scan (P1). Hippocampal diffusion parameters
including (A) fractional anisotropy (FA), (B) mean diffusivity (MD), (C) axial diffusivity (AD) and (D) radial diffusivity were not
significantly different at 1 week after surgery. Delayed FA, MD and RD (A, B, D) was significantly different compared to
preoperatively, as shown, after correction for multiple comparisons (Holm-Bonferroni). *denotes p<0.05, **denotes p<0.01.
Error bars denote SEM. ATL, anterior temporal lobectomy; SAH, selective amygdalohippocampectomy.
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When looking at hippocampal subdivisions, postoperative FA was significantly
lower than preoperative for the hippocampal head (p = 0.0009) and body (p =
0.002) but not tail (p = 0.13; Figure 5.4). Also, postoperative hippocampal FA
was significantly lower than in healthy subjects across all subdivisions (head, p =
0.02; body, p = 0.048; tail, p = 0.005). Postoperative hippocampal MD, AD and RD
were not significantly different for any subdivision compared to before surgery

or healthy subjects.
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Figure 5.4: Sub-regional hippocampal fractional anisotropy for before and
after TLE surgery as well as in healthy controls

Mean fractional anisotropy (FA) values across contralateral hippocampal
subdivisions (head, body, tail) pre- and post-operatively in 25 patients treated
surgically (ATL - 13; SAH - 12) scanned on average 4.3 years after surgery as
well as in healthy controls (12). Mean postoperative FA values are significantly
lower across all subdivisions relative to healthy controls (head, p = 0.02; body, p
= 0.048; tail, p = 0.005) and are significantly lower compared to preoperative
values in the hippocampal head (p = 0.0009) and body (p = 0.002) but not tail (p
= 0.13). P-values Holm-Bonferroni adjusted for multiple comparisons. Error bars
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denote SEM. ATL, anterior temporal lobectomy; SAH, selective
amygdalohippocampectomy.

5.3.5 Relationship between hippocampal diffusion metrics

and hippocampal volume

There was a negative correlation between mean preoperative
contralateral hippocampal MD and delayed postoperative contralateral
hippocampal volume expressed as a percentage of each subjects’ preoperative
baseline (r(23) = -0.43, p = 0.03; Figure 5.5). This negative correlation was also
seen between mean preoperative contralateral hippocampal RD and delayed
postoperative contralateral hippocampal volume (r(23) = -0.42, p = 0.03; Figure
5.5). There was no correlation between either mean preoperative contralateral
hippocampal FA or AD and delayed contralateral hippocampal volume. There
was no correlation between preoperative hippocampal diffusion metrics on the

resected (ipsilateral) side and postoperative contralateral hippocampal volume.
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Figure 5.5: Correlation between preoperative contralateral hippocampal
diffusion metrics and delayed postoperative hippocampal volume

Correlation between preoperative contralateral hippocampal (cHC) diffusion
metrics and delayed postoperative hippocampal volume (4.3 * 3.0 years post-
surgery), expressed as a percentage of baseline for each subject. (A) Fractional
anisotropy (FA) is not correlated with delayed postoperative cHC volume (r(23)
= 0.19, p = 0.36. (B) Mean diffusivity (MD) is negative correlated with delayed
postoperative cHC volume (r(23) = -0.43, p = 0.03). (C) Axial diffusivity (AD) is
not correlated with delayed postoperative cHC volume (r(23) = -0.39, p = 0.06).
(D) Radial diffusivity (RD) is negatively correlated with delayed postoperative
cHC volume (r(23) =-0.42, p = 0.03).

5.3.6 Mammillary body volume loss

After surgery, there was statistically significant volume loss in the

mammillary bodies (preoperative: 117 + 22 mm3; postoperative: 76 * 15 mm3;
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t(24) = 10.0, p < 0.0001; Figure 5.6) with 35% mean volume loss relative to

baseline.
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Figure 5.6: Mammillary body and fornix volume before and after TLE surgery as well as in healthy controls

Mean mammillary body and fornix volume (mm?3) pre- and post-operatively in twenty-five patients with medically refractory
TLE treated surgically (ATL - 13; SAH - 12; mean post-operative interval 4.3 * 3.0 years) and twelve healthy controls (mean
inter-scan interval 6.9 * 2.1 years). There was statistically significant post-operative volume loss observed for the mammillary
bodies (A) by 36% and the fornix (B) by 24% compared to baseline, in contrast to healthy controls (A, B) with no significant
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volume loss over time. A subset of these TLE patients (n = 9; ATL - 7; SAH) were also scanned both early (6 - 7 days) and
delayed (1-3 years) as well as three healthy controls scanned at 6 -7 days and 2 months after initial scan (P1). In the multi-
scan TLE group there was volume loss in both the mammillary bodies (C) by 37% and the fornix (D) by 22% which was
statistically significant only at delayed scan time (1 - 3 years) and not at early (6 - 7 day) scan. Error bars denote SD.

**denotes p < 0.01, ***denotes p <0.001, ****denotes p<0.0001. ATL, anterior temporal lobectomy; SAH, selective
amygdalohippocampectomy.
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Figure 5.7: Ipsilateral versus contralateral mammillary body and fornix volume before and after TLE surgery as well
as in healthy controls

Mean ipsilateral and contralateral mammillary body and fornix volume relative to side of resection (mm3) pre- and post-
operatively in twenty-five patients with medically refractory TLE treated surgically (ATL - 13; SAH - 12; mean post-operative
interval 4.3 * 3.0 years) and twelve healthy controls (mean inter-scan interval 6.9 * 2.1 years). There was statistically
significant post-operative volume loss for both the ipsilateral mammillary body (A) by 56% and the contralateral mammillary
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body (C) by 12%. There was statistically significant post-operative volume loss for both the ipsilateral fornix (B) by 37% and
the contralateral fornix (D) by 11%. In contrast, there was no significant volume loss in healthy control subjects scanned over
a similar inter-scan interval. Error bars denote SD. *denotes p < 0.05, ***denotes p <0.001, ****denotes p <0.0001. ATL,
anterior temporal lobectomy; SAH, selective amygdalohippocampectomy.
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Postoperative mammillary body volume loss was more pronounced ipsilateral to
the resection cavity, though it did occur bilaterally (ipsilateral volume loss 56%,
t(24) = 13.5, p < 0.0001; contralateral 12%, t(24) = 2.6, p = 0.02, Figure 5.7). In
contrast, mammillary body volumes were not significantly different over time in
the healthy control group (n = 9) with similar inter-scan interval (scan 1: 132 *
29 mm3, scan 2: 134 + 30 mm3, p = 0.43, Figure 5.6). A non-parametric Friedman
test of differences among repeated measures in the longitudinally scanned
subgroup (n = 9; ATL = 7; SAH = 2) revealed a statistically significant effect of
time after surgery on mammillary body volume (X?(2) = 15.9, p < 0.0001; Figure
5.6). The effect of time was not significant until the most delayed scan when
significant mammillary body volume loss between baseline and most delayed
scan became apparent (1 - 3 years; p = 0.0003; Figure 5.6). In this subgroup,
time after surgery had a statistically significant effect on mammillary body
volume only for the ipsilateral, but not the contralateral mammillary body
(ipsilateral: X?(2) = 14.9, p < 0.0001; contralateral: X?(2) = 4.2, p = 0.15; data not
shown in figure). There was no statistically significant difference in degree of
mammillary body volume loss when analyzed by surgical approach (SAH: 34 +
10% versus ATL: 38 + 15%, p = 0.46). Finally, there was no statistically
significant difference in the degree of mammillary body volume loss when
analyzed by seizure outcome (Engel 1: 36 + 14% versus Engel > 1: 33 £ 15%, p =
0.56, Mann-Whitney test). There was no significant correlation between
postoperative change in mammillary body volume (ipsilateral, contralateral or

combined) and pre- or post-operative hippocampal DTI metrics.
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5.3.7 Fornix volume loss

After surgery, there was statistically significant volume loss in the fornix
(preoperative: 685 + 92 mm3; postoperative: 522 * 92 mm3; t(24) = 9.0, p <
0.0001; Figure 5.6) with 24% mean volume loss relative to baseline.
Postoperative fornix volume loss was more pronounced ipsilateral to the
resection cavity, though it did occur bilaterally (ipsilateral volume loss 37%,
t(24) = 9.8, p < 0.0001; contralateral 12%, t(24) = 4.0, p < 0.001). In contrast,
fornix volumes were not significantly different over time in the healthy control
group (n = 9) with similar inter-scan interval (scan 1: 790 £ 116 mm3, scan 1:
799 * 111 mm3, p = 0.11, Figure 5.6). A non-parametric Friedman test of
differences among repeated measures in the longitudinally scanned subgroup (n
=9; ATL = 7; SAH = 2) demonstrated a statistically significant effect of time after
surgery on fornix volume (X?(2) = 14.2, p < 0.0001; Figure 5.6). The effect of time
was not significant until the most delayed scan where significant fornix volume
loss between baseline and most delayed scan became apparent (1 - 3 years; p =
0.0005; Figure 5.6). In this subgroup, time after surgery had a statistically
significant effect on fornix volume only for the ipsilateral, but not the
contralateral fornix (ipsilateral: X?(2) = 14.9, p < 0.0001; contralateral: X?(2) =
1.6, p = 0.57; data not shown in figure). There was no statistically significant
difference in degree of fornix volume loss when analyzed by surgical approach
(SAH: 27 % 13% versus ATL: 21 * 11%, p = 0.20). Finally, there was no
statistically significant difference in the degree of fornix volume loss when

analyzed by seizure outcome (Engel 1: 23 + 12% versus Engel > 1: 28 + 10%, p =
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0.33, Mann-Whitney test). There was no significant correlation between
postoperative change in fornix volume (ipsilateral, contralateral or combined)

and pre- or post-operative hippocampal DTI metrics.

5.3.8 Relationship to neuropsychological outcome

Neuropsychological testing was performed at an average of 1.7 + 2.0
years post-operatively in 17 of 25 patients (n = 8 dominant temporal lobe
surgery). A two-way ANOVA was run on this sample to examine the effect of
surgery and side of resection (defined with respect to language laterality, i.e.
dominant versus non-dominant) on each measure of verbal and non-verbal
memory. Surgery did not result in a significant postoperative difference for any
memory score. Side of resection also did not significantly affect memory scores
except for the Rey auditory verbal learning test (RAVLT; F(1, 15) = 10.1, p =
0.006) and the continuous visual memory test (CVMT; F(1, 15) = 6.2, p = 0.03).
RAVLT scores were higher for non-dominant resections both pre- (38 + 9; mean
+ SD) and post-operatively (42 + 12) than dominant resections (preop: 26 * 10;
postop: 29 * 6), while CVMT scores were higher for dominant resections both
pre- (37 * 11) and post-operatively (50 + 11) than non-dominant resections
(preop: 30 * 17; postop: 29 * 14). When the four verbal (RMW, LM, VPA and
RAVLT) or the three non-verbal (RMF, CVMT, CFT) memory scores were

averaged there was no significant difference in the number of patients whose
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performance improved after surgery on either verbal or non-verbal average

score following dominant or non-dominant surgery.

Given the above differences between patients who underwent dominant
versus non-dominant resections, separate scatter plots of postoperative change
in the various memory tests (t-scores) versus postoperative change in FA or MD
were analyzed using Pearson correlation (or Spearman correlation, where
appropriate; Figures 5.8 and 5.9). After accounting for multiple comparisons (9),
there was no significant correlation between postoperative change of FA or MD
in the contralateral hippocampus and performance on any verbal and non-verbal
memory tests. Partial correlation between the postoperative change in
performance on each memory test and postoperative change in FA or MD while
adjusting for the delay between preoperative and postoperative
neuropsychological testing and preoperative baseline performance on each test
similarly did not reveal any significant correlation. There was no significant
correlation between postoperative change in mammillary body or fornix volume
(ipsilateral, contralateral or combined) and any of the neuropsychological tests

or aggregate verbal or non-verbal scores.
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Figure 5.8: Neuropsychological performance change plotted against
diffusion parameter change for dominant resections

Scatter plots of t-scorespre-post against the postoperative decline in fractional
anisotropy (FA) relative to baseline (% FA Decrease; A-B) and against the
postoperative increase in mean diffusivity (MD) relative to baseline (MDrecov%;
C-D) in the contralateral (non-resected) hippocampus for the dominant
resections (n = 8, ATL - 2, SAH - 6). Correlation coefficients R(df) and p-values
are presented on each plot (after correction for multiple comparisons). Verbal
memory was summarized using an average (VM) of t-scores (population mean =
50, SD = 10) for recognition memory test for words (immediate recall; RMW),
logical memory II (delayed; LM), verbal paired associates Il (delayed, VPA), and
Rey auditory verbal learning test (delayed, RAVLT). Figural memory was
summarized as an average (FM) of t-scores for recognition memory for faces
(RMF), continuous visual memory test (delayed, CVMT) and Rey-Osterreith
complex figure (delayed, CFT). ATL, anterior temporal lobectomy; SAH, selective
amygdalohippocampectomy.
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Figure 5.9: Neuropsychological performance change plotted against

diffusion parameter change for non-dominant resections

Scatter plots of t-scorespre-post against the postoperative decline in fractional
anisotropy (FA) relative to baseline (% FA Decrease; A-B) and against the
postoperative increase in mean diffusivity (MD) relative to baseline (MDrecov%;
C-D) in the contralateral (non-resected) hippocampus for the non-dominant
resections (n = 9, ATL - 6, SAH - 3). Correlation coefficients R(df) and p-values
are presented on each plot (after correction for multiple comparisons). Verbal
memory was summarized using an average (VM) of t-scores (population mean =
50, SD = 10) for recognition memory test for words (immediate recall; RMW),
logical memory II (delayed; LM), verbal paired associates Il (delayed, VPA), and
Rey auditory verbal learning test (delayed, RAVLT). Figural memory was
summarized as an average (FM) of t-scores for recognition memory for faces
(RMF), continuous visual memory test (delayed, CVMT) and Rey-Osterreith
complex figure (delayed, CFT). ATL, anterior temporal lobectomy; SAH, selective

amygdalohippocampectomy.
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5.4 Discussion

Following TLE surgery, we report significant changes in diffusion metrics
within the non-resected, contralateral hippocampus, specifically: 1) reduction of
FA; 2) increase of MD; and 3) increase of RD. In contrast to our previously
reported changes in hippocampal volume, on longitudinal postoperative imaging
these diffusion changes take time to develop, and are not significant at the group
level until a delayed time point (1-3 years postoperatively). These diffusion
changes are accompanied by delayed limbic circuit structural changes involving
bilateral mammillary body and fornix volume loss, though degree of volume loss
was not directly correlated with degree of change in diffusion metrics.
Neuropsychological analysis revealed that side of resection was the most
important predictor of superior preoperative memory performance on tasks
attributable to the contralateral hippocampus and there was no correlation
between postoperative change in hippocampal diffusion metrics and memory
scores. Finally, the degree of postoperative change in hippocampal DTI
parameters, mammillary body volume, or fornix volume was not observed to

vary significantly based on seizure control.

DTI has been extensively investigated in TLE, revealing global white
matter changes which are more severe in the hemisphere and temporal lobe
ipsilateral to seizure focus (Otte et al., 2012). Hippocampal DTI is a sensitive

measure of tissue microarchitecture as previously demonstrated in a variety of
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clinical settings including learning (Sagi et al., 2012), status epilepticus (Forster
et al.,, 2012), cognitive impairment in Alzheimer disease (Fellgiebel et al., 2004;
Hong et al,, 2010; Miiller et al,, 2005; Ostojic et al., 2015; Pereira et al., 2014), and
schizophrenia (Chiapponi et al., 2014). In TLE, DTI provides information distinct
from volumetry without clear correlation between diffusivity changes and the
severity of hippocampal atrophy (Diizel et al.,, 2004; Londono et al.,, 2003; U.

Wieshmann et al., 1999) or disease duration (Thivard et al., 2005).

Diffusion measures taken from non-anatomical ROIs of the
hippocampus—as selected on diffusion images—have been reported to predict
disease lateralization in some TLE patients, with the hippocampus ipsilateral to
the seizure focus reported to have elevated MD and reduced FA (Assaf et al,,
2003; Bernhardt et al,, 2016; Hugg et al., 1999; Pereira et al., 2006; Salmenpera
et al, 2006). However, Ercan et al. found that non-anatomical ROI-based
hippocampal DTI measurements are inferior to volumetry for disease
lateralization (Ercan et al, 2016). Indeed, these authors found significant
ipsilateral hippocampal MD elevation compared to healthy controls in only a
minority (28%) of unilateral TLE patients, with significant FA reduction in 57%
of unilateral right TLE patients and 28% of unilateral left TLE. Overall, the DTI
properties of the hippocampus contralateral to the seizure focus in TLE appear
to be more variable, ranging from equivalent to healthy controls (Assaf et al,,
2003; Diizel et al.,, 2004; Ercan et al., 2016; Hugg et al., 1999; Kantarci et al,,

2002; U. Wieshmann et al,, 1999), to an isolated decrease in FA (Ercan et al,,

185



2016; Kimiwada et al., 2006; Liacu et al., 2010) to an isolated decrease in MD

(Londono et al,, 2003; Thivard et al., 2005).

To our knowledge there have been no previous studies examining the
trajectory of changes in hippocampal diffusion parameters following TLE
surgery. Moreover, our technique—in which DTI metrics are computed within
anatomically accurate, three-dimensional, whole-hippocampal volumes of
interest based on high-resolution T1-weighted structural MRI scans—is novel.
Previous studies have described postoperative hippocampal DTI metrics at a
single postoperative time point using regions of interest drawn on non-
anatomical, lower resolution diffusion images (Pfeuty et al., 2011; Thivard et al,,
2007, 2005). These authors report robust recovery of hippocampal MD, without
significant change in FA, in TLE surgery patients with MRI-diagnosed unilateral
HS scanned 8 months after surgery (range: 2 - 20 months). In a subsequent
study they report a significant positive correlation between recovery in MD and
improved performance on auditory verbal span (but not abstract word learning)
and aggie figure learning (but not visual-spatial span) in a subsample following
right or left temporal lobectomy (Pfeuty et al., 2011). Methodological differences
in DTI measurement technique, neuropsychological testing and statistical
handling of multiple comparisons may account for the observed differences
between our data—which showed no relationship between changes in diffusion

metrics and neuropsychological outcomes—and these prior results.
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Our results confirm significant preoperative elevation of MD in TLE of the
hippocampus ipsilateral to the seizure focus relative to both the contralateral
hippocampus and to measures in healthy controls (Assaf et al,, 2003; Bernhardt
et al., 2016; Hugg et al., 1999; Pereira et al., 2006; Salmenpera et al., 2006).
However, we also find significant elevation of FA, AD and RD in the ipsilateral
hippocampus in TLE patients prior to surgery relative to both the contralateral
hippocampus and healthy controls. This finding of significant elevation of FA
prior to surgery in the ipsilateral hippocampus differs from previous reports
which relied on measures of hippocampal diffusion using ROIs drawn on non-
anatomical (diffusion) images and reflect only part of the entire hippocampus.
Our findings do confirm significant postoperative increase in contralateral
hippocampal MD following TLE surgery (Pfeuty et al.,, 2011; Thivard et al.,, 2007),
which does not become statistically significant until the most delayed
postoperative scanning time point in our study (1-3 years). In addition, we
observe significant postoperative decline of contralateral hippocampal FA by the
most delayed scan point. These postoperative hippocampal diffusion changes are
contrasted by unexpected decreases in MD and RD and stable FA and AD in
healthy subjects scanned over a similar time interval on the same scanner. We
are unclear what might account for these changes in MD and RD (which are
opposite in direction to the observed postoperative changes in MD/RD in TLE
patients) as changes in whole hippocampal diffusion metrics over the life span in

healthy subjects have not, to our knowledge, been described.
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The contrast in timing of hippocampal volume changes (first week post
op) versus DTI changes (observed in a more delayed fashion) may provide some
insight into underlying mechanistic processes occurring after temporal lobe
surgery. Given the observation that dramatic reductions in volume are observed
in the contralateral hippocampus by one week post op (Elliott et al. 2016)
without accompanying changes in either MD or FA, it is unlikely that significant
fluid shifts (for example, due to dehydration) account for the observed atrophy.
Additionally, the observation of late increase in MD, decrease in FA and increase
in RD suggests that remodeling of the hippocampus may be occurring after the
first week. Previous reports have found evidence of reduced MD and elevated FA
are associated with cytotoxic edema (Grossman et al., 2010; Kimura-Ohba et al,,
2016; Veeramuthu et al, 2015). Accordingly, the delayed postoperative
increases in MD and decrease in FA we observed may suggest that surgery is
accompanied by resolution of pre-existing contralateral hippocampal cytotoxic
edema, perhaps due to cessation of clinical (or subclinical) electrical
bombardment of the contralateral hippocampus by forniceal commissural
excitatory input from the recently resected, epileptogenic hippocampus. That
being said, we also found that the postoperative increase in MD is accompanied
by an overshoot in FA normalization, such that postoperative FA actually
becomes depressed relative to both baseline and to healthy control values. We
propose that this may reflect another mechanism at play. Specifically, we
speculate that deafferentation resulting from the surgical removal of

hippocampal-hippocampal commissural input results in cellular rearrangement
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due to neuronal loss or gliosis and occurs in a more delayed fashion.
Interestingly, postoperative fornix and mammillary body volume loss, unlike
hippocampal volume loss, do not occur until 1 - 3 years after surgery, suggesting
that it may be a combination of both seizure cessation and deafferentation which

account for postoperative, circuit-wide changes.

It is important to acknowledge limitations of this study. Firstly, we were
not able to include a non-surgical, medically-refractory TLE group for
comparison. Secondly, the sample size in our longitudinally scanned group was
limited to nine participants as it was quite difficult to recruit subjects willing to
participate in early postoperative scanning. Thirdly, the surgical arm included
patients who underwent either an ATL (n = 13) or SAH (n = 12); the surgical
approach chosen may have different effects on the structural changes measured.
Finally, considering the relatively small size of the hippocampus, our DTI results
are likely affected by partial volume effects due to the spatial resolution of these
scans being 2mm isotropic. Future work at higher MRI field strength with better
spatial resolution and more diffusion directions may help to mitigate these

technical concerns.

5.5 Conclusions

In conclusion, we show that following TLE surgery, there are significant

changes in contralateral hippocampal microstructure, as well as downstream
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macrostructural changes in mammillary body and fornix volume. These changes
do not become significant until 1-3 years after surgery. The degree of
postoperative change in these parameters was not correlated with postoperative
seizure outcome nor, as has previously been reported, post-operative memory
performance. Further work is necessary to characterize the full extent and

clinical significance of structural brain changes occurring after epilepsy surgery.
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CHAPTER 6: Intraoperative acquisition of
diffusion tensor imaging in cranial intraaxial
neurosurgery: readout-segmented versus
standard single-shot DTI

Cameron A. Elliott, Hayden Danyluk, Keith E. Aronyk, Karolyn Au, Donald
W. Gross, B. Matt Wheatley, Christian Beaulieu and Tejas Sankar

This chapter has not yet been submitted for publication.

6.1 Introduction

High-field intraoperative magnetic resonance imaging (iMRI) is
increasingly utilized in neurosurgery for intraaxial lesions. The utility of iMRI to
improve extent of resection of target tissue has been shown in enhancing
(Hatiboglu et al,, 2009; Napolitano et al., 2014; Senft et al, 2011) and non-
enhancing gliomas (Coburger et al., 2016; Mohammadi et al.,, 2014; Wu et al,,
2014), drug-resistant epilepsy (Kim et al,, 2017; Nowell et al.,, 2017), certain
pediatric tumors (Choudhri et al.,, 2014b; Shah et al., 2012), and pituitary/skull
base lesions (Coburger et al.,, 2014; Sylvester et al., 2015). iMRI contributes to
maximal safe resection of target tissue by updating neuronavigational systems
with intraoperatively acquired MRI data—collected in surgical position with the
cranium and surgical cavity still open—allowing assessment of residual target

tissue and its proximity to adjacent non-target tissue, while compensating for
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surgically-induced brain deformation (“brain shift”). Brain shift has been shown
to be a significant, continuous, unpredictable, diffuse process that can result in
anatomical deviation relative to preoperative position of up to 2 cm in either an
inward or outward direction (Dorward et al., 1998; Hartkens et al., 2003; Hill et
al., 1998; Jacobsohn and Roberts, 1999; Maurer et al., 1998; Nabavi et al., 2001;
Nauta and Bonnen, 1998; C Nimsky et al.,, 2005a). Accurate brain-shift resistant
neuronavigational data is particularly important for surgical targets which may
be otherwise difficult to identify during surgery, such as diffusely infiltrating
gliomas or epileptogenic tissue which may be visually and palpably
indistinguishable from healthy brain. Brain-shift resistant neuronavigational
information is also important for the accurate delineation of adjacent non-target
tissue, which includes white matter tracts that are not readily apparent on

standard anatomical MR images (e.g., T1/MPRAGE or T2 /FLAIR).

Deterministic, diffusion-tensor imaging (DTI) white matter tractography
is commonly used in neurosurgical practice, but is largely limited to the
preoperative setting. Spatial distortions and image degradation caused by
susceptibility artifact encountered when conventional single-shot echo-planar
imaging DTI (SS-DTI) are significant particularly when acquired intraoperatively
(SS-iDTI) in surgical position with an open cavity (Irfanoglu et al, 2012;
Potgieser et al., 2014). Geometric distortions due to susceptibility artifact can
significantly impact DTI-tract reconstructions even in preoperative SS-DTI data
such that modelled tracts may terminate in different sulci entirely with spatial

inaccuracies ranging from 1.2 - 59 mm (median: 2.1 mm) (Albi et al., 2018;
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Irfanoglu et al, 2012; Treiber et al., 2016). Although, SS-DTI may mitigate
motion-related artifact (generally not an issue for intraoperatively acquired
images), it is known to be particularly prone to susceptibility artifact,
particularly in areas of the brain where tissue boundaries (e.g. air-tissue
interfaces) exist, such as the orbitofrontal cortex and anterior temporal poles
which are close to the air-filled frontal and paranasal bony sinuses (Hutton et al.,

2002).

Previous investigations of iDTI utilizing SS-DTI are mostly conducted on
lower field iMRI (0.3 - 1.5 Tesla) and largely limited to reconstructions of the
corticospinal tract (CSpT)(Maesawa et al,, 2010; C Nimsky et al., 2005b, 20053,
2005c; Ostry et al,, 2013; Ozawa et al,, 2009; Prabhu et al., 2011; Romano et al,,
2011; Shahar et al,, 2014). Some reports specifically describe the rationale for
limiting analysis to the CSpT, based on its large size, deep location (distant from
susceptibility artifact related to the open cranium) and relatively
straightforward region of interest-based reconstruction (Romano et al., 2011).
These authors show that the intraoperative tract shift of the CSpT relative to its
preoperative location ranged from 9.7 mm inward (hereafter indicated by a
negative sign, mean inward of -5.2 + 2.5 mm) to 11 mm outward (mean outward
of 5.5 £ 2.4 mm) in a 1.5-Tesla SS-iDTI study of 20 patients with intraaxial tumor
resections (Romano et al, 2011). Another SS-iDTI study at 1.5-Tesla of
supratentorial glioma resections in 37 patients identified unpredictable and
bidirectional shift of white matter based on measurements directly on colour FA

maps, rather than deterministic tractography and was largely limited to the
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CSpT (Nimksy et al., 2005). These authors report a maximal shift relative to
preoperative location ranging from -8 to 15 mm with mean overall tract shift of
2.5 * 58 mm (Nimksy et al, 2005). Similarly, in a group of 28 patients
undergoing pericentral glioma resection in a 1.5-Tesla iMRI, intraoperative CSpT
shift using SS-iDTI ranged from -23 to 12 mm with mean absolute tract shift of
6.7 mm (Maesawa et al., 2010). In another investigation at 1.5-Tesla, mean
intraoperative CSpT shift was reported as 3.0 + 4.2 mm (range -8.8 to 19.2 mm),
largely driven by more significant intraoperative tract shift in patients with
enhancing gliomas compared to minimal shift seen in resection of non-
enhancing gliomas (Shahar et al,, 2014). A single report of SS-iDTI use at the
higher field strength of 3.0-Tesla for CSpT tractography in 25 patients
undergoing supratentorial intraaxial resections found the images to be unusable
in 9 of 25 (36%) cases due to poor SNR and susceptibility related image
distortion (Ostry et al., 2013). These authors identify a preoperative minimal
tumor to CSpT distance of 2.7 + 5.1 mm (range -6.4 to 18.3 mm) compared to 5.2
+ 7.2 mm (range -12.8 to 22.4mm) for SS-iDTI in surgical position with an open
cavity, amongst the 16/25 (64%) where satisfactory iDTI data was obtained.
Higher-field iMRI is generally thought to convey superior image quality due to
higher SNR with faster acquisitions at higher resolution compared to lower field
applications (e.g. 0.3 - 1.5-Tesla) however, this comes at the cost of exacerbated
susceptibility artifact which is considerably more pronounced in open cranial
surgical field acquisitions (Ginat et al., 2014; Jissendi et al., 2008; Vargas et al,,

2009).
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One approach to correct EPI distortions observed on presurgical single-
shot EPI DTI scans has been the use of image-registration-based post-processing
methods (Albi et al,, 2018; Merhof et al., 2007) aligned to T1- or T2-weighted
structural MRI. Although this approach may successfully correct for 1-2 mm EPI
distortions in preoperative data this varies significantly depending on which
post-processing pipeline is selected and has not been investigated
intraoperatively. It has long been known that multi-shot EPI diffusion techniques
can reduce such susceptibility distortions in the acquisition phase (Butts et al,,
1996; Robson et al,, 1997). Recently, an alternative multi-shot method of DTI
acquisition called Readout-Segmented DTI (RS-DTI) has become available which
abbreviates sampling time (at the cost of longer overall imaging time) by limiting
the portion of k-space filled during each excitation (Frost et al, 2012;
Heidemann et al, 2010; Koyasu et al., 2014; Porter and Heidemann, 2009;
Robson et al,, 1997; Wang et al.,, 2018). These authors have described a marked
reduction in susceptibility and improved T2* blurring (as assessed by improved
sharpness of the grey-white junction) using RS-DTI compared with standard SS-
DTI at 3-Tesla or higher. To date, the utility of RS-DTI in minimizing
susceptibility artifact in the iMRI setting and specifically for DTI tractography

with an open cranium, has not yet been investigated.

The objective of this study was to evaluate the performance of RS-DTI in
the iMRI setting for the acquisition of DTI during intraaxial cranial neurosurgery,
and to compare it to conventional SS-DTI. Our hypothesis was that RS-DTI would

minimize susceptibility artifact-related image degradation commonly
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encountered in the 3.0-Tesla iMRI setting and would enable high quality,
anatomically-faithful iDTI images. To accomplish this, we acquired both RS-iDTI
and SS-iDTI in patients undergoing intraaxial, supratentorial resections in the
iMRI suite for suspected low-grade gliomas (14; 64%), high-grade gliomas (7;
32%) and focal cortical dysplasia (1), to evaluate: 1) the severity of regional
susceptibility artifact in areas known to be prone to this type of artifact
(resection cavity, orbitofrontal, anterior temporal tip); 2) the relative
improvement in T2*-blurring (based on global assessment of sharpness of grey-
white matter junction); 3) the feasibility of obtaining surgically relevant white
matter tract reconstructions on RS-iDTI with commercially available
deterministic DTI tractography software (StealthStation, Medtronic); and 4) the
intraoperative change in minimal target-tract distance, maximal intraoperative

tract shift and maximal inter-sequence tract difference.

6.2 Methods

6.2.1 Participants and ethical approval

Our study included 22 prospectively enrolled adult patients presenting to
the Dan and Bunny Widney Intraoperative MRI surgical suite at the University of
Alberta Hospital for cranial, supratentorial, intraaxial resection between October
2016 and December 2017. The study protocol was approved by the University of
Alberta Health Research Ethics Board and written informed consent was

obtained from all participants.
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6.2.2 Intraoperative MRI surgical suite

The iMRI suite (Siemens, Verio, Erlangen, Germany) is a purpose-built
3.0-Tesla IMRIS operating theatre (IMRIS, MN, USA) with radiofrequency
shielding. It is equipped with StealthStation i7® (Medtronic, MN, USA) ceiling
mounted optical surgical neuronavigation and a Zeiss Pentero navigated surgical
microscope (Zeiss, Oberkochen, Germany). The MRI scanner is a
superconductive closed-bore 3.0-Tesla magnet that is 173 cm long and has an
inner bore diameter of 70 cm. Peak gradient strength is 45 mT/m with a slew
rate of 200 T/m/s. The iMRI suite is integrated with a StealthViz™ planning
station used for deterministic ROI-based DTI-tractography (StealthStation, v1.0,

Medtronic).

6.2.3 Image acquisition

Participants underwent multiple pre- and intra-operative scans at their
treating surgeon’s discretion. Preoperative iMRI scans were performed following
induction of cuffed endotracheal general total intravenous anesthetic on the day
of surgery prior to skull clamp pinning (n = 9) or immediately following cranial
fixation (n = 1) at the discretion of the treating surgeon. Outpatient preoperative
iMRI scans were performed (n = 2), within 2 weeks of surgery, when requested
by the treating surgeon (e.g. for functional MRI localization of language or motor
cortical areas). Preoperatively only RS-DTI scans were feasible to acquire given

clinical time constraints. All participants underwent intraoperative scanning in
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surgical position affixed to the operating table with IMRIS head fixation device
and the IMRIS two-piece surface head coils, with a total of 8-elements (IMRIS,
MN, USA). Intraoperative scanning was performed with dura mater open after
target tissue resection to evaluate extent of resection (EOR) and provide
updated images for neuronavigation. If residual target tissue was identified on
intraoperative imaging, further resection was performed if indicated and safe as
judged by the treating surgeon. Additional intraoperative iMRI scans were
performed if needed, however, iDTI was only collected on one intraoperative

occasion.

Whole brain, axial, T1-weighted, three-dimensional magnetization-
prepared rapid-acquired gradient echo (MPRAGE) images were obtained with
voxel size 1 x 1 x 1 mm3, field of view (FOV) 250 mm, repetition time (TR) 1800
ms, echo time (TE) 2.65 ms and scan time 5 minutes 29 seconds. Single-shot DTI
(SS-DTI) images were obtained with voxel size 1.5 x 1.5 x 3 mm?3, FOV 220 mm,
30 slices, no gap, bandwidth 1530 Hz/Px, GRAPPA R=2, phase partial Fourier
6/8, TR 4900 ms, TE 80 ms, 30 non-collinear diffusion sensitizing gradient
directions with b = 1000 s/mm? and 5 b = 0 s/mm? for total scan time of 3
minutes and 8 seconds. Readout-segmented (readout segmentation of long
variable echo-trains; RESOLVE (Porter and Heidemann, 2009)) DTI (RS-DTI)
images were obtained with voxel size 1.5 x 1.5 x 3 mm3, FOV 220 mm, 30 slices,
no gap, bandwidth 503 Hz/Px, GRAPPA R=2, phase partial Fourier off, TR 4300
ms, TE 60 ms, 6 non-collinear diffusion sensitizing gradient directions with b =

1000 s/mm? and 2 b = 0 s/mm? across 15 readout segments (chosen after an in-
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house optimization comparing minimization of susceptibility artifact using
readout segments ranging from 7 to 15 - data not shown) for a total scan time of
10 minutes and 34 seconds. In both cases, the slices were aligned along the

AC/PC line and were identical for both SS-DTI and RS-DTI.

6.2.4 Comparison of susceptibility artifact and grey-white
delineation between RS-DTI and SS-DTI

Diffusion data preprocessing and rigid-body registration to T1-weighted
image space was carried out in ExploreDTI (version 4.8.6, PROVIDI lab, Utrecht,
The Netherlands) (Leemans et al., 2009). Single-observer (CAE) quantitative
assessment, blinded to diffusion type, was carried out in ITK-SNAP version 3.6.0

(www.itksnap.org) (Yushkevich et al, 2006). Preprocessing of DTI data in

ExploreDTI included signal drift correction (Vos et al, 2017), Gibbs ringing
correction (Perrone et al., 2015), as well as subject motion and eddy current
induced distortion correction (Leemans and Jones, 2009). Finally, a rigid-body
registration of average diffusion images to T1l-space was carried out in
ExploreDTI. T1-weighted images were corrected for intensity non-linearity

using MNI_N3 (Sled et al.,, 1998).

Susceptibility artifact was assessed, blinded to DTI-scan type, in two ways
in regions known to be prone to this type of image distortion including the

resection cavity, orbitofrontal and anterior temporal cortices (Hutton et al,
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2002). First, susceptibility artifact was rated on a four-point scale as in previous
studies of MRI artifact (C. Elliott et al., 2016; Wagner et al., 2015) as outlined in
Table 6.1. Next, the magnitude of geometric distortion was compared for SS-DTI
versus RS-DTI by measuring the anatomic deviation of average diffusion-
weighted b1000 images relative to artifact-resistant T1-weighted images at
corresponding anatomical points in the same susceptibility prone regions used
above. Specifically, anatomical deviation was measured by comparing identical
points on the T1-weighted image to anatomically corresponding points on the
diffusion image by varying the opacity of the overlaid diffusion image (co-
registered to the T1-weighted image). Nine measurements in each patient were
performed both ipsilateral and contralateral to side of the resection in the
medial and lateral orbitofrontal and anterior temporal regions as well as at the
deep, medial and lateral margin of the resection cavity. Regional measurements
were excluded when resection completely removed the area of interest (e.g.

ipsilateral anterior temporal lobe in anterior temporal lobectomy).

The utility of RS-DTI in reducing T2*-blurring was assessed with a global
blinded rating of the ability to delineate the grey-white matter junction (Table

6.1).
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Table 6.1: Susceptibility artifact and gray-white matter delineation rating
scales

Rating Regional Artifact Gray-White
4 No artifact Crisp
3 Mild artifact, not limiting visualization of anatomy Good
2 Strong artifact, limiting visualization of anatomy Poor
1 Profound artifact, visualization of anatomy impossible Not possible

Adapted from similar published scales (Elliott et al., 2016; Wagner et al., 2015).

6.2.5 DTI tractography

Deterministic, ROI-based, DTI tractography was performed on a
StealthViz™ planning station located in the iMRI suite (StealthStation, v1.0,
Medtronic). StealthVizT™ employs a Fiber Assignment by Continuous
Tractography (FACT) approach. Following background masking of non-brain
tissue and a quality assurance step for patient motion the software performs a
rigid-body registration of non-diffusion weighted (b0) and diffusion weighted
image sets to an anatomical scan (MPRAGE) acquired at the same session.
Thereafter, fractional anisotropy (FA), directionally-encoded color (DEC) and
apparent diffusion coefficient (ADC) maps were computed and manually verified

to be accurately registered to anatomic scan.
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Tractography was performed by a single observer (CAE) and required
approximately 20 minutes to perform. Tractography was performed on both
pre- and intra-operatively acquired DTI images for each patient. Tractography
parameters were: FA start value of 0.20, seed density of 1, maximum directional
change of 60 degrees, minimum fiber length of 20 mm, and 3D object distance (a
peri-tract safety margin applied when generating 3D tracts for export) of 1 mm.
DEC-maps and anatomical landmarks were used to define ROIs to reconstruct
surgically relevant tracts in the area of the craniotomy and specifically in the
area of planned target tissue resection at the discretion of the treating surgeon.
The CSpT was reconstructed in all patients, as it is the commonly reported tract
in previous iDTI investigations. Reconstructed tracts in this study included the
CSpT (n = 22), inferior fronto-occipital fasciculus (n = 10), corpus callosum (n =
7), superior longitudinal fasciculus (n = 7), inferior longitudinal fasciculus (n = 5)
and uncinate fasciculus (n = 1). Tract reconstruction was carried out using a
two-region of interest (ROI) approach (Catani et al., 2002; D. K. Jones et al., 1999;
Mori et al, 1999; Mori and Van Zijl, 2002). For example, to reconstruct the
corticospinal tract, two ROIs were used including the posterior arm of the
internal capsule and the precentral gyrus (identified anatomically and based on
DEC-map). Reconstructed tracts were transformed into 3D objects and were
exported to an i7 Cranial StealthStation™ neuronavigational system. Exported
tracts, each assigned a unique colour, were rigidly registered to a preoperative

anatomical reference scan by applying a shared transformation (3D objects were
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pre-merged to DTI anatomical reference based on tractography registration

process detailed above).

6.2.6  Analysis of tractographic data

As mentioned above, DTI tractography was attempted preoperatively (RS-DTI)
and intraoperatively (for both RS-iDTI and SS-iDTI) for surgically relevant tracts.
Tractography was rated as feasible if at least one of the surgically relevant tracts
could be successfully reconstructed. Tract reconstruction failure of surgically
relevant tracts were noted along with the number and identity of tracts which
were successfully reconstructed for each DTI scan. The following four measures
were made using tract reconstructions using i7 Cranial StealthStation™: 1)
target-tract distance (TTD); 2) intraoperative change in TTD; 3) maximal
intraoperative tract shift; and 4) maximal inter-sequence (i.e., SS-DTI vs. RS-DTI)
intraoperative tract difference. The TTD was defined as the shortest distance
between the target tissue and the reconstructed tract. This was measured both
pre- and intra-operatively when available. Target tissue was defined for tumour
cases either as the area of T1-hypointensity or gadolinium-enhancement, if
applicable, while for the single non-lesional epilepsy case it was defined as the
resection margin, which could be seen on both pre- and intra-operative scans as
the patient was undergoing a repeat resection for ongoing drug-resistant
epilepsy. Next, intraoperative change in TTD (ATTD), our first measure of

intraoperative tract shift, was calculated as the difference between the
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preoperative and intraoperative TTD. Inward shift of an iDTI-tract relative to
preoperative location was assigned a negative (-) sign. Maximal intraoperative
tract shift, our second measure of intraoperative tract shift, was defined as the
largest distance between pre- and intra-operative tract reconstructions. Finally,
the maximum inter-sequence intraoperative tract difference was defined as the
largest distance between intraoperative RS-iDTI and SS-iDTI tract
reconstructions. In this case, inward shift of the RS-DTI based tract

reconstruction relative to SS-DTI was indicated as a negative distance.

6.2.7  Statistical analysis

Statistical analyses were performed with Prism software version 7
(Graphpad). The distribution of all continuous data was first evaluated with the
Shapiro-Wilk test of normality. A Welch’s t-test (for unequal variances) was used
to compared ratio scale data (e.g. anatomic deviation measures). A paired
sample T-test was used to compare sets of pre- and intra-operative interval ratio
scale data. A Mann-Whitney U test was used to compare ordinal scale data (e.g.
ratings of susceptibility artifact). All tests were conducted as two-tailed, with a

type 1 error set at o = 0.05.
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6.3 Results

6.3.1 Patient characteristics

Clinical characteristics of the 22 patients (mean age 39 + 14 yrs; 15 male)
included in this study are provided in Table 6.2. Preoperative MRI diagnosis was
most consistent with low-grade glioma (LGG, as defined by the absence of clear
gadolinium enhancement) in 14 (64%), high-grade glioma (HGG, as defined by
clear gadolinium enhancement) in seven (32%) and focal cortical dysplasia
(FCD) in one. Six cases were repeat resections either for tumour
recurrence/residual for suspected HGG (3) or LGG (2) or for ongoing seizures
following initial epilepsy resection (1). Final pathologic diagnosis among the 14
suspected LGG was WHO grade II oligodendroglioma (5), WHO grade II
astrocytoma (5), WHO grade II central neurocytoma (1), WHO grade I
ganglioglioma (1), WHO grade III anaplastic ependymoma (1) and WHO grade IV
glioblastoma multiforme (1). Pathologic diagnosis among the seven suspected
HGG was WHO grade 1V glioblastoma multiforme (4), WHO grade III glioma (1),
WHO grade III oligodendroglioma (1) and radiation necrosis (1). Extent of
resection (EOR) was assessed by neuroradiologists on the basis of complete
removal of target tissue on intraoperative MRI as defined for LGG by
hyperintensity on the fluid-attenuation inversion recovery (FLAIR) image or
hypointensity of T1-weighted images, for HGG by residual gadolinium
enhancement, and for the epilepsy resection for FCD by preoperative

epileptogenic zone determination. Gross total resection (GTR) was achieved in
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13/22 cases (59%) of which iMRI was used to guide further resection in seven
(54%). Among the nine cases where a subtotal or maximal safe resection was
achieved, iMRI was used to guide further resection to a functional limit in four
(44%). Intraoperative neurophysiological monitoring was used in 4/22

patients.
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Table 6.2: Characteristics of 22 patients with intraaxial iMRI resections

Pt Age (yrs),Sex MRIDx CPx Rpt Resect. Operation Pathologic Dx EOR  Utility of iMRI

1 21F LGG Sz No Rt frontal WHO Il oligodendroglioma GTR Residual resected

2 25 M FCD Sz Yes Rt frontal FCD | GTR

3 33 M LGG Incidental No Lt anterior temporal WHO Il astrocytoma MSR

4 24 F LGG Sz No Lt frontotemporal WHO Il oligodendroglioma MSR  Residual resected to fx limit
5 61 M HGG Sz No Lt parieto-occipital GBM GTR

6 36 M LGG Sz No Lt frontoparietal WHO lll oligodendroglioma GTR Residual resected

7 63 M HGG Sz Yes Lt frontal WHO lll oligodendroglioma MSR  Residual resected to fx limit
8 49 M HGG Sz No Rt parietal GBM GTR

9 18 F LGG Sz No Rt anterior temporal  WHO | ganglioglioma GTR

10 36 M LGG Sz No Lesionectomy, PHG WHO Il astrocytoma GTR

11 34F LGG Incidental No Lt frontal WHO Il astrocytoma GTR Residual resected

12 37M LGG Sz No Rt frontotemporal GBM GTR

13 54 M HGG Headache No Rt temporo-occipital GBM GTR Residual resected

14 57F HGG Sz No Rt frontal WHO Il glioma MSR

15 34 F LGG Residual Yes Lt frontal WHO Il central neurocytoma MSR  Residual resected to fx limit
16 57 M LGG Sz No Lt frontal WHO Il oligodendroglioma GTR Residual resected

17 24 M LGG Sz No Lt temporal WHO Il astrocytoma GTR Residual resected

18 37F HGG Recurrence Yes Lt frontotemporal Radiation necrosis MSR

19 37M LGG Residual Yes Rt parietal WHO Il oligodendroglioma MSR  Residual resected to fx limit
20 37M LGG Sz No Rt frontoparietal WHO lll ependymoma GTR Residual resected

21 26 M LGG Sz No Rt frontotemporal WHO Il astrocytoma MSR  Residual resected to fx limit
22 63 M HGG Recurrence Yes Rt frontal GBM MSR

CPx: Clinical presentation; Dx: diagnosis; EOR: extent of resection; FCD: focal cortical dysplasia; fx: functional; GBM: gliomblastoma multiforme; GTR: gross total
resection; HGG: high-grade glioma; iMRI: intraoperative MRI; LGG: low-grade glioma; PHG: parahippocampal gyrus; MSR: maximal safe resection; Sz: seizure;
WHO: World Health Organization grade.
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6.3.2 Impact of readout-segmentation iDTI on susceptibility

artifact image degradation in presence of resection

When assessed by visual inspection, RS-iDTI was found to result in
significantly less regional susceptibility artifact than SS-iDTI for the resection
cavity (RS-iDTI mean rating = 2.7 * 0.5, median 3; SS-iDTI mean rating = 1.4 +
0.6, median = 1; U = 24.5, p <0.0001; Mann-Whitney test), orbitofrontal (RS-iDTI
mean rating = 2.9 = 0.5, median 3; SS-iDTI mean rating = 1.2 + 0.4, median = 1; U
= 4.5, p <0.0001; Mann-Whitney test) and anterior temporal cortices (RS-iDTI
mean rating = 3.1 * 0.4, median 3; SS-iDTI mean rating = 1.9 + 0.7, median = 2; U

= 28.5, p <0.0001; Mann-Whitney test)(Figures 6.1 and 6.2).
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Figure 6.1: Susceptibility artifact comparison of RS-DTI versus SS-DTI in three iMRI cases

The pre-operative T1, intraoperative T1-weighted image (iT1), and the intraoperative average b1000 diffusion-weighted
images for RS-iDTI and SS-iDTI are shown for two slices in each of three cases. RS-iDTI provides enhanced image quality with
reduced susceptibility artifact image degradation and sharper structural delineation compared to SS-iDT], as highlighted by
red ellipses. Please note, in patient 22 the surgeon elected to replace bone flap and fold skin over (without closing dura) to
protect the brain from the draping. LGG = low grade glioma; HGG = high-grade glioma.
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Figure 6.2: Regional ratings of susceptibility artifact for RS-iDTI versus SS-
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There was a statistically significant improvement in ratings of regional
susceptibility artifact (as defined in Table 1) with readout-segmented (RS-iDTI)
compared to conventional single-shot (SS-iDTI) DTI for (A) resection cavity, (B)
orbitofrontal cortex and (C) anterior temporal tip. Bars represent mean ratings
by sequence type while error bars denote SD. **** denotes p < 0.0001.

Mean anatomical deviation measured at nine points (ipsilateral and
contralateral to side of the resection in the medial and lateral orbitofrontal and
anterior temporal regions as well as at the deep, medial and lateral margin of the
resection cavity) was also significantly less for RS-iDTI compared to SS-iDTI
relative to artifact-resistant intraoperative T1-weighted images (RS-iDTI mean
absolute anatomic deviation 2.7 + 0.2 mm versus SS-iDTI 7.5 + 0.4 mm; Welch-
corrected t = 12.0; p < 0.0001). Anatomical deviation was also less for RS-iDTI at
the resection cavity (RS-iDTI mean absolute anatomic deviation 2.5 + 0.2 mm
versus SS-iDTI 7.2 +* 0.6 mm; Welch-corrected t = 8.6; p < 0.0001), in the
orbitofrontal cortex (RS-iDTI mean absolute anatomic deviation 2.9 * 0.3 mm
versus SS-iDTI 8.3 * 0.6 mm; Welch-corrected t = 8.4; p < 0.0001), and at
anterior temporal tip (RS-iDTI mean absolute anatomic deviation 2.6 + 0.3 mm

versus SS-iDTI 6.1 + 0.7 mm; Welch-corrected t = 4.4; p < 0.001)(Figure 6.3).
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Anatomical deviation expressed as a signed value (with negative indicating

inward shift of DTI relative to T1 reference) is plotted in Figure 6.4.
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Figure 6.3: Average absolute anatomical deviation of RS-iDTI compared to
SS-iDTI

Average anatomical deviation was reduced significantly on RS-iDTI relative to
SS-iDTI as measured from the absolute value of distance (in mm) between
corresponding anatomic points in (A) resection cavity, (B) orbitofrontal cortex,
and (C) anterior temporal tip on iDTI versus susceptibility artifact resistant T1-
weighted images. **** p < 0.0001, *** p < 0.001. Bars indicate group mean while
error bars denote SD.
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Figure 6.4: Anatomical deviation of coregistered mean b1000 images for
RS- and SS-iDTI relative to T1-reference

Measured distance (DTI-T1, in mm with negative representing inward shift of
DTI) between corresponding anatomic points on susceptibility artifact resistant
T1-weighted image showing smaller deviations for readout-segmented (RS-iDT],
open dots) versus conventional single-shot (SS-iDTI, closed dots) DTI for the (A)
resection cavity, (B) orbitofrontal cortices and (C) anterior temporal tip. A total
of nine measures in regions most prone to susceptibility artifact were made in
each subject.

6.3.3 Impact of readout-segmentation iDTI on gray-white

matter delineation

The impact of RS-iDTI on the improved ability to delineate the gray-
white junction is illustrated qualitatively in Figure 6.1 and quantified in Figure
6.5 (RS-iDTI mean rating = 3.2 *+ 0.6, median 3; SS-iDTI mean rating = 1.6 + 0.5,

median = 1; U= 11, p <0.0001; Mann-Whitney test).
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Figure 6.5: Global ratings of gray-white matter delineation on average
b1000 diffusion images

Global ratings of gray-white matter delineation (as defined in Table 1) were
significantly better for readout-segmented (RS-iDTI) versus conventional single-
shot (SS-iDTI) DTI. **** denotes p < 0.0001. Bars represent mean ratings by
sequence type while error bars denote SD.

6.3.4 Feasibility of intraoperative DTI tractography

The pre- and intra-operative tractography process (acquisition,
processing, analysis and export to neuronavigation) could be conducted on-the-
fly, immediately after intraoperative acquisition during surgery. Intraoperative
DTI-tractography was feasible (successful reconstruction of at least one
surgically relevant tract) in all 22 cases for RS-DTI and 20/21 cases for SS-iDTI
(Table 6.3). SS-iDTI tract reconstruction failure, of at least one surgically
relevant tract, occurred in 8/21 for which RS-iDTI permitted successful
reconstruction in 5 of these 8. Thus RS-iDTI could reconstruct all the tracts

deemed critical for a given surgery in 18 of 22 patients. Tract reconstruction
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failures were thought to be due to susceptibility related image degradation

which was more prominent on SS-iDTI images.
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Table 6.3: A comparison of reconstruction of surgically relevant tracts for preoperative RS-DTI and intraoperative RS-

iDTI and SS-iDTI in 22 iMRI patients described in Table 6.2

Preoperative RS-DTI

Intraoperative RS-iDTI

Intraoperative SS-iDTI

Pt Total CSpT IFOF CC SLF ILF UF | Total CSpT |IFOF CC SLF |ILF UF | Total CSpT IFOF CC SLF ILF UF
1 3 + + + 3 + + + 3 + + +

2 3 + + + 3 + + + 3 + + +

3 3 + + + 3 + + + 3 + + +

4 3 + + @ + 2 + + @ 0 2 + + @ 0
5 3 + + + 2 + 1) + 2 + 1) +

6 3 + + + 2 + + + 2 + + +

7* 2 + + 1 + + 1 + (")}

8 3 + + + 3 + + + 3 + + +

9 3 + + + 2 + + 0] n/a

10 5 + + + + + 4 + + + C + 4 + + + C +
11 3 + + + 3 + + + 3 + + +

12 2 + + 2 + + 2 + +

13 n/a 1 + 1 +

14* | n/a 3 + + + 2 + + [1,]
15* | n/a 1 + 0 (1)}

16 n/a 2 + + 2 + +

17 n/a 3 + + + 3 + + +
18 n/a 1 + 1 +

19* | n/a 2 + + 1 + [1,]
20 n/a 1 + 1 +

21* | n/a 1 + 0 ]

22 n/a 1 + 1 +

CSpT: corticospinal tract; IFOF: inferior fronto-occipital fasciculus; CC: corpus callosum; SLF: superior longitudinal fasciculus; ILF: inferior
longitudinal fasciculus; UF: uncinate fasciculus; +: successfully reconstructed; @: unsuccessfully reconstructed; C: cut (i.e. resected); n/a: scan not
collected; *: indicates superior performance of RS-iDTlI compared to SS-iDTI.
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6.3.5 Intraoperative tract shift analyses

Mean tract-to-target (TTD), defined as the shortest distance between the
target tissue and the reconstructed tract, was not significantly different between
pre-operatively acquired RS-DTI 6.8 *# 7.0 mm, range: 0 - 27.0 mm) and
intraoperatively acquired RS-iDTI (9.6 * 10.7 mm, range: 0 - 34.6, £(29)=1.88, p
= 0.07) or intraoperatively acquired SS-iDTI (10.1 * 11.7 mm, range: 0 - 37.4,
t(29)=1.57, p = 0.13), for the 12 cases in which pre-operative DTI had been
acquired (Table 6.4). When looking exclusively at intraoperatively acquired DTI
data in the 21 subjects with both RS-iDTI and SS-DTI, there was also no
statistically significant difference in mean TTD for RS-iDTI (10.7 + 12.1 mm,
range 0 - 34.6) versus SS-iDTI (11.1 = 12.0 mm, range 0 - 37.8, t(40)=0.33, p =
0.74). Similarly, mean of the absolute value of intraoperative change in TTD was
not significantly different by DTI sequence type (ATTD RS-iDTI: 5.4 + 4.4 mm,
range: -16.8 - 11.4 versus ATTD SS-iDTI: 6.0 £ 5.0 mm, range: -19.0 - 12;
t(29)=0.59, p = 0.56; Table 6.4). Despite this, in certain cases, differences
between TTD were marked (Figure 6.6). Moreover, in the 14 LGG cases alone,
the mean signed intraoperative change in TTD was significantly different by DTI
sequence type at the group level with ATTD RS-iDTI: -3.9 + 6.7 mm, range: -16.8
to 4.7 versus ATTD SS-iDTI: -0.6 + 6.0 mm, range: -13.6 to 5.9; t(17)=2.18, p =

0.04 (Table 6.4).

The mean of the absolute value of maximal intraoperative tract shift was

not statistically different between RS-iDTI tract reconstructions (9.7 * 3.9 mm,
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range: -21.4 to 11.4 mm) and SS-iDTI (9.5 * 5.4 mm, range: -22 to 26 mm;
t(29)=0.35, p = 0.73 (Table 6.4). Finally, the mean maximum inter-sequence
intraoperative tract difference, as measured by deviation of RS-iDTI modelled
tracts from SS-iDTI modelled tracts, was 9.5 + 5.7 mm (range: -27.1 to 18.7 mm;

Table 6.4 and Figure 6.7).

Table 6.4: Summary of intraoperative tract analyses

Measure (mean + SD (range), mm) RS-DTI SS-DTI p-value
Preoperative TTD 6.8+7.0(0-27.0) n/a 0.07t
Intraoperative TTD 9.6 +10.7 (0 - 34.6) 10.1+£11.7 (0-37.4) 0.13
ATTD 54+44(-16.8-11.4) 6.0 £5.0 (-19.0-12) 0.56
Maximal tract shift 9.7+39(-214-11.4) 9.5+54 (-22 - 26) 0.73
Maximal inter-sequence tract difference 9.5+5.7 (-27.1 - 18.7)

TTD: target-tract distance, the shortest distance between the target tissue and
the reconstructed tract on T1-weighted images; ATTD: mean absolute value of
intraoperative change in TTD (signed range provided with inward shift of iDTI-
tract relative to preoperative location assigned a negative (-) sign), tpaired t-test
compared to RS-iDTI TTD.
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PreOp RS-DTI IntraOp RS-DTI IntraOp SS-DTI

A

Representative example comparing multi-planar preoperative (A, D, G) and intraoperative tract reconstructions acquired in surgical
position, with dura and cranium open for RS-iDTI data (B, E, H) and SS-iDTI data (C, F, I) in patient #7 (63M, HGG) of the corticospinal
tract (blue) and inferior fronto-occipital fasciculus (green). RS-iDTI routinely demonstrated more robust tract reconstructions with
fewer tractographic failures (e.g., IFOF failure in panel I) than SS-iDTI.
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Figure 6.7: Differences in intraoperative tractographic output and intraoperative tract shift in target-tract distance

‘N o e % > e 3
- ] Lo S 2 £ s B
B - . "
_ . , ~ [ N
~ [ o e ' L, » r ! 'R . o
AW - > / =y z /
1N 7 iy / LS < 1

Representative example comparing multi-planar preoperative (A, D, G, J, M, P) and intraoperative tract reconstructions at two
identical locations acquired in surgical position, with dura and cranium open for RS-iDTl data (B, E, H K, N, Q) and SS-iDTI data (C, F, |,
L, O, R) in patient #6 (36M, HGG) of the corticospinal tract (blue), superior longitudinal fasciculus (green) and anterior corpus
callosum (red). RS-iDTI routinely demonstrated more robust tract reconstructions with fewer tractographic failures than SS-iDTI.
Large inter-sequence differences were demonstrated between RS-iDTI and SS-iDTI modelled tracts.
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6.4 Discussion

In this study, we show for the first time that RS-iDTI performed in a
clinical 3-Tesla iMRI surgical setting significantly mitigates susceptibility artifact
related image distortion that typically distorts cranial intraoperative DTI
acquisition. RS-iDTI significantly reduced regional susceptibility artifact image
degradation, enhanced global grey-white matter delineation, and minimized
anatomic deviation of DTI images relative to artifact-resistant T1-weighted
images. RS-iDTI resulted in improved tractography feasibility, more robust tract
reconstructions as well as large, clinically important differences in modeled
tracts between sequences. Finally, when limited to pathologically proven low
grade glioma cases alone, mean intraoperative change in target-to-tract distance
was significantly different in tract reconstructions generated based on RS-iDTI

versus SS-iDTI data.

Deterministic DTI-tractography, although commonplace for preoperative
planning in cranial neurosurgery, is not widely used in the iMRI setting to update
neuronavigational systems with the modelled position of surgically relevant
white matter tracts based on intraoperatively acquired DTI data. This is largely a
technical limitation based on geometrical distortion and poor image quality
related to susceptibility artifact when conventional SS-DTI is used to acquire
intraoperative DTI of the open cranial surgical field, particularly at higher fields
such as 3-Tesla. Although the gold standard intraoperative technique of direct

cortical or subcortical electrical stimulation can provide reliable real-time spatial
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information regarding the intraoperative position of many white matter tracts, it
is not available for all tracts and requires awake resection (except for monitoring
of the CSpT), which may not be tolerated by all patients, leaving white matter at

risk.

Several previous iDTI investigations, focused on CSpT reconstructions in
iMRI installations of 1.5-Tesla field strength or less, have identified significant,
bidirectional intraoperative tract shift ranging from -23 to 19.2 mm (Maesawa et
al,, 2010; C Nimsky et al., 2005b; Ostry et al., 2013; Ozawa et al., 2009; Prabhu et
al, 2011; Romano et al, 2011; Shahar et al, 2014; Yang et al, 2017). One
previous study by Ostry et al., (2013) examined the feasibility of SS-iDTI at 3-
Tesla and found images unusable in 9/25 (36%) due to image degradation and
spatial distortion secondary to susceptibility artifact. Our results confirm this
finding of Ostry et al, with intraoperative tractography failures due to
susceptibility artifact also occurring in 8/21 (38%), including 4/22 (18%) in
which RS-iDTI was found to allow intraoperative DTI tractography where SS-
iDTI had failed (Table 6.3). To our knowledge there have been no previous
studies examining the impact of DTI sequence type in the iMRI setting, in
particular RS-iDTI, on deterministic tractographic output. In the preoperative
setting, previous investigations examining the impact of susceptibility artifact
related geometric distortions on DTI output have found it to be a significant
problem which may result in clinically significant inaccuracies of tract position

(Jones and Cercignani, 2010; Treiber et al., 2016).
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Our results confirm significant, bidirectional intraoperative tract shift,
which varies from a mean of 2.3 mm inward—when measured at the shortest
distance between a surgical target and a tract of interest—to up to 9.7 mm when
measured at the point of maximum intraoperative tract shift. However, we also
find marked differences in tractographic output by DTI sequence type, which
when combined with our observation of RS-iDTI being associated with
significantly less regional susceptibility artifact and geometric distortion relative
to SS-iDTI, suggests that RS-iDTI is a superior sequence for intraoperative white
matter tractography. Finally, our observation of significantly lower mean
intraoperative change in target-to-tract distance amongst the subsample of
pathologically proven low-grade gliomas for tract reconstructions generated
with SS-iDTI than RS-iDTI suggest that previous reports of insignificant
intraoperative mean tumor-to-corticospinal distance shifts amongst
nonenhancing tumors (as opposed to enhancing tumors) may be at least
partially attributable to geometric distortions associated with the intraoperative
single-shot DTI employed (Shahar et al, 2014). Unfortunately, due to lower
number of high grade gliomas and inability to collect preoperative DTI in all
patients, we were unable to analyze the intraoperative change in TTD for

enhancing tumors.

There are important limitations of this study. First, this a single-centre
study with small sample size, consisting mostly of LGG patients. Second,

although it was our intention to collect preoperative DTI data on all patients,
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practically this was not always possible in the clinical iMRI setting. Specifically, if
at the time of surgery participants already had suitable preoperative MRI data
available—obtained from other scanners—it was not always feasible to collect
repeat preoperative imaging after induction of anesthesia on the iMRI scanner
including candidate DTI sequences. Similarly, in the cases where preoperative
DTI was collected it was frequently limited to RS-DTI due to time constraints. In
addition, this limitation necessitated using preoperative RS-DTI as a baseline for
intraoperative tract shift analysis for both intraoperative RS-iDTI and SS-iDTI.
Third, collection of intraoperative neurophysiological data was not part of the
inclusion criteria and was only collected in a small fraction of participants (n =
4). When direct electrical stimulation (cortical or subcortical) was collected, it
was limited to interrogation of the corticospinal tract. As a result, we were not
able to assess the correlation between distance from stimulation point and
modelled tract location with stimulation current, as has been done in previous
iDTI reports (Kinoshita et al., 2005; Maesawa et al.,, 2010; Nossek et al,, 2011;
Ostry et al., 2013; Prabhu et al,, 2011), but not in others (C Nimsky et al., 2005b;
Nimsky et al,, 2006; Romano et al., 2011; Shahar et al.,, 2014). Evaluating the
correlation between stimulation and tractographic output from RS-iDTI versus
SS-iDTI is an important next step. Next, our selected RS-DTI scan parameters of
15 readout segments (to minimize open cranial susceptibility distortions)
allowed only 6 diffusion gradient directions (which was sufficient for tensor

calculation and standard deterministic tractography) resulted in a scan duration
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that is arguably at the upper limit for use in the clinical preoperative (e.g.
awake) or intraoperative setting. Finally, the iMRI environment presents some
technical challenges which may limit SNR and image quality such as receive coil
limitations (e.g. typically limited to 8-element, two-piece, flexible surface coils)
and non-supine, non-neutral head positions which may necessitate scanning
away from isocentre which may impact static field homogeneity or gradient

linearity.

6.5 Conclusions

Readout-segmented DTI significantly reduces susceptibility artifact
related image degradation and geometric distortion, enhances signal-to-noise
and provides more robust clinical tractographic output than conventional single-
shot DTI. Significant differences exist between clinical tractographic output
generated from readout-segmented versus single-shot intraoperative DTI which
need to be verified using gold standard neurophysiological interrogation of tract

reconstructions.
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Chapter 7: General discussion and Conclusions

Cameron A. Elliott

7.1 General discussion

This thesis demonstrates that structural changes of the brain during and
following neurosurgical intervention—as detected in vivo using MRI—relate to
clinically relevant surgical outcome variables. The thesis also shows that
intraoperative MRI acquisition can be optimized to provide more clinically
useful information to the neurosurgeon (i.e., iDTI), which can further improve
patient outcome. Overall, the thesis emphasizes that the perioperative period
(including both the intraoperative period as well as the early and delayed
postoperative period) represents a unique opportunity to understand the
evolution of structural and functional consequences of invasive neurosurgical

treatment.

The key novel findings that emerge in the original work included in this

thesis are as follows:

1) The ultimate, long-term structural and functional consequence of

infantile TBI suspected to be secondary to NAT is predicted by areas of
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2)

restricted diffusion on clinically-acquired, early (<7 days post-injury)
DWI. This finding was demonstrated in chapter 3 in a small group of 4
patients with relatively small traumatic subdural hematomas
accompanied by extensive, but predominantly unilateral, areas of
restricted diffusion, the distribution of which corresponded with
areas of delayed cerebral atrophy on structural MRI accompanied by

expected neurological deficits.

Longitudinal structural MRI and manual volumetry—including ultra-
early postoperative and delayed postoperative scans—can effectively
characterize the extent and time course of limbic circuit structural
consequences following resective surgery for drug resistant TLE. This
finding was demonstrated in both chapters 4 and 5 in a group of 26
TLE patients with DRE treated with resective surgery. The novelty of
this work stems largely from the within-subjects, longitudinal nature
of the scanning protocol and from the focus on the early postoperative
period. Our conclusion that ultra-early postoperative structural
changes of the brain (i.e.,, contralateral, non-resected hippocampal
volume loss) relate to clinically meaningful surgical outcome variables

(e.g. seizure control) is also a novel concept.

226



Key specific findings include the following:

Significant postoperative volume loss occurs following resective
surgery for TLE within the limbic circuit including within the
contralateral hippocampus, mammillary bodies and fornix.

The time course of postoperative volume loss differs significantly
by structure. Volume loss in the contralateral hippocampus
begins immediately and progresses rapidly over the first
postoperative week, while volume loss in the mammillary bodies
and fornix (which occurs bilaterally) occurs only in a delayed
fashion (taking 1-3 years to develop). This observed difference in
volumetric response to TLE surgery may relate to variable
susceptibility of limbic structures to the impact of resective
surgery or a variable response to postoperative seizure cessation.
Although the hippocampus is well-known to be capable of
mounting rapid neuroplastic changes in volume in response to a
variety of stimuli, the observation of this in the ultra-early
postoperative period is a novel finding.

Postoperative, contralateral hippocampal volume loss (but not
mammillary body or fornix volume) is significantly more
pronounced in patients with ongoing, disabling seizures
following TLE surgery and is a potential biomarker of surgical

failure that may be identifiable based on early postoperative MRI
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and may help to tailor ongoing treatment based on risk of seizure
recurrence.

- Hippocampal subregional (head, body and tail) volumetric
analysis revealed that the bulk of postoperative volume loss
occurred in the hippocampal body and to a lesser extent the head.
Although further investigations are needed, this may relate to
more pronounced disconnection of hippocampal-hippocampal
connections in the hippocampal body versus the head or tail.

- The observed postoperative limbic circuit volumetric changes
were not accompanied by significant postoperative
neuropsychological deficits. In fact, we observed a postoperative
improvement in figural memory following dominant TLE surgery
(Table 4.3). Specifically, there was no significant postoperative
decline in tests of verbal and figural memory (which are thought
to be hippocampally-mediated) attributable to postoperative

volume loss in the shrinking non-resected hippocampus.

3) Longitudinal postoperative measures of hippocampal diffusion are a
sensitive in vivo measure of tissue microarchitecture which should be
applied using anatomically accurate, whole hippocampal volumes of
interest drawn on high-resolution T1-weighted images. This finding

was demonstrated in chapter 5 in a group of 25 TLE surgery patients
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compared to 12 healthy control subjects scanned at similar intervals.
This is a novel approach to computing diffusion metrics in the
hippocampus; prior attempts in the literature at measuring
postoperative hippocampal diffusion have employed vague regions of
interest drawn on lower resolution, non-anatomical raw diffusion

images.

Key specific findings include the following:

- In contrast to observed postoperative hippocampal volume loss,
postoperative diffusion metric changes develop in a delayed
fashion, not becoming significantly different from baseline until
delayed (1-3 year) postoperative scans. Specifically, we identified
postoperative reduction in hippocampal FA accompanied by
increase in hippocampal MD and RD.

- Hippocampal diffusion analysis by anatomical subdivision
(hippocampal head, body and tail) identified significantly lower
mean postoperative FA across all subdivisions relative to healthy
controls as well as relative to preoperative values limited to the
hippocampal head and body (Figure 5.4).

- Postoperative changes in hippocampal diffusion metrics were not
significantly different when analyzed by postoperative seizure

control.
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These postoperative hippocampal diffusion metrics taken
together with the postoperative manual volumetry results for
limbic circuit structures provide novel insight into the potential
etiology of postoperative structural changes of the brain
following TLE surgery. First, the observed early postoperative
hippocampal volume loss is unlikely the result of postoperative
mechanical deformation due to craniotomy or CSF egress (based
on stability of the periventricular caudate nucleus after TLE
surgery, Figure 4.9), nor is it due to postoperative fluid shifts
(e.g., due to dehydration) given that there are no observed early
postoperative changes in diffusion metrics. The observed late
postoperative reduction in FA and elevation in MD/RD suggests
that a delayed remodeling process in the contralateral
hippocampus is occurring, which we speculate may reflect
resolution of pre-existing hippocampal cytotoxic edema
(characterized by elevated FA and reduced MD(Grossman et al.,
2010; Kimura-Ohba et al., 2016; Veeramuthu et al, 2015)). In
addition, these findings are also consistent with the
postoperative consequences of deafferentation (loss of
hippocampal-hippocampal commissural input), which may
account for the relative overshoot of the observed postoperative

overshoot in hippocampal FA normalization.
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4) Technical limitations of intraoperatively acquired DTI, largely due to
the image degradation and geometric distortion of susceptibility
artifact associated with DTI acquisition in the surgical position while
the cranium and dura are open, can be minimized with readout-
segmented DTI (RS-iDTI) permitting real-time, clinical deterministic
tractography during cranial resective neurosurgery. This finding was
demonstrated in chapter 6 in a group of 22 iMRI surgery patients.
This is a novel finding which has the potential to significantly impact
clinical neurosurgical practice by extending our ability to update
neuronavigational systems with the intraoperative position of

surgically relevant white matter tracts.

Key findings include the following:

- RS-iDTI is associated with significantly less regional
susceptibility artifact and enhanced global gray-white matter
delineation compared to conventional SS-iDTI.

- RS-iDTI significantly reduces regional geometric distortion of
mean DTI images relative to susceptibility artifact resistant
intraoperative MPRAGE compared to SS-iDTI.

- RS-iDTI improves feasibility of tractography based on

intraoperatively-acquired, open surgical field DTI and permits
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more robust reconstructions of a wider variety of surgically-
relevant white matter tracts than SS-DTI.

RS-iDTI, although requiring significantly longer acquisition time
than SS-iDTI (~10 minutes versus ~3 minutes, respectively), can
be conducted on-the-fly, using widely available clinical DTI
software in the iMRI environment.

Intraoperative tract shift is a significant, unpredictable, and
bidirectional process that is ubiquitous in supratentorial, cranial
resective neurosurgery.

Significant differences exist in modeled tract position using
deterministic clinical tractography analysis of RS-iDTI versus SS-

iDTI data.

7.2 Thesis limitations

A number of general limitations relevant to the studies presented in this

thesis need to be considered.

7.2.1

Small sample size

All studies in this thesis are single-centred investigations with fewer than

40 participants, which may limit our statistical power particularly for secondary
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analyses. Study #1, in particular, should be considered a proof-of-principle study
suggesting—but not proving conclusively—that DWI provides relevant
prognostic information on structural and functional outcome at the individual
patient level. It is important to highlight that in studies #1 and #2, ensuring
adequately long postoperative surveillance of clinically relevant outcome
variables (e.g., delayed clinical examination in study #1 and delayed assessment
of seizure outcome in study #2) frequently limits sample size due to a variety of
clinical factors which hamper long-term clinical and radiographic follow-up. In
study #2, delayed postoperative neuropsychological assessment could not be
collected in more than 30% of study participants. In the longitudinally imaged
postoperative group in study #2, another important factor affecting sample size
and recruitment was patient tolerance of rigorous, ultra-early postoperative
imaging involving up to 4 scans in the first postoperative week. Although a
larger-scale, multi-centred study of the perioperative changes identified in this
thesis is an important next step (discussed below in 7.2.2), performing such a
study using manual volumetry techniques would—thanks to the laborious
nature of this method—Ilikely limit sample size to 50 - 100 patients (see section
1.2.2.3.1). Also, although automated volumetry techniques would be an
interesting to explore, their application to the abnormal postoperative brain is
fraught with challenges that have yet to be overcome (section 1.2.2.3.2). Finally,

multi-centred designs or, similarly, multi-scanner clinical studies within an
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institution, when analyzed for volumetry would introduce a new source of error

due to interscanner variability (Biberacher et al,, 2016).

7.2.2  Confounding factors

It is important to acknowledge several potentially confounding clinical
factors of the results presented in this thesis. For example, in study #1, the
impact of non-convulsive status epilepticus on the presented results is unclear,
given (as explained in chapter 3) the lack of continuous EEG in the pediatric
intensive care unit during these patients’ admissions. In study #2, surgical
treatment (i.e, ATL versus SAH) and postoperative AED regimens were
heterogeneous. Moreover, we were not able to include a non-surgical, drug-
resistant TLE group to compare to our TLE surgical group, and as such,
comparisons were made to longitudinal changes in healthy control subjects of

similar age.

7.3 Future directions

The findings presented in this thesis clearly establish the perioperative
period as a novel opportunity to explore the evolution of structural and
functional consequences of neurosurgical diseases and their relationship to
clinically relevant outcome variables. Directions for future work are specifically

highlighted, for each study, below.
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Specifically, in the area of pediatric TBI, future work will include a
prospective longitudinal study examining the relationship between acute
diffusion brain changes and delayed structural and functional outcomes in
infants. Inclusion of patients suffering from suspected or proven NAT as well as
those with accidental TBI may help to develop early post-incident MRI-based
markers of NAT related TBI or may further help to develop our ability to use

acute DWI scans to prognosticate relevant patient outcomes.

With respect to study #2, future efforts will focus on expanding our
understanding of structural changes of the brain after TLE surgery using larger
data sets collected from the clinical setting (rather than from dedicated research
protocols) across different scanners and surgical centres. If a structural MRI
biomarker is to be of clinical use, then the ability to measure it on widely
available clinical T1-weighted images, regardless of scanner or centre, would be
a significant step forward. In addition, given the laborious nature of manual
volumetry, future work should investigate the reliability of applying automated
volumetric techniques to the postoperative brain, compared to the gold standard
of manual volumetry. In this way, putative biomarkers of seizure outcome, such
as contralateral hippocampal volume, may be evaluated in larger sample sizes
accompanied by adequate postoperative seizure surveillance. With respect to
hippocampal diffusion in TLE, future research will explore replication of these
findings using higher spatial resolution DTI images which will allow examination

of the relationship between hippocampal subfield DTI metrics and how they
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predict ILAE HS subtype, which has been shown to relate with post-surgical

seizure control (Bliimcke et al., 2013).

Finally, with respect to intraoperative DTI applications (study #3), next
steps will focus on routine neurophysiological interrogation of white matter
tracts using cortical and subcortical DES to confirm that iDTI with reduced
susceptibility-artifact and geometrical distortion translates into more accurate
spatial information about white matter tracts. This will no doubt prove to be a
challenging goal, requiring awake craniotomies such that white matter tracts
apart from the CSpT (such as those involved with productive and receptive
speech) can be stimulated, and the distance from stimulation sites to
reconstructed tracts can be determined to generate a distance-current

relationship.

7.4 Conclusions

In summary, this thesis provides novel evidence linking perioperative
changes in brain structure—as detected in vivo using MRI—to clinically relevant
surgical outcome variables across a variety of neurosurgical diseases. The thesis
also shows that intraoperative MRI acquisition can be optimized to provide more
clinically useful information to the neurosurgeon (i.e., iDTI). The presented data
establish the perioperative period as a novel opportunity to interrogate brain

structure using MRI in a longitudinal fashion using a variety of macrostructural
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or microstructural measures which as demonstrated in this thesis may serve as
putative biomarkers of patient outcome. For the time being, it remains difficult
to extend these techniques to the clinical realm to permit the generalizability
and broad utility of such biomarkers while ensuring the adequate long-term
postoperative surveillance necessary to ensure the durability of clinically

relevant outcomes.
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