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Abstract

This thesis utilized diffusion tensor imaging (DTI) and tractography to examine
cerebrocerebellar pathway microstructure, as well as medical and demographic data and
measures of executive function (EF) to investigate clinical, neurological, and
cognitive/behavioral outcomes following treatment for Posterior fossa (PF) tumors. Further, the
influence of neurological outcome (i.e. cerebrocerebellar microstructure) on clinical and
cognitive/behavioural sequelae was considered. PF tumors account for approximately half of all
pediatric central nervous system malignancies and are treated with surgery, radiation, and
chemotherapy. With treatment advances, survival rates have improved dramatically though
significant late effects (e.g. neurotoxicity and cognitive morbidity) are often observed. Because
of tumor location and treatment, damage to the cerebellum and its input/output pathways can
occur in patients; this injury may have impact on clinical and cognitive/behavioural outcomes.
First, it was found that a higher tumor grade, larger tumor size, and left handedness predicted
Cerebellar Mutism Syndrome (CMS), a postoperative disorder present in approximately 25% of
children with PF tumors. CMS was also associated with right cerebellar hemispheric white
matter damage within the cerebello-thalamo-cerebral pathway — the main cerebellar efferent.

Second, using DTI, neuroanatomical identification and segmentation of reciprocal



cerebrocerebellar pathways was completed; children treated for PF tumors showed damage to
these pathways compared to healthy children — particularly within posterior segments. Third,
impairment in EF domains (i.e. cognitive efficiency, planning, working memory, emotion
regulation) was observed in children treated for PF tumors relative to healthy children.
Microstructure of the cerebello-thalamo-cerebral pathway mediated the effect of treatment for PF
tumors on EF outcome, specifically in working memory. This thesis a) provides a schema for
CMS risk in children with PF tumors based on medical and neurobiological features; b) shows
that treatment for PF tumors put patients at risk for damage to cerebrocerebellar circuitry and this
neurological injury, in turn, is associated with working memory impairment; and c) elucidates
the role of cerebrocerebellar pathways in connecting brain regions important for speech-language
and working memory functions. These findings provide a framework for how individual variance
in outcome in patients may occur and can inform the implementation of preventative/mitigative

therapies to remedy the adverse effects of treatment.
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Chapter 1
Background and Rationale



1  Background and Rationale

1.1 Introduction

Brain tumors are among the most common types of pediatric cancer and constitute the largest
proportion of solid tumors in childhood. Greater than half of all childhood brain tumors arise
within the posterior fossa (PF), an area that contains the cerebellum, pons, medulla, and fourth
ventricle. With recent treatment advances in surgical intervention techniques, craniospinal
radiation therapy (CRT), and chemotherapy (CTX), survival rates have improved dramatically.
However, treatment for PF tumors has been associated with neurotoxicity and cognitive
morbidity, including neurocognitive and behavioural deficits and academic declines (Mulhern et
al., 1998; Ris, Packer, Goldwein, Jones-Wallace, & Boyett, 2001; Mulhern, Merchant, Gajjar,
Reddick, & Kun, 2004a; Spiegler, Bouffet, Greenberg, Rutka, & Mabbott, 2004; Mabbott et al.,
2005; Mabbott, Penkman, Witol, Strother, & Bouffet, 2008). Additionally, Cerebellar mutism
syndrome (CMS) — a syndrome that presents with speech-language deficits, behavioural
disturbances, and personality changes — has been documented as a perioperative complication in
up to 25% of children following resection of PF tumors (Robertson et al., 2006). It is unclear

why some children present with or develop these deficits while others do not.

Much research has focused on describing the nature and time course of neurocognitive late
effects (i.e. symptoms occurring after recovery from early onset disorders of treatment) in
survivors of pediatric PF tumors. Less well understood are the neural mechanisms or correlates
of such declines — particularly with respect to examining the microstructure of white matter
connections and how injury to specific pathways may relate to deficits. Because treatment for PF
tumors target the cerebellum and surrounding area (e.g. resection of tumor, whole-brain and
PF/tumor bed radiation), damage to this brain region can occur. As a result, cerebellar input and
output pathways may be compromised, disrupting communication between the cerebellum and
other brain regions such as the frontal cortex. Cerebrocerebellar white matter pathways and their
structure in children treated for PF tumors and healthy children were investigated in the current
thesis. It has been proposed that many of the neurocognitive late effects observed in PF tumor
survivors result from a reduced ability to obtain information from their surroundings and from
having slower rate of processing than their healthy peers, suggesting executive function (EF)

compromise in this population. Despite this proposal, a systematic investigation of EF has yet to



be completed in child and adolescent survivors of PF tumors. A comprehensive evaluation of EF
in survivors of pediatric PF tumors should be based on conceptual models of EF (i.e. those that
identify distinct but cooperative EF processes such as inhibition/shifting of attention, working
memory, speed of processing, and planning; this thesis considered several of these models to
establish the testing battery used in Chapter 4. Moreover, the ability to regulate emotions (a self-
awareness/regulation component of EF) following treatment for PF tumors warrants further

examination.

In attempting to eliminate or mitigate the adverse late effects of treatment, it is critical to identify
neurological substrates that may predict risk for developing cognitive/behavioural deficits in
children with PF tumors. One of the main hypotheses of the current thesis is that
cerebrocerebellar connections (and the injury to these connections sustained following PF tumor
treatment) play an important role in the many late effects observed in survivors. Specifically,
examining the structure of reciprocal cerebrocerebellar pathways may provide a key piece of
information for identifying a neurological substrate of specific clinical, cognitive, and
behavioural outcomes in pediatric PF tumor survivors. The cerebro-ponto-cerebellar (CPC)
pathway is the main input pathway from cortex to cerebellum, while the cerebello-thalamo-
cerebral (CTC) pathway is the major outflow pathway from cerebellum to higher cortical areas.
These bilateral connections serve as cerebrocerebellar feedforward and feedback mechanisms
that are thought to underlie many aspects of cognition, speech-language, and behaviour.
Considering the dual insult to the cerebellum via surgical resection of tumor plus the effect of
radiation therapy, cerebrocerebellar pathways may be particularly vulnerable to injury. Thus, the
microstructure of these pathways may have important implications for clinical, cognitive, and

behavioural outcome in children treated for PF tumors.

The current thesis examined three areas of outcome in children treated for PF tumors: clinical
(i.e. CMS), neurological/neuroanatomical (i.e. cerebrocerebellar white matter pathways), and
cognitive/behavioural (i.e. EF). This thesis integrated clinical measures (i.e. medical and
demographic data), neurocognitive and behavioural testing (i.e. objective/standardized and
subjective/self-report measures as well as proxy-rated reports), and brain imaging (i.e. diffusion
tensor imaging) to address the following questions. First, what are the risk factors for CMS in
children treated for PF tumors? Are there clinical or neuroanatomical features that distinguish

between patients who present with CMS post-surgically and those who do not? Chapter 2



focuses on these queries. Second, can complete, reciprocal cerebrocerebellar white matter
connections be identified in the developing brain using diffusion tensor imaging? Specifically,
can we delineate these pathways using diffusion tensor imaging in pediatric PF tumor survivors
for which one of the main nodes (i.e. cerebellum) is impacted by the tumor and treatment? Third,
what happens to white matter microstructure following treatment for PF tumors? Specifically, are
cerebrocerebellar connections vulnerable to treatment effects? Chapter 3 addresses this group of
questions. Fourth, what is the fate of EF following treatment for pediatric PF tumors? Which (if
any) EF processes are impaired? How is emotion regulation affected? Lastly, is cerebrocerebellar
microstructure associated with EF in both healthy children and children treated for PF tumors?

The work in Chapter 4 attempts to answer these questions.

Broad questions that this thesis addresses include the following. What is the role of the
cerebrocerebellar pathways? Functionally, these white matter circuits serve to connect the
cerebellum with the frontal lobe — areas of the brain that are important for many cognitive and
behavioural functions — and facilitate cerebellar-cortex communication (Figure 1.1). Thus, are
there specific cognitive and behavioural functions that these pathways are implicated in?
Examining cerebellar connectivity and the involvement of these circuits in certain tasks or
abilities can help elucidate cerebellar function. We can also examine what occurs to the structure
of these pathways when they are injured by PF tumors and their treatment. Does injury to these
pathways by way of treatment for PF tumors associate with specific clinical, cognitive, or
behavioural outcomes? Is EF among the many neurocognitive late effects observed in survivors
of childhood PF tumors? If so, are some EFs more affected than others? What is the role of

cerebrocerebellar pathways in EF?



Figure 1.1 The cerebellum and frontal lobe: What is the role of white matter pathways
connecting these regions?

Role of white matter pathways connecting
the cerebellum with frontal lobe?

Frontal Lobe

Implicated in:

Executive Function (i.e.
cognitive efficiency, planning,
attention, working memory,
behavioural control/emotion
regulation)

Speech/Language

Cerebellum

Implicated in:

Executive Function (i.e.
working memory, verbal
fluency, behavioural
control/emotion regulation)

Speech/Language

Motor Control (i.e. balance,
posture, coordination and
timing of movement)

Both the cerebellum and frontal lobe have been implicated in aspects of executive function, including the control of
behaviour and emotion, as well as speech-language. The main efferent connecting the cerebellum with frontal lobe
is the cerebello-thalamo-cerebral (CTC) pathway and the main afferent connecting the frontal lobe with cerebellum
is the cerebro-ponto-cerebellar (CPC) pathway. One aim of the current thesis was to investigate the role of these
white matter pathways in cognitive/behavioural outcomes in the developing healthy and injured brain.

In the current chapter, background information important for addressing the above questions is
reviewed including: the cerebellum, cerebellar connections with the frontal lobe, and our
understanding of cerebrocerebellar pathway structure and function based on previous literature;
DTI and tractography and how these methodologies are used to measure white matter
microstructure; PF tumors and their treatment effects (i.e. clinical/medical challenges such as
CMS, neurotoxicity, and cognitive morbidity; and the components and neural correlates of EF.

At the end of this chapter, an overview of methods and specific study objectives are outlined.

1.2 The Cerebellum

The cerebellum is located within the infratentorial region of the brain and consists of a tightly

folded and convoluted layer of cortex with white matter underneath, containing several deep



nuclei. In the medial-lateral direction, the cerebellum is divided into two hemispheres and a
midline zone, the cerebellar vermis, and contained within these divisions are ten lobules (lobules
I-X). In the anterior-posterior direction, the cerebellum is subdivided into three lobes: the
anterior lobe (containing lobules I-V), posterior lobe (containing lobules (VI-1X), and

flocculonodular lobe (lobule X).

The role of the cerebellum in the coordination of motor function is well established (Evarts &
Thach, 1969). Recent discoveries have also highlighted the role of the cerebellum in modulating
cognitive and behavioural function (Akshoomoff & Courchesne, 1992; Leiner, Leiner, & Dow,
1993; Middleton & Strick, 1994; Allen, Buxton, Wong, & Courchesne, 1997; Ramnani et al.,
2006; Schmahmann & Caplan, 2006; Timmann & Daum, 2007). In terms of the parcellation of
cerebellar structures and their associated functions, the flocculonodular lobe is related to
vestibular function, the anterior lobe (particularly lobules IV-V) is considered to be the
sensorimotor region of the cerebellum, while the posterior lobe of the cerebellum (specifically,
lobules VI, VII —crus | & crus I1) is thought to subserve cognition or higher order behaviour
(Schmahmann & Caplan, 2006; Stoodley & Schmahmann, 2010). The posterior lobe is thought
to perform cognitive and behavioural modulation through reciprocal connections with cerebral
association areas — via cerebrocerebellar circuitry (Akshoomoff & Courchesne, 1992; Leiner et
al., 1993; Middleton & Strick, 1994; Schmahmann & Pandya, 1995; Desmond, Gabrieli,
Wagner, Ginier, & Glover, 1997; Schmahmann & Pandya, 1997b; Schmahmann & Caplan,
2006; Timmann & Daum, 2007; Strick, Dum, & Fiez, 2009). Central to this thesis are the

reciprocal connections between the posterior lobe of the cerebellum and the frontal cortex.

1.2.1 The Structure of Cerebrocerebellar Connections

The cerebrocerebellar system represents one of the largest white matter pathways in the CNS
(Apps & Watson, 2009). The cerebrocerebellar circuit is a closed-loop system comprised of a
feedforward (afferent) limb and a feedback (efferent) limb connecting the cerebellum with
cerebral cortex. The feedforward loop, the cerebro-ponto-cerebellar (CPC) pathway, connects the
frontal cortex with deep cerebellar nuclei via pontine nuclei (Thach, 1972; Brodal, 1978; Thach
& Jones, 1979; Asanuma, Thach, & Jones, 1983; Schmahmann, 1996; Brodal & Bjaalie, 1997;
Middleton & Strick, 1997; Schmahmann & Pandya, 1997b, 1997a; Middleton & Strick, 2000,
2001). The feedback loop, the cerebello-thalamo-cerebral (CTC) pathway connects deep



cerebellar nuclei (i.e. dentate) with the frontal cortex via thalamic nuclei; this pathway therefore
serves to redirect information from the cerebellum back to higher order areas of the cerebral
cortex (Thach, 1972; Thach & Jones, 1979; Asanuma et al., 1983; Schmahmann, 1996;
Middleton & Strick, 1997; Schmahmann & Pandya, 1997b; Middleton & Strick, 2000, 2001).

Evidence of the basis and structure of these pathways is derived primarily from non-human
primate studies; cerebrocerebellar connections have been described post-mortem and in-vivo
using virus tracers to label synaptically linked neurons (Middleton & Strick, 1994, 2001; Kelly &
Strick, 2003). As the main cerebellar afferent pathway, CPC fibres arise from nerve cells in the
frontal cortex (e.g. precentral cortex/premotor cortex and dorsal areas of the prefrontal cortex),
and descend through the posterior limb of the internal capsule, terminating on the pontine nuclei
(Schmahmann, 1996; Schmahmann & Pandya, 1997b; Bahr, Frotscher, & Duus, 2005). Fibres
then decussate within the pons and enter the contralateral cerebellar hemisphere via the middle
cerebellar peduncle (Schmahmann, 1996; Schmahmann & Pandya, 1997b; Bahr et al., 2005).
Thus, this feedforward portion of the cerebrocerebellar pathway is synaptically interrupted in the
pontine nuclei (Brodal & Bjaalie, 1997), forming two segments: cerebro-ponto and ponto-
cerebellar pathways. The CTC pathway, the primary cerebellar efferent circuit, originates in deep
cerebellar nuclei and projects to the contralateral red nucleus (Schmahmann, 1996; Schmahmann
& Pandya, 1997b; Béhr et al., 2005). This pathway then commences from the red nucleus and
into synaptic relay nuclei in the thalamus; these fibres then ascend to terminate within frontal
cortex (Schmahmann, 1996; Schmahmann & Pandya, 1997b; Béhr et al., 2005). The CTC
pathway therefore can be parsed into three component pathways: cerebello-rubro, rubro-thalamo,

and thalamo-cerebral.

Functional imaging in adult human populations has provided evidence of these pathways (Kim,
Ugurbil, & Strick, 1994; Allen et al., 1997; Middleton & Strick, 1997, 2000; Salmi et al., 2010).
Furthermore, cerebellar projections to prefrontal and posterior parietal cortices have been
described in a small sample of adult humans using diffusion tensor imaging (DTI) tractography
(Jissendi, Baudry, & Baleriaux, 2008). Solitary (e.g. non-reciprocal) connections from
cerebellum to frontal cortex have also been outlined in a small sample of adult humans using
fMRI/DTI (Salmi et al., 2010), and in children using DTI (Law et al., 2011). DTI has also been
used to define prefrontal connections to the cerebral peduncles (Ramnani et al., 2006), and

cortico-pontine fibres (Habas & Cabanis, 2007a), both studies producing portions of the CPC



pathway. Similarly a portion of the CTC pathway, projections from the cerebral cortex to red
nucleus, has been delineated in adult humans using DTI (Habas & Cabanis, 2006, 2007b). DTI as
a brain imaging methodology will be discussed in detail in section 1.2. Chapter 2 focuses on
defining the main cerebrocerebellar output pathway — the CTC pathway — using DTI in children

treated for PF tumors using the methodology outlined in Law et al. (2011).

However, the main limitations of the above body of literature include a) a lack of utilizing
anatomically-defined, known points of synapse within each circuit to aid in defining the
pathways, and b) the absence of defining complete, continuous, and reciprocal cerebrocerebellar
pathways; we rectified these points in Chapter 3. Further, Chapter 3 investigated the
microstructure of reciprocal cerebrocerebellar pathways in the healthy and injured developing

brain.

1.2.2 The Function of Cerebrocerebellar Connections: Facilitating
Communication between the Cerebellum and Frontal Lobe
Cerebrocerebellar circuits consist of pathways of myelinated axons connecting the cerebellum
with frontal lobe. The function of these pathways is to conduct action potentials from one
assembly of neurons to another, facilitating the transfer of information between the cerebellum
and frontal lobe. To understand what role cerebrocerebellar pathways play in certain functions,
we must look to the brain regions that comprise the main nodes of this circuit — the cerebellum
and frontal lobe — and what functions they underlie. The cerebellum and frontal lobe are involved
in numerous functions including executive control, modulation of behaviour/emotion, and
speech-language; as part of a distributed neural system involving reciprocal connectivity between
the cerebellum and frontal lobe, cerebrocerebellar circuits are postulated to play a role in the

modulation of such functions.

Specifically, cerebrocerebellar pathways have been implicated in motor control (e.g. learning,
timing, and calibration of movement) (Glickstein, 1992; Stein & Glickstein, 1992; Glickstein,
1993; Brodal & Bjaalie, 1997; Schmahmann, Ko, & MacMore, 2004), as well as aspects of
cognition and behaviour (Akshoomoff & Courchesne, 1992; Ivry & Baldo, 1992; Leiner et al.,
1993; Kim et al., 1994; Middleton & Strick, 1994; Fiez et al., 1996; Schmahmann, 1996; Allen et
al., 1997; Desmond et al., 1997; Desmond, Gabrieli, & Glover, 1998; Chen & Desmond, 2005;
Schmahmann & Caplan, 2006; Timmann & Daum, 2007; Law et al., 2011). The bulk of the



literature on cerebrocerebellar connections and cognition/behaviour describes their involvement
in speech-language and some aspects of EF. Specifically, affect regulation or pseudobulbar affect
may be associated with damage to regions along the cerebrocerebellar pathways due to the close
proximity of this circuit to the corticobulbar tract (a pathway which includes the brainstem,
medulla, pons, and frontal lobe) (Kaufman, 2007). Cerebrocerebellar circuitry has also been
implicated in verbal working and short-term memory (Kim et al., 1994; Kirschen, Chen,
Schraedley-Desmond, & Desmond, 2005; Ravizza et al., 2006; Strick et al., 2009). Pertinent to
this thesis is previous literature on cerebrocerebellar associations with EF (e.g. relevant to
Chapter 4), and speech-language production/processing (e.g. relevant to Chapter 2 discussing
CMS risk), which will be focused on in this section. Previous research regarding the neural
correlates of CMS will be discussed further in section 1.5.1 and the neural correlates of EF will

be discussed in section 1.5.3.1.1.

First, the cerebellum and frontal lobe are thought to contribute to cognitive control (i.e. EF);
studies have shown activation of the cerebellum and prefrontal cortex during the acquisition and
retrieval of first-order rules (Balsters & Ramnani, 2008, 2011), and when solving complex
pegboard puzzles (Kim et al., 1994). Further, lesions to the cerebellum (Kirschen et al., 2008) or
disruption in cerebellar functioning (Desmond, Chen, & Shieh, 2005) produce deficits in verbal
working memory. Working memory has consistently been associated with both the activation
and structure of regions comprising cerebrocerebellar circuitry. Specifically, several studies have
found that the cerebellum interacts with frontal cortex to support working memory function by
way of the CTC pathway (Chen & Desmond, 2005; Salmi et al., 2010; Law et al., 2011). ACTC
connection between cerebellar and prefrontal areas activated during a nonverbal auditory
working memory task has been documented using DTI tractography (Salmi et al., 2010). Law et
al. (2011) found damage to the microstructure of the CTC pathway — specifically within
cerebellar white matter regions of the pathway — in patients treated for PF tumors compared to
healthy children and that working memory deficits found in patients were correlated with

measures of pathway damage.

Several studies have shown that the cerebellum is activated during tasks involving complex
cognitive paradigms of language/verbal working memory (Desmond et al., 1997; Chen &
Desmond, 2005; Kirschen et al., 2005; Hayter, Langdon, & Ramnani, 2007). There is recent DTI

evidence that compromise of white matter regions within the CTC pathway, specifically within
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the superior cerebellar peduncle, is linked to CMS — a syndrome that affects speech-language
processing and production (Morris et al., 2009). Similar to CMS, Cerebellar Cognitive Affective
Syndrome (CCAS) is often observed in patients subsequent to cerebellar tumor resection,
cerebellar degeneration, and cerebellar hypoplasia (Schmahmann & Caplan, 2006). This latter
syndrome presents with behavioural disturbances and personality changes as well as impairment
in EF (i.e. planning, set-shifting, abstract reasoning, verbal fluency, working memory), and
linguistic and visuo-spatial processing (Pollak, Klein, Rabey, & Schiffer, 1996; Schmahmann &
Sherman, 1998; Levisohn, Cronin-Golomb, & Schmahmann, 2000; Schmahmann, 2004;
Schmahmann & Caplan, 2006).

It is evident that the cerebellum and frontal lobe are important for EF (including working
memory and behaviour/emotion control) and speech-language production and processing.
However, it may be the facilitation of communication between the cerebellum and frontal lobe

via cerebrocerebellar pathways that is also important for efficient functioning in these areas.

1.3 Diffusion Tensor Imaging (DTI)

DTI is a type of non-invasive magnetic resonance imaging (MRI) for which the microstructural
organization of tissue (i.e. white matter) can be characterized in vivo. DTI allows for the
visualization of different aspects of tissue microstructure based on water molecule displacement
and directionality (Basser, 1995). DTI yields voxel-wise maps of several measures including
diffusivity of water movement, tissue anisotropy, and fibre directionality. These maps are based
on three separate diffusivities or directions called eigenvalues, A1, A2, Az (Figure 1.2), calculated
by matrix diagonalization (Basser, 1995; Song et al., 2002). The eigenvalues can be combined to
provide summary measures (quantitative DTI indices) of fractional anisotropy (FA) and mean
diffusivity (MD), as well as axial and radial diffusivity (AD and RD, respectively). FA reflects
the principal diffusion direction within each voxel. Values of FA lie between 0 and 1; values
closer to 1 signify high anisotropy (i.e. in white matter, water molecules diffuse more freely
along the dominant fibre direction than any other direction). FA can be used to infer white matter
microstructure (i.e. myelin structure), as white matter tissue acts as a barrier to free water
molecule movement. MD represents the magnitude of water diffusion, or the average diffusion
freedom that water molecules have within each voxel, measured in mm?/s (Basser, 1995). MD is

thought to give insight into both axon and myelin structure (Song et al., 2002). The first
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eigenvalue (A1) is a measure of axial diffusivity, reflecting diffusion parallel to the axonal fibres
(Basser, 1995), and is measured in mm?/s (Figure 1.2). The second and third eigenvalues (A2 and
A3) represent diffusion perpendicular to axonal fibres (Basser, 1995). Radial diffusivity, also
measured in mm?/s, is an overall measure of this perpendicular diffusion and is calculated by
taking the average of X» and A3 (Basser, 1995) (Figure 1.2). Measures of axial and radial

diffusivity are thought to reflect axon and myelin structure, respectively (Song et al., 2002).

Figure 1.2 Visualization of the eigenvectors/directionalities obtained in diffusion tensor
imaging.

(A +23)/2

This leftmost portion of this diagram shows the eigenvectors or directionalities of water movement within (or along)
a single axon, where A represents the principal diffusion direction and A, and A3 represent perpendicular diffusion.
The rightmost portion of the diagram depicts a bundle of axons for which X, again represents the principal direction
of water diffusion — axial diffusivity — within and along myelinated axons. The equation used to calculate radial
diffusivity, diffusion perpendicular to axons, is also provided.

In DTI tractography, voxel-wise maps of fibre orientation can be used to reconstruct continuous
trajectories throughout white matter — producing white matter tracts/pathways (Figure 1.3).
Tractography defines white matter pathways based on user-specified regions of interest (ROISs)
including a specific start point (i.e. seed point) and areas of relay or endpoints (i.e. way points).
Once a tract or pathway is defined using tractography, mean DTI indices can be calculated for
the entire pathway (or regions or segments of the pathway). It is pertinent to note that the current
thesis used probabilistic tractography, a method that assumes a distribution of orientations (i.e.
multiple directions) at each voxel to obtain a connectivity index along a tract or pathway that
reflects fibre organization and is sensitive to pathological abnormalities (Ciccarelli et al., 2006).

Thus this methodology takes into account, where there are multiple orientations within a voxel,
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the probability of each voxel’s connection with adjacent voxels in the entire image. This method
is in contrast with deterministic or streamlined tractography (not utilized for the present thesis),

for which a single orientation at each voxel is assumed.

Figure 1.3 Diffusion tensor imaging tractography: Using directionalities to map white
matter pathways.

The leftmost diagram depicts an FA map with directionality vectors (i.e. white lines) (generated with FMRIB
Software Library). Red represents fibres running medial-lateral; blue represents pathways running superior-inferior,
and green represents fibres running anterior-posterior. The diagram on the right is an example of whole-brain white
matter pathways (i.e. no ROIs used) created using directionality information (generated with MedINRIA).

As mentioned above, FA, MD, AD, and RD can in turn be used to infer the microstructural
organization of white matter and identify whether injury to white matter regions or pathways
(e.g. demyelination, axonal damage) is evident (Song et al., 2002; Mori & Zhang, 2006; Jones &
Leemans, 2011). Lower measures of FA and higher measures of MD, AD, and RD are thought to
reflect axonal degeneration and compromised myelin sheath structure (Beaulieu, 2002; Song et
al., 2002).

Because DTI and tractography can be used to detect even subtle changes or differences in white
matter microstructure within white matter regions and pathways, this methodology was used in
the current thesis. Chapter 2 of this thesis shows the use of DT and probabilistic tractography to
delineate and examine white matter pathways connecting the cerebellum with frontal lobes via
the thalamus (i.e. CTC pathways). The resultant pathways were regionally divided to examine
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localized damage to the pathway in children treated for PF tumors with CMS and without CMS.
Within Chapter 3 of this thesis, DTI and probabilistic tractography were used to define
continuous, reciprocal cerebrocerebellar pathways in children treated for medulloblastoma (MB)
and healthy children and segment these pathways into their anatomically-relevant component
parts. Chapter 4 uses the same methodology as Chapter 3, though whole-pathway (rather than
segmented) cerebrocerebellar white matter microstructure was examined in children treated for
MB and healthy children. The following section (1.4) describes PF tumors, the treatment
protocol involved, and the adverse neurobiological, neurocognitive, and behavioural effects of

treatment in detail and explains why the current thesis is focused on this particular population.

1.4 Types of Posterior Fossa Tumors, their Pathologies, and Treatment
Protocols

Brain tumors are the leading cause of death and disability from childhood disease in developed
countries (Bleyer, 1999); their incidence accounts for 3.9 to 4.03 cases per 100,000 in the United
States and Canada alone (Miltenburg, Louw, & Sutherland, 1996). With advances in medical
treatment in the last 20 years, survival rates have improved dramatically; five-year survival rates
are approaching 80% (David et al., 1997; Dhall, 2009). Approximately half of all brain tumors in
childhood are located within the posterior fossa (PF), an area that contains the cerebellum, pons,
medulla, and fourth ventricle (Kline & Sevier, 2003). Tumors arising within the PF can block the
flow of cerebrospinal fluid (CSF) and cause increased pressure on the brain and spinal cord,
producing hydrocephalus (Kline & Sevier, 2003). As such, PF tumors are initially surgically
resected and, dependent on tumor type, given adjuvant craniospinal radiation therapy (CRT) and
chemotherapy (CTX) (Bleyer, 1999). Among the most frequent PF tumor diagnoses are MB and

low grade gliomas/astrocytoma) (Yachnis, 1997).

MB is a malignant tumor that arises from primitive neuroectodermal tissue and accounts for 30%
of all pediatric brain tumors and up to 55% of all PF tumors (Schott, Naidich, & Gan, 1983). As
MB is radiosensitive in nature, the standard of treatment includes postoperative CRT with a
boost to the PF, followed by 12 months of CTX (Packer, 1999; Mueller & Chang, 2009). This
population is of prime focus in the present study and comprises most of our patient sample in

Chapter 2, and the entire patient sample in Chapters 3 and 4.
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Low-grade gliomas/astrocytoma account for 20% to 25% of all pediatric PF tumors (Schott et al.,
1983). While glioma arises from glial cells, particular glial cells called astrocytes give rise to
astrocytoma (Yachnis, 1997). The first line of treatment for children with low-grade glioma is
surgery; gross total or near gross total tumor resection is the aim (Mueller & Chang, 2009). In
general, patients presenting low-grade glioma who undergo complete resection of the tumor do
not receive adjuvant therapy (e.g. CRT or CTX), unless there is presence of disease recurrence or
progression (Mueller & Chang, 2009). Additional PF tumor types include other low grade
gliomas (e.g. ganglioglioma), germ cell tumors (e.g. pure germinoma), ependymoma, and
choroid plexus papilloma; these PF tumor pathologies were included in our patient sample in

Chapter 2 in addition to MB and low-grade gliomas/astrocytoma.

Though current treatment protocols are often successful and survival is achieved, the adverse
effects of treatment are widely documented. The tumor, its location, and resection can produce
local (direct) effects and can impact both neurological and functional outcome. Namely, motor,
cognitive, and behavioural difficulties may arise from the primary impact of the tumor and
surgical resection as most PF tumors are located in the cerebellar hemispheres or the fourth
ventricle, requiring access through the vermis (McLaughlin, Fisher, Sutton, & Storm, 2012).
Other treatment modalities, such as CRT and CTX are considered to have systemic/diffuse
effects. For example, CRT can have adverse late effects on many bodily structures, including
endocrine, skeletal, and central nervous systems (Goldwein et al., 1996). Late effects are for the
most part irreversible and thus the most destructive and can include sensory and motor deficits
(Wong & Van der Kogel, 2004) as well as morbidity in cognitive and behavioural domains. The
following section (1.5) discusses the impact of treatment for PF tumors on clinical and

neurocognitive/behavioural outcomes.

1.5 Outcome Following Treatment for Posterior Fossa Tumors

1.5.1 Cerebellar Mutism Syndrome (CMS)

CMS is an important medical challenge in the management of pediatric PF tumors and presents
in a subset of patients typically 1-2 days post resection. CMS has been found to occur in up to
25% children treated for MB (Robertson et al., 2006). CMS can present as a constellation of
symptoms including, but not limited to, complete or partial disruption in speech output, speech-

language/linguistic difficulties (e.g. dysarthria), ataxia, and hypotonia, as well as other
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neurological and neurocognitive impairments. In some cases, deviations from premorbid
behaviour and personality can occur and include irritability, inattention, blunting of affect,
disinhibited or inappropriate behaviour, and emotional lability (Schmahmann & Sherman, 1998;
Wells, Walsh, Khademian, Keating, & Packer, 2008). These symptoms may result from poor
cognitive and behavioural modulation or an inability to regulate and self-monitor (Levisohn et
al., 2000; Robertson et al., 2006).

Although some aspects of CMS (e.qg. initial mutism/linguistic deficits and behavioural
disturbances) are transient, recent studies have documented persistent speech-language,
neurological, and cognitive impairments (Levisohn et al., 2000; Siffert et al., 2000; Steinbok,
Cochrane, Perrin, & Price, 2003; Huber, Bradley, Spiegler, & Dennis, 2006; Robertson et al.,
2006) and poor long term outcomes in these areas (Wells et al., 2008). Namely, full recovery of
speech-language abilities is uncommon in patients (Siffert et al., 2000; Steinbok et al., 2003;
Huber et al., 2006; Robertson et al., 2006). The most common residual impairments 1 year
following CMS diagnosis were speech-language dysfunction, ataxia, and global cognitive
deficits (Robertson et al., 2006). Because the symptoms of CMS are not present preoperatively
and manifest only after surgery, CMS cannot be accounted for by the presence of the tumor
itself. Attempts have been made to a) determine the clinical variables that may increase CMS
risk, and b) elucidate the mechanism of injury or neuroanatomical substrate that may explain

why some patients present with CMS while others do not.

Multiple clinical factors have been associated with a heightened risk of presenting with CMS
post-surgically. Though there is no relation between CMS and age at diagnosis or gender (Grill
et al., 2004; Robertson et al., 2006; Turgut, 2008), tumor type and location seem to have bearing
on whether a patient presents with CMS or not. Specifically, a higher grade tumor (e.g. MB) and
midline tumor location (e.g. vermis) are associated with increased CMS risk (Van Calenbergh,
Van de Laar, Plets, Goffin, & Casaer, 1995; Grill et al., 2004; Wells et al., 2008). Larger tumor
size has been implicated as a risk factor for CMS in some studies (Catsman-Berrevoets et al.,
1999; Gelabert-Gonzalez & Fernandez-Villa, 2001) but not others (Robertson et al., 2006; Wells
et al., 2010).

Relative to the clinical and medical research regarding the predictors of CMS, there is a dearth of

literature describing the neural correlates of CMS. Thus far, CMS has been associated with
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increased brainstem involvement by the tumor and tumor infiltration of normal tissue (Robertson
et al., 2006). The absence of CMS has been documented following resection of cerebellar
hemispheric tumors not requiring access through the vermis, while resection of vermal/midline
tumors is associated with CMS risk (Grill et al., 2004). However, vermal damage does not
necessarily result in CMS; damage to surrounding brain structures can also produce CMS. Injury
to the dentate nuclei (deep cerebellar nuclei located within each cerebellar hemisphere, thought
to be responsible for the planning, initiation, and control of voluntary movements) has been
shown in patients with CMS (Ozgur, Berberian, Aryan, Meltzer, & Levy, 2006). Further,
bilateral edema within the cerebellar peduncles following surgery has been implicated in CMS
(Pollack, Polinko, Albright, Towbin, & Fitz, 1995). The dentate nuclei are the largest single
structure linking the cerebellum with the rest of the brain (Sultan, Hamodeh, & Baizer, 2010).
The cerebellar peduncles connect the cerebellum with the brainstem and are important
components of cerebellar afferent and efferent pathways. Thus, dentate nuclei or cerebellar
peduncle compromise may contribute to the disruption of communication between the

cerebellum and cortex — resulting in CMS.

Indeed, studies have implicated structures contained within afferent and efferent pathways
between cerebellar nuclei (e.g. dentate) and cortex (e.g. frontal, premotor, supplementary motor)
in CMS (Pollack et al., 1995; Koh, Turkel, & Baram, 1997; Ozgur et al., 2006). A diaschisis
model of pathophysiological injury has been proposed as the mechanism of postsurgical CMS
(Meyer, Obara, & Muramatsu, 1993; Germano et al., 1998; Sagiuchi et al., 2001; Marien,
Engelborghs, Michiels, & De Deyn, 2003; Miller et al., 2010). Diaschisis is a loss of function of
one brain region that is connected with and distal to another brain region that has sustained insult
(Meyer et al., 1993). This model is supported by evidence of bilateral surgical damage (indicated
by hypoperfusion) to proximal efferent cerebellar pathways (e.g. cerebellar peduncles), in
patients with CMS relative to patients without CMS (Miller et al., 2010). Further, multiple white
matter anomalies were found in patients with CMS versus patients without CMS across the brain,
including areas connecting the cerebellum with cortex (Morris et al., 2009). Based on a diaschisis
model, CMS may be the result of disruption of multiple regions along cerebellocerebral
pathways.

To date, no study has explicitly examined cerebrocerebellar connections and their involvement in

CMS. Further, a comprehensive model of CMS risk integrating clinical, medical, and
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neuroanatomical features has yet to be investigated. Chapter 2 focuses on these areas and the

rationale for this study will be discussed further in section 1.6.

1.5.2 Neurological Outcome: Effect of Treatment for Posterior Fossa Tumors on
White Matter
Treatment for PF tumors has been associated with significant neurotoxicity (Schultheiss, Kun,
Ang, & Stephens, 1995; Goldwein et al., 1996). Neurotoxicity can arise as a direct effect of the
tumor or as a result of surgical intervention, CRT, or CTX (Van Calenbergh et al., 1995; Steinlin
et al., 2003; Aarsen, Van Dongen, Paquier, Van Mourik, & Catsman-Berrevoets, 2004), with
higher doses and larger treatment volumes predicting increased morbidity (Mulhern et al., 1998;
Grill et al., 1999; Ris et al., 2001).

Neuroimaging studies examining the effects of CRT on brain tissue provide a grim picture of
widespread CNS radiation injury. Changes in brain tissue following radiation treatment include
glial atrophy, demyelination, white-matter specific necrosis, and declines in normal appearing
white matter volume (Schultheiss et al., 1995; Edwards-Brown & Jakacki, 1999; Reddick et al.,
2000; Mulhern et al., 2001; Khong et al., 2003; Wong & Van der Kogel, 2004; Mabbott,
Noseworthy, Bouffet, Laughlin, & Rockel, 2006a; Mabbott, Noseworthy, Bouffet, Rockel, &
Laughlin, 2006b). For example, volume loss has been documented within the corpus callosum
(Palmer et al., 2002) and hippocampus (Nagel et al., 2004) in patients treated with CRT. Further,
white matter damage has been documented using DTI within multiple brain regions in children
treated for MB compared to healthy children including the corpus callosum (Mabbott et al.,
2006b), internal capsule (Mabbott et al., 2006b), pons (Khong et al., 2003), medulla (Khong et
al., 2003), cerebellum (Khong et al., 2003; Law et al., 2011), and parietal lobe (Khong et al.,
2003) and frontal lobe (Mabbott et al., 2006b) white matter.

White matter is composed of glial cells that provide structural and physiological support within
the central nervous system and form myelin to insulate axons (Kolb & Whishaw, 1990). This
tissue is essential for cognitive efficiency as it propagates the transmission of electrical signals
along axons (Kolb & Whishaw, 1990). Thus, damage to these cells in the developing brain can
be particularly devastating when considering functional and neurocognitive outcomes. Though
beyond the scope of the current thesis, the mechanism(s) of radiation-induced CNS injury in the

developing brain involve the inhibition of gliogenesis and neurogenesis, as well as disruption of
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the blood-brain barrier (Wong & Van der Kogel, 2004; Nieder, Andratschke, & Astner, 2007).
Cell death and subsequent secondary injury may lead to cell loss, tissue damage, and ultimately
white matter deficit (Wong & Van der Kogel, 2004; Nieder et al., 2007).

Though the above volumetric and DTI-based measures tell us about regional tissue properties,
they do not inform us about white matter connectivity and structure of pathways in the brain that
connect distant regions. To the author’s knowledge, the work in this thesis is the first to examine
specific, anatomically-based white matter pathways in children treated for PF tumors using DTI
and compare their microstructure with that of healthy age-matched peers (Chapters 2-4).

1.5.3 Neuropsychological Outcome: Effect of Treatment for Posterior Fossa
Tumors on Cognition and Behaviour
The adverse neurocognitive effects of treatment for pediatric PF tumors are well known.
Resection of the PF tumor itself can result in long-term deficits in speech-language, EF, visual-
spatial ability, adaptive function, and behavioural regulation (Levisohn et al., 2000; Riva &
Giorgi, 2000a; Aarsen et al., 2004; Beebe et al., 2005; Huber et al., 2006). The majority of
children treated with CRT have problems maintaining their premorbid levels of intellectual
development and academic achievement (Mulhern et al., 2004a). Deficits in intelligence (1Q),
attention, processing speed, academic ability, and social skills are often apparent following
treatment (Mulhern et al., 1998; Ris et al., 2001; Mabbott et al., 2005; Mabbott et al., 2008).
Furthermore, in 94% of children treated with CRT, declines of two to four 1Q points per year
have been documented (Spiegler et al., 2004); these declines attenuate 5-10 years post-treatment
and have been found to stabilize 20-30 years after diagnosis (Briere, Scott, McNall-Knapp, &
Adams, 2008; Edelstein et al., 2011). Given the steady declines in 1Q up to 5 years post-
diagnosis, it is logical that, in the years following treatment for PF tumors, patients are at risk for
neurocognitive deficits that may impact academic performance, employment opportunities, and
overall quality of life (Mulhern et al., 1998; Ris et al., 2001).

It has been suggested that neurocognitive declines, particularly in patients treated with CRT,
reflect a reduced ability to obtain novel information from their surroundings and result from
acquiring knowledge at a significantly slower rate than healthy peers (Palmer et al., 2001). Many
components of EF are required to facilitate the attainment of new knowledge, learn from

environmental cues, process information quickly and efficiently, and self-monitor. Thus, it is
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possible that multiple EFs are impaired in children with MB and that this impairment contributes

to overall neurocognitive and behavioural deficits often observed following treatment.

To the author’s knowledge, no explicit, broad-spectrum analysis of EF has been completed in
children treated for MB; specifically one based on conceptual models of EF. Further, examining
emotion regulation, a self-awareness/regulation component of EF, has been largely neglected in
this population. One aim of this thesis was to complete such an analysis of EF in survivors of

pediatric PF tumors.

1.5.3.1  Executive Function (EF)

EF is an umbrella term describing a set of complex cognitive abilities necessary to achieve a
goal; it is essentially the conscious control over what we say and do. EFs play an important role
in a child’s ability to acquire novel information, maintain this information, and make use of the
information in an efficient and effective manner. EFs also guide goal-directed, purposeful
behaviour required to reach a specific, intended outcome. EF encompasses a broad range of
processes including action initiation, mental flexibility, organizing/sequencing, cognitive
fluency, switching between task sets, inhibition of an inappropriate response or behaviour,
planning, strategy development, maintaining attentional set/persistence, working memory, and
regulation (e.g. behavioural/emotional) (see Banich, 2004; Jurado & Rosselli, 2007 for review).
Many definitions of EF exist and both the components and nomenclature of its subprocesses
vary. There is disagreement over whether EF is a unitary construct versus non-unitary concept.
That is, is EF a solitary construct with multiple interrelated subprocesses or does it represent a
constellation of independent processes?

Luria (1966) proposed a four factor model of EF, based on the observation of impaired self-
regulation following frontal lobe injury. The major components were described as anticipation
(setting goals or series of goals to complete an endeavor, understanding possible outcomes),
planning (organization), execution (ability to maintain set and to be flexible), and self-
monitoring (identification of errors, emotional and behavioural control). Two additional theories
of EF — models proposed by Stuss and Benson (1986) and Lezak (1995) — are congruent with
Luria’s (1966) paradigm, but use different naming conventions to describe EF components.
Lezak (1995) proposed a four component model of EF, including volition (self-monitoring),

planning, purposive action (similar to anticipation), and effective performance (comparable to
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execution). Stuss and Benson (1986) described five components of EF: initiation (akin to
anticipation), planning, sequencing, organization, and regulation. Organization and regulation are

similar to Luria’s (1966) execution construct.

Recent studies have employed component or factor analyses to meaningfully group aspects of EF
from multiple measures. In healthy populations, a number of studies have grouped EFs into
several unitary processes such as switching/flexibility/shifting (e.g. alternating between task
demands or cognitive sets) (Miyake et al., 2000), updating/monitoring (e.g. working memory and
attentional control; obtaining and maintaining information in the mind to be used toward
achieving a goal) (Miyake et al., 2000; Hedden & Yoon, 2006), and inhibition (actively
supressing a prepotent response to respond in a relatively novel way) (Miyake et al., 2000;
Hedden & Yoon, 2006). A more fine-grained classification of latent EFs in healthy children and
adolescents include attentional control (Anderson, 2001; Anderson, 2002), working memory
(Diamond, Kirkham, & Amso, 2002; Zelazo & Mueller, 2002; Davidson, Amso, Anderson, &
Diamond, 2006; Garon, Bryson, & Smith, 2008), inhibitory control (Diamond et al., 2002;
Zelazo & Mueller, 2002; Davidson et al., 2006; Garon et al., 2008), planning/goal setting (Levin
et al., 1991; Welsh, Pennington, & Groissier, 1991; Kelly, 2000; Anderson, 2002), problem
solving (Garcia-Barrera, Karr, & Kamphaus, 2013), set-shifting/cognitive flexibility (Anderson,
2001; Anderson, 2002; Diamond et al., 2002; Zelazo & Mueller, 2002; Davidson et al., 2006;
Garon et al., 2008), fluency (both verbal and design) (Levin et al., 1991; Welsh et al., 1991; Fisk
& Sharp, 2004), information processing (Anderson, 2002), and in adults, regulation/self-
awareness (including behaviour/emotion regulation) (Stuss & Benson, 1986; Mateer, 1999;
Sohlberg & Mateer, 2001).

Several studies have identified deficits in childhood brain tumor survivors for discrete EF-related
processes such as attention (Dennis, Hetherington, & Spiegler, 1998; Reeves et al., 2006),
processing speed (Waber et al., 2006; Mabbott et al., 2008), organizational skills (Armstrong et
al., 2009), and working memory (Dennis et al., 1992; Dennis et al., 1998; Kirschen et al., 2008;
Law et al., 2011; Conklin et al., 2012). To our knowledge, only two studies have explicitly
examined emotion regulation in survivors of pediatric brain tumors and have found inefficiencies
in this domain based on proxy-rated questionnaires (Armstrong et al., 2009) and identifying the

tone of music conveying emotion based on the Stroop task (Hopyan, Laughlin, & Dennis, 2010).
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At present, it remains unclear which EFs are most sensitive to the treatment effects for MB. The
focus of Chapter 4 is describing EF in children treated for MB and healthy children and

investigating the role of cerebrocerebellar connections in EF in this population.

1.53.1.1 Cerebrocerebellar Contributions to EF

The role of prefrontal areas in executive processing is clearly established (Collette et al., 2005).
Many theories of EF have resulted due to observations of individuals sustaining frontal lobe
damage — causing EFs to be considered as largely frontal lobe-dependent processes. In general,
prefrontal areas such as Brodmann area 9, 46, and 10 as well as the anterior cingulate gyrus are
thought to be involved in general executive processes, as these areas are systemically activated
by a broad range of executive tasks (Collette & Van der Linden, 2002). Other frontal areas (i.e.
BA 6, 8, 44, 45, 47) and parietal regions (i.e. BA 7, 40) are also activated during tasks of EF
(Collette et al., 2005). With regard to specific (i.e. “discrete”) EFs, the following section

summarizes the involvement of the frontal lobe in each process.

Verbal and design fluency, inhibition/shifting, planning, organization, problem solving, and
abstract thinking are all EFs that have been associated with DLPFC function (Grafman & Litvan,
1999; Duke & Kaszniak, 2000; Stuss et al., 2000; Malloy & Richardson, 2001). Further,
increased activation in the DLPFC, along with the ventromedial and orbitofrontal cortices, has
been observed during performance on the Wisconsin Card Sorting Task (WCST), which is
thought to reflect set shifting/cognitive flexibility, and problem solving (Grafman & Litvan,
1999; Stuss et al., 2000). Response inhibition has also been linked with activation of the
middle/inferior frontal gyri (bilaterally) and the left superior frontal gyrus (Rodrigo et al., 2014).
Verbal fluency is sensitive to frontal lobe lesions (left or right hemispheric), both diffuse and
focal, though patients with left frontal lesions perform significantly worse than any other frontal
lesion group (Stuss et al., 1998; Baldo, Shimamura, Delis, Kramer, & Kaplan, 2001). Many
neuroimaging studies have found that working memory (verbal and spatial) is mediated by
several specific frontal cortical regions, depending on the type of information to be maintained
(McCarthy et al., 1996; Courtney, Petit, Haxby, & Ungerleider, 1998a; Courtney, Petit, Maisog,
Ungerleider, & Haxby, 1998b; Smith & Jonides, 1999; Prabhakaran, Narayanan, Zhao, &
Gabrieli, 2000; Curtis & D'Esposito, 2003). Specifically, during verbal working memory tasks,

the prefrontal cortex shows bilateral activation (Smith & Jonides, 1999; Prabhakaran et al.,
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2000). Furthermore the middle frontal gyrus in the right hemisphere is preferentially activated
during spatial working memory tasks while the middle frontal gyrus is bilaterally activated
during non-spatial working memory tasks (McCarthy et al., 1996; Prabhakaran et al., 2000).
Lesions of the dorsolateral prefrontal cortex (DLPFC), especially those located within and
surrounding the principal sulcus (Brodmann area 46) impair working memory performance
(Goldman & Rosvold, 1970; Bauer & Fuster, 1976; Funahashi, Bruce, & Goldman-Rakic, 1993;
Curtis & D'Esposito, 2003).

The cerebellum has recently been implicated in a range of EFs, though working memory and
information processing are the most commonly associated functions (Schmahmann & Caplan,
2006; Bellebaum & Daum, 2007). Cerebellar activations have been observed while performing
EF and attention-based tasks (Desmond et al., 1997; Schlosser et al., 1998). For example,
activation of bilateral ventral portions of the cerebellar dentate nuclei were found during a
variety of tasks involving short-term working memory (Kim et al., 1994). Additionally, an
increase in blood flow to the cerebellum was observed during verbal working memory tasks
(Fiez et al., 1996). Further, selective deficits in tasks of verbal working memory were found in
adult patients with isolated cerebellar lesions or resections compared with healthy adults, leading
to a proposal that the cerebellum may contribute to verbal working memory during initial

phonological encoding (Ravizza et al., 2006).

Additionally, damage to the cerebellum has been associated with response inhibition and
monitoring of performance, leading to the hypothesis that the cerebellum aids in regulating the
executive control of voluntary actions (Brunamonti et al., 2014). Both set shifting/cognitive
flexibility and problem solving has also been associated with cerebellar hemispheric damage
(Karatekin, Lazareff, & Asarnow, 2000). Similarly, more lateral hemispheric regions of the
cerebellum are hypothesized to be involved in the modulation of thought and planning and
organization (Schmahmann, 1991). Further, dysfunction in the modulation of emotions (i.e.
affect regulation) and social behaviours has been linked with damage to the cerebellar vermis
(Schmahmann, 1991).

From this work it is evident that the cerebellum and frontal lobes — two of the main nodes
comprising cerebrocerebellar circuitry — are implicated in a range of EF. A review of this

literature (Royall et al., 2002) emphasized the need to examine neural connections between the
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frontal lobes, basal ganglia, and thalamus and their involvement in performance on tasks of EF.
Indeed, neural circuits (e.g. subcortical connections) involving the frontal lobes, striatum, and
thalamus have been considered important for EF (Miller & Cohen, 2001; Lewis, Dove, Robbins,
Barker, & Owen, 2004; Kassubek, Juengling, Ecker, & Landwehrmeyer, 2005; Monchi, Petrides,
Strafella, Worsley, & Doyon, 2006).

Based on the main nodes comprising its connections, cerebrocerebellar circuitry may play a key
role in EF-related processes. It may be that cerebellar input and output pathways are involved in
facilitating the communication between brain regions underlying one or more EFs (e.g. working

memory, cognitive control and modulation, behavioural/emotion regulation).

1.5.4 Relating Brain Structure and Function

Neuroimaging measures of white matter tissue damage are robust predictors of adverse cognitive
function following CRT (Palmer et al., 2002; Reddick et al., 2003; Mulhern et al., 2004b;
Reddick et al., 2005; Khong et al., 2006; Mabbott et al., 2006a; Mabbott et al., 2006b; Law et al.,
2011). For example, decreased white matter volume, particularly in frontal and prefrontal
regions, predicts poor attention following CRT, which in turn has been related to adverse
intellectual outcome (Reddick et al., 2003; Mulhern et al., 2004b). CRT has also been found to
result in decreased hippocampal volume and deficits in declarative memory (Nagel et al., 2004).
Indeed, reduced hippocampal volume and damage to the uncinate fasciculus were associated
with poorer memory outcomes in survivors of PF tumors (Riggs et al., 2014). Using DTI,
Mabbott et al. (2006b) found a significant correlation between DTI measures FA and MD and 1Q
outcome in children treated for MB. Specifically, damage to corpus callosum, internal capsule,
and frontal white matter (signified by lower FA and higher MD) in patients relative to controls
was associated with adverse intellectual outcome in survivors. Damage to the cerebellar white
matter within cerebellar output pathways (e.g. CTC pathway) was associated with poorer

performance on working memory tasks in children treated for PF tumors (Law et al., 2011).

The work presented in Chapter 4 compares DTI measures of cerebrocerebellar white matter
microstructure and EF to determine if injury to these pathways via treatment for PF tumors has

an impact on EF outcome.
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1.6 Thesis Objectives

The purpose of this thesis was to investigate the clinical, neurological, and cognitive/behavioral
outcomes following treatment for pediatric PF tumors. Further, the influence of neurological
outcome (i.e. neuroanatomical measures of white matter microstructure) on clinical and
cognitive/behavioural sequelae was considered. First, clinical and demographic variables and
cerebellar output pathway-based white matter microstructure were investigated as predictors of
CMS. Second, neuroanatomical identification and parcellation of reciprocal cerebrocerebellar
pathways — white matter pathways serving as input and output relays between cerebellum and
frontal cortex — was undertaken using DTI. This procedure was done to investigate the impact of
treatment for pediatric MB on neurological outcome (providing information about neurological
vulnerability following treatment for brain tumors). Third, EF was investigated in both healthy
children and children treated for MB. Lastly, reciprocal cerebrocerebellar pathway white matter
microstructure was associated with measures of EF, including emotion regulation in children
treated for MB. The following sections provide a brief outline of the different chapters contained

within this thesis and the main questions that each chapter sought to address.

1.6.1 Thesis Overview

1.6.1.1 Chapter 2

A definitive schema for CMS risk in children with PF tumors based on medical and neurological
features has yet to be elucidated. For this study, medical and demographic data were obtained in
a sample of children treated for PF tumors who presented with CMS following resection and
those who did not. Additionally, DTI measures of white matter microstructure were collected for
each participant to investigate cerebellar output pathways — connections that have previously
been implicated in CMS. The following questions were addressed: (1) are there certain clinical
and demographic features that put patients at a higher risk for CMS; (2) is the cerebello-thalamo-
cerebral pathway implicated in the presentation of CMS; and (3) can we determine a schema of

CMS risk incorporating medical, demographic, and neurological variables?

1.6.1.2 Chapter 3

To date, our knowledge of the structural and functional connectivity of cerebrocerebellar circuits

has come from animal models and several adult human studies, but the structure of reciprocal
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cerebrocerebellar pathways has not yet been shown in its entirety in humans. Additionally, the
localized microstructure of these continuous pathways still requires investigation. Further, it is
unclear what can occur to the microstructure of these pathways when the developing brain is
injured and if age has an impact on these connections. In Chapter 3, we used MB as a brain
injury model due to the known impact of tumor and treatment on the cerebellum. DTI was
obtained for children treated for MB and healthy age-matched children to address the following
questions: (1) can we define reciprocal cerebrocerebellar pathways in the healthy developing
brain using DTI; (2) can we obtain reciprocal cerebrocerebellar pathways in children treated for
MB using DTI; (3) are there differences in the microstructure of these pathways (and their
segmentations) between healthy children and children treated for MB; (4) what is the impact of
age on reciprocal cerebrocerebellar pathways; and (5) are there any regional (e.g. segment)
differences in the microstructure of reciprocal cerebrocerebellar pathways across both group and

age?

In addition to the above hypotheses, this thesis sought to identify a standardized, reliable method
of producing reciprocal cerebrocerebellar pathways in the human developing brain using DTI
and synaptically-based, anatomically-defined regions of interest.

1.6.1.3 Chapter 4

Impairment in neurocognitive and behavioural domains following treatment for pediatric MB is
well documented. Problems in EF have been suggested in children treated for MB; however, no
in-depth investigation of EF has been completed in this population. Further, the role of
cerebrocerebellar pathways in EF has yet to be determined, particularly in the injured developing
brain. In Chapter 4, we conducted a comprehensive evaluation of EF using a broad range of
measures reflective of its many components, including emotion regulation, in children treated for
MB and healthy children. We subsequently used a data-reduction analysis to reduce the measures
into component parts, producing meaningful factors to determine group differences in EF.
Further, DTI was obtained for all participants and reciprocal cerebrocerebellar pathways were
defined following the methodology described in Chapter 3. We investigated the involvement of
cerebrocerebellar circuitry in EF because these connections are structurally damaged in MB
(Chapter 3) and brain areas comprising these circuits have been implicated in EF in both healthy

and clinical populations. The following questions were addressed: (1) which (if any) components
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of EF are impaired in children treated for MB versus healthy children; (2) are there group
differences in the microstructure of complete, continuous (e.g. un-segmented) reciprocal
cerebrocerebellar pathways; (3) does cerebrocerebellar microstructure contribute to EF outcomes
— specifically, in a path analysis model, is cerebrocerebellar microstructure a mediating factor

between treatment for MB and EF outcome?

A corollary hypothesis in this study was that CTC pathway microstructure would be a more
robust predictor of EF performance, relative to CPC pathway microstructure. This prediction was
also expected to be reflected in our path analysis models (i.e. CTC microstructure as a mediating

variable between treatment for MB and EF outcome).

1.6.1.4 Chapter 5

The last chapter of this thesis summarizes the findings from Chapters 2-4 as a whole, discusses
the results in the context of previous literature, and provides a description of the challenges in

this work and suggestions for future opportunities.
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Chapter 2
Clinical and Neuroanatomical Predictors of Cerebellar Mutism
Syndrome

Law, N., Greenberg, M., Bouffet, E., Taylor, M. D., Laughlin, S., Strother, D., Fryer, C.,
McConnell, D., Hukin, J., Kaise, C., Wang, F., & Mabbott, D. J. (2012). Clinical and
neuroanatomical predictors of cerebellar mutism syndrome. Neuro-Oncology, 14(10), 1294-
1303. doi:10.1093/neuonc/nos160

This Chapter may not exactly replicate the final version published in Neuro-Oncology.
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2  Clinical and Neuroanatomical Predictors of Cerebellar
Mutism Syndrome

2.1 Abstract

Cerebellar Mutism Syndrome (CMS) is an important medical challenge in the management of
pediatric posterior fossa brain tumors as it occurs in a subset of children following tumor
resection. A definitive clinical profile and neuroanatomical substrate associated with CMS
remains unclear. We investigated the relationship between presurgical and clinical variables and
the incidence of CMS, along with diffusion tensor imaging to characterize the microstructure of
cerebello-thalamo-cerebral white matter pathways. Seventeen children with posterior fossa
tumors and CMS, 34 children with posterior fossa tumors without CMS, and 28 healthy children
were enrolled in this study. Bilateral cerebello-thalamo-cerebral pathways were delineated and
segmented into anatomical regions. Mean microstructural measures for each region were
compared among children with CMS, children without CMS, and healthy children. Left-
handedness, medulloblastoma histology, and larger tumor size distinguished between patients
with CMS and patients without CMS (ps<.04). Right cerebellar white matter within the
cerebello-thalamo-cerebral pathway was compromised in children with CMS relative to children
without CMS and healthy children (ps<.02). We provide a potential schema for CMS risk in
children treated for posterior fossa tumors. Left-handed children treated for medulloblastoma
may be the most at risk for CMS and unilateral, localized damage within the cerebello-thalamo-
cerebral pathway at the level of the right cerebellum is implicated in the presentation of CMS.
This disruption in communication between the right cerebellum and left frontal cortex may
contribute to speech-language problems observed in children with CMS. Our findings may be

relevant for surgical planning and speech-language therapy to mitigate symptoms of CMS.
2.2 Introduction

Cerebellar Mutism Syndrome (CMS) or Posterior Fossa Syndrome (PFS) occurs in up to 25% of
children following resection of pediatric posterior fossa (PF) tumors (Van Calenbergh et al.,
1995; Pollack, 1997; Robertson et al., 2006). CMS typically manifests 1-2 days postoperatively

(Robertson et al., 2006) and is characterized by diminished speech output, dysarthria, and
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linguistic difficulties (Van Calenbergh et al., 1995; Vandeinse & Hornyak, 1997; Riva & Giorgi,
2000a). Patients may also present with dysphagia, hypotonia, ataxia, emotional lability, and
personality/behavioral changes (Catsman-Berrevoets & Aarsen, 2010). Children with CMS can
have persistent, long-term neurological, speech-language, and cognitive impairment (Levisohn et
al., 2000; Siffert et al., 2000; Steinbok et al., 2003; Robertson et al., 2006). Attempts to discern
anatomical and clinical correlates of CMS have been made with variable results. As CMS is a
significant neurological complication following resection of pediatric PF tumors, understanding
the relations between these risk factors and neuroanatomical insult is crucial. To date, no
comprehensive model integrating clinical and neuroanatomical predictors has been developed.
Such a model is essential for accurately predicting those patients who may present with CMS and
subsequently take steps to mitigate the adverse effects of this syndrome. To develop our model,
we examined clinical factors that may predict CMS, defined the primary white matter pathway
from the cerebellum that has been previously implicated in CMS, and modeled the relations
between these factors. CMS is a disorder of speech and language, which are dependent on
hemispheric dominance. Thus, we also included pre-morbid handedness in our model to capture
the influence of pre-surgical hemispheric organization on vulnerability to CMS.

First, there are numerous clinical factors that may contribute to CMS (see Wells et al., 2008 for a
detailed summary). Previous studies have found no relation between CMS and age at diagnosis
or gender (Grill et al., 2004; Robertson et al., 2006; Turgut, 2008). Tumor type and location have
been identified as risk factors, with higher rates of CMS found in medulloblastoma relative to
other tumor types (Wells et al., 2008), particularly when the tumor is situated in the vermis (Van
Calenbergh et al., 1995). Mixed results regarding the effect of tumor size identify this variable as
a risk factor in some studies (Catsman-Berrevoets et al., 1999; Gelabert-Gonzalez & Fernandez-
Villa, 2001) and inconsequential in predicting CMS in others (Robertson et al., 2006; Wells et
al., 2010). Because no well-defined clinical schema of CMS risk exists, our first goal was to

investigate and produce a model of pre-surgical and clinical predictors of CMS.

Second, attempts have been made to elucidate the mechanism of injury or neuroanatomical
substrate that may explain why some patients present with CMS while others do not. An
understanding of such a substrate is only now being uncovered. Increased brainstem involvement

by the tumor and tumor infiltration of normal tissue has been associated with CMS (Robertson et
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al., 2006). Further, bilateral edema within the cerebellar peduncles following surgery has been
implicated in CMS (Pollack et al., 1995). The cerebellar peduncles connect the cerebellum with
brainstem and are important components of cerebellar afferent/efferent pathways. Cerebellar
peduncle compromise may contribute to the interruption in communication between the
cerebellum and cortex — resulting in CMS. For example, bilateral hypoperfusion within proximal
efferent cerebellar pathways (e.g. cerebellar peduncles and frontal cortex) was observed in
patients with CMS relative to patients without CMS (Miller et al., 2010). Such findings are
consistent with a diaschisis model of pathophysiological insult where injury in one brain region
results in a loss of function in a distal brain region that is connected to the primary region of
injury (Meyer et al., 1993; Germano et al., 1998; Sagiuchi et al., 2001; Marien et al., 2003;
Miller et al., 2010). Indeed, using a voxel-wise approach, Morris and colleagues (Morris et al.,
2009) found multiple white matter anomalies in patients with CMS versus patients without CMS
across the brain, including areas connecting the cerebellum with cortex. They did not, however,
delineate and examine the microstructure of the specific structural connections between the
cerebellum and cortex via cerebellar peduncles. To define these connections and quantify their
structural organization, we used diffusion tensor imaging (DTI) and probabilistic tractography.
Our second goal was to determine whether CMS is related to structural damage within the

cerebello-thalamo-cerebral (CTC) pathway using DTI methodologies (see Figure 2.1).
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Figure 2.1 A schematic of the CTC pathway.
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This bilateral CTC pathway originates in deep cerebellar nuclei, ascending through superior cerebellar peduncles,
decussating in the rostral midbrain, and routing through ventrolateral thalamic nuclei into frontal cortex. The red,

green, blue, and yellow colour portions of the pathway represent the four segmentations we applied to examine
regional pathway microstructure (see Figure 2.3).
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The CTC pathway is the primary efferent bilateral pathway connecting the cerebellum with
cortex (Leiner et al., 1993; Schmahmann, 1996; Schmahmann & Pandya, 1997b; Middleton &
Strick, 2001; Morris et al., 2009; Salmi et al., 2010; Law et al., 2011). CTC pathways have been
structurally documented using DTI tractography in healthy adults (Salmi et al., 2010) and
children (Law et al., 2011), as well as children with PF tumors (Law et al., 2011). Given that this
pathway is a major cerebellar output circuit and has been shown to sustain damage following
resection of PF tumors (Law et al., 2011) — such damage may contribute to the symptoms of
CMS (Schmahmann & Sherman, 1998; Levisohn et al., 2000; Riva & Giorgi, 2000a; Ozgur et
al., 2006; Robertson et al., 2006; Wells et al., 2008; Morris et al., 2009). We hypothesized that
patients with CMS would show greater structural compromise within the CTC pathway —
particularly in the pons and cerebellar regions — than patients without CMS or healthy controls
(Pollack et al., 1995; Robertson et al., 2006; Miller et al., 2010).

To develop our comprehensive model, we examined the relations between multiple pre-surgical
and clinical variables as well as DTI measures of microstructure of the CTC pathway in children
with PF tumors. Comparisons were made between patients with CMS and those without CMS.

Comparisons were also made with healthy control children for our DTI measures.

2.3 Materials and Methods

2.3.1 Participants

Seventeen children with PF tumors who presented with CMS following treatment, 34 children
treated for PF tumors without CMS, and 28 healthy control children participated in this study.
All patients were seen at the Hospital for Sick Children (SickKids), British Columbia Children’s
Hospital (BCCH), or Alberta Children’s Hospital (ACH). Patients were excluded from the study
if they had tumors outside the PF (i.e. supratentorial), were treated for recurrent disease, had
diffuse brainstem glioma, were receiving palliative care, or had a premorbid history of
neurological or learning disabilities. Healthy controls were recruited through advertisement in
newspapers and within the hospitals, through families (i.e. siblings), and through friends and
family of the investigators; children with any previous neurological or clinical disorders, history
of prior acquired brain injury, developmental delay, or learning disability were not included. The

protocol for this study was approved by the Research Ethics Boards of each participating site. All
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participants provided written informed consent/assent and parental consent was obtained where
applicable. Patients were diagnosed with CMS if two criteria were met: a) if patients had
undergone resection for PF tumor, and b) if, following the resection (typically 1-3 days post-
surgery), patients presented with markedly reduced speech output or no speech output upon
clinical examination. Pre-surgical handedness was assessed upon diagnosis at
neuropsychological evaluation. Tumor, treatment, and demographic variables were compared
between the appropriate groups (see Table 2.1 for means and standard deviations). There were no
differences between all groups for sex [?(2) = 2.104, p = .349] or age at time of DTI scan
[F(2,76) =.185, p = .832]. There were no age differences between children with CMS and
children without CMS for handedness [F(1,41) = .131, p =.719], sex [x*(1) = 1.94, p = .164], or
tumor type [F(2,41) =1.712, p = .193].

Table 2.1 Demographic and medical information.

CMS No CMS Controls
n=17 n=34 n=28

Sex (% males) 41.18 61.76 50.0
Age at testing (years)

Mean (SD) 11.27 (3.31) 11.23 (3.79) 10.76 (2.79)

Range 7.17 - 17.08 5.33-17.33 5.75-17.17
Handedness

Right 11 (64.7%) 33 (97.1%) 25 (89.3%)

Left 6 (35.3%) 1(2.9%) 3 (10.7%)
Age at diagnosis (years)

Mean (SD) 7.50 (1.91) 7.98 (3.58) N/A

Range 4.89-12.75 1.40 - 15.66 N/A
Time since diagnosis (years)

Mean (SD) 3.54 (2.62) 3.25 (3.01) N/A

Range 0.09 -7.58 0.00-11.42 N/A
Tumor Size (mm?)!

Mean (SD) 2264 (722) 1653 (924) N/A

Range 1224 - 3750 28 — 3300
Tumor Location within PF

Midline 14 (82.35%) 30 (88.24%) N/A

Left Hemispheric 0 3 (8.82%) N/A

L Tumor size was calculated by multiplying the two largest measurements of the tumor from an anatomical MRI
scan. Measurements are in mm?2, Tumor size dimensions were not available for 9 patients.
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Right Hemispheric
Surgical outcome/extent of resection (%)
Greater than 95% of the tumor resected
Between 50% and 95% of the tumor resected
Biopsy
Diagnosis
Low Grade Glioma/Astrocytoma
Ependymoma
Medulloblastoma
Germinoma
Choroid Plexus Papilloma
Ganglioglioma
Radiation Field and Dose (cGy)?
Craniospinal Radiation + PF Boost
Mean (SD) Head/Spine
Mean (SD) PF Boost
Focal PF Radiation
Mean (SD) PF/Tumor
Chemotherapy?®
Yes
No

3 (17.65%)

58.82
23.53
17.65

2 (11.77%)
0
14 (82.35%)
0
0
1 (5.88%)

n=14
2700 (590.70)
3099 (675)
n=0
N/A

14 (82.35%)
3 (17.65%)

1 (2.94%)

67.65
17.65
14.70

13 (38.24%)
6 (17.64%)
13 (38.24%)
1 (2.94%)
1 (2.94%)
0

n=12
2715 (571.58)
2925 (1041)
n=7
5433 (376)

17 (50.00%)
17 (50.00%)

N/A

N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A

N/A
N/A

2.3.2 MR Imaging and Postprocessing

The details of our protocol have been described previously (Law et al., 2011) and are

summarized here. MRI measurements were performed at SickKids using a GE LX 1.5T MRI

scanner with 8 channel head coil and at the BCCH and ACH using a Siemens 1.5T MRI scanner

with 12 channel head coil. The scanning protocol included a 3D-T1 FSPGR gradient echo,
inversion recovery-prepared sequence (IR time = 400ms; TE/TR = 4.2/10.056ms; 116-124
contiguous axial slices; NEX = 1; 256 x 192 matrix, interpolated to 256 x 256; FOV = 24 x
24cm; rbw = 162.734kHz; slice thickness = 1.5mm) and a diffusion-weighted sequence (single
shot spin echo DTI sequence with EPI readout: 25-31 directions; b = 1000s/mm2; TE/TR =

2 Note that the remainder of patients in each group were treated with surgery only and were not treated with

radiation.

3 Agents included Carboplatin, Cisplatin, Cyclophosphamide, Lomustine (CCNU), and Vincristine.
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85.5/15000ms; 45-50 contiguous axial slices; NEX = 1; 128 x 128 matrix, interpolated to 256 x
256; FOV = 24 x 24cm; rbw = 1953.12kHz; slice thickness = 3mm). Since MRI scanning
parameters were different between the three hospitals (verified by differing signal-to-noise
ratios), site of MRI scan was included as a covariate in all analyses of imaging data (see Law et
al., 2011).

DTI generates quantitative indices that reflect white matter microstructure based on properties of
water diffusion (Basser, 1995). These indices include fractional anisotropy (FA), mean
diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD). Lower measures of FA and
higher measures of MD, AD, and RD are thought to reflect axonal degeneration and compromise
to the myelin sheath (Beaulieu, 2002; Song et al., 2002). DTI post processing, seed/waypoint
placement and probabilistic tractography were conducted using the FMRIB Software Library
(Smith et al., 2004; Woolrich et al., 2009). MRI data were corrected for inhomogeneity and eddy
current and DTI indices maps were computed. The probability of connection between all voxels
within each image was calculated and served as a basis for fibre tracking analyses (Behrens,
Berg, Jbabdi, Rushworth, & Woolrich, 2007). Standardized seed and waypoint masks were
registered onto each individual’s image with no diffusion weighting. Frontal white matter (e.g.
medial prefrontal cortex, inferior prefrontal gyrus, superior and middle frontal gyri) was used as
the seed point and the thalamus and cerebellar white matter were each used as waypoints for
tractography to delineate the CTC pathway bilaterally. Frontal white matter was defined on the
surface of the 3D T1 image and then registered into zero-diffusion weighted space and extended
2mm into adjacent white matter. The thalamus was defined on the zero-diffusion weighted image
as was hemispheric cerebellar white matter (using the cerebellar peduncles as the superior
boundary and the pons as the inferior boundary). Tracts were thresholded and edited to eliminate
erroneous streamlines. The resultant CTC pathways were parcellated into regions based on an
anatomical template (Kabani, Sled, & Chertkow, 2002; Mabbott, Rovet, Noseworthy, Smith, &
Rockel, 2009; Law et al., 2011) to examine regional microstructure. Anatomical regions
produced from this segmentation included bilateral frontal hemispheric white matter, internal
capsule/thalamus, midbrain/pons, and cerebellar hemispheric white matter. Means and standard
deviations for all DTI indices (FA, MD, AD, and RD) were calculated for each anatomical

region.
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2.3.3 Statistics

First, pre-surgical and clinical variables were examined between patients with and without CMS
using univariate analyses of variance and chi-square tests. Second, a model predicting CMS from
those variables found to be statistically significant from the above analyses was tested using
logistic regression analyses. Third, we used Multivariate Analysis of Variance (MANOVA),
which served to control for multiple comparisons and collinearity in the DTI data, to determine
differences between patients with CMS, patients without CMS, and healthy controls for CTC
pathway microstructure. Specifically, DTI indices of each anatomical region of the pathway were
compared. As part of these omnibus analyses, planned tests of simple effects were used. This
was done to examine the a priori hypothesis that patients with CMS show damage to white
matter within the CTC pathway relative to patients without CMS and healthy controls. Lastly, a
model predicting CTC pathway microstructure from pre-surgical and clinical variables was

investigated using linear regression.

2.4 Results

2.4.1 Clinical Predictors of Cerebellar Mutism Syndrome

Children with CMS had larger tumor size [F(1,40) = 4.676, p = .037] compared to children
without CMS and a greater proportion of children with CMS were diagnosed with
medulloblastoma [y%(1) = 8.854, p = .003] (see Table 2.1). Further, a greater proportion of
children with CMS were left-handed (35%) compared to those without CMS (3%) [x%(1) =
10.018, p =.004]. Considering the known base rates for handedness — approximately 10% of the
general population is left-handed (Hardyck & Petrinovich, 1977) — a disproportionate number of
left-handed children presented with CMS (85%) versus right-handed children (25%). In fact, in

our sample, all left-handed patients with medulloblastoma presented with CMS (Figure 2.2).
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Figure 2.2 Presurgical and clinical predictors of CMS.
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The distribution of handedness and tumor pathology across patients with CMS and without CMS. Bars reflect
within-group percentages. In terms of tumor pathology, “Other” signifies any other tumor type in our sample
excluding medulloblastoma (e.g., astrocytoma and ependymoma).

Age at diagnosis [F(1,49) = .266, p = .608], extent of tumor resection [¥*(1) = .399, p = .819],
and tumor location [y?(1) = 4.496, p = .106] did not differ between children with CMS versus
children without CMS (see Table 2.1). Although the majority of patients with CMS and without
CMS had midline tumors (e.g. vermis, 4th ventricle), 75% of those who had right cerebellar
hemispheric tumors presented with CMS. Of the patients with left cerebellar hemispheric tumors,

none presented with CMS.

We entered the three predictor variables above — handedness, tumor size, and tumor pathology —
into a logistic regression model to determine the greatest predictor(s) of CMS. The omnibus
model was significant (p = .006) and extracted only handedness as the strongest predictor of
CMS (B =-2.71, p = .02). Considering that right-handedness is most prevalent in the general
population, we then examined predictors of CMS in only the right-handed patients. No variables



38

were extracted from this model but tumor pathology and tumor size both approached significance

(p =.067 and p = .089, respectively).
2.4.2 Neuroanatomical Differences in Cerebellar Mutism Syndrome

Bilateral CTC pathways were delineated in all children (see Figures 2.1 and 2.3). A multivariate
group effect was observed for DTI indices of the right cerebellar region of the CTC pathway
connecting this area with left frontal cortex (A =.763, p =.015). Specific univariate analyses
showed significant group differences in MD [F(2,72) = 6.737, p =.002], AD [F(2,72) = 4.814, p
=.011], and RD [F(2,72) = 4.012, p = .022] (see Table 3.2 for means and standard deviations).
Post-hoc analyses revealed that children with CMS had higher mean MD and AD (ps < .01)
within the right cerebellar region compared to children without CMS and healthy controls. A
significant difference in RD was also evident between children with CMS and healthy controls (p
<.01); this effect approached significance between children with CMS and those without CMS
(p = .051).There were no differences between children without CMS and healthy controls for the
right cerebellar region. Further, no differences were found between groups for DTI indices of the
remaining regions of the CTC pathway connecting the right cerebellum with left frontal cortex.
The groups did not differ on the DTI indices within the CTC pathway connecting the left

cerebellar hemisphere with the right frontal cortex.
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Figure 2.3 A sagittal view of the CTC pathway connecting right cerebellar hemispheric
white matter with left frontal cortex via thalamus (in multicolor).

The left frontal anatomical region of the CTC pathway falls within the red segmentation, the internal
capsule/thalamus region of the pathway in the green segmentation, the midbrain/pons region of the pathway in the
blue segmentation, and the cerebellar hemispheric white matter region of the pathway in the yellow segmentation.
Generated with MedINRIA.



Table 2.2 Means and standard deviations of DT indices.
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CTC Pathway

CMS No CMS Controls
Anatomical
Region MD AD RD MD AD RD MD AD 2
FA (mm?/s) (mm?/s) (mm?/s) FA (mm?/s) (mm?/s) (mm?/s) FA (mm?/s) (mm?/s) RD(mm?/s)
L eft Fronal 449 x 10° | 768x10° | 1171x10° | 567 x 10°® 425x 10°® 776 x 10° | 1156 x 10° | 578 x 10°® 423 x 10°® 777 x10° | 1154 x 10° 588 x 10°®
eft Fronta
(81x10%) | (37x10F) | (67x10%) | (68x10F) | (53x10%) | (38x10F) | (67x10%) | (121x10%) | (52x10%) | (35x10°) | (78x10%) | (44x10%)
Left
Thal it | 515x10° | 762x10° | 1237x10°% | 524 x 10 539 x 10°® 746 x 10° | 1251 x10° | 488x10° 509 x 10°® 751x10° | 1215x10° 519 x 10°®
alamus/Interna
cansul (58 x103) | (45x10%) | (64x10°) | (62x10°) | (67x10%°) | (36x10°) | (106 x 10) | (120x 10%) | (38x10%) | (31x10%) | (63x10°) | (33 x 10°)
apsule
Left 457 x10° | 903 x10° | 1346 x10° | 682 x 10° 491 x 10°® 809 x 10° | 1264 x10° | 571x10° 474 x 10°® 846 x 10° | 1285 x 10° 627 x 10°®
Midbrain/Pons | (56 x 10%) | (133 x 10) | (150 x 10%) | (132 x 10) | (67 x 103) | (105 x 10°) | (169 x 10) | (142 x 10F) | (26 x 103) | (131 x 10) | (180 x 10) | (109 x 10°6)
Right Cerebell 466 x 10° | 775x10° | 1191 x10° | 567 x 10 461 x 103 712 x10° | 1119x10% | 500x 10® 485 x 10°® 696 x 10° | 1103 x 10°® 492 x 10°®
ight Cerebellum
J (63x10%) | (101 x 10) | (135X 10%) | (99 x 10) | (110x 10%) | (56 x 10) | (89 x 10%) | (128 x10) | (55x10%) | (61x10%) | (90x10°) | (60 x 10F)

Means and standard deviations (in parentheses) for regional DTI indices of the CTC pathway connecting the right cerebellar hemisphere with the left frontal cortex
via the left thalamic nuclei for children with CMS, children without CMS, and healthy control children. Bolded cells indicate a significant mean difference between

children with CMS and healthy control children at p < 0.01, while underlined numbers in cells indicates a significant mean difference between patients with CMS and
patients without CMS at p < 0.01.
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Our findings above indicate that damage to the CTC pathway connecting the right cerebellum
with left frontal cortex may underlie CMS. Based on the neuroanatomical difference we found
between patients with CMS and patients without CMS, other predictor variables may have an
effect on neuroanatomical structure. Consequently, we examined whether the pre-surgical and
clinical predictors we found to be related with CMS were also associated with right cerebellar
microstructure within this pathway. Because MD of the right cerebellar region of the CTC
pathway produced the strongest effect between patients with CMS and without CMS, tumor size,
handedness, and tumor pathology were regressed on right cerebellar MD. This model was
significant [F(1,37) = 12.108, p = .001], and again, only handedness was a significant predictor
of right cerebellar white matter microstructure within the CTC pathway (B = .497, p = .001).

2.5 Discussion

This is the first study to include presurgical and clinical variables as well as neuroimaging to
determine the risk factors of CMS following treatment for pediatric PF tumors. We observed a
number of novel findings. Based on these findings we have identified a neuroanatomical
substrate associated with CMS and have laid the foundation for the development of an integrated

model predicting those children most at risk for CMS following surgery.

A novel finding was that the majority of left-handed children in our sample presented with CMS
following surgery. Further, CMS was observed more frequently in patients with aggressive
tumors (medulloblastoma) and patients with larger tumors. This finding is consistent with
previous work showing that CMS occurs more often in patients that require a more radical
resection of tumors (Van Calenbergh et al., 1995). Notably, all children who were left-handed
and treated for medulloblastoma presented with CMS post-surgically. There is a known
vulnerability of left-handed children for neurological problems including learning disabilities
(Geschwind & Behan, 1982; Lewin, Kohen, & Mathew, 1993), autism (Lewin et al., 1993), and
epilepsy (Lewin et al., 1993).

Novel to the literature, we have demonstrated that compromise to the CTC pathway at the level
of the cerebellum is implicated in CMS. Importantly, it is the unilateral damage to right
cerebellar white matter that distinguished between patients who presented with CMS and those

who did not. The specific insult seen within this pathway region is evidence that PF tumor
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resection may be associated with an interruption of cerebellocerebral communication. This
disruption may contribute to the resultant problems in the coordination and processing of speech-

language seen in CMS.

Lesions of the cerebellum can produce ataxia and dysarthria — particularly lesions to the right
cerebellar hemisphere (Fiez, Petersen, Cheney, & Raichle, 1992) — and functionally, the
cerebellum has been implicated in verb generation (Schmahmann, 2004). Deficits in the
initiation of language, verbal fluency, and word finding ability have been found in children
following PF tumor resection (Levisohn et al., 2000). Interestingly, impairment in verbal
intelligence and complex language tasks was observed in children who had undergone resection
of cerebellar tumors and subsequently sustained damage to the right cerebellar hemisphere (Riva
& Giorgi, 2000a). Lesions of the right cerebellum may deprive left hemispheric cortical language
areas of essential modulatory input, resulting in errors in language processing (Fiez et al., 1992).
It is known that left frontal regions are important in mediating speech production and expressive
language (Broca, 1861; Geschwind, 1971; Mayeux & Kandel, 1991; Knecht et al., 2000a;
Knecht et al., 2000b). Hence, we provide evidence that the CTC pathway connecting the right
cerebellum with areas of the brain important for speech production and expressive language (left
frontal regions) is disrupted in CMS. It may be the axonal degeneration and loss of myelination
within the right cerebellar region of the CTC pathway that is associated with CMS. We did not
find group differences in any other pathway region. As CMS is typically a post-surgical
syndrome, it is logical that we would not initially expect compromise in any other region of the
pathway. The deterioration of white matter pathways proximal to the cerebellum may take time
to become evident; further damage within the pathway (e.g. in pons and eventually thalamic and
frontal cortex) would be expected based on extent of diaschisis (i.e. progression of compromise

to areas “downstream” of the initially damaged region at time of resection).

If we can identify patients who have a high risk of presenting with CMS following surgery,
clinicians may be able to mitigate its symptoms. CMS may not be due solely to the effects of
surgery and pre-surgical variables may play a more prominent role in predicting CMS (Di Rocco
et al., 2011). Indeed, our results show that left-handedness predicts both CMS and CTC pathway
white matter outcome following treatment for pediatric PF tumors. These parallel findings
suggest that left-handed patients are at a greater risk for CMS following surgery as well as being

more vulnerable to CTC pathway white matter damage. In right-handed patients it appears that



43

tumor size, along with pathology may be associated with CMS. In light of our findings, we have
proposed a schema for determining level of risk for CMS (Figure 2.4). This model may have
implications for the clinical management of PF tumors and in lowering the risk for CMS. If
compromise to the right cerebellar hemisphere is probable (e.g. the tumor is within right
hemisphere of PF or this hemisphere will sustain damage due to accessing the tumor), steps by
surgeons may be warranted to ensure the preservation of healthy tissue within this region.
Further, if patients are left-handed and have medulloblastoma, more caution may be warranted
for preserving as much right cerebellar hemispheric white matter as possible while still ensuring
successful removal of tumor tissue. However, prospective validation of our findings is necessary
to confirm that this proposed schema can be applied to the general population of children treated

for brain tumors.

Figure 2.4 A potential schema for CMS risk, based on our quantitative and qualitative
observations of presurgical and clinical variables.

Assessment of Handedness

Is the patient.... Left Handed? Right Handed?

Potential risk for CMS = f85‘Vg' \/25_ %\

/ Determination of Pathology

Is the left-handed patient.. .. [s the right-handed patient....
Treated for Treated for Other Treated for Treated for Other
Medulloblastoma? Tumor Type? Medulloblastoma? Tumor Type?
Potential risk for CMS = (100%) 50% (41%) 9%
- - ' -
Determination of Tumor Size
Larger Tumor = Greater Risk for CMS
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According to this schema left-handed patients are highly likely to present with CMS (85%); this chance rises to
100% if the left-handed patient is treated for medulloblastoma. Based on our sample, right-handed patients have a
25% chance of presenting with CMS in general; this chance becomes 41% if the right-handed patient is diagnosed
with medulloblastoma. Further, larger tumor size is associated with greater risk for CMS in right-handed patients.
Tumor size was not found to be a factor for CMS risk in our sample of left-handed patients. Under the determination
of pathology section, “Other Tumor Type” includes ependymoma and low grade glioma/astrocytoma, among others.

Our findings also have bearing on the implementation of preventative treatment plans for speech-
language deficits following surgical intervention. Administering Bromocriptine (a dopamine
agonist) following onset of CMS has shown some promise in mitigating akinetic mutism,
(Catsman-Berrevoets, van Dongen, & Zwetsloot, 1992; Caner, Altinors, Benli, Calisaneller, &
Albayrak, 1999) and has been shown to produce some (but inconsistent) resolution of cerebellar
mutism. However, the mechanism through which these agents act on CMS is unknown and
requires further research; knowledge gleaned from our present work is important in examining

such mechanisms.

This study encompasses one of the largest samples for which both clinical and imaging data are
available in the CMS literature. However, there are some limitations often seen in studies
involving clinical samples. Given the low base rate for left handedness in the population and the
distribution of tumor pathology in our sample, cell sizes within these particular pre-surgical and
clinical variables were relatively small. Further, a family history of sinistrality was not examined
for left-handed patients; this demographic information would be important to note in future
studies to aid in elucidating whether left-handedness is related to genetic/familial factors or
pathological (i.e. due to the neurological illness). Though premorbid handedness was considered
to reflect family history in the present study, it may be that the presence of the tumor had an
early effect on handedness (i.e. may have facilitated a predisposition for pathological left-
handedness). It is important to note that though MB is a fast growing tumor, the median age at
time of diagnosis is 7 years (Dhall, 2009), and handedness is relatively well established by age 3
(but degree of lateralization can continue to develop up to 7 years of age) (McManus et al.,
1988). Additionally, in order to avoid unnecessary delay in treating critically ill patients, DTI
sequences are not typically included in pre-surgical MRI protocols in our institutions. Thus, there
was a lack of pre-operative DTI scans to compare CTC pathways pre- and post-treatment (which
is the reason we used healthy control children as a comparison). Further, given the delay between

surgery and neuroimaging for our study, we cannot distinguish between late DTI changes caused
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by functional alterations in CMS versus DTI evidence of surgical injury (which may have caused
CMS). It is nevertheless important to understand DT1 white matter outcome measures in CMS,
whether they are early or late, in our endeavor to predict a neuroanatomical correlate of this
syndrome. In future studies it will be important to examine CTC pathway microstructure and the
outcome and progression of CMS symptoms. Findings of this nature could also be correlated
with changes in CMS symptomology to determine how, for example, mutism or behavioral

problems are resolved in the weeks following treatment.

In summary, we have provided a clinical schema based on our quantitative and qualitative
observations and have elucidated a neuroanatomical substrate that may contribute to the
occurrence of CMS following treatment for PF tumors. We propose that left handedness pre-
surgically, larger tumor size, and presence of higher grade tumor, as well as white matter damage
within the right cerebellar region of the CTC pathway are associated with CMS. It will be
important to prospectively test our model in future clinical samples. Our findings contribute to
the growing body of research on the predictors of CMS in pediatric brain tumor patients. This
knowledge may be of critical importance to oncological practice for surgical planning and
implementation of preventative and/or mitigative measures to reduce speech-language morbidity

and other symptoms associated with CMS.
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3 Visualization and Segmentation of Reciprocal
Cerebrocerebellar Pathways in the Healthy and Radiated
Brain

3.1 Abstract

Detailed information regarding the neuroanatomy of reciprocal cerebrocerebellar pathways is
based on well-documented animal models. This knowledge has not yet been translated to
humans, in that reciprocal cerebrocerebellar pathways have not been shown in their entirety.
Little is known about the maturational time course of these pathways or the impact of injury on
cerebrocerebellar connections in the developing brain. We investigated the impact of injury and
age on cerebrocerebellar pathway microstructure using diffusion tensor imaging (DTI). We used
medulloblastoma (MB) as an injury model due to the known impact of tumor and treatment on
one of the main nodes of cerebrocerebellar pathways — the cerebellum. Magnetic Resonance
Imaging was obtained at the Hospital for Sick Children for 38 healthy children (HC) and 34
children treated for MB. We used DTI and probabilistic tractography to delineate reciprocal
cerebrocerebellar pathways and segment the pathways into their component parts: the cerebro-
ponto-cerebellar (CPC) pathway into cerebro-ponto and ponto-cerebellar pathways; and the
cerebello-thalamo-cerebral (CTC) pathway into cerebello-rubro, rubro-thalamo, and thalamo-
cerebral pathways. Means and standard deviations for DTI indices fractional anisotropy (FA) and
mean, axial, and radial diffusivity (MD, AD, and RD) were calculated for each segment. Three
age groups were considered: childhood (7-11 years), early adolescence (11.01-13.99 years), and
late adolescence (14-18 years). We compared pathway DTI measures between HC and MB and
across age groups. Children treated for MB showed compromise to cerebrocerebellar pathways
compared to controls — particularly within posterior segments of both the CPC and CTC
pathways — indicated by lower FA, and higher MD, AD, and RD (ps < .01). Further, differences
in pathway microstructure between MB and HC groups were evident in early and late
adolescence, but not in childhood (ps < .01). We have outlined, segmented, and examined
discrete, reciprocal cerebrocerebellar connections in the developing brain. We found evidence of
injury to these pathways in the radiated brain, but this damage was not uniform across the
pathways. Posterior segments of the CPC and CTC pathways appeared to be most affected by

treatment for MB, though several anterior segments also showed evidence of damage. Group
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differences in cerebrocerebellar microstructure were driven by pathway segment (posterior) and
age cohort (adolescence), which may reflect the extent of injury the PF sustains following
treatment for MB and age cohort differences in radiation treatment protocol. These findings
support the late effects literature that white matter injury emerges in the years following

treatment for MB.

3.2 Introduction

Our current understanding of the structural and functional connectivity of cerebrocerebellar
circuits is based on well-documented animal models and several adult human studies, but the
structure of reciprocal cerebrocerebellar pathways has not yet been shown in its entirety in
humans. Moreover, a detailed segmentation of these continuous pathways to provide insight into
localized microstructure of cerebrocerebellar circuitry has yet to be completed. We established
an approach to document these reciprocal connections and their segmentations in the developing
human brain and in the injured developing brain. This knowledge is essential to our
understanding of both the development of cerebrocerebellar communication and what may occur
to these connections when there is a breakdown or disruption to this network. We used
medulloblastoma, the most common malignant CNS tumor in childhood, as a brain injury model
due to the known impact of tumor and treatment on the cerebellum. We also investigated the
impact of age on cerebrocerebellar pathway structure in the healthy and injured developing brain
to provide important information regarding the course of cerebrocerebellar communication
development and the specificity of white matter damage in a brain injury model. Lastly, pertinent
to our brain injury model, medulloblastoma, our findings have the potential to contribute to the

understanding of the late effects of treatment for this disease.

The cerebrocerebellar system represents one of the largest white matter pathways in the CNS
(Apps & Watson, 2009), comprised of a closed-loop circuit connecting the cerebellum with
cerebral cortex. Cerebro-ponto-cerebellar (CPC) connections serve to relay information from the
cortex to cerebellum via pontine nuclei; the cerebellum returns these projections to the cerebral
cortex by way of thalamic nuclei, via cerebello-thalamo-cerebral (CTC) connections (Thach,
1972; Brodal, 1978; Thach & Jones, 1979; Asanuma et al., 1983; Middleton & Strick, 1997;
Schmahmann & Pandya, 1997b, 1997a; Middleton & Strick, 2000, 2001). Thus, CPC and CTC

pathways serve as bilateral, reciprocal cerebrocerebellar feedforward and feedback mechanisms.
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These connections are thought to underlie not only motor control and timing of movement
(Glickstein, 1992; Stein & Glickstein, 1992; Glickstein, 1993; Brodal & Bjaalie, 1997), but many
aspects of cognition and behaviour (Ilvry & Baldo, 1992; Kim et al., 1994; Fiez et al., 1996;
Allen et al., 1997; Desmond et al., 1998; Schmahmann, 2004; Chen & Desmond, 2005; Law et
al., 2011).

Evidence for the basis and structure of these pathways is derived primarily from non-human
primate studies; cerebrocerebellar connections have been described post-mortem and in-vivo
using virus tracers to label synaptically linked neurons (Middleton & Strick, 1994, 2001; Kelly &
Strick, 2003). As the main cerebellar afferent pathway, CPC fibres arise from nerve cells in the
frontal cortex and descend through the posterior limb of the internal capsule, terminating on the
pontine nuclei (Schmahmann, 1996; Bahr et al., 2005). Fibres then decussate within the pons and
enter the contralateral cerebellar hemisphere via the middle cerebellar peduncle (Schmahmann,
1996; Bihr et al., 2005). This feedforward portion of the cerebrocerebellar pathway is
synaptically interrupted in the pontine nuclei (Brodal & Bjaalie, 1997), hence forming cerebro-
ponto and ponto-cerebellar pathways. The CTC pathway is one of the main cerebellar efferent
circuits, originating in deep cerebellar nuclei and projecting to the contralateral red nucleus
(Schmahmann, 1996; Bahr et al., 2005). From the red nucleus, this pathway continues until it
reaches synaptic relay nuclei in the thalamus; these fibres then ascend to terminate within the
frontal cortex (Schmahmann, 1996; Béhr et al., 2005). Thus, the CTC pathway can be parsed into
component pathways: cerebello-rubro, rubro-thalamo, and thalamo-cerebral.

Functional imaging in adult human populations has shown evidence of these pathways (Kim et
al., 1994; Middleton & Strick, 1997, 2000; Dum & Strick, 2003; Allen et al., 2005).
Furthermore, solitary (e.g. non-reciprocal) connections from cerebellum to cortex have been
outlined using diffusion tensor imaging (DTI). These include cerebellar projections to frontal
cortex (Salmi et al., 2010), and to prefrontal and posterior parietal cortices (Jissendi et al., 2008)
in small samples of adult humans, and the connection between cerebellum and dorsolateral
prefrontal cortex in children (Law et al., 2011; Law et al., 2012). DTI has also been used to
define segments of pathways that constitute reciprocal cerebrocerebellar connections in adult
humans: prefrontal connections to the cerebral peduncles (Ramnani et al., 2006) and cortico-
pontine fibres (Habas & Cabanis, 2007a), comprising portions of the CPC pathway; and
projections from the cerebral cortex to red nucleus, representing a portion of the CTC pathway



50

(Habas & Cabanis, 2006, 2007b). Though detailed information regarding reciprocal
cerebrocerebellar pathways is based on well-documented animal models, this knowledge has not
yet been translated to humans, in that reciprocal cerebrocerebellar pathways have not been

shown in their entirety.

We used DTI and probabilistic tractography to define continuous, reciprocal cerebrocerebellar
pathways in the developing human brain. Tractography defines white matter pathways based on
regions of interest (ROISs) including a specific start point (i.e. seed point) and areas of relay or
endpoints (i.e. way points). The main limitation of the above body of literature is a lack of
utilizing anatomically-defined, known points of synapse within the pathways as ROIs to serve as
seed and waypoints to define full, continuous, and reciprocal cerebrocerebellar pathways. In the
current study, our intent was to rectify this problem by clearly delineating these pathways using
DTI tractography combined with anatomically relevant seed and waypoints, based on known
animal models of cerebrocerebellar connectivity. Further, we sought to segment these pathways
based on synaptically-defined points along the circuits to produce discrete pathways: using
cerebro-ponto and ponto-cerebellar segmentations for the CPC pathway, and cerebello-rubro,
rubro-thalamo, and thalamo-cerebral segmentations for the CTC pathway. This segmentation is
necessary to examine and compare localized regions of the pathway in injury and health, to
determine differences in white matter development within each segment, and to identify areas of

the pathway most affected by injury.

Once pathways were defined, we then examined their microstructure using DTI. DT1 is an ideal
technology to employ for these purposes because it generates indices that reflect white matter
microstructure based on water molecule displacement and directionality (Basser, 1995). DTI
indices include eigenvalues, A1, A2, A3; these eigenvalues are combined to provide summary
measures of fractional anisotropy (FA) and mean diffusivity (MD), as well as axial and radial
diffusivity (AD and RD, respectively). This data can in turn be used to infer the microstructural
organisation of white matter and to identify whether injury to white matter regions or pathways
(e.g. demyelination, axonal damage) is evident (Song et al., 2002; Mori & Zhang, 2006; Jones &
Leemans, 2011). Lower measures of FA and higher measures of MD, AD, and RD are thought to

reflect axonal degeneration and damage to the myelin sheath (Beaulieu, 2002; Song et al., 2002).
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Maturation of white matter regions and pathways is an important factor in development
throughout childhood and adolescence (Barnea-Goraly et al., 2005). In the healthy developing
brain, age-related changes in both cerebral and cerebellar white matter have been documented.
FA increases and MD decreases from birth to 11 years of age (Schneider, 1l'yasov, Hennig, &
Martin, 2004) and continues into adolescence and young adulthood (Qiu, Li, Liu, Xie, & Wang,
2010). However, little is known about the connections between the cerebellum and cortex in the
developing brain and how age may impact them. Moreover, it has yet to be determined what
happens to these cerebrocerebellar pathways when the developing brain is injured. Hence, we
investigated cerebrocerebellar pathway microstructure and the impact of age on these pathways
in the healthy developing brain and in a brain injury model: medulloblastoma (MB), the most
common malignant pediatric brain tumor arising in the posterior fossa (PF). MB is typically
treated with a combination of surgery, craniospinal radiation therapy (CRT), and chemotherapy
(CTX) and significant neurotoxicity has been documented in this population post-treatment
(Mulhern et al., 2001; Khong et al., 2003; Reddick et al., 2005; Mabbott et al., 2006b; Law et al.,
2011; Law et al., 2012). Children treated for MB provide an ideal brain injury model to
investigate cerebrocerebellar connections for several reasons. First, children treated for MB may
show significant compromise to these connections because one of the main nodes in the pathway
is impacted due to mass effect of tumor and both whole-brain and targeted PF/tumor bed CRT.
Additionally, the structural organization of these pathways may have important implications for
cognitive and behavioural outcome in children following treatment for MB. It is well
documented that late effects following treatment for MB include multiple neurocognitive and
psychosocial problems, though many of these are attributed to diffuse white matter damage
following whole-brain CRT (Mulhern et al., 2001; Reddick et al., 2003; Mabbott et al., 2006a;
Mabbott et al., 2006b; Law et al., 2011). Examining cerebrocerebellar connections and their
localized segments will provide insight into the regions along these circuits that sustain the most
damage from treatment for MB and at what age we may see white matter damage emerge in this

population.

We predicted that we would successfully obtain and segment cerebrocerebellar connections into
their distinct and reciprocal feedforward and feedback loops in all participants. We also predicted
that DTI indices reflective of white matter injury (e.g. lower FA and higher MD, AD, and RD)
would be evident in children treated for MB relative to healthy children, particularly for more
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posteriorly located pathway segments (i.e. within the PF, such as cerebello-rubro, ponto-
cerebellar), as these regions are likely to sustain significant injury due to tumor and treatment
effects. Additionally, age may have an effect on pathway structure and contribute to group
differences, and will inform us of the developmental bias of certain regions of cerebrocerebellar
pathways relative to others. An interaction of group, age, and pathway segment, if found, would
indicate that there is an impact of treatment for MB on distinct regions of the cerebrocerebellar

pathways relative to others at certain stages of development.

3.3 Methods

3.3.1 Participants

The current sample included 34 children treated for MB treated with surgery, CRT, and CTX,
and 38 healthy control children (HC) without any previous neurological or clinical disorders,
history of prior acquired brain injury, developmental delay, or learning disability (see table 3.1).
Patients were excluded from the study if they had tumors outside the PF (i.e. supratentorial),
were treated for recurrent disease, had diffuse brainstem glioma, were receiving palliative care,
or had a premorbid history of neurological or learning disabilities. Patients were recruited from
the brain tumor program and through oncology and psychology clinics at the Hospital for Sick
Children (SickKids) as well as via information letters mailed out to families (following a
database review of children treated for MB at SickKids). HC were recruited through
advertisement in newspapers and within the hospital, through families (i.e. siblings), and through
friends and family of the investigators. All participants were seen at SickKids and the protocol
for this study was approved by the Research Ethics Board.

All participants provided written informed consent or assent and parental consent was obtained
where applicable. Demographic variables were compared between HC and MB groups (Table
3.1). There were no differences between the groups for sex [y%uw) = .076, p = .782], age at time of
MRI scan [F(1,70) =.001, p = .976], type of MRI (1.5T versus 3T, see below) [x%1)= 2.006, p =
.157], and handedness [} = .713, p = .398]. Mean full-scale intelligence (FSIQ) [F(1,70) =
53.437, p < .001], measured by the Wechsler Abbreviated Scale of Intelligence (WASI) was
significantly higher in the HC group compared to children treated for MB.
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To simplify and examine the impact of age on the structure of cerebrocerebellar pathways, we
used two tertiles (11 and 14) to split age across groups into thirds, producing three age bands: 7-
11 years, 11.01-13.99 years, and 14 years and over (Table 3.1). Because we had no a priori
assumption of the time course or trajectory of cerebrocerebellar pathway development, this
unbiased approach of splitting participants into age groups was chosen. Though, this tertile split
of age roughly coincides with major milestones in development: age 7-11 marks a time of middle
childhood or pre-adolescence prior to puberty; age 12-14 is early adolescence in which puberty
takes place, and ages 15-18 reflect a transition from late adolescence into young adulthood. No
differences were found when examining the distribution of participants in both the HC and MB
groups for age tertiles [x%2)= 1.714, p = .424]. Within the MB group, there were no differences
between age tertiles and age at diagnosis [F(2,31) = 1.589, p = .220]; there was, however, a
significant difference for time since diagnosis/treatment to testing between age tertiles [F(2,31) =
10.169, p <.001] with the 7-11 year group being fewer years out from treatment compared to the
14 years and over group (p <.001). Lastly, when comparing radiation dose between age tertiles,
there was no significant difference for treatment with standard- versus reduced-dose CRT +
PF/tumor bed boost [x%2)= 3.730, p = .155]. A recent study has shown that it may be radiation
field size, not radiation dose alone, that has implications for late effects following treatment for
MB (Moxon-Emre et al., 2014). Between age tertiles, there was a significant difference when
considering radiation dose and field together (i.e. reduced CRT + tumor bed boost versus
“other”, more intensive protocols: reduced CRT + PF boost, standard CRT + tumor bed boost,
and standard CRT + PF boost) [y%@ = 6.103, p = .047]. A greater proportion of the childhood
group received the less intensive reduced CRT + tumor bed boost while a greater proportion of

the late adolescence group were treated with the “other” protocols (see Table 3.1).

Table 3.1 Demographic and medical variables for the MB and HC groups.

MB HC
n=234 n =38
Sex (Male : Female) 19:15 20:18
Age at scan (years)
Mean (SD) 12.74 (3.29) 12.72 (2.95)
Range 8.04 —18.98 7.02 -18.87
Age tertiles
7-11 years (Childhood) 13 10
11.01-13.99 years (Early Adolescence) 9 15

14 years and over (Late Adolescence) 12 13




Handedness*
Right
Left
MRI Scan Type
15T
3T
WASI FSIQ
Mean (SD)
Age at diagnosis (years)
Mean (SD)
Range
Age tertiles — Mean (SD)
Childhood
Early Adolescence
Late Adolescence
Time since diagnosis to testing (years)
Mean (SD)
Range
Age tertiles — Mean (SD)
Childhood
Early Adolescence
Late Adolescence
Tumor Size (mm?)®
Mean (SD)
Range
Tumor Location within PF
Midline
Left Hemispheric
Right Hemispheric
Surgical outcome/extent of resection (%)
Greater than 95% of the tumor resected
Between 50% and 95% of the tumor resected
Hydrocephalus
No hydrocephalus
Hydrocephalus not requiring treatment (resolved)
Hydrocephalus requiring medical intervention or CSF
diversion
EVD and/or shunt
Yes
No
Ventriculostomy
Yes
No
Presence of post-operative/residual complication®
Yes
No

4 Numbers reflect handedness at time of current assessment (note that for 3 MB, handedness changed post-

operatively). Percentages represent within group totals.

S Tumor size was calculated by multiplying the two largest measurements of the tumor from an anatomical MRI

27 (79.4%)
7 (20.6%)

14 (41.2%)
20 (58.8%)

88.90 (15.82)

7.12 (2.81)
1.32-15.16

6.77 (2.17)
6.29 (2.09)
8.31 (3.66)

5.71 (3.80)
1.10 — 13.64

3.00 (1.76)
5.43 (2.35)
8.42 (4.25)

2019.31 (817.23)
957 - 3770

31 (91.2%)
1 (2.9%)
2 (5.9%)

31 (91.2%)
3 (8.8%)

7 (20.6%)
11 (32.3%)
16 (47.1%)

18 (52.9%)
16 (47.1%)

5 (14.7%)
29 (85.3%)

31
3

scan. Measurements are in mm2. Tumor size dimensions were not available for 6 MB.

® Indicates the presence of a single post-operative or residual complication, whether a cerebellar complication (i.e.
ataxia, mutism, dysarthria) or other complications (i.e. hydrocephalus, nystagmus, diplopia, hemiparesis, hearing

33(86.8%)
5 (13.2%)

22 (57.9%)
16 (42.1%)

113.82 (14.02)

N/A
N/A

N/A
N/A
N/A

N/A
N/A

N/A
N/A
N/A

N/A

N/A
N/A
N/A

N/A
N/A

N/A
N/A
N/A

N/A
N/A

N/A
N/A

N/A
N/A
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impairment, cranial nerve deficits). Presence of multiple post-operative complications indicates the incidence of 2 or

more of the complications listed above.



Presence of multiple post-operative complications
Yes
No
Radiation Dose (cGy) and Field’
Standard CRT Dose + Tumor Bed Boost®
Median Head/Spine Dose (Range)
Median Boost Dose (Range)
Standard CRT Dose + PF Boost
Median Head/Spine Dose (Range)
Median Boost Dose (Range)
Reduced CRT Dose + Tumor Bed Boost
Median Head/Spine Dose (Range)
Median Boost Dose (Range)
Reduced CRT Dose + PF Boost
Median Head/Spine Dose (Range)
Median Boost Dose (Range)
Radiation Dose and Field by Age Tertile
Childhood
Reduced CRT Dose + Tumor Bed Boost
Other
Early Adolescence
Reduced CRT Dose + Tumor Bed Boost
Other
Late Adolescence
Reduced CRT Dose + Tumor Bed Boost
Other
Chemotherapy®
Yes
No

21
13

3

3600 (3060 — 3600)

1980 (1800 — 2340)
6

3600 (3060 — 3600)

1800 (1800 — 1980)
16

2340 (1980 — 2340)

3240 (3060 — 3240)
9

2340 (1980 — 2340)

3150 (3060 — 3600)

10
3

2
7

4
8

33 (97.1%)
1 (2.9%)

N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A

N/A
N/A

N/A
N/A

N/A
N/A

3.3.2 Neuroimaging Protocol
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MRI measurements were performed at SickKids using either a GE LX 1.5T MRI scanner with 8

channel head coil (22 HC and 14 MB) or a Siemens 3T whole-body MRI scanner (Trio Tim

syngo MR B17 system) with a 12-channel head coil (16 HC and 20 MB). The GE LX 1.5T MRI

protocol included a 3D-T1 FSPGR gradient echo, inversion recovery-prepared sequence (IR
time = 400ms, TE/TR = 4.2/10.056ms, 116-124 contiguous axial slices, NEX = 1, 256 x 192
matrix interpolated to 256 x 256, FOV = 240 x 240mm, rbw = 162.734kHz, slice thickness =
1.5mm) and a diffusion-weighted single shot spin echo DTI sequence with EPI readout (25-31

" All in the MB group received CRT at time of diagnosis, with the exception of one patient for which CRT was

administered years following diagnosis, upon recurrence (age of diagnosis < 2 years, thus CRT was not considered

upon initial treatment).

8 Four radiation dose and field protocol were considered — reduced CRT dose + tumor bed boost versus “other”

protocols: reduced CRT dose + PF boost, standard CRT dose + tumor bed boost, and standard CRT dose + PF boost.
® Agents included Carboplatin, Cisplatin, Cyclophosphamide, Lomustine (CCNU), and Vincristine.
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directions, b = 1000s/mm?, TE/TR = 85.5/15000ms, 45-50 contiguous axial slices, NEX =1, 128
X 128 matrix interpolated to 256 x 256, FOV = 240 x 240mm, rbw = 1953.12kHz, slice thickness
= 3mm). The Siemens 3T MRI protocol utilized a T1 AX 3D MPRAGE Grappa 2 protocol
(TE/TR =3.91/2300ms, 160 contiguous axial slices, flip angle = 9°, 256 x 224 matrix, voxel size
= 1mm ISO, FOV = 256 x 224mm) and diffusion-weighted single shot spin echo DTI sequence
with EPI readout (30 directions, b = 1000s/mm?, TE/TR = 90/9000ms, 70 contiguous axial slices,
flip angle = 9°, voxel size = 2mm ISO, matrix = 122 x 122 interpolated to 244 x 244, FOV = 244
X 244mm). The images were pre-processed and DTI indices and maps (e.g. eigenvectors, FA,
MD, AD, and RD) were calculated using the FMRIB Software Library (FSL) (Behrens et al.,
2003a; Behrens et al., 2003b; Smith et al., 2004; Woolrich et al., 2009) to serve as a basis for
probabilistic tractography. The 3T MRI was our preference for collecting imaging data for this
study due to its higher field strength and thus, higher resolution ability. However, to ensure a
greater sample size, it was necessary to use data acquired with the 1.5T MRI. Data was acquired
at 1.5T for two reasons. First, due to the presence of external ventricular drains or shunts
occasionally required as part of tumor treatment, a proportion of children treated for MB were
ineligible to be scanned on the 3T (see Table 3.1); these devices are deemed 3T incompatible as
artifact (e.g. susceptibility) is more prevalent at higher field strengths (Olsrud, Latt, Brockstedt,
Romner, & Bjorkman-Burtscher, 2005). Second, due to the retrospective nature of this study,
MB patients previously seen at 1.5T (when 3T was unavailable) were included in this study. We
scanned one individual on both the 1.5T and 3T machines to compare the signal to noise ratios
(SNR) for the zero diffusion weighted images (SNR = 28.5 for 1.5T and SNR = 70.7 for 3T).
Because of the differing MRI protocol and SNR, we ensured to match HC and MB for scanner
type for both the retrospective and newly acquired data. Further, MRI scanner type was included
as a covariate in all analyses of imaging data.

3.3.3 ROI Placement and Standardization for DTI Tractography

To provide a standardized protocol for ROI placement, all ROIs were drawn on axial sections of
the zero diffusion-weighted (B0O) images of 10 randomly selected HC. The following ROIs were
produced for all 10 individuals using FSL (Behrens et al., 2003a; Behrens et al., 2003b; Smith et
al., 2004; Woolrich et al., 2009): left and right frontal hemispheric white matter; left and right

thalamus; left and right red nucleus; pons; left and right superior cerebellar peduncles; and left
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and right cerebellar hemispheric white matter (See Figure 3.1 for detailed description of ROI
placement). The 10 sets of individually-delineated ROIs (11 ROIs per individual) were then
combined into a single composite volume using Analyze Software (AnalyzeDirect) and
registered to a template brain using Automated Image Registration (AIR) (Woods, Grafton,
Holmes, Cherry, & Mazziotta, 1998) software to produce template ROIs. Prior to tractography,
the resultant template ROIs were registered onto each participant’s B0 image using AIR (Woods
et al., 1998). Once ROIs were brought into the native space for each participant, they were
visually examined and, if necessary, smaller ROIs (e.g. superior cerebellar peduncle, red
nucleus) were manually refined so that they covered only the appropriate region. For an outline

of pathways of interest, their segmentations, and ROIls used, see Table 3.2.
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Figure 3.1 ROIs used for probabilistic tractography.

Panel A: the ROIs used to delineate the bilateral CPC pathway. Panel B: the ROIs used to delineate the bilateral
CTC pathway. Top boxes depict coronal sections and bottom boxes axial sections (in radiological orientation).
Because left frontal hemisphere (Lfh) and right frontal hemisphere (Rfh) ROIs included the whole of the frontal
lobe, an existing anatomical template protocol (described in Kabani et al., 2002; Mabbott et al., 2009; Law et al.,
2011; Law et al., 2012) was employed to delineate these ROIs. Left thalamus (Lth) and right thalamus (Rth) ROIs
were delineated using the third ventricle as the medial boundary and genu and posterior limb of the internal capsule
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as anterior and lateral boundaries, respectively. At its most ventral and posterior aspect, Lth and Rth ROIls were
terminated once the anterior and posterior commissures were no longer visible. The pons (po) ROI was drawn on the
first dorsal/anterior slice that it was visible (e.g. trigeminal nerve and fourth ventricle just becoming apparent), using
midbrain structures (e.g. cerebral peduncles) as the anterior boundaries, and medial lemniscus as caudal/posterior
boundary, and was terminated once the first segment of basilar pons was encountered. The left red nucleus (Lrn) and

right red nucleus (Rrn) ROIs were drawn on the first rostral midbrain slice in which it becomes visible, using the
cerebral peduncles and substantia nigra as anterior/rostral and posterior/caudal reference points, respectively. The
left superior cerebellar peduncle (Lscp) and right superior cerebellar peduncle (Rscp) ROIs were defined on the most
dorsal slice in which the structure became present, avoiding the pons rostrally and the fourth ventricle caudally and
medially, terminating once middle cerebellar peduncles were evident. Lastly, left cerebellar hemisphere (Lch) and
right cerebellar hemisphere (Rch) ROIs included the cerebellar hemispheres, avoiding the vermis and fourth
ventricle medially, and concluding once cerebellar white matter was no longer evident. ROIs of the same colour
depict those used to define a pathway, with the exception of po, which was used for both the left and right (bilateral)

CPC pathways.

Table 3.2 Delineating CPC and CTC pathways. Pathway type, side, and segmentations are
detailed, as well as the ROIs used for probabilistic tractography.

Pathway CPC CTC

Side Left Right Left Right

ROIs Seed point: Left | Seed point: Right | Seed point: Left Seed point: Right
frontal frontal cerebellar cerebellar hemisphere
hemisphere/lobe | hemisphere/lobe hemisphere (Lch) (Rch)

(Lfh)

(Rfh)

Way points: Way points: pons | Way points: Left Way points: Right
pons (po), Right | (po), Left superior cerebellar | superior cerebellar
cerebellar cerebellar peduncle (Lscp), peduncle (Rscp), Left
hemisphere hemisphere (Lch) | Right red nucleus red nucleus (Lrn),
(Rch) (Rrn), Right Left thalamus (Lth),
thalamus (Rth), Left frontal
Right frontal hemisphere/lobe
hemisphere/lobe (Lfh)

(Rfh)

Segmentations

cerebro-ponto

cerebro-ponto

cerebello-rubro

cerebello-rubro

ponto-cerebellar

ponto-cerebellar

rubro-thalamo

rubro-thalamo

thalamo-cerebral

thalamo-cerebral

3.3.4 DTI Probabilistic Tractography and Pathway Segmentation

Probabilistic tractography was used to delineate bilateral CPC and CTC pathways connecting

each cerebellar hemisphere with contralateral frontal cortex and to examine the microstructure of




60

pathways. This process was completed using FSL’s Diffusion Toolbox (FDT) (Pollack, 1997,
Robertson et al., 2006). To delineate the CPC pathway (Figure. 3.1A), the left (or right) frontal
hemisphere was used as a seed point and the pons and right (or left) cerebellar hemisphere were
waypoints. To delineate the CTC pathway (Figure 3.1B), the left (or right) cerebellar hemisphere
was used as a seed point and the left (or right) superior cerebellar peduncle, right (or left) red
nucleus, right (or left) thalamus, and right (or left) frontal hemisphere were waypoints (see Table
3.2). Thresholds of 10% were set for all pathways and, if necessary, pathways were edited to
eliminate erroneous streamlines. Following the delineation of each pathway in its entirety,
manual segmentation into component pathways was completed to examine discrete, localized
microstructure of white matter comprising the pathways. Segmentations were based on known
points of synapse within cerebrocerebellar pathways documented in animal models. The bilateral
CPC pathway was parsed into two segments: cerebro-ponto and ponto-cerebellar pathways.
Cerebro-ponto pathways included the whole of the CPC pathway within the forebrain and
concluded once entrance into the pons was attained. Ponto-cerebellar pathways included the
remainder of the CPC pathway from pons to contralateral cerebellum. The bilateral CTC was
parsed into three segments: cerebello-rubro, rubro-thalamo, and thalamo-cerebral pathways.
Cerebello-rubro pathways included the CTC pathway within the cerebellum and ipsilateral
superior cerebellar peduncles, and concluded once it reached contralateral red nucleus. Rubro-
thalamo pathways began within the red nucleus and terminated at its entrance into the thalamus.
Thalamo-cerebral pathways thus comprised the remainder of the CTC pathway from thalamus to
frontal cortex. Means and standard deviations for DTI indices FA, MD, AD, and RD were

calculated for each segment of each pathway.
3.3.5 Statistics/Analytic Approach

We performed eight repeated-measures ANOVAS (side x segment), running DTI indices
separately, with group and age tertiles as between-subject variables. The first four of these
models examined FA, MD, AD, and RD of the CPC pathway between group and age using 2
side (left or right) x 2 segment (cerebro-ponto or ponto-cerebellar) repeated measures ANOVAS.
The next four models examined FA, MD, AD, and RD of the CTC pathway using 2 side (left or
right) x 3 segment (cerebello-rubro, rubro-thalamo or thalamo-cerebral) repeated measures

ANOVA:s. As part of these analyses, planned tests of simple effects were used to examine the a
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priori hypothesis that MB patients show compromise to white matter microstructure within the
CPC and CTC pathways relative to HC. Due to the large number of contrasts, we corrected for

multiple comparisons using the Bonferroni correction for all planned tests of simple effects.

3.4 Results

3.4.1 Visualization and Examination of Bilateral Reciprocal Cerebrocerebellar
Pathways
CPC and CTC pathways were produced in all participants (Figure 3.2). Regardless of group,
pathways were qualitatively similar. Pathway anatomical locations were confirmed by a
neuroradiologist (SL). The CPC pathway connected frontal cortex with pontine nuclei via
internal capsule and cerebral peduncle; after decussating in the pons, the CPC pathway
proceeded into cerebellar hemispheric white matter via middle cerebellar peduncle. The CTC
pathway connected cerebellar hemispheric white matter with contralateral red nucleus via
superior cerebellar peduncle (decussating in the midbrain); from there, the CTC pathway

continued ipsilaterally to thalamic nuclei before proceeding to frontal white matter.
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Figure 3.2 CPC and CTC pathways connecting left frontal hemisphere with right
cerebellar hemisphere in a healthy brain (radiological orientation).

The leftmost panel depicts the CPC (in orange) and CTC (in blue) pathways in their entirety in sagittal view (for
visualization purposes). Panels a-i depict the CPC and CTC pathways from the frontal lobe to the cerebellum in
axial sections. Panels a-c: the CPC and CTC pathways within the forebrain. Note the more rostral and anterior
position of the CTC relative to the CPC pathway (which is more posterior and dorsal). Panels a-b depict the CPC
and CTC pathways as they are situated within the frontal cortex. Panel ¢ shows the CPC and CTC pathways after
exiting the cerebral cortex but prior to entering midbrain. The CTC pathway is within the thalamus while the CPC
pathway runs through the posterior limb of the internal capsule. Panel d-e: CPC and CTC pathways within the
midbrain. Panel d shows the CTC pathway progressing through the red nucleus and beginning its decussation. The
CPC pathway runs through the cerebral peduncles. Panel e shows the CPC pathway continuing through the cerebral
peduncles and the CTC completing its decussation and progressing toward superior cerebellar peduncles. Panels f-i:
CPC and CTC pathways within the hindbrain. Panels f-g show the CPC pathway as it decussates within the pons (f)
and proceeds through middle cerebellar peduncles (g) while the CTC pathway progresses through the superior
cerebellar peduncles. Panels h-i show the CPC and CTC pathways within cerebellar hemispheric white matter. Note
the more medial position of the CTC pathway relative to the lateral location of the CPC pathway. Generated with
FMRIB’s FSL Suite Software.

3.4.2 Microstructure of Reciprocal Cerebrocerebellar Pathways — Impact of Injury
and Age

All main effects and interactions are shown in Table 3.3. We found significant main effects of

group for CPC pathway FA (p = .001; Figure 3.3a), MD (p <.001), and RD (p < .001). For CPC

FA, there was a main effect of segment (p = .01), with higher FA in cerebro-ponto versus ponto-
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cerebellar pathways. There were group x side interactions for CPC MD and RD; higher measures
of both were found for the left CPC pathway for the MB group compared to HC. We also found
a significant group x age x side x segment interaction for FA (p = .04). Tests of simple effects
showed no effect of group in childhood; however, we observed group effects in early
adolescence for the left cerebro-ponto (p = .005) and left ponto-cerebellar pathways (p = .008),

as well as in late adolescence for the right ponto-cerebellar segment (p =.002) (see Figure 3.3b).

Our analyses also revealed significant main effects of group for CTC pathway FA (p = .007,;
Figure 3.3a), MD (p <.001), and AD (p =.003). For CTC FA, analyses revealed a significant
main effect of side (p = .02); the left CTC pathway had lower FA than the right. A significant
main effect of segment was evident for CTC FA and AD (p <.001, p =.003); lower FA and
higher MD was found for the cerebello-rubro segment relative to both the thalamo-cerebral
segment (p < .001), and the rubro-thalamo segment (p = .001). We found a group x segment
interaction for CTC FA (p <.05), MD (p =.005), AD (p =.008), and RD (p = .003); this
interaction was driven by group differences in the cerebello-rubro (p = .003) and rubro-thalamo
(p = .02) segments for FA, MD, and RD, and the cerebello-rubro (p =.001) and thalamo-cerebral
(p =.007) segments for AD. Lastly, we found a significant group x age x side interaction for
CTC FA (p =.004). Again, group effects were not seen in childhood, but were present in both
early and late adolescence, for the left CTC pathway (p = .01) and the right CTC pathway (p =
.005), respectively. Thus, for both the CPC and CTC pathways, it appears that group differences
in pathway microstructure interact with both age and the side/segment of the pathways.



Table 3.3 Significant main effects and interactions across cerebrocerebellar pathways for the HC and MB groups.

Pathway
CPC CTC
Main Effect FA MD AD RD FA MD AD RD
Group
F(p) | 11.53(.001) | 12.97 (.001) - 17.69 (<.001) 7.88 (.007) 17.80 (<.001) | 9.83(.003) | 17.73(<.001)
Side
F (p) - - - - 6.142 (.02) - - -
Segment
F(p) | 6.40(.01) - - - 10.62 (<.001) - 6.38 (.003) -
Interactions
Group x Side
F (p) - 6.85 (.01) - 5.34 (.02) - - - -
Group x Segment
F (p) - - - - 3.19 (<.05) 5.67 (.005) 5.25 (.008) 6.27 (.003)
Group x Age x Side
F (p) - - - - 5.97 (.004) - - -
Group x Age x Side x Segment
F(p) | 3.36(.04) - - - - - - -

64
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Figure 3.3 Cerebrocerebellar pathway microstructure as a function of group and age
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Panel a depicts the main effect of group for FA of the CPC and CTC pathways (bars represent estimated marginal
means; error bars represent the standard error of the mean). HC group = dark grey bars, MB group = light grey bars.
Panel b shows FA of the CPC pathway for each group (HC = dark grey bars, MB = light grey bars) across age
groups. From left to right: FA of the left cerebro-ponto segment, FA of the left ponto-cerebellar segment, and FA of
the right ponto-cerebellar segment. Error bars reflect standard error.

3.5 Discussion

We have detailed and outlined a reliable, standardized approach to obtain and visualize
cerebrocerebellar pathways. We have used this methodology to visualize and examine complete,

continuous, and reciprocal cerebrocerebellar pathways in the human brain. We examined

bilateral reciprocal cerebrocerebellar white matter using DTI, and for the first time in the
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developing brain, we have compared the microstructure of these distinct pathways in healthy
children and in children who have been treated for MB. Using the above method, we parsed the
pathways into anatomically relevant, synaptically defined segments to examine localized
microstructure within each bilateral pathway. Our findings revealed that children treated for MB
showed damage to select segments of the cerebrocerebellar pathways compared to controls —
specifically, within the posterior segments of both CPC and CTC pathways. Further, our study is
the first that we are aware of to examine the impact of age on reciprocal cerebrocerebellar
pathways. We showed that differences in pathway microstructure between healthy children and
those treated for MB were driven by specific areas of the pathway (e.g. posterior segments of the

CPC and CTC pathways), and by age cohort (e.g. adolescence).

Our methodology, utilizing previously identified anatomical landmarks of cerebrocerebellar
pathways in animal models, enabled us to describe continuous, reciprocal, and bilateral pathways
connecting the cerebellum with frontal lobe. CPC pathways connecting frontal white matter with
contralateral cerebellar white matter via pontine nuclei and middle cerebellar peduncle were
obtained in all participants. CTC pathways were also defined in all participants connecting
cerebellar white matter with contralateral frontal white matter via superior cerebellar peduncle,
red nucleus, and thalamic nuclei. Connections we have obtained for both pathways replicate
previous findings in animal models (Middleton & Strick, 1994, 2001; Kelly & Strick, 2003) and
expand on findings describing solitary connections between cerebellum and cortex (Jissendi et
al., 2008; Salmi et al., 2010; Law et al., 2011) and portions of cerebrocerebellar connections
(Ramnani et al., 2006; Habas & Cabanis, 2007a, 2007b) detailed in adult human models. We also
successfully segmented the reciprocal bilateral pathways into anatomically relevant, synaptically

defined components to examine localized microstructure in the developing brain.

Though regional white matter damage has been described previously in children treated for MB
(Mulhern et al., 1999; Khong et al., 2006; Mabbott et al., 2006b; Qiu, Kwong, Chan, Leung, &
Khong, 2007; Law et al., 2011), our study is the first to examine specific, anatomically-based
white matter pathways in this population using DTI and compare their microstructure with that
of healthy age-matched peers. Considering the dual insult to the cerebellum/PF from resection of
tumor and the effect of CRT, cerebrocerebellar pathways may be particularly vulnerable to
injury. Our findings revealed a significant group effect of both side and segment of the

pathways. Children treated for MB showed the most substantial damage to posterior segments of



67

both the CPC and CTC pathways compared to controls. This damage was indicated by DTI
measures of lower FA and higher MD, and RD within the bilateral ponto-cerebellar segments of
the CPC pathway and lower FA and higher MD and AD in bilateral cerebello-rubro and rubro-
thalamo segments of the CTC pathway. As the main impact of treatment for MB is within the
PF, we predicted that the most damage would be observed in posterior segments of the pathways

contained within this “vulnerable” area.

Group differences were also found between MB and HC for anterior segments of the CPC (i.e.
left cerebro-ponto) and CTC pathway (i.e. bilateral thalamo-cerebral). These differences may be
a result of the direct effect of whole-brain CRT, affecting not only the PF region, but
supratentorial regions as well. This result may also reflect the indirect effect of injury occurring
to one part of the system (e.g. cerebellum, pontine nuclei) that produces eventual injury or
compromise to another, more distant region — a diaschisis effect. The primary mechanism of
diaschisis is thought to be functional deafferentiation (Finger, Koehler, & Jagella, 2004). Other
potential mechanisms by which injury to the PF via treatment might exert an effect on distal
regions of the brain include edema, reduced cerebral blood flow, altered neuronal excitability or
neurotransmitter receptor expression, or the release of neurochemical or other factors (Sist,
Baskar, & Winship, 2012). Thus, compromise to the entire CPC or CTC circuit (e.g. damage to
all segments, as indicated by lower FA and higher MD, AD, and RD) may reflect a combined
effect of diffuse CRT and progressive white matter injury to the PF that impacts other distant,
but connected areas of the brain. Further, we observed a left-hemispheric bias for damage to the
CTC pathway. This pattern of greater left-hemispheric-specific damage may reflect previous
developmental findings postulating a right to left hemispheric lateralization gradient of neuronal
differentiation and maturation (Kucyi, Moayedi, Weissman-Fogel, Hodaie, & Davis, 2012),
findings of higher white matter volume in right versus left frontal lobe (Siffert et al., 2000), and
findings of a greater preponderance of cortical grey matter (and thus, less white matter) within
left versus right hemispheres (de Lacoste, Horvath, & Woodward, 1991; Filipek, Richelme,
Kennedy, & Caviness, 1994; Reiss, Abrams, Singer, Ross, & Denckla, 1996).

Our study is the first that we are aware of to examine the impact of age on reciprocal
cerebrocerebellar pathways. While there appeared to be no main effect of age on
cerebrocerebellar pathways themselves (at least within the cohort we sampled), there was a

significant group x age x side x segment interaction for the CPC pathway and group x age x side
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interaction for the CTC pathway. Interpreted in the context of this highest-order interaction, for
the CPC pathway we observed group effects in early adolescence for the left cerebro-ponto and
left ponto-cerebellar pathways, as well as in late adolescence for the right ponto-cerebellar
segment. Group effects were also found for the left and right CTC pathways in both early and
late adolescence. No differences were observed between the MB and HC groups for CPC and

CTC pathway microstructure in childhood.

There were group differences in radiation dose and field size in our sample and it is likely that
we observed age tertile effects on cerebrocerebellar pathway microstructure because of this
reason. Thus, rather than age itself impacting group differences in cerebrocerebellar
microstructure, CRT protocol cohort effects emerged in the MB group when we split our sample
by age tertiles. Recent literature has shown that it is the combination of radiation dose and field
size that contributes to outcome in MB (Moxon-Emre et al., 2014). We found a significant
difference between age tertiles when considering radiation protocols; the childhood group had a
larger proportion of individuals treated with lower dose, less invasive radiation protocol (i.e.
reduced CRT dose + tumor bed boost). Other, more intensive radiation protocols (i.e. reduced
CRT dose + PF boost, standard CRT dose + tumor bed boost, and standard CRT dose + PF

boost) were apparent in a greater proportion of patients in the adolescent groups.

Additionally, participants treated for MB in the early and late adolescence groups were further
out from treatment than those in the childhood group. Because our childhood group was fewer
years out from treatment compared to our adolescent groups, the late effects of treatment on
white matter were not yet evident. It is possible that the further out from treatment, the more
opportunity for developmental injury to manifest itself. A delay of emergence of white matter
injury would justify why we observed damage to prominent cerebellar input and output pathways
in our sample of adolescents following treatment for MB in childhood and not in childhood itself
(e.g. fewer years out from treatment). Indeed, late effects emerge and continue to develop years
after treatment for MB and greater time since diagnosis has been shown to predict functional and
neurocognitive declines (Dennis, Spiegler, Hetherington, & Greenberg, 1996; Spiegler et al.,
2004; Mabbott et al., 2005; Briere et al., 2008). Future investigations using longitudinal models

of cerebrocerebellar development is necessary to confirm our findings.
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Lastly, it is possible that we did not see group differences in pathway microstructure in
childhood simply because brain areas that constitute cerebrocerebellar white matter are not yet
fully developed. Throughout childhood, adolescence, and into young adulthood, age-related
increases in FA and decreases in MD are consistently documented (Klingberg, Vaidya, Gabrieli,
Moseley, & Hedehus, 1999; Morriss, Zimmerman, Bilaniuk, Hunter, & Haselgrove, 1999;
Mukherjee et al., 2001; Schmithorst, Wilke, Dardzinski, & Holland, 2002; Schneider et al., 2004;
Barnea-Goraly et al., 2005; Zhang et al., 2005; Ashtari et al., 2007; Qiu, Tan, Zhou, & Khong,
2008). Voxel-wise analyses reveal increased FA and decreased MD, AD, and RD from late
childhood to young adulthood, within the cerebellum and temporal, frontal, and parietal white
matter (Qiu et al., 2008). Major white matter pathways show a similar pattern with respect to
DTI indices; connections within the frontal and temporal lobes tend to mature more slowly in
relation to other pathways (Schneiderman et al., 2007; Lebel, Walker, Leemans, Phillips, &
Beaulieu, 2008; Tamnes et al., 2010). It is possible that the rate of development of these
pathways are comparatively slow (e.g. do not fully develop until late adolescence), and thus

group differences do not manifest until the pathways are more fully formed.

That we saw greater damage to cerebrocerebellar pathway microstructure in adolescence but not
in childhood is somewhat counterintuitive; generally, it is younger age at treatment for MB in
which we see the most morbidity/detrimental outcomes. However, there were no differences
between the age tertiles and age at diagnosis, meaning all in our sample were treated for MB at
the same age. Overall, our childhood cohort received less intensive radiation protocol and were
closer to treatment upon assessment for this study (e.g. less time for treatment effects to manifest
or produce white matter injury to cerebrocerebellar microstructure), compared to our adolescent
cohorts. Thus, it is likely that both of these factors contributed to why we observed age

differences for cerebrocerebellar pathway microstructure.

Though we found novel evidence of the impact of CRT (i.e. CRT protocol cohort effects, made
apparent by an age tertile split) on cerebrocerebellar microstructure, several limitations must be
considered. Due to the nature of DTI, this imaging method does not provide sufficient resolution
to determine precise thalamic nuclei or cerebellar nuclei — therefore we were able to note only
the relative positions of the reciprocal pathways and could not comment on precise thalamic or
cerebellar nuclei. Further, utilizing imaging data with “mixed” field strengths may be of concern,

though it has been documented that the inclusion of 1.5T in studies utilizing 3T data does not
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necessarily reduce the validity of group analyses (Han & Talavage, 2011). As radiation dose and
field size may influence neurocognitive outcome in MB, it is pertinent to examine whether these
parameters have an impact on cerebrocerebellar circuitry development. There were differences
between the age tertiles for radiation dose and field (i.e. a larger proportion of patients in the
childhood group were treated with reduced CRT + tumor bed boost versus “other” protocols).
However, in the current study, our cell sizes were too small to consider the effect of both age
tertile and CRT dose and field (i.e. tumor bed versus PF) on CTC and CPC pathway
microstructure. Further, though we used several established animal models as reference for our
delineation of cerebrocerebellar pathways (i.e. seed and waypoints), caution should be taken
when directly translating neuroanatomical animal models to that of humans. Indeed, there may
be phenotypic differences in neuroanatomy (i.e. structural and connectivity differences) across
species, however using murine, rodent, or primate models of cerebrocerebellar circuitry provides
us with a basis to begin our structural delineation of these pathways in humans. Lastly, though
we took care in recruiting representative HC participants and predominantly aimed to recruit
healthy siblings of patients, we acknowledge that our HC sample had, on average, higher 1Q
measures than that of the normative mean (and thus, may not be fully representative of the
average typically developing child). One reason this anomaly may have occurred was because
several of our HC participants were children of our colleagues at SickKids (i.e. children whose
parents are physicians or scientists with a greater number of years spent in the education system,
which could have an impact on the child’s global intellectual function). In future, it is necessary
to match patients and controls on important demographic/SES variables, so as to minimize the

influence of these variables on any neuroanatomical differences between groups.

We have delineated and segmented, for the first time in the developing brain, discrete and
complete reciprocal cerebrocerebellar connections using DTI. Our findings provide a glimpse of
what may occur structurally to the pediatric brain following resection of a PF tumor as well as
the combined effect of whole-brain radiation plus boost dose to the PF/tumor bed and CTX. Our
findings support the notion that CRT (particularly, whole-brain CRT and PF/Tumor Bed boost)
has an effect on the PF beyond the initial insult of the tumor/resection, as well as supratentorial
brain regions. DTI measures reflective of white matter injury were evident in children treated for
MB versus controls, within many segments of the bilateral CPC and CTC pathways.

Interestingly, not all white matter is damaged following CRT. Greater compromise was found for
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posterior segments of CPC and CTC pathways in patients compared to controls, and age
differences in CRT protocol in our patient group contributed to these differences. Group effects
were evident in early and late adolescence, but not in childhood, possibly reflecting the timing
and impact of treatment for brain tumors on white matter. Using our methodology to define
reciprocal cerebrocerebellar pathways, future studies can begin to examine the relations between
the microstructure of such connections and cognitive and behavioural outcome in survivors of
childhood brain tumors. Additionally, further research can expand upon our model by elucidating
the effects of treatment cohort (CRT dose and field) on cerebrocerebellar structure and function.
Discovering a specific location of white matter loss or damage in MB may be of great
importance for predicting the potential impact on mental processes and late effects following
treatment. Given that CPC and CTC connections exist as the major cerebellar information input,
output and modulation pathways and that both the cerebellum and frontal lobe are involved in
mediating language, behavioural regulation, executive function, and working memory, damage

to these feedforward and feedback mechanisms may produce widespread deficits.
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4  Executive Function in Pediatric Medulloblastoma: The
Role of Cerebrocerebellar Connections

4.1 Abstract

It is well documented that cognitive and behavioural declines are often observed following
treatment for pediatric medulloblastoma (MB). Executive functions (EFs) are involved in the
attainment, maintenance, and integration of information; these functions may play a key role in
the cognitive and behavioural outcome in this population. At present, it remains unclear which
EFs are most sensitive to the treatment effects for MB. We completed a comprehensive
evaluation of multiple measures of EF in children treated for MB and age-matched healthy
control (HC) children. We subsequently distilled these measures into components to determine
which EFs are most impaired in MB. We then compared the microstructure of cerebrocerebellar
circuitry — cerebro-ponto-cerebellar (CPC) and cerebello-thalamo-cerebral (CTC) pathways —
between children treated for MB and HC; this information was used to predict EF outcome
following treatment for MB. Twenty-four children treated for MB and twenty HC children
participated in this study. All participants were seen for neurocognitive testing and MR,
including diffusion tensor imaging (DTI). The Delis-Kaplan Executive Function System, the
Working Memory Test Battery for Children, and the Cognitive Emotion Regulation
Questionnaire were administered to obtain a broad spectrum of EF, including emotion regulation.
We used a Principal Components Analysis (PCA) to identify and describe the latent component
structure of our EF measures. The resultant components of EF were then compared between the
MB and HC groups using MANOVA. DTI measures of reciprocal cerebrocerebellar connections
identified previously (Law et al., under review) were compared between the MB and HC groups
to determine differences in pathway microstructure. Multiple regression analyses were used to
predict the effect of treatment for MB and the mediating impact of cerebrocerebellar pathway
microstructure on EF outcome. PCA revealed six components (C1-C6) of EF extracted from our
model: C1 reflected a cognitive efficiency construct; C2 reflected a planning/problem solving
component; C3 reflected a positive cognitive emotion regulation factor; C4 reflected a working
memory construct; C5 reflected a negative cognitive emotion regulation dimension; and C6
reflected a mixed cognitive emotion regulation component. Multivariate analyses revealed group

differences across four of the six EF components; for C1, C2, C3, and C4 the MB group had
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scores significantly below that of the HC group, reflecting poorer performance on tasks of EF
and less use of positive cognitive strategies for emotion regulation. We found that the
microstructure of bilateral CPC and CTC pathways was compromised in the MB group relative
to the HC group. Additionally, group and white matter microstructure of the CTC pathway
connecting the left cerebellar hemisphere and the right frontal lobe were both associated with
performance on C4. Considering the mediating effect of injury to the left CTC pathway,
treatment for MB predicted poorer scores on EF tasks of working memory. Our results reveal
that EF is affected in children with MB relative to age-matched peers including cognitive
efficiency, planning/problem solving, and working memory. Interestingly, we found that children
treated for MB also differed from HC in terms of cognitive emotion regulation, a regulation/self-
awareness component of EF. We also found that cerebrocerebellar circuitry has a mediating
impact on EF outcome following treatment for MB and thus plays a role in one component of EF

—working memory.

4.2 Introduction

Impairment in neurocognitive and behavioural domains following treatment for pediatric
medulloblastoma (MB) is well documented. Previous studies have described primarily global
intellectual measures of outcome following treatment for MB. It is important to identify core
areas of neurocognitive impairment using broad, yet comprehensive and specific measures in this
population in order to provide both predictive models of neurocognitive decline in MB and
targeted cognitive interventions. Though impairment in Executive Function (EF) in survivors has
been suggested, an explicit and systematic examination of EF in children treated for MB has yet
to be completed. EFs are core cognitive processes important to daily functioning and impairment
in EF may lead to widespread deficits in other neurocognitive domains. At present, it remains
unclear which components of EF, including emotion regulation, are most sensitive to the
treatment effects of MB. Further, a potential neural basis for EF deficits in pediatric MB is
unknown. We completed a comprehensive evaluation of EF in children treated for MB and age-
matched healthy control (HC) children, using multiple measures of EF. We investigated the role
of cerebrocerebellar circuitry in EF, as these connections are structurally damaged in MB and
brain areas comprising these circuits have been implicated in EF in both healthy and clinical

populations.
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MB is a high grade tumor that arises in the posterior fossa (PF), accounting for 30% of all
pediatric brain tumors and approximately half of all PF tumors (Schott et al., 1983). As MB is
radiosensitive in nature, craniospinal radiation (CRT) is the most common adjuvant therapy
following resection (Mueller & Chang, 2009). Chemotherapy (CTX) is typically administered
during and after CRT (Bleyer, 1999). Though long-term survival is often achieved, late effects
(i.e. symptoms occurring after recovery from early onset disorders of treatment) are evident in
children with MB post-treatment, including significant neurotoxicity and cognitive and
behavioural deficits (Schultheiss et al., 1995; Goldwein et al., 1996; Mulhern et al., 1999;
Mulhern et al., 2001; Khong et al., 2003; Reddick et al., 2003; Mulhern et al., 2004a; Mabbott et
al., 2005; Reddick et al., 2005; Mabbott et al., 2006a; Mabbott et al., 2006b; Qiu et al., 2007;
Mabbott et al., 2008; Law et al., 2011; Law et al., 2012).

It has been suggested that neurocognitive and behavioural declines, particularly in patients
treated with CRT, reflect a reduced ability to obtain novel information from their surroundings
and result from acquiring knowledge at a significantly slower rate than healthy peers (Palmer et
al., 2001). Many EF components are required to facilitate the attainment of new knowledge,
learn from environmental cues, self-monitor, and efficiently process new information. Thus, it is
possible that multiple EFs are impaired in MB and that this impairment contributes to overall

neurocognitive and behavioural deficits often observed following treatment for MB.

EFs play an important role in a child’s ability to acquire novel information, maintain this
information, and make use of the information in an efficient and effective manner. EFs also
guide goal-directed, purposeful behaviour required to reach a specific, intended outcome. EF
encompasses such a broad range of processes (see Banich, 2004; Jurado & Rosselli, 2007 for
review) that there is debate over their nomenclature and classification, as well as which functions
are part of one overarching process versus independent, separable cognitive processes (Miyake et
al., 2000; Hull, Martin, Beier, Lane, & Hamilton, 2008). Thus, meaningfully grouping EF from
multiple measures using component or factor analyses has been of recent interest. In healthy
populations, a number of studies have grouped EFs into several unitary processes to provide
conceptual models of EF: switching/flexibility/shifting (e.g. alternating between task demands or
cognitive sets) (Miyake et al., 2000), updating/monitoring (e.g. working memory and attentional
control; obtaining and maintaining information in the mind to be used toward achieving a goal)

(Miyake et al., 2000; Hedden & Yoon, 2006), and inhibition (actively supressing a prepotent
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response to respond in a relatively novel way) (Miyake et al., 2000; Hedden & Yoon, 2006). A
more fine-grained classification of latent EFs in healthy children and adolescents include
attentional control (Anderson, 2001; Anderson, 2002), working memory (Diamond et al., 2002;
Zelazo & Mueller, 2002; Davidson et al., 2006; Garon et al., 2008), inhibitory control (Diamond
et al., 2002; Zelazo & Mueller, 2002; Davidson et al., 2006; Garon et al., 2008), planning/goal
setting (Levin et al., 1991; Welsh et al., 1991; Kelly, 2000; Anderson, 2002), problem solving
(Garcia-Barrera et al., 2013), set-shifting/cognitive flexibility (Anderson, 2001; Anderson, 2002;
Diamond et al., 2002; Zelazo & Mueller, 2002; Davidson et al., 2006; Garon et al., 2008),
fluency (both verbal and design) (Levin et al., 1991; Welsh et al., 1991; Fisk & Sharp, 2004),
information processing (Anderson, 2002), and, in adults, regulation/self-awareness (including
behaviour/emotion regulation) (Stuss & Benson, 1986; Mateer, 1999; Sohlberg & Mateer, 2001).
Studies using clinical populations (e.g. patients with prefrontal cortex lesions, attention deficit
hyperactive disorder, or schizophrenia) have elucidated a similar pattern of latent EFs as in
healthy populations (Barkley, Edwards, Laneri, Fletcher, & Metevia, 2001; Stuss, Binns,
Murphy, & Alexander, 2002; Chan, Chen, Cheung, Chen, & Cheung, 2006).

Problems in EF have been suggested in children treated for MB; however, no in-depth
investigation of EF has been completed in this population based on conceptual models of EF.
Several studies have begun to identify distinct neurocognitive impairments in childhood brain
tumor survivors focusing on discrete EF-related processes such as attention/inhibition/shifting
(Dennis et al., 1998; Reeves et al., 2006; Vaquero, Gomez, Quintero, Gonzalez-Rosa, &
Marquez, 2008), processing speed (Waber et al., 2006; Mabbott et al., 2008), organizational
skills (Armstrong et al., 2009), and working memory (Dennis et al., 1992; Dennis et al., 1998;
Kirschen et al., 2008; VVaquero et al., 2008; Law et al., 2011; Conklin et al., 2012). In both the
acute and chronic stages of treatment for PF tumors, behavioural and affective problems can
occur in patients, including personality changes, blunting of affect, emotional lability,
impulsivity, and inability to regulate emotion (Levisohn et al., 2000; Riva & Giorgi, 2000a;
Steinlin et al., 2003; Aarsen et al., 2004; Richter et al., 2005). In some survivors of pediatric PF
tumors, these problems have been found to persist into adulthood (Steinlin et al., 2003), which
can in turn impact psychosocial functioning and overall quality of life. To our knowledge, only
two studies have explicitly examined emotion regulation in survivors of pediatric brain tumors.

Based on parent-rated questionnaires, problems in emotion regulation were found in a greater
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proportion of survivors of childhood brain tumors compared to their healthy siblings (Armstrong
et al., 2009). Children treated for cerebellar tumors (including MB) were found to have a
relatively preserved ability for emotion identification (measured by their ability to identify happy
or sad music) but impaired cognitive control of emotions (identifying the tone of music based on
the Stroop task) (Hopyan et al., 2010).

Our approach for the current study was to use a comprehensive array of EF measures and
subsequently reduce these measures into meaningful, latent components of EF using Principal
Components Analysis (PCA). Specifically, we chose a set of measures designed to assess
multiple aspects of EF based on the most commonly identified latent EFs outlined in previous
conceptual models, ensuring each were appropriate for use in clinical populations. We used
subtests of the Delis-Kaplan Executive Function System (D-KEFS) (Delis, Kaplan, & Kramer,
2001) to assess multiple EFs including fluency, processing speed, inhibition, switching,
planning, and problem solving. We also used subtests of the Working Memory Test Battery for
Children (WMTB-C) (Pickering & Gathercole, 2001) to measure working memory and
attentional control abilities. To measure the emotion regulation aspect of EF — the evaluation of
which has been largely neglected in children treated for MB — we used the Cognitive Emotion
Regulation Questionnaire (CERQ) (Garnefski, Kraaij, & Spinhoven, 2001). The CERQ is a self-
rated questionnaire that assesses the use of both positive and negative cognitive emotion
regulation strategies in everyday life. Lastly, we attempted to elucidate the role of
cerebrocerebellar connections in EF in pediatric MB, a clinical population that has been shown to
have both white matter vulnerability (i.e. neurotoxicity due to treatment effects) and deficits in

EF-related processes.

It is well known that EFs are predominantly frontally-mediated (Goldman-Rakic, 1995, 1996;
Koechlin, Corrado, Pietrini, & Grafman, 2000; Stuss & Alexander, 2000; Stuss & Levine, 2002;
Collette et al., 2005). However, the cerebellum has recently been implicated in aspects of EF
(Schmahmann & Caplan, 2006; Bellebaum & Daum, 2007); cerebellar activation has been
documented during performance of executive function and attention-based tasks (Desmond et al.,
1997; Schlosser et al., 1998). Further, neural circuits (e.g. subcortical connections) involving the
frontal lobes, striatum, and thalamus have also been considered important for EF (Miller &
Cohen, 2001; Lewis et al., 2004; Kassubek et al., 2005; Monchi et al., 2006). In a review, Royall

et al. (2002) emphasized the need to examine neural connections between the frontal lobes, basal
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ganglia, and thalamus and their involvement in performance on tasks of EF. Based on the main
nodes comprising its connections, cerebrocerebellar circuitry may play a key role in EF-related
processes. It may be that cerebellar input and output pathways are important in the transfer of
information between two regions that underlie one or more EFs — the cerebellum and frontal

lobe.

We examined the cerebrocerebellar system in children treated for MB and healthy children, and
its involvement in EF. The cerebrocerebellar system is comprised of a bilateral closed-loop
circuit connecting the cerebellum with contralateral cerebral cortex (Law et al., under review;
Thach, 1972; Brodal, 1978; Thach & Jones, 1979; Asanuma et al., 1983; Kim et al., 1994;
Middleton & Strick, 1994, 1997; Schmahmann & Pandya, 1997b; Middleton & Strick, 2000,
2001; Dum & Strick, 2003; Kelly & Strick, 2003; Allen et al., 2005; Ramnani et al., 2006; Habas
& Cabanis, 2007Db; Jissendi et al., 2008; Morris et al., 2009; Salmi et al., 2010). Cerebro-ponto-
cerebellar (CPC) connections serve to relay information from the cortex to cerebellum via
pontine nuclei and constitute the cerebrocerebellar feedforward loop. The cerebellum returns
these projections to the cerebral cortex by way of thalamic nuclei, via cerebello-thalamo-cerebral
(CTC) connections; the feedback portion of the circuit.

The precise locations of discrete reciprocal cerebrocerebellar pathways have recently been
mapped and their microstructure examined in healthy children and children treated for MB using
diffusion tensor imaging (DTI) and tractography (Law et al., under review). Tractography
generates structural maps of white matter connections based on regions of interest (ROIs) that
serve to specify a start point (i.e. seed) and one or more throughput/endpoints (i.e. way points) of
the pathway. Once tractography is completed, DTI allows us to infer the microstructural
organization of white matter regions or pathways and to identify whether injury (e.g.
demyelination, axonal damage) is evident (Song et al., 2002; Mori & Zhang, 2006; Jones &
Leemans, 2011). DTI indices include measures of fractional anisotropy (FA) and mean
diffusivity (MD), as well as axial and radial diffusivity (AD and RD, respectively). Lower
measures of FA and higher measures of MD, AD, and RD are thought to reflect axonal
degeneration and compromised myelin sheath (Beaulieu, 2002; Song et al., 2002).

It is well documented that multiple neurocognitive and psychosocial problems in survivors of

pediatric MB are attributed to diffuse white matter damage following CRT (Mulhern et al., 2001;
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Reddick et al., 2003; Mabbott et al., 2006a; Mabbott et al., 2006b; Law et al., 2011). Indeed,
white matter damage has been documented following treatment for MB in many regions of the
brain including the frontal lobe (Mabbott et al., 2006b), cerebellum (Law et al., 2011), and within
white matter pathways connecting these areas (Law et al., under review; Law et al., 2011). It is
possible that damage to these connections contribute to EF impairment in MB (Schatz, Kramer,
Ablin, & Matthay, 2000), by interrupting communication between the cerebellum and frontal
lobe. To our knowledge, only one study has examined the involvement of cerebrocerebellar
pathways in EF, specifically in working memory performance. We documented impaired
performance on the Working Memory Index of the Wechsler Intelligence Scale for Children in
children treated for PF tumors; impairment was associated with damage to cerebellar white

matter within cerebellar-frontal connections (Law et al., 2011).

We hypothesized that multiple components of EF would be disrupted in children treated for MB
compared to healthy children, and that damage to cerebrocerebellar connections would be
observed in MB compared to their healthy peers, adding to previous findings (Law et al., under
review; Law et al., 2011; Law et al., 2012). Because circuits involving the frontal lobe and
thalamus are postulated to be of specific importance during tasks of EF (Miller & Cohen, 2001;
Royall et al., 2002; Lewis et al., 2004; Kassubek et al., 2005; Monchi et al., 2006), we expected
that CTC pathway microstructure would be a more robust predictor EF performance, relative to
CPC pathway microstructure. Lastly, we hypothesized that, in a path analysis model, the
microstructure of cerebrocerebellar connections (i.e. CTC) would be a potential mediating factor
between treatment for MB and EF outcome. If it is shown that damage to white matter pathways
connecting the cerebellum with frontal lobe predicts poor EF outcome following treatment for
MB, our findings will lend evidence to the importance of cerebrocerebellar pathways in EF and a

white matter injury model of EF impairment.

4.3 Methods

4.3.1 Participants

Twenty-five children treated for MB with surgery, CRT, and CTX and 20 healthy control (HC)
children participated in this study (see Table 4.1). Patients were excluded from the study if they
had tumors outside the PF (i.e. supratentorial), were treated for recurrent disease, had diffuse

brainstem glioma, were receiving palliative care, or had a premorbid history of neurological or
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learning disabilities. Children free of any previous neurological or clinical disorders and with no
history of prior acquired brain injury, developmental delay, or learning disability were eligible to
participate in the HC group. Patients were recruited from the brain tumor program and through
oncology and psychology clinics at the Hospital for Sick Children (SickKids) as well as via
information letters mailed out to families (following a database review of children treated for
MB at SickKids). HC were recruited through advertisement in newspapers and within the
hospital, through families (i.e. siblings), and through friends and family of the investigators. All
participants were seen for neuropsychological testing and magnetic resonance imaging (MRI)
and DTI at SickKids and the protocol for this study was approved by the Research Ethics Board.

All participants provided written informed consent or assent and parental consent was obtained
where applicable. Demographic variables were compared between groups (Table 4.1). There
were no differences between the groups for sex [x%a) = .073, p = .787], age at time of testing/MRI
[F(1,43) = .024, p = .879], type of MRI (1.5T versus 3T, see below) [x?q) = .155, p = .734], and
handedness [y%w) = .190, p = .663]. The average number of years of parental education was
higher for the HC group relative to the MB group [F(1,39) = 4.887, p = .033], as was mean full-
scale intelligence (FSIQ) [F(1,43) = 26.775, p <.001], verbal 1Q (VIQ) [F(1,43) =31.174,p <
.001], and performance 1Q (PIQ) [F(1,43) = 14.176, p = .001], measured by the Wechsler
Abbreviated Scale of Intelligence (WASI) (Table 4.1). Given these differences, FSIQ was used

as a covariate in subsequent analyses of EF between groups.

Table 4.1 Demographic and medical information for the HC and MB groups.

MB HC
n=25 n=20

Sex (Male : Female) 14:11 12:8
Age at scan/testing (years)

Mean (SD) 13.30 (3.47) 13.15 (2.99)

Range 8.04 —18.98 7.84 —18.87
Handedness®®

Right 20 (80%) 17 (85%)

Left 5 (20%) 3 (15%)
Average parental education (years)!

Mean (SD) 15.45 (2.10) 17.03 (2.45)

10 Numbers reflect handedness at time of current assessment (note that for 3 MB, handedness changed post-
operatively: 2 changed from left to right handedness, 1 changed from right to left handedness). Percentages represent
within group totals.

1 parental education information was not available or for 4 cases (4 MB).



Range
WASI FSIQ Mean (SD)
WASI VIQ Mean (SD)
WASI PIQ Mean (SD)
MRI Scan Type*?
1.5T
3T
Age at diagnosis (years)
Mean (SD)
Range
Time since diagnosis (years)
Mean (SD)
Range
Tumor Size (mm?)%3
Mean (SD)
Range
Tumor Location within PF
Midline
Left Hemispheric
Right Hemispheric
Surgical outcome/extent of resection (%)
Greater than 95% of the tumor resected
Between 50% and 95% of the tumor resected
Hydrocephalus
No hydrocephalus
Hydrocephalus not requiring treatment (resolved)
Hydrocephalus requiring medical intervention or CSF
diversion
EVD and/or shunt
Yes
No
Ventriculostomy
Yes
No
Presence of post-operative/residual complication®*
Yes
No
Presence of multiple post-operative complications
Yes
No
Radiation Dose (cGy)
Craniospinal radiation + PF/TB boost
Mean (SD) head/spine
Range
Mean (SD) PF/TB boost
Range
Mean (SD) PF/TB (+boost) total dose

105 20.0
91.88 (15.30)
94.52 (12.26)
91.12 (19.00)

6 (25%)
18 (75%)

7.02 (2.66)
3.00-15.16

6.28 (4.09)
1.16 - 13.64

1913.6 (815.95)
957 - 3723

24 (96%)
0 (0%)
1 (4%)

22 (88.0%)
3 (12.0%)

7 (28%)
9 (36%)
9 (36%)

10 (40%)
15 (60%)

5 (20%)
20 (80%)

23 (92%)
2 (8%)

15 (60%)
10 (40%)

2722 (577)
2340 — 3600
2783 (623)
1800 — 3240
5520 (87)

125225
113.80 (12.48)
113.40 (9.89)
111.20 (16.10)

4 (20%)
16 (80%)

N/A
N/A

N/A
N/A

N/A
N/A
N/A
N/A

N/A
N/A

N/A

N/A
N/A

N/A
N/A

N/A
N/A

N/A
N/A

N/A
N/A
N/A
N/A

N/A

12 One participant (MB) was ineligible to participate in an MRI due to braces (metal artefact).

18 Tumor size was calculated by multiplying the two largest measurements of the tumor from an anatomical MRI
scan. Measurements are in mm?2, Tumor size dimensions were not available for 6 MB.
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14 Indicates the presence of a single post-operative or residual complication, whether a cerebellar complication (i.e.

ataxia, mutism, dysarthria) or other complications (i.e. hydrocephalus, nystagmus, diplopia, hemiparesis, hearing

impairment, cranial nerve deficits). Presence of multiple post-operative complications indicates the incidence of 2 or

more of the complications listed above.
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Range 5400 — 5580
Radiation Dose and Field
Reduced TB 13 (52%) N/A
Other 12 (48%) N/A
Chemotherapy*®
Yes 24 (96%) N/A
No 1 (4%) N/A

4.3.2 Measures of Executive Function

4.3.2.1  The Delis-Kaplan Executive Function System (D-KEFS)

We used the Verbal Fluency, Colour-Word Interference, Twenty Questions, and Tower subtests
of the D-KEFS (Delis et al., 2001) (Table 4.2). The Verbal Fluency subtest had three conditions,
letter fluency, category fluency, and category switching; each participant was required to
verbally generate words based on cues or a set of rules within the time frame of one minute.
Performing sufficiently on these tasks required intact verbal fluency along with the ability to
spontaneously and efficiently employ a strategy and generate ideas. Scores were based on the
total number of words produced by the participant across the three conditions. The Colour-Word
Interference subtest had four conditions — colour naming, word reading, inhibition (Stroop task),
and inhibition/switching (modified Stroop task). These tasks required the participant to visually
attend to an array of colour patches or words on a page and name/read the items on the stimulus
page as quickly as possible. The abilities necessary to complete these tasks successfully include
inhibition (e.g. the ability to stop a prepotent, learned response in order to respond in a novel
way) and switching (e.g. maintenance of cognitive sets and ability to shift back and forth
between these sets), as well as speed of processing. The completion times (in seconds) for each
condition were summed to produce an overall score for each child. The Twenty Questions
subtest included four conditions that required the child to attend to an arrangement of objects on
a page and ask the examiner yes/no questions in order to deduce the correct response (each
condition had a different correct object), using the examiners feedback to formulate subsequent
questions. Scores for this task were based on the summed number of questions asked (i.e. total
questions; a lower score equates to a more successful deduction of the correct object), the
strategy or problem solving skills employed to eliminate the greatest number of objects with the

15 Agents included Carboplatin, Cisplatin, Cyclophosphamide, Lomustine (CCNU), and Vincristine.
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first question asked (i.e. initial abstraction score), and a total weighted achievement score. The

Tower subtest involved the reconstruction of visually-presented towers on pegs using rings of

different sizes, while following a set of rules. Spatial planning, rule learning, and problem

solving were among the skills needed to successfully complete this subtest. The time (in seconds)

and the number of moves taken to arrive at the correct solution were recorded to calculate a total

achievement score for each participant.

Table 4.2 Summary, description, and scoring criteria of the EF measures.

increased in complexity with each
trial, with set rules and time
restrictions.

converted into a
scaled score.

Test Subtest/Concept Description Scoring EF
Measures
D-KEFS Verbal Fluency Consisted of three conditions: All Conditions Cognitive
Letter Fluency, Category yielded one score efficiency
Fluency, and Category Switching. | which corresponded (initiation,
The participant was required to to the number of verbal
produce verbal responses in correct responses, fluency)
accordance with set rules (e.g. with the exception of
words beginning with a specific Category Switching,
letter or belonging to a certain which had an
category) within a one-minute time | additional Accuracy
period. Score (e.g. correct
switches); all were
converted to
individual scaled
SCOres.

Colour-Word Four Conditions: Colour Naming All Conditions Cognitive
(naming patches of colour on a yielded timed scores | efficiency
page), Word Reading (reading (in seconds); these (initiation,
colour names on a page), were converted to inhibition,
Inhibition (inhibiting a prepotent individual scaled flexibility,
response - saying the ink colour of | scores. and
the word rather than reading the processing
word, e.g. Stroop task), speed
Inhibition/Switching (e.g. Stroop
task with an additional rule).

Twenty Participants were required to Trial scores were Planning

Questions identify the target stimulus from a summed to produce (e.0.
visual array of objects by asking the | three separate problem
examiner yes/no questions, coming | measures: initial solving, goal
to the solution using the fewest abstraction score, setting,
number of questions as possible. total questions asked, | organization,

and total weighted and
achievement score. generative
thinking)

Tower Test Participants were required to One score reflecting Planning,
construct towers with a set of total weighted goal setting,
coloured rings and pegs based ona | achievement was and
visual representation. This task calculated and inhibition
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WMTB-C Digit Recall Participants listened to a list of All subtests were Working
numbers and were required to administered in memory
immediately recall the numbers as blocks of six trials (audio-
presented; increased in difficulty as | with the verbal and
the trials progressed. series/sequence of visuo-

Word List Recall | Participants listened toa list of B:JOTEE rlzc\;ve%rst:ﬁgﬂrn :ﬁaetr:?ilg:;d
\_/vords gnd were required to length by one for control
immediately recall the words as each block. If the
prese_nted; increased in difficulty as participant scored
the trials progressed. four correct trials in

Block Recall Participants watched a series of any block, the next
blocks being tapped and were block was
required to immediately touch the administered. Each
blocks in the same sequence as task was concluded
presented; increased in difficulty as | Once any three trials
the trials progressed. within a block were

Backward Digit | Participants listened to a list of scored as incorrect.

Recall numbers and were required to
immediately recall the numbers in
backward order as presented;
increased in difficulty as the trials
progressed.

CERQ (-k) | Acceptance A rating of having thoughts of All questions were Emotion
acceptance and resignation in rated by participants regulation,
regard to a negative life experience | using a five-point including
(e.g. "I think I have to accept that Likert scale (1 = positive and
this has happened, there is nothing | | almost never, 5 = negative
can do about it after the fact"). almost always). Four | cognitive

Positive A rating of having positive, happy, | Of thirty-six of the emotion

Refocusing and pleasant thoughts instead of questions in the regulation
thinking about the negative life CERQ (-k) pertainto | strategies
experience (e.g. "I think of each of the nine
something nice instead of what has | CONCepts; scores on
happened"). these four questions

Refocus on A rating of having thoughts about | Were summed and

Planning how to handle the negative life averaged to produce a
experience (e.g. "1 think about a final raw score.
plan of what I can do best, | think
about how I can change this
situation™).

Positive A rating of having thoughts of

Reappraisal giving a positive meaning to the
negative life experience in
contribution to personal growth
(e.g. "l think I can learn something
from the situation, I think | can
become a stronger person as a
result").

Putting into A rating of having thoughts of

Perspective

comparing the negative life
experience to other experiences
(e.g. "I think that it all could have
been much worse").
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Self Blame A rating of having thoughts that
blame oneself for the negative life
experience (e.g. "l feel that | am the
one who is responsible for what has
happened").

Rumination A rating of having perseverative
thoughts about the feelings and
beliefs associated with the negative
life experience (e.g. "I often think
about how | feel about what
happened").

Catastrophizing | A rating of having thoughts that
accentuate the negativity of the
experience (e.g. "l often think about
how horrible the situation was").
Blaming Others | A rating of having thoughts that
blame others or point to others as
the source of the negative
experience (e.g. | feel that others
are to blame for it, | think that it's
the fault of others").

4.3.2.2  The Working Memory Test Battery for Children (WMTB-C)

We used the Digit Recall, Word List Recall, Block Span, and Backward Digit Recall subtests of
the WMTB-C (Pickering & Gathercole, 2001) to measure working memory ability (Table 4.2).
For the Digit Recall and Word List Recall tasks, participants were orally given a series of
numbers or words and asked to immediately repeat the series back to the examiner. Backward
Digit Recall was similar to Digit Recall, though participants had to repeat each series of digits in
backward order than what was orally presented to them. For Block Recall, participants were
required to tap a series of blocks in the same order as presented to them by the examiner. For all
subtests each series increased in length (i.e. one digit, word, or block added to the series upon
completion of each trial) as the test progressed. Separate scores were obtained for each subtest

based on the number of correct trials achieved.

4.3.2.3  The Cognitive Emotion Regulation Questionnaire (CERQ)

We used the CERQ or the Cognitive Emotion Regulation Questionnaire for Children (CERQ-k;
for children under 12 years of age, containing the same questions as the CERQ but phrased more
simply) to measure emotion regulation (Garnefski et al., 2001) (Table 4.2). The CERQ (-k) is a
self-reported questionnaire that contains 36 items measuring cognitive emotion regulation

strategies that a participant might use following the experience of a negative or unpleasant life



86

event (Garnefski et al., 2001). Prior to completing the CERQ), participants were given the
following instructions: “Sometimes nice things happen in your life and sometimes unpleasant
things might happen. When something unpleasant happens, you can think about it for a long
time. When something unpleasant happens to you, what do you usually think?” (Garnefski et al.,
2001). The CERQ (-K) is based on nine conceptually separate cognitive emotion regulation
strategies (e.g. cognitive coping). These cognitive emotion regulation strategies can be adaptive
(i.e. Acceptance, Positive Refocusing, Refocus on Planning, Positive Reappraisal, and Putting
into Perspective) or maladaptive (i.e. Self Blame, Rumination, Catastrophizing, and Blaming
Others). Higher scores are indicative of a greater likelihood of a participant to use that particular

cognitive emotion regulation strategy following an unpleasant life experience.

4.3.3 Neuroimaging Protocol

The neuroimaging protocol used in the current study has been described previously (Law et al.,
under review) and is summarized here. MRI measurements were performed at SickKids using
either a GE LX 1.5T MRI scanner with 8 channel head coil or a Siemens 3T whole-body MRI
scanner (Trio Tim syngo MR B17 system) with a 12-channel head coil. The GE LX 1.5T MRI
protocol included a 3D-T1 FSPGR gradient echo, inversion recovery-prepared sequence (IR time
=400ms, TE/TR = 4.2/10.056ms, 116-124 contiguous axial slices, NEX = 1, 256 x 192 matrix
interpolated to 256 x 256, FOV = 240 x 240mm, rbw = 162.734kHz, slice thickness = 1.5mm)
and a diffusion-weighted single shot spin echo DTI sequence with EPI readout (25-31 directions,
b = 1000s/mm?, TE/TR = 85.5/15000ms, 45-50 contiguous axial slices, NEX =1, 128 x 128
matrix interpolated to 256 x 256, FOV = 240 x 240mm, rbw = 1953.12kHz, slice thickness =
3mm). The Siemens 3T MRI protocol utilized a T1 AX 3D MPRAGE Grappa 2 protocol (TE/TR
= 3.91/2300ms, 160 contiguous axial slices, flip angle = 9°, 256 x 224 matrix, voxel size = 1mm
ISO, FOV = 256 x 224mm) and diffusion-weighted single shot spin echo DTI sequence with EPI
readout (30 directions, b = 1000s/mm?, TE/TR = 90/9000ms, 70 contiguous axial slices, flip
angle = 9°, voxel size = 2mm ISO, matrix = 122 x 122 interpolated to 244 x 244, FOV = 244 x
244mm). Images were eddy-corrected and non-brain (e.g. skull) was stripped prior to
tractography. The FMRIB Software Library (Behrens et al., 2003a; Behrens et al., 2003b; Smith
et al., 2004; Woolrich et al., 2009) was used to calculate DTI maps (e.g. eigenvalues, FA, MD)
and indices (e.g. FA, MD, AD, RD). Because of the field strength differences between 1.5T and
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3T scanners, MRI scan type was included as a covariate in all analyses of imaging data (see Law

et al., under review for a detailed explanation of rationale).

4.3.4 ROI Placement and DTI Probabilistic Tractography

ROI placement protocol and probabilistic tractography methodology have been described
previously (refer Chapter 3, Law et al., under review, for detailed description of ROI generation
and placement). ROIs included left and right frontal lobe; left and right thalamus; left and right
red nucleus; pons; left and right superior cerebellar peduncles; and left and right cerebellar
hemisphere. Probabilistic tractography was used to generate the left and right CPC pathways
(seed point: left/right frontal lobe; way points: pons and right/left cerebellar hemisphere) and the
left and right CTC pathways (seed point: left/right cerebellar hemisphere; way points: left/right
superior cerebellar peduncle, right/left red nucleus, right/left thalamus, right/left frontal lobe).
Means and standard deviations for DTI indices FA, MD, AD, and RD were calculated for each
pathway.

4.3.5 Statistics/Analytic Approach

First, we used PCA to reduce our data into component factors that represented underlying/latent
EFs across our entire sample. As part of a data quality examination process we used the Kaiser-
Meyer-Olkin Measure of Sampling Adequacy (KMO) and Bartlett’s Test of Sphericity to
determine the suitability of our data to enter into PCA for factor/structure detection. A Varimax
(orthogonal) rotation was employed. The factor solution was based on those components with
eigenvalues greater than 1.0 and the interpretability of the components (e.g. loadings >.45 and/or
the highest loadings on each component). Any components identified from the PCA were

considered for subsequent analyses of EF differences between MB and HC groups.

Second, a Multivariate Analysis of Variance (MANOVA) was performed using the EF
components extracted from the PCA, with group as a between-subjects variable. We considered
the EF components in two different ways. We used mean regression factor scores (residuals
extracted for each participant) from the PCA to compare group differences in the EF
components. For normalization and graphic visualization purposes, a constant was added to the
regression factor scores (to eliminate negative values) and log-transformed prior to MANOVA.

We also calculated a mean composite score for each component, based on the average of the
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observed scores (e.g. raw or scaled scores, dependent on the measure) of all measures loading
onto each component. Mean composite component scores were also used to elucidate group
differences in the EF components. Because of their interpretability and clinical relevance in
comparison to regression factor scores, mean composite component scores were used for the

remainder of the analyses.

Third, we performed four Multivariate Analysis of Variance (MANOVA), considering each
pathway separately (e.g. Left CPC, Right CPC, Left CTC, Right CTC), with group as a between-
subjects variable.

Finally, we used a modelling approach to determine if white matter differences in
cerebrocerebellar pathway microstructure predicted EF outcome among our groups (Figure 4.1).
Specifically, multiple regression analyses were conducted to generate a path model of how
treatment for MB, cerebrocerebellar microstructure, and EF components may be related to each
other, as well as predict EF outcome. The most significant results (e.g. highest partial n? and
corresponding p values) from both the EF component analysis and the cerebrocerebellar pathway
analyses served as a framework for our path modelling analyses. Our path models resulted in a
total of 18 comparisons based on the p values of each beta weight obtained. To reduce the
potential Type 1 error from multiple comparisons, we employed a standard false discovery rate
(FDR) correction using the conventionally accepted false-positive rate of 5% (q < .05)
(Benjamini & Hochberg, 1995; Bennett, Wolford, & Miller, 2009).

Figure 4.1 Framework for the path analysis model.

Cerebrocerebellar
Pathway Microstructure

Group

(Treatment for MB) i
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Our model depicts the direct (small arrows) and indirect (large arrows) effects of group and cerebrocerebellar
pathway microstructure on EF outcome. Specifically, we investigated (a) the direct effect of group (treatment for
MB) on EF outcome, (b) the direct effect of cerebrocerebellar pathway microstructure on EF outcome, (c) the direct
effect of group (treatment for MB) on cerebrocerebellar pathway microstructure, and (d) represented by the large
grey arrows, the indirect effect of group (treatment for MB) on EF outcome (b*c). This indirect effect considers the
mediating effect of cerebrocerebellar pathway microstructure. We also considered the total effect of group
(treatment for MB) on EF outcome (d + a).

4.4 Results

4.4.1 Components of Executive Function

PCA extracted six latent components in our data; these components were independent of each
other and reflected independent aspects of EF to be compared between the MB and HC groups.
KMO and Bartlett’s test validated that structure detection was appropriate for our data (e.g. the
set of variables was adequately related for factor analysis) (KMO = .702; x> = 747.1, p <.001).
The component loadings for our 25 measures of EF are provided in Table 4.3. Together, these six
components accounted for approximately 72% of the variance in the set of original variables.
The first component (C1) explained 24.6% of the variance in the data and reflected a cognitive
efficiency dimension. Measures that loaded highly on this component included all conditions of
the D-KEFS Verbal Fluency and Colour-Word subtests.

Table 4.3 Factor structure and factor loadings (>.45 and/or highest loading) after Varimax
Rotation of twenty-five measures of EF in the HC and MB groups (n = 44).

EF Measure

C1

C2

C3

C4

C5

Cé6

WMTB-C Digit Recall

787

WMTB-C Word List Recall

496

WMTB-C Block Recall

472

WMTB-C Backward Digit
Recall

.604

D-KEFS Verbal Fluency:
Letter Fluency

.667

D-KEFS Verbal Fluency:
Category Fluency

784

D-KEFS Verbal Fluency:
Category Switching

.840

D-KEFS Verbal Fluency:
Category Switching
(Switching Accuracy)

.804

D-KEFS Colour-Word
Interference: Colour Naming

.786




D-KEFS Colour-Word 784 - - - -
Interference: Word Reading

D-KEFS Colour-Word 172 - - - -
Interference: Inhibition

D-KEFS Colour-Word .768 - - - -

Interference:
Inhibition/Switching

D-KEFS Twenty Questions: - .459 - - -
Initial Abstraction

D-KEFS Twenty Questions: - .663 - - -
Total Questions

D-KEFS Twenty Questions: - 776 - - -
Total Weighted Achievement

D-KEFS Tower Test: Total - .654 - - -

Achievement

CERQ Self Blame

578

CERQ Acceptance

.813

CERQ Rumination

CERQ Positive Refocusing

.842

CERQ Refocus on Planning

.835

CERQ Positive Reappraisal

.735

CERQ Putting into
Perspective

497

CERQ Catastrophizing

813

CERQ Other Blame

.624
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The highest loadings on the second component (C2), explaining 10.5% of the variance, reflected
a planning/problem solving component of EF. Specifically, measures of EF gleaned from the D-
KEFS Twenty Questions and Tower Test subtests were included in this dimension. Explaining
10.2% of the variance, the third component (C3) reflected a behaviour regulation component of
EF — specifically, positive cognitive emotion regulation. The fourth component (C4) reflected a
working memory dimension of EF and accounted for 10% of the variance. Loadings on C4
included all subtests of the WMTB-C (e.g. Digit Recall, Word List Recall, Block Recall, and
Backward Digit Recall). The fifth component (C5) explained 8.7% of the variance and signified
another behaviour regulation component of EF; negative cognitive emotion regulation. The
loadings for the sixth component (C6) explained 8% of the variance and reflected a final
behavioural regulation component of EF, a mixed (e.g. positive and negative aspects) strategy of

cognitive emotion regulation.
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4.4.2 Group Differences in Executive Function

First, we found group differences across three of the six EF components when regression factor
scores from the PCA were used (A =.394, F =9.478, p <.001) (see Figure 4.2). The MB group
had scores significantly below that of the HC group for C1 [F(1,42) = 15.95, p <.001], C2
[F(1,42) = 10.26, p =.003], and C3[F(1,42) = 4.98, p = .031]. Scores for C4, C5, and C6 did not

significantly differ between the groups.

Figure 4.2 Mean EF component scores across the HC and MB groups (based on regression
factor scores).
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Bars represent mean regression factor scores extracted from the PCA for each group (log transformed data). A
double asterisk indicates significant group differences at p < .01 and a single asterisk indicates significant group
differences at p < .04. Dark grey bars represent the HC group while light grey bars reflect the MB group. Error bars
represent standard error.

Second, we found group differences in four of the six EF components when we analysed mean
composite component scores: C1, C2, C3, and C4 (A =.419, F =8.542, p <.001) (Figure 4.3).
Similarly, the MB group had scores significantly below that of the HC group for C1 [F(1,42) =
41.34, p <.001], C2 [F(1,42) = 19.97, p <.001], and C3[F(1,42) = 10.42, p = .002]. Additionally,
the MB group had lower scores for C4 [F(1,42) = 9.15, p = .004] compared to the HC group.
Group mean scaled (and raw) scores and standard deviations of each EF measure are provided in

Table 4.4, broken down by EF component.

Figure 4.3 Mean EF composite component scores across the HC and MB groups.
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Bars represent mean scaled (C1 — Cognitive Efficiency, C2 — Planning/Problem Solving, C4 — Working Memory)
and mean raw (C3 — Positive Emotion Regulation, C5 — Negative Emotion Regulation, C6 — Mixed Emotion
Regulation) composite component scores. A double asterisk indicates significant group differences at p <.001 and a
single asterisk indicates significant group differences at p < .04. Dark grey bars represent the HC group while light
grey bars reflect the MB group. Error bars represent standard error.

Table 4.4 Group means and standard deviations for each measure of EF as a function of
EF component.

MB HC
n=25 n=20
C1 - Cognitive Efficiency
D-KEFS Letter Fluency (scaled)
Mean (SD) 9.08 (3.23) 12.05 (3.35)
D-KEFS Category Fluency (scaled)
Mean (SD) 8.96 (3.12) 13.65 (3.38)
D-KEFS Category Switching (scaled)
Mean (SD) 7.48 (3.28) 11.70 (3.06)
D-KEFS Category Switching Accuracy (scaled)
Mean (SD) 7.68 (3.07) 11.65 (2.91)
D-KEFS Colour Naming (scaled)
Mean (SD) 6.84 (3.64) 11.55 (1.88)
D-KEFS Word Reading (scaled)
Mean (SD) 6.68 (3.67) 11.95 (1.36)
D-KEFS Inhibition (scaled)
Mean (SD) 6.92 (3.44) 10.95 (2.80)
D-KEFS Inhibition/Switching (scaled)
Mean (SD) 7.00 (3.83) 11.45 (2.40)
C2 — Planning/Problem Solving
D-KEFS Twenty Questions Initial Abstraction (scaled)
Mean (SD) 10.40 (2.99) 12.20 (3.22)
D-KEFS Twenty Questions Total Questions (scaled)
Mean (SD) 10.20 (2.43) 12.30 (1.22)
D-KEFS Twenty Questions Total Weighted
Achievement (scaled)
Mean (SD) 10.12 (2.39) 12.70 (1.90)
D-KEFS Tower Test Total Achievement (scaled)
Mean (SD) 8.92 (3.20) 11.45 (2.01)
C3 — Positive Cognitive Emotion Regulation
CERQ Positive Refocusing (raw)
Mean (SD) 10.20 (4.13) 11.50 (4.07)
CERQ Positive Refocusing (raw)
Mean (SD) 10.42 (3.49) 13.90 (2.38)
CERQ Positive Refocusing (raw)
Mean (SD) 11.63 (3.40) 14.20 (3.12)
CERQ Positive Refocusing (raw)
Mean (SD) 11.38 (4.27) 14.25 (2.57)
C4 — Working Memory
WMTB-C Digit Recall (scaled)
Mean (SD) 8.24 (2.99) 10.05 (2.96)
WMTB-C Word Recall (scaled)
Mean (SD) 9.40 (3.30) 12.95 (2.96)
WMTB-C Block Recall (scaled)
Mean (SD) 5.48 (3.44) 10.65 (2.87)
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WMTB-C Backward Digit Recall (scaled)
Mean (SD) 8.04 (3.61) 9.60 (2.50)
C5 — Negative Cognitive Emotion Regulation
CERQ Rumination (raw)

Mean (SD) 9.42 (3.19) 11.75 (3.86)
CERQ Catastrophizing (raw)

Mean (SD) 9.54 (4.19) 8.00 (3.08)
CERQ Other Blame (raw)

Mean (SD) 9.25 (4.88) 8.30 (2.83)

C6 — Mixed Cognitive Emotion Regulation

CERQ Acceptance (raw)

Mean (SD) 12.17 (3.41) 12.60 (3.84)
CERQ Self Blame (raw)

Mean (SD) 8.13 (2.98) 10.35 (2.60)

4.4.3 Group Differences in Cerebrocerebellar Microstructure

Considering each cerebrocerebellar pathway separately, four MANOVAs were completed
comparing DTI indices (FA, MD, AD, and RD) between groups. A multivariate effect was
observed for the Right CPC (. =.773, F =2.856, p = .036, n? = .227), Left CTC (A =.700, F =
4.181, p=.007, 12 = .300), and Right CTC (A =.778, F = 2.774, p = .04, n? = .222) pathways. No
univariate effects were observed for the Right CPC pathway. For the Left CTC pathway, higher
MD [F(1,42) =5.923, p =.019], AD [F(1,42) =5.234, p =.027], and RD [F(1,42) =5.230, p =
.027] were found for the MB group relative to the HC group (Figure 4.4). For the Right CTC
pathway, higher MD [F(1,42) = 7.800, p = .008], AD [F(1,42) =5.735, p = .021], and RD
[F(1,42) = 8.221, p = .006) were again evident for the MB group compared to the HC group
(Figure 4.4). Univariate effects for MD [F(1,42) = 4.431, p =.041] and RD [F(1,42) = 6.057,p =
.018], but no multivariate effect, were apparent for the Left CPC pathway; both measures were
higher in the MB group versus the HC group.



Figure 4.4 Cerebrocerebellar pathway microstructure for the MB and HC groups.
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Left and right CPC and CTC whole-pathway DTI measures (FA, MD, AD, and RD) are depicted. An asterisk indicates a significant group difference at p < .04. Dark
grey bars represent the HC group while light grey bars reflect the MB group. Error bars represent standard error.
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4.4.4 Association of Cerebrocerebellar Microstructure and Executive Function in
Medulloblastoma
Path analysis models were tested to determine the mediating influence of cerebrocerebellar
microstructure on EF outcome following treatment for MB (Figure 4.1). The exogenous variable
in these analyses was group (MB versus HC), while the endogenous variables were CPC and
CTC pathway DTI measures and EF components. To build our path analysis models, we
considered the four EF components that significantly differed between the groups (i.e. C1-C4).
We also considered only those cerebrocerebellar pathways for which there was a significant
multivariate group effect, qualified by significant univariate effect(s), and those with the highest
n? values. Based on these criteria, we considered both the left CTC and right CTC pathways in
our path modelling, but neither of the CPC pathways. For the left CTC and right CTC pathways,
MD, AD, and RD significantly differed between the MB and HC groups. However, RD for each
of the pathways had the comparatively highest n? value (Left CTC: n? = .164; Right CTC: n? =

.111), so RD was the only pathway DTI measure considered in our analyses.

Eight separate regression models were completed. For the first four models, group and left CTC
pathway RD were regressed on C1, C2, C3, and C4 separately to obtain the direct effect of
treatment and the direct effect of pathway microstructure on each component of EF (eight
comparisons). For the other four models, group and right CTC pathway RD were regressed on
C1, C2, C3, and C4 separately to obtain the direct effect of treatment and the direct effect of
pathway microstructure on each component of EF (eight comparisons). Subsequently, group was
regressed on RD for the right or left CTC pathway to obtain the direct effect treatment for MB on
cerebrocerebellar pathway microstructure (two comparisons). We controlled for multiple
comparisons with a FDR correction across all 18 comparisons. Upon completion of the eight
regression models, only those for which all three direct effects were significant were reported,
producing our final path model. That is, if both a) an EF component was predicted by both group
and cerebrocerebellar pathway microstructure, and b) cerebrocerebellar pathway microstructure

was predicted by group, were found.

Group significantly predicted the EF component (g < .02) in all models; this was expected based
on our findings of group differences across C1-C4. Group also significantly predicted right CTC
pathway RD (q = .01), replicating our findings of group differences in right CTC pathway
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microstructure. However, there was only one model in which all direct effects were significant at
p < .05 (Table 4.4, Figure 4.5). First, both group and left CTC pathway RD were found to
significantly predict C4 and accounted for 39.2% of its variance. To obtain the amount of
individual variance that each of these variables contribute to C4, we partitioned their combined
R? value using the product measure method (Pratt, 1987). From this method, the direct effect of
group (-.435) accounted for 23.7% of the variance in C4 and the direct effect of left CTC
pathway RD (-.329) accounted for 15.6% of the variance in C4. Second, the direct effect of
group (.333) accounted for 11.1% of the variance in left CTC pathway RD. The indirect effect
that considers how treatment for MB impinges on cerebrocerebellar pathway microstructure to
influence EF outcome was manually calculated from the direct effects (Figure 4.5). From this
calculation, the indirect effect (-.110) of treatment for MB and the mediating effect of left CTC
pathway RD accounted for 1.7% of the variance in C4. Finally, the total effect (-.545) of
treatment for MB, considering mediating effect of left CTC pathway microstructure, explained

approximately 3% of the variance in C4.

Table 4.5 Multiple regression model (with FDR correction) for the direct effect of both
group (MB versus HC) and left CTC pathway RD on C4.

Regression Coefficients FDR

Regression Model R ‘ R? ‘ F ‘ B ‘ p Criticalp | FDR g
Group and left CTC pathway RD
regressed on C4 0.626 0.392 13.23**

1. Group -0.435 0.002 0.0167 0.005

2. Left CTC RD -0.329 0.015 0.0278 0.026
Group regressed on left CTC RD 0.333 0.111  5.23*

1. Group 0.333 0.027  0.0306 0.045

* significant at p < 0.03
** significant at p < 0.001
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Figure 4.5 Path analysis model depicting the relations between group (treatment for MB
versus no treatment, HC), cerebrocerebellar pathway microstructure (left CTC pathway
RD), and EF outcome (C4: working memory).

Cerebrocerebellar Pathway

Rz =111 Microstructure R2=.156
p= V (Left CTC Pathway RD) \B= -.329*

Group
(Treatment for MB)

EF Outcome

(&)

R2= 237
B=-.435

*significant at p < .05

Indirect B = (.333)(-.329)
=-.110

Total effect = (-.110) + (-.435)
=-.545

Direct effects are depicted adjacent to arrows. The indirect effect of group on EF outcome considering the mediating
effect of cerebrocerebellar pathway microstructure was manually calculated as a product of the direct effects. The
total effect of group on EF outcome considering the mediating effect of cerebrocerebellar pathway microstructure
was manually calculated as a sum of the indirect and direct effect of group on EF outcome.

Group and left CTC pathway RD together did not significantly predict any other EF component.
Further, when group and right CTC pathway RD were used in the multiple regression analyses,
the resultant models did not significantly predict any EF component.

4.5 Discussion

EF has been suggested as a domain at risk for decline following treatment for MB and may have
impact on global intellectual and academic deficits in survivors. To our knowledge, no explicit,
broad-spectrum analysis of EF has been completed in children treated for MB based on
conceptual models of EF. Further, examining emotion regulation as an EF has been largely
neglected in this population. We used a population-specific, data-driven analysis of EF to
determine which aspects of EF were most affected following treatment for pediatric MB. Our

findings substantiate the notion that EF deficits are present in children treated for MB relative to
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age-matched peers; in our sample we found deficits in cognitive efficiency, planning/problem
solving, and working memory in patients relative to controls. Additionally, we found that
children treated for MB differed from their healthy peers in how they regulate emotions. We
examined cerebrocerebellar circuitry as a potential neural substrate of EF, as these connections
have been shown to be structurally damaged in MB and brain areas comprising these circuits
have been implicated in one aspect of EF — working memory. We have provided novel evidence
that cerebrocerebellar circuitry has a mediating impact on EF outcome, specifically working

memory function, following treatment for MB.

Our data-reduction analysis allowed us to reduce our EF measures into components, producing
six distinct, meaningful factors to compare between our patient and control groups. Our first
component, C1, reflected a cognitive efficiency construct of EF. Loadings on this component
included measures of verbal fluency, inhibition, switching/shifting/flexibility, and speed of
processing. Several studies consider the components of shifting/flexibility/inhibition (Miyake et
al., 2000; Hedden & Yoon, 2006) and verbal fluency (Levin et al., 1991; Welsh et al., 1991; Fisk
& Sharp, 2004) as separate EFs. That we did not find these functions to load on separate
components may mean that cognitive efficiency is an overarching aspect of EF that encompasses

both cognitive flexibility and fluency.

C2 reflected a planning/problem solving component of EF. Loadings on C2 included tasks
involving abstract thinking, spatial planning, deductive reasoning, rule-learning to plan and
achieve a goal, and incorporating feedback to revise and refine the plans made to reach a goal.
Our finding that planning/problem solving (C2) represented its own component of EF is
consistent with several previous studies (Levin et al., 1991; Welsh et al., 1991; Kelly, 2000;
Anderson, 2002), but incongruent with others (Borkowski & Burke, 1996; Garcia-Barrera et al.,
2013). C3 reflected the first of our regulation components — a positive cognitive emotion
regulation aspect of EF. Loadings on this factor were adaptive cognitive emotion regulation
strategies: Positive Refocusing, Refocus on Planning, Positive Reappraisal, and Putting into
Perspective. All of these are positive cognitive coping strategies that aid in rationalizing a
negative or stressful event and reassigning it into a more benign, meaningful event that can be
learned from. C4 comprised a working memory component of EF. Measures that loaded onto this
factor involved both verbal and non-verbal (spatial) working memory and memory span abilities.

That we found a working memory dimension of EF is congruent with previous work (Miyake et
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al., 2000). C5 and C6 constituted two additional regulation components of EF: a negative
cognitive emotion regulation aspect, and a mixed (i.e. positive and negative) cognitive emotion
regulation aspect, respectively. Loadings on C5 were comprised of maladaptive cognitive
emotion regulation strategies (i.e. Rumination, Blaming Others, and Catastrophizing), all
involving negative, perseverative ways of coping with stress. Finally, C6 included a combination
of positive and negative emotion regulation strategies (i.e. Acceptance and Self Blame). This
component appeared to involve mixed, internalizing coping strategies in which the person looks
towards the self in order to deal with stressful events.

Overall, our EF components were congruent with that of conceptual models describing multiple
latent factors of EF (Stuss & Benson, 1986; Levin et al., 1991; Welsh et al., 1991; Mateer, 1999;
Miyake et al., 2000; Sohlberg & Mateer, 2001; Anderson, 2002; Fisk & Sharp, 2004; Hedden &
Yoon, 2006). However, we believe that our loadings on each component parsed aspects of EF in
a novel way due to the broad range of measures used in our study and the fact that we elucidated
our components from an extensive array of EF measures using a data reduction analysis, also
expanding on previous models by including measures of emotion regulation. Our measures of
cognitive emotion regulation loaded onto three components of EF; this finding was not expected.
However, it is logical that they loaded this way because of the distinct categories of positive and

negative coping strategies in the CERQ.

We determined that there were differences in four of our six EF components between children
treated for MB and healthy children when composite EF component scores were considered.
First, we found that children treated for MB had significantly lower scores on tasks of cognitive
efficiency (C1), planning/problem solving (C2), and working memory (C4) compared to our HC
sample. However, it is noted that though our MB sample had scores below that of our HC group
for our planning/problem solving component, mean group performance on this component of EF
was still considered to fall within the average range compared to normative data. Our findings
contribute to that of previous studies, confirming impairments in aspects of cognitive efficiency
(i.e. speed of processing, inhibition/switching) (Waber et al., 2006; Mabbott et al., 2008;
Vaquero et al., 2008; Palmer et al., 2013) and working memory (Dennis et al., 1992; Dennis et
al., 1998; Davidson et al., 2006; Kirschen et al., 2008; VVaquero et al., 2008; Law et al., 2011;
Conklin et al., 2012; Palmer et al., 2013; Knight et al., 2014) in MB. To our knowledge, our
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study is the first to describe select deficits of EF in other domains of cognitive efficiency and

suggest a potential deficit in planning/problem solving in survivors of MB, based on our sample.

Both speed of processing and working memory are associated with performance on tasks of fluid
intelligence (Kail & Salthouse, 1994). Working memory performance has been found to correlate
with overall intellectual functioning in survivors of pediatric MB (Conklin et al., 2012). Further,
planning and problem solving skills are a necessary part of daily life and are used in many
academic domains, including mathematics. It may be that working memory, cognitive efficiency,
and planning/problem solving abilities are particularly vulnerable to the effects of treatment for
MB (Schatz et al., 2000). Thus, impairment in these EF domains put children treated for MB at
risk for declines in 1Q, academic skills, and overall quality of life in the years following

treatment, putting them at a significant disadvantage compared to age-matched peers.

Second, we provide novel evidence that survivors of pediatric MB regulate their emotions
differently than their healthy peers — specifically, in what cognitive coping strategies they
employ in their daily life. We found that children treated for MB made less use of positive,
adaptive cognitive emotion regulation strategies (C3) compared to their healthy peers. Failing to
use adaptive mechanisms of emotion regulation when experiencing negative, stressful events can
have implications on the coping strategies used during times of emotional stress (Garnefski et al.,
2001), and can in turn, have an impact on mental health. The use of positive cognitive emotion
regulation strategies (i.e. Positive Reappraisal) is associated with declines in perceived stress and
improved mental health outcomes (Helgeson, Reynolds, & Tomich, 2006), as well as the
reduction of the physiological impact of stress (Cruess et al., 2000; McGregor et al., 2004;
Tugade & Fredrickson, 2004; Carrico et al., 2006; Bower, Low, Moscowitz, Sepah, & Epel,
2008).

We did not find differences between the groups for negative cognitive emotion regulation (C5)
and mixed cognitive emotion regulation (C6) components. These findings are encouraging, in
that in children who have been treated for cancer (a decidedly negative life event) do not seem to
resort to negative coping strategies (e.g. ruminating on the negative event, catastrophizing the

situation, blaming others), in the face of environmental stressors.

Third, evidence of cerebrocerebellar circuitry compromise has been shown in MB (Law et al.,

under review; Law et al., 2011; Law et al., 2012); our findings contribute to this growing body of
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literature. Our study is novel in that we compared whole-pathway bilateral reciprocal
cerebrocerebellar microstructure between MB and HC, and found that these continuous pathways
were damaged in children treated for MB compared to HC. These findings compliment previous
literature documenting damage to singular regions of cerebrocerebellar output pathways (i.e.
injury to cerebellar white matter within the CTC pathway; Law et al., 2011), as well as
neuroanatomically-defined segments of cerebrocerebellar input and output pathways (Law et al.,
under review). Our findings lend further evidence to the notion of diffuse white matter damage
within cerebrocerebellar circuitry following treatment for MB.

Lastly, we provide novel evidence that cerebrocerebellar connections are involved in EF,
specifically in working memory ability. In our path analysis model, group (treatment for MB)
was the most significant direct contributor while left CTC pathway RD was the second most
important direct contributor to predicting variance in working memory (C4) outcome. Not only
did we find a direct impact of treatment for pediatric MB on working memory, but we also found
this effect to be mediated by cerebrocerebellar pathway microstructure, an indirect effect.
Though the variance in C4 accounted for by our indirect and total effects of treatment for MB via
the mediating influence of cerebrocerebellar pathway microstructure was small, our model was
still significant. Our findings verify the vulnerability of neural networks involving the
cerebellum, thalamus, and frontal lobe in MB and that these circuits are implicated in working
memory. Further, we provide evidence that working memory is not an exclusively frontally-
mediated EF.

Previous studies in healthy adults have found that the cerebellum interacts with frontal cortex to
support working memory function by way of the CTC pathway (Chen & Desmond, 2005; Salmi
et al., 2010). Similarly, a connection between cerebellar and prefrontal areas activated during a
nonverbal auditory working memory task has been documented using fMRI and DTI
tractography (Salmi et al., 2010). Selective deficits in tasks of verbal working memory were
found in adult patients with isolated cerebellar lesions compared with healthy adults, leading to a
proposal that the cerebellum may contribute to verbal working memory during initial
phonological encoding (Ravizza et al., 2006). Thus, it may be that the left CTC pathway plays an
important role in specific working memory and memory span aspects of EF (e.g. subvocal
rehearsal mechanisms and timing/modulation of verbal response). Based on our findings, this

pathway does not appear to be implicated in other aspects of EF (i.e. cognitive efficiency,
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planning/problem solving, or emotion regulation). Additionally, we did not find CPC or CTC
pathway involvement in any of our remaining EF components. This evidence substantiates the
importance of the CTC pathway for connecting brain regions that underlie working memory
function — the cerebellum and frontal lobe. Our findings also show that injury to the CTC
pathway interrupts communication between the cerebellum and frontal lobe (impacting the
feedback loop), and in turn, is associated with poorer working memory performance. Future
research could examine the involvement of white matter pathways involving the cerebellar
vermis, which has been implicated in emotion/affect regulation. Because we examined cognitive
emotion regulation, we studied pathways involving the posterior lobe of the cerebellum — the
region that is thought to be involved in the cognitive control of emotions. The role of the CPC

and CTC pathways (or lack thereof) in emotion regulation requires further investigation.

Our findings should be interpreted in light of several limitations. We do not presume that EFs are
controlled by a single brain region or are regulated by one specific network, but are represented
by the interactions of multiple cortical/subcortical neural systems (Gazzaniga, Ivry, & Mangun,
2002). Thus, by no means is cerebrocerebellar circuitry solely or even primarily responsible for
all EF, but we find it to play a role in one domain of EF. Future research is necessary to examine
the interplay between cerebrocerebellar circuitry and other diverse neural networks and the
combined impact of these systems on EF. Additionally, the assessment of cognitive emotion
regulation in our sample consisted of self-reported measures and thus may involve some level of
bias. Specifically, participants may have under- or over-estimated the extent to which they apply
certain cognitive emotion regulation strategies in the real world. Though the CERQ (-k) was
designed to probe cognitive emotion regulation in children and adolescents and though all
aspects of the questionnaire (i.e. purpose, each question, and rating scale) were explained to
participants, the meaning and intent of certain questions may have been lost when interpreted by
the child or adolescent. Further, we were unable to determine premorbid measures of 1Q or EF in
children with MB due to the urgency with which they must undergo surgery and begin their
treatment protocol. Moreover, though our recruitment approach enabled us to obtain HC
participants who came from similar backgrounds as our MB group, as well as represent a broad
range of races, ethnicities, and socioeconomic (SES) backgrounds, our HC sample may not have
been adequately representative of the general “healthy” population. Though we took care in

recruiting representative HC participants and predominantly aimed to recruit healthy siblings of
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patients, we acknowledge that our HC sample had higher 1Q measures than that of the normative
mean and higher average years of parental education. This anomaly may have been a result of
several HC participants being children of our colleagues at SickKids (i.e. whose parents are
physicians or scientists with a greater number of years spent in the education system). In future,
it is necessary to match patients and controls on important demographic/SES variables, so as to
minimize the influence of these variables on any neuropsychological differences between groups.
Lastly, caution should be paid when interpreting our findings from the PCA; we acknowledge
that our relatively low sample size (i.e. < 100) and low participants to variables ratio (ours is
approximately 2:1) limits the reliability and validity of our PCA (Comrey & Lee, 1992; Osborne
& Costello, 2004). However, determining an “adequate sample size” for PCA is difficult and
“strong data” can also be interpreted as uniformly high communalities (i.e. > 0.8) without cross
loadings, in addition to several variables loading strongly (i.e. > 0.7) on each factor (Costello &
Osborne, 2005). When our data were examined, relatively high communalities (> 0.7) were
found for approximately 80% of our items and many of our variables loaded strongly (i.e. > 0.7)
and cleanly (i.e. no cross loadings; cutoff was loadings > 0.45) onto each factor (see Table 4.3).
In light of these findings, we are confident (albeit cautious) that our PCA findings can be

considered as valid.

Pediatric cancer research is becoming increasingly focused on the development of targeted and
individualized medical therapies for children with brain tumors; so too is it important to focus on
developing targeted cognitive and behavioural interventions for survivors. The vast majority of
pediatric cancer literature has focused on global measures of neurocognitive function, which
does not provide information specific enough to begin to develop targeted cognitive/behavioural
interventions. We provide evidence of deficits in core EFs in children treated for MB including
cognitive efficiency, planning/problem solving, working memory, and cognitive emotion
regulation. Our findings have implications for the clinical management of children with brain
tumors, in that we have shown explicit, core EF impairments in this population; specific and
targeted rehabilitation programs/therapies should focus on these areas. For example, we have
shown that survivors of pediatric MB make less use of positive coping strategies; this may have
an impact on mental health outcomes and future emotion regulation in response to stressful
events. Mindfulness-based stress and pain management courses (i.e. meditation-centred

interventions) involve refocusing and reappraising a stressful event as a positive one by revoking
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the initial, negative appraisal and attenuating any adverse stigma associated with the event
(Garland, Gaylord, & Park, 2009). Employing mindfulness practice has been shown to promote
the use of an adaptive emotion regulation strategy — positive reappraisal — which in turn, may
substantially reduce stress (Garland, Gaylord, & Fredrickson, 2011). Providing this therapy to
survivors of pediatric MB could serve to modify cognitive emotion regulation, particularly,
increasing the use of positive reappraisal coping. We have also shown that cerebellar output
pathway microstructure mediates the treatment effects of MB on EF. Identifying vulnerable
neural systems following treatment for pediatric brain tumors and the relation of these systems
and neurocognitive outcome will play a role in the modification of existing treatment protocols
and how we view/measure functional and cognitive/behavioural outcome in pediatric cancer
survivors. Specifically, if the CTC pathway is particularly susceptible to the treatment effects of
MB, and we provide evidence that this pathway is implicated in working memory outcome,
working memory interventions can be employed as either pre-emptive or mitigative strategies to

preserve as much of this EF as is possible.
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5  Clinical, Theoretical, and Methodological Contributions
and Concluding Remarks

This thesis described, in detail, reciprocal cerebrocerebellar pathway microstructure in the
healthy and injured pediatric brain using DTI (Chapter 3; Law et al., under review). This work
also utilized information about neurological vulnerability to the adverse effects of treatment for
pediatric PF tumors to predict patients most at risk for presenting with CMS (Chapter 2) and
those susceptible to developing problems in EF (Chapter 4). Specifically, this thesis elucidated
the role of cerebrocerebellar pathways in facilitating the communication and information transfer
between the cerebellum and frontal lobes to underlie working memory (Chapter 4) and the
speech-language symptoms of CMS (Chapter 2). This thesis also investigated potential clinical
and medical variables implicated in CMS following treatment for PF tumors to produce a schema
of CMS risk (Chapter 2; Law et al., 2011). Finally, this thesis examined EF as a late effect of
treatment for PF tumors, obtaining a profile of core EF deficits in survivors. Findings from this
work have bearing on a) our understanding of the structure and function of white matter
pathways connecting the cerebellum with frontal lobe, b) risk stratification for CMS, c¢) EF as a
late effect of treatment in pediatric PF tumor populations, d) conceptual models of EF and our
understanding of EF in the developing brain, and €) the application of DTI and tractography to

define and examine white matter pathways in the developing brain.

This thesis integrates information and methodologies from several different disciplines. Work
from this thesis has the potential to contribute to the field of neurooncology in that findings will
contribute to the growing body of research on the perioperative and late effects of pediatric brain
tumors. Further, the current findings may inform clinicians of several risk factors for CMS, and
aid in the clinical management of this syndrome in future patient populations. This thesis also
identified core EF impairments in survivors of PF tumors. These findings may have implications
for the modulation of treatment protocol (e.g. surgery) and implementation of preemptive or
mitigative intervention therapies (e.g. speech-language, and cognition/EF) for patients with PF
tumors as well as those with cerebellar lesions/abnormalities. Lastly, this thesis identified the
vulnerability of white matter circuits connecting the cerebellum with frontal lobe in children
treated for brain tumors and their importance in speech-language and working memory outcomes

in survivors.
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Work from this thesis also contributes to the field of neuroanatomy by identifying parts of the
brain vulnerable to a specific type of brain injury, providing information about the structure and
function of cerebrocerebellar pathways in the developing brain using DTI, and describing how
these connections are affected by injury. Moreover, findings from this thesis contribute to the
field of neuropsychology by broadening our knowledge of EF in the healthy and injured
developing brain and by contributing to conceptual models of EF. Specifically this thesis
elucidated six distinct, but interrelated components of EF in healthy children and children treated
for MB using a comprehensive array of measures of EF including emotion regulation. Finally,
work from this thesis contributes to the field of neuroscience (e.g. brain structure-function
relations) in that it elucidated the structure of cerebrocerebellar connections in the developing

brain, how they are affected by injury, and their role in speech-language/CMS and EF.

The final chapter of this thesis provides a summary of its clinical, theoretical and methodological

contributions as well as the challenges and opportunities arising from this work.

5.1 Cerebrocerebellar Connections

Knowledge of the structure of cerebrocerebellar connections contributes to our understanding of
the cerebellum, how the cerebellum communicates with the frontal cortex, the functions these
reciprocal circuits are implicated in, and lastly, what occurs when these circuits are damaged.
The current work elucidated the structure of reciprocal cerebrocerebellar pathways in their
entirety using DTI in healthy children and in a brain injury model — children treated for PF
tumors (Chapter 3; Law et al., under review). This work described a detailed segmentation of
these continuous pathways, providing insight into the localized microstructure of
cerebrocerebellar circuitry (Chapter 3; Law et al., under review). Lastly, the role of reciprocal
cerebrocerebellar microstructure in EF and CMS was examined (Chapter 4 and Chapter 2; Law

etal., 2012, respectively).

All pathways obtained in patients and controls were consistent with previous neuroanatomical
animal models that have detailed both the CPC and CTC pathways (Middleton & Strick, 1994,
2001; Kelly & Strick, 2003). Bilateral CPC pathways connected each frontal hemisphere with the
contralateral cerebellar hemisphere via pontine nuclei (decussation point) and middle cerebellar
peduncle. Bilateral CTC pathways connected each cerebellar hemisphere with the contralateral

frontal hemisphere by way of the ipsilateral superior cerebellar peduncle, contralateral red
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nucleus (decussating prior to this point, within the midbrain), and thalamus. Verifying these
pathways in humans based on well-described animal models allowed this work to be
confirmatory rather than exploratory — lending greater evidence to the organization of these
pathways. Further, it was important to characterize cerebrocerebellar pathways in the human
brain using a structural rather than functional investigation to provide insight into how the
cerebellum and frontal lobe are connected. Functional studies provide insight into arrays of
neurons firing together (e.g. correlated functional signals) and can be used to infer connectivity,
while the product of DT tractography is structural connectivity maps. Moreover, by
comprehensively mapping these connections between the cerebellum and frontal cortex using
DTI, this work was able to quantitatively examine the differences in the microstructure of these
pathways in the healthy and injured developing brain. Defining these pathways also enabled this
work to explore the relation between cerebrocerebellar microstructure and speech-language and
EF (i.e. whether there was an association between pathway damage and poorer speech-language

and EF outcomes).

The findings from Chapters 2, 3, and 4 of this thesis demonstrated the vulnerability of
cerebrocerebellar connections to the treatment effects of PF tumors. Though cerebrocerebellar
connections were relatively qualitatively similar in patients and controls, there were significant
microstructural differences in the pathways between groups. First, damage to whole-pathway
bilateral reciprocal cerebrocerebellar pathways were evident in children treated for MB
compared to controls (Chapter 4). This damage was indicated by higher MD, AD, and RD for the
right CPC and right and left CTC pathways in patients relative to controls. Second, children
treated for MB showed the most substantial damage to posterior segments of the CPC and CTC
pathways compared to controls (i.e. lower FA and higher MD and RD for bilateral ponto-
cerebellar segments and lower FA and higher MD and AD in bilateral cerebello-rubro, and
rubro-thalamo segments) (Chapter 3). However, compromise to anterior segments of the CPC
(i.e. left cerebro-ponto) and CTC (i.e. bilateral thalamo-cerebral) pathways were also found in
patients relative to controls, though these were less robust (e.g. only one significant DTI
measure) (Chapter 3). Third, damage to the cerebellar region of the right CTC pathway was
evident in patients treated for PF tumors (who presented with CMS) compared to controls
(Chapter 2).



110

This work contributes to the growing body of literature reporting neurotoxicity as a late effect in
children treated for PF tumors and provides evidence for the particular vulnerability of
cerebrocerebellar pathways in this population. Overall, this thesis demonstrated that
cerebrocerebellar pathways sustain the greatest compromise to their posterior portions in children
treated for PF tumors. Particularly, it is the damage to posterior segments of the cerebellar output
(CTC) pathways that is the most robust finding in the current thesis. However, more anterior
segments of the CTC pathway and multiple segments of the CPC pathways were also affected.
This injury may reflect a diaschisis effect (which is typically thought to be transient, but may be
permanent - see Smith, 1984 for a review of the diaschisis effect following brain injury) or result
from the combined consequences of diffuse CRT and progressive white matter injury to the PF
region. Thus, injury at one site (i.e. the initial damage to the cerebellum or within PF via
treatment, reflected in damaged cerebello-rubro segments) results in subsequent injury to
another, more distant site (i.e. damage to rubro-thalamo and thalamo-cerebral segments).
Additionally, CTC pathways may sustain the most damage because they include throughputs
such as the superior cerebellar peduncle; this region is relatively small in addition to residing
medially in the brain, compared to the middle cerebellar peduncle (a larger relay within the CPC

pathway that sits more laterally, further away from midline/4™ ventricle).

The function of cerebrocerebellar pathways is to facilitate the transfer of electrical signals
between the cerebellum and frontal lobe — brain regions that underlie aspects of EF and speech-
language. Thus the pathways play an important role in the communication/information transfer
between these two regions. In the current thesis, damage to the CTC pathway was associated
with deficits in working memory and CMS. Specifically, the microstructure of the left CTC
pathway had a mediating impact on working memory outcome in children treated for MB (e.qg.
greater damage predicted poorer outcome). Additionally, damage to the microstructure of the
right CTC pathway (within the cerebellar region) predicted CMS in children treated for PF
tumors. Both of these post-treatment effects/complications may be a result of disrupted
communication between the cerebellum and frontal lobe, interfering with the efficient transfer of

information.

It is known that the cerebellum is involved in the motoric aspects of speech (e.g. control of vocal
tract muscles) and cerebellar damage or abnormality is associated with ataxia and dysarthria

(Fiez et al., 1992). Further, the cerebellum is implicated in higher-order aspects of speech
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production and perception (i.e. putting together proper sentences and generating fluent speech,
planning of articulatory movement patterns, identification of distinct speech sound categories)
(Ackermann, Mathiak, & Riecker, 2007). Consequently, damage to the right cerebellar
hemisphere (in particular) is associated with agrammatism (Ackermann et al., 2007) and
impaired performance on verbal intelligence and complex language tasks (Riva & Giorgi,
2000a). Patients with lesions of the left ventral prefrontal cortex and those with lesions to the
cerebellum show poor articulatory control over their utterances (Ravizza et al., 2006). It is well
known that left frontal regions are important in mediating speech production and expressive
language (Broca, 1861; Geschwind, 1971; Mayeux & Kandel, 1991; Knecht et al., 2000a;
Knecht et al., 2000b). Injury to the right cerebellar hemisphere may deprive left hemispheric
cortical language areas of modulatory input, resulting in language processing errors (Fiez et al.,
1992). It is logical that this thesis would find speech-language deficits in children treated for PF
tumors and that CMS was related to CTC pathway damage at the level of the right cerebellum. It
may be that right cerebellar hemisphere damage disrupts the modulatory input the cerebellum has
to the frontal cortex; the planning of articulatory movement and identification of speech sounds
begins within the right cerebellum and this information has to make its way to the left frontal

lobe (e.g. areas responsible for turning the speech planning into grammatical verbal output).

The cerebellum has also been implicated in verbal EF (e.g. verbal fluency, working memory) and
memory tasks (Ackermann et al., 2007). Indeed, isolated lesions within either cerebellar
hemisphere have been related to memory deficits (de Ribaupierre, Ryser, Villemure, & Clarke,
2008) and impairment in verbal working memory (Ravizza et al., 2006). Right frontal cortex
activation has been associated with both verbal and spatial working memory while left frontal
cortex activation is apparent only in non-spatial working memory (Fiez et al., 1996; Courtney et
al., 1998b; Prabhakaran et al., 2000). The cerebellum and frontal lobe consistently show
increased activation during tasks of working memory; these regions have been postulated as
essential for the rehearsal of items that are being actively remembered (Paulesu, Frith, &
Frackowiak, 1993). Indeed, involved in “subvocal” articulatory rehearsal are the right cerebellar
hemisphere, left inferior frontal gyrus, supplementary motor area, and insula (Paulesu et al.,
1993). Previous findings demonstrate the involvement of both the cerebellum and frontal lobe in
verbal/language production/processing and verbal working memory. It may be that the

cerebellum underlies subvocal rehearsal mechanisms important for verbal working memory and
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the timing/modulation of verbal responses (Ravizza et al., 2006). These findings support the
notion that an interruption in cerebrocerebellar communication (i.e. feedback loop) impairs
verbal processing/production and subvocal articulatory rehearsal mechanisms used during verbal

working memory tasks.

Accordingly, the CTC pathway may house both an initiation/timing mechanism and a subvocal
articulatory rehearsal mechanism that precede the output of speech; it is possible that this
mechanism is localized to the cerebellar hemispheres, but the frontal lobe is also implicated.
Damage to this pathway (e.g. via treatment for PF tumors) disrupts these mechanisms, impacting
cerebellar feedback on frontal areas responsible for speech production and other aspects of
verbal/spatial working memory — manifesting as both working memory deficits and symptoms of
CMS in survivors. Work from this thesis provides evidence that brain function may not solely be
based on one or multiple brain regions that underlie a specific common function — the
connections that facilitate the communication between these distinct neural assemblies are also

important.

These findings imply a close relationship between speech-language and working memory
processes. Why do we see both speech-language and working memory deficits when the CTC
pathway is damaged? This link between impairment in speech-language and working memory
may be that compromised articulatory planning and rehearsal processes (thought to be housed
within the cerebellum) impact the production and perception of verbal responses (residing within
left frontal hemisphere). Developmental deficits in language skills have been linked to
impairment in working memory, and is thought to be due to the inability to briefly store and
process information (Montgomery, 2000; Archibald & Gathercole, 2006; Montgomery,
Magimairaj, & Finney, 2010). The cerebellum has been postulated to represent an “inter-area
functional coordinator” (Ackermann et al., 2007), underlying the timing and sequential
organization of verbal utterances (Molinari, Leggio, & Silveri, 1997). It has also been postulated
that speech-language difficulties (e.g. reduced verbal fluency) might reflect a disruption in
temporal synchrony between the application of linguistic rules (e.g. syntax structure) and the
retrieval of words (e.g. the availability of grammatical morphemes) temporarily stored in
working memory (Ackermann et al., 2007). Conversely, subvocal articulatory rehearsal aspects

of working memory may rely on speech-language areas (e.g. engaging a prearticulatory verbal
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code and aiding in the recruitment of internal speech) (Ackermann et al., 2007; Ackermann,
2013).

It is important to note that both post-treatment outcomes were related to damage to the cerebellar
output pathway, though each implicated a different cerebellar-cerebral laterality. Lesions of the
right cerebellar hemisphere have been associated with verbal deficits while left cerebellar
hemisphere lesions are associated with non-verbal deficits (Gottwald, Wilde, Mihajlovic, &
Mehdorn, 2004). Thus, it may be that the right CTC pathway has a greater involvement in the
timing and modulation of verbal output while the left CTC pathway is more important in non-
verbal aspects of speech-language (which could include subvocal articulatory rehearsal or verbal
processing) that facilitate working memory. The working memory measures used in the current
work were predominantly verbal tasks but one non-verbal task was also included. However, the
current work did find associations between the microstructure of the right CTC pathway and
working memory outcome in children treated for PF tumors (though when put into the final
model, they were not as robust as those of the left CTC pathway in mediating the effect of
treatment on working memory outcome). More data are needed to elucidate whether there is
indeed a laterality effect with respect to working memory function or if bilateral CTC pathways
are equally involved in working memory; it would also be interesting to see if handedness is
associated with verbal working memory. Further, it would be pertinent to investigate whether the
same neural components underlie performance on verbal and spatial working memory tasks (or if
this is lateralized as well). These findings would have implications for a number of clinical
populations; for example, patients with lesions to any portion of the CTC pathway may be most

at risk for these deficits, and impairment may depend on locale and laterality of damage.

Obtaining information about the vulnerability of white matter circuits helps us to better
understand the functioning of the main nodes such pathways serve to connect. Because the
cerebellum and frontal lobe are both involved in speech-language and working memory, it is
logical that the connection between these regions is also important for such functions. The CTC
pathway is comprised of multiple nodes; it can be inferred that brain regions like the red nucleus
and thalamus (within CTC connections) are similarly important in facilitating communication
between the cerebellum and frontal lobe and are also implicated in speech-language and working
memory function. It would be interesting to try to dissociate whether lesions along CTC circuits

produce similar deficits seen in the current study in children with PF tumors. For example, future



114

research could investigate whether frontal, red nucleus, or thalamic lesions produce similar
deficits (though these lesions would have to localize to very specific regions in order to perturb
the CTC pathway). For example, though the role of the red nucleus is unclear, one of its
functions is to receive inputs from the cerebellum and project to ventrolateral thalamic nuclei
(which, in turn project to cortex) — all which make up the CTC pathway. However, the red
nucleus is assumed to be involved in speech-language because it has been implicated in certain
disorders affecting the articulation of structures important for producing speech (e.g.
palatopharyngolaryngeal myoclonus) (Duffy, 2013). These principles can also be applied to the
understanding the structure and function of other connections like the corpus callosum and

uncinate fasciculus and what may occur when these circuits are damaged.

The majority of patients in the current work had midline PF tumors, thus structures closer to
midline were assumed to be the most affected by treatment. Future studies could be conducted to
determine the relation between tumor/lesion location and cerebrocerebellar pathway
microstructure in survivors. For example, it would be interesting to determine if patients with
midline tumors/lesions (e.g. the bulk of the tissue damage being within midline PF) show more
or less damage to CPC and CTC pathways than those with left or right cerebellar hemispheric
tumors. If they showed less damage it would mean that white matter within cerebellar portion of
CTC pathway was spared and the microstructure should be similar to that of controls. However,
midline PF tumors could result in greater compromise to superior cerebellar peduncles and CTC
pathways would show greater damage. Tumor size and locale are also hypothesized to have an
impact on the function of these pathways and should be investigated in future studies. Further,
for patients with lateralized damage, it would be interesting to examine if a greater proportion of
those with right cerebellar involvement had speech-language deficits versus those with left
cerebellar involvement. These findings would contribute to the CMS risk schema that was

proposed in the current work.

Lastly, this work could be applied to populations with deficits in both language and working
memory. These deficits often co-occur in children with specific learning disabilities and ADHD
(Archibald & Gathercole, 2006). For example, children with working memory impairments were
found to have language/communication deficits even when they did not meet the criteria for a
specific language impairment (Archibald & Gathercole, 2006). Language tasks, when they are

relatively complex, place high demands on working memory (Baddeley, 2003). A working
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memory deficit alone can impede academic performance. However, working memory
impairment may also have bearing on meeting the language demands present in the classroom
(Archibald & Gathercole, 2006). Thus, it is feasible that if a language task arises at school that
exceeds their working memory capacity, children with working memory impairment are at risk
for failure (Archibald & Gathercole, 2006). Future work could examine whether CTC pathways
are impacted in these populations and whether damage to CTC microstructure plays a role in the

severity of language and working memory impairments.

5.2 EXxecutive Function

To provide a comprehensive understanding of EF in both healthy and clinical populations, recent
studies have begun to utilize PCA or factor analyses to group a broad range of EF measures into
meaningful component functions; the current work used this approach in both healthy children
and children treated for PF tumors. Analyses from the current work yielded a congruent set of EF
components with conceptual models of EF present in the literature; the factor loadings reflected
distinct cognitive efficiency, planning/problem solving, working memory, and emotion
regulation components. However, Chapter 4 of the current thesis is the first study to incorporate
traditional measures of EF based on conceptual models (i.e. working memory, cognitive fluency,
inhibition/switching, planning) with self-report measures of emotion regulation within one
omnibus model, and to do so in children treated for MB. This thesis also investigated the role of
reciprocal cerebrocerebellar connections in EF. Based on a path analysis model, CTC pathway
microstructure was found to mediate the effects of treatment for MB on working memory
outcome. This work supports previous evidence that EFs are not exclusively frontally-mediated
functions (Kim et al., 1994; Fiez et al., 1996; Desmond et al., 1997; Schlosser et al., 1998;
Ravizza et al., 2006; Schmahmann & Caplan, 2006; Bellebaum & Daum, 2007), and that

cerebellar output pathways play an important role in working memory.

Debated in the literature is whether EF should be conceptualized as a unitary construct (i.e. one

overarching function) versus a non-unitary construct (i.e. several diverse functions) (see Stuss &
Alexander, 2000 for a review of EF as a unitary versus non-unitary process). For example, some
view EFs as sharing a common executive attention component (i.e. unitary view) (see Shallice &
Burgess, 1993 for review), while others maintain that EFs are best conceptualized as distinct, yet

loosely related processes (i.e. non-unitary) (see Blair, Zelazo, & Greenberg, 2005 for review).
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This work supports a non-unitary view of EF in that our EF components represented a collection
of dissociable, relatively independent processes (supported by the PCA component loadings).
However, recent findings have settled on characterizing EF as both a unitary and non-unitary
concept (i.e. consisting of both unity and diversity of function) (Banich, 2004; Banich, 2009).
The current findings also lend support to this contemporary view of EF as both a unitary and
non-unitary concept; though measures of EF used in the current study were dissociable (i.e.
loaded relatively cleanly onto separate components in PCA), several of the component structure
coefficients from the PCA were correlated with each other (i.e. not completely independent).
This component collinearity may have been due to the finding that some of the neurocognitive
measures loading onto the cognitive efficiency and working memory components were

correlated.

The current work observed select deficits in cognitive efficiency, planning/problem solving,
working memory, and emotion regulation in children treated for MB compared to controls. These
findings support previous work showing that this population is vulnerable to impairments in
aspects of cognitive efficiency (i.e. processing speed and inhibition/switching) (Waber et al.,
2006; Mabbott et al., 2008; VVaquero et al., 2008; Palmer et al., 2013) and working memory
(Dennis et al., 1992; Dennis et al., 1998; Davidson et al., 2006; Kirschen et al., 2008; VVaquero et
al., 2008; Law et al., 2011; Conklin et al., 2012; Palmer et al., 2013; Knight et al., 2014). This
thesis also described deficits in other domains of cognitive efficiency (i.e. verbal fluency) and
planning/problem solving. The finding of deficits in an EF component that includes verbal
fluency in children treated for MB complements previous findings of impairment in verbal
intellectual ability, word finding and verb generation, and complex language tasks in survivors of
PF tumors and patients with cerebellar lesions (Levisohn et al., 2000; Riva & Giorgi, 2000b,
2000a; Schmahmann, 2004). Evidence of inhibition/switching problems in the current sample
mirrors previous findings of impairment in task switching (Berger et al., 2005) and poor planning
abilities (Grafman et al., 1992) following cerebellar damage, and deficits in set-

shifting/flexibility in survivors of PF tumors (Vaquero et al., 2008).

This thesis also provides novel evidence that survivors of MB regulate their emotions differently
than their healthy peers. It was found that children treated for MB made less use of positive
cognitive emotion regulation strategies than healthy children. However, no differences were

found between patients and controls for other emotion regulation components — the use of
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negative cognitive emotion regulation strategies and mixed (a combination of positive and
negative) cognitive emotion regulation strategies. These findings have implications for how
children treated for MB rationalize or cope with negative, stressful events compared to their
healthy peers. The use of positive cognitive emotion regulation strategies, such as reappraising a
negative/stressful situation in a more positive way, is associated with lower levels of perceived
stress and more favourable mental health outcomes (Helgeson et al., 2006). High rates of
depression, anxiety, and adjustment disorders have recently been reported in a sample of
survivors of pediatric MB (Campen, Ashby, Fisher, & Monje, 2012). Impaired cognitive emotion
regulation in survivors of PF tumors may contribute to these mental health problems (or vice
versa). Further investigation into the relation between emotion regulation and mental health
outcome in children treated for PF tumors is required; findings can have implications on

preventative therapy in this domain.

Findings from Chapter 4 of this thesis also have implications for the theory that as long as EFs
are intact, even a person who has sustained substantial cognitive deficit can remain a productive
and independent individual (Lezak, Howieson, & Loring, 2004). If this tenet is assumed, children
treated for PF tumors with a range of core EF deficits will have problems in other functional and
cognitive domains. In contrast, research in this domain in children treated for PF tumors (who
may sustain diffuse white matter damage due to treatment effects) could be contrasted with that
of patients with frontal lesions. For example, patients who sustain injury to the frontal lobe and
have EF deficits may not show impairment in all cognitive domains (see Stuss & Benson, 1986;
Stuss & Alexander, 2000 for review). Conversely, if we rehabilitate one or a number of EFs,
would we see changes in overall cognitive functioning in survivors? EFs are essential for success
in school, the workplace, and daily life. The ability to shift our mind set quickly and inhibit
inappropriate behaviour allows us to adapt to the changing environment (Jurado & Rosselli,
2007). Planning and problem solving are also crucial skills that contribute to our ability to adapt
to many situations; these abilities also enable us to create a plan, initiate its execution, and
persevere until the task is completed (Jurado & Rosselli, 2007). Thus, deficits in multiple
components of EF can have a substantial effect on other cognitive and behavioural functions, and
impact performance in academic and occupational domains. Further research must be completed
to elucidate the role of discrete EFs in overall cognitive outcome in survivors; findings could be

applied to rehabilitation/intervention in select areas of EF. It is possible that one (or more) EFs
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are crucial for certain cognitive processes (and thus, deficits in one will produce deficits in the
other), while other EFs have no effect on the same processes (and even if they are affected,
cognitive processes will not be). For example, in healthy adults, working memory/updating (as a
latent variable of EF) has been found to predict 1Q, while inhibition/shifting does not (Friedman
et al., 2006).

Chapter 4 described novel findings of EF deficits of cognitive efficiency in children treated for
PF tumors relative to healthy controls. It is unknown whether these findings represent slower
speed of processing in patients, which is a frequently documented late effect in survivors of PF
tumors (Mabbott et al., 2008; Palmer et al., 2013). One limitation of some the measures used to
examine the EF cognitive efficiency construct is that they included a time factor (e.g. time taken
to complete the task or a requirement to respond within a predetermined amount of time factored
into the score assigned to each participant). Future studies should attempt to tease apart a “true”
cognitive efficiency construct from a processing speed construct. It is possible that processing
speed is a subcomponent of cognitive efficiency, though this should be explicitly investigated in
future studies. Further, future studies should longitudinally examine EF in survivors of PF
tumors to determine when these deficits emerge and whether recovery of these functions can

occur.

The above issue prompts the discussion of the potential problems in measuring EFs. Limitations
of measuring EF in both a healthy and clinical population include the issue of low construct
validity or task impurity (i.e. EF tasks mapping onto multiple cognitive processes) and task
dependency (i.e. there are no universally agreed-upon task or set of tasks to measure specific
EFs) (Brocki & Bohlin, 2004). In attempt to counter these issues we used a comprehensive array
of measures of EF, including multiple tasks within each EF domain. Additionally, in Chapter 4, a
PCA was used to elucidate latent EF variables in a “mixed” population (i.e. both clinical and
healthy populations were considered in the same model); however, this method has been used in
previous studies (e.g. Caprihan, Pearlson, & Calhoun, 2008). In the current work, the goal of the
PCA was not to discriminate between the groups — MANOVA was applied subsequent to PCA to
determine group differences in components; PCA was used to reduce the data dimensionality

without removing the essential features of the dataset.
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5.3 Clinical Risk Stratification, Treatment Modification, and
Intervention

Findings from this thesis are relevant for changing practice in children with brain tumors.
Specifically, work from Chapter 2 may have implications for the overall medical management of
PF tumors as well as the risk/benefit communication of therapy to patients and families. If it is
known that CMS risk is higher in individuals with greater right cerebellar hemisphere injury,
left-handedness, and higher tumor grade, and an incoming patient has these risk factors, this
information can be given to the patients and their families to prepare them for this medical
complication in the event it may occur. Additionally, this CMS risk schema is important
information for the clinical care team to consider prior to treatment. If a patient presents with
these risks, preemptive speech-language therapy can be commenced either prior to or within days
following resection. This preemptive or anticipatory speech-language therapy is an alternative to
a more mitigative therapy approach (e.g. waiting until the patient presents with CMS, then
implementing speech-language therapy). Though this preemptive therapy may not preclude
mutism itself, it may aid in lessening longer-term speech-language complications. Further, work
from Chapter 2 may have bearing on best practices for providing clinical care to children treated
for PF tumors. In determining CMS risk, this thesis found that damage to the CTC pathway at the
level of the right cerebellar hemisphere distinguished between patients who presented with CMS
and those who did not. Thus, these findings may have bearing on how children with PF tumors
are treated surgically. Specifically, when surgical planning is taking place, explicit attention can
be paid to the right cerebellar hemisphere (e.g. degree of tumor invasion within this area, amount
of tissue damage in this area that can be predicted) in attempt to spare as much of this tissue as is
possible, while still achieving maximal tumor resection. Though a minimal damage approach is
assumed in current surgical practice, it is still important to be aware of the potential risk of right
cerebellar damage and its impact on future speech-language outcome in patients.

Insight into the neurological basis of EF deficits (Chapter 4) can also have bearing on how we
treat children with PF tumors. This thesis demonstrated that the CTC pathway is involved in
working memory function. Particularly, it is the microstructure of the CTC pathway connecting
the left cerebellar hemisphere with right frontal lobe that is implicated in working memory. Thus,
if a child presents with a PF tumor located within the left cerebellar hemisphere, they may be at

greater risk for working memory deficits due to the prospective damage to this region of the
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cerebellum via resection of tumor. In cases for which there is left cerebellar involvement and
surgical sparing of tissue is unavoidable, it may be pertinent to implement working memory

training (i.e. Cogmed, see below) prophylactically.

Work from Chapter 4 has bearing on the late effects literature and has implications for improving
long-term cognitive and behavioural outcomes in survivors. This thesis utilized specific
tasks/measures of EF (relative to more global measures of cognitive function) to better inform us
of the difficulties that may emerge in this domain following treatment for PF tumors. This work
found that core EF deficits were present in survivors of PF tumors including cognitive efficiency
(i.e. verbal fluency, inhibition/switching), planning/problem solving, working memory, and
emotion regulation; these EFs should be what we look to when we develop targeted interventions

for this population.

Preventing or mitigating EF impairment in children with PF tumors should be of prime focus,
especially given the relation between EF and 1Q (Friedman et al., 2006; Conklin et al., 2012) and
the prevalence of global intellectual declines in survivors. For example, because the current work
found working memory deficits in this population, working memory training can be implemented
even prior to the problems emerging. For example, Cogmed Working Memory Training is an
evidence-based computerized program that helps children and adolescents improve their ability
to concentrate and increase their working memory capacity (http://www.cogmed.com). This
program has shown some evidence of improving working memory in children with attention-
deficit/hyperactivity disorder (ADHD) (Klingberg et al., 2005). Working memory training using
Cogmed in survivors of childhood brain tumors is currently underway
(http://www.cogmed.com/). Similar preventative/mitigative strategies can be applied for
problems in planning/problem solving. For example, implementing planners, calendars, log
sheets, step-by-step checklists would enable the child/adolescent to have a record of what is

required of them to achieve a goal, promoting more efficient planning skills.

Further, the current work described problems in emotion regulation in children treated for PF
tumors relative to healthy children; the use of positive, more adaptive cognitive emotion
regulation strategies in the face of negative/stressful events was significantly lower in patients
compared to controls. Failing to use adaptive mechanisms of emotion regulation can have

implications on the coping strategies that are applied during times of stress and can in turn
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impact mental health outcomes (Garnefski et al., 2001). Using less adaptive coping mechanisms
may play a role in the elevated levels of depression and anxiety observed in survivors of MB
(Campen et al., 2012). Thus, implementing interventions that teach patients positive emotion
regulation strategies (i.e. refocusing and reappraising a stressful event in a more positive light)
can promote the use of adaptive coping strategies. For example, the use of mindfulness-based
stress and pain management courses focus on this type of therapy and have been shown not only

to eliminate defective coping strategies but to substantially reduce stress (Garland et al., 2011).

The work in Chapter 2 did not explicitly consider the degree or duration of speech-language
outcomes (i.e. degree of impairment and details of speech-language complications). Further,
though the current thesis examined emotion regulation and CMS in survivors of PF tumors
separately (i.e. Chapter 2 and Chapter 4), it is pertinent to investigate if deficits in emotion
regulation are more prevalent in those who presented with CMS following treatment. It may be
that children presenting with CMS are at a higher risk for persistent emotional/behavioural
deficits and could be related to similar neural mechanisms being damaged. Future work should
investigate whether more severe speech-language outcomes in CMS are related to a greater
extent of damage (e.g. greater white matter volume loss, lower FA, and higher MD, AD, and
RD) within the CTC pathway, or if there is a threshold for which pathway damage contributes to
speech-language deficits. Additionally, subsequent research could determine the role (if any) of
the CTC (or CPC) pathway in the behaviour/emotion/personality changes in children treated for
PF tumors that present with CMS.

5.4 Methodological Contributions

One challenge of using DTI and tractography is validating the pathways that are obtained — this
thesis benefitted from using animal models to guide tractography, one of the first studies to do so
in children treated for PF tumors. This work produced a standardized template for obtaining and
examining reciprocal cerebrocerebellar pathways in the developing brain (i.e. children and
adolescents ages 7-18); future studies will be able to use this methodology (i.e. template ROIs) to
replicate these pathways in other clinical populations. This work also outlined a reliable method
of obtaining reciprocal cerebrocerebellar pathways using DTI based on 11 anatomically defined
ROIs (established using synaptically relevant nodes from animal models). Unique ROI-based

templates were also created from this work to segment cerebrocerebellar pathways into their
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component parts. The methodology used in the current work also has broader applications in that

it can be used to identify white matter pathways not yet found in humans.

The methodology for obtaining the pathways improved between Chapter 2 (CTC pathway only)
and Chapters 3 and 4 (both the CPC and CTC pathways were obtained). Parsing reciprocal
cerebrocerebellar pathways (e.g. disentangling tracts that run through pontine nuclei versus those
that course though thalamic nuclei and fibres running through the superior cerebellar peduncle
versus the middle cerebellar peduncle) was a difficult process. Cerebrocerebellar pathways are
comprised of several different tracts/fibre bundles (i.e. thalamo-cortical, rubro-thalamo), which
may be shared with other circuits/pathways. It was discovered that employing multiple ROIs
(again, based on anatomical landmarks of the pathways described in animal models) solved this
problem. Thus, five ROI templates were created to sufficiently and consistently obtain the CPC
pathway (i.e. right and left cerebellar hemisphere, pons, and right and left frontal lobe), while ten
ROI templates were used for the CTC pathway (i.e. right and left cerebellar hemisphere, right
and left superior cerebellar peduncle, right and left red nucleus, right and left thalamus, and right
and left frontal lobe). This tractography approach used in this work ensured the consideration of
only those fibres connecting all ROIs inputted (i.e. for the CTC pathway, only fibres that ran
though cerebellum, superior cerebellar peduncle, red nucleus, thalamus, and frontal lobe were
considered to produce the pathways). This methodology also ensured minimal identification of
erroneous fibres (i.e. those not constituting the CPC or CTC pathways). These findings have
bearing on the identification of other white matter pathways that involve multiple nodes and are
comprised of different tracts (i.e. long range pathways like the fronto-occipital fasciculus) in the

human brain.

5.5 Challenges and Opportunities

The challenges in this overall program of research were recruiting a sufficient number of clinical
participants as well as finding appropriate control samples. For example, some patient
populations were difficult to recruit (i.e. children treated for astrocytoma), and thus were not
included in Chapters 3 and 4. This population is ideal as a patient control group (i.e. “surgical
control”) to tease apart the effect of surgery alone versus surgery plus CRT and CTX in children
treated for PF tumors on neurological and cognitive/behavioural outcome. As children with

astrocytoma are typically treated with surgery only, they do not require adjuvant therapy and the
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resultant number hospital and clinic visits are less than that of a child treated for MB, making it
more difficult to contact this particular group. Measures could be taken in the future to reach out
to this patient population at time of initial treatment and inform them of opportunities to
participate in research studies; the clinical team and researchers would have to work together in
this regard (e.g. making the recruitment of participants for research part of the intake process for
new patients). This thesis was also unable to parse the effects of CRT versus CTX on
neurological outcome in survivors of PF tumors. Currently there are no treatment protocols for
PF tumors that provide CTX as the only therapy; studies are thus focusing on comparing
pediatric brain tumor populations who have received reduced doses CRT versus standard CRT.
Future research is necessary to attempt to tease apart the neurotoxic effects of CRT and CTX.
For example, pediatric cancer populations that are treated solely with CTX, such as children with
acute lymphoblastic leukemia, could serve as a “CTX control” for their counterparts treated with
CRT and CTX and this could help inform what impact CTX has on white matter for other

pediatric cancer populations.

In Chapters 2, 3, and 4, DTI was used to examine the microstructure of cerebrocerebellar
pathways in children treated for PF tumors and healthy controls. To ensure large sample sizes, it
was necessary to use imaging data acquired from two different MRI scanners —at 1.5T and 3T.
Though there have been some concerns of using imaging data with “mixed” field strengths, it has
been concluded that using 1.5T and 3T data together does not necessarily reduce the validity of
group analyses (Han & Talavage, 2011), especially when data from a scanner-matched control

group are obtained.

Though DTI and tractography are useful for examining the microstructure of white matter
pathways in vivo and using this information to compare microstructural between the healthy and
injured brain, there are several limitations of this methodology. Like many imaging techniques,
DTI suffers from image distortions like susceptibility artifacts, eddy current artifacts, and signal
intensity loss (Lascola, 2005). These issues were remedied in the current study by using image
correction tools: motion and eddy current corrections, and non-linear transformations and
registrations during the pre-processing of images phase. The partial volume effect (PVE; when a
voxel contains more than one kind of tissue type, blurring the intensity distinction between tissue
classes at the border of the two tissues) is a particular problem for tractography, especially when

1.5T or a lower SNR is used (Vos, Jones, Viergever, & Leemans, 2011). Partial volume effects
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may influence local diffusivity results, especially in small white matter tracts, and in turn, could
skew DTI measures; the findings of this thesis should be considered in light of these limitations.
However, all of the images in the current sample were susceptible to these effects; images from
both control and patient groups had an equal chance of being effected by PVE. Further, both the
CPC and CTC are relatively large, long-range pathways that do not run near the ventricles (i.e.
cerebrospinal fluid), which slightly minimizes their susceptibility to PVE (Cao, Gold, & Zhang,
2008). Additionally, there are currently no reference norms for white matter microstructure in
vivo, for white matter regions or pathways in the developing (or adult) brain. To rectify this
problem, age-matched healthy control populations were included as references for “normal”
white matter pathway microstructure to compare with our patient samples. Likewise, in
attempting to tease apart the effect of injury on cerebrocerebellar pathways, it may be useful for
subsequent research to obtain imaging data for other clinical populations (i.e. to act as “clinical
control” groups). For example, examining cerebrocerebellar microstructure in patients with
localized thalamic lesions or frontal lesions (who have not undergone treatment with radiation)
may show a different pattern of white matter injury to these pathways. This analysis would be
interesting in that both the frontal lobe and thalamus has been implicated in EF; injury to the
frontal lobe is typically associated with disturbances in EF (Stuss & Benson, 1986; Stuss &
Alexander, 2000), while damage to the thalamus is associated with dysexecutive or “prefrontal”
symptoms (which may occur alone or in conjunction with memory problems) (Daum &
Ackermann, 1994; Van der Werf, Witter, Uylings, & Jolles, 2000). Thus, examining both
cerebrocerebellar microstructure and EF in these populations will provide insight into the
potential regional specificity of these pathways and their role in EF (i.e. is it injury to the
posterior portions of these pathways only that is associated with specific EF deficits, or is focal
injury to thalamic or frontal nuclei strictly within these pathways sufficient to produce EF

deficits?).

The current work presents several areas for future research. First, future work in this area should
focus on neuroimaging techniques that provide functional connectivity measures and a temporal
component (e.g. fMRI, EEG) in children treated for PF tumors or in patients with CTC pathway
lesions. These techniques could reveal what regions of the brain are becoming active or “online”
(and how close in time they are doing so) during speech-language and working memory tasks —

especially those that call upon subvocal articulatory rehearsal. It would be interesting to not only
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show cerebellar and frontal lobe involvement in such tasks, but the lateralization of activation
and the timing of each region’s contribution to the task at hand. Doing so would help elucidate
whether both main nodes within the CTC circuit are activating in children treated for PF tumors
(or patients with specific CTC pathway lesions), and whether this feedback pathway is inactive
(supporting that the connections are truly damaged) or just slow in its synchrony (supporting that

myelin, but not necessarily axon structure is damaged).

Second, research examining structure-function relations suggest that neuroanatomical regions of
the cerebellum are involved in different processes; the vermis governs emotional-affective
processing, the anterior lobe is implicated in motor control, and the posterior cerebellum is
thought to mediate complex cognitive processing (Schmahmann & Sherman, 1998; Levisohn et
al., 2000; Schmahmann, 2004; Schmahmann, Weilburg, & Sherman, 2007; Tavano et al., 2007;
Stoodley & Schmahmann, 2009, 2010). White matter pathways connecting the anterior
cerebellum or the vermis with other brain regions were not investigated in the current thesis;
future work should consider the structure of such pathways (e.g. using DTI to examine their
microstructure) as well as the functions they may subserve. For example, pathways involving the
vermis may be implicated in emotion/affect control — examining the impact of treatment for PF
tumors on vermal pathways could provide insight into the neural basis of behavioural problems
observed in survivors. Further, other brain regions and pathways are likely to be involved in
complex EF processes and speech-language and should be investigated, particularly in children
treated for PF tumors. For instance, fronto-parietal networks have been implicated in working
memory (Barbey et al., 2012); damage to this pathway could also contribute to EF deficits in

survivors.

Further, to fully elucidate the role of the cerebrocerebellar pathways in specific
cognitive/behavioural functions, we would have to investigate a range of neurocognitive domains
to determine those functions that are not associated with cerebrocerebellar microstructure.
Additionally, pathways other than those investigated in the present work should be delineated
using DTI and associated with EF or CMS outcome in survivors. Future work could delineate,
for example, cortico-spinal pathways in survivors of PF tumors. The cortico-spinal tract
originates in upper motor neurons within the cerebral cortex and terminates in the spinal cord.
This pathway is involved in the movement of muscles in the body and damage to its structure is

associated with motor signs and symptoms (Eisen & Shaw, 2007). This thesis determined an
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association between the microstructure of cerebellar input and output pathways to the frontal
lobe in working memory and the involvement of a cerebellar output pathway in CMS. Using this
information, we would first try to establish an association between poorer performance on hand
motor tasks (e.g. grooved pegboard test) and cortico-spinal pathway microstructure in MB and
HC. Then, if we could subsequently determine that there was no association between cortico-
spinal pathway microstructure and working memory performance, and likewise, no association
between cerebrocerebellar pathway microstructure and hand motor task performance, we would

have evidence for a double dissociation.

Third, applying DTI principles described in the present study for obtaining other (e.g.
supratentorial) white matter pathways that may be implicated in impaired function in brain tumor
survivors is a direction for future research. For example, children treated for MB show long-term
impairments in declarative memory — decreased hippocampal volume and uncinate fasciculus
damage have been identified as potential neural correlates (Riggs et al., 2014). The uncinate
fasciculus connects the limbic system (i.e. hippocampus and amygdala) with frontal cortical
areas. Besides being implicated in mental illness, this pathway has been found to play a role in
memory, language, and social emotional processing (see Von Der Heide, Skipper, Klobusicky, &
Olson, 2013 for a review). It might be interesting to delineate and examine such pathways and
how they relate to memory, EF, CMS, and emotional/behavioural outcome in children treated for
brain tumors. Because this pathway is outside of the PF, damage to its structure could be the
result of CRT alone in survivors of PF tumors. It would also be interesting to examine if there
were differences in uncinate fasciculus structure between patients treated with reduced versus
standard CRT. Knowledge of white matter pathways and their role in specific functions, as well
as principles of how to define and examine the pathways in the human brain, could be transferred
to other populations with white matter disorders (e.g. multiple sclerosis, progressive multifocal

leukoencephalopathy, post-infectious encephalitis) or traumatic brain injury.
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