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DOUBLE DISSOCIATION OF AUDITORY ATTENTION AND VISUAL SCANNING IN 

LONG TERM SURVIVORS OF CHILDHOOD CEREBELLAR TUMOR: A 

DETERMINISTIC TRACTOGRAPHY AND VOLUMETRIC STUDY OF THE 

CEREBELLAR-FRONTAL AND THE SUPERIOR LONGITUDINAL FASCICULUS 

PATHWAYS 

by 

ALYSSA AILION  

 

Under the Direction of Tricia Z. King, Ph.D. 

 

ABSTRACT 

Background. Right cerebellar-left frontal (RC-LF) white matter integrity (WMI) has 

been associated with working memory. Right Superior Longitudinal Fasciculus II (SLF 

II) WMI has been associated with visual attention. These relationships have held true for 

neurotypical controls and brain tumor survivors. The current study examined the 

relationships between RC-LF WMI and processing speed, attention, and working 

memory. SLF II WMI and visual attention were included as a control tract and task to 

demonstrate a correlational double dissociation. This study also examined the 

relationship between the volume of brain regions within the RC-LF network and RC-LF 

WMI.  

Methods. Adult survivors of childhood brain tumors (n= 29, age: M=22 years 

(SD= 5), 45% female) were treated with neurosurgery, and combinations of radiation 

therapy and chemotherapy. Age- and gender-matched controls (n=29) were also 



 

 

included.  Tests of auditory attention span, working memory, visual attention, and 

processing speed served as cognitive measures. Participants completed a 3T MRI 

diffusion imaging scan. WMI (FA, RD) and volume served as neuroimaging measures. 

In the survivor group, partial correlations between WMI and cognitive scores included 

controlling for type of treatment.  

Results. A correlational double dissociation was found. RC-LF WMI was 

associated with auditory attention span (FA: r=.42, p=.03; RD: r=-.50, p=.01), and was 

not associated with visual attention (FA: r=-.11, p=.59; RD: r=-.11, p=.57). SLF II FA 

WMI was associated with visual attention (FA: r=.44, p=.02; RD: r=-.17, p=.40), and was 

not associated with auditory attention span (FA: r=.24, p=.22; RD: r=-.10, p=.62). The 

relationship between RC-LF WMI and auditory attention span robustly dissociated from 

working memory and visual attention. In the radiation group, thalamic-frontal segment of 

RC-LF WMI associated with the volumetric measures of each structure of the RC-LF 

pathway, whereas in the no radiation group cerebellar-rubral segment of RC-LF WMI 

associated with the volumetric measures.  

Conclusions. The current study advances the understanding of structural brain 

changes following cerebellar tumor resection and treatment because the results show 

that RC-LF WMI is associated with auditory attention span rather that working memory, 

provide evidence for a correlational double dissociation, and suggest distinct 

relationships between WMI and volume based on treatment. 

 

INDEX WORDS: Brain tumor, Structural MRI, Diffusion tractography, Cerebellum, 

Neurocognitive outcomes, Radiation treatment   
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1 INTRODUCTION 

1.1 Childhood Brain Tumors in the Cerebellum  

Cerebellar brain tumors are the most common brain tumor in children (Gurney, 

Smith, and Bunin, 1999; Ostrom et al., 2015). Tumors in the cerebellum account for 

18.7% of all brain and central nervous system tumors (Ostrom et al., 2015). Etiology 

remains poorly understood, although genetic vulnerabilities have been proposed as one 

possible mechanism (Mueller and Chang, 2009). From 1973-1976, the 10-year survival 

rate for childhood cerebellar tumors was 43.9% (Ostrom et al., 2015). In contrast, from 

1997-2001 the 10-year survival rate for childhood cerebellar tumors was 76.8% (Ostrom 

et al., 2015). Therefore, medical advances have significantly improved survival 

outcomes, but there continue to be poor neurocognitive and neuroanatomical outcomes 

associated with survivorship (Duffner, 2004). 

 Tumor pathology has been shown to be related to treatment and subsequent 

outcomes. Different tumor pathologies have different cellular biologies, malignancies, 

and treatments (Nejat, Khashab, and Rutka, 2008). Commonly studied tumor 

pathologies include the benign pilocytic astrocytoma and the more aggressive, invasive, 

and malignant medulloblastoma (Mueller and Chang, 2009). Based on large population 

studies and descriptive reports of peak incidence rates, medulloblastoma tumors 

account for 40% of all cerebellar tumors and on average are most commonly diagnosed 

at 3-4 and 8-9 years old (Mueller and Chang, 2009; Nejat, Khashab, and Rutka, 2008; 

Ostrom et al., 2015). Astrocytoma tumors account for 20-35% of cerebellar tumors and 

on average are most commonly diagnosed at 4 years old (Mueller and Chang, 2009; 

Nejat, Khashab, and Rutka, 2008; Ostrom et al., 2015). Both tumor types are usually in 
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the posterior fossa, which includes the cerebellum, brain stem, and fourth ventricle, but 

occasionally occur in cortical brain regions. Across all pathologies, standard treatment 

includes one or a combination of the following: resection, radiation, chemotherapy, and 

shunt, all of which is based on age at presentation, location, malignancy, and 

intracranial pressure. However, many benign tumors require gross total resection 

followed by no adjuvant treatment at all (Mueller and Chang, 2009).  

1.2 Functional Neuroanatomy of the Cerebellum and Cerebellar Pathways 

All vertebrates have a cerebellum with a similar cellular architecture and relative 

size (Clark et al., 2001). The evolutionary success of the structure of the cerebellum 

suggests that it serves essential functions. The cerebellum consists of three overarching 

cellular layers—cortex, deep nuclei, and pedunculi (Blumenfeld, 2010). The cortex and 

the nuclei of the cerebellum are composed of grey matter and contain a large number of 

neurons that process information (Blumenfeld, 2010). Estimates for the number of 

neurons in the human cerebellum range from 70 billion to 101 billion, and consist of 

82%-84% of all of the neurons in the brain, despite being only about 11% of the total 

brain volume (Andersen et al., 1992; Lange, 1975).  

The cerebellar hemispheres are functionally related to the coordination between 

the cerebellum and the cortex via reciprocal pathways. The cerebellar hemispheres 

have three microstructural cellular layers: Molecular, Purkinje, and Granule (Blumenfeld, 

2010). The molecular layer contains a number of different interneurons as well as the 

axons of granule cells (parallel fibers) and the dendrites of the Purkinje cells 

(Blumenfeld, 2010). The mossy fibers that synapse on Granule cells and climbing fibers 

that synapse on the Purkinje cells forms the excitatory synaptic inputs to the cerebellum 



3 

(Blumenfeld, 2010). The Purkinje cells provide output pathways for the grey matter in 

the lateral cerebellar hemispheres to the more anterior cerebellar white matter 

(Blumenfeld, 2010). The dentate is the largest nuclei and receives projections from the 

cerebellar hemispheres (Blumenfeld, 2010). The cerebellum also is connected to three 

peduncles: superior, middle, and inferior. The middle peduncle is the largest and carries 

inputs to the dentate from the cortex (Afferent pathway; Blumenfeld, 2010). Decussation 

occurs in the superior cerebellar peduncle, which carries many outputs from the 

cerebellar hemispheres to the dentate. Outputs project from the dentate nucleus to the 

contralateral thalamus (ventrolateral nucleus and ventral anterior portion) as well as the 

red nucleus, and then to the cortex (Efferent pathway; Alexander, DeLong, & Strick, 

1986; Blumenfeld, 2010; Kelly and Strick, 2003; Parent, 1996). Decussation of neural 

tracts in general, including the crossing of the pathways from the cerebellum, has been 

theorized to be the result of an evolutionary rotation of the head of all vertebrates (de 

Lussanet & Osse, 2012; Kinsbourne, 2013). 

The evolutionary history and structure of the cerebellum highlight its importance 

for essential functions across species. Further, the connections between the cerebellum 

and the cortex suggest that this structure has some role in supporting the functions of 

cortical brain regions. Therefore, from evolutionary, neuron-centered, and 

neuroanatomical perspectives, researchers have called for a more integrated view of 

the brain that accounts for the structural and functional role of the cerebellum in 

coordination with the cortex (Herculano-Houzel, 2009; Whiting and Barton, 2003). 
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1.2.1 Efferent Pathways from the Cerebellum 

Review of the animal literature has suggested that pathways from the dentate 

nucleus divide into three separate bundles that project to the midbrain, red nucleus, and 

thalamus (Chan-Palay 1977). The current study focused only on the bundles that 

project to the red nucleus (cerebellar-rubral) and the thalamus (cerebellar-thalamic) 

because of their cortical involvement. Evidence for the cerebellar-rubral pathway and 

the cerebellar-thalamic pathway has been well documented in the animal literature 

across species (See Table 1). Studies of cerebellar degeneration in the cat estimate 

that approximately 75% of the dentate projections terminate in the red nucleus and 25% 

continue and terminate in the thalamus (Chan-Palay, 1977; Mussen, 1927).  

The cerebellar-rubral pathway refers to the pathways from the dentate nucleus 

that project to and synapse on the red nucleus. Most of the pathways from the dentate 

nucleus synapse on the magnocellular portion of the lateral red nucleus (~50%) and a 

portion of the other pathways from the dentate nucleus (~25%) synapse on the 

parvocellular portion of the rostral part of the red nucleus (Mussen, 1927; Rand, 1954; 

Voogd, 1964). The remaining pathways from the dentate nucleus (~25%) form the 

cerebellar-thalamic pathway. These pathways leave the ventrolateral portion of the 

dentate nucleus, bypass the red nucleus, and divide into smaller bundles. There 

remains controversy in the animal literature regarding whether cerebellar-thalamic 

pathways travel around and bypass the red nucleus (Carpenter and Stevens, 1957), or 

travel through the rostral and lateral portions of the red nucleus without a synaptic 

terminal (Chan-Palay, 1977; Parent, 1996). Regardless, there has been consensus that 

projections from the dentate terminate on a variety of nuclei in the thalamus (e.g., 
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ventral lateral, ventral anterior, dorsal medial, and midline; Alexander, DeLong, & Strick, 

1986; Carpenter and Stevens, 1957; Chan-Palay, 1977; Earle and Matzke, 1974; Rand 

1954). The thalamus then projects to a number of different cortical regions, including the 

dorsolateral prefrontal cortex (Kelly and Strick, 2003; Middleton & Strick, 2002). The 

current study focused on the pathways between the cerebellum and the dorsolateral 

prefrontal cortex because of their established involvement in cognitive functions (Salmi 

et al., 2010).  

Table 1 Animal evidence for cerebellar-thalamic and cerebellar-rubral pathways 

Author(s) Year Species  Evidence for Pathway 

Carpenter and Stevens 1957 Rhesus monkey Cerebellar-thalamic 

Earle and Matzke 1974 Hedgehog Cerebellar-thalamic 

Harding 1973 Rhesus monkey Cerebellar-thalamic 

Rinvik and Grofova 1974 Cat Cerebellar-thalamic 

Evrard and Craig 2008 Macaque monkeys Cerebellar-thalamic 

Kelly and Strick 2003 Monkey Cerebellar-thalamic 

Mussen 1927 Cat  
Cerebellar-thalamic and Cerebellar-
rubral 

Chan-Palay 1977 Rat 
Cerebellar-thalamic and Cerebellar-
rubral 

Brodal and Gogstad 1954 Cat Cerebellar-rubral 

Caughell and Flumerfelt 1967 Rat Cerebellar-rubral 

Courville 1966 Cat Cerebellar-rubral 

Flumerfelt and Gwyn 1973 Rat Cerebellar-rubral 

King et al 1973 Opossum Cerebellar-rubral 

Tredici et al 1973 Cat Cerebellar-rubral 
Voogd 1964 Cat Cerebellar-rubral 

Rand 1954 Monkey 
Cerebellar-rubral and Cerebellar-
thalamic 

Note. Adapted from information summarized in Chan-Palay (1977) 
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Figure 1 Summary of the segments of the cerebellar efferent pathway 
Note. White boxes represent the structures in the brain, and grey boxes 

represent the white matter pathways that connect the structures in the brain.  

1.3 Tractography of the Efferent Cerebellar-Cortical Pathway in Healthy Adults 

To provide further support for the animal literature, four prior studies have used 

diffusion weighted tractography in humans to identify portions of the multisynaptic 

cerebellar-thalamic-cortical pathway (See Table 2). Two of these prior studies 

successfully segmented portions of the cerebellar-thalamic (Salmi et al., 2009) and the 

rubral-thalamic pathways (Habas and Cabanis, 2006) in healthy adults; however, the 

sections below focused on findings from the two tractography studies that constructed 

the most complete representation of the efferent cerebellar-cortical pathways based on 

the animal literature (Habas and Cabanis, 2007; Jissendi, Baudry, and Balriaux, 2008).  

Diffusion weighted imaging is an image acquisition method that can be used to 

provide a measure of the rate and directionality of water molecules; theoretically, a 
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lower rate of water diffusion and strong directionality indicated myelinated axons 

(Cascio, Gerig, and Piven, 2007). Tractography uses an algorithm to construct the 

inferred axonal anatomy from the diffusion weighted data. The algorithm typically 

employs either an atlas-based or user-generated regions of interest (ROI) to include or 

eliminate white matter pathways based on their connection to specific brain structures. 

See Table 2 for the specific ROIs that were included in the human tractography studies.  

Consistent with the animal literature, Habas and Cabanis (2007) found evidence 

for two separate pathways from the dentate to the red nucleus (cerebellar-rubral) and 

from the dentate to the thalamus (cerebellar-thalamic) in five healthy adults. In contrast 

to the inconsistencies reported in the animal literature, Habas and Cabanis (2007) 

reported that the cerebellar-thalamic pathway very closely bypasses the dorsomedial 

face of the red nucleus before entering the thalamus and then the prefrontal cortex 

(cerebellar-thalamic-cortical). However, Habas and Cabanis (2007) did not include a 

thalamic ROI; therefore, in their study, the rubral-thalamic portion of the pathway was 

not separately segmented and thus difficult to clearly discern from the cerebellar-

thalamic pathway.  

Jissendi, Baudry, and Balriaux (2008) have included the most precise ROIs to 

construct the multisynaptic cerebellar-frontal pathway in 10 healthy adults. However, 

rather than constructing the cerebellar-thalamic and rubral-thalamic pathways 

separately, the authors traced both the red nucleus and the region surrounding the red 

nucleus as a singular path in an effort to capture the cerebellar-thalamic pathways that 

do not pass through the red nucleus. Furthermore, the authors focus exclusively on 

Brodmann area (BA) 9 and do not construct the cerebellar projections to BA 46, 



8 

although both of the areas have been functionally implicated in working memory 

(Brunoni and Vanderhasselt, 2014).  

Therefore, human tractography studies have provided support for each of the 

segments of the multisynaptic cerebellar-frontal pathway that have been described in 

animal studies. While each of the cerebellar-rubral, cerebellar-thalamic, rubral-thalamic, 

and thalamic-frontal have been identified using tractography, no researchers to date 

have constructed all of the individual segments of this pathway separately. The most 

notable limitations of the human tractography studies have been the inconsistencies 

and lack of clarity in the neuroanatomical representations of each segment of the 

efferent cerebellar-frontal pathways. Specifically, there have been methodological 

inconsistencies regarding the segmentation of the dentate projections to the red nucleus 

and the thalamus, despite the evidence for neuroanatomical distinction (Carpenter and 

Stevens, 1957; Habas and Cabanis, 2007; Parent, 1996).
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Table 2 Tractography of the efferent multisynaptic pathway in healthy human populations 
 

 
 
 
 
 
 
 
 
 
 
 
  

Author Method Pathways Segmentation Seed points Inclusion masks 
Exclusion 
masks 

Habas and Cabanis (2006) Probabilistic  Rubral-thalamic  None Bilateral red nuclei None None  

Habas and Cabanis (2007) Probabilistic 

Cerebellar-rubral 
Cerebellar-thalamic 
Thalamic-prefrontal None  

Bilateral red nuclei 
and dentate nuclei None None  

Jissendi, Baudry, and 
Balriaux (2008) Probabilistic 

Cerebellar-rubral-thalamic-
cortical 

Cerebellar-rubral 
Rubral-thalamic 
Thalamic-cortical Left thalamus 

Dentate nucleus, superior 
cerebellar peduncle, red 
nucleus + surrounding area, 
prefrontal paraventricular area, 
anterior and medial prefrontal 
cortex (BA 9), and inferior 
posterior parietal cortex None 

Salmi et al. (2009) Probabilistic 
Cerebellar-thalamic-cortical 
Cortical-pontine-cerebellar 

Cerebellar-
thalamic 
Cerebellar-
pontine Bilateral cerebellum 

Thalamus 
Pons None 
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1.4 Diffusion Imaging of the Multisynaptic Cerebellar-Frontal Pathway in Brain 

Tumor Survivors 

The multisynaptic cerebellar-frontal pathway has been of particular interest in the 

childhood cerebellar tumor population because of its involvement in verbal working 

memory. The most notable limitations of the human tractography studies on the 

cerebellar-frontal network has been the inconsistencies and lack of clarity in the 

neuroanatomical representations of the multisynaptic cerebellar-frontal pathway. Some 

studies within this population have constructed pathways based on only prefrontal and 

cerebellum ROIs (Rueckriegel et al., 2015; Soelva et al., 2013). Construction of the 

multisynaptic cerebellar-frontal pathway based only on prefrontal and cerebellar ROIs 

makes it impossible to differentiate between the contributions of the afferent versus 

efferent pathways, as well as the aforementioned cerebellar-frontal segmentations.  

Two additional tractography studies have used similar ROIs but added the 

thalamus as an inclusion mask (Law et al., 2011; Law et al., 2012). It was possible that 

the addition of the thalamus captures the cerebellar-rubral, cerebellar-thalamic, rubral-

thalamic, and thalamic-frontal tracts in one metric; however, it also was possible that 

this thalamic ROI based approach excludes the cerebellar pathways that synapse on 

the red nucleus. If the cerebellar-rubral pathway was excluded, then the studies were 

only measuring about 25% cerebellar output to the cortex based on animal models 

(Mussen, 1927; Rand, 1954; Voogd, 1964).  

To address the methodological limitations of prior studies, Law et al. (2015a; 

2015b) segmented the afferent and efferent portions of the multisynaptic cerebellar-

frontal pathways. The afferent portion begins in the dorsolateral prefrontal cortex and 
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projects to the cerebellum via the pontine nuclei and middle cerebellar peduncle. Law et 

al. (2015a; 2015b) divided the afferent pathways into two segmentations- the frontal 

lobe to the pons and then the pons to the cerebellar hemispheres. For the efferent 

portion, the authors segmented three portions of the fiber tract: cerebellar-rubral, rubral-

thalamic, and thalamic-cortical. Similar to the aforementioned limitation in healthy 

controls, these studies were limited by the lack of inclusion of the cerebellar-thalamic 

portion of the cerebellar-frontal pathway, which does not synapse on the red nucleus, 

and, neuroanatomically, may not pass through the red nucleus. Although there have 

been six tractography studies of the cerebellar-cortical pathways to date, no prior study 

has imaged the complete efferent pathways in healthy or cerebellar tumor populations. 

Table 3 summarizes methods, pathways, and segmentations across cerebellar brain 

tumor tractography studies.  

With regard to methodology, almost all cerebellar tumor studies that have 

investigated the multisynaptic cerebellar-frontal pathways employed probabilistic 

tractography (Law et al., 2011; Law et al., 2012; Law et al., 2015a; Law et al., 2015b), 

and only two studies have used deterministic tractography (Rueckriegel et al., 2015; 

Soelva et al., 2013). Deterministic tractography provides a streamlined way to construct 

the most probable pathway based on user-defined white matter fiber trajectories; in 

contrast, probabilistic tractography uses the connection probability within a voxel to 

determine the most probable pathway from all possible paths between ROIs (Mukherjee 

et al., 2008). While both seek to find the most probable pathway, deterministic 

tractography infers the most likely axon pathway based on in-vivo virtual dissection of 

the brain fiber pathway (Abhinav et al., 2014). The comparison of approaches is 
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particularly noteworthy given that deterministic methods have been recommended over 

probabilistic methods for long-range pathways, such as the multisynaptic cerebellar-

frontal pathway (Khalsa et al., 2014; Morris et al., 2008; Yo et al., 2009). While 

probabilistic methods have been described as vulnerable to factors unrelated to actual 

fiber connectivity, deterministic methods have been found to be more accurate at 

reconstructing tract connectivity (Jbabdi and Johansen-Berg, 2011; Jones et al., 2013). 

Therefore, additional research using deterministic tractography was necessary to 

confirm the current research using probabilistic methods in this population.  

Lastly, the 6 prior studies of brain tumor survivors have been conducted by only 

two research groups. The Law et al. (2011; 2012; 2015a; 2015b) research group used a 

subset of participants from their 2011 study in their 2012 study, and similarly used a 

subset of participants from their 2015a study in their 2015b study. Soelva et al. (2013) 

and Rueckriegel et al. (2015) did not state whether there was sample overlap across 

their studies. Therefore, the existing studies appear to be based upon a relatively small 

subset of brain tumor survivors.  
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Table 3 Tractography of the multisynaptic efferent cerebellar-frontal pathways in cerebellar tumor populations 
 

 Note. All studies included bilateral pathways. Law et al. (2011; 2012) defined the Dorsolateral PreFrontal Cortex (DLPFC) 
as followed: medial prefrontal cortex, inferior prefrontal gyrus, the superior and middle frontal gyri, and parts of the inferior 
frontal gyrus (i.e. pars opercularis and pars triangularis); Rueckriegel et al. (2015) and Soelva et al. (2013) defined the 
prefrontal cortex as volume delineated by the frontal cerebral pole, the interhemispheric fissure, and the temporal pole.

Author Method Pathways Segmentation Seed points Inclusion masks 
Exclusion 
masks 

Law et al. (2011) Probabilistic Cerebellar-thalamic-frontal None DLPFC 

Thalamus & 
cerebellar 
hemisphere 

Corpus 
callosum, inferior 
medulla 

Law et al. (2012) Probabilistic Cerebellar-thalamic-frontal None DLPFC 

Thalamus & 
cerebellar 
hemisphere None reported 

Law et al. (2015a) Probabilistic Frontal-pontine-cerebellar None reported 

      Frontal-pontine 
Frontal hemisphere, 
pons Pons   

      Ponto-cerebellar   
Pons, cerebellar 
hemisphere   

    Cerebellar-rubral-thalamic-frontal 

      Cerebellar-rubral 
Cerebellar 
hemisphere 

Superior cerebellar 
peduncle, red 
nucleus   

      Rubral-thalamic   
Red nucleus, 
thalamus   

      Thalamic-frontal   
Thalamus, frontal 
hemisphere   

Law et al. (2015b) Probabilistic Same as Law et al., 2015  None reported 

Rueckriegel et al (2015) Deterministic Frontal-cerebellar None Prefrontal cortex Entire cerebellum None reported 

Soelva et al. (2013) Deterministic Frontal-cerebellar None Prefrontal cortex Entire cerebellum None reported 
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1.5 Theories of the Cerebellum and Working Memory 

Precise and accurate construction of the multisynaptic cerebellar-frontal pathway 

has been important because of its involvement in cognition. There have been a number 

of theories regarding the role of the cerebellum in cognition. One theory proposed that 

the cerebellum increases brain efficiency. The efficiency theory posited that the whole 

cerebellum works to support the efficiency of other brain regions, and individual regions 

within the cerebellum are not responsible for any specific functions (Bower, 1997). 

Similarly, researchers have proposed that the cerebellum likely helps to automate 

learned processes (Koziol et al., 2014). One other study found that the cerebellum has 

been involved in the initiation of movement in monkeys who have rehearsed a ballistic 

wrist movement task (Mink and Thach, 1991), and this finding also could be explained 

by cerebellar activation as a result of learning the rehearsed motor task.  

However, the evidence for homogenous cerebellar function has been mixed; for 

example, single pulse synchronized transcranial magnetic stimulation (sTMS, 1 pulse, 

120% MT Intensity, double cone, 110 mm/ handle up) of lobes VI and crus I in the 

cerebellum resulted in slowed processing speed on verbal working memory tasks, but 

did not change processing speed on motor tasks (Desmond, Chen, and Shieh, 2005). 

The cerebellar-cortical pathways have been implicated in motor and cognitive functions 

(D’Angelo and Casali, 2013; Koziol and Budding, 2009). Furthermore, specific lobes 

within the cerebellum have been differentially implicated in these pathways in primates 

(Kelly and Strick, 2003). Therefore, other researchers have proposed functionally 

heterogeneous lobes of the cerebellum because they connect to different cortical brain 
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regions associated with either motor or cognitive processing (D’Angelo and Casali, 

2013; Kelly and Strick, 2003).  

Desmond et al. (1997) proposed a theoretical functional relationship between the 

frontal lobe and lobe VI and crus I of the cerebellum that supports verbal working 

memory (Desmond, Chen, and Shieh, 2005; Chen and Desmond, 2005a). Furthermore, 

this research group found evidence that superior cerebellar activation, which was 

structurally and functionally associated with the Brodmann area (BA) 44/6, 

corresponded with an articulatory control process, particularly during task encoding 

(Chen and Desmond 2005a; Chen and Desmond, 2005b). This evidence was consistent 

with their theory that the cerebellar-frontal pathway supports articulatory control for 

working memory. 

In sum, the cerebellum has a number of different functions that potentially 

contribute to working memory. Some research has suggested that the cerebellum 

supports learning and cognitive efficiencies broadly (e.g., Bower, 1997), and other 

studies have suggested more specific cerebellar functions (D’Angelo and Casali, 2013; 

Desmond, Chen, and Shieh, 2005; Kelly and Strick, 2003). With regard to working 

memory, there was evidence to suggest that the cerebellum and frontal regions are 

activated during encoding and articulatory control (Chen and Desmond 2005a; Chen 

and Desmond, 2005b; Desmond, Chen, and Shieh, 2005; Desmond et al., 1997). While 

the evidence has remained mixed, the consensus has suggested a cerebellar 

involvement in learning or efficiency.  
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1.6 Behavioral associations with the Cerebellar-Frontal Pathway 

Prior studies have documented lower white matter integrity in bilateral 

multisynaptic cerebellar-frontal pathway following brain tumor treatment, and 

researchers have found associations between this pathway and measures of verbal 

working memory (Law et al., 2011; Law et al., 2015b; Rueckriegel et al., 2015). While 

prior studies have provided valuable information on the relationship between cerebellar-

frontal white matter integrity and verbal working memory, additional research is 

necessary to understand and integrate these findings from neuroanatomical, 

methodological, and theoretical perspectives. 

Cerebellar tumor survivors have lower white matter integrity in the bilateral 

frontal–cerebellar tract when compared to controls (Law et al., 2011; Law et al., 2015a; 

Soelva et al., 2013). Correspondingly, lower white matter integrity in the right cerebellar-

left frontal pathway has been correlated with cerebellar resection and radiation 

treatment (Law et al., 2011; Law et al., 2015a; Law et al., 2015b); this finding applies to 

survivors treated with cranial radiation and those treated with only surgical resection 

(Law et al., 2011). Furthermore, longer time since treatment correlated with lower white 

matter integrity in the right cerebellar-left frontal pathway regardless of treatment (e.g., 

surgery alone vs. radiation; Law et al., 2011; Law et al., 2015a). Within the right 

cerebellar-left frontal pathway, posterior segments (e.g., cerebellar-rubral and pontine-

cerebellar) had lower white matter integrity when compared to other segments (e.g., 

rubral-thalamic and thalamic-cortical), which was attributed to both surgery and 

radiation (Law et al., 2015a). Taken together, lower white matter integrity in the right 

cerebellar-left frontal pathway has been well documented and appeared to be related to 
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the segment of the pathway, radiation treatment, as well as time since treatment in both 

cranial radiation and surgery only treatment groups.  

The relative sensitivity of the pathways that directly connect to the cerebellum is 

important for the current study. While, Law et al. (2015a; 2015b) found that posterior 

segments (e.g., cerebellar-rubral) had lower white matter integrity when compared to 

other segments (e.g., rubral-thalamic), they did not include a direct cerebellar-thalamic 

segment of the pathway. Similar to the cerebellar-rubral segment, the cerebellar-

thalamic segment also likely has lower white matter integrity when compared to more 

distant segments (e.g., rubral-thalamic or thalamic-cortical), due to the direct connection 

to the cerebellum. Therefore, the current study sought to add to the findings of Law et 

al. (2015a; 2015b) by including the white matter integrity of the cerebellar-thalamic 

segment.  

Longer time since diagnosis has been identified as a predictor of lower white 

matter integrity within the cerebellar-frontal pathway (Law et al., 2015a); however, in the 

above literature, the average time since diagnosis and treatment was only 5.71 years 

(SD= 3.8 years). In brain tumor populations, white matter volume may fail to develop 

normally and continue to decline with a longer time since diagnosis (Reddick et al., 

2005). Therefore, additional research with a longer follow-up period is important to 

examine the long-term impact of tumor treatment on white matter integrity within this 

pathway.  

Lower white matter integrity in the cerebellar- frontal pathway has been 

associated with lower verbal working memory (Law et al., 2011, Law et al., 2015b; 

Rueckriegel et al., 2015). In cerebellar tumor populations, one study has found that 
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lower white matter integrity in the bilateral cerebellar-frontal pathways did not correlate 

with either processing speed (Amsterdam Neuropsychological Tasks, baseline speed 

reaction time) or attention (Amsterdam Neuropsychological Tasks, shifting attentional 

set; Rueckriegel et al., 2015). Instead, bilateral cerebellar-frontal white matter integrity 

correlated with an intelligence measure that included a component of working memory 

and processing speed among other skills (Rueckriegel et al., 2015; i.e., WISC-III FSIQ 

which included Similarities, Arithmetic, Vocabulary, Comprehension, Picture 

Completion, Coding, Picture Arrangement, Block Design, and Object Assembly). 

Another study, using different methods (probabilistic instead of deterministic 

tractography) found that lower white matter integrity in the right cerebellar-left frontal 

pathway associated with poorer working memory performance, but not poorer 

vocabulary performance (Law et al., 2011). Law et al. (2015b) expanded on these 

findings and investigated the relationship between bilateral reciprocal pathways 

separately (cortical-pontine-cerebellar and cerebellar-rubral-thalamic-cortical) in relation 

to working memory. The authors found that only white matter integrity in the left 

cerebellar-rubral-thalamic-frontal pathway was related to working memory (measured by 

Working Memory Test Battery for Children, Forward Digit Recall, Word List Recall, 

Block Recall, and Backward Digit Recall). Therefore, the most recent and 

methodologically specific literature (Law et al., 2015b) has suggested that only the left 

lateralized efferent pathway from the dentate to the cerebellum to the frontal lobe 

specifically related to working memory. Law et al. (2015b) concluded based on findings 

across studies that brain tumor survivors, and more specifically posterior fossa 

medulloblastoma survivors, display a diffuse disruption in the cerebellar-frontal network 
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that was correlated with lower working memory performance (Law et al., 2011; 2012; 

2015a; 2015b). 

From a neuroanatomical perspective, the findings from Rueckriegel et al. (2015) 

were obscured by the averaging of the left and right pathways. Laterality should be an 

important consideration because the right frontal lobe, and potentially corresponding 

cerebellar pathway, has been related to attention (Mannarelli et al., 2015) and the right 

cerebellar-left frontal pathway has been related to verbal working memory (Law et al., 

2011). Correspondingly, two prior studies have documented that cerebellar-frontal white 

matter integrity in the left, but not the right pathway related to working memory in short-

term survivors (Law et al., 2011 & 2015b). However, since these studies were 

conducted by the same research group, their results may be based on a subset of the 

same sample. Lastly, some prior studies did not report tumor location within the 

posterior fossa (e.g., Law et al., 2011; Rueckriegel et al., 2015), and the two studies that 

did report tumor location studied tumors located primarily in the midline of the posterior 

fossa (91% midline - Law et al., 2015a; 96% midline - Law et al., 2015b). Therefore, 

additional research is necessary to determine if these findings apply to lateralized 

cerebellar tumors.  

From a theoretical perspective, prior studies have been primarily exploratory 

without a guiding theoretical framework. As a result, no study has differentiated whether 

the relationship between right cerebellar-left frontal white matter integrity and verbal 

working memory has been explained by measures of processing speed or attention. 

Differentiation of these relationships is important because there was one model that 

suggested that cerebellar tumor survivors have deficits in working memory due to 
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underlying difficulties with processing speed and attention (Palmer, 2008), whereas 

another model suggested that processing speed, attention, and working memory were 

independent factors (Wolfe et al., 2012). 

 

1.7 Theoretical Framework  

Theoretical models of cognition and knowledge in healthy children have 

suggested that attention, working memory, and speed/efficiency are either facilitators or 

inhibitors of overall cognition or knowledge—such that deficits or strengths in these 

skills would inhibit or facilitate learning and cognition (Miller, 2013). Similarly, theoretical 

models based on childhood cerebellar tumor survivors have suggested that the domains 

of processing speed, attention, and working memory underlie difficulties across broad 

neurocognitive domains (Palmer, 2008; Wolfe et al., 2012). However, to date, only one 

of these tractography studies has included measures of attention and processing speed 

(Rueckriegel et al., 2015). 

In healthy children, processing speed and working memory rapidly develop in 

parallel during ages 6-12 (Fry and Hale, 1996), and correspond with increases in 

intelligence (Fry and Hale, 2000). This period of rapid cognitive development is critical 

considering 74% of cerebellar tumors are diagnosed before 10 years of age (Ostrom et 

al., 2015). In general, brain regions are more susceptible to damage if they myelinate 

later in development and receive a higher dosage of radiation (Mulhern et al., 2004; 

Reinhold et al., 1990). While the cerebellum develops prenatally (Blumenfeld, 2010), 

researchers have found that the cerebellar-cortical white matter pathways continue to 

develop from adolescence to adulthood (Stevens et al., 2009). In further support of 
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these theoretical models (Miller, 2013; Palmer, 2008), the cerebellar-cortical white 

matter pathways have been associated with the automation of learned processes and 

thus indirectly related to the speed of processing (Koziol et al., 2014). Therefore, early 

cerebellar-cortical white matter injuries in cerebellar tumor survivors may be related to 

slowed processing speed and underlie poor attention and working memory, which then 

has a cascading impact on broad learning and cognition (Palmer, 2008; Miller, 2013). 

Given the importance of processing speed and attention in theoretical models, as well 

as the early vulnerability to white matter injury, additional research is necessary. The 

current study investigated whether white matter integrity of the cerebellar-frontal 

pathway is specific to working memory, and not disrupting the underlying skills of 

processing speed or attention, which in turn may disrupt many cognitive skills, including 

working memory.  

1.7.1 Processing Speed 

 Processing speed is a behavioral description across task performance 

rather than a discrete neurocognitive skill. Neuropsychological tests do not measure 

discrete and unitary mental skills but instead have been designed to provide a 

multifactorial assessment of a variety of skills that require interpretation by a 

neuropsychologist (Lezak et al., 2012). These multifactorial assessments are useful and 

efficient for neuropsychologists who use within-person (intraindividual) and between-

person comparisons (interindividual) across a full battery of neuropsychological tests to 

determine individual patterns of strengths and weaknesses (Lezak et al., 2012). 

However, research on neuropsychological tests requires special considerations 

because systematic within-person comparisons are untenable. For instance, measures 
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of processing speed often have been combined with motor functioning and often require 

executive functioning. Therefore, difficulties on measures of processing speed could be 

explained by the other skills involved in task performance.  

 To address these concerns, researchers have utilized factor and principal 

component analytic approaches to determine the best measures of processing speed. 

Luciano et al. (2009) used principal component analysis with 1,013 participants to 

derive a speed factor that included the following measures: Symbol Search, Digit 

Symbol, Mean Simple Reaction Time, Mean Choice Reaction Time, and Inspection 

Time. Similarly, Philips (2012) tested a confirmatory factor analysis based on a sample 

of 235 children with neuropsychological concerns. Philips (2012) tested three models 

(single processing speed factor, Cattell–Horn–Carroll (CHC) theory, and the School 

Neuropsychology/CHC model), and reported that the following neuropsychological 

measures had a strong factor loading (>.5): WISC-IV Cancellation, WISC-IV Coding 

WISC-IV Symbol Search, DKEFS Stroop Color Naming, DKEFS Stroop Word Reading, 

DKEFS Fluency Letters, and DKEFS Fluency Categories. However, another study that 

included younger and older adults (n= 104) found that phonemic fluency highly loads on 

an executive functioning factor and only WAIS-R Digit Symbol and Choice Reaction 

Time loaded on the processing speed factor (Bunce and Macready, 2005). Therefore, 

the prior literature suggested that the best available neuropsychological measures of 

processing speed were: Digit Symbol Decoding, Choice Reaction Time, Visual 

Scanning, Rapid Color Naming, and Rapid Word Naming (Bunce and Macready, 2005; 

Luciano et al., 2009; Philips, 2012). Due to the difficulties operationalizing processing 

speed using multifactorial neuropsychological assessments, a measure of processing 



23 

speed was computed in the current study. The measure included an average of the 

neuropsychological assessments with a high factor loading on the processing speed 

factor based on the prior literature. 

1.7.2 Attention and Working Memory 

 In addition to the problems with the measurement of processing speed, 

there have been inconsistencies in the measurement of attention and working memory. 

Specifically, only one study explicitly tested attention using the Amsterdam 

Neuropsychological Tasks, shifting attentional set (Rueckriegel et al., 2015). While other 

researchers did not intend to test attention, all of the aforementioned studies have 

included measures of attention (e.g., Digit Span Forward) within their measure of 

working memory (e.g., Law et al., 2011; Law et al., 2015b; Rueckriegel et al., 2015).  

Therefore, additional research is necessary to examine the relationship between the 

cerebellar-frontal pathway and measures of working memory that have not been 

combined or averaged with measures of attention span.  

1.8 Summary and Gaps in Prior Literature 

 In sum, additional research is necessary to understand and integrate 

findings from neuroanatomical, methodological, and theoretical perspectives. To 

advance on the prior studies from a neuroanatomical perspective, the current study 

sought to include cerebellar-rubral, cerebellar-thalamic, rubral-thalamic, and thalamic-

frontal segments of the efferent cerebellar-frontal pathway. Furthermore, only the 

efferent right cerebellar connections to the left frontal lobe were included to address the 

lack of specificity of prior studies that included bilateral or reciprocal (afferent and 

efferent together) pathways. The efferent connections were selected based on the 
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empirical evidence that lower white matter integrity in these connections alone was 

related to verbal working memory (Law et al., 2015b). The current study uses 

deterministic instead of probabilistic tractography methods to advance on prior studies 

from a methodological perspective. Furthermore, the current study uses a longer follow-

up period (M=13 years post diagnosis) to advance the literature on long-term survivor 

outcomes following cerebellar tumor treatment. Lastly, to advance on the theoretical 

and methodological limitations of prior studies, the current study tests theoretical 

models (Miller, 2013; Palmer, 2008) of working memory deficits by including measures 

of processing speed and attention, with careful selection of the measurement of these 

constructs. Overall, the current study is an important next step to address a number of 

the limitations of the existing literature.  

1.9 Aim 1 

Expand on prior finding that white matter integrity in the right cerebellar-left frontal 

pathways has been associated with working memory by incorporating theory, 

neuroanatomy, and methodological advancements.  

1.9.1 Hypothesis 1 

Lower white matter integrity in the right cerebellar-left frontal pathways (sum of 

cerebellar-rubral, rubral-thalamic, cerebellar-thalamic, and thalamic-frontal pathways) 

should be associated with lower working memory, but not processing speed or attention 

span. 

1.10 Brain Tumor Risk Factors  

The complexity of treatment factors is important to consider for the current study 

on childhood cerebellar tumor survivors. Researchers have found that surgery, younger 
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age at diagnosis, radiation dosage, and longer time since treatment have been related 

to lower whole brain white matter volume and integrity (e.g., Aukema et al., 2009; 

Khong et al., 2003; Law et al., 2011; Merchant et al., 2008; Palmer et al., 2012; Reddick 

et al. 2005). Lower whole brain white matter integrity has been correlated with lower 

Full-Scale Intelligence (FSIQ), processing speed, and attention (Palmer et al., 2012; 

Rueckriegel et al., 2015). 

Palmer (2008) proposed that age at diagnosis and treatment was a direct proxy 

for the rapid brain myelination that occurs during childhood (Casey, Giedd, & Thomas, 

2000; Moore, 2005; Pfefferbaum et al., 1994). Some research has suggested that an 

early age at neurological insult would result in an abnormal trajectory for the 

development of any skills acquired after the brain insult (Dennis, Yeates, Taylor and 

Fletcher, 2006; Taylor and Alden, 1997). Therefore, younger children are considered at 

greater risk for lower white matter integrity as well as lower academic and intellectual 

performance (Palmer, 2008). 

Radiation treatment appears to have a neurotoxic impact that continues over 

time. Therefore longer time since treatment (Mulhern et al., 2001), and higher radiation 

dosage has been associated with lower whole brain white matter volume (Reddick et 

al., 2000; Palmer et al., 2002). Consistently, survivors of posterior fossa 

medulloblastoma have lower whole brain white matter volume than controls (Reddick et 

al., 2005; Riggs et al., 2014). Reductions in white matter appear to be related to both a 

loss of white matter volume and failure to develop age expected growth in white matter. 

For example, using a single MRI slice estimate, survivors of childhood medulloblastoma 

had a 1.1% decrease in white matter volume each year and a failure to develop the 
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typical 5.4% white matter volume gains per year that were observed in healthy children 

(Reddick et al., 2005). One caveat of these findings was that a single slice MRI might 

result in the erroneous conclusion that these findings were consistent throughout the 

brain.  

Nonetheless, reductions in whole brain white matter volume also were related to 

increases in fractional geometry, a mathematical index of structure complexity (Shan et 

al., 2006). Researchers have inferred that fractional geometry related to the 

neurobiological process of cellular or vascular pathogenesis, demyelination, and 

reduced white matter density (Shan et al., 2006). Correspondingly, in animal studies 

radiation-induced cellular and vascular compromise related to demyelination (Reinhold 

et al., 1990). Specifically, demyelination occurred following the initial radiation-induced 

cellular and vascular injury, which then created a negative feedback loop in which the 

cells, blood vessels, and myelin continued to degenerate for at least one year following 

treatment (Reinhold et al., 1990). Vascular injury may differentially impact different 

tissue types in the brain, because the white matter vasculature has a lower density and 

fewer connections among blood vessels when compared to the grey matter vasculature 

(Blumenfeld, 2010; Reinhold et al., 1990). Correspondingly, one brain tumor study 

found that whole brain grey matter was more resilient to brain tumor treatment when 

compared to white matter (Riggs et al., 2014). Other researchers have proposed that 

grey matter resiliencies were related to the developmental trajectory of grey matter, 

which usually develops by age 4, as opposed to white matter which continues to 

develop through early adulthood (Palmer, 2008; Pfefferbaum et al., 1994). Therefore, 

radiation-induced cellular and vascular pathogenesis early in development may explain 
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the loss of whole brain white matter volume and the failure to develop age expected 

gains in white matter, as well as the relative resiliencies of whole brain grey matter in 

brain tumor populations.  

While grey matter was arguably more resilient (Riggs et al., 2014), grey matter 

and white matter regions have been shown to be affected by tumor treatment. 

Consistent with animal and human studies that suggested that subcortical regions were 

susceptible to radiation neurotoxicity (e.g., Jayakar et al., 2015; Reinhold et al., 1990), 

the regions of grey matter vulnerability in cerebellar tumor populations were located 

primarily in subcortical and posterior fossa regions. Grey matter volume ROI findings 

included the cerebellum, cerebellar vermis (anterior and posterior), bilateral thalamus, 

bilateral entorhinal cortex, bilateral hippocampus, and bilateral putamen (Ailion et al., 

2016; Horska et al., 2010; Jayakar et al., 2015; Riggs et al., 2014).  

In sum, longitudinal studies of whole brain volume have suggested both a 

progressive loss of white matter and a failure to develop normal white matter volume 

gains. These changes may be related to an underlying neurobiological process of 

vascular or cellular pathology. While in general, these findings appear diffuse 

researchers also have found that subcortical grey matter regions appeared to be at risk 

for greater radiation-induced volume loss. 

The literature suggesting diffuse white matter volume loss in brain tumors 

populations highlights the need to determine the specificity of the relationship between 

the cerebellar-frontal white matter integrity and working memory. Lower white matter 

integrity in the cerebellar-frontal pathway could simply be indicative of lower whole brain 

white matter integrity; similarly, poorer working memory performance could be indicative 
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of lower whole brain white matter integrity. Therefore, lower whole brain white matter 

integrity presents as a potential confound to lower white matter volume within specific 

pathways. To date, no prior studies on the cerebellar-frontal pathway have reported a 

double dissociation with a comparison white matter pathway and cognitive measure. 

The current study adds to the prior literature by testing a theoretically and empirically 

informed double dissociation with a comparison white matter pathway and comparison 

cognitive task to test the specificity of the brain-behavior relationship.   

A number of criteria were used to select the comparison brain-behavior 

relationship for the double dissociation. First, the comparison white matter pathway 

needed to have long-range connections between brain regions to be similar and 

comparable to the cerebellar-frontal pathway. Second, the long-range pathway needed 

to be correlated with a behavior, and that behavior needed to be distinct from working 

memory performance. The task that was selected for Aim 1 was verbally-mediated, and 

the goal of the control task was to have minimal overlap both with the brain systems 

involved and the cognitive task demands. Therefore, a visually-mediated task would be 

more likely to identify a double dissociation when compared to another verbal task, 

because visual tasks are more likely to recruit distinct brain systems and more likely to 

have minimal overlap with verbal task demands. Lastly, an ideal behavior would be 

grossly intact following cerebellar tumor treatment, as another impaired behavior may 

not provide adequate variance or differentiation to identify a double dissociation. A 

number of different relationships were considered to select the best possible 

comparison pathway to identify a double dissociation. Table 4 provides the rationale as 

to how a number of tracts were not selected for the double dissociation.   
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Table 4 Possible comparison pathways 
 

Pathway Behavior Pros Reasons pathway was not selected 

Anterior 
supramarginal 
gyrus- Posterior 
supramarginal 
gyrus  

Vocabulary Single dissociation was 
found with vocabulary in one 
prior study (Law et al., 2011) 

1. Short range pathway 
2. Brain regions have been associated with verbal 
working memory (Chen and Desmond, 2005) 
 

Cortico- Spinal Motor 
Performance 

Long range tract; involves 
cortical and subcortical 
regions 

1. A prior study on this sample did not find this pathway 
to be associated with motor performance (Smith et al., 
2014). 
2. A double dissociation was unlikely with this pathway 
because motor skills are often impaired following 
cerebellar tumor treatment.  

Cerebellar-
Frontal  
(motor cortex) 

Motor 
Performance 

Long range tract; involves 
cortical and subcortical 
regions 

1. A double dissociation was unlikely with this pathway 
because motor skills are often impaired following 
cerebellar tumor treatment. 
2. This pathway also was likely too similar to the 
cerebellar-dorsolateral prefrontal pathway.  

Cerebellar-
Temporal 

Naming Long range tract; involves 
cortical and subcortical 
regions 

1. There was evidence that the dentate has very limited 
output to the temporal lobe (Glickstein et al., 1985; 
Ramnani et al., 2006).  
2. Naming involved verbal output. 

Cerebellar-
Parietal 

Visual 
Attention 

Long range tract; involves 
cortical and subcortical 
regions 

1. A prior study was only able to identify this pathway in 
60% of healthy participants (Jissendi, Baudry, and 
Balriaux, 2008) 
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Within the cortex, one long-range pathway was selected that has been correlated 

with a cognitive skill that was distinct from working memory and was responsible for 

visually-mediated information. This pathway is the superior longitudinal fasciculus 

(SLF), which has been associated with the dorsal stream, also known as the “where” 

pathway (Hoeft et al., 2007; Thiebaut de Schotten et al., 2011). The SLF has been 

divided into three separate branches (SLF I, II and III) based on animal and human 

models (Thiebaut de Schotten et al., 2011). The current study focused on the SLF II, 

which connects the angular gyrus in the parietal lobe to the dorsolateral prefrontal area 

(Doricchi et al., 2008; Hoeft et al., 2007; Kamali et al., 2014; Makris et al., 2005). Within 

this pathway, the parietal region (caudal inferior parietal lobe) has been involved in 

spatial attention on the basis of human and animal studies (Bisley and Goldberg, 2003; 

Mesulam, 1981), and the SLF II links visual information to the prefrontal cortex (Makris 

et al., 2005). One theory regarding the function of this reciprocal pathway has been that 

the right prefrontal cortex regulates visual attention (Makris et al., 2005). 

The right SLF II has been associated with spatial processing, and has been 

associated with target search tasks in monkeys (Gaffan and Hornak, 1997) as well as 

target cancellation (Doricchi and Tomaiuolo, 2003), line bisection (Thiebaut de Schotten 

et al., 2011; Thiebaut de Schotten et al., 2005), visuospatial construction (Hoeft et al., 

2007), and visual attention tasks (Urbanski et al., 2008) in humans. To address the 

concern that visual attention measures, such as cancellation, have a motor and speed 

component, the number errors independent of the speed on the cancellation measure 

was included in the current study (DKEFS Visual Scanning). 
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Based on prior literature, white matter integrity in the right SLF II and visual 

cancellation task performance should be correlated (Doricchi and Tomaiuolo, 2003; 

Makris et al., 2005; Thiebaut de Schotten et al., 2011; Urbanski et al., 2008). 

Furthermore, the right SLF II has not been correlated with measures of verbal working 

memory (Karlsgodt et al., 2008). Additionally, untimed measures of visual cancellation 

should not be correlated with measures of working memory. Lastly, no literature has 

suggested that the cerebellar-frontal pathway should be related to an untimed measure 

of visual cancellation. Therefore, based on all available evidence, the cerebellar-frontal 

relationship to working memory should demonstrate a double dissociation from the 

relationship between SLF II and visual attention. This proposed double dissociation 

would suggest that lower white matter integrity was both pathway and task specific, and 

would provide evidence against the argument that diffuse white matter reductions were 

correlated with gross reductions in neurocognitive performance.  

 

1.11 Aim 2 

Double dissociation between the cerebellar-frontal and the right SLF II pathways 

with both working memory and visual attention performance.  

1.11.1 Hypothesis 1 

Lower white matter integrity (WMI) in the cerebellar-frontal pathways should be 

associated with lower working memory, but not visual attention performance. 

1.11.2 Hypothesis 2 

Lower WMI in the right SLF II should be associated with lower visual attention 

performance, but not lower working memory performance.  
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All of the aforementioned aims and hypothesis have focused on diffusion 

tractography methods to measure white matter integrity. For the remaining aim, 

measures of brain volume have been incorporated to advance the understanding of 

neuroanatomical relationships among the volume of brain regions, the pathways that 

have been constructed to connect them, and their corresponding behaviors.  

Prior studies have documented damage to the brain structures involved the 

cerebellar-frontal pathways including lesions in the hemispheres, vermis, and dentate of 

the cerebellum (Puget et al., 2009; Kirschen et al., 2008; Konczak et al., 2005; Küper et 

al., 2013), lower white matter integrity in the pons (Khong et al., 2003; Morris et al., 

2009), and lower volume in the bilateral thalamus (Zhang et al., 2008). Furthermore, a 

number of researchers have reported lower white matter integrity in the frontal lobe 

(King et al., 2015; Qiu et al., 2007; Soelva et al., 2013). Lower white matter integrity in 

the frontal lobe has been found in survivors regardless of radiation treatment 

(Rueckriegel et al., 2015), but for survivors treated with radiation, frontal lobe white 

matter integrity has appeared to be uniquely vulnerable when compared to the parietal 

lobe white matter integrity (Qiu et al., 2007).  

With regard to neurocognition, lesions in the cerebellum and lower frontal lobe 

white matter integrity have been associated with lower attention and working memory 

performance. Kirschen et al. (2008) investigated how cerebellar damage following 

benign cerebellar tumors affected verbal working memory and found that damage to the 

left hemispheric lobe VIII was correlated with lower auditory attention (experimental digit 

span forward task). With regard to the whole frontal lobe, white matter integrity 



Double Dissociation of Auditory Attention and Visual Scanning  33 
 

correlated with lower executive functioning as measured by the Wisconsin Card Sorting 

Test and the Trail Making Test, Part B (e.g., working memory, shifting attention, 

cognitive flexibility; Brinkman et al., 2012). However, shifting also was associated with 

fractional anisotropy (FA) in the bilateral temporal and parietal lobes and Trails B was 

associated with radial diffusivity (RD) in the bilateral temporal lobe (Brinkman et al., 

2012). While the authors justified their findings based on literature that suggests that the 

frontal-parietal network supports executive control processes (Barbey et al., 2012), this 

theory was not mentioned as an a priori hypothesis, and the specific regions within the 

left lateralized frontal-parietal network were not investigated (e.g., frontopolar, anterior 

prefrontal, dorsolateral prefrontal, medial prefrontal, inferior parietal, superior parietal); 

rather, the authors only reported findings in relation to the entire bilateral frontal and 

parietal lobes. These findings, which were inconsistent with the literature that suggests 

that executive function corresponds with the left lateralized frontal-parietal network, 

were likely due to the large number of exploratory analyses conducted, the lack of 

correction for statistical comparison, and a large ROI approach. 

While these studies have provided valuable information about the relationships 

between the cerebellum, the frontal lobe, and working memory, they have noteworthy 

limitations. First, findings from Kirschen et al. (2008) were inconsistent with the literature 

that suggested that the cerebellar lobe VIII projects to the motor cortex (Kelly and Strick, 

2003), as well as the extensive literature that suggested that the posterior lobes of the 

cerebellum (e.g., Crus I and II) project to the dorsolateral prefrontal cortex and are 

involved in verbal working memory (Desmond et al., 1997; Hoang et al., 2014; Kelly and 

Strick, 2003; Stoodley and Schmahmann, 2009). However, other research has 
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suggested that the right VIII and the left inferior parietal lobe are activated during 

encoding and maintenance phases of a verbal working memory task (Chen and 

Desmond, 2005).  

Furthermore, Kirschen et al. (2008) did not include a control region or a control 

task, but rather used Bonferroni correction and regressed each of the 24 lobes of the 

cerebellum on the cognitive measures. Similarly, while Brinkman et al. (2012) found a 

number of relationships, the authors computed correlations on 6 different brain lobes 

(left and right frontal, parietal, and temporal lobes), for two different diffusion metrics (FA 

and RD), across 30 neurocognitive domains, which resulted in 360 correlations but no 

statistical correction for multiple comparisons was reported. These limitations highlight 

the need for hypothesis-driven research and the issue of multiple comparisons in 

neuroimaging research.  

1.12 Theoretical Relevance 

One explanation for lower volume and white matter integrity within the brain 

regions in the cerebellar-frontal pathways originates in the functional neuroimaging 

literature. Theories of brain function suggest that a lesion can disrupt neural activity, 

which in turn disrupts functional connections between the lesioned region and its distant 

functional connections, a concept known as diaschisis (von Monakow, 1914). One 

functional imaging study reported that diaschisis occurs in the forebrain after stroke in 

the cerebellum (Rehme and Grefkes, 2013). Therefore, possible diaschisis following 

cerebellar tumor resection may underlie or relate to reductions in white matter integrity 

and volume in the brain structures involved in the cerebellar-frontal pathway. 
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One study on cerebellar atrophy following traumatic brain injury (TBI) has 

provided valuable insights on the relationships among the volume of the pons, 

cerebellum, thalamus, and dorsolateral prefrontal cortex following cerebellar atrophy. 

Cerebellar atrophy was of particular relevance because researchers also have found 

significant cerebellar atrophy in cerebellar tumor survivors (Ailion et al., 2016; Dietrich et 

al., 2001; Szathmari et al., 2010). Spanos and colleagues (2007) inferred based on their 

volumetric results that the cerebellum and corresponding regions included in cerebellar-

cortical pathways, particularly the pons and the dorsolateral prefrontal cortex, may be 

vulnerable to a cascading impact of cerebellar atrophy following a moderate to severe 

TBI. The authors report correlations between white matter volume in the cerebellum and 

the frontal lobe, as well as the cerebellum and the thalamus in healthy children, but 

these relationships were not found in children with moderate to severe TBI. In contrast, 

the volume of the thalamus was correlated with the volume of the frontal lobe in both 

groups (TBI and controls). The authors proposed that atrophy in the cerebellum may 

result in disconnection and may be related to lower volume in the other brain regions in 

the cerebellar-frontal pathways; one possible explanation for this finding was myelin or 

axonal degeneration (Spanos et al., 2007).  

While Spanos and colleagues’ (2007) study illuminated a possible association 

between the volumes of the structures within the cerebellar-frontal network, conclusions 

from their study were limited by a few important considerations. First, the authors only 

investigated the volume of the pons, cerebellum, thalamus, and dorsolateral prefrontal 

lobe. As previously described, the efferent connections between the cerebellum and the 

frontal lobe also synapse on the red nucleus, which was not included in their study. The 
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lack of inclusion of the red nucleus may explain why the authors did not find a 

relationship between the volume of the cerebellum and the volume of the thalamus in 

the TBI group. Second, the authors mention possible myelin or axon degeneration as 

one explanation for their findings, but this theory was never tested. As the authors 

mention in their conclusion, diffusion tractography could be used to construct the 

cerebellar-frontal fiber pathways to test whether the measures of myelin or axon 

degeneration were correlated with lower volume within these structures.  

 To review, prior literature provides evidence for 1) reduced volume in the brain 

structures involved in the cerebellar-frontal pathway following cerebellar tumor 

treatment, 2) lesions and lower white matter integrity in the cerebellum and the frontal 

lobe related poorer working memory performance, 3) diaschisis or cellular degeneration, 

and 4) cerebellar atrophy may explain reduced volume in the thalamus and dorsolateral 

prefrontal cortex. While prior research has investigated the relationship between 

working memory and white matter integrity of the cerebellar-frontal pathway (e.g., Law 

et al., 2015b) and volumetric measures of brain structures along the pathway (e.g., 

Kirschen et al., 2008), no study had combined diffusion and volumetric measures to 

determine the relationship between volume of brain regions, the pathways that connect 

the regions, and verbal working memory. In addition to the substantial empirical 

evidence, theories suggesting vulnerability to structural and functional disconnections 

within the cerebellar-frontal network support the rationale to test these relationships.  

1.13 Aim 3 

Test the neuroanatomical relationships among the volume of brain regions, the 

pathways that connect them, and working memory.   
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1.13.1 Hypothesis 1 

There should be positive relationship between the volume of the right cerebellum 

and the known white matter output pathways (cerebellar-rubral, cerebellar-thalamic, 

rubral-thalamic, and thalamic-frontal white matter integrity), as well as the volume of 

structures that receive projected cerebellar output along the pathway (right dentate, left 

red nucleus, left thalamus, and left frontal lobe). Furthermore, the volume of structures 

that received projected cerebellar output should have positive relationships with the 

white matter integrity of connected pathways (e.g., left red nucleus volume would be 

related to rubral-thalamic white matter integrity; See Figure 2).  

1.13.2 Hypothesis 2 

Similar to hypothesis 1, cerebellar atrophy should be negatively correlated with 

white matter integrity in each segment (cerebellar-rubral, cerebellar-thalamic, rubral-

thalamic, and thalamic-frontal).  

1.13.3 Hypothesis 3 

Right cerebellar volume should mediate the relationship between cerebellar-

frontal white matter integrity and working memory (See Figure 3).  
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Figure 2 Hypothesized relationships between structures volume and white matter 
pathways in the cerebellar-frontal network 
Note. WMI= White Matter Integrity; White boxes represent the structures in the brain, 
and grey boxes represent the white matter pathways that connect the structures in the 
brain. 

 

Figure 3 Hypothesized mediation model for working memory in the cerebellar-frontal 
network 
Note. WMI= White Matter Integrity; White boxes represent the structures in the brain, 
and grey boxes represent the white matter pathways that connect the structures in the 
brain. 

1.14 Aim 4 

Test a double dissociation between the cerebellar-frontal network and the SLF II 

network with both working memory and visual attention performance. 
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1.14.1 Hypothesis 1 

Right parietal lobe volume should mediate the relationship between right SLF II 

white matter integrity and visual attention.  

1.14.2 Hypothesis 2 

Cerebellar volume should not mediate the relationship between right SLF II white 

matter integrity and working memory.  

1.14.3 Hypothesis 3 

Right parietal lobe volume should not mediate the relationship between 

cerebellar-frontal white matter integrity and visual attention.  

 

Figure 4 Hypothesized mediation model for visual attention in the right SLF II network 
Note. WMI= White Matter Integrity; White boxes represent the structures in the brain, 
and grey boxes represent the white matter pathways that connect the structures in the 
brain. 
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2 SUMMARY OF SPECIFIC AIMS 

Aim 1: Expand on prior finding that white matter integrity in the right cerebellar-

left frontal pathways has been associated with working memory by incorporating theory, 

neuroanatomy, and methodological advancements.  

Hypothesis 1: Lower white matter integrity in the right cerebellar-left frontal 

pathways (sum of cerebellar-rubral, rubral-thalamic, cerebellar-thalamic, and thalamic-

frontal pathways) should be associated with lower working memory, but not processing 

speed or attention span. 

 

Aim 2: Double dissociation between the cerebellar-frontal and the right SLF II 

pathways with both working memory and visual attention performance.  

Hypothesis 1: Lower white matter integrity (WMI) in the cerebellar-frontal 

pathways should be associated with lower working memory, but not visual attention 

performance. 

Hypothesis 2: Lower WMI in the right SLF II should be associated with lower 

visual attention performance, but not lower working memory performance.  

 

Aim 3: Test the neuroanatomical relationships among the volume of brain 

regions, the pathways that connect them, and working memory.   

Hypothesis 1: There should be a positive relationship between the volume of the 

right cerebellum and the known white matter output pathways (cerebellar-rubral, 

cerebellar-thalamic, rubral-thalamic, and thalamic-frontal white matter integrity), as well 

as the volume of stuctures that receive projected cerebellar output along the pathway 
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(right dentate, left red nucleus, left thalamus, and left frontal lobe). Furthermore, the 

volume of structures that receive projected cerebellar output should have positive 

relationships with the white matter integrity of connected pathways (e.g., left red nucleus 

volume would be related to rubral-thalamic white matter integrity; See Figure 2).  

Hypothesis 2: Similar to hypothesis 1, cerebellar atrophy should be negatively 

correlated white matter integrity in each segment (fractional anisotropy (FA) of 

cerebellar-rubral, cerebellar-thalamic, rubral-thalamic, and thalamic-frontal).  

Hypothesis 3: Right cerebellar volume should mediate the relationship between 

cerebellar-frontal white matter integrity and working memory (See Figure 3).  

 Aim 4: Test a double dissociation between the cerebellar-frontal network and the 

SLF II network with both working memory and visual attention performance. 

Hypothesis 1: Right parietal lobe volume should mediate the relationship 

between right SLF II white matter integrity and visual attention.  

Hypothesis 2: Cerebellar volume should not mediate the relationship between 

right SLF II white matter integrity and working memory.  

Hypothesis 3: Right parietal lobe volume should not mediate the relationship 

between cerebellar-frontal white matter integrity and visual attention.  

 

3 METHODS 

Data for the current study was obtained from a larger study on the long-term 

outcomes following pediatric brain tumor diagnosis and treatment (PI: T.Z. King 

#RSGPB-CPPB-114044). Survivors either were part of a long-term follow-up of a prior 

longitudinal study of childhood brain tumors, or survivors were recruited from a 
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database of brain tumor survivors obtained from Children’s Healthcare of Atlanta 

(CHOA). Prior to participation, survivors of childhood brain tumors completed a 

screening form. Candidates were excluded if they had any of the following conditions: 

pervasive developmental disabilities, neurofibromatosis, MRI incompatible medical 

implants, serious health complications that would make an MRI scan unsafe, or 

impairment in hearing or vision that would make them unable to complete components 

of the study. It was common for survivors with a diagnosis of hydrocephalus to have a 

metal shunt placed in their skull to drain excess fluid. The participants with shunts were 

asked to provide the serial number for their implant, which was provided to the MRI 

technician to ensure that the participant would be safe in the 3 Tesla MRI scanner. 

Control participants were recruited from the Georgia State University community 

through the psychology participant pool, fliers posted around the community, and the 

Georgia State University/Georgia Institute of Technology Joint Center for Advanced 

Brain Imaging (CABI). Inclusion criteria included fluency in English and adequate 

hearing and vision to complete the study. Controls were excluded if they endorsed 

substance use, had medical illnesses, or psychiatric problems. Georgia State University 

(IRB# H03177) and Georgia Institute of Technology (IRB# H14088) Institutional Review 

Boards reviewed and approved all studies. 

3.1 Procedure 

Participants were asked to come to 2 separate study visits. Informed consent 

was obtained at both visits.  At the first visit, all participants completed a structured 

clinical interview (SCID-II; First, Spitzer, Gibbon, and Williams, 2002) and a battery of 

cognitive testing with a trained graduate student. This testing session took 
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approximately 4 hours. Participants who preferred not to complete an MRI (e.g. due to 

claustrophobia, safety concerns, or scheduling conflicts) did not continue to the second 

visit and were compensated for their time. Survivors received $50 and controls received 

research credit for the first visit. 

The second visit of the study took place at the Georgia State University/Georgia 

Institute of Technology Shared Center for Advanced Brain Imaging. Upon arriving, each 

participant completed an additional MRI safety screening form, which required approval 

from an MRI technician to complete the scan. Once cleared for the MRI scan, a 

graduate student explained the MRI study procedures and completed an informed 

consent form with the participant. Following the scan, a member of the research team 

debriefed and compensated each participant. Survivors and controls received $50 for 

the second visit. 

3.2 Participants 

A total of 44 participants with tumors in the cerebellum, brain stem, or posterior 

fossa completed the second visit of the study. Tumors across these regions were 

included in the current study because the distinction of tumors within structures in the 

posterior fossa may not be clinically meaningful because tumor compression often 

damages the surrounding structures due to the spatial constraints of the posterior fossa 

(Blumenfeld, 2011). Participants were excluded based on the following criteria: global 

functional impairment (n=2), pervasive developmental disorder (n=1), English as a 

second language (n=1), less than 5 years from diagnosis (n=1), or younger than 16 

years old (n=6). An additional three participants (n=3) had poor quality imaging data due 

to motion, and one participant had significant hydrocephalus that resulted in abnormal 
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brain structure (n=1; very enlarged ventricles). The remaining 29 survivors were 

selected for inclusion in the current study. Survivors were matched with controls on 

demographic factors that included age, sex, level of education, and handedness. See 

demographic information for survivors and controls in Table 5.  

 

Table 5 Sample demographics 
 

Group Survivors Controls t-test 

N 29 29  
Gender 45% Female 45% Female  
Age  M=21.34 (SD=5.35) M=22.42 (SD=5.20) t(56)=.78, p>.05 
Level of Education M=13.28 (SD=2.79) M=14.34 (SD=1.68) t(45.08)=1.90, p>.05 
Handedness 79% Right 83% Right t(56)=.33, p>.05 

Note. M=mean; SD=Standard Deviation 

3.3 Survivor Demographics 

The survivor participants were on average 8.55 years old (SD=4.88; range 0-18) 

at diagnosis, and their average age at exam was 21.34 (SD=5.35; range 16-35). The 

average Full-Scale IQ (Wechsler Abbreviated Scale of Intelligence-2; WASI; Wechsler, 

1999) was 99.07 (SD=13.32). Thirteen individuals were diagnosed with astrocytoma 

tumors, 12 with medulloblastoma, and the remaining 4 individuals were diagnosed with 

an ependymoma, a glioma, a primitive neuroectodermal tumor (PNET) - not otherwise 

specified, and a choroid plexus tumor. Ethnicity in the sample was 72% Caucasian, 

14% African-American, 7% Hispanic, and 7% Asian. With regard to treatment, 83% of 

the sample had a history of hydrocephalus, 52% had a history of radiation treatment, 

48% had a history of chemotherapy (only 1 participant had chemotherapy without 

radiation therapy), 55% had a hormone deficiency, and 3% had a history of seizure 

disorder. Of the participants who had radiation treatment (n=15), 80% had whole brain 
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radiation therapy and an additional focal boost of radiation to the posterior fossa, the 

remaining 20% of participants (n=3) received only focal radiation. Radiation dosage 

ranged from 5040-6300. Treatment protocol numbers included: 9961 Arm A (n=2), CCG 

9961 Arm A (n=3), CCG 9961 Reg B (n=1), CCG 9892 (n=1), CCG 88703-NOS (n=1), 

POG 8633 (n=1), POG 8695 (n=1), POG 8930 (n=1), ACNS 0331 (n= 1), and three 

participants did not have protocol numbers listed in their medical records (n=3). The 

Neurological Predictor Scale (NPS; Micklewright et al., 2008) was a cumulative 

measure that included treatment complications such as hydrocephalus, hormone 

deficiency, seizures, as well as the amount of brain surgery, presence and type of 

radiation therapy, and chemotherapy. The NPS values range from 0 (no treatments or 

complications) to 9 (high degree of treatments and complications). The average NPS 

score for the sample was 6 (SD=2.54; Range 2-9). 

Treatment factors, white matter integrity, brain structure volume, and cognitive 

performance in adult survivors of childhood posterior fossa tumors may be related. The 

current study investigated treatment variables (e.g., age at diagnosis, radiation, 

chemotherapy, seizures) descriptively and in relationship to findings. Small sample size 

limited the number of treatment factors that can be included as covariates; therefore, 

NPS was investigated as a cumulative measure of treatment severity. Prior research 

that included a subset of this sample found that the NPS was associated with measures 

of white matter integrity (King et al., 2015), subcortical volume (Jayakar et al., 2015) and 

cerebellar atrophy (Ailion et al., 2016).  
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3.4 Processing Speed Measures 

As discussed in the introduction, the prior literature suggested that the best 

available neuropsychological measures of processing speed were Digit Symbol 

Decoding, Choice Reaction Time, Visual Scanning, Rapid Color Naming, and Rapid 

Word Naming (Bunce and Macready, 2005; Luciano et al., 2009; Philips, 2012). The 

current study measured processing speed using two methods. To be consistent with 

prior studies, the Oral Symbol Digit Modality Test was used as a standalone measure of 

processing speed. Additionally, a composite measure of processing speed was 

computed as a more multifaceted measure of processing speed.  

The composite measure included neuropsychological measures of processing 

speed based on prior literature (Bunce and Macready, 2005; Luciano et al., 2009; 

Philips, 2012). The composite measure of processing speed was an average of Oral 

Digit Symbol Decoding, Choice Reaction Time, Visual Scanning, and Rapid Color 

Naming. The study used Oral Symbol Digit Decoding rather than Written Symbol Digit 

Decoding because many survivors of posterior fossa tumors have motor weaknesses. 

Despite prior literature suggesting that rapid word naming loads on the processing 

speed factor, Rapid Word Naming was not included in the processing speed measure. 

The rationale for excluding Rapid Word Naming was because of the task similarities 

with Rapid Color Naming, which were both part of the Delis-Kaplan Executive Function 

System (DKEFS) Color-Word Interference subtest. The study used Rapid Color Naming 

rather than Rapid Word Naming because Rapid Color Naming had a higher factor 

loading on processing speed (Philips, 2012). The composite measure was computed 

based on an average of z-scores for each measure to maintain a consistent scale of 
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measurement. Z-scores were based on the manual norms for all of the measures, 

except for the 0-Back Choice Reaction Time z-scores, which were based on the healthy 

control sample (described below).  

 

3.4.1 Symbol Digit Modality Test 

 Oral digit symbol decoding was measured using the Symbol Digit Modality Test 

(Smith, 1982). In this 90-second speeded number-symbol task, participants were given 

a sheet of paper with series of symbols with a blank box beneath each one. At the top of 

the page, there was a key where each symbol corresponded to a number. Participants 

were first asked to write the number that corresponded to the symbol (written 

processing speed). For oral processing speed, participants said the number that 

corresponded to the symbol in the box as fast as possible. The same form and the 

same order were used for all participants. The test-retest reliability was .76 for the Oral 

Symbol Digit Modality Test and .80 for the written portion (Smith, 1982). Prior research 

suggested that performance on the Symbol Digit Modality Test correlated to 

performance on the Digit Symbol subtest of the Wechsler Adult Intelligence Scale-

Revised (WAIS-R; Morgan and Wheelock, 1992). 

 

3.4.2 DKEFS Subtests – Trail Making Test #1: Visual Scanning  

The Visual Scanning subtest of the Trail Making Test consisted of two pages (11 

x 17 in) of scattered letters and numbers. Participants were required visually to scan the 

array of 53 letters and numbers and identify a target number 24 times with a pencil 

mark. This measure produced two scores, the time to complete the task and the number 
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of errors (omissions or commissions). The DKEFS manual provided norms based on a 

standardization sample (Delis, Kaplan, and Kramer, 2001) that was used to obtain 

standard scores. The standard score based on time to complete the task was converted 

to a z-score and used ito calculate the composite processing speed measure. While the 

Visual Scanning subtest also required a component of visual attention, it was included 

in the processing speed measure on the basis of the prior literature, which has found 

that measures of time to complete visual cancellation tasks have a high factor loading 

on a general processing speed factor (Luciano et al., 2009; Philips, 2012). The test-

retest reliability was .56 for the Visual Scanning subtest (seconds to complete; all ages; 

Delis, Kaplan, and Kramer, 2001).  

 

3.4.3 DKEFS Subtests –Color-Word Interference #1: Color Naming 

The Color Naming subtest of the Color-Word Interference test consisted of a 

page of colored squares, and participants were required to name the colors as quickly 

as possible. The examiner recorded completion time and number of errors, but only 

completion time was be used in the current study. The norms from the DKEFS manual 

were used to obtain standard scores based on the normalization sample. Similar to the 

Trail Making Visual Scanning subtest, the color naming subtest had a component of 

visual attention but was included based on the prior literature that found that measures 

of color naming have a high factor loading on a general processing speed factor 

(Luciano et al., 2009). The test-retest reliability was .76 for the Color Naming subtest 

(seconds to complete; all ages; Delis, Kaplan, and Kramer, 2001). 
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3.4.4 0-Back Choice Reaction Time 

Simple reaction time was measured using the 0-Back Average Choice Reaction 

Time over 5 runs. The 0-Back task was conducted in the MRI scanner as the simplest 

portion of the complete N-Back task (0,1,2,3-back). 0-Back reflects basic attention or 

vigilance. Participants were trained on the N-Back task outside of the scanner before 

completing the task in the scanner. During the 0-Back condition, participants were 

shown a target letter and a series of letter stimuli. For each of the letter stimuli, the 

participants were asked to press “yes” with their index finger when they see the target 

letter or “no” with their middle finger if the letter was not the target letter. Response 

reaction time to this task was measured in milliseconds.  

Prior research has suggested that the raw 0-Back Reaction Time was not 

correlated with measures of attention span (r= .12; Digit Span Forward) or working 

memory (r=0.06; Digit Span Backward; Miller et al., 2009), but was correlated with one 

of the other measures of processing speed (r=-.33; Stroop Word Reading; Miller et al., 

2009). Of note, the 0-Back was not correlated with some measures of processing speed 

included in the current processing speed  composite measure (r=-.12; Stroop Color 

Naming; Miller et al., 2009). However, prior researchers have used the 0-Back Reaction 

Time as a measure of simple processing speed (e.g., Miller et al., 2009; Shucard et al., 

2011).  

A z-score was computed for all participants based on the mean and standard 

deviation of all of the controls that completed the task in the larger study (n=53). Three 

controls from the larger sample were excluded due to impairment (>1.5 SD below the 

mean), on measures of intelligence (WASI; Wechsler, 1999), or adaptive functioning 
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(Scales of Independent Behavior-Revised; Bruininks et al., 1996), and one control was 

excluded due to age >35 years. The development of the norms for the processing 

speed measure was based on the technique described in the DKEFS manual (Delis, 

Kaplan, and Kramer, 2001). First, normality was checked for the score distribution of all 

the control participants, and the data followed a normal distribution, W=.98, p=.41. 

Since the data followed a normal distribution, the mean and standard deviation, 

M=569.01 and SD=92.40, was used instead of the 50th percentile point. 0-back z-scores 

were calculated based on the mean and standard deviation of the control population.  

 

Table 6 0-Back Reaction Time sample averages 

Group All Controls Matched Controls Survivors 

N 53 29 29 
Gender 53% Female 48% Female 45% Female 
Age M (SD) 21.89 (3.52) 22.43 (5.20) 21.34 (5.35) 
Level of Education M (SD) 14.43 (1.66) 14.17 (1.63) 13.28 (2.79) 
0-Back Reaction Time M (SD) 569.01 (92.40) 563.48 (89.94) 568.24 (95.58) 

 
Note. M=mean; SD=Standard Deviation; age and level of education are reported in 
years; 0-Back Reaction Time is reported in milliseconds  

 
 

Other z-score computations were considered (e.g., scores relative to the whole 

sample, matched controls and survivors, or matched controls alone), however all of the 

controls were selected in an effort to make the reaction time z-score as similar as 

possible to the other z-scores in the processing speed measure (e.g., based on 

population norms of healthy individuals). A noteworthy limitation of this approach was 

the overlap between the controls used in the norm reference group and the matched 

controls that were used in the analyses. Therefore, the measure was calculated as a 

preliminary check to determine if the 0-Back z-score and processing speed measures 
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correlated with other measures of processing speed. High correlations were found, 

which increased the confidence in the 0-Back z-score and composite measure 

calculations (see Table 7).  

 

Table 7 Correlations of processing speed measures 
 

 Matched Survivors 
and Controls (n=58) 

Survivors 
(n=29) 

Matched Controls  
(n=29) 

 Composite 
Processing  
Measure 

Composite 
Processing 
Measure 

Composite 
Processing 
Measure 

0-Back Reaction Time .56** .60** .51** 
Oral-Symbol Digit .72** .69** .72** 
Written Symbol Digit .47** .51** .32 
DKEFS Visual Scanning .52** .46* .68** 
DKEFS Color Naming .60** .68** .29 
DKEFS Word Reading .60** .68** .22 

Note. Pearson correlation r values are reported; z-scores were used in all correlation 
analyses; *indicates p<.05 and **indicates p<.01; DKEFS= Delis-Kaplan Executive 
Function Scale 

 

 

3.5 Auditory Attention Span 

3.5.1 Wechsler Memory Scale Digit Span Forward  

The Digit Span Forward subtest from the Wechsler Memory Scale was used as a 

measure of basic auditory attention span for the first aim and hypothesis (Wechsler, 

1997). The examiner read the participant a string of numbers, at a pace of one second 

per number, and the participant recalled the numbers immediately after the 

presentation. The test ranged from 2 digits to 9 digits. The highest number of digits 

repeated accurately was used as a measure of attention span. Prior researchers have 

found that the Digit Span Forward average number of digits accurately repeated in a 
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healthy population was 7 with a standard deviation of 2 (Miller, 1956; Shiffrin & 

Nosofsky, 1994). Digit Span Forward raw scores were used in all analyses. The test-

retest reliability for the digits forward measure was .83 (Wechsler, 1997).  

 

3.6 Working Memory 

3.6.1 Auditory Consonant Trigram 

The Auditory Consonant Trigrams required the examiner to say three consonant 

letters, and then instruct the participant to count backward from an established starting 

number (Brown, 1958; Peterson and Peterson, 1959). After a period of distraction by 

counting backward (for 9, 18, or 36 seconds), the examiner asked the participant to 

recall the three consonants. The number of consonants accurately recalled for each trial 

(9, 18, or 36 seconds) was added together to obtain a raw score for each trial, which 

was then converted into a z-score based on population norms (Stuss et al., 1988; 

Spreen and Strauss, 1998). Z-scores of the 36-second trial were used as a measure of 

working memory. Test-retest reliability for the ACT was .71.  

3.7 Visual Attention 

3.7.1 D-KEFS Subtests – Trail Making Test #1: Visual Scanning 

The Visual Scanning subtest of the Trail Making Test was described above. For 

Aim 2, two scores from this measure were used to provide a measure of visual 

attention. First, the number of errors (omission and commissions) was used to obtain a 

measure of visual scanning with a minimal time component. Then, the z-score that is 

based on the time to complete the Visual Scanning task was investigated as a visual 

attention measure with a time component. Based on the theory and evidence that the 
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pathway between the parietal lobe and the frontal cortex regulates visual attention 

(Bisley and Goldberg, 2003; Makris et al., 2005; Mesulam, 1981), this measure of visual 

attention was hypothesized to be associated with white matter integrity in the SLF II. 

Furthermore, prior research found that letter cancellation (raw number of correct 

targets) was associated with the right SLF II (Doricchi and Tomaiuolo, 2003; Urbanski et 

al., 2008).  

 

3.8 Diffusion Weighted Imaging 

Diffusion-weighted imaging (DWI) provided an in-vivo methodology that 

measured the rate and directionality of water diffusion to infer microstructural features of 

white matter (Cascio, Gerig, and Piven, 2007). This indirect measure of white matter 

microstructure was used to infer the integrity of the white matter connections. Three 

principle eigenvectors were used to quantify directionality (1, 2, 3). The first or 

principal eigenvector measured parallel directionality and corresponded to the principal 

eigenvalue, and axial diffusivity (AD), whereas the second two eigenvectors measured 

diffusion in the perpendicular direction and corresponded to the secondary eigenvalues 

that comprise radial diffusivity (RD). Four common diffusion measures include radial 

diffusivity (RD=[2+ 3]/2), axial diffusivity (AD=1), fractional anisotropy (FA= 

√(3/2)*√((1−D)2+(2−D)2+(3−D)2)/(1
2+2

2+3
2)); where D=[1+ 2+ 3]/3), and mean 

diffusivity (MD=[1+ 2+ 3]/3). Higher AD or FA and lower RD or MD were considered 

proxies for greater white matter integrity (Bartzokis et al., 2012; Mukherjee et al., 2008; 

Viallon et al., 2015).  
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FA measured water directionality of diffusivity in all three directions, where 

greater FA indicated greater white matter integrity on a scale from zero, which indicated 

isotropy, to one, which indicated anisotropy. MD quantified water diffusion in 10–

3mm2/s, such that higher values indicated unrestricted diffusion regardless of direction 

(Mukherjee et al., 2008). While some researchers have interpreted AD and RD as 

general metrics for white matter pathology (Madden et al., 2012; Viallon et al., 2015), 

other researchers suggested that RD ([2+ 3]/2) corresponds with myelination and AD 

(1) corresponds with axon degeneration (Song et al., 2005; Bartzokis et al., 2012). In 

support of this idea, researchers found evidence to suggest that changes in RD were 

associated with myelin growth or loss (e.g., Bartzokis et al., 2012; Gao et al., 2009; 

Klawiter et al., 2011; Song et al., 2005), RD and AD loaded onto separate factors, and 

degenerative brain changes differentially impacted AD and RD (Bartzokis et al., 2012). 

Each of the metrics has noteworthy strengths and limitations. The most common 

measures reported in the literature have been FA and MD despite criticism that 

composite measures are less sensitive and more difficult to interpret due to their 

combination of multiple eigenvectors that potentially measured different components of 

brain biology (Bartzokis et al., 2012). One study proposed that RD provided the best 

measure of myelination in frontal white matter regions based on the correlation with 

transverse relaxation rate (Bartzokis et al., 2012). The biggest criticism of RD and AD 

has been that their estimates are strongly affected by crossing fibers (Bartzokis et al., 

2012). In the current study, the primary diffusion metric used in the analyses is FA so 

that the results of the study can be comparable to prior literature. However, due to the 

importance of frontal lobe myelin degeneration for brain tumor populations, all primary 
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analyses are replicated with RD using appropriate statistical correction and reported as 

supplementary information. 

Tractography provides a DWI technique that allows for evaluation of white matter 

integrity within a specific pathway using inferred anatomy. Deterministic tractography 

was selected over probabilistic tractography because it was more accurate and 

recommended for long-range fibers (Khalsa et al., 2014; Morris et al., 2008; Mukherjee 

et al., 2008; Yo et al., 2009).  

3.9 Image Acquisition  

 Participants completed an MRI scan using a 3-Tesla Siemens Trio system 

with a standard head coil, which included a T1-weighted MPRAGE sagittal sequence 

(FOV=256mm, voxel size=1x1x1mm, TR/TE=2250ms/3.98 ms, flip angle=9°), a 

diffusion-weighted sequence with 30 directions acquired along the anterior-to-posterior 

phase encoding direction (FOV=204mm, voxel size=2x2x2, TR/TE=7700ms/90ms, flip 

angle=2.4°, b value=1000s/mm2, GRAPPA parallel imaging acceleration factor=2, 

number of slices=60), one un-weighted diffusion volume acquired with equivalent 

parameters (T2-weighted image; b = 0s/mm2). The same method described in a prior 

DWI study on this sample (Smith et al., 2016) was used to co-register the diffusion 

image and the T1 image using the fMRI data and field map. This co-registration method 

was based on the principle that the echo-planar imaging (EPI) artifacts that affect 

functional imaging were similar to the magnetic field inhomogeneities that impacted 

diffusion data. Therefore a similar unwarping method was used to approximate the 

geometric distortion. Co-registration was an important step so that the ROIs aligned to 

both the diffusion volumes and T1 images. The co-registration method used the 
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acquired fMRI sequence (FOV=204mm, voxel size=3x3x3mm, TR/TE=2130ms/30ms, 

flip angle=90°, number of slices=40, slice gap=0, EPI=180 volumes), and corresponding 

fMRI field map (FOV=204mm, voxel size=3x3x3mm, TR/TE1/TE2=488ms/4.92ms/ 

7.38ms, flip angle=60°) to apply the estimated phase shift to the diffusion scan.  

 

3.10 Preprocessing 

 Participants selected for the current study excluded those who had been 

previously excluded based on motion (Smith et al., 2016). Therefore the sample 

selected for inclusion had no significant motion artifact on their MPRAGE or DWI 

images. Before participant selection, three survivor participants were excluded because 

they had greater than 10 DWI volumes with artifact, and three survivors and two 

controls with 1-10 volumes containing artifact were corrected by removing those 

volumes from the dataset. The total sample included 29 survivors and 29 controls with 

neuroimaging data for processing. Image preprocessing was completed using the 

procedure described in detail by Smith et al. (2016). In brief, the preprocessing pipeline 

included eddy current correction (FDT FMRIB’s Diffusion Toolbox FSL 5.0), skull 

stripping, fitting the tensor model using DTFIT, and co-alignment of DWI and T1 images 

using the fMRI field map.  

3.11 Region of Interest Procedure 

The cerebellar-frontal pathway was constructed based on 5 ROIs: right cerebellar 

hemisphere, right dentate, left red nucleus, left thalamus, and the left medial frontal 

gyrus (See Figure 5). The right SLF II was constructed based on three ROIs: the right 
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parietal lobe white matter, the right middle frontal gyrus, and the right temporal lobe (as 

an exclusion mask; See Figure 6).  

  

Figure 5 Regions of interest for the cerebellar-frontal pathway (adapted from Law et al., 
2015a; reprinted with permission) 
Note. R= right, L= left, ch= cerebellar hemisphere, rn=red nucleus, th=thalamus, 

fh=frontal hemisphere. The dentate nucleus is not pictured but was included as an ROI. 

While bilateral ROIs are displayed, only the right cerebellum, left red nucleus, left 

thalamus, and left frontal hemisphere were included.  
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Figure 6 Regions of interest for the right superior longitudinal fasciculus II (adapted from 
Thiebaut de Schotten et al., 2011; reprinted with permission) 
 

Note. While bilateral ROIs are displayed, only the right hemisphere SLF II was included. 

The right temporal lobe was included as an exclusion mask.  

While prior tractography studies defined the frontal ROI as the entire frontal lobe 

(e.g., Figure 5), the current study refined this region by including more specific 

anatomical boundaries for the ROI within the frontal lobe (BA 46; Brodmann, 1909; 

Catani et al., 2012; Desikan et al., 2006; Turken and Dronkers, 2011). The dorsolateral 

prefrontal cortex (BA 46) was selected as the specific region within the frontal lobe 

because BA 46 received input from the cerebellum based on an animal virus tracing 

study (Kelly and Strick, 2003), and because BA 46 was associated with working 

memory performance in human fMRI studies (Marvel and Desmond, 2010; Zhang, 

Leung, and Johnson, 2003). BA 46 was estimated using sulci boundaries of the rostral 

division of the middle frontal gyrus (Catani et al., 2012; Desikan et al., 2006). The 

boundaries included the rostral portion of the superior frontal sulcus (front), caudal 

portion of the middle frontal gyrus (back), dorsal boundary as the superior frontal sulcus 

Right Parietal 

White Matter 

Right Middle 

Frontal Gyrus 

Right Temporal 

Lobe 



Double Dissociation of Auditory Attention and Visual Scanning  59 
 

(top), and ventral boundary as the inferior frontal sulcus (bottom; Catani et al., 2012; 

Desikan et al., 2006; See Figure 7a-d).  

There was one noteworthy limitation of the selection of only the middle frontal 

gyrus. The prior literature suggested that the cerebellum also connects to BA 9, and 

cerebellar projections to BA 9 have been found in one tractography study on healthy 

adults (Jissendi, Baudry, and Balriaux, 2008). Furthermore, activation in BA 9 also 

corresponded with working memory (Marvel and Desmond, 2010; Zhang, Leung, and 

Johnson, 2003; Ziemus et al., 2007). BA 9 was not included in the frontal ROI for three 

reasons. First, the sulci boundaries of BA 9 were more difficult to define clearly and 

most closely corresponded with the superior frontal gyrus, which also included BA 8 and 

10 (Canti et al., 2012; See Figure 7a-b). Second, portions of BA 9 were included within 

the previously described rostral division of the middle frontal gyrus. Lastly, the right 

middle frontal gyrus was used as the right frontal ROI for the SLF II. Therefore, 

including only the left middle frontal gyrus in the left frontal ROI makes the two 

pathways more directly comparable.
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C)  

D) 

  

 

Figure 7 Surface anatomy of the dorsolateral prefrontal cortex (Brodmann area (BA) 46) 
Note. Image A and B replicated from Catani et al. (2012; reprinted with permission), and 
image C replicated from Desikan et al. (2006; reprinted with permission), and image D 
replicated from Turken and Dronkers (2011; reprinted with permission) 
 

 



Double Dissociation of Auditory Attention and Visual Scanning  61 
 

 

 

3.11.1 Right Cerebellum 

The cerebellum was drawn beginning with the right-most coronal slice where the 

cerebellum could be identified. The superior portion of the cerebellum was defined using 

the cerebellar tentorium as a guide. The pons was used as the anterior boundary, and 

the midline of the cerebellar vermis was used to delineate the left boundary of the ROI.  

3.11.2 Right Dentate 

The dentate was relatively easy to identify, as a grey matter structure that was 

surrounded by white matter. The dentate was drawn beginning with the brainstem in the 

axial view, and the midline of the cerebellum in the sagittal and coronal view. The ROI 

mask was placed over the crescent-shaped figure in the middle of the cerebellar white 

matter in the right hemisphere. This mask was drawn to include a 1-2 voxel border into 

the white matter to ensure the mask would capture the dentate connections to white 

matter pathways that continue to the cortex.    

 

Figure 8 Image of Dentate Nucleus from Duvernoy's Atlas of the Human Brain Stem and 
Cerebellum (Naidich et al., 2009; reprinted with permission) 
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3.11.3 Left Red Nucleus 

The red nucleus was identified by selecting the first rostral midbrain slice in which 

it becomes visible in the axial view, using the cerebral peduncles and substantia nigra 

as anterior/rostral and posterior/caudal reference points, respectively. The structure was 

circular, which made it easier to define the edges. For this structure, the T2 image was 

also used as a guide, because the red nucleus contains iron it appeared grey on the T2 

image. Similar to the dentate, this mask was drawn to include a 1-2 voxel border into 

the white matter to ensure the mask would capture the connections to white matter 

pathways that continue to the cortex. For neuroanatomical reference, see page Figure 

6.10B on page 234 of Blumenfeld (2010).  

 

3.11.4 Left Thalamus 

The third ventricle defined the right boundary of the thalamus. The internal 

capsule defined the left boundary of the thalamus. The anterior boundary was defined 

using the differentiation between the grey matter of the thalamus and surrounding white 

matter of the internal capsule. Dorsal and ventral boundaries were based on continuous 

slices of the differentiation between the grey and white matter boundaries on the T1 

images, with the posterior commissure as another reference point for the ventral 

boundary. For neuroanatomical reference points, please see Figure 10-19B on page 

144 of Waxman et al. (2009).  
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3.11.5 Left Middle Frontal Gyrus   

The anterior boundary was defined as the rostral portion of the superior frontal 

sulcus, the posterior portion was defined by the caudal part of the middle frontal gyrus, 

the superior frontal sulcus defined the dorsal boundary, and the ventral boundary was 

defined as the inferior frontal sulcus. The MFG was drawn in the sagittal view, using the 

coronal view of the MFG as a guide (See Figure 7).  

3.11.6 Reduced size MFG 

The initial delineation of the left middle frontal gyrus was too large for PanTrack 

processing. Therefore, this ROI was reduced in size during processing. This ROI was 

reduced to include the first 10-slices of the anterior portion of the middle frontal gyrus. 

The previous MFG boundaries were used, with the addition of a 10-slice anterior-

posterior cut-off. The anterior portion of the ROI began on the 1st coronal slice where 

lateral ventricles connected and continued on the contiguous 10 slices in the coronal 

view towards in the anterior direction.  

The reduction of the size of the MFG was modeled after the ROI slice procedure 

described by Ford et al. (2013). While one could argue that a larger ROI is more precise 

and includes more fibers, it could also be argued that smaller more precise ROI 

boundaries increase neuroanatomical specificity. The use of PanTrack for network 

tractography addresses some of these concerns. PanTrack dices the ROI at the voxel 

level, so there is a decreased reliance on all-inclusive ROI boundaries. In other words, 

PanTrack is able to capture all the fibers that go each voxel within the reduced size 

ROI. To date, all prior studies have only used the outer edge boundary of the ROI, 

which would be more sensitive to changes in ROI boundaries. Even with a reduced size 
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ROI for the MFG, this ROI method is far superior to prior studies that have used a single 

slice estimate of ROIs (Jissendi et al., 2008), or defined the frontal ROI too broadly as 

the dorsal anterior half of the cortex (Law et al., 2015a).  

3.11.7 Right middle frontal gyrus 

The same parameters described for the left MFG were used in the right 

hemisphere for the right MFG on the contralateral side. The reduced size MFG was 

used for both pathways.  

3.11.8 Right parietal lobe white matter 

The right parietal lobe white matter parameters were based on the anatomical 

guidelines described by Thiebaut de Schotten et al. (2011), and Kamali et al. (2014). 

The middle of the splenium of the corpus callosum was used as a starting reference 

point. The triangle shaped fiber pathway at the inferior portion of the top right bundle of 

fibers in the parietal lobe was defined as the angular gyrus (See Figure 9-10). This fiber 

bundle was followed on 10 contiguous slices toward the anterior portion of the brain in 

the coronal view.  
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Figure 9 Middle branch of superior longitudinal fasciculus (SLF) II parietal lobe white 
matter region of interest (ROI) as described by Thiebaut de Schotten et al. (2011; 
reprinted with permission) 

 

 

Figure 10 Angular gyrus as defined by Kamali et al. (2014; reprinted with permission) 
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3.11.9 Right temporal lobe 

The first coronal slice where the temporal pole could be defined was used as a 

starting point and the anterior boundary. The dorsal boundary was defined as the 

superior temporal gyrus.  The posterior boundary was defined as the parieto-occipital 

sulcus. The left boundary was defined as the first sagittal slice where the corpus 

callosum became visible (See Figure 6).  

3.11.10  ROI Template Method 

 The method of ROI template generation was based on Law et al. (2015a), 

which involved manually drawing the ROIs on 10 healthy controls, registering the ROIs 

to the standard MNI brain to create an ROI template, then registering the template to 

each participant’s native space, and manually editing when necessary (Woods et al., 

1998; http://bishopw.loni.ucla.edu/air5/). While this technique was successful in a brain 

tumor population in one prior study (Law et al., 2015a), one possible limitation of this 

approach was the potential inaccuracies when converting the template image from 

standard MNI to native space, due to structural brain abnormalities (e.g., lesions from 

surgical resection, inter-individuals in sulcal anatomy; Ono et al., 1990). However, a 

systematic semi-automated approach to ROI reduces the time intensive nature of 

manual ROI drawings and provides a more objective and standardized approach to ROI 

generation.  

Ten healthy controls were randomly selected to develop the ROI templates. The 

regions of interest were drawn on the FA image for each control, and co-registered T1 

images were used as an anatomical guide. All ROIs were delineated by referencing 

anatomical guidelines provided by neuroanatomical atlases (e.g., Naidich et al., 2008). 
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Then, all images and ROIs were co-registered and resliced to the MNI brain template. 

Once all images were in MNI space, each of the ROIs was combined across 

participants to obtain an average ROI template across the 10 randomly selected 

controls. Each of these ROI templates was then visually verified and manually edited 

when necessary to be consistent with the aforementioned ROI boundaries on the MNI 

brain to create the template ROIs.  

Next, the AFNI non-linear registration program was used (auto_warp.py; Cox, 

1996; Cox and Jesmanowicz, 1999) to register each participant’s FA image to the 

standard MNI FA image (1x1x1mm). Following registration, AFNI 3dNwarpApply was 

used to calculate the inverse normalization warp matrix from standard space to native 

space. The inverse matrix was then applied to the template ROIs to bring the template 

ROIs into native space for each participant. Once the ROIs were in native space, each 

ROI was checked for accuracy. This method was used for all the ROI templates. In 

general, the template ROIs registered accurately to the participants’ native space based 

on a visual investigation of the images, and ROIs were manually corrected when 

necessary.  

All ROIs were carefully checked and edited after each transformation. Corrections and 

edits were made at the following steps: 

Step 1. Drew ROIs in native space for 10 healthy controls  

Step 2. Transformed ROIs into MNI space 

***Checked and corrected ROIs according to defined ROI boundaries*** 

Step 3. Combined ROIs across 10 healthy controls to create template ROIs 

***Checked and corrected ROIs according to defined ROI boundaries*** 
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Step 4. Transformed template ROIs into participants’ native space  

***Checked and corrected ROIs according to defined ROI boundaries*** 

3.12 Deterministic Tractography: Preprocessing  

Pre-processing and white matter fiber reconstruction methods described below 

were based on the deterministic tractography pipeline developed by Roberts (2016), 

which was modeled after the methods from Ford et al. (2013) and Bohsali et al. (2015). 

TrackTools, developed in Dr. Thomas Mareci’s research lab at the University of Florida, 

was used to reconstruct white matter pathways by characterizing local diffusion 

according to a Mixture of Wisharts (MOW) probability distribution and applying a 

spherical deconvolution algorithm, prior to filtering estimated pathways to exclude 

streamlines that do not directly connect ROIs in a network. Network tractography was 

completed using PanTrack (software developed in Dr. Bruce Crosson’s research lab at 

Georgia State University/Emory University/the Department of Veterans Affairs), which 

dices ROIs into smaller units for processing similar to Bohsali and colleagues’ methods.  

Reconstruction methods and tracking algorithms similar to those described are available 

with software that is publicly available (e.g., MRI Analysis Software (MAS) 

http://marecilab.mbi.ufl.edu).  

The FMRIB Software Library (FSL) Diffusion Toolbox (FDT 2.0) was used to 

complete tractography preprocessing (Smith et al., 2004). First, diffusion images were 

checked using FSL view for movement and image artifact. Next, the FSL Eddy Current 

Correction tool was used to correct for motion and eddy current artifacts (Jenkison et 

al., 2002; Viallon et al., 2015). Then, the FSL voxel-based morphometry Brain 
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Extraction Tool (FSL-VBM BET) was used to complete skull stripping (Smith et al., 

2004).  

3.13 Deterministic Tractography: Measures of white matter integrity 

The FSL DTIFIT software was used to fit tensors for each scan. The white matter 

pathways were reconstructed using a Mixture of Wisharts (MOW) signal attenuation 

model using TrackTools (http://marecilab.mbi.ufl.edu). The MOW model provided a type 

of high angular resolution reconstruction method that reconstructs eigenvectors based 

on a spherical deconvolution approach that allows for crossing and branching fibers, 

which was more accurate when compared to other common tractography methods (Jian 

et al., 2007; Jian and Vermuri, 2007a; Jian and Vermuri, 2007b). Furthermore, prior 

studies have used the MOW model to construct the connections from Broca’s area to 

the thalamus via the internal capsule (Bohsali et al., 2015) as well as the superior 

cerebellar peduncle pathway to the thalamus and the cortex (Ford et al., 2013).   

Next, whole brain tractography files were generated using TrackTools. The 

angular deviation was a cutoff threshold used to determine when to cease tracing a 

streamline. Therefore, streamlines that had a curvature of more than 65 degrees 

between steps were excluded. The step length threshold launched streamline 

estimations in 0.25 voxel increments in the direction of local maxima. The optimal 

parameters for the angular deviation and step length for the data set were 65 degrees 

and 0.25, respectively. These parameters were the same as those used by Bohsali et 

al. (2015) for successfully tracing cortical-thalamic/thalamic-cortical streamlines from 

2mm3 resolution DWI images. To reduce the computing demands, number of files 

generated, the size of the input file, and overall time of processing, TrackTools 

http://marecilab.mbi.ufl.edu/
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track_intersect script was used to create two input files for PanTrack processing. The 

track_intersect scripts eliminated streamlines that did not intersect with a specified ROI 

and were useful for eliminating unnecessary data before PanTrack processing. The first 

whole brain file was reduced to include all streamlines that intersected with the right 

cerebellum and was used for the cerebellar-frontal white matter pathway. The second 

whole brain file was reduced to include all streamlines that intersected with the right 

middle frontal gyrus and was used for the SLF II white matter pathway. 

Lastly, PanTrack was used for network tractography. PanTrack, an in-house 

software developed by Roberts et al. (2016) in Dr. Bruce Crosson’s research lab, allows 

the user to infer white matter pathways both within each ROI and between ROIs. This 

differed from the methodology described by Bohsali and colleagues (Ford et al., 2013; 

Bohsali et al., 2015) because PanTrack diced ROIs into voxel-sized nodes prior to 

networking with Tracktools to eliminate streamlines that do not directly connect ROIs 

(Colon-Perez et al., 2015). This method was more accurate because Tracktools did not 

capture the white matter pathways within each of the ROIs and relied more heavily on 

accurate segmentation boundaries. Therefore, PanTrack was selected over Tracktools 

because it provided a more complete and robust estimation of the pathways. PanTrack 

was run twice on all participants. First, PanTrack was used to generate all of the direct 

connections between the right cerebellum and the left middle frontal gyrus. Next 

PanTrack was used to provide all of the direct connections between the right middle 

frontal gyrus and the right parietal lobe.  

PanTrack output was then opened in TrackVis, and each pathway was visually 

confirmed for every participant, and the streamlines were manually edited and 
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corrected. The cerebellar-frontal pathway was defined as the fibers that began in the 

right dentate and continued to the left red nucleus, left thalamus, and terminated in the 

left middle frontal gyrus. Fibers that crossed through the corpus callosum were 

excluded. The right SLF II was defined using the boundaries described by Thiebaut de 

Schotten et al. (2011) as the white matter streamlines that began in the middle frontal 

gyrus and connected to the middle parietal gyrus. Fibers that crossed into the temporal 

lobe were excluded. TrackVis was used to create a mask of each edited pathway, which 

was then binarized using FSLmaths. Then, the cerebellar-frontal pathway was divided 

into three segments using FSLmaths -ROI function (dentate-red nucleus; red nucleus-

thalamus; thalamus-frontal lobe). Lastly, FA, L1, L2, and L3 values were extracted for 

each pathway mask using FSLmeants to average the intensity value of each voxel 

within each pathway.  

Although the literature above suggested that there should be separate pathways 

from the dentate to the red nucleus and from the dentate to the thalamus, there was no 

reliable evidence for distinct cerebellar-thalamic fibers in this sample (see Figure 11). 

The aforementioned studies may have attempted to find this segment of the pathway 

and encountered similar difficulties. Without visual confirmation of the separate 

cerebellar-thalamic fibers, there is a possibility that approximately 25% the cerebellar 

output from the thalamus is not measured in the current study. In contrast to prior 

studies, the current ROI approach included every structure along the cerebellar-frontal 

pathway and was still unable to identify the cerebellar-thalamic segment. Given the 

extensive animal literature for this distinction, other possible explanations for the 

inability to find this pathways include: a need for higher resolution image acquisition, a 
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synaptic distinction that cannot be captured using tractography, and/or inability to 

distinguish crossing fibers at the level of the red nucleus (Milardi et al., 2016; Wakana et 

al., 2004).  
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Figure 11 Diffusion tractography of the cerebellar-frontal pathway 
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Figure 12 Diffusion tractography of the superior longitudinal fasciculus 
 

3.14 Volumetrics and Cerebellar Atrophy 

 ROI masks generated for diffusion tractography were used to compute 

white matter and grey matter volume of each region. First, the T1 image was 

segmented in Statistical Parametric Mapping (SPM) with Ashburner and Friston’s 

(2005) unified segmentation program. Then a script (Ridgway, 2007; 

http://www0.cs.ucl.ac.uk/staff/G.Ridgway/vbm/get_totals.m) was used to obtain the 

voxel counts for participants’ whole brain white matter volume, grey matter volume, and 

cerebrospinal fluid volume, as well as the volume within each ROI. The volume of each 

ROI was divided by total intracranial vault (Sanfilipo, Benedict, Zivadinov, & Bakshi, 

2007) to account for variability in head size. Lastly, a measure of cerebellar atrophy was 

computed as described in previous research using a subset of this sample (Ailion et al., 

http://www0.cs.ucl.ac.uk/staff/G.Ridgway/vbm/get_totals.m
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2016). In brief, cerebellar atrophy was defined as the difference between the average of 

matched controls’ cerebellar volume and brain tumor survivors’ cerebellar volume 

(accounting for lesion size) relative to intracranial vault. This measure yielded a 

percentage of cerebellar atrophy in the survivor group. Detailed equations for the 

cerebellar atrophy measure can be found in Ailion et al. (2016).  

4 ANALYSES 

SPSS Statistics version 20 was used for all analyses unless otherwise indicated. 

Descriptive statistics and scatter plots were used to visualize the distribution of the data 

and the differences between survivors and controls. The Benjamini-Hochberg statistical 

correction for family-wise error was used with the recommended 5% false positive rate 

was used to correct for multiple comparisons because it was less stringent than 

Bonferroni correction (Benjamini and Hochberg, 1995; Bennett et al., 2009). Analyses 

were grouped into families by aim, and information related to corrections for multiple 

comparisons are located at the end of each analysis section.  

4.1 Outlier Analyses 

Outliers were defined using the outlier labeling rule, in which the interquartile 

range (Q375-Q125) was multiplied by a factor of 2.2, which was added to or subtracted 

from Q250 to determine the upper and lower boundary of outliers for each group 

(Hoaglin and Iglewicz, 1987). Outlier analysis was conducted, and extreme scores for 

survivors and controls were changed to the next highest or lowest score (Overbay, 

2004; see Table 8). Analyses were run both with and without the outliers. The results 

did not appreciably change when outliers were removed. Therefore, they were included 

to increase the overall sample size and power in the analyses.  
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Table 8 Outlier labeling rule change scores 

Measure # of survivors # of controls Original scores Changed scores 

Composite 
processing 
speed Z-score 

2 0 (844) -1.67 
(908) 1.87 

-1.09 
1.42 

Whole brain 
white matter 
volume relative 
to ICV 

3 0 (833).23 
(816) .43 
(852).43 

.27 

.36 

.36 

Left thalamus 
volume  

0 3 (656) .10 
(578) .11 
(519) .12 

.09 

.09 

.09 

LMFG volume 0 4 (664) .12 
(656) .12 
(519) .13 
(578) .13 

.11 

.11 

.11 

.11 

Right parietal 
lobe volume 

1 2 (829) .24 
(578) .24 
(519) .25 

.22 

.22 

.22 

RMFG volume 0 2 (519) .14 
(578) .15 

.13 

.13 

 
Note. ICV= intracranial vault; LMFG= left middle frontal gyrus; RMFG= right middle 
frontal gyrus 

 

4.2 Principal Component Analysis 

 A principal component analysis (PCA) was computed in the total control sample 

(n=145) to delineate potential factors for each of the hypothesized constructs 

(Processing Speed, Working Memory, Verbal Attention Span, Visual Attention). Syntax 

from the UCLA Statistical Consulting Group was used to compute the PCA with 18 test 

scores from the WMS-III, ACT, OSDMT, DKEFS, and CVLT (List A, Trial 1). The 

sample was adequate (Kaiser-Meyer-Olkin measure of sampling adequacy= .77), and 
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Bartlett’s test of sphericity was significant (χ2 (153) = 752.51, p < .01). All of the 

variables except for two loaded onto a single “general executive functioning factor” 

which explained 26% of the variance. The remaining factor loadings grouped the tests 

based upon shared test attributes (i.e., the DKEFS subtests grouped together). The lack 

of differentiation among measures intended to measure separate cognitive functions 

was likely because measures of executive function are highly correlated in healthy 

populations and more likely to differentiate in a clinical population. Unfortunately, a PCA 

in the survivor sample (n=29) was not possible because a sample size under 50, which 

is considered statistically inappropriate (Comrey and Lee, 1992).  

4.3 Tests of Statistical Assumptions 

Assumptions for analyses were tested for each dependent variable using the 

explore function within SPSS (e.g., outliers, homogeneity of variance). Variables that did 

not follow a normal distribution were logarithmetically transformed and rechecked. 

Variables that still violated the assumption of normality were then square root 

transformed and rechecked. None of the variables that violated the assumption of 

normality were successfully transformed to a normal distribution. Therefore, 

nonparametric statistical tests (Kendall’s tau-b and ANOVA) were reported for the 

variables that violated the assumption of normality (see Table 9). 
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Table 9 Measures that violated the assumptions of normality 
 

Variable Kolmogorov-
Smirnov 

Shapiro-Wilk 

Digits Span Z Score  .15, p<.01 .94, p<.01 
Digit Span Forward  .15, p<.01 .94, p<.01 
Digit Span Backward .26, p<.01 .87, p<.01 
ACT 9 Second Trial Z Score .17, p<.01 .91, p<.01 
ACT 18 Second Trial Z Score .15, p<.01 .93, p<.01 
DKEFS Visual Scanning Z .28, p<.01 .82, p<.01 
DKEFS Visual Errors .19, p<.01 .82, p<.01 

Note. ACT= Auditory Consonant Trigrams; DKEFS= Delis-Kaplan Executive Function 
Scale 
 

4.4 Survivor and Control Groups 

Survivors and controls were matched with regard to age at exam and years of 

education (see Table 10). Survivors exhibited significantly lower whole brain grey matter 

volume and whole brain white matter volume when compared to controls. Volume in 

specific regions, including the left red nucleus and left frontal lobe, were lower in 

survivors compared to controls. With regard to the diffusion tensor white matter integrity 

metrics, RD appeared to be more sensitive to demyelination in both white matter 

pathways. High and low grade tumor groups had similar demographics (see Table 11). 

Differences in age at diagnosis and treatments were consistent with literature 

suggesting that high grade tumors are diagnosed at younger ages and receive more 

aggressive treatment regimens. Subgroup comparisons suggested that survivors with 

high grade tumors had lower whole brain volume (white and grey matter), cerebellar, 

frontal, and thalamic volume, and greater white matter disease when compared to low 

grade tumors and controls.   
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Of note, Tables 10-11 show that survivors, particularly survivors with high grade 

tumors, have significantly lower whole brain grey matter volume when compared to 

controls. These findings were inconsistent with the aforementioned literature that 

suggested that grey matter should be more resilient to brain tumor treatment. However, 

the research that suggested relative resiliencies in grey matter used a sample that was 

on average 5 years post diagnosis (Riggs et al., 2014). Longer-term follow-up studies 

(Ailion et al., 2016; Jayakar et al., 2015) have found differences in grey matter and 

whole brain volume. Therefore, it is possible that white matter is more vulnerable to 

immediate effects of cranial radiation, and findings related to lower grey matter do not 

appear until a longer time post diagnosis.  

In Table 11, percent impairment (defined by greater than 1.5 standard deviations 

below the mean) of each group is reported for each of the cognitive measures. The low 

grade tumor group was relatively cognitively intact with only two participants 

demonstrating impairment on the OSDMT. As expected, the control group was also 

cognitive intact, with only one participant showing impairment on the Visual Scanning 

measure. In contrast, the high grade tumor group showed a high degree of impairment 

on measures of processing speed (OSDMT), auditory attention span (Digit Span 

Forward), and working memory (ACT 36 Second). These results are consistent with the 

pattern of weaknesses that has been reported in the literature for high grade tumors 

(e.g., Palmer, 2008).  

In the subsequent analyses, survivors and controls were grouped together unless 

otherwise specified. Because the hypothesized relationships were not expected to be 

specific to neurological populations, combining groups was one way to increase 
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statistical power. Specifically, research on healthy populations reported that cerebellar-

frontal white matter integrity was related to working memory, and right SLF II white 

matter integrity was related to visual attention (Law et al., 2011; Thiebaut de Schotten, 

2012). The strength of these relationships was expected to be greater within the 

survivor group. Therefore, moderations were also tested based on the hypothesis that 

when estimating cognitive performance survivors would be more affected by lower white 

matter integrity in both pathways, whereas controls would be less affected by lower 

white matter integrity in both pathways. 
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Table 10 Survivor and control demographic and descriptive comparisons 
 

 Survivors n=29 Controls n=29          Group 
differences 

       Cohen’s D 

Gender 45% Female 48% Female   

Age at exam (years) M=21.34 
SD=5.35 

M=22.43 
SD=5.20 

t=.79, p=.56 -.02 

Years of education M=13.28 
SD=2.79 

M=14.34 
SD=2.79 

t=-1.77, p=.08 -.38 

Age at diagnosis (years) M=8.55 
SD=4.88 
Range 1-18 

   

Radiation  n=15     52%    

Chemotherapy n=14     48%    

High grade tumor n=14     48%     

Hydrocephalus n=24     83%    

Seizure medication n=1       3%    

Hormone deficiency n=16     55%    

Whole brain grey matter 
volume** 

M=.77 
SD=.05 

M=.81  
SD=.02 

t=4.04, p<.01 -1.05 

Whole brain white matter 
volume* 

M=.31 
SD=.02 

M=.32 
SD=.02 

t=2.46, p=.02 -.50 

Right Cerebellar Volume
  

M=.10 
SD=.03 

M=.10 
SD=.05 

t=.54, p=.59 .00 

Right Dentate Volume M=.04 
SD=.02 

M=.04 
SD=.03 

t=.60, p=.55 .00 

Left Red Nucleus Volume M=.03 
SD=.02 

M=.04 
SD=.03 

t=.45, p=.65 -.39 

Left Thalamus Volume M=.04 
SD=.02 

M=.04 
SD=.03 

t=-.05, p=.96 .00 

Left Frontal Volume M=.07 
SD=.02 

M=.06 
SD=.03 

t=-.67, p=.51 .39 

Cerebellar-Frontal FA M=.32 
SD=.06 

M=.32 
SD=.05 

t=-.04, p=.97 .00 

Cerebellar-Frontal RD** M=.0013 
SD=.0003 

M=.0011 
SD=.0001 

t=-2.64, p<.01 .89 

SLF II FA M=.28 
SD=.05 

M=.26 
SD=.05 

t=-1.51, p=.14 .40 

SLF II RD M=.0008 
SD=.0001 

M=.0007 
SD=.0001 

t=3.81, p<.01 1.00 

Note. ** indicates p<.01 and * indicates p<.05; All volume measures are regional gray 
matter plus white matter divided by intracranial vault
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Table 11 Subgroup descriptive statistics and effect sizes 
 Subgroup descriptive statistics Subgroup differences Cohen’s D 

 Low Grade 
n=15 

High Grade  
n=14 

Controls  
n=29 

Low Grade vs. High Grade Low Grade  
vs. Controls 

High Grade  
vs. Controls 

Gender 40% Female 50% Female 48% Female    

Age at exam (years) M=21.27 
SD=5.18 

M=21.43 
SD=5.72 

M=22.43 
SD=5.20 

   

Years of education M=13.53  
SD=2.72 

M=13.00 
SD=2.94 

M=14.34 
SD=2.79 

   

Age at diagnosis (years) M=10.00 
SD=4.63 
Range 1-18 

M=7.00 
SD=4.82 
Range 1-17 

    

Radiation  n=2      13% n=13     93%     

Chemotherapy  n=0       0% n=14     100%     

Hydrocephalus n=12     80% n=12      86%     

Seizure medication n=1       7% n=0        0%     

Hormone deficiency n=12     80% n=13      93%     

Whole brain grey matter volume+ M=.79  
SD=.06 

M=.75  
SD=.03 

M=.81  
SD=.02 

0.83** -0.52* -2.54** 

Whole brain white matter volume+ M=.32 
SD=.02 

M=.30 
SD=.03 

M=.32 
SD=.02 

0.79* 0.00 -0.85** 

Right Cerebellar Volume+ M=.11 
SD=.03 

M=.09 
SD=.02 

M=.10 
SD=.05 

0.78* 0.00 -.85** 

Right Dentate Volume M=.04 
SD=.02 

M=.04 
SD=.02 

M=.04 
SD=.03 

0.00 0.00 0.00 

Left Red Nucleus Volume M=.03 
SD=.02 

M=.03 
SD=.02 

M=.04 
SD=.03 

0.00 -0.37 -0.37 

Left Thalamus Volume+ M=.05 
SD=.02 

M=.04 
SD=.02 

M=.04 
SD=.03 

0.50* 0.37 0.00 

Left Frontal Volume+ M=.07 
SD=.02 

M=.06 
SD=.02 

M=.06 
SD=.03 

0.50* 0.37 0.00 

Cerebellar-Frontal FA M=.32 
SD=.04 

M=.31 
SD=.07 

M=.32 
SD=.05 

0.18 0.00 -.0.18 

Cerebellar-Frontal RD+ M=.0012 
SD=.0002 

M=.0013 
SD=.0003 

M=.0011 
SD=.0001 

-0.40 0.71* 1.06** 

SLF II FA+ M=.30 
SD=.05 

M=.25 
SD=.04 

M=.26 
SD=.05 

1.10** 0.80** -0.21 

SLF II RD+ M=.0007 
SD=.0001 

M=.0008 
SD=.0001 

M=.0007 
SD=.0001 

-1.00** 0.00 1.00** 

Percent impairment on cognitive measures. Impairment defined as < 1.5 SD below the mean  

Processing Speed Composite  M=.25 SD=.67 
n=0   0% 

M=-.30 SD=.41 
n=0   0% 

M=.31 SD=.54 
n=0  0% 

- - - 

OSDMT M=-.50 SD=1.38 
n=2   13% 

M=-1.58 SD=1.14 
n=8   57% 

M=.03 SD=1.07 
n=0  0% 

c²=6.15 
Fisher’s p=.02 

c²=.21 
Fisher’s p=.26 

c²=16.45 
Fisher’s p<.01 

Digit Span Forward M=7.00 SD=1.20 
n=0   0% 

M=5.64 SD=1.22 
n=3   21% 

M=7.14 SD=1.22 
n=0  0% 

c²=3.58 
Fisher’s p=.10 

- c²=6.68 
Fisher’s p=.03 

Working Memory M=.01 SD=1.17 
n=0   0% 

M=-.98 SD=1.09 
n=5   36% 

M=.47 SD=.92 
n=0  0% 

c²=3.72 
Fisher’s p=.08 

- c²=11.72 
Fisher’s p<.01 

Visual Scanning M=1.07 SD=1.22 
n=0   0% 

M=.64 SD=1.15 
n=0   0% 

M=.79 SD=1.16 
n=1  3% 

- c²=.53 
Fisher’s p=1.00 

c²=.49 
Fisher’s p=.67 

Note. All volume measures are gray matter plus white matter divided by intracranial vault; + indicates significant difference; Cohen’s D: Small=0.2-0.3, Medium=0.5*, Large > 0.8**; OSDMT= Oral Symbol Digit 
Modality Test; Working Memory= Auditory Consonant Trigrams 36 Second Trial; Visual Scanning= Delis-Kaplan Executive Function System, Trail Making Test, Visual Scanning; c² = chi square; Fisher’s p is 
Fisher’s Exact Test. 
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4.5 Confound Analyses 

Based on prior literature, potential confounds or covariates included longer time 

since treatment, younger age at diagnosis, radiation treatment, and radiation dosage 

(Aukema et al., 2009; Khong et al., 2003; Law et al., 2011; Law et al., 2015a; Merchant 

et al., 2008; Mulhern et al., 2001; Palmer et al., 2012; Palmer, 2008; Palmer et al., 

2002; Reddick et al. 2005; Reddick et al., 2000). These and other treatment factors 

(e.g., hydrocephalus, seizure disorder, and hormone disorder) were explored in 

analyses as potential confounds and covariates. A confound was defined as a treatment 

variable that was correlated with both the independent variable (e.g., white matter 

integrity) and the dependent variable (e.g., cognitive performance). A covariate was 

defined as a treatment factor that was correlated with the dependent variable (e.g., 

cognitive performance) but not the independent variable (e.g., white matter integrity).  

Covariate and confound analyses revealed a number of associations between 

treatment factors and neurocognitive measures (see Table 12-13). Specifically, all 

treatment factors were correlated with lower processing speed, and tumor grade and 

the amount of treatment were associated with lower performance across neurocognitive 

domains. Furthermore, treatment and tumor grade were associated with lower whole 

brain volume, cerebellar volume, and SLF II white matter integrity (see Table 14; FA 

and RD).  Therefore, the Neurological Predictor Scale (NPS; Micklewright et al., 2008) 

was selected as a covariate in analyses because it provided a cumulative measure of 

treatment severity and complications. The NPS quantified hydrocephalus, hormone 

deficiency, seizures, type of surgical resection, type of radiation therapy, and 
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chemotherapy on a scale from 0 (no treatments or complications) to 9 (high degree of 

treatments and complications; Taiwo et al., 2017).  

Age at diagnosis was positively correlated with cerebellar-frontal FA and whole 

brain white matter volume, indicating that children diagnosed at older ages had greater 

white matter volume and integrity. Therefore, age at diagnosis was investigated as a 

covariate based on the correlation with cerebellar-frontal FA. Age at diagnosis was 

associated with both the cerebellar-frontal FA and composite processing speed. Of 

note, treatment severity and age at diagnosis are both proposed mechanisms for lower 

white matter and volume in brain tumor survivors when compared to controls. 

Therefore, the results tables for Aims 1-4 include comparison correlations without the 

treatment covariates. 

Table 12 Correlations between treatment variables and neurocognitive measures (n=29) 
 Composite PS 

Measure 
OSDMT Digit Span 

Forward 
Digit Span 
Backwards 

ACT 36 
seconds  

DKEFS Visual 
Scanning Z 

DKEFS 
Visual 
Scanning 
Errors 

Time Since Diagnosis 
(years) 

r=.48** r=-.27 τb=-.04 τb=-.03 r=-.29 τb=-.26 τb=-.12 

Age at Diagnosis 
(years) 

r=.42* r=.10 τb=.16 τb=.07 r=.35 τb=.09 τb=.16 

Radiation 
 

r=-.45* r=-.36 τb=-.22 τb=-.15 r=-.35 τb=-.35* τb=-.37* 

Amount of Radiation 
(rads) 

r=-.44* r=-.35 τb=-.21 τb=-.18 r=-.36* τb=-.21 τb=-.39* 

Hydrocephalus r=-.39* r=-.16 τb=-.04 τb=-.29 r=-.32 τb=-.16 τb=-.20 

Hormone Disorder 
 

r=-.54** r=-.31 τb=-.18 τb=-.11 r=-.36* τb=-.40* τb=-.37* 

WHO Grade 
 

r=-.54** r=-.44* τb=-.44** τb=-.37* r=-.44* τb=-.22 τb=-.32* 

Seizures 
 

r=.07 r=.04 τb=.28 τb=.28 r=.07 τb=.22 τb=-.12 

NPS r=.63** r=-.49* τb=-.32* τb=-.25 r=-.40* τb=-.36* τb=-.38** 

Note. *indicates p<.05 and **indicates p<.01; Radiation, hormone disorder, and seizures 
are coded as dichotomous variables in which 0= not present and 1= present; WHO= 
World Health Organization; WHO Grade= 1-4 where 1 is the most benign and 4 is the 
highest grade tumor; NPS= Neurological Predictor Scale; PS= processing speed; 
OSDMT= Oral Symbol Digit Modality Test; ACT= Auditory Consonant Trigram; DKEFS= 
Delis-Kaplan Executive Function Scale; τb = Kendall's Tau 
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Table 13 Correlations between treatment variables and cerebellar-frontal neuroimaging 
metrics (n=29) 

 Cerebellar-
Frontal FA 

Cerebellar-
Frontal RD 

Right 
Cerebellar 
Volume 

Right 
Dentate 
Volume 

Left 
Thalamus 
Volume 

Left MFG 
Volume 

Cerebellar 
Atrophy 

Whole 
Brain 
White 
Matter 

Whole 
Brain 
Grey 
Matter 

Time Since 
Diagnosis 
 

r=-.03 r=-.06 r=-.30 r=-.03 r=-.02 r=-.05 r=.08 r=.22 r=-.22 

Age at Diagnosis 
 

r=.44* r=-.26 r=-.06 r=-.16 r=-.15 r=-.12 r=-.11 r=.46* r=.12 

Radiation 
 

r=.02 r=.13 r=-.43* r=-.12 r=-.14 r=-.11 r=.11 r=-.07 r=-.10 

Amount of 
Radiation 
 

r=.00 r=.15 r=-.45* r=-.13 r=-.16 r=-.13 r=.11 r=-.07 r=-.11 

Hydrocephalus r=-.21 r=.22 r=-.22 r=-.21 r=-.16 r=-.20 r=.11 r=.09 r=.19 

Hormone 
Disorder 
 

r=-.02 r=.15 r=-.48** r=-.17 r=-.20 r=-.17 r=.09 r=-.04 r=-.12 

WHO Grade 
 

r=-.15 r=.22 r=-.31 r=-.04 r=-.13 r=-.15 r=.19 r=-.42* r=-.43* 

Seizures 
 

r=.13 r=-.05 r=.28 r=.30 r=.31 r=.30 r=-.15 r=-.04 r=.12 

NPS r=-.11 r=.30 r=-.40* r=-.10 r=-.13 r=-.13 r=.19 r=-.19 r=-.24 

Note. *indicates p<.05 and **indicates p<.01; radiation, hormone disorder, and seizures are coded as 
dichotomous variables in which 0= not present and 1= present; WHO= World Health Organization; NPS= 
Neurological Predictor Scale; FA= fractional anisotropy; RD= radial diffusivity; MFG= Middle Frontal 
Gyrus; Whole brain white and grey matter are measures of volume.  

 

Table 14 Correlations between treatment variables and SLF II neuroimaging metrics 
(n=29) 

 Right Parietal 
Volume 

Right MFG 
Volume 

SLF II FA SLF II RD Whole Brain 
White 
Matter 

Whole 
Brain Grey 
Matter 

Time Since Diagnosis 
 

r=.07 r=-.02 r=-.41* r=.42* r=.22 r=-.22 

Age at Diagnosis 
 

r=.06 r=-.10 r=.30 r=.-10 r=.46* r=.12 

Radiation 
 

r=-.08 r=-.03 r=-.59** r=.36* r=-.07 r=-.10 

Amount of Radiation 
 

r=-.09 r=-.05 r=-.60** r=37* r=-.07 r=-.11 

Hydrocephalus r=-.07 r=-.22 r=-.37* r=.21 r=.09 r=.19 

Hormone Disorder 
 

r=-.11 r=-.10 r=-.61** r=.44* r=-.04 r=-.12 

WHO Grade 
 

r=-.35 r=-.11 r=-.45* r=.38* r=-.42* r=-.43* 

Seizures 
 

r=.25 r=.24 r=.27 r=-.19 r=-.04 r=.12 

NPS r=-.20 r=-.09 r=-.58** r=.43* r=-.19 r=-.24 

Note. *indicates p<.05 and **indicates p<.01; Radiation, hormone disorder, and seizures are coded as dichotomous 
variables in which 0= not present and 1= present; WHO= World Health Organization; NPS= Neurological Predictor 
Scale; MFG= Middle Frontal Gyrus; SLF= Superior Longitudinal Fasciculus; FA= fractional anisotropy; RD= radial 
diffusivity; Whole brain white and grey matter are measures of volume. 
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4.6 Aim 1 

4.6.1 Hypothesis 1 

 Lower white matter integrity in the right cerebellar-left frontal pathways (sum of 

FA for the cerebellar-rubral, rubral-thalamic, and thalamic-frontal pathways) would be 

associated with lower working memory, but not processing speed or auditory attention 

span. 

Across each correlation, the independent variables were white matter integrity 

measures of cerebellar-frontal pathways (FA and RD), and the dependent variables 

were z-scores on processing speed (OSDMT and processing speed composite 

measure), attention span (Digits Forward), and working memory (ACT 36 Second) 

measures.  In the survivor group analyses, auditory attention span was correlated with 

cerebellar-frontal white matter integrity (FA and RD), and this relationship remained 

significant after using partial correlations to control for treatment factors (see Table 15). 

Importantly, Digit Span Backward trial did not correlate with any of cerebellar-frontal 

white matter integrity (FA or RD), which suggests a unique contribution of auditory 

attention span. Digit Span combined score is provided to be consistent with prior 

studies. In the control group analyses, only processing speed was correlated with 

cerebellar-frontal white matter integrity (FA only). For the control group, higher FA was 

associated with lower composite processing speed. This relationship appeared strong 

for the OSDMT as well, although it was not significant (see Table 15 and Figure 14). 

This relationship is the opposite of what would be expected.  

Theoretically, higher FA should be associated with faster processing speed. 

However, a similar inverse relationship has been found in a neurotypical population. 
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Similar to the current findings, Imfeld et al. (2009) found an inverse relationship, such 

that skilled musicians had reductions in corticospinal white matter integrity (FA) when 

compared to neurotypical controls. Higher FA was thought to represent increased 

permeability of the axonal membrane secondary to repeated plastic changes within the 

corticospinal tract (Imfeld et al., 2009). Similarly, white matter pruning of the cerebellar-

frontal pathway may result in increased permeability if the axonal membrane. Therefore, 

it is possible that lower FA in the neurotypical population is measuring axonal 

membrane permeability secondary to healthy white matter pruning (e.g., Huang et al., 

2015). In line with this theory, the frontal portion of the cerebellar-frontal pathway 

undergoes synaptic pruning from adolescence to adulthood (Willing and Juraska, 2015; 

Huang et al., 2015).  

The inverse relationship highlights the pitfalls of summary diffusion metrics that 

combine measures of axons, myelin, extracellular spacing, and membrane permeability 

(Beaulieu, 2002). These results provide support for the criticisms of FA, including the 

combination of multiple eigenvectors that measure different components of brain 

biology, which makes it less sensitive and more difficult to interpret as a measure 

(Tournier, Mori, & Leemans, 2011; Wheeler-Kingshott & Cercignani, 2009).  In sum, 

white matter integrity measures that combine multiple eigenvectors may capture healthy 

neural processes, such as pruning, as opposed to white matter injury in neurotypical 

populations. However, more research is needed to better understand how FA may be 

influenced by membrane permeability or healthy neural processes such as pruning.  

Significant relationships are plotted for each group in Figures 13-16. The initially 

proposed path analysis was unnecessary due to the lack of significant findings across 
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multiple measures in the combined group or separate group analyses. Fisher’s r-to-z 

transformation was computed to determine if the correlations for cerebellar-frontal white 

matter integrity and auditory attention span were significantly greater than other 

measures. The correlation coefficient was significantly larger for auditory attention span 

when compared to working memory (FA z= 1.74, p=.08; RD z=-2.76, p<.01). However, 

Fisher’s Z was not statistically significant for the other measures (OSDMT FA z=1.74, 

p=.08; RD z=1.88, p=.06; composite processing speed FA z=1.67, p=.09; RD z=-1.00, 

p=.31).  
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Table 15 Summary of correlation results for Hypothesis 1 
    

Processing 
Speed 
Composite 
(z-score) 

Processing 
Speed 
OSDMT 
(z-score) 

Working 
Memory 
ACT 36 
Second 
(z-score) 

Auditory 
Attention 
Span 
Digit Span 
Forward (raw) 

Digit Span 
Backward 
(raw) 

Combined Digit 
Span Forward 
and Backward  
(z-score) 

Survivors only 
(n=29) 

      

Right cerebellar-left 
frontal FA 

r=-.06 r=.14 r=.09 τb=.40** τb<.00 τb=.36 

Right cerebellar-left 
frontal RD 

r=.05 r=-.16 r=.11 τb=-.34* τb=.01 τb=-.32 

Survivors only (n=29) partial correlations (controlling for NPS)   

Right cerebellar-left 
frontal FA 

r=.21 r=.02 r=.11 r=.42* r=.03 r=.39 

Right cerebellar-left 
frontal RD 

r=-.26 r=-.16 r=.08 r=-.50* r=.05 r=-.31 

Survivors only (n=29) partial correlations (controlling for NPS and age at 
diagnosis) 

  

Right cerebellar-left 
frontal FA 

r=-.05 r=-.11 r=-.07 r=.39* r=.07 r=.36 

Right cerebellar-left 
frontal RD 

r=-.11 r=.10 r=.36 r=-.37* r=.04 r=-.29 

Controls only (n=29)       

Right cerebellar-left 
frontal FA 

r=-.45* r=-.35 r=.16 τb=-.03 τb=.08 τb=-.02 

Right cerebellar-left 
frontal RD 

r=.22 r=.33 r=.08 τb=.06 τb=.06 τb=.11 

Note. *indicates p<.05 and **indicates p<.01; NPS= neurological predictor scale; 
Processing Speed measured by the Oral Symbol Digit Modality Test (OSDMT); Working 
Memory measured by the Auditory Consonant Trigrams 36 Second Trial; Auditory 
Attention measured by the Digit Span Forward subtest. 
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Figure 13 Hypothesis 1: 
Scatterplot of cerebellar-frontal 
FA and Digits Span Forward Raw 
Scores in the control group  
Note. FA= Fractional Anisotropy 

 
 

 
Figure 14 Hypothesis 1: 
Scatterplot of cerebellar-frontal 
FA and composite processing 
speed in the control group    
Note. FA= Fractional Anisotropy 

 
Figure 15 Hypothesis 1: 
Scatterplot of cerebellar-frontal 
FA and Digit Span Forward Raw 
Scores in the survivor group 
Note. BT= Brain Tumor; FA= 
Fractional Anisotropy  

 

 
Figure 16 Hypothesis 1: 
Scatterplot of cerebellar-frontal 
FA and composite processing 
speed in the survivor group  
Note. BT= Brain Tumor; FA= 
Fractional Anisotropy
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Analyses from Hypothesis 1 were replicated with the neurocognitive measures 

and whole brain white matter volume relative to intracranial vault (see Table 16). In the 

survivor group analyses, whole brain white matter volume was correlated with auditory 

attention span (τb=.36, p<.05), and this relationship remained significant when 

controlling for treatment factors. In the control group, these relationships between 

neurocognitive measures and whole brain white matter volume did not reach statistical 

significance.  

 
 

Table 16 Hypothesis 1: Correlations between whole brain white matter volume and 
neurocognitive measures 
 

  
Processing 
Speed 
Composite 

Processing 
Speed 
OSDMT 

Auditory 
Attention 
Span Raw 
Score 

Verbal 
Working 
Memory 

Survivors only (n=29)     

Whole Brain White Matter 
Volume /ICV 

r=.02 r=-.08 τb=.36* r=-.02 

Survivors only (n=29) partial correlations (controlling for NPS) 

Whole Brain White Matter 
Volume/ICV 

r=-.11 r=.02 r=.55* r<.01 

Survivors only (n=29) partial correlations (controlling for NPS and age at diagnosis) 

Whole Brain White Matter 
Volume/ICV 

r=-.31 r=-.20 r=.48* r=-.27 

Controls Only (n=29)     

Whole Brain White Matter 
Volume /ICV 

r=.16 r=.14 τb=.12 r<.01 

Note. *indicates p<.05 and **indicates p<.01; ICV= intracranial vault; NPS= neurological 
predictor scale; OSDMT= Oral Symbol Digit Modality Test; τb= Kendall's Tau 

 
The initially proposed moderation between groups (survivor vs. control) for 

cerebellar-frontal white matter integrity and working memory was unnecessary because 

there were no significant correlations between cerebellar-frontal white matter integrity 
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and working memory. Instead, group moderations were tested for the significant 

correlations reported in Table 15 (i.e., cerebellar-frontal white matter integrity and 

processing speed; cerebellar-frontal white matter integrity and auditory attention span). 

First, a forced entry multiple regression was tested with group (control=0, 

survivor=1), cerebellar-frontal FA, and the interaction term (cerebellar-frontal FA*group) 

as the independent variables and composite processing speed as the dependent 

variable (see Table 17). Cerebellar-frontal FA was mean centered to aid interpretation. 

The model accounted for 12% of the variance in composite processing speed, Adj 

R2=.12, F(3,54)=3.57, p=.02. A main effect of group was significant, B=-.33, SE=.15, 

Beta=-.27, p=.03 and uniquely explained 8% of the variance in processing speed. 

Higher FA was associated with lower processing speed in the control group, B=-4.92, 

SE=2.17, Beta=-.44, p=.03, and uniquely explained 8% of the variance in processing 

speed. An interaction effect between group and white matter integrity was present in the 

sample, B=6.36, SE=2.84, Beta=-.43, p=.03, and accounted for 8% of the variance in 

processing speed. The interaction was probed at both group levels. For controls, higher 

cerebellar-frontal FA was associated with lower processing speed, whereas for 

survivors there was no relationship between cerebellar-frontal FA and processing 

speed, B=1.44, SE=1.84, Beta=.13, p>.05.  
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Table 17 Regression coefficients for group and cerebellar-frontal FA predicting 
composite processing speed 

 

 
Note. FA= fractional anisotropy; SE= Standard Error; sr2= semi-partial correlation; VIF= 
Variance Inflation Factor 

 
Next, because the Digit Span Forward measure violated the assumption of 

normality, a univariate analysis of variance (ANOVA) was tested with group (control=0, 

survivor=1), cerebellar-frontal FA, and the interaction term (cerebellar-frontal FA*group) 

as the independent variables and Digit Span Forward as the dependent variable. The 

model accounted for 12% of the variance in auditory attention span, Adj R2=.12, 

F(3,54)=3.68, p=.02. A main effect of group was significant, B=.80, SE=.23, 95% CI 

[.13-1.46], p=.02. Cerebellar-frontal FA was positively associated with auditory attention 

span, B=9.32, SE=4.14, 95% CI [1.03-17.61], p=.03. However, the interaction effect 

between group and white matter integrity was not statistically significant in the model, 

B=-11.55, SE=6.39, 95% CI [-24.37-1.27], p=.08. Results were similar for cerebellar-

frontal RD, Adj R2=.15, F(3,54)=4.38, p<.01, except group was not significant (B=-2.71, 

SE=20.2, 95% CI [-6.751-1.33], p=.11).  

 

 

Variable B SE B Beta 

 

p sr2 VIF 

Group 
(0=control, 1=survivor) 

-.33 .15 -.28 .03 .08 1.00 

Cerebellar-Frontal FA 
(mean centered) 

-4.92 2.17 -.44 .03 .08 2.39 

Interaction (group*FA) 6.36 2.84 .43 .03 .08 2.39 
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4.7 Statistical Correction 

 The Benjamini-Hochberg statistical correction for family-wise error was 

used with the recommended 5% false positive rate because it was less stringent than 

Bonferroni correction (Benjamini and Hochberg, 1995; Bennett et al., 2009). A total of 

67 analyses were computed for the first aim, and all reported results survived statistical 

correction for multiple comparisons. The statistical correction was determined by rank 

ordering the p-values for all analyses and computing the Benjamini-Hochberg critical 

value using the following formula:  

Benjamini-Hochberg critical value = (i/m)*Q 

i = the individual p-value rank (1-55) 

m = total number of tests (55) 

Q = the false discovery rate (5%) 

 

4.8 Aim 2 

4.8.1 Hypothesis 1  

Lower white matter integrity (WMI) in the cerebellar-frontal pathways would be 

associated with lower working memory, but not visual attention performance. 

4.8.2 Hypothesis 2 

Lower WMI in the right SLF II would be associated with lower visual attention 

performance, but not lower working memory performance. 

Double dissociations help to determine the exact roles of brain structures and 

behavior and help to localize cognitive functions. The goal of the current study was to 

establish the specificity for the relationship between cerebellar-frontal white matter 
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integrity and working memory via a double dissociation with the right SLF II pathway 

and visual attention. Pearson correlations were planned between the measures of white 

matter integrity of the pathways of interest (FA of the cerebellar-frontal and SLF II 

pathways) and cognitive performance (working memory, visual attention- number of 

errors and visual attention-time to complete). However, auditory attention span, rather 

than working memory, was associated with the cerebellar-frontal white matter integrity 

in Aim 1. Therefore, auditory attention span, rather than working memory was the 

measure selected for the double dissociation in Aim 2.  

In the survivor group analyses, SLF II FA was associated with visual attention. 

However, this relationship was not present in the control sample (see Table 18). Based 

on statistical significance, the results support the hypothesis of a double dissociation 

with brain-behavior specificity for each pathway in the survivor group.  Fisher’s r-to-z 

transformation was used to determine if the correlation between right cerebellar-left 

frontal FA and RD and auditory attention span was significantly greater than the 

correlations to visual attention. Fisher’s r-to-z transformation indicated that the 

correlation between cerebellar-frontal FA and auditory attention span was significantly 

greater than the correlation to visual attention (FA: z=2.38, p=.02). However, the same 

analyses for RD did not reach statistical significance (z=-1.58, p=.11). Similarly, Fisher’s 

Z transformation indicated that correlations for SLF II FA and RD and visual attention 

were not significantly greater than auditory attention span (FA: z=.82, p=.41; RD: z=-26, 

p=.79).   
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Table 18 Summary of correlation results for Hypothesis 2 
  

 
Auditory 

Attention 
Span (raw) 

Visual Attention Visual 
Attention # of 
Errors 

Survivors only (n=29)    

Right cerebellar-left frontal FA τb=.40** τb=-.03 τb=-.18 
Right cerebellar-left frontal RD τb=-.34* τb=-.04 τb=.04 
Right SLF II FA τb=.19 τb=.31* τb=.07 
Right SLF II RD τb=-.09 τb=-.22 τb=.03 

Survivors only (n=29) partial correlations (controlling for NPS) 

Right cerebellar-left frontal FA r=.42* r=-.11 r=-.20 
Right cerebellar-left frontal RD r=-.50* r=-.11 r=-.02 
Right SLF II FA r=.24 r=.44* r=.09 
Right SLF II RD r=-.10 r=-.17 r=.24 

Controls Only (n=29)    

Right cerebellar-left frontal FA τb=-.03 τb=-.15 τb=.07 
Right cerebellar-left frontal RD τb=.06 τb=.19 τb=.09 
Right SLF II FA τb=.14 τb=-.03 τb=.08 
Right SLF II RD τb=.21 τb=.27 τb=-.21 

Note. τb = Kendall's Tau; *indicates p<.05 and **indicates p<.01; NPS= 

neurological predictor scale; τb = Kendall's Tau; FA= fractional anisotropy; RD= radial 

diffusivity; Visual Attention= Delis-Kaplan Executive Function Scale, Trail Making Test, 

Visual Scanning Trial z-score 

 

Analyses from Hypothesis 2 were also computed with whole brain white matter 

volume relative to intracranial vault to determine that the results were not due to overall 

reductions in whole brain white matter volume. The Aim 1 results from auditory attention 

span are reported in the first column to ease the comparison of findings. Across the 

groups, the results did not reach statistical significance (see Table 19).  
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Table 19 Hypothesis 2: Correlations between whole brain white matter volume and 
neurocognitive measures 

  
Auditory 
Attention 
Span (raw) 

Visual 
Attention 

Visual 
Attention # of 
Errors 

Survivors only (n=29)    

Whole Brain White Matter Volume/ICV τb=.36* τb=-.19 τb=-.01 

Survivors only (n=29) partial correlations (controlling for NPS) 

Whole Brain White Matter Volume/ICV r=.55** r=-.20 r=-.05 

Controls Only (n=29)    

Whole Brain White Matter Volume/ICV τb=.12 τb<.01 τb=-.12 

Note. *indicates p<.05 and **indicates p<.01; ICV= intracranial vault; NPS= Neurological 
Predictor Scale; Visual Attention= Delis-Kaplan Executive Function Scale, Trail Making 
Test, Visual Scanning Trial z-score; τb= Kendall's Tau 

 

Since a significant relationship was found between the right SLF II white matter 

integrity and visual attention, a group moderation was tested (survivor vs. control). The 

hypothesis was that the slope of the relationship between right SLF II white matter 

integrity and visual attention would be steeper for the survivor group when compared to 

the control group. Right SLF II white matter integrity was grand mean centered to aid 

interpretation. The interaction variable was computed in SPSS by multiplying the group 

variable (survivor vs. control) by right SLF II white matter integrity. Because visual 

attention violated the assumption of normality, an ANOVA was used to test the 

moderation. Group (control=0, survivor=1), SLF II FA, and the interaction term (SLF II 

FA*group) were the independent variables, and DKEFS Visual Scanning was the 

dependent variable. The model did not account for significant variance in visual 

attention, Adj R2=.04, F(3,54)=1.74, p=.17. Results were similar when SLF II RD was 

computed, Adj R2=.03, F(3,54)=1.66, p=.19.  
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4.9 Statistical Correction 

 Similar to Aim 1, the Benjamini-Hochberg statistical correction for family-

wise error was be used with the recommended 5% false positive rate. A total of 26 

analyses were computed for the second aim, and all reported results survived statistical 

correction for multiple comparisons. See statistical correction section under Aim 1 for 

the Benjamini-Hochberg statistical correction formula.  

 

4.10 Aim 3  

4.10.1 Hypothesis 1 

There would be a positive relationship between the volume of the right 

cerebellum and the known white matter output pathways (cerebellar-rubral, rubral-

thalamic, and thalamic-frontal white matter integrity), as well as the volume of structures 

that receive projected cerebellar output along the pathway (left red nucleus, left 

thalamus, and left frontal lobe). Furthermore, the volume of structures that receive 

projected cerebellar output would have positive relationships with the white matter 

integrity of connected pathways (e.g., left red nucleus volume would be related to 

rubral-thalamic white matter integrity).  

4.10.2 Hypothesis 2 

Similar to hypothesis 1, cerebellar atrophy would be negatively correlated white 

matter integrity in each segment (cerebellar-rubral, rubral-thalamic, and thalamic-

frontal). 
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4.10.3 Hypothesis 3 

 Right cerebellar volume would mediate the relationship between cerebellar-

frontal white matter integrity and working memory. 

The goal of the third aim of the current study was to test a theory of structural 

neural connectivity using two measures of inferred brain structure (volume and white 

matter integrity). Theoretically, lesions can disrupt functional connections between the 

lesioned region and its distant functional connections (von Monakow, 1914), and 

atrophy may disrupt structural connections (e.g., myelin or axons) between the 

atrophied region and distant structural connections (Spanos et al., 2007). In support of 

these theories, cerebellar atrophy has been associated with lower volume in structural 

connections (Spanos et al., 2007). Furthermore, one prior study has found that 

volumetric measures and tractography measures of FA are positively correlated in the 

context of atrophy (Ezzati et al., 2015). Lastly, animal models provide evidence for 

demyelination following radiation-induced brain injury (Reinhold et al., 1990). Survivors 

in the current study had cerebellar lesions, cerebellar atrophy, and 52% were treated 

with radiation; thus, structural disconnection within the cerebellar-frontal pathway was 

likely. Specifically, cerebellar damage (lesion or atrophy) could have caused 

demyelination and axonal damage within the cerebellar-frontal pathway as well as 

cascading reductions in volume on structures along the pathway. For the following 

hypotheses, the relationships were expected to be different in the control group when 

compared to the survivors (e.g., controls do not have lesions or atrophy). Consequently, 

the survivor and control groups were analyzed separately.  
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4.11 Results of Hypothesis One 

Hypothesis 1 focused on testing inferred neuroanatomical connectivity using 

Pearson correlations. The volume of the right cerebellar hemisphere was expected to 

be positively correlated with each segment of cerebellar-frontal white matter integrity 

(cerebellar-rubral, rubral-thalamic, and thalamic-frontal). This hypothesis was not 

supported. While none of the relationships reached statistical significance in the control 

group, descriptively, the correlations appeared to become less strong in the more distal 

segments of the cerebellar-frontal pathway (see Table 20).  In the survivor group, 

cerebellar volume was only significantly associated with the most distal portion, namely 

the thalamic-frontal segment, of the cerebellar-frontal pathway (see Table 20). These 

correlations continued to be significant after correcting for treatment factors.  

Table 200 Aim 3: Hypothesis 1 correlations between cerebellar volume and the diffusion 
metrics of the segments of the cerebellar-frontal white matter pathway 

  

 Cerebellar-Rubral Rubral-Thalamic Thalamic-Frontal 

 FA RD FA RD FA RD 
Controls 
Cerebellar Volume .35 -.18 -.22 .32 -.15 .04 

Survivors 
Cerebellar Volume .20 -.07 .01 -.15 .43* -.49** 
       
Survivors  
Cerebellar Volume 
(controlling for NPS) 
 

 
.15 

 
-.02 

 
.02 

 
-.04 

 
.42* 

 
-.41* 

Survivors  
Cerebellar Volume 
(controlling for NPS and 
Age at diagnosis) 

 
.27 

 
-.03 

 
.07 

 
-.10 

 
.47* 

 
-.45* 

Note. Reported values are Pearson correlation coefficients; *indicates p<.05 and 
**indicates p<.01; NPS= neurological predictor scale; FA= fractional anisotropy; RD= 
radial diffusivity. 
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4.12 Results of Hypothesis Two 

For the next hypothesis, the volume of the right cerebellar hemisphere was 

expected to be positively correlated with the volume of regions of interest within the 

cerebellar-frontal pathway (left red nucleus, left thalamus, and left frontal lobe). Higher 

correlations were expected for pathways and structures that were closer to the 

cerebellum (e.g., Law et al., 2015a). Correlations were computed to test for possible 

cascading damage along the pathway between each of the following: cerebellar-rubral 

white matter integrity  left red nucleus volume, left red nucleus volume  rubral-

thalamic white matter integrity, rubral-thalamic white matter integrity  left thalamus 

volume, thalamic-frontal white matter integrity  left frontal volume. The ROI volumes 

used are the same as those that were used for the diffusion tractography, except for the 

frontal lobe ROI. Since the MFG ROI was only modified to be smaller for deterministic 

tractography processing, the initial boundaries described in the methods section as the 

MFG defined the boundaries of the frontal lobe ROI for volumetric processing.  

Results were inconsistent with the hypotheses and differed among control and 

survivor groups. In the control group, only the rubral-thalamic segment white matter 

integrity (RD only) of the cerebellar-frontal pathway was associated with the volume the 

red nucleus and the thalamus (see Table 21). For the survivor group, the thalamic-

frontal segment (FA and RD) was associated with both thalamus volume and frontal 

lobe volume. These results are consistent with the study conducted by Law et al. 

(2015a) that found lower white matter integrity in the cerebellar- rubral and thalamic-

cerebral segments. 
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Table 21 Correlations between volumetric measures and the diffusion metrics of the 
segments of the cerebellar-frontal pathway 

 

 Cerebellar-
Rubral 

Rubral-
Thalamic 

Thalamic-Frontal 

 FA RD FA RD FA RD 
Controls 
Left Red Nucleus Volume .12 .08 -.32 .47**   
Left Thalamus Volume   -.32 .48** -.05 .06 
Left Frontal Lobe Volume 
 

    -.02 .07 

Survivors 
Left Red Nucleus Volume .28 .03 .14 -.24   
Left Thalamus Volume   .19 -.29 .45* -.44* 
Left Frontal Lobe Volume     .44* -.41* 

Survivors (controlling for NPS)       
Left Red Nucleus Volume .26 .04 .14 -.24   
Left Thalamus Volume   .20 -.26 .44* -.42* 
Left Frontal Lobe Volume     .43* -.39* 

Survivors (controlling for NPS 
and age at diagnosis) 

      

Left Red Nucleus Volume .40* .03 .20 -.31   
Left Thalamus Volume   .26 -.34 .49* -.46* 
Left Frontal Lobe Volume     .47* -.43* 

Note. Reported values are Pearson correlation coefficients; *indicates p<.05 and 
**indicates p<.01; NPS= neurological predictor scale; FA= fractional anisotropy; RD= 
radial diffusivity.  

 

4.13 Results of Hypothesis Three 

The cerebellar structure may be at high risk for atrophy and may be related to 

atrophy in other brain regions (e.g., Finnie et al., 2001; Rohkamm, 1977; Spanos et al., 

2007). Cerebellar atrophy secondary to cerebellar brain tumor resection is hard to 

capture with volumetric measures because of the presence of tumor resection. 

Research based on a subset of this sample developed a measure of cerebellar atrophy 

independent of lesion size and found atrophy was correlated with processing speed 
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performance (Ailion et al., 2016). Therefore, some of the analyses proposed in 

hypothesis one were replicated with a measure of cerebellar atrophy for hypothesis two, 

and relationships were expected to be stronger. Only the survivor group was analyzed 

in this hypothesis because controls were not expected to have any cerebellar atrophy. 

Cerebellar atrophy was expected to be negatively correlated with each segment of 

cerebellar-frontal white matter integrity (cerebellar-rubral, rubral-thalamic, and thalamic-

frontal). Pearson correlations revealed that the high correlation between the cerebellar-

rubral RD and cerebellar atrophy, indicating that as cerebellar atrophy increased 

cerebellar-rubral white matter integrity decreased (see Table 22). While there was a 

general trend that the portions of the white matter pathway closest to the cerebellum 

demonstrated the highest correlations with cerebellar atrophy, the relationships among 

the other portions of the pathway did not reach statistical significance (e.g., rubral-

thalamic; see Table 22).  

Correlations were also computed for cerebellar lesion size and each portion of 

the cerebellar-frontal pathway. Similar to the findings from cerebellar volume (see Aim 3 

Hypothesis 1, Table 20), correlations became stronger in the portions of the white 

matter pathway that were most distant to the cerebellum (e.g., thalamic-frontal; see 

Table 22); however, none of these results reached statistical significance.  
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Table 22 Correlations between cerebellar atrophy and lesion size and the diffusion 
metrics for segments of the cerebellar-frontal pathway 

 Cerebellar-Rubral Rubral-Thalamic Thalamic-Frontal 

 FA RD FA RD FA RD 

Cerebellar Atrophy -.32 .53** .22 -.04 -.04 -.01 

Cerebellar Lesion Size -.08 .07 .06 -.12 .20 -.32 

 

(controlling for NPS) 

      

Cerebellar Atrophy -.30 .52** .22 -.10 .06 -.08 

Cerebellar Lesion Size -.10 .09 .06 -.09 .19 -.30 

 

(controlling for NPS + 

Age at Diagnosis) 

      

Cerebellar Atrophy -.31 .52** .24 -.12 .07 -.09 

Cerebellar Lesion Size -.17 .10 .03 -.05 .17 -.28 

Note. *indicates p<.05 and **indicates p<.01; pearson r values are reported; NPS= 

neurological predictor scale; FA= fractional anisotropy; RD= radial diffusivity.  

 

The rationale for hypothesis 3 was based on the same theories for the prior 

hypotheses but added the cognitive component of auditory attention span. While the 

prior aims were able to establish that cerebellar-frontal white matter integrity correlated 

with auditory attention span, they were unable to establish a correlation between the 

right cerebellar volume and complete cerebellar-frontal pathway. Therefore, the 

necessary relationship between cerebellar volume and the cerebellar-frontal pathway 

for the proposed mediation model did not exist in the sample.  
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4.14 Statistical Correction 

 Similar to Aims 1-2, the Benjamini-Hochberg statistical correction for 

family-wise error was be used with the recommended 5% false positive rate. A total of 

100 analyses were computed for the third aim, and all reported results survived 

statistical correction for multiple comparisons. See statistical correction section under 

Aim 1 for the Benjamini-Hochberg statistical correction formula.  

4.15 Aim 4  

4.15.1 Hypothesis 1 

Right parietal lobe volume would mediate the relationship between right SLF II 

white matter integrity and visual attention.  

4.15.2 Hypothesis 2  

Cerebellar volume would not mediate the relationship between right SLF II white 

matter integrity and working memory.  

4.15.3 Hypothesis 3 

Right parietal lobe volume would not mediate the relationship between 

cerebellar-frontal white matter integrity and visual attention.  

The goal of aim four was to test a double dissociation between the cerebellar-

frontal network (Aim 3, Hypothesis 3) and the right SLF II network with both working 

memory and visual attention performance. Similar to the findings reported in Aim 3: 

Hypothesis 3 (no relationship between cerebellar-frontal white matter integrity and 

cerebellar volume), there was not a statistically significant association between the SLF 

II white matter integrity and right parietal lobe volume (see Table 23). Fisher’s r-to-z 

transformation was computed to see if relationships between white matter pathways 
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and volumes (cerebellar and parietal lobes) were significantly higher for the 

hypothesized relationships, and none of the expected relationships were found 

(Controls: cerebellar-frontal: FA z=.52 RD z=-.94; SLF II: FA z=.34 RD z=-1.76; 

Survivors: cerebellar-frontal: FA z=-.33 RD z=.46; SLF II: FA z=.43, RD z=-.58, all 

p’s>.05). For Hypotheses 2 and 3, simple regressions were planned to confirm the 

specificity of the mediation relationships in Aim 3: Hypothesis 4 and Aim 4: Hypothesis 

1. Since the mediations could not be tested, these analyses were no longer warranted. 

 

Table 233 Aim 4: Hypothesis 1 correlations between SLF II and parietal lobe volume 
 

 
Parietal lobe volume 

Survivors only (n=29)  

SLF II FA τb=.25 
SLF II RD τb=-.18 

Controls only (n=29)  

SLF II FA τb=-.04 
SLF II RD τb=.05 

Note. *indicates p<.05 and **indicates p<.01; NPS= Neurological Predictor Scale; τb= 

Kendall's Tau; FA= fractional anisotropy; RD= radial diffusivity; SLF= superior 

longitudinal fasciculus;  

 

4.16 Post-hoc analyses  

To further investigate the findings reported in Aim 3, the survivor group was split 

into radiation and no radiation groups. In the no radiation group, the volume of each 

structure along the pathway was associated with the cerebellar-rubral segment. High 

correlations were also observed in the thalamic-frontal segment. However, these 

correlations did not reach significance due to small sample size (see Table 24). In the 
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radiation group, significant correlations were found between each structure and the 

thalamic-frontal segment of the pathway.  

Differences in the radiation and no radiation group are likely due to the type of 

brain injury associated with each treatment. In the no radiation group, the primary 

mechanism of injury is the cerebellar tumor growth and resection. Therefore the most 

proximal connection to that injury (cerebellar-rubral pathway) explained reductions in 

volume along the pathway. Whereas, the radiation group had a multifactorial brain injury 

from brain surgery and cranial radiation treatment. Cranial radiation treatment is 

theorized to have the greatest impact on the latest myelinating pathway (thalamic-frontal 

pathway). Therefore, the initial injury to the thalamic-frontal white matter and failure to 

attain normal white matter growth in this white matter segment explained reductions in 

volume along the pathway. Arguably, the radiation and no radiation groups initially had 

a similar degree and pattern of damage. However, subsequent radiation-induced 

demyelination of the thalamic-frontal portion of the pathway appears to demonstrate a 

stronger relationship with volume loss in the cerebellum, red nucleus, thalamus, and 

frontal lobe. 

To further investigate this theory, a correlation was run between cerebellar-frontal 

white matter integrity and age at diagnosis in the radiation and no radiation groups.  In 

the radiation group, age at diagnosis was strongly associated with cerebellar-frontal 

white matter integrity (FA r=.52, p<.05; RD r=-.50, p=.06). In contrast, a significant 

relationship was not found in the no radiation group (FA r=.40, p=.16; RD r=.06, p=.85). 
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Table 24 Radiation subgroup comparisons for the cerebellar-frontal pathway 

 Cerebellar-Frontal Cerebellar-Rubral Rubral-Thalamic Thalamic-Frontal 

 FA      RD FA RD FA RD FA RD 
No Radiation 
(n=14) 

 

Right Cerebellum Volume  .58* -.28 .59* -.15 -.26 -.26 .28 -.44 
Left Red Nucleus Volume .72** -.13 .64* -.04 -.07 -.28 .41 -.45 
Left Thalamus Volume .66** -.26 .50 -.21 .07 -.36 .35 -.31 
Left Frontal Lobe Volume 
 

.65* -.18 .56* -.11 -.07 -.33 .38 -.45 

Radiation 
(n=15) 

 

Right Cerebellum Volume .20 -.06 -.20 .00 .26 -.02 .60* -.46 
Left Red Nucleus Volume .28 -.13 -.13 .11 .33 -.26 .58* -.58* 
Left Thalamus Volume .30 -.17 -.07 .08 .33 -.30 .55* -.55* 
Left Frontal Lobe Volume .29 -.14 -.08 .08 .29 -.24 .50 -.44 

Note. *indicates p<.05 and **indicates p<.01; reported values are Pearson correlation coefficients; FA= fractional 

anisotropy; RD= radial diffusivity; Radiation therapy was coded as dichotomous variables in which 0= not present and 1= 

present 
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To investigate whether the primary finding of the double dissociation was due to 

motor weaknesses in the survivor group partial correlations were computed. The 

relationship between cerebellar-frontal white matter integrity and auditory attention span 

remained significant after controlling for dominant hand performance on the Grooved 

Pegboard (FA: r=-.63, p<.01; RD: r=.38, p<.05).   

5 DISCUSSION 

 The white matter pathway connecting the cerebellum and the frontal lobe 

is commonly studied in the childhood brain tumor population (Ailion et al., 2017). The 

current study advances the existing literature on this pathway in a variety of ways. First, 

the results of Aim 1 provide theory-driven evidence about the specific neurocognitive 

performance that is associated with cerebellar-frontal white matter integrity. Second, the 

results of Aim 2 provide specificity for Aim 1 with differential associations for key brain-

behavior relationships. Third, the results of Aim 3 elucidate the structural connectivity 

within the cerebellar-frontal pathway using diffusion-weighted and voxel-based 

measures of brain structure.  

First, with regard to neurocognitive performance, the sample exhibited a pattern 

that is consistent with the current literature. Such that, survivors with high grade tumors 

and correspondingly more complex treatment and complications exhibited the highest 

proportion of individuals with impairment across neurocognitive measures. Survivors 

with low grade tumors were largely performing within normal limits, with only two 

participants in the impaired range on oral processing speed and none on the composite 

processing speed score. Survivors treated for high grade tumors had significantly more 

impaired processing speed (OSDMT) relative to controls as well as survivors treated for 
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low grade tumors. Survivors treated for high grade tumors had significantly more 

impaired auditory attention span and working memory when compared to controls, and 

these relationships were trending towards significance when compared to survivors 

treated for low grade tumors. 

 The results of Aim 1 identified a significant association between auditory 

attention span and cerebellar-frontal white matter integrity (FA and RD). The 

relationship between cerebellar-frontal white matter and auditory attention span was a 

statistically stronger association when compared working memory. These findings 

challenged the current body of literature that suggested that the cerebellar-frontal white 

matter connections should be related to working memory. However, methodological 

limitations may have obscured this finding in prior studies. Specifically, previous studies 

that reported that cerebellar-frontal white matter integrity is related to working memory 

used Digit Span Forward and Backward as a combined score (Law et al., 2001; Law et 

al., 2015). Of note, in the current sample, the results did replicate the relationship 

between Digit Span total score and the cerebellar-frontal pathway, but also highlight the 

importance of auditory attention span and showed no relationship with Digit Span 

Backward (see Table 15).  

A combined digit span measure is problematic because these two subtests are 

theoretically and empirically distinct in neurological populations. Digit Span Forward 

assesses attention span and corresponds to Baddeley’s Phonological Loop, whereas 

Digit Span Backward assesses mental manipulation and corresponds to Baddeley’s 

Central Executive (Baddeley, 1996; Gerton et al., 2004; Hebben and Milberg, 2009; 

Mapou and Spector, 1995; Monaco et al., 2013; Strauss et al., 2006). These constructs 
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overlap in the domain of working memory, and Digit Span Forward and Backward are 

highly correlated in the healthy normative sample; therefore, during test development, 

Digit Span Forward and Backward were combined to create the digit span index for a 

more normal-shaped data distribution (Lezak et al., 2012). However, Digit Span 

Forward and Backward are often distinct constructs that are not correlated in clinical 

populations (Black and Strub, 1978; Kiefer et al., 2002). For neurological populations, 

combined index scores can result in a poor specificity of neurocognitive processes 

(Dennis et al. 2009) and biased psychometric distributions (Lezak et al., 2012). In fact, 

combining Digit Span Forward and Backward in neurological populations has been 

explicitly cited as inappropriate because it obscures the ability to measure important and 

distinct neuropsychological functions (Lezak et al., 2012; Weinberg et al., 1972). 

 The current study found that Digit Span Forward, but not Digit Span 

Backward or ACT 36 Second Trial, is associated with cerebellar-frontal white matter 

integrity (see Table 15). This relationship is consistent with the theory that the 

cerebellum’s role in working memory is error driven adjustment of information from the 

phonological store and the articulatory control system (Desmond et al., 1997; see 

Figure 17). The cerebellar-frontal network has been implicated in the phonological loop, 

articulatory rehearsal, and mental subvocalization- all of which are required for auditory 

attention span (Ben-Yehudah et al., 2007; Desmond et al., 1997). The Digit Span 

Forward task relies on the phonological store and mental subvocalization systems 

(Gerton et al., 2004). Whereas, Digit Span Backward builds on the task demands of the 

Digit Span Forward and adds the component of manipulation, which is consistent with 

Baddeley’s (1996) notion of the Central Executive (Gerton et al., 2004). 
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Correspondingly, the cerebellar-frontal network is activated during encoding and 

maintenance of verbal information (Chen and Desmond, 2005a). Therefore, the 

specificity in the relationship between cerebellar-frontal white matter integrity and 

auditory attention span demonstrated in Aim 1 is consistent with the Desmond et al.’s 

(1997) theoretical model and prior network activation studies (Chen and Desmond, 

2005a). 

 

Figure 17 Model of cerebellar-frontal pathway involvement in working memory 

(Desmond et al., 1997; reprinted with permission) 

The association with auditory attention span, but not working memory on the 

surface seems counterintuitive. Auditory attention span is often considered a 

prerequisite for working memory and has been theorized to be upstream in the 

developmental cascade contributing to deficits in working memory (Palmer, 2008). 

However, there is literature to suggest that the digits backward task employs 

visuospatial processes to re-sequence the digits in reverse order (Costa, 1975; 
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Larrabee & Kane, 1986; Mapou and Spector, 1995; Weinberg et al., 1972). Therefore, 

these findings could be explained by the high verbal demands of the digit forward task, 

and relatively preserved visuospatial processes that serve as a compensatory 

mechanism for digits backward performance. 

 Importantly, both cerebellar-frontal white matter integrity (FA and RD) and whole 

brain white matter volume were related to auditory attention span. Whole brain volume 

metrics are problematic because they average all the reductions in white matter volume 

that may not be equally distributed throughout the brain. In cerebellar brain tumor 

survivors, lesions and atrophy in posterior fossa regions contribute to a reduction in 

whole brain volume. Correspondingly, survivor cerebellar-frontal FA demonstrated a 

moderate correlation with whole brain white matter volume (r=.31), whereas SLF II FA 

was not correlated with whole brain white matter volume (r=.05). Therefore, white matter 

volume reductions that were captured in the whole brain white matter volume metric 

may be concentrated in the posterior fossa and subcortical regions. Given the high 

correlation between cerebellar-frontal white matter integrity and whole brain white 

matter volume—the association between whole brain white matter volume and Digit 

Span Forward, alone, does not suggest that these results are due to diffuse white 

matter damage.   

The current study found that survivors have significantly lower whole brain grey 

matter volume when compared to controls, which is inconsistent with the reviewed 

literature that posited grey matter resiliencies. However, the research on relative grey 

matter volume resiliencies was based on brain tumor survivors who were on average 5 

years post diagnosis (Riggs et al., 2014). Longer-term follow-up studies have found 
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differences in grey matter (Ailion et al., 2016) and whole brain volume (Jayakar et al., 

2015). Therefore, white matter may be more vulnerable to the immediate effects of 

cranial radiation, and reductions in grey matter may emerge with a longer time post 

diagnosis.  

Aim 2 confirmed the specificity of the relationship between cerebellar-frontal 

white matter integrity and auditory attention span in the survivor group. Fisher’s Z 

confirmed that the association between cerebellar-frontal FA and auditory attention 

span was stronger than the correlation coefficient for cerebellar-frontal FA and visual 

attention. The data support a correlational double dissociation between cerebellar-

frontal white matter integrity (correlated with auditory attention span) and SLF II white 

matter integrity (correlated with visual attention). Cerebellar-frontal white matter integrity 

was not correlated with visual attention performance, and SLF II white matter integrity 

was not associated with auditory attention span. Together, these results also provide 

evidence against diffuse white matter damage. If whole brain white matter volume 

reductions explained auditory attention span (as the correlation between whole-brain 

white matter and Digit Span Forward suggests), then the right SLF II also should be 

correlated with auditory attention span. In sum, the results from Aim 2 provide a 

compelling argument for the brain-behavior specificity of visual and auditory attention 

span with two distinct brain networks and against diffuse brain disruptions.  

Relationships among measures of structural connectivity were much more limited 

than initially hypothesized. First, only the thalamic-frontal segment of the cerebellar-

frontal pathway was associated with the volumetric measures of each structure in the 

survivor group (see Figure 18 and Table 21). Second, cerebellar atrophy was only 
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associated with the cerebellar-rubral segment of the cerebellar-frontal pathway (the 

most proximal segment). This pattern of results suggested that the mechanisms of 

structural disconnection were more nuanced than initially hypothesized.  

 

Figure 18 Correlations between volume and diffusion metrics for the survivor group 
Note. Values are Pearson correlation coefficients without any control variables 

between volume (white + grey matter divided by intracranial vault) and white matter 

integrity (thalamic-frontal fractional anisotropy). White boxes denote volumes, and grey 

boxes denote white matter integrity.  

The disruption of the cerebellar-frontal connections is likely due to multifactorial 

injury. Moderate correlations were observed between the NPS and both cerebellar 

volume and cerebellar-frontal RD. Given the proximity to the cerebellum, it is possible 

that the etiology of cerebellar atrophy extends to the cerebellar-rubral pathway. 

Alternatively, cerebellar atrophy may reduce cerebellar output, and cause demyelination 

within the cerebellar-rubral segment. Evidence from the human and animal literature 

that suggests a combination of these explanations. The initial injury from tumor growth, 

surgery, and treatment cause demyelination followed by a negative feedback loop in 
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which the cells, blood vessels, and myelin continue to degenerate over time (Glass et 

al., 2017; Reddick et al., 2005; Reinhold et al., 1990).  

  The relationship between volumetric measures and only the thalamic-frontal 

segment is likely related to differential developmental trajectories of myelination within 

the cerebellar-frontal pathway. Consistent with this finding, cerebellar-frontal FA 

correlated with age at diagnosis (see Table 13), particularly for survivors treated with 

cranial radiation (see page 116).  Research suggests that the cerebellum, pons, and 

cerebellar peduncles exhibit developmentally early myelination, and are present at birth; 

whereas, the subcortical and frontal regions continue to myelinate into early adulthood 

(Gao et al., 2009; Hermonye et al., 2009; Kochunov et al., 2012; Paus et al., 2001; 

Westlye et al., 2010). Similar to Aim 1, the correlations between the volume and white 

matter integrity in the thalamic-frontal segment are likely related to initial injury, 

structural disconnection beginning with atrophy in the cerebellum, and a failure to 

develop normal white matter gains in developmentally sensitive regions (Glass et al., 

2017; Reddick et al., 2005; Reinhold et al., 1990).  

6 LIMITATIONS 

While the current study sought to provide evidence for brain-behavior 

relationships, the brain regions of interest are part of dynamically interrelated networks; 

therefore, the results may have been influenced by larger network-related neural 

abnormalities associated with tumor development and treatment. The current study 

addressed this limitation by including double dissociation hypotheses with a comparison 

brain-behavior relationship as well as investigating a measure of whole brain white 

matter volume and grey matter volume. In addition to a double dissociation and whole 
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brain volume measures, the current study included a comparison group with no history 

of neurological injury. While no causal conclusions can be drawn, the synthesis of 

findings from a double dissociation, comparison whole brain metrics, and a healthy 

comparison group collectively provided strong support for brain-behavior specificity.  

While a double dissociation was found in the survivor group, the expected 

relationships were not found in the control group. Although there is a similar amount of 

variation between each group (SD), the control group variation was all within normal 

limits of performance without any impairments. The lack of a double dissociation in the 

control group was likely because differences in brain metrics (volume and white matter 

integrity) and neuropsychological measures are less meaningful in healthy individuals 

because there is no disease process to explain the statistical variance in either variable. 

The double dissociation in the survivor group alone suggests that these two brain 

networks appear necessary for their associated behaviors, meaning that when a 

disease or treatment process damages the brain networks, there are reductions in 

corresponding performance measures. 

The control region that was selected for the double dissociation had two 

noteworthy limitations. First, the right SLF II does not connect to subcortical brain 

regions, which makes it structurally distinct from the cerebellar-frontal pathway. While 

this structural distinction may be advantageous to identify a double dissociation, a 

comparison pathway that has structural differences could result in findings that are 

explained by differences in cortical versus subcortical brain regions. The right SLF II 

was chosen in light of this limitation because it has a number of other similar structural 

features to the cerebellar-frontal pathway, such as being a long-range reciprocal 
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pathway that underlies a component of executive functioning (e.g., visual attention). 

Additionally, the right SLF II connects to the right frontal lobe (middle frontal gyrus), 

which was the contralateral equivalent to the frontal ROI that was included in the 

cerebellar-frontal pathway.  

The second limitation was the measure of visual attention. While a robust 

literature supports the association between the right SLF II and visual attention, other 

literature suggests that the right SLF II was associated with spatial working memory 

(Preuss and Goldman-Rakic, 1989; Petrides and Pandya, 2002). Given that the current 

study initially sought to investigate working memory, a double dissociation of verbal and 

spatial working memory may have been methodologically superior to the current 

performance measures. However, the existing data set did not include a measure of 

spatial working memory, and the primary pathway of interest was associated with 

auditory attention span and not verbal working memory. In addition, the two available 

measures of visual attention (cancellation time and cancellation number of errors) were 

robustly associated with the right SLF II were well suited for the double dissociation with 

verbal attention span.  

An inevitable limitation of research on brain tumor survivors was exclusion based 

upon poor quality imaging data or inability to obtain an MRI scan due to medical 

implants. While the current study has a large number of participants for this patient 

population, a larger sample size would allow for more variables that could be statistically 

modeled. Although it would be desirable to perform the current study with a larger 

sample, it is challenging to follow brain tumor survivors on average 13 years post 
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diagnosis due to difficulty tracking patients over time and across the transition to 

adulthood.  

Brain tumor populations also are difficult to study due to differences in the speed 

of tumor growth, the age of tumor identification, pathology, and location of the tumor 

within the posterior fossa. Therefore, heterogeneity among tumor and treatment factors 

could have contributed to the results. The current study statistically accounted for the 

influence of treatment factors and analyzed treatment groups separately when 

appropriate to ensure that tumor and treatment factors do not better explain the results.  

The results discussed include white matter measures of FA and RD. However, 

some results were inconsistent across measures of FA and RD. Cerebellar-rubral RD 

had a higher correlation to cerebellar atrophy when compared to FA. Furthermore, 

larger group differences (i.e., high grade, low grade, controls) were present using RD 

when compared to FA across both white matter pathways. Prior literature suggests that 

RD is sensitive to demyelination (Song et al., 2005; Bartzokis et al., 2012), so it is 

possible that these findings reflect a demyelinating process. In the survivor double 

dissociation, SLF II FA but not SLF II RD was associated with visual attention. The 

correlation coefficient between SLF II RD and visual attention was in the direction 

consistent with the hypotheses, although it was weaker than FA and not statistically 

significant. The RD metric was selected for the current study because of its sensitivity to 

myelin content in late-myelinating regions; however, RD has demonstrated less 

sensitivity earlier-myelinating regions in the posterior brain (Bartzokis et al., 2012). 

Therefore, the discrepancy between SLF II FA and RD is consistent with the literature 
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that suggests that RD would not be sensitive to white matter changes in early-

myelinating posterior brain regions.  

Both FA and RD have noteworthy limitations. FA is considered less sensitive and 

more challenging to interpret because it combines different measurements of brain 

biology. Whereas, RD is more vulnerable to measurement error related to crossing 

fibers (Bartzokis et al., 2012). One explanation could be that the RD metric is measuring 

demyelination associated with the initial injury and continued structural disconnection in 

the cerebellar-frontal pathway, whereas FA is providing a measure of more general 

brain disruption that includes axon degeneration. 

7 STRENGTHS 

This study was among the first to attempt to find a double dissociation of brain-

behavior relationships in a childhood brain tumor population. Neurocognitive difficulties 

in brain tumor populations have been attributed to both focal and diffuse disruptions in 

brain volume and white matter integrity (Ailion et al., 2017). While focal and diffuse brain 

differences are well documented, brain-behavior double dissociation studies are absent. 

The lack of research on double dissociations is likely related to the controversy about 

whether brain tumor survivors exhibit neurocognitive difficulties as a result of diffuse 

brain damage. However, brain-behavior double dissociations provide evidence for 

specificity, particularly in the context of brain disease. Without comparison brain regions 

and behaviors, prior literature remains obscured by the possible contribution of diffuse 

neurological injury. The current study investigated the cerebellar-frontal white matter 

pathway and corresponding neurocognitive measures with a control brain-behavior 

relationship to account for diffuse neurological injury and found evidence for a brain-
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behavior double dissociation. Therefore, neurocognitive performance can be localized 

to specific and theoretically supported white matter pathways, and the idea that 

neurocognitive difficulties are due to diffuse neurological injury in this population is 

overly simplistic.  

The current study is the only known study to date to simultaneously investigate 

the multi-synaptic cerebellar-frontal pathway and the volume of the brain structures 

along the pathway. The current study found that in the no radiation group the cerebellar-

rubral segment correlated with cerebellar, red nucleus, thalamus, and frontal volumes; 

whereas, in the radiation treatment group the thalamic-frontal segment correlated with 

the aforementioned volumes. These results are theoretically meaningful because the no 

radiation group shows a pattern that may reflect a structural equivalent of functional 

diaschisis (von Monakow, 1914); whereas, the radiation group shows a pattern that may 

reflect a neurodevelopmental vulnerability to radiation-induced demyelination (Palmer et 

al., 2002; Qiu et al., 2007; Reddick et al., 2000; Reddick et al., 2005; Reinhold et al., 

1990; Stevens et al., 2009). These findings would have been impossible to detect 

without combining imaging techniques (Tractography and VBM) and segmenting the 

larger white matter pathway into multi-synaptic pieces. The results also further highlight 

that more research is needed into the mechanisms underlying distinct brain behavior 

relationships. The results of the current study provide a strong justification for 

investigating with greater theoretical and performance based specificity and 

complementary multimodal neuroimaging methods in general, and specifically with 

complex neurological populations.  
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The current study is among the first to segment the cerebellar-frontal pathway at 

synapse points. A large number of prior studies on this population have investigated the 

cerebellar-frontal pathway without segmenting the pathway at synapse points (Law et 

al., 2011; 2012; Rueckriegel et al., 2015; Soelva et al., 2013). Only two prior studies in 

this population have differentiated the cerebellar-frontal pathway into multi-synaptic 

segments (Law et al., 2015a; 2015b), and only one of those studies included 

neurocognitive measures (Law et al., 2015b). Law et al. (2015b) looked at 

medulloblastoma survivors on average 6.28 years post diagnosis. Therefore, the current 

study is the first to segment the cerebellar-frontal pathway in long-term survivors (M=13 

years post diagnosis) with a sample that includes both low and high grade tumors.  

Results of the current study increase the specificity of the prior literature that has 

suggested that the cerebellar-frontal pathway is associated with verbal working memory 

(i.e., Digit Span total, Law et al., 2011; Law et al., 2015b; Rueckriegel et al., 2015). The 

convergence of a number of guiding theoretical models and frameworks provided a 

rationale to increase the specificity of neurocognitive measurement of these constructs. 

A theoretical, instead of exploratory approach, allows the results to have conceptually 

meaningful significance. For instance, the results of the current study provide empirical 

support for the theory the cerebellum and its frontal white matter connections are 

implicated in the phonological loop, and more specifically correlated with auditory 

attention span (i.e., Digit Span Forward). Furthermore, these results increase the 

specificity of the current knowledge base and suggest that specific white matter 

pathways correlate with different modalities (i.e. auditory vs. visual) of attentional 

performance. 
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The results of the current study are critical to advancing the understanding of 

structural brain changes following brain tumor treatment. These results are clinically 

useful for neuropsychologists educating families of posterior fossa tumor survivors 

about the relationships among affected brain regions, affected pathways, and 

associated neurocognitive outcomes. These results are of particular relevance because 

researchers have begun to apply region based volume measures to the clinical 

interpretation of brain MRIs (e.g., Bigler, 2016), therefore it is increasingly critical to 

understand how measures of regional volume relate to other complementary 

neurobiological markers (e.g., white matter integrity), as well as cognition.  

7.1 Future Directions 

The current study sought to be the first to reconstruct the complete cerebellar-

frontal pathway based on each of the four distinct segments (cerebellar-rubral, 

cerebellar-thalamic, rubral-thalamic, and thalamic-frontal) based on the animal 

literature. However, the cerebellar-thalamic segment of the cerebellar-frontal pathway 

could not be identified in the current dataset. In the healthy adult literature, two studies 

have reported that they were able to visually identify the cerebellar-thalamic segment 

using probabilistic tractography with different scanner parameters, but segmentation 

was not possible (Habas and Cabanis, 2007; Jissendi, Baudry, and Balriaux, 2007; see 

Table 25). Law et al. (2015a) did not attempt to segment or visualize the cerebellar-

thalamic segment. The current study attempted to both visualize and segment and was 

unable reliably find fibers that represented the cerebellar-thalamic segment of the 

cerebellar-frontal pathway. Therefore, consistent with prior studies no study to date has 

been able to successfully segment the cerebellar-thalamic portion of the pathway 
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(Habas and Cabanis, 2007; Jissendi, Baudry, and Balriaux, 2007; Law et al., 2015a). 

The inability to segment the cerebellar-thalamic fibers is likely related to insufficient 

imaging acquisition parameters. These fibers, which are located near the brain stem, 

are also susceptible to pulse and respiratory artifact. More sophisticated imaging 

methods would provide more accurate imaging of these complex fiber, and better 

correction for regional artifacts (Jiang et al., 2002). Future studies on the cerebellar-

frontal pathway should investigate this pathway with acquisition parameters that would 

allow for more accurate imaging of the cerebellar-frontal pathway and more precise 

reconstruction techniques, such as Diffusion Kurtosis Imaging. Further, caution should 

be used when using the current parameters or less powerful imaging acquisition and 

reconstruction techniques because they are unable to distinguish similar pathways. 

Table 25 Imaging acquisition parameters for studies on the cerebellar-frontal pathway 
 

 Magnet  Head Coil TE TR Slice 

thickness 

Directions Method 

Habas and 

Cabanis 

(2007) 

3T Signa 8-channel 76.1 9000 3 mm 55 Probabilistic 

Jissendi, 

Baudry, and 

Balriaux 

(2007) 

3T Philips 8- channel 77 10,200 2 mm 32 Probabilistic 

Law et al. 

(2015a) 

1.5T GE 

3T Siemens 

8-channel 

12-channel 

4.2 

3.91 

10.056 

2300 

1.5 mm 

1 mm 

25-31 

30 

Probabilistic 

Current 

study 

3T Siemens 12-channel 90 7700 2 mm 30 Deterministic 

Note. TE= Echo Time; TR=Repetition Time; T= Tesla; Law et al. (2015a) combined two 
scanner parameters into one study 
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The current study used single shell diffusion weighted volumes and angular 

reconstruction for deterministic tractography, which was limited due to a priori 

assumptions about the radial profile of local diffusivity. Diffusion Kurtosis Imaging (DKI) 

is a DWI method used to estimate kurtosis, which helps address problems associated 

with crossing fibers, but similarly requires a priori assumptions about the angular 

diffusion profile (Assemlal et al., 2011; Jensen et al., 2005). DKI adds a quadratic 

dimension to allow a more accurate fit of the tensors and is more sensitive approach 

when compared to linear DWI (Cheung et al., 2009). However, DKI assumes isotropy 

along the principal eigenvector and modeling DKI with acceptable precision requires a 

multi-shell acquisition (e.g., 2+ nonzero b-values; Jensen and Helpern, 2010). For the 

current study, single shell DWI was acquired with a b-value of 1000s/mm2. Therefore, 

the imaging acquisition for the current study was not sufficient to model DKI. Instead, 

the current study employed a high angular reconstruction method (HARDI) based on a 

MOW model, which also addressed concerns related to crossing fibers (Jian et al., 

2007; Jian and Vermuri, 2007a; Jian and Vermuri, 2007b).  Future studies should collect 

data using a multi-shell acquisition method that would allow for increased sensitivity and 

specificity of the fiber reconstruction for diffusion tractography.  

The scope of the current study did not permit the analysis of functional imaging, 

although it was collected. Structural and functional neuroimaging methods answer 

distinct questions about the brain. In the context of the damaged brain, structural 

neuroimaging findings infer if a brain region is necessary for a cognitive skill; whereas, 

functional neuroimaging findings infer if a brain region is involved in a cognitive skill 

(Price et al., 1999; Rorden, Karnath, and Bonilha, 2007). Despite its importance, 
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functional imaging was not included because the current study focuses on 

strengthening and expanding the understanding of the relationship between the 

structural brain measures (e.g., white matter integrity and volume) and cognitive skills. 

Nonetheless, functional imaging that corresponds with these pathways and cognitive 

skills (e.g., functional connectivity) will be an important future direction of this research.   
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