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ABSTRACT 

While radiation therapy is a standard treatment modality for managing primary and 

metastatic brain tumors, it causes irreversible and progressive long-term side effects that decrease 

the quality of life for pediatric brain tumor survivors. These side effects, known as radiation-

induced brain injury (RIBI) and which occur at least 6 months post-treatment, create challenges in 

education, employment, and social relationships throughout the patients’ lifetime. With the 

prognosis for pediatric cancer patients constantly improving, long-term side effects such as RIBI 

pose a major clinical problem for post-treatment care. To create and evaluate treatments for this 

clinical injury, it is critical to understand how this condition forms and develops. However, this 

cannot be done in patients due to the invasive nature of cranial biopsies. The current scientific 

understanding behind the pathophysiology of these late-delayed forms of RIBI is therefore built 

upon studies of pre-clinical animal models. Such experimental models, typically of healthy rodents, 

are not currently capable of accurately replicating the radiological and histological changes seen 

in human patients. This inconsistency limits the efficacy of preclinical discoveries when translated 

to clinical trials. To address this issue, we chose to establish a mini-pig model for RIBI using a 

standard clinical approach of radiation delivery and follow-up imaging. Our hypothesis is that 

cranial irradiation of the mini-pig brain will elucidate the clinical magnetic resonance imaging 

(MRI) signatures of RIBI, which will then correspond to characteristic changes in diffusion 

properties, metabolite profiles, immune constituents, and glial and neuronal cell subpopulations as 

evidenced by advanced MRI techniques and histopathology. As such, results from Aim 1 have 

highlighted not only incongruencies between rodent models and clinical findings, but also various 

inconsistencies in current assessment techniques of late-delayed RIBI in patients. Additionally, 

results from Aim 2 have established the feasibility of a mini-pig model of RIBI based on the current 

clinical standard of diagnosis. Finally, results from Aim 3 describe characteristic changes in 

diffusion properties and histological appearances as well as novel changes in metabolite 

concentrations within our mini-pig model late-delayed RIBI. In conclusion, this intermediate 

animal model of RIBI can replicate the clinical condition and may ultimately provide valuable 

insight into the pathophysiology of RIBI.  
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CHAPTER 1. INTRODUCTION 

1.1 Cranial Radiation Therapy 

Radiation therapy is an indispensable treatment modality for treating, managing, and 

preventing intracranial tumors. High-energy ionizing radiation is delivered either from a medical 

linear accelerator or from radioactive sources to a pre-specified, tumor-dependent treatment area 

within the patient’s brain. Radiation delivered into a restricted volume is known as partial brain 

radiotherapy, while administration throughout the entire brain is called whole brain radiotherapy 

(WBRT) [1]. As the high-energy particles reach the target site, they induce injury either directly 

by causing double-stranded breaks in DNA or induce indirect damage through the formation of 

free radicals which then damage the DNA [2]. Due to the indiscriminate nature of both direct and 

indirect DNA damage, non-cancerous cells are also inevitably at risk of radiation-induced damage. 

This limits the amount of radiation dose that can be administered to a patient; however, a certain 

amount of radiation dose must be justified in order to maintain tumor control. WBRT remains an 

important treatment modality for brain cancer patients with aggressive or inoperable tumors, small 

cell lung cancer patients with multiple metastatic brain lesions, and acute lymphocytic leukemia 

patients that require prophylactic cranial irradiation [3,4]. Unfortunately, irradiation of such a large 

portion of healthy brain tissue puts the patient at risk for normal tissue damage. With the prognosis 

for brain tumor patients progressively improving, renewed attention has thus been placed on these 

long-term effects of radiation therapy due to their detrimental impact on quality of life. 

1.2 Radiation-Induced Brain Injury 

Normal tissue injuries caused by cranial radiation therapy typically manifest in a time-

dependent manner and are thereby classified as acute, early-delayed, and late-delayed radiation-

induced brain injury (RIBI) [5]. Acute RIBI occurs during or shortly after radiation treatment; 

patients may report symptoms of headaches, nausea, and dizziness due to increased edema and 

disruption of the blood-brain barrier [6,7]. Early-delayed RIBI occurs <6 months after radiation 

therapy; patients may report symptoms of somnolence, fatigue, and nausea due to transient 

demyelination and edema resorption [6]. It has been observed that acute and early-delayed RIBI 

resolve spontaneously or with steroid administration. Therefore, these early injuries do not have a 
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significant long-term impact on the patient’s quality of life [8]. Lastly, late-delayed RIBI occurs 

>6 months post-therapy; patients may report symptoms of cognitive impairment. Although there 

are many reports of potential pathophysiological drivers of late-delayed RIBI, including necrosis, 

demyelination, vascular abnormalities, cerebral atrophy, and hippocampal injury [7,9,10], the 

inherent cause of such cognitive dysfunction remains unclear. Nonetheless, the irreversible and 

progressive nature of late-delayed RIBI creates a critical problem for post-treatment care of long-

term survivors [1,6]. 

1.3 Magnetic Resonance Techniques to Evaluate Radiation-Induced Brain Injury 

Acquisition of magnetic resonance images and spectroscopic data is one approach in 

overcoming the invasive nature of using biopsy samples to understand the radiation response of 

both the tumor and the surrounding normal tissue. Anatomical magnetic resonance images, such 

as pre- and post-contrast T1-weighted (T1W) images and T2-weighted (T2W) images, are acquired 

as part of the clinical standard of care to follow up on post-irradiation changes. Essentially, T1W 

images have different weightings for its acquisition parameters than T2W images, which allow for 

basic differences in image brightness and contrast. Because of these weighting factors, T1W and 

T2W images are predominantly determined by T1 and T2 properties of tissue, respectively. 

Together, T1W and T2W images are useful for differentiating between different types of late-

delayed RIBI, such as focal and diffuse lesions. 

Diffusion tensor imaging is a quantitative imaging technique that detects the Brownian 

motion of water protons. Within an unrestricted space or low levels of surrounding cellularity, 

water can diffuse in any direction. Examples of this scenario include cerebral spinal fluid or edema, 

in which water will have a high apparent diffusion coefficient (ADC; mm2/s) and a low fractional 

anisotropy (FA) value [11]. Water within a restricted region, such as healthy white matter tracts, 

will have a high FA value and a low ADC. This is indicative of bidirectional diffusion and low 

rates of isotropic diffusion, respectively. Together, FA and ADC values are useful in characterizing 

the microstructural integrity of white matter since a deviation in its highly directional diffusion or 

low isotropic diffusion rates can be indicative of potential injury. 

Proton-based magnetic resonance spectroscopy is a quantitative in vivo measurement 

technique that detects metabolite compositions within millimolar concentrations. Each metabolite 

is detected at different and particular frequencies due to dissimilarities in their local chemical 
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environments [12]. Examples of detectable metabolites within the brain include N-acetylaspartate 

(NAA), choline-containing compounds (tCho), creatine-containing compounds (tCr), glutamate 

and glutamine (Glx), and myo-inositol (mI). Respectively, these metabolites can be used as 

markers for neuronal density or function (NAA), cellular proliferation (tCho), energy metabolism 

(tCr), excitatory neurotransmission (Glx), and glial cell density (mI) [13]. Together, changes in 

these metabolites can serve as specific markers of late-delayed RIBI. 

MRI, DTI, and MRS each involve unique capabilities to noninvasively visualize and 

quantify in vivo changes within the brain. These imaging modalities have therefore been 

extensively used in countless post-treatment studies for both humans and rodents. Such studies are 

further described in Chapter 2. 

1.3 Specific Aims 

The overall purpose of this dissertation is to formally address the discrepancies between 

the evidence produced by current rodent models of late-delayed RIBI and the observations 

recorded in human studies of late-delayed RIBI. Specifically, Chapter 2 establishes similarities 

and dissimilarities between humans and rodents after cranial radiation therapy through a 

systematic review of the literature. Chapter 3 describes the preliminary development of a pre-

clinical model of late-delayed RIBI using mini-pigs. Chapter 4 provides a characterization of said 

mini-pig model using clinically translatable noninvasive imaging and measurement techniques. 

The corresponding aims for these chapters are provided below, respectively: 

 

Aim 1: To determine the accuracy of current rodent models of late-delayed radiation-induced brain 

injury with respect to the data derived from human patients at least 6 months post-treatment. 

 

Aim 2: To establish the feasibility of a mini-pig model of late-delayed radiation-induced brain 

injury based on the current clinical standard of diagnosis. 

 

Aim 3: To examine characteristic changes in diffusion properties, metabolite concentrations, and 

histological appearances within our mini-pig model late-delayed radiation-induced brain injury. 
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CHAPTER 2. NEUROCOGNITIVE AND RADIOLOGICAL CHANGES 

AFTER CRANIAL RADIATION THERAPY IN HUMANS AND RODENTS: 

A SYSTEMATIC REVIEW 

A version of this chapter has been accepted for publication in The International Journal of 

Radiation Biology and is currently awaiting online publication as of the submission of this 

dissertation chapter. 

2.1 Introduction 

Radiation therapy is a practical and critical tool to manage intracranial tumors due to its 

ability to non-invasively treat cases of metastatic or deeply seated brain tumors [1]. As high-energy 

radiation particles are delivered to the tumor site, a fraction of this energy will inevitably be 

deposited within the healthy brain tissue along the radiation beam’s path and immediately adjacent 

to the tumor. As a consequence of normal tissue irradiation, many patients undergoing cranial 

radiation therapy experience neurological side effects. Indeed, long-term side effects of cranial 

irradiation have been reported to occur in 50%-90% of adult patients [2] and up to 50% of pediatric 

patients [3]. It has been shown that these radiation-induced brain injuries ultimately lead to a 

decrease in quality of life after cancer therapy [4,5]. The prognosis and severity of these side effects, 

however, depends on the time of clinical expression and are therefore generally categorized as 

acute, early-delayed, and late-delayed brain injury [2]. The acute and early-delayed effects, which 

usually occurs from a few days up to 6 months after irradiation, are transient and typically self-

resolve. Late-delayed radiation effects, which usually occurs from 6 months up to an indefinite 

number of years after therapy, do not self-resolve. Due to increasing survival outcomes for brain 

tumor patients [6], and thus a growing population of long-term survivors, this late-delayed form 

of radiation induced-brain injury (RIBI) is the primary concern in terms of radiation-induced 

neurotoxicity. 

Depending in part on the radiotherapy treatment paradigm, late-delayed RIBI can present 

as a focal or diffuse pathology [7,8]. Radiation necrosis presents as a focal lesion with increased 

vascular permeability and edema on magnetic resonance imaging (MRI) [9]. The cognitive 

dysfunctions associated with radiation necrosis include seizures, focal weakness, language 

impairment, and blurred vision [10,11]. Although radiation necrosis maintains high clinical 

relevance within late-delayed effects of RIBI, it is not the primary focus of this review as its 
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incidence is usually small (roughly 5%). The more common form of RIBI presents as a diffuse 

lesion characterized by a homogeneous enhancement throughout the subcortical white matter 

without increased vascular permeability or edema [12]. The cognitive impairments associated with 

this form of RIBI include, but are not limited to, deficits in attention, memory, executive 

functioning, language, and psychomotor skills [13,14]. Other diffuse radiological abnormalities 

such as cerebral volume loss, cerebral microbleeds, changes in white matter diffusion metrics, and 

changes in the neurometabolic profile have also been suggested to be associated with the 

aforementioned cognitive impairments [15–17]. 

The current scientific understanding behind the pathophysiology of these late-delayed 

forms of RIBI is built upon studies of pre-clinical animal models. Results of these experimental 

models, typically of healthy rodents, have revealed a multitude of dynamic processes within rodent 

brains after the delivery of radiation. These include, but are not limited to, the impairment of 

hippocampal neurogenesis [18–20], loss of neuronal function [21–23], depletion of 

oligodendrocyte progenitor cells [21,23], chronic neuroinflammation [1,21,24], and damage to 

microvascular endothelium [25,26]. However, it remains unclear how these biological 

mechanisms underlie the clinical and radiological presentations of late-delayed RIBI.  

While the field of RIBI research has provided a wealth of literature on patient outcomes 

and animal modeling, it is important to evaluate how these findings fit together to form a complete 

understanding of RIBI development. The objective of this systematic review of the literature is to 

first establish an interdisciplinary understanding of the current clinical evidence of RIBI, and then 

confirm rodent model accuracy with respect to current clinical end points. Therefore, the three key 

questions we have set out to answer in this systematic review are: 

1) What are the current cognitive and radiological assessments used to evaluate late-

delayed RIBI?; 

2) What are the relationships between and within cognitive and radiological findings of 

late-delayed RIBI in humans?; and 

3) How well do rodent models of RIBI replicate to the cognitive and radiological evidence 

observed in humans? 
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2.2 Methods 

2.2.1 Search strategy 

This systematic review adheres to the guidelines described in the Preferred Reporting Items 

for Systematic Reviews and Meta-Analyses (PRISMA) Statement [27]. The initial pool of studies 

pertaining to clinically or radiologically detected radiation injury of the brain in humans or rodents 

were first collected through PubMed, Web of Science, and Scopus using the search string listed in 

Appendix A. The search criteria were further limited by language (English), time of publication 

(January 1980 to January 2022), and publication status (full text must be available). Case reports, 

editorials without original data, and review articles were further excluded from the pool of initial 

studies. Additional studies were included into this pool by manually hand-searching references of 

included studies. 

2.2.2 Study selection 

A preliminary screening of the titles and abstracts was performed based on the following 

inclusion criteria: (1) patients must be treated with cranial radiation therapy; (2) rodent models 

must receive a clinically relevant dose of ionizing radiation to a disease-free brain; (3) outcome is 

measured by a neurocognitive or neuroimaging assessment after a specified period of time post-

irradiation: at least 1 month for rodents and 6 months for patients; (4) neurocognitive assessments 

must evaluate global cognitive functioning or one of the following domains: complex attention, 

executive functioning, learning and memory, perceptual-motor function, and language; (5) 

neuroimaging techniques must attempt to identify at least one of the following radiation-induced 

changes: cerebral atrophy, cerebral microbleeds, radiation-induced leukoencephalopathy, changes 

in diffusion metrics, and changes in metabolic profile. Respectively, these criteria function to (1) 

establish patient data as the ground truth; (2) verify deficits or lesions within rodent brains are 

exclusively due to a radiation-induced normal tissue injury; (3) ensure that the deficits or lesions 

measured are indeed late-delayed effects and not acute effects of RIBI; (4) limit neurocognitive 

outcomes to the domains in which impairments are most commonly reported; (5) limit 

neuroimaging outcomes to those previously reported to be associated with neurocognitive 

impairment. 
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This limitation in neurocognitive and neuroimaging outcomes was performed due to the 

wide range of possible albeit infrequent side effects that could potentially occur after radiation 

treatment. Neurocognitive assessments therefore focused on changes in the domains of language, 

executive function, learning and memory, complex attention, perceptual-motor function, and 

general cognitive ability according to previously reported guidelines [28,29]. Furthermore, 

neuroimaging outcomes are focused on those that have been shown to be related to neurocognitive 

impairment, such as cerebral atrophy, cerebral microbleeds, radiation-induced 

leukoencephalopathy, changes in diffusion metrics, and changes in metabolic profile [16,30,31]. 

All evidence and definitions of neurocognitive or radiological RIBI have been left to the 

interpretation of the original authors. 

Accepted studies based on this title and abstract screening were retrieved and saved to 

Zotero, our reference management database of choice. The full text of these studies was then read 

to ensure quality of study methodology and to confirm adherence to inclusion criteria. 

2.2.3 Data extraction and analysis 

Data was extracted from the studies that fulfilled the inclusion and exclusion criteria. 

Details of study characteristics were extracted, which included species, age, sex, sample size, 

health status, irradiated volume, total dose, and dose per fraction. Details of the relevant findings 

were extracted, which included outcome measurement techniques, time of outcome detection, and 

classification of outcome. For studies that contain groups with an experimental treatment arm, only 

the group that has received solely radiation is considered for this review. Some studies may set 

forth the objective of measuring both cognitive and radiological RIBI, however fail to find 

evidence of either one or the other; only the successfully detected form of RIBI will be 

incorporated as evidence in this review. Studies that do not provide the techniques for cognitive 

or radiological RIBI assessment will not be considered in our results. These collected data were 

then organized and combined according to the authors’ categorization of evidence (cognitive or 

radiological RIBI, rodent or human) in order to visualize their relationships and diversity [32]. 
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2.3 Results 

2.3.1 Description of search results 

The literature search identified a total of 2,647 studies. After the removal of duplicates, 

1,722 studies remained. Abstract screening based on the inclusion criteria excluded 1,562 studies, 

leaving a remaining total of 158 studies to undergo full-text assessment. Five studies were 

excluded due to either insufficient evidence of RIBI or omission of RIBI assessment protocols, 

leaving a final group of 153 studies included in this systematic review. A summary of this 

systematic search of the literature, as well as the enumeration of included studies, is provided in 

Fig 1. The comprehensive collection of details extracted from these studies, such as patient 

demographics and treatment protocols, can be found in Table A.1 (for human studies) and Table 

A.2 (for rodent studies). 

 

 

Figure 1. PRISMA flowchart for the identification and selection of studies. 
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2.3.2 It is unclear whether the various relationships between domains of cognitive 

impairment in human studies reflect ground truth or research interests 

We found a total of 49 studies that sought to investigate cognitive RIBI within a human 

cohort. The following trends were found in patients receiving cranial radiation therapy: 1) impaired 

cognitive functioning occurs in the domains of complex attention [5,33–53], learning and memory 

[5,33,35,37–40,43,44,51,52,54–61], executive function [5,38–40,42,42,43,46,47,49–52], 

perceptual-motor function [5,39,49–51,62], or language [39,43,56,63,64]; 2) reduced aptitude 

occurs for general cognitive abilities such as academic achievement, intellectual ability, and 

neurocognitive functioning [4,33–36,38,40–43,45–48,52,54,65–76]; and 3) cognitive impairment 

does not occur in isolation, but rather spans across multiple cognitive domains. 

Within this pool of 49 studies, there were 120 cumulative attempts to measure cognitive 

domain deficits after cranial radiotherapy. Only 94 of these 120 efforts were successful; the 

majority of viable evidence lies within the domains of complex attention, learning and memory, 

and general cognitive ability, while the minority lies within executive function, language, and 

perceptual-motor function (Fig 2a). Interestingly, some studies that attempt to comprehensively 

assess multiple cognitive domains detected little to no forms of cognitive impairment from their 

battery of assessments [44,77–80]. Other comprehensive studies had more success in measuring 

cognitive impairments and were able to detect deficits using at least half of their battery of 

assessments [43,46,49]. Pooling together these 94 cases of successfully detected deficits, about 

90% of the current viable evidence of cognitive impairment in human studies are composed of 

changes in general cognitive ability, complex attention, learning and memory, or executive 

function with little consideration for the assessment of language and perceptual-motor function 

(Fig 2b). Furthermore, it can be observed that these 94 cases of cognitive deficits do not occur in 

isolation, but rather encompasses multiple domains (Fig 2c). Studies that show cognitive deficits 

occurring in a single domain did not attempt to measure changes in any other cognitive domains. 

This is relevant for all isolated cases of general cognitive ability but excludes one case of memory 

and learning and one case of complex attention. 

While there is a multitude of evidence for the impairment of cognitive domains, these 

results differ due to their heterogeneity of assessments (Fig 3). In our dataset, for example, we find 

that 24% of all human cognitive impairments are related to complex attention, which are measured 

by 9 different types of assessments. Even if these deficits in cognition are summarized and 
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categorized into domains, the type of assessment used to detect injury only provides a fraction of 

the overall answer. For instance, Correa et al. uses the Digit Span test to measure selective attention 

while Edelmann et al. uses the Grooved Pegboard test to measure processing speed. These 

measurements of selective attention and processing speed both fall under the category of complex 

attention, but they describe different aspects of the attention domain. Although we can picture 

general relationships about the types of cognitive RIBI cases and their interconnections, we cannot 

be sure whether these trends represent the inherent characteristics of RIBI or are rather a reflection 

of the field’s vested interest in particular RIBI subcategories. 
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Figure 2. Current evidence on radiation-induced cognitive impairment in human studies. (a) 

Number of attempts and success rate for specific cognitive deficits associated with brain 

irradiation. Each domain-specific success rate is determined by comparing the number of cases 

that successfully detects cognitive deficits within its respective domain to the number of cases 

that sought out with the objective of detecting cognitive deficits within its respective domain. 

Studies may have multiple cases of domain-specific cognitive deficits. (b) Domain-specific 

prevalence rates as determined by comparing the number of cases that successfully detects 

cognitive deficits within its respective domain to the number of cases that successfully detects 

cognitive deficits for all domains. (c) Interaction between cognitive domains. The ‘Size of 

Domain Intersection’ enumerates the studies that present evidence of their respective 

combination of cognitive deficit cases. The ‘Size of Cognitive Domains’ enumerates the 

successfully detected cases of cognitive deficits within its respective domain. 
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Figure 3. Assessments performed in human studies to measure changes in cognition after cranial 

radiotherapy. Illustrated in each subfigure are techniques that successfully detected changes in 

cognition for the domains of: (a) language, (b) executive function, (c) learning and memory, (d) 

complex attention, (e) perceptual-motor function, (f) general cognitive ability.
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2.3.3 Trends can be easily deduced from human studies of MRI-detectable radiation 

injuries due to the generality of neuroimaging techniques 

We found a total of 86 studies that sought to investigate radiological RIBI within a single 

human cohort. The following trends were found in patients receiving cranial radiation therapy: 1) 

changes in diffusion present as decreases in fractional anisotropy and increases in mean diffusivity, 

longitudinal diffusivity, or perpendicular diffusivity within global white matter (WM) or WM 

regions such as the fornix, cingulum bundle, corpus callosum, uncinate fasciculus, ventral 

cingulum, genu, and splenium [38,40,42,43,56,62,69,73,79,81–92]; 2) the majority of cerebral 

atrophy studies measure the change in WM volumes, which are shown to decrease post-irradiation 

[33–39,57,64,67,76,93–96]; 3) the total number of cerebral microbleeds detected within a patient 

increases with time after cranial irradiation [61,92,97–101]; 4) WM hyperintensities, also known 

as leukoencephalopathy, localizes within the periventricular regions of the brain [40,41,68,102–

105]; and 5) a loss of neuronal density and/or function, reflected by a decrease in N-acetylaspartate 

normalized to creatine (NAA/Cr) in MR spectroscopy (MRS) [39,75,84,93,106–110]. 

Further studies provide findings of radiological RIBI development that do not fit within 

these trends. One of such observations is that while many studies suggest cerebral atrophy mainly 

affects the loss of WM volume, other studies describe cerebral atrophy as a loss of cortical 

thickness [111,112], a reduction of gray matter volume [89,113,114], or a decrease in whole brain 

volume without a change in WM volume [115]. Furthermore, one study reports that there was no 

significant difference in cerebral volume between the patients and controls over time [78]. Another 

observation pertains to the conflicting evidence in the permanence of microbleeds. Indeed, it has 

been shown that microbleeds may disappear during clinical follow-up [92,103] or that microbleeds 

could be detected at all follow-up examinations upon appearance [61,98,100]. Finally, there are 

still discrepancies in establishing a clinically feasible metabolic characteristic for RIBI. As 

previously mentioned, many MRS studies show that NAA/Cr decreases after cranial irradiation 

with the assumption that Cr remains stable over time. Due to a limited number of studies, however, 

the change in Cr has yet to be determined. A handful of studies show that it decreases within the 

irradiated brain [106,109], however it is uncertain whether this is due to increasing age or 

irradiation. Due to a limited number of studies, the change in myoinositol normalized to creatine 

has yet to be determined. However, one study [107] shows that it increases within the irradiated 

brain. Due to conflicting results, the effect of choline normalized to creatine remains inconclusive. 
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Indeed, studies have reported increases [107], decreases [75,106,108], or no changes 

[67,84,93,110] in choline normalized to creatine post-irradiation. 

Within this pool of 86 studies, there were 109 cumulative attempts to measure MRI-

detectable changes after cranial radiotherapy from which 103 were successful in detecting 

radiation-induced changes (Fig 4a). Pooling together these 103 cases of successfully detected 

lesions, about 90% of the current viable evidence of MRI-detectable injuries in human studies are 

composed of changes in cerebral atrophy, cerebral microbleeds, leukoencephalopathy, changes in 

diffusion metrics with minor evidence for the assessment of changes in metabolite profile (Fig 4b). 

Furthermore, the relationships between different forms of radiological RIBI are more discrete than 

cognitive RIBI: most of these cases of radiologically detected lesions occur in isolation (Fig 4c). 

The studies in which these radiological lesions are shown to occur by themselves did not attempt 

to measure other MRI-detectable changes. 

While there is a multitude of evidence for radiological RIBI, these results do not differ as 

much in the heterogeneity of assessments compared to cognitive RIBI (Fig 5). In our dataset, for 

example, we find that 27% of all radiologically detected lesions in humans are related to cerebral 

atrophy, which are measured by 9 different types of assessments. However, these variations in 

assessment types are different from those used for cognitive RIBI. The assessment types for 

radiological RIBI differ by level of detail provided compared to assessment types for cognitive 

RIBI. For instance, 25% of cerebral atrophy studies used only T1-weighted imaging while 21% 

used a combination of T1-weighted, T2-weighted, and proton density images. Volume loss will 

still be measured in these two circumstances, regardless of which combination of MRI protocols 

is used. The difference, however, is that the accuracy ascribed to cerebral volume loss is 

strengthened as more techniques are used. In other words, the different types of cognitive RIBI 

assessments measures different aspects of cognitive domain impairment while different types of 

radiological RIBI assessments measure the same result with different levels of exactness. While 

we can form a general deduction about the types of radiological RIBI cases (Fig 4b) and 

connections of radiological RIBI (Fig 4c), firm numerical end points cannot be concluded for all 

aforementioned studies due to discrepancies in study methodology and data presentation.
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Figure 4. Current evidence on radiation-induced abnormalities as detected by magnetic 

resonance imaging in human studies. (a) Number of attempts and success rate for specific 

radiological lesions associated with brain irradiation. Each lesion-specific success rate is 

determined by comparing the number of cases that successfully detected its respective 

radiological lesion to the number of cases that sought out with the objective of detecting its 

respective radiological lesion. Studies may have multiple cases of radiologically detected lesions. 

(b) Lesion prevalence rates as determined by comparing the number of cases for each 

successfully detected radiological lesion to the number of cases for all successfully detected 

radiological lesions. (c) Interaction between types of radiological lesions. The ‘Size of Lesion 

Intersection’ enumerates the studies that present evidence of their respective combination of 

radiologically detected cases. The ‘Size of Radiological Lesions’ enumerates the successfully 

detected cases of the respective radiologically detected lesions.
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Figure 5. Magnetic resonance imaging techniques performed in human studies to detect lesions 

after cranial radiotherapy. Illustrated in each subfigure are techniques that successfully detected 

lesion types such as: (a) cerebral atrophy, (b) cerebral microbleeds, (c) leukoencephalopathy, (d) 

changes in diffusion metrics, (e) changes in metabolic profile.
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2.3.4 There is an association between cognitive and radiological radiation-induced brain 

injury, but their causative relationship remains unclear 

We found a total of 29 studies that provided evidence of both cognitive and radiological 

RIBI within a single human cohort. The design, evidence type, and results of each study are 

provided in Table A.3. The following relationships between radiological lesions and cognitive 

impairments were found in these patients that underwent cranial radiation therapy: 1) loss of 

intracranial volume is associated with poor cognitive status [33–36,38,40,49,50,57,59,67,76]; 2) 

abnormalities in diffusion imaging is associated with poor cognitive status [38,40,42–

44,56,59,62,64,69,73]; 3) WM hyperintensities (leukoencephalopathy) are associated with poor 

cognitive status [5,40,49,67]; and 4) cerebral microbleeds are associated with cognitive decline 

[40,51,61]. 

While these general relationships have been elucidated, it is imperative to also consider 

other findings of cognitive and radiological RIBI development from the systematic review that do 

not fit within these trends. While there is evidence that cerebral microbleeds are associated with 

worse cognitive function, three other similar studies included in this systematic review report that 

there were no clinical or neurocognitive symptoms related to cerebral microbleeds [77,99,116]. 

For leukoencephalopathy, the study by Aoyama et al. reports that only patients with severe white 

matter injury show clinically meaningful signs of cognitive deterioration. However, this cognitive 

outcome was assessed using the mini-mental state examination, which is not as sensitive towards 

post-treatment changes in cognition compared to comprehensive neuropsychological tests [14]. 

Most importantly, many of these studies do not investigate the temporal relationship between 

cognitive and radiological RIBI. There are four studies that focus on teasing apart this temporal 

relationship by describing it from an imaging biomarker perspective, showing that changes in 

diffusion metrics precede and predict cognitive outcomes [44,56,59,69]. However, one study 

provides evidence that white matter hyperintensities precede the onset of cognitive decline over a 

period of 6 years post-irradiation [37]. Due to a lack of further evidence on the temporal 

relationship between cognitive and radiological RIBI, in addition to a lack of large studies with 

well-designed methodologies, there remains to be a consensus on whether radiologically detected 

injuries develop in tandem, precede, or follow cognitive impairment. 

While many components of cognitive and radiological RIBI have been shown to be 

interconnected, there are certain relationships that draw more interest from the research field than 
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others. A large proportion of evidence on the association between cognitive and radiological RIBI 

stems from cerebral atrophy and its relationship to the domain of complex attention (Fig 6a). 

However, this trend may not be reflective of the true etiology of RIBI. That is, these number of 

papers may also reflect the research field’s current interest in studying cerebral atrophy and its 

relationship to different cognitive domains. Similar thinking can be applied to other types of 

radiological RIBI, such as radiation-induced leukoencephalopathy and changes in diffusion 

metrics, and their respective relationships with cognitive outcomes. Upon controlling for 

collaborative groups, a change in distribution of associations between cognitive and radiological 

RIBI can be found; interestingly, the largest proportion now stems from changes in diffusion 

metrics and its relationship to the domain of learning and memory (Fig 6b). However, the inherent 

issue of inhomogeneous assessments of the connection between cognitive and radiological RIBI 

still remains, making it unclear whether one relationship is inherently more important than the 

other. Therefore, further comprehensive assessment of the cognitive and radiological RIBI 

relationship is needed to elucidate their role in causation of neurological deterioration. 

 

 

Figure 6. Associations between human studies containing evidence of both cognitive and 

radiological radiation-induced brain injuries. Number of (a) studies and (b) research groups that 

have shown both cognitive and radiological RIBI in the same cohort. Dark blue values indicate a 

higher number of studies with respect to the entire distribution while teal values indicate a lower 

number of studies. 
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2.3.5 Clinical findings are not fully represented in rodent models 

We found a total of 35 studies that provided evidence of cognitive RIBI within a rodent 

sample. These rodent studies exclusively reflect either learning and memory [117–149] or 

executive function [150,151]; they do not replicate the interconnection of cognitive impairments 

measured in humans (Fig 7a). Much like in the human studies, a variety of behavioral assays are 

used to evaluate impairment in hippocampal-dependent learning and memory (Fig 7b). While this 

cognitive domain is found to be impaired in human patients, there is a clear mismatch between the 

focus of cognitive assessment in human studies versus rodent studies (Fig 7c). Similar to the issues 

that emerged in human studies, it is unclear whether these trends are a result of either 1) the true 

characteristic of cognitive impairment in rodents, or 2) the inherent interests of researchers 

modeling cognitive RIBI in humans. In other words, it is uncertain whether our findings originate 

from the assumption that either 1) rodent brains can only produce hippocampal-dependent learning 

and memory impairments post-irradiation, or 2) rodent brains produce hippocampal-dependent 

learning and memory impairments post-irradiation because that is the only area of injury that we 

are measuring. As at least one group has found non-hippocampal-dependent cognitive deficits in 

rodent RIBI models, the latter assumption is more likely than the former. 

We found a total of 19 studies that provided evidence of radiological RIBI within a rodent 

sample. These rodent studies identified radiologically detectable lesions such as changes in 

metabolite profile [123,142,152–158], cerebral atrophy [136,148–151,155,159,160], and changes 

in diffusion metrics [150,151,155,161–163]; the majority of these lesions are detected in isolation 

(Fig 8a). Furthermore, although the imaging techniques used to detect these changes are similar to 

the protocols used for humans (Fig 8b), the distribution of MRI-detectable lesions in rodent models 

do not fully reflect the human injury (Fig 8c). While neuroimaging studies of successful models 

of cognition show evidence of cerebral atrophy using anatomical MRI [136,155,159,160] and DTI 

techniques [148,150,151], there are currently no rodent models that provide evidence of radiation-

induced leukoencephalopathy after undergoing similar neuroimaging protocols as RIBI patients. 

Likewise, there are no studies that perform neuroimaging protocols to detect cerebral microbleeds 

within the rodent brain, likely due to the increased susceptibility artifacts when scanning rodent 

brains. With respect to rodent models measuring microstructural and metabolic changes, evidence 

is limited in number and remains inconclusive. While some rodent models show a post-treatment 

decrease in FA, others show FA remain unchanged post-treatment [136,148,150,152] despite the 
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occurrence of other cognitive changes within the same cohort. Furthermore, while there is evidence 

of metabolic-related changes in rodent brains, the evidence contains many discrepancies. 

Neuroimaging assessments in models of cognition show conflicting evidence of metabolic changes 

within the rodent brain post-irradiation. NAA/Cr has been shown to increase [123,152], decrease 

[142,153,154,156–158], or have no change post-irradiation [124]. Glutamate and glutamine 

normalized to creatine have been shown to increase [123], decrease [142,158], or have no change 

post-irradiation [124,154]. Choline normalized to creatine has been shown to increase [158], 

decrease [153,157], or have no change post-irradiation [154,156]. Myoinositol normalized to 

creatine has been shown to increase [156,158], decrease [123,152], or have no change [124] post-

irradiation. 

We found 7 studies that provided evidence of both cognitive and radiological RIBI within 

a rodent sample. The design, evidence type, and results of each study are presented in Table A.4. 

Two studies describe the relationship between changes in executive functioning and diffusion 

metrics within rodents [150,151] while the other five studies present the connection between 

learning and memory impairments and either cerebral atrophy [136,148,149] or changes in 

metabolite profile [123,142]. While these rodent studies have successfully detected cognitive and 

radiological changes post-irradiation, the current rodent models of RIBI do not holistically 

replicate the research findings currently exhibited in human cases.
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Figure 7. Current evidence on radiation-induced cognitive impairment in rodent studies. (a) 

Interaction between cognitive domains. The ‘Size of Domain Intersection’ enumerates the 

studies that present evidence of their respective combination of cognitive deficit cases. The ‘Size 

of Cognitive Domains’ enumerates the successfully detected cases of cognitive deficits within its 

respective domain. (b) Techniques that successfully detected changes in cognition for the 

domains of (top) executive function and (bottom) learning and memory. (c) Distribution of 

cognitive domains assessed in rodents and humans after brain irradiation.
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Figure 8. Current evidence on radiation-induced lesions detectable by magnetic resonance 

imaging in rodent studies. (a) Interaction between types of radiological lesions. The ‘Size of 

Lesion Intersection’ enumerates the studies that present evidence of their respective combination 

of radiologically detected cases. The ‘Size of Radiological Lesions’ enumerates the successfully 

detected cases of the respective radiologically detected lesions. (b) Techniques that successfully 

detected changes in (top) cerebral atrophy, (middle) diffusion metrics, and (bottom) metabolite 

profile. (c) Distribution of radiological lesions assessed in rodents and humans after brain 

irradiation. 

2.4 Discussion 

This systematic review of the literature was conducted to evaluate the characteristics of 

current late-delayed RIBI studies, elucidate the connections between cognitive and radiological 

forms of late-delayed RIBI, and report the accuracy of current rodent models. Regarding the 

features of human cognitive RIBI, there are many attempts to measure deficits within the domains 

of general cognitive ability, complex attention, or learning and memory. In comparison, there are 

not as many attempts to measure changes in language, perceptual-motor function, or executive 

function. Additionally, the success rate of cognitive domain deficit detection generally reflects the 

number of attempts to measure cognitive domain deficits. That is, the domain deficits that 
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contribute the entirety of cognitive RIBI consist of those that are more widely sought out to 

assessed, such as general cognitive ability and complex attention. Regarding the features of human 

radiological RIBI, there are many attempts to measure cerebral atrophy, cerebral microbleeds, 

leukoencephalopathy, and changes in diffusion metrics. However, there are not as many attempts 

to measure changes in metabolite profile. Additionally, each type of radiological lesion has a 

perfect success rate except for cerebral atrophy. 

With respect to the trends between cognitive and radiological RIBI, our results show that 

there is a high distribution of studies that focus on the association between cerebral atrophy and 

complex attention. However, certain associations between cognitive domain deficits (e.g., 

perceptual-motor function and language) and radiologically detected lesions (e.g., 

leukoencephalopathy, cerebral microbleeds, and changes in metabolite profile) remain largely 

undefined. It is thus unclear whether these trends are due to implicit relationships between 

cognitive and radiological RIBI or to predispositions in research interests.  

Incongruency is further reflected in the current preclinical models of RIBI. Results from 

rodent studies show that there are a limited number of models that have successfully replicated 

characteristics of cognitive and radiological RIBI as it would occur in a human. In the case of 

cognitive impairment, it is shown in this review that most rodent models of cognition replicate 

hippocampal-dependent learning and memory — only one of the many aspects of human cognitive 

impairment. Further consideration of cognitive assessments performed in rodent studies suggests 

that the high number of results for hippocampal-dependent memory impairment may be driven by 

a lack of comprehensive assays in rodent models of RIBI. Additionally, results from rodent models 

of neuroimaging are not completely consistent with what is observed in humans. Most of the 

evidence for radiological RIBI in rodents is derived from cases of cerebral atrophy and changes in 

metabolite profile, with a minor contribution from changes in diffusion metrics. While these 

radiological lesions are also present in humans, there is no current evidence that rodents are capable 

of exhibiting further characteristic lesions observed in humans, such as radiation-induced 

leukoencephalopathy and cerebral microbleeds. However, the lack of cerebral microbleed 

detection may be driven by a lack of MR techniques and hardware compatible with small animals. 

The primary limitation of our systematic review is a lack of quantitative analysis of our 

results. However, a meta-analysis could not be performed due to the heterogeneity of study 

methodology and data presentation. There was a wide variety of study designs, patient 
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demographics, outcome measurement techniques, and follow-up times after treatment. In some 

studies, particular components of methodology were completely omitted. Furthermore, other study 

characteristics such as irradiated volume, total dose, number of treatment fractions, and raw 

outcome scores were not consistently provided within the methods. Regarding heterogeneity in the 

presentation of data, many human studies with mixed patient demographics (e.g., mixed treatment 

cohorts of radiotherapy only and radiotherapy with chemotherapy) present results in an unstratified 

manner such that it was difficult to deduce which side effects were derived from radiotherapy. 

Additionally, some studies reported wide ranges of outcome measurement (e.g., 6-60 months post-

treatment) without stratification of results in regard to its specific time point of presentation. Due 

to these challenges in combining and comparing the collected data in a systematic fashion, it 

became clear that a meta-analysis would not provide an accurate insight into the current data. 

A limitation of our qualitative analysis of the literature is that patient demographics, 

irradiated volume, and radiation dose were not considered in the analysis of late-delayed effects 

of RIBI. This is because treatment effects were not given with respect to patient age or sex, but 

rather as an entire cohort. Additionally, there were high variations in treatment protocols, which 

are unique to the patient’s disease presentation and progression. For these reasons, the late-delayed 

effects of RIBI were investigated holistically based on the evidence made available by a systematic 

review of the literature. Additionally, we do not know how many inconclusive or negative findings 

have been discovered but not published. It is also possible that other studies concerning the late-

delayed effects of RIBI in humans and rodents were published but were not within the scope of 

our search strategy. 

Evidence from our review shows that rodent models are limited in replicating the multitude 

of cognitive impairments observed in humans due to constraints in the availability of verified 

cognitive assessments. A suggestion would be to consider the use of alternative cognitive 

assessments for rodent models that have been performed outside the field of RIBI. For instance, 

rodent studies of space radiation-induced cognitive impairment have successfully modeled 

metacognitive and hypothesis-generating tasks that were previously assumed to be primate-

specific [164]. Aside from rodent models, intermediate animal models may also have the potential 

to replicate human outcomes. Notably, non-human primates [165–167], swine [168], and dogs 

[169] have been shown to be feasible large animal models of RIBI. Overall, it may be ideal to 
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consider either alternative cognitive assessments for rodent models or different model systems in 

order to replicate the human characteristics of cognitive and radiological RIBI more closely. 

An additional suggestion for future research is to create a protocol of standardized 

assessments in order to maintain reproducible results in multi-center clinical trials of RIBI 

therapeutics. Our systematic review shows there are many successful methods to assess 

impairment within a neurocognitive domain: 5 different tests identified language impairment, 9 

for executive function, 13 for learning and memory, 9 for complex attention, 6 for perceptual-

motor function, and 11 for general cognitive ability. While this diversity in assessment type allows 

for different facets of cognitive impairment to be measured and analyzed, it also creates issues in 

maintaining consistency within the field of RIBI. Along with standardization, it is also important 

that these assessments accommodate the practicalities of clinical follow-up procedures. For 

instance, these evaluations should be simple without sacrificing sensitivity and able to be quickly 

performed by non-specialists [170]. 

Lastly, it is important to begin incorporating the use of more advanced MRI techniques in 

human studies of RIBI, such as functional MRI [171] and functional connectivity [172]. As noted 

above, cognitive deficits have been identified in rodent space radiation models at doses much lower 

than those explored for RIBI. These deficits are believed to occur without overt structural changes. 

Similarly, some rodent RIBI reports indicate cognitive deficits without corresponding structural 

changes [173,174]. However, as we noted in our section regarding the relationship between 

cognitive and radiological deficits, no human study of RIBI that has evaluated both cognitive and 

radiological changes have found cognitive deficits without corresponding radiological changes. 

There are multiple possible explanations for this discrepancy between human cases and rodent 

models. But if thought is that the cognitive deficits that characterize RIBI are due to functional 

changes that precede the structural changes, then the use of functional imaging can help make that 

clearer. Together, the use of more sensitive imaging techniques and standardized neurocognitive 

assessments would provide a greatly needed holistic approach to understanding the complete 

spectrum of late-delayed RIBI in brain cancer survivors. 

2.5 Conclusions 

In summary, the associations between and within cognitive and radiological RIBI often 

rely on the type of assessment chosen to detect it. Indeed, inhomogeneous assessments of RIBI 
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subcomponents can result in inhomogeneous manifestations of RIBI subcomponents. This theme 

of heterogeneity eventually pervades into preclinical animal modeling, creating rodent studies that 

assay only certain subcomponents of RIBI. Rather than placing consideration for only certain 

subcomponents of RIBI, perhaps it is just as important to evaluate the totality of known effects to 

realize the full consequence of RIBI. 
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CHAPTER 3. FEASIBILITY OF A MINI-PIG MODEL OF 

RADIATION-INDUCED BRAIN INJURY TO ONE CEREBRAL 

HEMISPHERE 

A version of this chapter has been previously published in Radiation Oncology: Athanasiadi, I., 

Perez, W.D., Plantenga, J.M. et al. Feasibility of a mini-pig model of radiation-induced brain 

injury to one cerebral hemisphere. Radiat Oncol 16, 30 (2021). https://doi.org/10.1186/s13014-

021-01753-1 

3.1 Introduction 

Radiation therapy is an integral component in the treatment of intracranial tumors [1,2]. 

The use of advanced technologies has allowed for the delivery of higher doses of radiation to areas 

of the brain that are not accessible to surgery while sparing more normal tissues. Although 

radiation therapy has helped to improve brain cancer prognosis [1,2], the side effects caused by 

radiation are recognized to be significantly associated with decreased quality of life in brain cancer 

survivors, especially survivors of childhood brain cancer [3]. Late-onset radiation effects, which 

occur months to years after therapy and do not self-resolve, are the primary concern in terms of 

radiation-induced brain toxicity. Late-onset radiation-induced brain injury can be categorized into 

two broad types based on their radiological characteristics: focal and diffuse lesions [4]. Radiation 

necrosis is usually a focal injury that presents as a mass lesion with focal neurologic abnormalities 

and evidence of elevated intracranial pressure, whereas cognitive impairment is characterized by 

diffuse white matter injury [4,5]. Radiation necrosis and diffuse white matter injury have specific 

and distinct histological and MRI characteristics [6]. 

Prior work completed by our lab on the mouse model of radiation-induced diffuse white 

matter injury showed weaknesses in reproducing the exact brain injury seen in humans [7]. 

Although histology of the mouse brains revealed a dose-dependent change in the white matter 

tracts, the changes observed were subtle. Furthermore, we were unable to detect any abnormalities 

in T1-weighted and T2-weighted MRI images for any dose at any time point after irradiation [7]. 

These shortcomings, as well as the structural differences between mouse (lissencephalic) and 

human (gyrencephalic) brains, encouraged our investigation of other animal models with brain 

tissue characteristics closer to those of humans. Additionally, larger animal species are 

advantageous when investigating intracranial MRI diagnostic approaches since these are now 

https://ro-journal.biomedcentral.com/articles/10.1186/s13014-021-01753-1#ref-CR1
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tested on clinical devices with the same protocols that can directly be used on human patients. The 

anatomy and size of porcine brains are well suited to address these challenges. Pigs can therefore 

be used to more accurately model the development of radiation-induced brain injury (RIBI). 

Though there are prior reports of a pig model of RIBI [8,9], these prior works have limited 

clinical relevance due to how radiation was delivered (electrons instead of photons) and how the 

model was assessed (non-standard MRI approach). Therefore, the objective of the current study is 

to establish the feasibility of a RIBI pig model with equipment and approaches that reflect the 

current clinical scenario. Here, we describe the methods to generate a single-hemisphere RIBI 

model that is assessed in vivo with a standard clinical MRI approach. The advantage of this model 

is that all procedures are performed with clinical devices and following the same quality assurance 

that is performed on patients. Unlike rodent models, this pig model shows changes in anatomical 

MRI consistent with human RIBI. The approach described can be further adapted to either a whole-

brain irradiation model with or without fractionation, or specific focal models targeting or avoiding 

substructures of interest, e.g., the hippocampus. 

3.2 Methods 

3.2.1 Animals and weekly observation 

All animal procedures were approved by the Purdue Animal Care and Use Committee 

under protocol number 1712001655. Four male 3-month old Yucatan mini-pigs were obtained 

from Premier BioSource (formerly S&S Farms). All pigs were housed in pairs in a facility 

designated for large animal research. Water was provided ad libitum and a commercial feed ration 

was made available twice daily. Pigs were observed at least weekly for any overt neurological 

impairment. Within the first week after irradiation they were observed every 24 h to ensure no 

acute side effects. Weights were tacked weekly by animal care staff and showed normal weight 

gain. Pigs were assessed in two sets of two with the first receiving 25 Gy and the second set 

receiving 15 Gy. There was no explicit control group, instead the contralateral hemsphere was 

intended to serve as an internal control for each animal. Animal procedures were performed with 

the help of the Purdue Pre-Clinical Research Laboratory, a core facility of the Purdue Center for 

Comparative Translational Research with ample experience with pig models. 

https://ro-journal.biomedcentral.com/articles/10.1186/s13014-021-01753-1#ref-CR8
https://ro-journal.biomedcentral.com/articles/10.1186/s13014-021-01753-1#ref-CR9
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3.2.2 Anesthesia protocol 

All pigs were anesthetized using a combination of tiletamine-zolazepam (3 mg/kg), 

detomidine (0.18 mg/kg), and butorphanol (0.12 mg/kg) administered intramuscularly. After 

attaining lateral recumbency, pigs were intubated with an appropriately sized endotracheal tube as 

determined using body weight. General anesthesia was maintained with isoflurane (1–2% inhaled) 

and oxygen as delivered using mechanical ventilation. Vital signs were monitored and logged 

throughout all procedures. All pigs received intravenous fluids (PlasmaLyte®; 5–10 mL/kg) via 

an intravenous catheter in the auricular vein. Butorphanol (0.2 mg/kg IV) was dosed as needed. 

Pigs were monitored after each procedure to ensure proper recovery from anesthesia until they 

were capable of standing and walking on their own. 

3.2.3 Immobilization devices and CT simulation 

Each anesthetized pig was positioned in sternal recumbency and immobilized using an 

individualized bite plate [10] and thermoplastic mask on an indexable frame (Uniframe Baseplate, 

Civco Medical Solutions, Orange City, IA) for radiation therapy simulation CT. The CT simulation 

treatment couch was positioned in the gantry and the reference isocenter was determined using CT 

lasers. Crosshair marks were applied to the mask using cloth tape and permanent marker over the 

intersection of the CT laser at three points. Radiopaque fiducial markers were affixed to the mask 

at the 3 laser intersection points (Suremark, Vision Line Premium Labels, V-25, Van Arsdale, 

Innovative Products, Pensacola, FL). Scans were acquired without contrast using a 64-slice CT 

scanner and 0.625 mm slice thickness (VCT 64-Slice, GE Healthcare, Milwaukee, WI). 

3.2.4 MRI procedure 

Subsequent to the CT scan, the pigs were imaged using a 3 T MRI unit (MAGNETOM® 

Prisma, Siemens Medical Solutions, Malvern, PA) using a 64-channel head coil with the pigs in 

sternal recumbency under general anesthesia. MR images of the brain were acquired 1 week pre-

irradiation, 3 months post-irradiation, and either 4 months (P2) or 6 months (P3 and P4) post-

irradiation with a consistent protocol. Included in the protocol were T1-weighted and T2-weighted 

images acquired using a three-dimensional Magnetization Prepared Rapid Acquisition Gradient 

Recalled Echo (3D MP-RAGE; TE = 4.7 ms, TR = 2080 ms, averages = 1) sequence and three-
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dimensional Fast Spin Echo (3D FSE; TE = 410 ms, TR = 2800 ms, averages = 1) sequence, 

respectively. All scans were acquired with 0.7 mm isotropic resolution with the same geometry. 

The animals were then given an intravenous injection of 0.2 mL/kg of MultiHance. A period of 

11 min was allotted to allow the contrast enough time to accumulate within the intracranial space 

before acquiring the post-contrast T1-weighted images. 

3.2.5 Radiation treatment planning 

CT and MRI images were imported and co-registered using the Varian Eclipse treatment 

planning system (Varian Eclipse v. 11.0, Varian Medical Systems, Palo Alto, CA). Transverse 

MRI images and CT images were used for manual brain tissue contouring. The contoured 

structures included brain, right and left cerebral hemispheres, cerebellum, left and right 

cerebellum, brainstem, cervical spinal cord, optic nerves (right and left), optic chiasm, eyes, and 

lenses. Diencephalon was contoured as part of the hemispheres. The planning target volume (PTV) 

for the first pair of pigs (P1 and P2) included the left cerebral hemisphere and left cerebellum. The 

PTV for the second pair of pigs (P3 and P4) included the left cerebral hemisphere only. In addition, 

the structures “brain minus PTV” (brain-PTV) and “brain minus PTV minus 2 mm” were created 

for plan evaluation and optimization, respectively. 

 Inverse planning for intensity modulated radiation therapy (IMRT) was used in all pigs. 

All treatment plans were corrected for tissue heterogeneity using a calculation algorithm 

(Anisotropic Analytical Algorithm, version 11.0.31, Varian Medical Systems, Palo Alto, CA). For 

steep dose gradient, the normal tissue objectives were applied using a distance from the target 

border of 0.1 cm, start dose 100%, end dose 60%, and fall off 0.9 cm. Coplanar, isocentric, non-

parallel opposed beams were used with a sliding window technique. Nine angles of radiation 

beams were distributed entering the left hemisphere (350°, 346°, 330°, 307°, 282°, 270°, 230°, 

198°, and 180°). A single dose of 25 Gy for the first pair of pigs (P1 and P2) and 15 Gy for the 

second pair (P3 and P4) was prescribed to the PTV, while the right side was spared as a control. 

The single dose of 25 Gy was selected based upon the previous pig model reports [8, 9]. The dose 

of 15 Gy was chosen based on matching the biological effective dose of one of the most common 

fractionated whole brain radiotherapy prescriptions (2 Gy × 30 fractions) under the assumption 

that the alpha–beta ratio of the brain is 3. The plans were evaluated for pre-treatment quality 

assurance using the MapCheck 2 diode array (Sun Nuclear Corporation, Melbourne, FL). Gamma 
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analysis and distance to agreement analysis were used to compare the planned and output absolute 

dose with point passing criteria of 3 mm and 3%. The plan was considered acceptable for therapy 

when at least 95% of all points matched. The evaluation of the plan quality included dose volume 

histograms (DVHs) and dose color wash for PTV coverage and doses to organs at risk (OARs). 

The doses to OARs were evaluated according to QUANTEC [11]. RadCalc software (LifeLine 

Software Inc.) was used as an independent method for verification of the monitor units (MUs). 

The plans were approved by a veterinary Radiation Oncologist. 

The treatment parameters are reported as recommended by the ICRU [12,13,14]. Briefly, 

reported treatment parameters for the PTV included maximum (D2%), minimum (D98%), mean 

(Dmean), and median (D50%) dose. Homogeneity Index (HI = (D2%–D98%)/D50%), Conformity Index 

(CI, described below) and Gradient Index (GI = brain volume receiving 50% of prescription dose 

divided by brain volume receiving 100% of prescription) were used to assess plans retrospectively 

and were not used in the process of plan approval. An HI close to 0 (zero) shows a homogeneous 

absorbed dose in the PTV. The CI defines how adequately a target is covered by treatment without 

irradiation of any tissue outside the PTV. Specifically we calculated the Paddick CI [15] defined 

as CI = PTVPIV
2/ (PTV × PIV), where PTVPIV is the volume of the PTV that is covered by 100% 

of the prescription dose and PIV is the brain volume receiving 100% of the prescription dose. A 

perfect plan has a CI score of 1. The GI is an objective tool to assess how rapidly the dose falls off 

outside of the PTV. A lower GI indicates steeper dose gradient and a value of < 3 could be ideal. 

Reported treatment parameters for the OARs (brainstem, cerebellum, spinal cord, optic nerves 

(right and left), and optic chiasm) included maximum (D2%), mean (Dmean), median (D50%), and 

Volume of Accepted Tolerance Dose (VATD = dose/volume limit). The maximum point dose (Dmax) 

was recorded for the lenses. Treatment parameters for the cerebellum were reported only for P3 

and P4, since the left side of the cerebellum was included in the PTV for P1 and P2. 

3.2.6 Radiation delivery 

Each pig was positioned with the same individualized device used in the CT simulation 

and aligned to the marked reference isocenter in the radiation therapy vault using room lasers and 

mask crosshair marks prior to irradiation. Cardinal direction shifts generated in the treatment 

planning software were applied to align the pig to the plan isocenter. Orthogonal portal MV 

radiographs were taken to verify the position. A computed portal radiography system was used to 

https://ro-journal.biomedcentral.com/articles/10.1186/s13014-021-01753-1#ref-CR12
https://ro-journal.biomedcentral.com/articles/10.1186/s13014-021-01753-1#ref-CR13
https://ro-journal.biomedcentral.com/articles/10.1186/s13014-021-01753-1#ref-CR14
https://ro-journal.biomedcentral.com/articles/10.1186/s13014-021-01753-1#ref-CR15
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develop each portal image (KODAK ACR—2000i, Onconcepts, Rochester, NY). DICOM portal 

images were imported into the treatment planning system, scaled, and aligned to the digital 

graticule in the treatment plan’s digitally reconstructed radiographs. The registered images were 

compared using the offline review program (Varian Medical Systems, Palo Alto, CA). Images 

were compared for perfect visual alignment of bony structures to the digitally reconstructed 

radiographs created from CT images used for the IMRT planning. Position was adjusted if 

alignment differed by greater than 1 mm, and portal radiographs were repeated to document final 

positioning. 

Radiation was delivered with a 6 MV linear accelerator (Varian 6EX, Varian Medical 

Systems, Inc. Palo Alto, CA) with a 120-leaf multileaf collimator (Millennium 120 MLC, Varian 

Medical Systems, Palo Alto, CA) using photons with a dose rate of 400 MU/min. 

3.2.7 Necropsy 

After the final MRI, pigs were euthanized by intravenous injection with pentobarbital 

(100–200 mg/kg). Due to neurological deficits, P1 was euthanized at 4 months and P2 at 3 months 

post irradiation. P3 and P4 were euthanized at 6 months as we had originally planned for all pigs. 

Brains were extracted by veterinary staff of the Indiana Animal Disease Diagnostic Laboratory 

and left in 10% neutral buffered formalin for at least 24 h. Coronal gross sections were generated 

to match areas of interest on the MRI datasets, embedded in paraffin, and stained with hematoxylin 

and eosin (H&E) and Luxol Fast Blue (LFB). The former was utilized for general pathological 

examination of the sections while the latter was used to evaluate white matter integrity of the 

irradiated hemisphere. 

3.3 Results 

3.3.1 Quality of half-brain treatment plan 

The radiation treatment plan for each pig passed the quality assurance as described in the 

methods. Briefly, for the PTV dose coverage, 93% of the prescribed dose covered at least 93% of 

the PTV. The dose color wash and DVHs were similar in all 4 pigs. Figure 9 shows an example of 

dose color wash in 3 planes from P1 and P3. The prescribed dose is homogeneously distributed 

over the PTV and there is a steep fall-off of the dose at the PTV margins. The dosimetric 
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parameters for the PTV for all pigs are summarized in Table 5. The minimum, maximum, mean, 

and median doses to the PTV are reported as analyzed by the DVHs. The HI, CI, and GI for all 

four plans ranged 0.15–0.21, 0.57–0.74, and 1.9–2.7, respectively. The dosimetric parameters for 

the OARs for all pigs are summarized in Table 6. Briefly, doses to the spinal cord and lenses are 

much lower than the cut off recommended by QUANTEC for myelopathy or cataract, respectively 

[11]. Regarding the brainstem the high maximum (D2%) doses especially for P1 and P2 were seen 

as expected at the side adjacent to the PTV. However, the mean doses to the brainstem were low 

(3–11.3 Gy) in all for pigs. The optic apparatus (right and left optic nerve, optic chiasm) received 

doses relatively close to the prescribed doses as expected. The left optic nerve and the optic chiasm 

were included in the PTV and the right optic nerve was adjacent to the PTV. The dosimetric 

parameters for the cerebellum were reported for P3 and P4. The high maximum (D2%) doses were 

seen as expected adjacent to the PTV and the mean doses (3.4 Gy) were low. Looking more 

globally at the untreated parts of the brain in the brain-PTV volume, again we see the highest doses 

adjacent to the PTV but the mean doses are low (30 to 45% of the prescribed dose). 

 

 

Figure 9. Treatment plan from subjects P1 and P3. Panels a–c for P1 and Panels d–f for P3 show 

a colorwash of the dose being delivered on the transverse (a and d), sagittal (b and e), and 

coronal (c and f) planes respectively. Blue areas receive ~ 10–20%, green areas ~ 50–60% and 

red areas ~ 100% of the target dose. The difference in coverage for the cerebellum on these plans 

can be best appreciated in the sagittal views. 

 

https://ro-journal.biomedcentral.com/articles/10.1186/s13014-021-01753-1#ref-CR11
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Table 1. Summary of dosimetric results for PTV analyzed from dose-volume histogram. 

DX% = dose (Gy) received by the x% of the volume; Dmean = mean dose received by the volume; 

HI = homogeneity index; CI = conformity index; GI = gradient index 

Pigs 

Volume 

(cm3) 

Min 

(D98%) Max (D2%) 

Mean 

(Dmean ) 

Median 

(D50%) HI CI GI 

P1 35.4 22.8 26.8 25.3 25.5 0.16 0.74 1.9 

P2 32.3 23 26.9 25.3 25.4 0.15 0.65 2.2 

P3 31.0 13.4 16.4 15.1 15.1 0.20 0.57 2.6 

P4 26.6 13.0 16.1 15.0 15.1 0.21 0.59 2.7 

 

Table 2. Summary of dosimetric results for OARs analyzed from dose-volume histogram. 

  P1 P2 P3 P4 

Brainstem (Vmean=3.9 cm3) D2% (Gy) 22.4 17.7 10.1 10.4 

 

Dmean (Gy) 11.3 9.6 3.6 3.0 

V10/12 (%) 53/34 37/20 <3.4 <3.3 

Cerebellum (Vmean=4.3 cm3) D2% (Gy)   11.1 10.5 

 Dmean (Gy)   3.4 3.4 

 V10/12 (%)   4.6 4.1 

Optic chiasm (Vmean=0.1 cm3) D2% (Gy) 24.7 23.7 11.0 9.3 

 Dmean (Gy) 22.9 22.0 10.0 6.7 

 V6/8/10 (%)     1.0 1.0 ≤1.0 <0.5 

Left optic nerve (Vmean=0.1 cm3) D2% (Gy) 22.1 23.2 10.4 7.4 

 Dmean (Gy) 17.9 17.4 9.2 6.0 

 V6/8/10 (%)     1.0 1.0 ≤1.0 ≤0.5 

Right optic nerve (Vmean=0.1 cm3) D2% (Gy) 20.2 19.1 9.0 4.5 

 Dmean (Gy) 16.9 14.2 8.3 3.8 

 V6/8/10 (%)     0.1 0.1 0.1 0.1 
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Table 2 continued 

Spinal cord (Vmean=3.7 cm3) D2% (Gy) 5.5 3.3 <1 <1 

 Dmean (Gy) 1.0 0.6 0.2 0.2 

 V8/10/12 (%)     <0.3 0 0 0 

Left lens (Vmean=0.2 cm3) Dmax (Gy) 3.4 1.4 <0.1 <0.1 

Right lens (Vmean=0.2 cm3) Dmax (Gy) 5.6 2.7 1.7 1.5 

Brain – PTV (P1&P2) (Vmean= 30 cm3) D2% (Gy) 22.5 18   

 Dmean (Gy) 11 7.7   

 V10/12 (%) 49/35 52/32   

Brain – PTV (P3&P4) (Vmean= 36.6 

cm3) D2% (Gy)   10.7 11.4 

 Dmean (Gy)   5.3 5.3 

 V10/12 (%)   ≤4 ≤8 

 

3.3.2 MRI features of the irradiated pig brain 

The original plan was to acquire MR images of the brain at 3 and 6 months post-irradiation 

on a 3 T scanner to potentially detect early-delayed pathology and late-onset RIBI. Our first group 

of pigs (P1 and P2) developed obvious neurological deficits (left head tilt and left circling) as early 

as 2 months post-irradiation. One pig (P2) had to be euthanized at 3 months post-irradiation due 

to inability to stand, which we believe was due to a lesion observed in the brainstem on MRI (figure 

not shown). The other pig (P1) was euthanized at 4 months as the neurological deficits grew 

significantly worse and the pig’s balance was significantly impaired. Anatomical MR images of 

this second pig show that at 3 months post-irradiation, there is diffuse enhancement on T2-

weighted imaging with minimal enhancement on post-contrast T1-weighted imaging (Fig. 10 top 

row) which is consistent with RIBI but occurs much sooner than expected. By 4 months post-

irradiation, the observed pathology became much more extensive based on both T2-weighted and 

post-contrast T1-weighted enhancement (Fig. 10 middle row), with massive amounts of edema 

that led to a midline shift and collapse of the lateral ventricle. Our second group of pigs (P3 and 
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P4) showed no signs of neurological deficits throughout the entire 6 month follow-up duration. 

Anatomical MR images showed no abnormal T2-weighted or post-contrast T1-weighted 

enhancements at 3 and 6 months post-irradiation for both P3 (Fig. 10 bottom row) and P4. 

 

 

Figure 10. Anatomical MRI after irradiation of the left hemisphere of the mini-pig brain for Pig 

1. Diffuse enhancement is seen on T2-weighted imaging with mass effect with foci of 

enhancement on post-contrast T1-weighted imaging. 

3.3.3 Histological features of the irradiated pig brain 

After euthanasia and macroscopic evaluation, we used hematoxylin and eosin (H&E) and 

Luxol Fast Blue (LFB) staining to validate our MRI findings. Macroscopic examination of the 

tissue before sectioning confirmed the MRI findings with obvious mass effect shifting the midline, 

disruption of the white matter, and likely focal hemorrhages. Examination of the H&E sections 

from the pigs that received a dose of 25 Gy (Fig. 11 top row) evidenced extensive cerebral (mostly 

unilateral) necrosis with associated inflammation (glial cells and glitter cells), vasculitis, vascular 

wall necrosis, thrombosis, dystrophic mineralization and loss of myelin. The contralateral 

hemisphere only had pathology near the midline. Though the lesions are more severe in the white 

matter, pathology can also be found in the gray matter. The lesions are also not homogenous 

suggesting that there might be a mixture of both types of pathologies consistent with the MRI. 

These changes are consistent with has been previously observed histologically in RIBI [16] and 

radiation necrosis [17]. In contrast, for pigs that received a dose of 15 Gy (Fig. 11 bottom row) no 

apparent pathological changes were evident on either macroscopic or microscopic examination. 

https://ro-journal.biomedcentral.com/articles/10.1186/s13014-021-01753-1#ref-CR16
https://ro-journal.biomedcentral.com/articles/10.1186/s13014-021-01753-1#ref-CR17
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Figure 11. Histological changes in the pig brain after 25 Gy irradiation. The section was chosen 

to be in roughly the same location as the MRI data shown in Fig. 10. a Macroscopic examination 

is consistent with the MRI findings with mass effect and disrupted white matter. b Wide field 

picture of the Luxol-Fast Blue stained section shows clear demyelination of the left hemisphere 

as expected of RIBI. c × 10 magnification of the hematoxylin and eosin shows vascular changes 

and inflammatory infiltration suggestive of radiation necrosis. In the case of 15 Gy, wide field 

pictures of the H&E (d) and LFB (E) as well as × 10 magnification of the H&E (F) look normal. 

3.4 Discussion 

With advancements in radiation therapy techniques and improved efficacy in treating 

disease, the prognosis and median survival time with inoperable brain tumors is constantly 

improving [1, 2]. However, this also means that late adverse effects from neurocranial radiation 

therapy are becoming increasingly recognized [18]. Establishing an improved animal model for 

RIBI is imperative to facilitate the development of treatments for RIBI in both human and 

veterinary medicine. The use of clinical standard radiotherapy and MR imaging protocols in our 

study not only allows for the treatment and diagnosis of RIBI in our pig model, but also increases 

the translational value of the model. The model presented here improves upon the common rodent 

models in that pathology can be detected in MRI like in human patients. Our model also improves 

on prior work in pigs as that work relied on an electron beam for irradiation which led to an 

overestimation of the dose delivered to the brain. 

Here, we present a pig model of RIBI generated with an IMRT half-brain treatment plan. 

The radiation treatment provides a homogeneous dose distribution throughout the PTV leading to 

https://ro-journal.biomedcentral.com/articles/10.1186/s13014-021-01753-1#ref-CR1
https://ro-journal.biomedcentral.com/articles/10.1186/s13014-021-01753-1#ref-CR2
https://ro-journal.biomedcentral.com/articles/10.1186/s13014-021-01753-1#ref-CR18
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pathology limited to the PTV as evidenced on clinically standard MRI and histopathology. As 

expected, late-onset RIBI pathology was detected primarily in the irradiated hemisphere but only 

for those animals that received 25 Gy. RIBI pathology on MRI became more severe over time, 

which is consistent with previous descriptions of RIBI [18]. These results demonstrate that our 

clinical methodology is well-suited to produce late-onset RIBI pathology that is restricted to the 

irradiated regions of the pig brain. Prior reports in pig models [8, 9], were limited by the use of a 

12 meV electron beam without correction for the skull which led to an overestimation of dose 

delivered to the brain. Our approach uses clinically relevant 6 MV photons with standard treatment 

planning technique (IMRT), clinical validation, and quality assurance to ensure the dose delivered 

is the dose that was planned. In comparison to established rodent models [7, 19], in this pig model 

we can detect abnormalities with anatomical MRI consistent with standard clinical approaches. 

Furthermore, white matter damage detected by H&E and LFB staining is not only more obvious 

than previously observed in the mouse brain, but it is also correlated with the anatomical lesions 

detected by MRI. Together, these data suggest that IMRT is a feasible treatment delivery for a pre-

clinical pig model of late-onset RIBI that is more accurate than current rodent models. 

3.5 Conclusions 

While this work shows that a mini-pig model of RIBI is feasible, there remains some details 

that need to be improved upon. Work still needs to be done to optimize the target radiation dose 

and the time that observations are made to comprehensively study the development of diffuse 

white matter lesions, which have been observed in RIBI [20, 21]. Although a 25 Gy dose was able 

to produce clear MRI pathology in both P1 and P2, the onset was earlier than expected and the 

pathology progressed to radiation necrosis with unacceptably severe neurological impairment. 

However, a 15 Gy dose was unable to induce any MRI abnormalities or histopathology up to 6 

months post-irradiation. This suggests that a suitable dose to produce diffuse lesions within a pig 

brain lies within the window of 15 Gy to 25 Gy. Additionally, it will be important to assess 

cognitive deficits in this model and how it relates to the lesions detected on MRI and histology. 

An additional constraint of our current results is the use of a hemispheric model where the 

unirradiated hemisphere serves as an internal control. A whole-brain model may be more ideal for 

evaluation of cognitive deficits. A major advantage of the larger pig brain and our approach is the 

https://ro-journal.biomedcentral.com/articles/10.1186/s13014-021-01753-1#ref-CR18
https://ro-journal.biomedcentral.com/articles/10.1186/s13014-021-01753-1#ref-CR8
https://ro-journal.biomedcentral.com/articles/10.1186/s13014-021-01753-1#ref-CR9
https://ro-journal.biomedcentral.com/articles/10.1186/s13014-021-01753-1#ref-CR7
https://ro-journal.biomedcentral.com/articles/10.1186/s13014-021-01753-1#ref-CR19
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possibility to generate very specific irradiation plans of brain substructures. This could be 

leveraged for a more precise model of hippocampal-avoidance whole brain radiotherapy. 
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CHAPTER 4. DIFFUSION, METABOLIC, AND HISTOLOGICAL 

CHARACTERISTICS OF A MINI-PIG MODEL OF RADIATION-

INDUCED BRAIN INJURY 

4.1 Introduction 

Radiation therapy is commonly used to treat primary and metastatic brain tumors in adult 

and pediatric patients [1]. As ionizing radiation is delivered to the tumor site, surrounding healthy 

brain tissue is inevitably subject to irradiation as well. These normal tissue injuries typically 

manifest into a treatment-related side effect known as radiation-induced brain injury (RIBI), which 

can further be described based on the injury’s time of clinical expression [2]. For instance, acute 

and early-delayed RIBI occur up to 6 months post-irradiation and have been found to be resolve 

spontaneously or with steroid administration. These early injuries therefore do not have a 

significant long-term impact on the patient’s quality of life [3]. On the other hand, late-delayed 

RIBI occurs at least 6 months post-irradiation and has been shown to be irreversible and 

progressive [4]. Late-delayed RIBI therefore poses a major clinical problem for post-treatment 

care. 

Non-invasive in vivo techniques such as diffusion tensor imaging (DTI) and magnetic 

resonance spectroscopy (MRS) can be used to characterize radiation-induced diffusion and 

metabolic changes within the brain. DTI measures the diffusion of water molecules along various 

tissue types in the brain. Since white matter is composed of axon fibers, the diffusion of water 

molecules within this tissue is highly directional. In comparison, gray matter is usually less 

directional and cerebrospinal fluid has no direction. Therefore, this imaging technique is most ideal 

for assessing the microstructural integrity of white matter since a deviation in its highly directional 

diffusion can be indicative of potential injury [5]. DTI studies of human patients that have 

previously undergone radiation therapy have exhibited decreases in fractional anisotropy (FA) 

values and increases in apparent diffusion coefficient (ADC) measurements after cranial 

irradiation [6–9]. MRS, on the other hand, identifies and quantifies the metabolites within the brain 

that exist in millimolar concentrations. These metabolites provide information regarding the 

energy status and overall viability of CNS cells. Therefore, this technique is ideal for evaluating 

neuronal and glial injury within the brain [10]. MRS studies of human patients that have undergone 
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radiation therapy have consistently shown that N-acetylaspartate (NAA) decreases after treatment 

[11–14]. 

While radiation-induced changes in diffusion and metabolic characteristics have been 

evidenced in human populations, they have yet to be evaluated in a mini-pig model of RIBI. 

Additionally, immunohistochemical (IHC) staining will be performed not only to investigate 

histological similarities between the mini-pig brain and human brain, but also to validate our 

imaging and spectroscopic findings. Therefore, the objective of this present study is to characterize 

the changes in diffusion, metabolite, and histological properties between the irradiated vs. 

unirradiated hemisphere at various time points post-irradiation. 

4.2 Methods 

4.2.1 Subjects 

This study serves as a descriptive extension of the feasibility study described in the 

previous chapter. To reiterate, three-month old male Yucatan mini-pigs (n=4) were obtained and 

housed in pairs within a large-animal research facility throughout the duration of this experiment. 

A commercial feed was provided twice a day with water given ad libitum. The animals were 

observed on a weekly basis for signs of neurological impairment. All procedures in this study were 

approved by the Purdue Animal Care and Use Committee. 

4.2.2 Irradiation procedure 

A comprehensive protocol regarding radiation treatment planning and delivery for this 

single hemisphere model of RIBI has been established in the previous chapter. In short, the four 

pigs were split into pairs; one pair formed the 25 Gy cohort (P1 and P2) while the remaining pair 

formed the 15 Gy cohort (P3 and P4). A single-fraction 25 Gy dose was chosen to irradiate first 

cohort based on previous pig models of RIBI [15,16]. In contrast, a single-fraction 15 Gy dose was 

designated for the second cohort based on biological effective dose equivalency with a commonly 

prescribed fractionated whole brain irradiation dose (2 Gy × 30 fractions; α/β = 3). 

Under anesthesia, each pig was immobilized in the prone position with an individualized 

bite plate and a thermoplastic mask fixed on an indexable frame (Uniframe Baseplate, Civco 

Medical Solutions, Orange City, IA). The left hemispheres were irradiated with the corresponding 
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cohort-appropriate dose using a 6 MV linear accelerator (Varian 6EX, Varian Medical Systems, 

Inc. Palo Alto, CA) with a 120-leaf multileaf collimator (Millennium 120 MLC, Varian Medical 

Systems, Palo Alto, CA). The right hemisphere served as an internal control for each animal. 

However, it must be noted that the contralateral hemisphere does receive a small amount of 

irradiation and should not be assumed to be perfectly normal. Also, there is the possibility of 

biological processes crossing over from the irradiated to the contralateral hemisphere. 

4.2.3 DTI and MRS procedure 

All imaging procedures henceforth were performed in addition to the anatomical MRI 

acquisition described in the previous chapter. Diffusion tensor imaging (DTI) and magnetic 

resonance spectroscopy (MRS) were conducted using a 3T MRI unit (MAGNETOM® Prisma, 

Siemens Medical Solutions, Malvern, PA) at 1 week pre-irradiation, 3 months post-irradiation 

(P2), and either 4 months (P1) or 6 months (P3 and P4) post-irradiation. During each imaging time 

point, the pigs were placed under anesthesia while in the prone position and fitted with a 64-

channel head coil. 

DTI measurements for the 25 Gy cohort was acquired using a single-shot echo-planar 

imaging sequence. The following parameters were used for the DTI acquisition of the 25 Gy 

cohort: TR=15,300 ms, TE=87 ms, FOV=180 mm, matrix=1.3 mm x 1.3 mm, slice thickness=1.4 

mm, number of slices=112, and 30 diffusion-weighting directions at a b-value= 1,000 s/mm2 with 

3 b0 images. FA maps and ADC maps for the 25 Gy cohort were computed inline during image 

acquisition using the sequence’s MDDW diffusion mode. DTI measurements for the 15 Gy cohort 

were acquired using two protocols, which both possessed the following parameters: TR= 16,400 

ms, TE=88 ms, FOV=180 mm, matrix=1.3 mm x 1.3 mm, slice thickness=1.4 mm, and number of 

slices=112. The sole difference was that the first protocol acquired 20 diffusion-weighting 

directions at a b-value=1,000 s/mm2 with 1 b0 image while the second protocol acquired 12 

diffusion-weighting directions at a b-value=2,000 s/mm2 with 1 b0 image. FA maps and ADC 

maps for the 15 Gy cohort were computed by combining both sets of DTI acquisitions using an 

inhouse MATLAB program. 

All DTI measurements were analyzed using ITK-SNAP software [17]. T2-weighted 

images, FA maps, and ADC maps were uploaded into a single workspace for each animal at each 

time point. Regions of interest (ROIs) were created by manually segmenting the target white matter 
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tract on the T2-weighted image, which thereafter ITK-SNAP automatically applied the 

segmentation overlay to the corresponding FA and ADC maps (Fig 12). Such target tracts are the 

left and right internal capsule (IC), and the left and right corpus callosum (CC). Average FA and 

ADC values were then calculated and exported through ITK-SNAP. This procedure was 

independently applied for the internal capsule and corpus callosum for both the ipsilateral and 

contralateral hemisphere over three consecutive imaging slices. 

 

 

Figure 12. Representative outlines for regions of interest within the FA map (left) and ADC map 

(right). The green area indicates the left internal capsule, red indicates the right internal capsule, 

yellow indicates the left corpus callosum, and blue indicates the right corpus callosum. 

 

Single-voxel MRS measurements were obtained using semi-LASER localization 

(TR=2,000 ms, TE=35 ms, averages=128, excite flip angle=90°, refocus flip angle=180°, VAPOR 

enabled) with previously acquired T2-weighted images as a reference for voxel placement. The 

volume of interest was centered in the periventricular brain region with the size of 10 x 10 x 15 

mm3 (Fig 13). Furthermore, water reference scans without water suppression were collected for 

frequency and phase correction. Automatic shimming with occasional manual shimming were 

performed to achieve optimal results. 

 The resulting spectra for all four animals were analyzed and quantified using LCModel 

(v.6.3-1B, Provencher 1993) and a basis set generated for a semi-LASER sequence with TE = 35 

ms. For the purposes of this study, metabolite concentrations of N-acetylaspartate (NAA), 

glycerophosphocholine + phosphocholine (tCho), glutamate + glutamine (Glx), myo-inositol (mI), 

and creatine + phosphocreatine (tCr) for both ipsilateral and contralateral hemispheres were 

collected for each animal at each time point. 
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Figure 13. Representative voxel placements and their corresponding spectra within the ipsilateral 

and contralateral hemispheres. Voxel placements and their corresponding spectra are provided in 

Appendix B for all animals. 

4.2.4 IHC staining procedure 

IHC protocols were developed and validated by the Purdue University Histology Research 

Laboratory (HRL). One pig brain from the 25 Gy cohort (P1) and another from the 15 Gy cohort 

(P3) were chosen for examination using these histological methods. To begin, the animals were 

euthanized after the final imaging time point and their brain tissues were formalin-fixed, paraffin-

embedded, and sectioned at 4 μm onto charged microscope slides. The slides were then incubated 

at 57°C for 30 minutes, immediately deparaffinized, and placed in a decloaking chamber for 20 

minutes at 95°C for antigen retrieval. The tissues intended to be stained with anti-GFAP and anti-

Iba-1 used EDTA as the retrieval buffer; DIVA was used for the remaining slides. Following 

antigen retrieval, tissues were cooled to 60°C, rinsed in Tris Buffer, and marked with a 

hydrophobic pen before being placed on the Biocare intelliPATH Automated IHC Staining 

System. Tissues underwent two blocking steps: first with 3% Hydrogen Peroxide, then with 2.5% 

Normal Goat Serum. The anti-C3 slides were blocked with 2.5% Normal Horse Serum. Next, the 

following primary antibodies were applied and incubated for 30 minutes: anti-GFAP antibodies 
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(ab7260; 1:1000) were used to detect astrocytes, anti-Iba-1 antibodies (ab178847; 1:8000) were 

used to detect microglia cells, anti-NeuN antibodies were used to identify post-mitotic neurons 

while anti-DCX antibodies (ab18723, 1:400) were used to identify neuronal precursor cells, anti-

CD3 antibodies (A0452; 1:200) were used to mark T-cells, and anti-C3 antibodies (HM2168; 1:50) 

were used to mark the response of the complement system. GFAP+ and Iba-1+ cells would then 

comprise of the glial cell population for this study, NeuN+ and DCX+ cells would reflect the state 

of the neuronal population, and lastly, CD3+ T-cells and C3+ proteins would provide a glimpse 

into the animal’s long-term immune response towards cranial radiation. After incubation, the slides 

were rinsed twice with buffer and a secondary antibody was applied for an additional 30 minutes. 

All antibodies, excluding anti-C3, were conjugated with Goat anti-Rabbit ImmPRESS HRP. The 

anti-C3 antibody was conjugated with Horse anti-Mouse 1:5 HRP. After two buffer rinses, the 

slides were dispensed with the chromogen, Vector ImmPACT DAB, for 5 minutes. Slides received 

a final buffer rinse and were removed from the automated stainer. Lastly, tissues were 

counterstained with Gill’s II hematoxylin, dehydrated, and cover-slipped with a resinous mounting 

media. 

The resulting slides were then imaged using an EVOS® XL (Life Technologies, Carlsbad, 

CA) digital inverted microscope at 20x magnification. Areas of analysis included the 

periventricular white matter for all cell populations, the surrounding gray matter for the glial cell 

population to investigate its potential influence on WM effects, and the cortical gray matter for the 

neuronal population to evaluate cellular effects within the cortex. As such, four images were 

acquired per area of analysis per hemisphere and analyzed using ImageJ software (v.1.8, NIH, 

Bethesda, MD). All cells were automatically counted using ImageJ’s semi-automated thresholding 

and particle detection pipeline. 

4.2.5 Statistical analysis 

 Statistical analyses were performed using SPSS (v.28.0, SPSS Inc., Chicago, IL). Each 

antibody stain was independently analyzed using a paired t-test with cell counts for the ipsilateral 

and contralateral hemispheres set as the comparison variables. Significance was established with 

p≤0.05 and corrected for multiple comparisons using the Holm-Sidak method when appropriate. 
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4.3 Results 

 The results we present here are a preliminary characterization of a mini-pig model of RIBI. 

Due to a sudden onset of severe neurological complications, the two pigs that had received a 25 

Gy dose were euthanized at either 3 months or 4 months post-irradiation. Thus, evaluation of DTI 

and MRS data from the 25 Gy cohort includes data from the 0-month (P1 and P2), 3-month (P1 

and P2), and 4-month (P1 only) time points. Histological evaluation of the 25 Gy cohort (P1 only) 

corresponds to the 4-month time point. All DTI and MRS measurements from the 15 Gy cohort 

includes data from the 0-month (P3 and P4), 3-month (P3 and P4), and 6-month (P3 and P4) time 

points. Histological evaluation of the 15 Gy cohort (P3 only) corresponds to the 6-month time 

point. MRS voxel placements and their respective spectra, complete tables of individual DTI and 

MRS data, as well as additional cohort data and their respective statistical analyses are provided 

in Appendix B. 

4.3.1 Diffusion measurements vary between each animal with respect to time, white 

matter structure, and dose prescription 

FA and ADC measurements undergo predictable radiation-induced changes within the 

ipsilateral IC of P1 after receiving a 25 Gy prescription dose. Indeed, FA values considerably and 

consistently decrease over time within the ipsilateral IC (0.58 ± 0.15 at 0 months, 0.29 ± 0.10 at 3 

months, 0.14 ± 0.06 at 4 months) while FA values increase over time within the contralateral IC 

(0.41 ± 0.15 at 0 months, 0.59 ± 0.16 at 3 months, 0.62 ± 0.19 at 4 months; Fig 14a). ADC 

measurements, on the other hand, considerably and consistently increase over time within the 

ipsilateral IC (0.72 ± 0.09 at 0 months, 0.91 ± 0.15 at 3 months, 1.21 ± 0.32 at 4 months). 

Interestingly, ADC measurements also slightly increase over time within the contralateral IC (0.78 

± 0.20 at 0 months, 0.80 ± 0.17 at 3 months, 0.88 ± 0.34 at 4 months; Fig 14b). 

Regarding the diffusion measurements within the CC of P1 after receiving a 25 Gy 

prescription dose, FA and ADC measurements marginally follow the typical radiation-induced 

assumption. Specifically, there is a slight decrease in FA between 3 to 4 months post-irradiation 

for both the ipsilateral CC (0.32 ± 0.11 at 0 months, 0.33 ± 0.11 at 3 months, 0.29 ± 0.11 at 4 

months) and the contralateral CC (0.44 ± 0.15 at 0 months, 0.46 ± 0.14 at 3 months, 0.34 ± 0.11 at 

4 months; Fig 14c). Additionally, there is an increase in ADC between 0 to 3 months post-

irradiation for both the ipsilateral CC (0.94 ± 0.23 at 0 months, 1.14 ± 0.23 at 3 months, 1.10 ± 
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0.15 at 4 months) and the contralateral CC (0.85 ± 0.18 at 0 months, 1.11 ± 0.56 at 3 months, 1.11 

± 0.48 at 4 months; (Fig 14d). 

FA and ADC measurements within both the ipsilateral and contralateral IC of P2 do not 

follow typical radiation-induced assumptions of diffusion after receiving a 25 Gy prescription dose. 

Indeed, FA values considerably increase over time within both the ipsilateral IC (0.52 ± 0.19 at 0 

months, 0.61 ± 0.11 at 3 months) and the contralateral IC (0.41 ± 0.16 at 0 months, 0.67 ± 0.45 at 

3 months; Fig 15a). ADC measurements, on the other hand, do not undergo any obvious radiation-

induced changes from 0 to 3 months (Fig 15b). 

Similar to the findings in the IC, there is a consistent change in FA measurements within 

both the ipsilateral and contralateral CC of P2 after receiving a 25 Gy prescription dose. 

Specifically, FA values considerably increase over time within the ipsilateral CC (0.35 ± 0.16 at 0 

months, 0.55 ± 0.29 at 3 months) and the contralateral CC (0.38 ± 0.14 at 0 months, 0.58 ± 0.20 at 

3 months; Fig 15c). ADC measurements, in contrast, decrease over time within the ipsilateral CC 

(0.86 ± 0.16 at 0 months, 0.75 ± 0.11 at 3 months) but not the contralateral CC (0.84 ± 0.14 at 0 

months, 0.83 ± 0.20 at 3 months; Fig 15d). 

FA and ADC measurements within both the ipsilateral and contralateral IC of P3 do not 

follow typical radiation-induced assumptions of diffusion after receiving a 15 Gy prescription dose. 

Indeed, there are no discernable patterns of change in both the ipsilateral and contralateral FA 

measurements of the IC (Fig 16a). ADC measurements, on the other hand, appear to slightly 

decrease between 0 to 3 months post-irradiation for both the ipsilateral IC (0.64 ± 0.09 at 0 months, 

0.56 ± 0.10 at 3 months, 0.56 ± 0.06 at 6 months) and contralateral IC (0.65 ± 0.07 at 0 months, 

0.58 ± 0.10 at 3 months, 0.59 ± 0.06 at 6 months; Fig 16b). 

FA and ADC measurements undergo predictable radiation-induced changes over time 

within the ipsilateral CC of P3 after receiving a 15 Gy prescription dose. Specifically, FA values 

consistently decrease over time within the ipsilateral CC (0.50 ± 0.15 at 0 months, 0.45 ± 0.15 at 

3 months, 0.36 ± 0.15 at 6 months) while FA values increase between 0 to 3 months within the 

contralateral CC (0.39 ± 0.13 at 0 months, 0.46 ± 0.19 at 3 months, 0.44 ± 0.20 at 6 months; Fig 

16c). ADC measurements, in contrast, appear to consistently increase over time within the 

ipsilateral CC (0.75 ± 0.42 at 0 months, 0.80 ± 0.35 at 3 months, 1.09 ± 0.64 at 6 months) without 

any discernable patterns of change for the contralateral CC (0.94 ± 0.59 at 0 months, 0.73 ± 0.35 

at 3 months, 1.16 ± 0.64 at 6 months; Fig 16d). 
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FA and ADC measurements within both the ipsilateral and contralateral IC of P4 do not 

follow typical radiation-induced assumptions of diffusion after receiving a 15 Gy prescription dose. 

Indeed, FA values increase between 0 to 3 months before decreasing between 3 to 6 months post-

irradiation for both the ipsilateral IC (0.48 ± 0.14 at 0 months, 0.57 ± 0.20 at 3 months, 0.52 ± 0.17 

at 6 months) and the contralateral IC (0.54 ± 0.15 at 0 months, 0.60 ± 0.15 at 3 months, 0.49 ± 

0.16 at 6 months; Fig 17a). ADC measurements, on the other hand, do not decrease until the period 

between 3 to 6 months for the ipsilateral IC (0.64 ± 0.07 at 0 months, 0.64 ± 0.17 at 3 months, 0.55 

± 0.10 at 6 months) but slightly decreases between 0 to 3 months for the contralateral IC (0.64 ± 

0.12 at 0 months, 0.59 ± 0.08 at 3 months, 0.60 ± 0.14 at 6 months; Fig 17b). 

FA and ADC measurements within both the ipsilateral and contralateral CC of P4 do not 

follow typical radiation-induced assumptions of diffusion after receiving a 15 Gy prescription dose. 

Specifically, FA values within the ipsilateral CC decrease between 0 to 3 months before increasing 

between 3 to 6 months post-irradiation (0.38 ± 0.18 at 0 months, 0.35 ± 0.11 at 3 months, 0.42 ± 

0.18 at 6 months). In contrast, FA values within the contralateral CC increase between 0 to 3 

months before decreasing between 3 to 6 months post-irradiation (0.37 ± 0.12 at 0 months, 0.46 ± 

0.16 at 3 months, 0.42 ± 0.16 at 6 months; Fig 17c). ADC measurements, on the other hand, do 

not undergo any obvious radiation-induced changes from 0 to 6 months (Fig 17d). 
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Figure 14. Changes in FA and ADC measurements over time within the internal capsule (a-b) 

and corpus callosum (c-d) white matter tracts after a 25 Gy irradiation (P1). Corresponding 

effects of the contralateral hemisphere are shown as a comparison. Error bars denote the standard 

error.
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Figure 15. Changes in FA and ADC measurements over time within the internal capsule (a-b) 

and corpus callosum (c-d) white matter tracts after a 25 Gy irradiation (P2). Corresponding 

effects of the contralateral hemisphere are shown as a comparison. Error bars denote the standard 

error. 
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Figure 16. Changes in FA and ADC measurements over time within the internal capsule (a-b) 

and corpus callosum (c-d) white matter tracts after a 15 Gy irradiation (P3). Corresponding 

effects of the contralateral hemisphere are shown as a comparison. Error bars denote the standard 

error.
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Figure 17. Changes in FA and ADC measurements over time within the internal capsule (a-b) 

and corpus callosum (c-d) white matter tracts after a 15 Gy irradiation (P4). Corresponding 

effects of the contralateral hemisphere are shown as a comparison. Error bars denote the standard 

error. 

4.3.2 Metabolite concentrations vary between each animal with respect to time and dose 

prescription 

MRS measurements from P1 reflect late neuronal injury, decreased membrane turnover, 

increased excitatory neurotransmission, loss of glial cell density, and alterations in energy 

metabolism up to 4 months post-irradiation. Late neuronal injury is represented by a decrease in 

ipsilateral NAA values between 3 to 4 months post-irradiation (3.17 at 0 months, 3.36 at 3 months, 

2.30 at 4 months). There is also a slight decrease in contralateral NAA values (3.38 at 0 months, 

4.92 at 3 months, 4.60 at 4 months), albeit not as much compared to the ipsilateral hemisphere (Fig 

18a). Decreased membrane turnover is characterized by a slight decrease in ipsilateral tCho values 

over time (0.83 at 0 months, 0.74 at 3 months, 0.67 at 4 months) while contralateral tCho values 

increase over time (0.82 at 0 months, 1.63 at 3 months, 1.65 at 4 months; Fig 18b). Increased 

excitatory neurotransmission is described as an overall increase in ipsilateral Glx values over time 

(3.36 at 0 months, 12.44 at 3 months, 8.92 at 4 months). Interestingly, contralateral Glx values also 
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increase over time (6.70 at 0 months, 7.19 at 3 months, 8.31 at 4 months; Fig 18c). A loss of glial 

cell density is portrayed as a consistent and considerable decrease in ipsilateral mI values over 

time (3.94 at 0 months, 1.13 at 3 months, 0.00 at 4 months) while contralateral mI values increased 

between 0 to 3 months and decreased from 3 to 4 months post-irradiation (3.12 at 0 months, 4.28 

at 3 months, 4.18 at 4 months; Fig 18d). An alteration in energy metabolism is expressed as an 

increase in ipsilateral tCr values between 0 to 3 months and a subsequent decrease in ipsilateral 

tCr values between 3 to 4 months post-irradiation (3.74 at 0 months, 4.87 at 3 months, 3.22 at 4 

months). There is also an increase and subsequent decrease in contralateral tCr values (3.34 at 0 

months, 4.02 at 3 months, 3.95 at 4 months), albeit not as obvious when compared to the ipsilateral 

values (Fig 18e). 

MRS measurements from P2 reflect neuronal injury, increased membrane turnover, 

increased excitatory neurotransmission, loss of glial cell density, and increased energy metabolism 

up to 3 months post-irradiation. Late neuronal injury is represented by a slight decrease in 

ipsilateral NAA values over time (6.71 at 0 months, 6.46 at 3 months) while contralateral NAA 

values increase over time (6.57 at 0 months, 6.74 at 3 months; Fig 19a). Increased membrane 

turnover is characterized by an increase in ipsilateral tCho values over time within both the 

ipsilateral hemisphere (1.19 at 0 months, 1.52 at 3 months) and contralateral hemisphere (1.27 at 

0 months, 1.84 at 3 months; Fig 19b). Increased excitatory neurotransmission is described as an 

increase in ipsilateral Glx values over time within both the ipsilateral hemisphere (5.40 at 0 months, 

10.54 at 3 months) and contralateral hemisphere (7.34 at 0 months, 11.36 at 3 months; Fig 19c). A 

loss of glial cell density is portrayed as a decrease in ipsilateral mI values over time (5.44 at 0 

months, 3.81 at 3 months) while contralateral mI values increase over time (4.79 at 0 months, 6.20 

at 3 months; Fig 19d). Increased energy metabolism is expressed as an increase in ipsilateral tCr 

values over time within both the ipsilateral hemisphere (3.90 at 0 months, 5.62 at 3 months) and 

contralateral hemisphere (4.15 at 0 months, 5.35 at 3 months; Fig 19e). 

MRS measurements from P3 reflect a lack of neuronal injury, increased membrane 

turnover, increased excitatory neurotransmission, loss of glial cell density, and early alterations in 

energy metabolism up to 6 months post-irradiation. A lack of neuronal injury is represented by a 

consistent increase in ipsilateral NAA values over time (6.37 at 0 months, 7.15 at 3 months, 7.43 

at 6 months) while contralateral NAA values increase between 0 to 3 months and decrease from 3 

to 6 months post-irradiation (7.24 at 0 months, 7.46 at 3 months, 6.96 at 6 months; Fig 20a). 
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Increased membrane turnover is characterized by a consistent increase in tCho values over time 

within both the ipsilateral (1.46 at 0 months, 1.87 at 3 months, 2.24 at 6 months) and contralateral 

hemispheres (1.86 at 0 months, 1.88 at 3 months, 2.06 at 6 months; Fig 20b). Increased excitatory 

neurotransmission is described as an overall increase in ipsilateral Glx values over time (8.96 at 0 

months, 12.67 at 3 months, 10.77 at 6 months). Interestingly, contralateral Glx values also 

consistently increase over time (11.34 at 0 months, 12.37 at 3 months, 13.64 at 6 months; Fig 20c). 

A loss of glial cell density is portrayed as a consistent decrease in ipsilateral mI values over time 

(7.08 at 0 months, 6.55 at 3 months, 5.68 at 6 months) while contralateral mI values increase 

between 0 to 3 months and decrease between 3 to 6 months post-irradiation (6.11 at 0 months, 7.48 

at 3 months, 6.27 at 6 months; Fig 20d). Early alterations in energy metabolism are expressed as 

an increase in ipsilateral tCr values between 0 to 3 months post-irradiation (4.21 at 0 months, 5.86 

at 3 months, 5.86 at 6 months) while contralateral tCr values decrease between 0 to 3 months and 

increase between 3 to 6 months post-irradiation (5.48 at 0 months, 5.40 at 3 months, 5.91 at 6 

months; Fig 20e). 

MRS measurements from P4 reflect late neuronal injury, a late decrease in membrane 

turnover, increased excitatory neurotransmission, a late gain of glial cell density, and alterations 

in energy metabolism up to 6 months post-irradiation. Late neuronal injury is represented by a 

decrease in ipsilateral NAA values between 3 to 6 months post-irradiation (6.61 at 0 months, 7.37 

at 3 months, 6.34 at 6 months) while contralateral NAA values increase between 3 to 6 months 

post-irradiation (6.91 at 0 months, 5.42 at 3 months, 7.06 at 6 months; Fig 21a). A late decrease in 

membrane turnover is characterized by a decrease in tCho values between 3 to 6 months post-

irradiation within both the ipsilateral (1.61 at 0 months, 2.43 at 3 months, 2.19 at 6 months) and 

contralateral hemispheres (1.85 at 0 months, 2.01 at 3 months, 1.76 at 6 months; Fig 21b). 

Increased excitatory neurotransmission is described as an overall increase in ipsilateral Glx values 

over time (8.97 at 0 months, 15.38 at 3 months, 11.95 at 6 months) while contralateral Glx values 

remain overall consistent (12.90 at 0 months, 12.15 at 3 months, 12.98 at 6 months; Fig 21c). A 

late gain of glial cell density is portrayed as an increase in ipsilateral mI values between 3 to 6 

months post-irradiation (5.65 at 0 months, 5.15 at 3 months, 5.41 at 6 months) while contralateral 

mI values consistently decrease over time (6.63 at 0 months, 6.49 at 3 months, 6.03 at 6 months; 

Fig 21d). An alteration in energy metabolism is expressed as an increase in ipsilateral tCr values 

between 0 to 3 months and a subsequent decrease in ipsilateral tCr values between 3 to 6 months 
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post-irradiation (4.59 at 0 months, 6.74 at 3 months, 4.94 at 6 months). In contrast, contralateral 

tCr values decrease between 0 to 3 months and subsequently increase between 3 to 6 months post-

irradiation (5.10 at 0 months, 4.96 at 3 months, 5.37 at 6 months; Fig 21e). 

 

 

Figure 18. Changes to concentrations of (a) NAA, (b) tCho, (c) Glx, (d) mI, and (e) tCr over time 

after a 25 Gy irradiation (P1). Corresponding effects of the contralateral hemisphere are shown 

as a comparison. Error bars denote the standard error. AU is defined as arbitrary units.
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Figure 19. Changes to concentrations of (a) NAA, (b) tCho, (c) Glx, (d) mI, and (e) tCr over time 

after a 25 Gy irradiation (P2). Corresponding effects of the contralateral hemisphere are shown 

as a comparison. Error bars denote the standard error. AU is defined as arbitrary units.
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Figure 20. Changes to concentrations of (a) NAA, (b) tCho, (c) Glx, (d) mI, and (e) tCr over time 

after a 15 Gy irradiation (P3). Corresponding effects of the contralateral hemisphere are shown 

as a comparison. Error bars denote the standard error. AU is defined as arbitrary units.
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Figure 21. Changes to concentrations of (a) NAA, (b) tCho, (c) Glx, (d) mI, and (e) tCr over time 

after a 15 Gy irradiation (P4). Corresponding effects of the contralateral hemisphere are shown 

as a comparison. Error bars denote the standard error. AU is defined as arbitrary units. 

4.3.3 Histological staining reveals dynamic radiation-induced changes in neuronal and 

glial cell populations 

A 25 Gy prescription dose significantly changes the NeuN+ and DCX+ cell populations 

within the ipsilateral hemisphere; corresponding changes, however, do not occur for an irradiation 

dose of 15 Gy. A single fraction dose of 25 Gy significantly decreased the number of NeuN+ cells 

in both white matter (WM-IRR vs WM-CTRL = p<0.05) and gray matter (GM-IRR vs GM-CTRL 

= p<0.05) at 3 months post-irradiation (Fig 18a). In contrast, no significant changes were observed 

in the number of NeuN+ cells between hemispheres using a single fraction 15 Gy dose (Fig 18b). 
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Furthermore, a single fraction dose of 25 Gy significantly increased the number of DCX+ cells in 

white matter (WM-IRR vs WM-CTRL = p<0.05) at 3 months post-irradiation (Fig 18c). 

Additionally, an increase in the number of DCX+ cells was observed in GM at the 3-month time 

point, although the difference was not significant. Regarding the mini-pig that received a 15 Gy 

dose, no significant changes were seen in DCX+ cells between hemispheres (Fig 18d). 

Radiation elicited a significant change in GFAP+ staining regardless of prescription dose; 

changes in Iba-1+ staining, however, did not occur for any radiation dose. A single fraction dose 

of 25 Gy decreased the area of GFAP+ staining within the ipsilateral WM (WM-IRR vs WM-

CTRL = p<0.05; Fig 19a). Although no significant change in area of GFAP+ staining was elicited 

in the GM after 25 Gy irradiation, both WM and GM regions show evidence of radiation-induced 

glial scarring (Fig 20). A single fraction dose of 15 Gy significantly decreased the percent area of 

GFAP+ cells in both white matter and gray matter (WM-IRR vs WM-CTRL = p<0.05; GM-IRR 

vs GM-CTRL = p<0.05; Fig 19b). Interestingly, no significant changes are seen in the area of 

Iba1+ cells after either 25 Gy (Fig 19c) or 15 Gy irradiation (Fig 19d) although the Iba1+ cells 

appeared to display an activated morphology after irradiation (Fig 21). 

 Lastly, there were no detectable stains for either anti-C3 or anti-CD3 antibodies for either 

dose cohort.
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Figure 22. Effect of cranial irradiation on neuronal cell populations within the periventricular 

white matter (WM) and cortical gray matter (GM). (a) Changes in mature neuron cell density 

after a 25 Gy prescription dose within the ipsilateral hemisphere (WM-IRR and GM-IRR) are 

compared to the contralateral hemisphere (WM-CTRL and GM-CTRL). (b) Changes in mature 

neuron cell density after a 15 Gy prescription dose within the ipsilateral hemisphere are 

compared to the contralateral hemisphere. (c) Changes in immature neuron cell density after a 25 

Gy prescription dose within the ipsilateral hemisphere are compared to the contralateral 

hemisphere. (d) Changes in immature neuron cell density after a 15 Gy prescription dose within 

the ipsilateral hemisphere are compared to the contralateral hemisphere. Error bars denote the 

standard error. * indicates a statistical significance of p<0.05. ** indicates a statistical 

significance of p<0.001. 
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Figure 23. Effect of cranial irradiation on glial cell populations within the periventricular white 

matter (WM) and cortical gray matter (GM). (a) Changes in area of astrocytes after a 25 Gy 

prescription dose within the ipsilateral hemisphere (WM-IRR and GM-IRR) are compared to the 

contralateral hemisphere (WM-CTRL and GM-CTRL). (b) Changes in area of astrocytes after a 

15 Gy prescription dose within the ipsilateral hemisphere are compared to the contralateral 

hemisphere. (c) Changes in area of microglia after a 25 Gy prescription dose within the 

ipsilateral hemisphere are compared to the contralateral hemisphere. (d) Changes in area of 

microglia after a 15 Gy prescription dose within the ipsilateral hemisphere are compared to the 

contralateral hemisphere. Error bars denote the standard error. * indicates a statistical 

significance of p<0.05. ** indicates a statistical significance of p<0.001. 
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Figure 24. Evidence of glial scarring after a 25 Gy dose prescription within the ipsilateral white 

matter (left) and gray matter (right). Size of scale bar represents 200 µm. 

 

 

Figure 25. Evidence of microglial activation after a 25 Gy dose prescription within the ipsilateral 

hemisphere (a and c) with the contralateral hemisphere as comparison (b and d). Size of scale bar 

represents 200 µm.
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4.4 Discussion 

This is the first study, to our knowledge, which identifies imaging and histology changes 

within a preliminary preclinical model of RIBI using mini-pigs. DTI analysis reveals subject-

dependent changes in FA and ADC measurements. In addition, our MRS analysis has shown that 

cranial irradiation induces numerous metabolic imbalances. Lastly, IHC staining is suggestive of 

dose-dependent neuronal loss and a diffuse astrocyte response to cranial irradiation. Together, 

these preliminary diffusion, metabolic, and histological characteristics provide further insight into 

the dynamic profile of late-delayed RIBI within a mini-pig model. 

In vivo diffusion measurements show that two subjects experienced clinically relevant late 

effects after receiving either a 25 Gy (P1) or 15 Gy (P3) prescription dose. Specifically, a decrease 

in FA values and an increase in ADC values were measured in the irradiated hemisphere of both 

mini-pigs by the last imaging time point. Interestingly, diffusion measurements are much more 

variable for the contralateral hemisphere. For P1, FA increases in the IC but decreases in the CC 

while ADC increases in both the IC and CC. For P3, FA increases in the CC while ADC decreases 

in the IC. Aside from the increase in contralateral ADC values, these results suggest that the 

ipsilateral hemisphere is injured after cranial irradiation [6] while the contralateral hemisphere is 

not affected by radiation, but rather undergoes aging-related myelination as seen in early 

developmental studies of mini-pigs and humans [18,19]. 

In vivo metabolite measurements show that all subjects experienced clinically relevant late 

effects after receiving either a 25 Gy (P1 and P2) or 15 Gy (P3 and P4) prescription dose. A late 

or overall decrease in NAA, which has been reported in patients that have underwent cranial 

radiation therapy [11–14,20], were observed in three mini-pigs (P1, P2, and P4) up to the latest 

imaging time point. Changes in tCho, which also have been reported in cranially irradiated patients 

[11,14,20], were observed in all four mini-pigs (P1, P2, P3, and P4) up to the latest imaging time 

point. A late increase in mI, which has been reported in one patient study [14], was observed in 

one mini-pig (P4) up to the latest imaging time point. A late decrease in tCr, which has been 

reported in two studies of human patients [11,13], was also observed in two mini-pigs (P1 and P4) 

up to the latest imaging time point. Similar metabolite trends between the ipsilateral and 

contralateral hemispheres may be due to biological processes crossing over from the ipsilateral 

hemisphere. Further studies with larger sample sizes and sham controls will need to be conducted 

to confirm this hypothesis. 
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Interestingly, an increase in Glx was observed in all four mini-pigs (P1, P2, P3, and P4). 

Unfortunately, there is currently no data is reported regarding in vivo measurements of Glx in 

humans except for one study [12] that states there is no change in Glx/tCr post-irradiation. 

However, it is important to consider that potential changes (or a lack thereof) in tCr levels are not 

described within this study. If tCr were reported to be variable, the findings regarding Glx may be 

considerably different. On the other hand, Glx/Cr measurements in irradiated rodent brains have 

been reported to increase [21], decrease [22,23], or have no change post-irradiation [24,25]. 

Through the analysis of gene expression profiles, one non-human primate study has shown that 

regions of white matte injury exhibit impairment in glutamatergic neurotransmission [26]. One 

study of normal, unirradiated mini-pigs use MRS to show that Glx decreases with age [27]. Based 

on these data, there is thus an understanding that a post-irradiation increase of Glx departs from 

the normal metabolite profile observed in mini-pigs and may correspond with radiation-induced 

genetic changes previously observed in non-human primates. Additionally, there was a decrease 

in mI was observed in three mini-pigs (P1, P2, and P3). Unfortunately, radiation-induced decreases 

in mI have been unreported in studies of patients that have underwent cranial radiation therapy. In 

consideration with our histology data, there is a decrease in ipsilateral astrocytic cell density when 

compared to the contralateral hemisphere for both P1 and P3. While our results do reflect the 

underlying histology, the reasoning that underlies this post-irradiation mI decrease remains unclear. 

Our histological observations of the P1 shows that lower numbers of NeuN+ cells and 

higher numbers of DCX+ cells present in the ipsilateral hemisphere compared to the contralateral 

side at 4 months post-irradiation. This indication of mature neuronal cell loss and immature 

neuronal cell gain was not observed in P3, which further supports the conclusion of the previous 

chapter that the 15 Gy dose prescription was not able to induce an experimentally adequate 

replication of RIBI. Additionally, density of GFAP+ cells was decreased in the ipsilateral 

hemisphere with respect to the contralateral side for both pigs that received either the 25 Gy or 15 

Gy dose. These and previous histological findings are similar to human results, which report cases 

of demyelination, gliosis, and white matter necrosis [28,29]. 

Taken together, these imaging and histological findings illustrate dynamic radiation-

induced metabolic, diffusion, and histological changes that occur months after cranial irradiation. 

Reviews regarding neurological applications of DTI protocols suggest the loss of myelination 

corresponds with a decrease in FA values while the appearance of cerebral edema is associated 
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with an increase in ADC values [19,30]. Additionally, reviews regarding neurological applications 

of MRS techniques support the use of NAA as a reliable marker of neuronal density or function, 

tCho as a marker for membrane synthesis and degradation, Glx as a marker for excitatory 

neurotransmission and protein biosynthesis, mI as a marker for glial cell density, and tCr as a 

marker for energy buffering or shuttling [10,31,32]. By holistically evaluating post-irradiation 

changes within each mini-pig, it is observed that P1 experienced demyelination with an increase 

in edema to maintain normal intracranial pressure. Associated with these microstructural changes 

are late neuronal injury, decreased membrane turnover, increased excitatory neurotransmission, 

loss of glial cell density, and alterations in energy metabolism up. To validate these findings, 

histology confirms a decrease in post-mitotic neurons, neuronal precursor cells, and astrocyte area 

within the irradiated hemisphere. P2 presented both a lack of demyelination and edema presence. 

Additional metabolic changes include general neuronal injury, increased membrane turnover, 

increased excitatory neurotransmission, loss of glial cell density, and increased energy metabolism. 

P3 experienced demyelination with varying changes in edema dependent upon the white matter 

tract. Associated with these microstructural changes are a lack of general neuronal injury, 

increased membrane turnover, increased excitatory neurotransmission, loss of glial cell density, 

and early alterations in energy metabolism. Interestingly, histology indicates a lack of change in 

post-mitotic neurons and neuronal precursor cells, while astrocyte area decreased within the 

irradiated hemisphere. Finally, P4 presented an overall lack of demyelination and edema presence. 

Additional metabolic changes include late neuronal injury, a late decrease in membrane turnover, 

increased excitatory neurotransmission, a late gain of glial cell density, and alterations in energy 

metabolism. Comparing our results to the results from DTI and MRS studies of normal, 

unirradiated mini-pigs, we see that our results are a departure from the clinical expectation and the 

species’ norm [18,27]. The biological significance of our results remains unclear since this is the 

first study, to our knowledge, that reports late-delayed effects of RIBI in a mini-pig model. As 

such, additional mini-pig studies using comprehensive biological and genetic assays along with 

these imaging techniques will greatly enhance the current understanding of RIBI development in 

intermediate pre-clinical animal models. 

One limitation of this study would be its lack of sham control to isolate age-dependent 

effects. Future studies should incorporate larger sample sizes with sham controls in order to 

confirm the current data regarding age-dependent effects of the mini-pig brain. Additionally, sham 
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controls would rule out the need for half-hemispheric radiation plans, allowing us to explore other 

radiation treatment options such as whole brain radiotherapy. Another limitation is the lack of 

tissue delineation within the voxel from our spectroscopic findings. While this can ideally be 

performed using segmented tissue probability maps of normal mini-pig brains, severe edema and 

intracranial pressure experienced by the 25 Gy cohort has created difficulties in image registration. 

Therefore, future developments in image segmentation may allow for a more detailed analysis of 

the origin of our metabolite signals. 

4.5 Conclusion 

 In summary, the current study describes the use of DTI, MRS, and IHC to characterize 

late-delayed changes within the mini-pig brain after either 25 Gy or 15 Gy irradiation. FA and 

ADC maps of the DTI data indicate that microstructural damage within major WM tracts was 

induced in both dose cohorts. Surprisingly, MRS results demonstrate abnormal metabolite changes 

in Glx for both dose cohorts and in tCr for only the 25 Gy cohort. Finally, histology shows that a 

25 Gy dose was able to induce changes in both neuronal subpopulations and astrocytes while a 15 

Gy dose was only capable of inducing changes in astrocytes. While this sample of four mini-pigs 

is not fully representative of a complete preclinical model of late-delayed RIBI, this preliminary 

study has established a clinically relevant model of RIBI which additional studies can build upon. 

Understanding the long-term effects of radiation on normal-appearing brain parenchyma is an 

important step in ultimately creating a reliable preclinical model of RIBI with replicable endpoints.  
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CHAPTER 5. CONCLUSIONS 

5.1 Summary of Research 

The objective of Aim 1 was to determine the accuracy of current rodent models of late-

delayed radiation-induced brain injury with respect to the data derived from human patients at least 

6 months post-treatment. To achieve this, a thorough search was conducted on PubMed, Web of 

Science, and Scopus to identify studies that performed cognitive assessments and magnetic 

resonance imaging techniques on either humans or rodents after cranial radiation therapy. A 

qualitative synthesis of the data was henceforth reported on 153 relevant studies. In summary, 

cognitive deficits in humans were found to manifest across multiple domains after brain irradiation. 

Additionally, radiological evidence in humans highlight various neuroimaging-detectable changes 

post-irradiation. It was unclear, however, whether these findings reflected ground truth or research 

interests. Rodent models did not comprehensively reproduce characteristics of cognitive and 

radiological injury as currently identified in humans. 

The objective of Aim 2 was to establish a mini-pig model of late-delayed radiation-induced 

brain injury based on the current clinical standard of diagnosis. To achieve this, a hemispheric 

mini-pig model of RIBI was generated with a clinical 6 MV photon irradiator and evaluated with 

a clinical 3T MRI. Two pairs of Yucatan mini-pigs each received either 15 Gy or 25 Gy to the left 

brain hemisphere. For the mini-pigs that received 25 Gy, MRI revealed diffuse white matter 

pathology consistent with the human disease that progressed to outright radiation necrosis and 

severe brain swelling. Histology was consistent with the final MRI evaluation. The pigs that 

received a 15 Gy dose appeared normal all the way to 6 months post-irradiation with no obvious 

lesions on MRI or histopathology. 

The objective of Aim 3 was to examine characteristic changes in diffusion properties, 

metabolite concentrations, and histological appearances within our mini-pig model late-delayed 

radiation-induced brain injury. To achieve this, diffusion tensor imaging (DTI), magnetic 

resonance spectroscopy (MRS), and immunohistochemical (IHC) staining were performed in 

addition to the imaging and histological methods previously described in Aim 2. FA and ADC 

maps generated from DTI data revealed microstructural damage within major WM tracts for both 

the 25 Gy cohort at 3 months and 4 months post-irradiation and the 15 Gy dose cohort at 6 months 
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post-irradiation. MRS results demonstrated post-irradiation changes in metabolites such as NAA, 

tCho, Glx, mI, and tCr for both the 25 Gy dose cohort at 3 months and 4 months post-irradiation 

and the 15 Gy dose cohort at 6 months post-irradiation. Finally, IHC stains presented changes in 

both neuronal subpopulations and astrocytes after a 25 Gy dose at 4 months post-irradiation and a 

change in only astrocytes after a 15 Gy dose at 6 months post-irradiation. 

5.2 Impact 

As set forth in Aim 1, the work detailed in Chapter 2 represents the first systematic review 

to comprehensively address the long-term radiological and cognitive differences between rodent 

and human brains after cranial irradiation. The intention of such work was to formalize the current 

cognitive and radiological assessments used to evaluate RIBI, to describe the relationships between 

and within cognitive and radiological findings of RIBI in humans, and to ultimately deduce 

whether current rodent models of RIBI can replicate the cognitive and radiological evidence 

reported in humans. The implication of the resulting findings suggests there are currently many 

inconsistencies in measuring cognitive and radiological signs of RIBI, which lead to 

incongruencies in rodent modeling of RIBI. Furthermore, our review provides alternative 

considerations for future studies of RIBI, such as incorporating primate-equivalent cognitive 

assessments for rodent models that are currently used outside the field of RIBI, standardizing 

neurocognitive tests for patients that have undergone radiotherapy, and implementing more 

advanced MRI techniques in human studies of RIBI. 

As set forth in Aims 2 and 3, the work detailed in Chapters 3 and 4 represent the first mini-

pig model developed that uses current clinical approaches for radiation dose planning and delivery 

as well as advanced research approaches for post-treatment follow-up. Specifically, this current 

mini-pig model uses IMRT for radiation dose planning, a 6 MV linear accelerator for radiation 

delivery, anatomical MRI to confirm the presence of RIBI according to the current clinical 

standard of diagnosis, DTI for follow-up regarding diffusion-related changes, MRS for follow-up 

regarding metabolite changes, and immunohistochemical staining to validate imaging findings. In 

contrast, previous research used electron beam radiotherapy, anatomical MRI, and general 

histological methods to develop their mini-pig model of RIBI [1,2]. The intention of such work 

was to replicate clinically relevant, MRI-detectable white matter injuries that have previously been 

shown to be undetectable in rodent models of RIBI [3–5]. Continued development and use of our 
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mini-pig model could provide greater insight into the mechanism of late-delayed RIBI. It is our 

hope that such findings may provide a foundation for translational work into early diagnosis and 

treatment of RIBI in order to ultimately improve the quality of life for pediatric cancer survivors. 

5.3 Limitations 

One limitation, concerning Chapter 3 and 4, is the small sample size used to develop and 

characterize our preliminary mini-pig model of RIBI. A total sample of 4 mini-pigs, divided into 

two equal cohorts, has made it difficult to produce consistent results due to inherent differences in 

the response of individual animals to cranial irradiation. However, these preliminary studies have 

laid the groundwork for future studies to improve upon. Additional studies with sham controls and 

larger cohorts, with varying increments of prescribed doses between 15 Gy and 25 Gy, are 

necessary to confirm our present findings and to elucidate previously missed patterns. 

Another limitation, regarding Chapter 3 and 4, is the lack of tumor pathology in our 

preliminary preclinical model of RIBI. Normal tissue injuries in patient brains may be different 

due to the tumor microenvironment and multimodality treatments (i.e., surgery, radiotherapy, and 

chemotherapy). Although our current model is free from these clinical complexities, the ideal 

situation would be to individually introduce these factors in future studies to more fully replicate 

the clinical scenario. However, there will always be unique complicating factors inherent to 

humans, such as pre-existing health complications and lifestyle factors, that will most likely render 

the creation of a “perfect” preclinical model an impossible task. 

5.4 Future Directions 

Additional advanced magnetic resonance imaging techniques could be incorporated into 

future studies to collect more detailed and specific data regarding post-irradiation changes within 

brain tissue. One of such imaging methods include neurite orientation dispersion and density 

imaging (NODDI) [6], which has yet to be implemented in a RIBI study. In short, NODDI would 

provide researchers and clinicians additional information regarding the microstructural 

architecture of axons and dendrites. Another imaging method is magnetic resonance spectroscopic 

imaging (MRSI) [7], which has currently only been described in one RIBI study [8]. In short, 

MRSI would allow researchers and clinicians to visualize the spatial distribution of metabolites 
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throughout the brain as opposed to only a small, single volume. Once a future iteration this mini-

pig model is capable of consistently replicating more accurate human-like manifestations of RIBI, 

the use of NODDI and MRSI would be incredibly informative in further describing the 

pathophysiology of RIBI. 

Exploring the genetic effects of RIBI pathophysiology within our mini-pig model would 

be another interesting direction to pursue. Through a comprehensive analysis of genome-wide 

expression profiles derived from a rodent model of RIBI, it has shown that irradiated microglia 

share similar patterns of transcriptional changes that occur in aged microglia [9]. This finding 

suggests that cranial irradiation may artificially induce the brain to take on an aged phenotype. As 

a hypothesis, this mechanism could explain the clinical and radiological manifestations of 

microvascular injuries, demyelination, and cognitive deficits, which can all be found in a normal, 

aging population. The incorporation of such genetic techniques in future mini-pig models, 

correlated with NODDI and MRSI, can help form a much-needed holistic understanding of RIBI 

pathophysiology. 
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APPENDIX A. SUPPORTING INFORMATION FOR CHAPTER 2 

PubMed Search String 

( human  OR  ( rat  OR  mouse  OR  mice  OR  rodent ) )  AND  ( brain  OR  cranial )  AND  ( "r

adiation-induced" )  AND  ( ( neuroimag*  OR  magnetic  AND 

resonance )  OR  ( behavior  OR  cogniti* ) )  
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Baseline Characteristics of Included Human (Table A.1) and Rodent (Table A.2) Studies 

Table A.1. Baseline characteristics of included human studies. 

Author 
Age 

Demographic 

# CRT 

Patients 

% 

Male 
Tumor Type 

Irradiated 

Volume 

Total RT 

Dose 

[Gy] 

Dose/ 

Fraction 

[Gy] 

Cog. 

RIBI 

Rad. 

RIBI 

RIBI 

Mea-

sure-

ment 

Agbahiwe 

(2017) 
Pediatric 10 50 

Primary brain 

tumor 

Whole 

brain 

(n=8), 

local field 

(n=2) 

23.4-36, 

54-59.4 
N/A None None 

6 

months 

Alirezaei 

(2021) 
Adult 10 50 

Primary brain 

tumor 
Local field 54 1.8 X X 

6 

months 

Andersen 

(2003) 
Pediatric 9 55.5 

Primary brain 

tumor 

Whole 

brain 

(n=4), 

local field 

(n=5) 

25-56, 

31-54 

1.7-1.8, 

1.7-2 
 X 

192 

months 

Anderson 

(1997) 
Pediatric 100 45 

Acute 

lymphoblastic 

leukemia 

Whole 

brain 
18-24 N/A X  

60 

months 

Aoyama 

(2007) 
Adult 132 74.5 

Brain 

metastasis 

Whole 

brain 

(n=65), 

local field 

(n=67) 

30, 18-25 3, 18-25 X  

15.8 

months 

Armstrong 

(2002) 
Adult 26 58 

Primary brain 

tumor 
Local field 54-63 1.8-2 X X 

30 

months 
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Table A.1 continued 

Author 
Age 

Demographic 

# CRT 

Patients 

% 

Male 
Tumor Type 

Irradiated 

Volume 

Total RT 

Dose 

[Gy] 

Dose/ 

Fraction 

[Gy] 

Cog. 

RIBI 

Rad. 

RIBI 

RIBI 

Mea-

sure-

ment 

Armstrong 

(2016) 
Pediatric 35 60 

Primary brain 

tumor 

Whole 

brain 

(n=19), 

local field 

(n=16) 

52-56 1.8 X  

60 

months 

Belliveau 

(2017) 
N/A 10 20 

Primary brain 

tumor 
Local field N/A N/A  X 

26 

months 

Bian (2019) Adult 18 55.5 
Primary brain 

tumor 
Local field 54-60 1.8-2 None X 

6 

months 

Bojaxhiu 

(2017) 
Pediatric 171 59 

Primary brain 

tumor 
Local field 40-74.1 1.5-2  X 

14.5 

months 

Bompaire 

(2018) 
Adult 40 37.5 

Primary brain 

tumor or brain 

metastasis 

Whole 

brain 

(n=14), 

local field 

(n=26) 

30-60 1.5-3 X X 

36 

months 

Brown 

(2020) 
Adult 257 42 

Brain 

metastasis 

Whole 

brain 
30 3 X  

7.9 

months 

  



 

 

1
0
9
 

Table A.1 continued 

Author 
Age 

Demographic 

# CRT 

Patients 

% 

Male 
Tumor Type 

Irradiated 

Volume 

Total RT 

Dose 

[Gy] 

Dose/ 

Fraction 

[Gy] 

Cog. 

RIBI 

Rad. 

RIBI 

RIBI 

Mea-

sure-

ment 

Buizza 

(2021) 
Adult 46 37 

Primary brain 

tumor 
Local field 50.4-66.0 N/A  X 

6 

months 

Butler 

(2013) 
Pediatric 444 56.5 

Primary brain 

tumor or acute 

lymphoblastic 

leukemia 

N/A N/A N/A X  

12 

months 

Chang 

(2009) 
Adult 58 50 

Brain 

metastasis 

Whole 

brain 

(n=28), 

local field 

(n=30) 

30, 15-20 2.5, 15-20 X  

9.5 

months 

Chapman 

(2012) 
Adult 10 90 

Primary brain 

tumor 
Local field 50.4-59.4 1.8 X X 

7 

months 

Chapman 

(2016) 
Adult 27 56 

Primary brain 

tumor 
Local field 50.4-70 2 X X 

6 

months 

Connor 

(2016) 
Adult 15 60 

Primary brain 

tumor 
Local field 60 2  X 

6 

months 

Connor 

(2017) 
Adult 49 N/A 

Primary brain 

tumor 
Local field 60 2  X 

12 

months 
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Table A.1 continued 

Author 
Age 

Demographic 

# CRT 

Patients 

% 

Male 
Tumor Type 

Irradiated 

Volume 

Total RT 

Dose 

[Gy] 

Dose/ 

Fraction 

[Gy] 

Cog. 

RIBI 

Rad. 

RIBI 

RIBI 

Mea-

sure-

ment 

Corn (2008) Pediatric 156 N/A 
Brain 

metastasis 

Whole 

brain 
37.5 2.5 X  6 

months 

Correa 

(2012) 
Adult 24 70 

Primary brain 

tumor 

Whole 

brain 
36-59.4 N/A X X 

42.5 

months 

Davidson 

(2000) 
Pediatric 14 N/A 

Primary brain 

tumor or acute 

lymphoblastic 

leukemia 

N/A N/A N/A X X 

93 

months 

Dietrich 

(2001) 
Pediatric 28 55 

Primary brain 

tumor 

Whole 

brain 

(n=21), 

local field 

(n=7) 

24-45, 

35-57 
N/A  X 

45.6 

months 

Douw 

(2009) 
Adult 32 56 

Primary brain 

tumor 
Local field 30-69 1.6-2.5 X X 

144 

months 

Duan (2016) Adult 37 78.4 
Nasopharyngeal 

carcinoma 
Local field 66-74 1.8-2  X 

6 

months 

Edelmann 

(2014) 
Pediatric 39 46 

Acute 

lymphoblastic 

leukemia 

Whole 

brain 
15-25 N/A X X 

287 

months 
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Table A.1 continued 

Author 
Age 

Demographic 

# CRT 

Patients 

% 

Male 
Tumor Type 

Irradiated 

Volume 

Total RT 

Dose 

[Gy] 

Dose/ 

Fraction 

[Gy] 

Cog. 

RIBI 

Rad. 

RIBI 

RIBI 

Mea-

sure-

ment 

Faraci 

(2011) 
Pediatric 24 44 

Acute 

lymphoblastic 

leukemia 

Whole 

brain  
18-24 N/A  X 

132 

months 

Follin 

(2016) 
Pediatric 38 45 

Acute 

lymphoblastic 

leukemia 

Whole 

brain 
18-30 N/A X X 

408 

months 

Follin 

(2019) 
Pediatric 38 45 

Acute 

lymphoblastic 

leukemia 

Whole 

brain 
18-30 N/A  X 

408 

months 

Greenberger 

(2014) 
Pediatric 32 53.1 

Primary brain 

tumor 
Local field 48.6-54 1.8 None  

91 

months 

Haris (2008) Adult 5 60 
Primary brain 

tumor 
Local field 54 1.8  X 

8 

months 

Hope (2015) Adult 18 77.7 
Primary brain 

tumor 
Local field 30 2  X 

6 

months 

Hua (2012) Pediatric 20 60 
Primary brain 

tumor 
Local field 54-59.4 1.8  X 

42 

months 

Johannesen 

(2003) 

Pediatric and 

Adult 
33 45 

Primary brain 

tumor 

Affected 

hemispher

e 

45-59 1.8  X 

157 

months 

Karunamuni 

(2015) 
Adult 15 66.7 

Primary brain 

tumor 
Local field 60 2  X 

12 

months 
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Table A.1 continued 

Author 
Age 

Demographic 

# CRT 

Patients 

% 

Male 
Tumor Type 

Irradiated 

Volume 

Total RT 

Dose 

[Gy] 

Dose/ 

Fraction 

[Gy] 

Cog. 

RIBI 

Rad. 

RIBI 

RIBI 

Mea-

sure-

ment 

Khong 

(2006) 
Pediatric 21 71.4 

Primary brain 

tumor or acute 

lymphoblastic 

leukemia 

Whole 

brain 

23.4-40, 

12-24 
1.8-2 X X 

39 

months 

King (2015) Pediatric 14 50 
Primary brain 

tumor 
N/A 50.4-59.4 N/A X X 

164 

months 

Kralik 

(2018) 
Pediatric 76 63 

Primary brain 

tumor 
Local field 30-59.4 N/A  X 

8 

months 

Krull (2013) Pediatric 353 48.7 

Acute 

lymphoblastic 

leukemia 

Whole 

brain 
18-24 N/A X  

312 

months 

Lee (2004) Adult 10 50 
Primary brain 

tumor 
Local field 53.1-66.9 1.8-2  None 

N/A 

Leng (2017) Adult 70 76 
Nasopharyngeal 

carcinoma 
Local field 66-74 1.8-2  X 

6 

months 

Lin (2017) Adult 20 75 
Nasopharyngeal 

carcinoma 
Local field 66-76 2  X 

11 

months 

Lin (2021) Adult 120 62.5 
Primary brain 

tumor 
Local field 68-70 2.1-2.2 X X 

6 

months 

Lupo (2011) Adult 19 N/A 
Primary brain 

tumor 
Local field N/A N/A  X 

56.4 

months 

Lupo (2016) Adult 16 N/A 
Primary brain 

tumor 
Local field N/A N/A  X 

8 

months 

Lv (2014) Adult 30 66.6 
Nasopharyngeal 

carcinoma 
Local field 58-76 2  None 

7.6 

months 
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Table A.1 continued 

Author 
Age 

Demographic 

# CRT 

Patients 

% 

Male 
Tumor Type 

Irradiated 

Volume 

Total RT 

Dose 

[Gy] 

Dose/ 

Fraction 

[Gy] 

Cog. 

RIBI 

Rad. 

RIBI 

RIBI 

Mea-

sure-

ment 

MacLean 

(1995) 
Pediatric 37 67.5 

Acute 

lymphoblastic 

leukemia 

Whole 

brain 
18 1.8 X  

9.6 

months 

Makola 

(2017) 
Pediatric 14 85.7 

Primary brain 

tumor 

Whole 

brain 

(n=10), 

local field 

(n=4) 

48-57 N/A  X 

24 

months 

Matsumoto 

(1995) 
Pediatric 38 50 

Acute 

lymphoblastic 

leukemia 

Whole 

brain 
18-24 2  X 

18 

months 

Merchant 

(2014) 
Pediatric 58 68.9 

Primary brain 

tumor 

Whole 

brain 
23.4-39.6 N/A X  

60 

months 

Miura 

(2017) 
Adult 12 66.6 

Primary brain 

tumor 

Whole 

brain 

(n=9), 

local field 

(n=3) 

45-78 N/A  X 

237.6 

months 

Monaco 

(2013) 
Adult 68 50 

Brain 

metastasis (non-

small cell lung 

cancer) 

Whole 

brain 

(n=37), 

local field 

(n=31) 

30 3  X 

12.8 

months 
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Table A.1 continued 

Author 
Age 

Demographic 

# CRT 

Patients 

% 

Male 
Tumor Type 

Irradiated 

Volume 

Total RT 

Dose 

[Gy] 

Dose/ 

Fraction 

[Gy] 

Cog. 

RIBI 

Rad. 

RIBI 

RIBI 

Mea-

sure-

ment 

Moretti 

(2005) 
Adult 34 N/A 

Primary brain 

tumor 
N/A 20-65 N/A X  

12 

months 

Morrison 

(2019) 
Adult 91 70 

Primary brain 

tumor 
Local field N/A N/A  X 

60 

months 

Morrison 

(2021) 
Pediatric 19 57.9 

Primary brain 

tumor 

Whole 

brain 

(n=12), 

local field 

(n=7) 

18-59.4 N/A X X 

12 

months 

Mulhern 

(1992) 
Pediatric 19 57 

Acute 

lymphoblastic 

leukemia 

Whole 

brain 
18-24 N/A X  

55 

months 

Mulhern 

(2001) 
Pediatric 42 61 

Primary brain 

tumor 
Local field 49-54 N/A X X 

48 

months 

Mulhern 

(2004) 
Pediatric 37 54 

Primary brain 

tumor 

Whole 

brain 

(n=24), 

local field 

(n=13) 

23.4-59.4 1.8 X X 

68 

months 

Nagesh 

(2008) 
Adult 25 68 

Primary brain 

tumor 
Local field 50-81 1.8-2.7  X 

10 

months 
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Table A.1 continued 

Author 
Age 

Demographic 

# CRT 

Patients 

% 

Male 
Tumor Type 

Irradiated 

Volume 

Total RT 

Dose 

[Gy] 

Dose/ 

Fraction 

[Gy] 

Cog. 

RIBI 

Rad. 

RIBI 

RIBI 

Mea-

sure-

ment 

Nagtegaal 

(2021) 
Adult 31 61.3 

Primary brain 

tumor 
Local field 50.4-60 1.8-2  X 

12 

months 

Neu (2018) Pediatric 40 45 
Primary brain 

tumor 

Whole 

brain 

(n=33), 

local field 

(n=7) 

54.3-54.9 N/A  X 

162 

months 

Omuro 

(2005) 
Adult 129 56 

Primary central 

nervous system 

lymphoma 

Whole 

brain 
3.6-59.4 N/A X X 

43 

months 

Passos 

(2015) 
Pediatric 33 58 

Primary brain 

tumor 

Whole 

brain 

(n=22), 

local field 

(n=11) 

17.3-46.7 N/A  X 

183 

months 

Passos 

(2017) 
Pediatric 132 61.4 

Primary brain 

tumor 

Whole 

brain 

(n=71), 

local field 

(n=61) 

19.8-53.2 N/A  X 

133 

months 

Peters 

(2013) 
Pediatric 7 N/A 

Primary brain 

tumor 
N/A N/A N/A  X 

21 

months 

Phillips 

(2020) 
N/A 101 45.5 

Acute 

lymphoblastic 

leukemia 

Whole 

brain 
18-24 N/A  X 

324 

months 
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Table A.1 continued 

Author 
Age 

Demographic 

# CRT 

Patients 

% 

Male 
Tumor Type 

Irradiated 

Volume 

Total RT 

Dose 

[Gy] 

Dose/ 

Fraction 

[Gy] 

Cog. 

RIBI 

Rad. 

RIBI 

RIBI 

Mea-

sure-

ment 

Prust (2015) Adult 14 42.8 
Primary brain 

tumor 
Local field 60 2  X 

8 

months 

Radcliffe 

(1994) 
Pediatric 24 75 

Primary brain 

tumor 

Whole 

brain 
24-56 N/A X  12 

months 

Rashid 

(2017) 
Pediatric 12 N/A 

Primary brain 

tumor 

Whole 

brain 
18-59.4 N/A X X 

6 

months 

Ravn (2013) Adult 19 47 
Primary brain 

tumor 
N/A N/A N/A  X 

55 

months 

Reddick 

(1998) 
Pediatric 56 62.5 

Primary brain 

tumor 

Whole 

brain, local 

field 

25-65 N/A  X 

12 

months 

Reddick 

(2003) 
Pediatric 40 55 

Primary brain 

tumor 

Whole 

brain 

(n=24), 

local field 

(n=16) 

23.4-59.4 N/A X X 

68 

months 

Reddick 

(2005) 
Pediatric 52 67.3 

Primary brain 

tumor 

Whole 

brain 
50.8-59.4 1.8  X 

30 

months 

Reddick 

(2014) 
Pediatric 383 55 

Primary brain 

tumor or acute 

lymphoblastic 

leukemia 

N/A N/A N/A X X 

N/A 
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Table A.1 continued 

Author 
Age 

Demographic 

# CRT 

Patients 

% 

Male 
Tumor Type 

Irradiated 

Volume 

Total RT 

Dose 

[Gy] 

Dose/ 

Fraction 

[Gy] 

Cog. 

RIBI 

Rad. 

RIBI 

RIBI 

Mea-

sure-

ment 

Redmond 

(2018) 
Pediatric 20 70 

Primary brain 

tumor 

Whole 

brain 

(n=2), 

local field 

(n=18) 

12.0-54 N/A X X 

6 

months 

Riggs 

(2014) 
Pediatric 20 65 

Primary brain 

tumor 

Whole 

brain 
23.4-59.4 N/A X X 

61 

months 

Roddy 

(2016) 
Pediatric 110 54 

Primary brain 

tumor 

Whole 

brain 

(n=52), 

local field 

(n=53) 

24-66.7 N/A X X 

43 

months 

Roongpiboo

nsopit 

(2017) 

Pediatric and 

Adult 
27 66.7 

Primary brain 

tumor 

Whole 

brain 
54-54.9 1.8  X 

49 

months 

Roth (2020) Pediatric 70 58.5 
Primary brain 

tumor 

Whole 

brain 

(n=37), 

local field 

(n=33) 

45-60 N/A X  

62 

months 

Rueckriegel 

(2010) 
Pediatric 17 70.5 

Primary brain 

tumor 

Whole 

brain 
24-32 N/A  X 

40 

months 

Rueckriegel 

(2012) 
Pediatric 24 N/A 

Primary brain 

tumor 

Whole 

brain 
24-32 N/A  X 

45 

months 

Rutkowski 

(2003) 
Adult 43 65 

Primary brain 

tumor 
Local field 60 2  X 

9 

months 
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Table A.1 continued 

Author 
Age 

Demographic 

# CRT 

Patients 

% 

Male 
Tumor Type 

Irradiated 

Volume 

Total RT 

Dose 

[Gy] 

Dose/ 

Fraction 

[Gy] 

Cog. 

RIBI 

Rad. 

RIBI 

RIBI 

Mea-

sure-

ment 

Schatz 

(2000) 
Pediatric 18 50 

Acute 

lymphoblastic 

leukemia 

Whole 

brain 
18-24 N/A X  

N/A 

Schatz 

(2004) 
Pediatric 21 53 

Acute 

lymphoblastic 

leukemia 

N/A N/A N/A X  
N/A 

Schuitema 

(2013) 
Pediatric 44 52.3 

Acute 

lymphoblastic 

leukemia 

Whole 

brain 
15-25 N/A X X 

300 

months 

Schuitema 

(2015) 
Pediatric 50 52 

Acute 

lymphoblastic 

leukemia 

Whole 

brain 
15-25 N/A X  

300 

months 

Seibert 

(2017) 
Adult 54 69 

Primary brain 

tumor 
Local field 50.4-60 1.8-2  X 

12 

months 

Shi (2018) Adult 40 80 
Nasopharyngeal 

carcinoma 
Local field 68.8-70.4 N/A  X 

12 

months 

Simó (2016) Adult 11 91 
Small cell lung 

cancer 

Whole 

brain 
25-36 2-3 X X 

36 

months 

Stokes 

(2015) 
Adult 65 N/A 

Brain 

metastasis 

Whole 

brain 

(n=35), 

local field 

(n=30) 

16-50.4 2  X 

13 

months 

Sundgren 

(2009) 
Adult 11 91 

Primary brain 

tumor 
Local field 50.4-59.4 1.8  X 

6 

months 
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Table A.1 continued 

Author 
Age 

Demographic 

# CRT 

Patients 

% 

Male 
Tumor Type 

Irradiated 

Volume 

Total RT 

Dose 

[Gy] 

Dose/ 

Fraction 

[Gy] 

Cog. 

RIBI 

Rad. 

RIBI 

RIBI 

Mea-

sure-

ment 

Tang (2012) Adult 46 76.1 
Nasopharyngeal 

carcinoma 
Local field 68-76 2 X  72 

months 

Tanino 

(2013) 
Pediatric 34 53 

Primary brain 

tumor or brain 

metastasis 

Whole 

brain 

(n=22), 

local field 

(n=12) 

24-60 2  X 

29 

months 

Tibbs 

(2020) 
Adult 44 57 

Primary brain 

tumor 
Local field 54-70 1.8-2 X X 

6 

months 

Trifiletti 

(2015) 
Adult 103 58.2 

Brain 

metastasis 

Whole 

brain 

(n=31), 

local field 

(n=72) 

12-45 3  X 

14 

months 

Tringale 

(2019) 
Adult 22 50 

Primary brain 

tumor 
Local field 50.4-60 1.8-2 X X 

6 

months 

Twaddle 

(1983) 
Pediatric 23 N/A 

Acute 

lymphoblastic 

leukemia 

Whole 

brain 
24 2 X  

70 

months 

Usenius 

(1995) 
Adult 8 37.5 

Primary brain 

tumor 
N/A 40-60 1.8-4  X 

60 

months 

Varon 

(2014) 

Pediatric and 

Adult 
12 58.3 

Primary brain 

tumor or brain 

metastasis 

Whole 

brain 

(n=10), 

local field 

(n=2) 

45-54 N/A  X 

32 

months 
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Table A.1 continued 

Author 
Age 

Demographic 

# CRT 

Patients 

% 

Male 
Tumor Type 

Irradiated 

Volume 

Total RT 

Dose 

[Gy] 

Dose/ 

Fraction 

[Gy] 

Cog. 

RIBI 

Rad. 

RIBI 

RIBI 

Mea-

sure-

ment 

Virta (2000) Adult 9 44.4 
Primary brain 

tumor 
Local field 55-70.4 N/A  X 

58 

months 

Wahl (2017) Adult 13 N/A 
Primary brain 

tumor 
Local field 60 2  X 

27 

months 

Wang 

(2012) 

Pediatric and 

Adult 
48 66.7 

Nasopharyngeal 

carcinoma 
Local field 68-75 2.1-2.2  X 

6 

months 

Wang 

(2016) 
Adult 40 55 

Nasopharyngeal 

carcinoma 
Local field 66-73 2.2  X 

N/A 

Xiong 

(2013) 
Adult 55 69 

Nasopharyngeal 

carcinoma 
N/A 66-74 1.8-2  X 

6 

months 

Zhong 

(2015) 
Adult 48 45.8 

Brain 

metastasis 

Whole 

brain 
30 3  X 

6 

months 

Zhu (2016) Adult 32 45.5 
Primary brain 

tumor 
Local field 50.4-70 N/A  X 

N/A 
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Table A.2. Baseline characteristics of included rodent studies. 

Author Species 
Age 

Demographic 
# Subjects 

% 

Male 

Irradiated 

Volume 

Total 

RT 

Dose 

[Gy] 

Dose/ 

Fraction 

[Gy] 

Cog. 

RIBI 

Rad. 

RIBI 

RIBI 

Mea-

sure-

ment 

Acharya 

(2009) 
Rat 

Early 

Adulthood 
20 100 Whole brain 10 10 X  4 

months 

Acharya 

(2011) 
Rat 

Early 

Adulthood 
41 100 Whole brain 10 10 X  1 

month 

Acharya 

(2013) 
Rat 

Early 

Adulthood 
26 100 Whole brain 10 10 X  1 

month 

Acharya 

(2014) 
Rat 

Early 

Adulthood 
21 100 Whole brain 10 10 X  1 

month 

Acharya 

(2016) 
Mouse 

Early 

Adulthood 
20 100 Whole brain 9 9 X  1.5 

months 

Acharya 

(2016) 
Rat 

Early 

Adulthood 
20 100 Whole brain 10 10 X  1 

month 

Alexander 

(2018) 
Mouse 

Early 

Adolescence 
20 100 Whole brain 20 10 X  1 

month 

Allen 

(2018) 
Rat 

Early 

Adulthood 
30 N/A Whole brain 27 9 X  1 

month 

Atwood 

(2007) 
Rat 

Early 

Adulthood 
46 100 Whole brain 45 5 X X 

12 

months 

Balentova 

(2017) 
Rat 

Early 

Adulthood 
14 100 Whole brain 35 5  X 

4 

months 

Balentova 

(2018) 
Rat 

Early 

Adulthood 
25 100 Whole brain 20 5 X  4 

months 

Balentova 

(2019) 
Rat 

Early 

Adulthood 
20 100 Whole brain 40 9  X 

3.5 

months 
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Table A.2. Baseline characteristics of included rodent studies. 

Author Species 
Age 

Demographic 
# Subjects 

% 

Male 

Irradiated 

Volume 

Total 

RT 

Dose 

[Gy] 

Dose/ 

Fraction 

[Gy] 

Cog. 

RIBI 

Rad. 

RIBI 

RIBI 

Mea-

sure-

ment 

Balentova 

(2021) 
Rat 

Early 

Adulthood 
10 100 Whole brain 32 8  X 

2 

months 

Baulch 

(2016) 
Rat 

Early 

Adulthood 
20 100 Whole brain 10 10 X  1 

month 

Bazyar 

(2017) 
Mouse 

Early 

Adulthood 
16 100 

Hippocamp

us 
10 10 X  8 

months 

Beera 

(2018) 
Mouse 

Early 

Adolescence 
44 N/A 

Whole brain 

(n=9), local 

field (n=35) 

8 8  X 

1 

month 

Belarbi 

(2013) 
Mouse 

Early 

Adulthood 
20 100 Whole brain 10 10 X  2 

months 

Brown 

(2007) 
Rat 

Late 

Adolescence 
23 N/A Whole brain 40 5 X  6 

months 

Brown 

(2016) 
Rat 

Early 

Adolescence 
N/A 100 Whole brain 27 3 X X 

6 

months 

Caceres 

(2010) 
Rat 

Early 

Adolescence 
30 100 Whole brain 5 5 X  1 

month 

Chen 

(2017) 
Rat 

Early 

Adulthood 
12 100 

Single 

Hemisphere 
30 30  X 

1 

month 

de Guzman 

(2015) 
Mouse 

Early 

Adolescence 
11 N/A Whole brain 7 7  X 

2.5 

months 

Feng 

(2016) 
Mouse 

Early 

Adulthood 
N/A 100 Whole brain 10 3.33 X  1 

month 

Forbes 

(2014) 
Rat Adulthood 48 100 Whole brain 40 5 X  3 

months 
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Table A.2. Baseline characteristics of included rodent studies. 

Author Species 
Age 

Demographic 
# Subjects 

% 

Male 

Irradiated 

Volume 

Total 

RT 

Dose 

[Gy] 

Dose/ 

Fraction 

[Gy] 

Cog. 

RIBI 

Rad. 

RIBI 

RIBI 

Mea-

sure-

ment 

Greene-

Schloesser 

(2014) 

Rat 
Early 

Adulthood 
40 100 Whole brain 40 5 X  

6 

months 

He (2021) Mouse 
Early 

Adulthood 
79 100 Whole brain 30 30 X X 

1.8 

months 

Hnilicova 

(2019) 
Rat 

Early 

Adulthood 
14 100 Whole brain 35 5  X 

4 

months 

Jenrow 

(2013) 
Rat N/A 10 100 Whole brain 10 10 X  6 

months 

Liu (2015) Rat N/A 25 0 Whole brain 20 20  X N/A 

Nageswara 

Rao (2011) 
Mouse 

Late 

Adolescence 
11 100 Whole brain 20 4 X  1 

month 

Parihar 

(2014) 
Rat 

Early 

Adulthood 
17 100 Whole brain 10 10 X  1.4 

months 

Peiffer 

(2014) 
Rat 

Late 

Adolescence 
12 100 Whole brain 30 5 X X 9 

months 

Pérès 

(2018) 
Mouse 

Early 

Adulthood 
15 100 Whole brain 5 5  X 1 

month 

Raber 

(2004) 
Mouse 

Early 

Adulthood 
16 100 

Hippocamp

us 
10 10 X  3 

months 

Robbins 

(2009) 
Rat 

Early 

Adulthood 
40 100 Whole brain 40 5 X  6 

months 

Rodgers 

(2016) 
Rat 

Early 

Adolescence 
37 100 Whole brain 20 4-20  X 

3 

months 
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Table A.2. Baseline characteristics of included rodent studies. 

Author Species 
Age 

Demographic 
# Subjects 

% 

Male 

Irradiated 

Volume 

Total 

RT 

Dose 

[Gy] 

Dose/ 

Fraction 

[Gy] 

Cog. 

RIBI 

Rad. 

RIBI 

RIBI 

Mea-

sure-

ment 

Rola 

(2004) 
Mouse 

Early 

Adolescence 
20 100 Whole brain 5 5 X  

3 

months 

Sahnoune 

(2018) 
Rat 

Early 

Adolescence 
45 100 Whole brain 20 4 X X 

6 

months 

Shi (2006) Rat 
Late 

Adulthood 
40 100 Whole brain 45 5 X  

12 

months 

Sun (2016) Rat 
Late 

Adolescence 
219 100 Whole brain 

2, 10, 

20, 30 

2, 10, 20, 

30 
X  

12 

months 

Tang 

(2019) 
Rat 

Late 

Adolescence 
20 100 Whole brain 30 6 X X 

12 

months 

Wang 

(2009) 
Rat 

Early 

Adulthood 
40 0 

Single 

Hemisphere 
25, 30 25, 30  X 

1 

month 

Wang 

(2013) 
Rat 

Early 

Adulthood 
19 0 

Single 

Hemisphere 
27.5 27.5  X 

5.5 

months 

Warrington 

(2012) 
Mouse 

Early 

Adulthood 
16 100 Whole brain 36 4.5 X  

1 

month 

Yoneoka 

(1999) 
Rat 

Early 

Adulthood 
30 100 Whole brain 40 5 X  12 

months 

Zhao 

(2007) 
Rat 

Early 

Adulthood 
76 100 Whole brain 40-45 5 X  12 

months 
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Cognitive and Radiological Findings of Human (Table A.3) and Rodent (Table A.4) Studies 

Table A.3. Human studies of both cognitive and radiological radiation-induced brain injuries detected within a single cohort.  

Author Findings 

Aoyama (2007) 

"Most patients who had Grade 1-2 radiologic leukoencephalopathy did not show clinically 

meaningful signs of neurocognitive dysfunction as assessed by the MMSE. Although 12 

patients (50%) developed radiologic Grade 3 (large confluent areas) or worse 

leukoencephalopathy, only 6 of these 12 patients had clinical abnormalities." 

Armstrong (2002) 

"The slopes of late treatment-related cognitive decline did not correlate significantly with the 

slopes of increasing radiographic hyperintensities. Selective cognitive declines (in visual 

memory) emerged only at 5 years, whereas ratings of clinical MRI (T2 images) showed mild 

accumulation of hyperintensities with post-treatment onset from 6 months to 3 years, with no 

further progression." 

Bompaire (2018) 

"On neuropsychological examination, patients displayed a global and severe cognitive decline 

through a subcortical frontal mode. The cognitive changes observed were not hippocampic, but 

related to executive dysfunction. On MRI, 68% of the patients had extensive FLAIR 

hyperintensities with anterior predominance, 87% had brain atrophy, T2*-weighted MRI 

showed small asignal areas in 53% of the patients. These abnormalities are evocative of 

cerebral small vessel disease. Fractional anisotropy in the corpus callosum correlated with 

cognitive evaluation." 

Chapman (2012) 
"Using receiver operating characteristic curves, early cingulum longitudinal diffusivity 

changes predicted for post-radiotherapy changes in verbal recall scores." 

Chapman (2016) 
"In a multivariate model, increased radial diffusion at the end of radiotherapy significantly 

predicted decline in verbal fluency 18 months after radiotherapy." 

Correa (2012) 
"Patients with more extensive white matter disease had lower scores on tests of set-shifting 

and memory." 

Davidson (2000) 

"In this study, children who received cranial radiation treatment and who, in many cases, had 

evidence of both cognitive impairment and neuroimaging abnormalities did not have 

significant 1H-MRS abnormalities." 

Douw (2009) 
"White matter hyperintensities and global cortical atrophy were associated with worse 

cognitive functioning in several cognitive domains." 
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Table A.3. Continued 

Author Findings 

Edelmann (2014) 
"There were significant associations between poor neurocognitive performance and brain 

imaging, particularly for frontal and temporal white and gray matter volume." 

Follin (2016) 

"Acute lymphoblastic leukemia survivors scored lower than controls in vocabulary, memory, 

learning capacity, spatial ability, and executive functions and attention. Compared to controls, 

ALL survivors had reduced white matter and gray matter volumes. Acute lymphoblastic 

leukemia survivors had lower levels of white matter NAA/Cr, lower levels of gray matter 

NAA/Cr, and higher levels of WM mI/NAA compared to controls." 

Johannesen (2003) 

"Compared to the matched reference group, patients with white matter changes grade 3 (52% 

of total sample) reported significantly worse physical, cognitive, and social function. Patients 

with white matter changes grade 1 and 2 did not report significantly different quality of life 

compared to the reference population." 

Khong (2006) 

"Change in the percentage of fractional anisotropy had a significant effect on FSIQ, VIQ, and 

PIQ after adjusting for effects of age at treatment, irradiation dose, and time interval from 

treatment." 

King (2015) 
"Lower long-term intellectual outcomes of childhood brain tumor survivors are associated with 

lower white matter integrity." 

Lin (2021) 
"Furthermore, progressive atrophy in the WM of the right ITG was positively correlated with 

cognitive decline over time in NPC patients post-RT" 

Morrison (2021) 
"Relative to other patients, CMBs developed in the individual patient at a rate which was 

similar to their decline in memory performance." 

Mulhern (2001) 

"Normal appearing white matter accounted for a significant amount of the association between 

age at cranial radiotherapy and IQ, factual knowledge, and verbal and nonverbal thinking, but 

not sustained attention or verbal memory." 

Mulhern (2004) 
"Reduced cerebral normal appearing white matter is significantly associated with deficits in 

attention among patients treated for malignant brain tumors." 
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Table A.3. Continued 

Author Findings 

Omuro (2005) 

"Neurotoxicity presented as a rapidly progressive subcortical dementia characterized by 

psychomotor slowing, executive and memory dysfunction, behavioral changes, gait ataxia, and 

incontinence. Imaging findings revealed diffuse white matter disease and cortical-subcortical 

atrophy." 

Postma (2002) 

"The presence and extent of cerebral atrophy correlated significantly with graphomotor speed, 

information processing capacity, and memory performance. The existence of white matter 

abnormalities correlated significantly with attention, information processing capacity, and 

memory performance." 

Rashid (2017) 

"These prospective data demonstrate a significant decrease in corpus callosum regional 

volumes after cranial radiation therapy, with associated decline in neurocognitive function, 

most notably in manual dexterity, attention, and working memory." 

Reddick (2003) 

"Significant associations were found between normal appearing white matter volumes and 

both attentional abilities and IQ, and between attentional abilities and IQ. Subsequent analyses 

supported the hypothesis that attentional abilities, but not memory, could explain a significant 

amount of the relationship between normal appearing white matter and IQ." 

Reddick (2014) 
"Decreased WMV is associated with significantly lower scores in intelligence, attention, and 

academic performance in survivors." 

Redmond (2018) 

"Within temporal white matter, across all 4 visits, after controlling for age and sex, the 

association between ADC and verbal learning were both significant—in both instances, 

performance decreasing with increased regional ADC. Within the genu, across all 4 visits, 

after controlling for age and sex, the association between FA and motor speed was significant. 

Within the corpus callosum body, across all 4 visits, after controlling for age and sex, the 

association between ADC and motor speed was significant, with speed decreasing with 

increased ADC. Similarly, the association between FA and motor speed was also marginally 

significant, with motor speed decreasing with decreased FA." 

Riggs (2014) 
"Performance on the general index of the Children's Memory Scale was significantly 

correlated with measures of hippocampal volume and uncinate fasciculus." 

  



 

 

1
2
8
 

Table A.3. Continued 

Author Findings 

Roddy (2016) 

"In multivariable analysis, children with cerebral microbleeds performed worse on the Groton 

Maze Learning test compared with those without cerebral microbleeds, indicating worse 

executive function when cerebral microbleeds are present. Cerebral microbleeds in the frontal 

lobe were associated with worse performance on the Groton Maze Learning test. Presence of 

cerebral microbleeds in the temporal lobes affected verbal memory." 

Schuitema (2013) "Decreases in FA correlated well with neuropsychological dysfunction." 

Simo (2016) "Cognitive deterioration was correlated with gray matter density and fractional anisotropy." 

Tibbs (2020) 

"We found that radiation-mediated injury (lower FA, higher MD, and decreased volume with 

increasing RT dose) to left perisylvian white matter is significantly correlated with poorer 

language scores over time." 

Tringale (2019) 

Brain tumor patients exhibited visuospatial memory decline post-radiotherapy. Microstructural 

damage to critical memory regions, including the hippocampus and medial temporal lobe 

white matter, were associated with post-radiotherapy memory decline. 
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Table A.4. Rodent studies of both cognitive and radiological radiation-induced brain injuries detected within a single cohort. 

Author Findings 

Atwood (2007) 

"In the study reported here, radiation-induced cognitive impairment was 

accompanied by a significant change in rat brain metabolites at 52 weeks 

postirradiation, including an increase in the NAA/tCr ratio." 

Brown (2016) 

"The developing brains of juvenile rats given clinically relevant fractionated doses of 

whole brain irradiation show few abnormalities in the subacute phase but marked 

late cognitive alterations that may be linked with perturbed magnetic resonance 

spectroscopy signals measured in the corpus callosum. As for cognitive measures, 

the most dramatic impairments were in novel object recognition late after either dose 

of whole brain irradiation." 

He (2021) 
"...elicited chronic RBI as characterized by brain atrophy, memory and cognitive 

deficits…" 

Peiffer (2014) 

"Hippocampal performance was impaired in IR-30 (irradiated with 30 Gy) but not 

IR-39 (irradiated with 39 Gy) animals. While gross size differences exist, white 

matter integrity is preserved in rats after fWBI at 5 weeks." 

Perez (2018) 
"… males demonstrated odor recognition memory impairment and volume reduction 

in regions important for olfactory processing…" 

Sahnoune (2018) 

"Cranial radiation therapy caused early and lasting impairments in task acquisition, 

accuracy, and latency to correct response, as well as causing stunting of growth and 

changes in brain volume and diffusion." 

Tang (2019) 
"Cognitive measurements were found to be significantly correlated with six image 

features that included myelin integrity and local organization of the neural network." 
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APPENDIX B. SUPPORTING INFORMATION FOR CHAPTER 4 

Magnetic Resonance Spectroscopy Voxel Placements and Corresponding LCModel Spectra 

 

Figure B.1. Representative voxel placements and their corresponding spectra within the 

ipsilateral and contralateral hemispheres for P1 (25 Gy) at 0 months post-irradiation. 

 

 

Figure B.2. Representative voxel placements and their corresponding spectra within the 

ipsilateral and contralateral hemispheres for P1 (25 Gy) at 3 months post-irradiation. 
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Figure B.3. Representative voxel placements and their corresponding spectra within the 

ipsilateral and contralateral hemispheres for P2 (25 Gy) at 0 months post-irradiation. 

 

 

Figure B.4. Representative voxel placements and their corresponding spectra within the 

ipsilateral and contralateral hemispheres for P2 (25 Gy) at 3 months post-irradiation. 
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Figure B.5. Representative voxel placements and their corresponding spectra within the 

ipsilateral and contralateral hemispheres for P2 (25 Gy) at 4 months post-irradiation. 

 

 

Figure B.6. Representative voxel placements and their corresponding spectra within the 

ipsilateral and contralateral hemispheres for P3 (15 Gy) at 0 months post-irradiation. 
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Figure B.7. Representative voxel placements and their corresponding spectra within the 

ipsilateral and contralateral hemispheres for P3 (15 Gy) at 3 months post-irradiation. 

 

 

Figure B.8. Representative voxel placements and their corresponding spectra within the 

ipsilateral and contralateral hemispheres for P3 (15 Gy) at 6 months post-irradiation. 
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Figure B.9. Representative voxel placements and their corresponding spectra within the 

ipsilateral and contralateral hemispheres for P4 (15 Gy) at 0 months post-irradiation. 

 

 

Figure B.10. Representative voxel placements and their corresponding spectra within the 

ipsilateral and contralateral hemispheres for P4 (15 Gy) at 3 months post-irradiation. 
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Figure B.11. Representative voxel placements and their corresponding spectra within the 

ipsilateral and contralateral hemispheres for P4 (15 Gy) at 6 months post-irradiation. 

 

Statistical Analysis Methods for 25 Gy and 15 Gy Cohort Diffusion Tensor Imaging and 

Magnetic Resonance Spectroscopy Measurements 

Statistical analyses were performed using SPSS (v.28.0, SPSS Inc., Chicago, IL). FA 

values, ADC values, and metabolite concentrations were independently evaluated using a repeated 

measures two-way ANOVA with follow-up time points and corresponding hemisphere set as 

independent variables. Significance was established with p≤0.05 and corrected for multiple 

comparisons using the Holm-Sidak method when appropriate. 
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Cohort Analyses of Magnetic Resonance Spectroscopy Measurements 

 

 

 

 

 

 

A 25 Gy dose prescription induced significant metabolite changes pertaining to 

neurotransmitter function and energy metabolism. A repeated measures two-way ANOVA 

revealed a significant main effect of follow-up time on Glx measurements (F(1,1)= 2008.241, 

p<0.05, ηp
2=1.000). Indeed, mean Glx values increased over time regardless of association to the 

ipsilateral (0 months=4.38 AU, 3 months=11.49 AU) or contralateral hemisphere (0 months=7.02 

AU, 3 months=9.27 AU) (Fig B.12c). There was also a significant interaction between follow-up 

time and hemisphere on the tCr measurements (F(1,1)= 307.843, p<0.05, ηp
2=0.997). Specifically, 

mean tCr values of the ipsilateral hemisphere increased from 3.82 AU at 0 months to 5.25 AU at 

3 months; the mean tCr values of the contralateral hemisphere also increased from 3.74 AU at 0 

months to 4.67 AU at 3 months (Fig B.12e). 

Similar to the previous prescription, a 15 Gy dose also brought about a significant 

metabolite change in regard to neurotransmitter function. A repeated measures two-way ANOVA 

revealed a significant main effect of follow-up time on Glx measurements (F(2,2)=28.883, p<0.05, 

ηp
2=0 .967). Interestingly, mean Glx values within the ipsilateral hemisphere increased from 0 

months (8.96 AU) to 3 months (14.03 AU) and then decreased thereafter at 6 months (11.36 AU). 

Mean Glx values within the contralateral hemisphere increased over time (0 months=12.12 AU, 3 

months=12.26 AU, 6 months=13.31) (Fig 13c).
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Figure B.12. Effect of 25 Gy dose prescription to concentrations of (a) NAA, (b) tCho, (c) Glx, 

(d) mI, and (e) tCr over time. Corresponding effects of the contralateral hemisphere are shown as 

a comparison. Error bars denote the standard error. AU is defined as arbitrary units. 
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Figure B.13. Effect of 15 Gy dose prescription to concentrations of (a) NAA, (b) tCho, (c) Glx, 

(d) mI, and (e) tCr over time. Corresponding effects of the contralateral hemisphere are shown as 

a comparison. Error bars denote the standard error. AU is defined as arbitrary units.
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Cohort Analyses of Diffusion Tensor Imaging Measurements 

 

 

 

 

 

 

 

FA measurements significantly changed within the 25 Gy cohort without any significant 

corresponding changes in ADC. A repeated measures two-way ANOVA revealed a significant 

interaction between follow-up time and hemisphere on the FA of the IC (F(1,5)=20.97, p<0.05, 

ηp
2=0.129). Specifically, the mean FA of the ipsilateral hemisphere decreased from 0.55 at 0 

months to 0.45 at 3 months; the mean FA of the contralateral hemisphere increased from 0.41 at 0 

months to 0.63 at 3 months (Fig B.14a). Looking at the CC, there was a significant main effect of 

solely hemisphere on FA values (F(1,5)=7.606, p<0.05, ηp
2=0.603). Indeed, mean FA 

measurements of the ipsilateral hemisphere (0 months=0.33, 3 months=0.44) were lower than the 

corresponding time points within the contralateral hemisphere (0 months=0.41, 3 months=0.52) 

(Fig B.14c). 

 By way of contrast, ADC measurements significantly changed within the 15 cohort without 

any significant corresponding changes in FA values. A repeated measures two-way ANOVA 

revealed a significant main effect of follow-up time on ADC within the IC (F(2,10)=13.046, 

p<0.05, ηp
2=0.723). Specifically, mean ADC values decreased over time regardless of association 

to the ipsilateral (0 months=0.64, 3 months=0.60, 6 months=0.56) or contralateral hemisphere (0 

months=0.65, 3 months=0.58, 6 months=0.59) (Fig B.15b). 
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Figure B.14. Effect of 25 Gy dose prescription to FA and ADC measurements over time within 

the internal capsule (a-b) and corpus callosum (c-d) white matter tracts. Corresponding effects of 

the contralateral hemisphere are shown as a comparison. Error bars denote the standard error.
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Figure B.15. Effect of 15 Gy dose prescription to FA and ADC measurements over time within 

the internal capsule (a-b) and corpus callosum (c-d) white matter tracts. Corresponding effects of 

the contralateral hemisphere are shown as a comparison. Error bars denote the standard error.
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Raw Values of Magnetic Resonance Spectroscopy Measurements 

 

 

 

Table B.1. Metabolite concentrations for P1 (25 Gy). 

Metabolites 
Ipsilateral Contralateral 

Concentration % SD Concentration % SD 

Baseline 
    

NAA 3.17 14.00 3.38 10.00 

tCho 0.83 16.00 0.82 10.00 

Glx 3.36 61.00 6.70 26.00 

mI 3.94 17.00 3.12 17.00 

tCr 3.74 9.00 3.34 7.00 

3 months     

NAA 3.36 5.00 4.92 6.00 

tCho 0.74 8.00 1.63 7.00 

Glx 12.44 5.00 7.19 14.00 

mI 1.13 31.00 4.28 15.00 

tCr 4.87 3.00 4.02 6.00 

4 months     

NAA 2.30 7.00 4.60 5.00 

tCho 0.67 8.00 1.65 4.00 

Glx 8.92 4.00 8.31 10.00 

mI 0.00 999.00 4.18 9.00 

tCr 3.22 4.00 3.95 4.00 



 

143 

Table B.2. Metabolite concentrations for P2 (25 Gy). 

Metabolites 
Ipsilateral Contralateral 

Concentration % SD Concentration % SD 

Baseline 
    

NAA 6.71 4.00 6.57 3.00 

tCho 1.19 5.00 1.27 4.00 

Glx 5.40 16.00 7.34 8.00 

mI 5.44 8.00 4.79 7.00 

tCr 3.90 4.00 4.15 4.00 

3 months     

NAA 6.46 5.00 6.74 6.00 

tCho 1.52 6.00 1.84 6.00 

Glx 10.54 7.00 11.36 9.00 

mI 3.81 14.00 6.20 5.00 

tCr 5.62 4.00 5.35 5.00 
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Table B.3. Metabolite concentrations for P3 (15 Gy). 

Metabolites 
Ipsilateral Contralateral 

Concentration % SD Concentration % SD 

Baseline 
    

NAA 6.37 6.00 7.24 4.00 

tCho 1.46 6.00 1.86 4.00 

Glx 8.96 7.00 11.34 6.00 

mI 7.08 3.00 6.11 8.00 

tCr 4.21 5.00 5.48 3.00 

3 months     

NAA 7.15 5.00 7.46 6.00 

tCho 1.87 5.00 1.88 7.00 

Glx 12.67 7.00 12.37 8.00 

mI 6.55 4.00 7.48 12.00 

tCr 5.86 4.00 5.40 5.00 

6 months     

NAA 7.43 3.00 6.96 7.00 

tCho 2.24 2.00 2.06 8.00 

Glx 10.77 5.00 13.64 7.00 

mI 5.68 6.00 6.27 17.00 

tCr 5.86 2.00 5.91 4.00 
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Table B.4. Metabolite concentrations for P4 (15 Gy). 

Metabolites 
Ipsilateral Contralateral 

Concentration % SD Concentration % SD 

Baseline 
    

NAA 6.61 3.00 6.91 4.00 

tCho 1.61 3.00 1.85 4.00 

Glx 8.97 5.00 12.90 5.00 

mI 5.65 5.00 6.63 7.00 

tCr 4.59 2.00 5.10 3.00 

3 months     

NAA 7.37 4.00 5.42 6.00 

tCho 2.43 4.00 2.01 5.00 

Glx 15.38 4.00 12.15 6.00 

mI 5.15 11.00 6.49 9.00 

tCr 6.74 3.00 4.96 4.00 

6 months     

NAA 6.34 6.00 7.06 6.00 

tCho 2.19 5.00 1.76 6.00 

Glx 11.95 6.00 12.98 6.00 

mI 5.41 13.00 6.03 12.00 

tCr 4.94 4.00 5.37 4.00 

  



 

146 

Table B.5. Mean metabolite concentrations for P1 and P2 (25 Gy). 

Metabolites 
Ipsilateral Contralateral 

Mean ± SD Mean % SD Mean ± SD Mean % SD 

Baseline (n=2) 
    

NAA 4.94 ± 2.51 9.00 4.98 ± 2.26 6.50 

tCho 1.01 ± 0.26 10.50 1.04 ± 0.32 7.00 

Glx 4.38 ± 1.45 38.50 7.02 ± 0.45 17.00 

mI 4.69 ± 1.06 12.50 3.95 ± 1.19 12.00 

tCr 3.82 ± 0.11 6.50 3.74 ± 0.57 5.50 

3 months (n=2)     

NAA 4.91 ± 2.19 5.00 5.83 ± 1.29 6.00 

tCho 1.13 ± 0.55 7.00 1.73 ± 0.15 6.50 

Glx 11.49 ± 1.34 6.00 9.27 ± 2.95 11.50 

mI 2.47 ± 1.89 22.50 5.24 ± 1.36 10.00 

tCr 5.25 ± 0.53 3.50 4.67 ± 0.95 6.50 

4 months (n=1)     

NAA 2.30 7.00 4.60 5.00 

tCho 0.67 8.00 1.65 4.00 

Glx 8.92 4.00 8.31 10.00 

mI 0.00 999.00 4.18 9.00 

tCr 3.22 4.00 3.95 4.00 
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Table B.6. Mean metabolite concentrations for P3 and P4 (15 Gy). 

Metabolites 
Ipsilateral Contralateral 

Mean ± SD Mean % SD Mean ± SD Mean % SD 

Baseline (n=2) 
    

NAA 6.49 ± 0.17 4.50 7.07 ± 0.23 4.00 

tCho 1.53 ± 0.10 4.50 1.85 ± 0.01 4.00 

Glx 8.96 ± 0.01 6.00 12.12 ± 1.10 5.50 

mI 6.37 ± 1.01 4.00 6.37 ± 0.36 7.50 

tCr 4.40 ± 0.27 3.50 5.29 ± 0.27 3.00 

3 months (n=2)     

NAA 7.26 ± 0.16 4.50 6.44 ± 1.44 6.00 

tCho 2.14 ± 0.40 4.50 1.94 ± 0.09 6.00 

Glx 14.03 ± 1.92 5.50 12.26 ± 0.15 7.00 

mI 5.85 ± 0.99 7.50 6.99 ± 0.70 10.50 

tCr 6.30 ± 0.62 3.50 5.18 ± 0.31 4.50 

6 months (n=2)     

NAA 6.88 ± 0.77 4.50 7.01 ± 0.07 6.50 

tCho 2.18 ± 0.08 3.50 1.91 ± 0.22 7.00 

Glx 11.36 ± 0.83 5.50 13.31 ± 0.47 6.50 

mI 5.54 ± 0.19 9.50 6.15 ± 0.17 14.50 

tCr 5.40 ± 0.65 3.00 5.64 ± 0.39 4.00 
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Table B.7. Mean metabolite concentrations normalized to total creatine for P1 and P2 (25 Gy). 

Metabolites 
Ipsilateral Contralateral 

Mean ± SD Mean % SD Mean ± SD Mean % SD 

Baseline (n=2) 
    

NAA/tCr 1.20 ± 0.49 9.00 1.23 ± 0.31 7.50 

tCho/tCr 0.26 ± 0.06 10.00 0.3 ± 0.07 7.50 

Glx/tCr 1.38 ± 0.69 36.50 1.87 ± 0.19 20.50 

mI/tCr 1.09 ± 0.05 11.50 1.15 ± 0.31 12.00 

3 months (n=2) 
    

NAA/tCr 0.92 ± 0.33 5.00 1.24 ± 0.02 6.00 

tCho/tCr 0.21 ± 0.08 6.50 0.37 ± 0.04 6.50 

Glx/tCr 2.21 ± 0.48 6.00 1.96 ± 0.23 11.50 

mI/tCr 0.46 ± 0.32 22.50 1.11 ± 0.07 10.00 

4 months (n=1) 
    

NAA/tCr 0.71 7.00 1.17 5.00 

tCho/tCr 0.21 8.00 0.42 4.00 

Glx/tCr 2.77 4.00 2.10 10.00 

mI/tCr 0 999.00 1.06 9.00 
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Table B.8. Mean metabolite concentrations normalized to total creatine for P3 and P4 (15 Gy). 

Metabolites 
Ipsilateral Contralateral 

Mean ± SD Mean % SD Mean ± SD Mean % SD 

Baseline (n=2) 
    

NAA/tCr 1.48 ± 0.05 4.50 1.34 ± 0.03 4.00 

tCho/tCr 0.35 ± 0.00 4.50 1.86 ± 0.02 4.00 

Glx/tCr 2.04 ± 0.12 6.00 2.3 ± 0.33 5.50 

mI/tCr 1.46 ± 0.32 4.00 1.21 ± 0.13 7.50 

3 months (n=2) 
    

NAA/tCr 1.16 ± 0.09 4.50 1.24 ± 0.20 6.00 

tCho/tCr 0.34 ± 0.03 4.50 0.38 ± 0.04 6.00 

Glx/tCr 2.22 ± 0.08 5.50 2.37 ± 0.11 7.00 

mI/tCr 0.94 ± 0.25 7.50 1.35 ± 0.05 10.50 

6 months (n=2) 
    

NAA/tCr 1.28 ± 0.01 4.50 1.25 ± 0.10 5.50 

tCho/tCr 0.41 ± 0.03 3.50 0.34 ± 0.02 7.00 

Glx/tCr 2.13 ± 0.41 5.50 2.36 ± 0.08 6.50 

mI/tCr 1.03 ± 0.09 9.50 1.09 ± 0.04 14.50 
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Raw Values of Diffusion Tensor Imaging Measurements 

 

 

 

 

 

 

Table B.9. Fractional anisotropy values and apparent diffusion coefficients for P1 (25 Gy). 

White Matter Tracts 

Fractional Anisotropy (image 

mean ± image SD) 

Apparent Diffusion 

Coefficient (image mean ± 

image SD) 

Ipsilateral Contralateral Ipsilateral Contralateral 

Baseline 
    

Internal capsule 0.58 ± 0.15 0.41 ± 0.15 0.72 ± 0.09 0.78 ± 0.20 

Corpus callosum 0.32 ± 0.11 0.44 ± 0.15 0.94 ± 0.23 0.85 ± 0.18 

3 months     

Internal capsule 0.29 ± 0.10 0.59 ± 0.16 0.91 ± 0.15 0.80 ± 0.17 

Corpus callosum 0.33 ± 0.11 0.46 ± 0.14 1.14 ± 0.23 1.11 ± 0.56 

4 months     

Internal capsule 0.14 ± 0.06 0.62 ± 0.19 1.21 ± 0.32 0.88 ± 0.34 

Corpus callosum 0.29 ± 0.11 0.34 ± 0.11 1.10 ± 0.15 1.11 ± 0.48 
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Table B.10. Fractional anisotropy values and apparent diffusion coefficients for P2 (25 Gy). 

White Matter Tracts 

Fractional Anisotropy (image 

mean ± image SD) 

Apparent Diffusion 

Coefficient (image mean ± 

image SD) 

Ipsilateral Contralateral Ipsilateral Contralateral 

Baseline 
    

Internal capsule 0.52 ± 0.19 0.41 ± 0.16 0.76 ± 0.19 0.94 ± 0.16 

Corpus callosum 0.35 ± 0.16 0.38 ± 0.14 0.86 ± 0.16 0.84 ± 0.14 

3 months     

Internal capsule 0.61 ± 0.11 0.67 ± 0.45 0.75 ± 0.11 0.73 ± 0.45 

Corpus callosum 0.55 ± 0.29 0.58 ± 0.20 0.81 ± 0.29 0.83 ± 0.20 
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Table B.11. Fractional anisotropy values and apparent diffusion coefficients for P3 (15 Gy). 

White Matter Tracts 

Fractional Anisotropy (image 

mean ± image SD) 

Apparent Diffusion 

Coefficient (image mean ± 

image SD) 

Ipsilateral Contralateral Ipsilateral Contralateral 

Baseline 
    

Internal capsule 0.59 ± 0.15 0.56 ± 0.13 0.64 ± 0.09 0.65 ± 0.07 

Corpus callosum 0.50 ± 0.15 0.39 ± 0.13 0.75 ± 0.42 0.94 ± 0.59 

3 months     

Internal capsule 0.61 ± 0.13 0.47 ± 0.14 0.56 ± 0.10 0.58 ± 0.10 

Corpus callosum 0.45 ± 0.15 0.46 ± 0.19 0.80 ± 0.35 0.73 ± 0.35 

6 months     

Internal capsule 0.56 ± 0.13 0.59 ± 0.15 0.56 ± 0.06 0.59 ± 0.06 

Corpus callosum 0.36 ± 0.15 0.44 ± 0.20 1.09 ± 0.64 1.16 ± 0.64 
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Table B.12. Fractional anisotropy values and apparent diffusion coefficients for P4 (15 Gy). 

White Matter Tracts 

Fractional Anisotropy (image 

mean ± image SD) 

Apparent Diffusion 

Coefficient (image mean ± 

image SD) 

Ipsilateral Contralateral Ipsilateral Contralateral 

Baseline 
    

Internal capsule 0.48 ± 0.14 0.54 ± 0.15 0.64 ± 0.07 0.64 ± 0.12 

Corpus callosum 0.38 ± 0.18 0.37 ± 0.12 0.85 ± 0.41 1.05 ± 0.57 

3 months     

Internal capsule 0.57 ± 0.20 0.60 ± 0.15 0.64 ± 0.17 0.59 ± 0.08 

Corpus callosum 0.35 ± 0.11 0.46 ± 0.16 0.83 ± 0.37 0.95 ± 0.57 

6 months     

Internal capsule 0.52 ± 0.17 0.49 ± 0.16 0.55 ± 0.10 0.60 ± 0.14 

Corpus callosum 0.42 ± 0.18 0.42 ± 0.16 0.84 ± 0.44 0.89 ± 0.40 
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Table B.13. Mean fractional anisotropy values and apparent diffusion coefficients for P1 and P2 

(25 Gy). 

White Matter Tracts 

Fractional Anisotropy (mean 

± SD) 

Apparent Diffusion 

Coefficient (mean ± SD) 

Ipsilateral Contralateral Ipsilateral Contralateral 

Baseline (n=2) 
    

Internal capsule 0.55 ± 0.17 0.41 ± 0.15 0.74 ± 0.14 0.86 ± 0.18 

Corpus callosum 0.33 ± 0.14 0.41 ± 0.15 0.90 ± 0.20 0.84 ± 0.16 

3 months (n=2) 
    

Internal capsule 0.45 ± 0.11 0.63 ± 0.31 0.83 ± 0.13 0.77 ± 0.31 

Corpus callosum 0.44 ± 0.20 0.52 ± 0.17 0.98 ± 0.26 0.97 ± 0.38 

4 months (n=1) 
    

Internal capsule 0.14 ± 0.06 0.62 ± 0.19 1.21 ± 0.32 0.88 ± 0.34 

Corpus callosum 0.29 ± 0.11 0.34 ± 0.11 1.10 ± 0.15 1.11 ± 0.48 
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Table B.14. Mean fractional anisotropy values and apparent diffusion coefficients for P3 and P4 

(15 Gy). 

White Matter 

Tracts 

Fractional Anisotropy (mean 

± SD) 

Apparent Diffusion Coefficient 

(mean ± SD) 

Ipsilateral Contralateral Ipsilateral Contralateral 

Baseline (n=2) 
    

Internal capsule 0.53 ± 0.14 0.55 ± 0.14 0.64 ± 0.08 0.64 ± 0.10 

Corpus callosum 0.44 ± 0.16 0.38 ± 0.12 0.80 ± 0.41 1.00 ± 0.58 

3 months (n=2) 
    

Internal capsule 0.59 ± 0.17 0.53 ± 0.15 0.60 ± 0.14 0.59 ± 0.09 

Corpus callosum 0.40 ± 0.13 0.46 ± 0.18 0.81 ± 0.36 0.84 ± 0.46 

6 months (n=2) 
    

Internal capsule 0.54 ± 0.15 0.54 ± 0.16 0.56 ± 0.08 0.59 ± 0.10 

Corpus callosum 0.39 ± 0.16 0.43 ± 0.18 0.96 ± 0.54 1.02 ± 0.52 
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Statistical Analysis for 25 Gy and 15 Gy Cohort Magnetic Resonance Spectroscopy and 

Diffusion Tensor Imaging Measurements 

 

 

Table B.15. Results of a repeated measures two-way ANOVA for concentrations of NAA, tCho, 

Glx, mI, and tCr within the 25 Gy cohort. 

Time 

(0 months vs. 3 months) 

 df F p ηp
2 

NAA 1 0.825 0.531 0.452 

tCho 1 86.255 0.068 0.989 

Glx 1 2008.241 0.014* 1.000 

mI 1 1.726 0.414 0.633 

tCr 1 17.890 0.148 0.947 

Hemisphere 

(Ipsilateral vs. Contralateral) 

 df F p ηp
2 

NAA 1 1.382 0.449 0.580 

tCho 1 7.016 0.230 0.875 

Glx 1 0.033 0.886 0.032 

mI 1 50.378 0.089 0.981 

tCr 1 1.066 0.490 0.516 

Time x Hemisphere 

 df F p ηp
2 

NAA 1 3.698 0.305 0.787 

tCho 1 2.979 0.334 0.749 

Glx 1 1.695 0.417 0.629 

mI 1 56.338 0.084 0.983 

tCr 1 307.843 0.036* 0.997 
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Table B.16. Results of a repeated measures two-way ANOVA for concentrations of NAA, tCho, 

Glx, mI, and tCr within the 15 Gy cohort. 

Time 

(0 months vs. 3 months vs. 6 months) 

 df F p ηp
2 

NAA 2 0.147 0.872 0.128 

tCho 2 2.109 0.322 0.678 

Glx 2 28.883 0.033* 0.967 

mI 2 1.633 0.380 0.620 

tCr 2 3.524 0.221 0.779 

Hemisphere 

(Ipsilateral vs. Contralateral) 

 df F p ηp
2 

NAA 1 0.019 0.912 0.019 

tCho 1 0.148 0.766 0.129 

Glx 1 4.300 0.286 0.811 

mI 1 2.132 0.382 0.681 

tCr 1 0.000 0.992 0.000 

Time x Hemisphere 

 df F p ηp
2 

NAA 2 0.691 0.591 0.409 

tCho 2 18.685 0.051 0.949 

Glx 2 4.839 0.171 0.829 

mI 2 1.240 0.446 0.554 

tCr 2 5.682 0.150 0.850 
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Table B.17. Results of a repeated measures two-way ANOVA for concentrations of NAA/tCr, 

tCho, tCr, Glx/tCr, and mI/tCr within the 25 Gy cohort. 

Time 

(0 months vs. 3 months) 

 df F p ηp
2 

NAA/tCr 1 0.665 0.565 0.399 

tCho/tCr 1 0.148 0.766 0.129 

Glx/tCr 1 3.062 0.330 0.754 

mI/tCr 1 28392.250* 0.004 1.000 

Hemisphere 

(Ipsilateral vs. Contralateral) 

 df F p ηp
2 

NAA/tCr 1 1.059 0.491 0.514 

tCho/tCr 1 5.817 0.250 0.853 

Glx/tCr 1 3.674 0.306 0.786 

mI/tCr 1 14560.444* 0.005 1.000 

Time x Hemisphere 

 df F p ηp
2 

NAA/tCr 1 12.045 0.179 0.923 

tCho/tCr 1 1.417 0.445 0.586 

Glx/tCr 1 0.448 0.624 0.310 

mI/tCr 1 2.663 0.350 0.727 
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Table B.18. Results of a repeated measures two-way ANOVA for concentrations of NAA/tCr, 

tCho, tCr, Glx/tCr, and mI/tCr within the 15 Gy cohort. 

Time 

(0 months vs. 3 months vs. 6 months) 

 df F p ηp
2 

NAA/tCr 2 2.222 0.310 0.690 

tCho/tCr 2 1.07 0.483 0.517 

Glx/tCr 2 1.116 0.473 0.527 

mI/tCr 2 2.883 0.258 0.742 

Hemisphere 

(Ipsilateral vs. Contralateral) 

 df F p ηp
2 

NAA/tCr 1 4.000 0.295 0.800 

tCho/tCr 1 2.778 0.344 0.735 

Glx/tCr 1 40.960 0.099 0.976 

mI/tCr 1 0.274 0.693 0.215 

Time x Hemisphere 

 df F p ηp
2 

NAA/tCr 2 1.762 0.362 0.638 

tCho/tCr 2 4.160 0.194 0.806 

Glx/tCr 2 0.041 0.961 0.039 

mI/tCr 2 3.510 0.222 0.778 
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Table B.19. Results of a repeated measures two-way ANOVA for FA and ADC measurements 

within the 25 Gy cohort. 

Time 

(0 months vs. 3 months) 

 df F p ηp
2 

Internal Capsule    

FA 1 1.409 0.289 0.220 

ADC 1 1.787 0.239 0.263 

Corpus Callosum    

FA 1 3.375 0.126 0.403 

ADC 1 0.839 0.402 0.144 

Hemisphere 

(Ipsilateral vs. Contralateral) 

 df F p ηp
2 

Internal Capsule    

FA 1 0.684 0.446 0.120 

ADC 1 0.013 0.915 0.003 

Corpus Callosum    

FA 1 7.606* 0.040 0.603 

ADC 1 4.003 0.102 0.445 

Time x Hemisphere 

 df F p ηp
2 

Internal Capsule    

FA 1 20.97* 0.006 0.807 

ADC 1 5.498 0.066 0.524 

Corpus Callosum    

FA 1 0.006 0.941 0.001 

ADC 1 0.057 0.821 0.011 
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Table B.20. Results of a repeated measures two-way ANOVA for FA and ADC measurements 

within the 15 Gy cohort. 

Time 

(0 months vs. 3 months vs. 6 months) 

 df F p ηp
2 

Internal Capsule    

FA 2 0.319 0.734 0.060 

ADC 2 13.046* 0.002 0.723 

Corpus Callosum    

FA 2 0.555 0.591 0.100 

ADC 2 1.106 0.368 0.181 

Hemisphere 

(Ipsilateral vs. Contralateral) 

 df F p ηp
2 

Internal Capsule    

FA 1 0.692 0.443 0.122 

ADC 1 2.500 0.175 0.333 

Corpus Callosum    

FA 1 0.870 0.394 0.148 

ADC 1 1.590 0.263 0.241 

Time x Hemisphere 

 df F p ηp
2 

Internal Capsule    

FA 2 1.701 0.231 0.254 

ADC 2 2.720 0.114 0.352 

Corpus Callosum    

FA 2 1.821 0.212 0.267 

ADC 2 0.991 0.405 0.165 

 


