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Abstract

Purpose—Previous efforts to decrease neurocognitive effects of radiation focused on sparing 

isolated cortical structures. We hypothesize that understanding temporal, spatial and dosimetric 

patterns of radiation damage of whole brain white matter (WBWM) after partial brain irradiation 

might also be important. Therefore, we carried out a study to develop the methodology to assess 

radiotherapy-induced damage to WBWM bundles.

Methods—An atlas-based, automated WM tractography analysis was implemented to quantify 

longitudinal changes in indices of diffusion tensor imaging (DTI) of 22 major WM fibers in 33 

patients with predominantly low-grade/benign brain tumors treated by radiotherapy. Six DTI scans 

per patient were performed from pre-RT to 18 months post-RT. The DTI indices and planned 

doses (maximum and mean doses) were mapped onto profiles of each of 22 WM bundles. A 

multivariate linear regression was performed to determine the main dose effect as well as the 

influence of other clinical factors on longitudinal percentage changes in axial and radial diffusivity 

(AD and RD) from pre-RT.

Results—Of 22 fiber bundles, AD/RD changes in 12 bundles were affected significantly by 

doses (P<0.05), as the effect was progressive over time. In nine elongated tracts, decreased 

AD/RD was significantly related to maximum doses received, consistent with a serial-structure. In 

individual bundles, AD changes were up to 11.5% at the maximum dose locations 18 months post-

RT. The dose effect on WM was greater in older females than younger males.

Conclusion—Our study demonstrates for the first time that the maximum dose to the elongated 

WM bundles causes post-radiotherapy damage in WM. Validation and correlative studies are 
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necessary to determine the ability and impact of sparing these bundles on preserving 

neurocognitive function post-radiotherapy.
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radiation-induced white matter damage; diffusion tensor imaging; reactive astrogliosis; axonal 
injury; dose-response pattern; atlas-based fiber tractography

Introduction

Radiation therapy (RT) is part of standard care for patients with numerous types of benign 

and malignant brain tumors. However, RT, including partial brain RT, has been shown to 

cause neurocognitive dysfunction (1-6). This often becomes apparent 6 months to years after 

RT, and affects a substantial percentage of patients (1-4). Longitudinal studies have revealed 

the progressive decline in a wide spectrum of cognitive functions in patients with low-grade 

glioma post RT (5, 6), which affects quality of life of long-term survivors.

Cognitive function is carried out by neural networks, supported by white matter (WM) 

pathways, rather than single cortical structures (i.e. the hippocampus). The network can be 

interrupted by damage of either functional cortices or WM fibers, resulting in cognitive 

dysfunction. Radiobiologic studies (2-4) have shown that radiation-induced death of neurons 

is minimal following clinically relevant dose. One method to clinically monitor radiation-

induced changes in WM is by using diffusion tensor imaging (DTI) (7-14). DTI detects 

alterations in water diffusivities along and perpendicular to the long axis of axons (called 

axial and radial diffusivities, AD and RD). These parameters are validated as biomarkers for 

axonal degeneration (15-18) and demyelination (16, 18), respectively. DTI studies have been 

conducted in both adult and pediatric patients treated by either whole (7, 8) or partial brain 

RT (9-14), but only in selected WM structures, for example, corpus callosum (9) and 

corticospinal tracts (14). Overall, it is found that DTI changes are progressive over time and 

dose-dependent (9-12). Furthermore, a recent study showed a correlation between early 

diffusivity changes in the parahippocampal cingulum and a late decline in verbal recall (11). 

This suggests the potential of DTI for predicting late cognitive decline.

The regulation of neurocognitive function is complex and not fully understood. Given that 

neurocognitive decline is seen in multiple contexts after partial RT of various brain tumors, 

it raises the question of whether damage to anywhere within the network involved in 

cognition can induce similar dysfunction. It is plausible that subject-specific radiation 

damage to different sections of the same WM network could result in a similar 

neurocognitive outcome (Figure 1), and WM bundles could respond to a maximum radiation 

dose, much like a serial structure. Despite the serial-like structure of WM, most previous 

studies are based upon region-of-interest (ROI) analysis, which limits investigations to a 

portion, sometimes a small portion, of the selected bundle and results in using the mean dose 

within the selected volume to analyze dose response. Testing our hypothesis requires 

quantifying longitudinal WM changes within the entire WM network and relating them to 

radiation dose and specific neurocognitive outcomes.
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The goal of this study was to carry out the first part of this task using an automated, robust 

and scalable method to extract a large quantity of WM fibers and to analyze dose-response 

patterns along fibers longitudinally. Specifically, we implemented an atlas-based approach, 

based upon deterministic DTI tractography (19), and segmented 22 major WM bundles of 

the whole brain of 33 patients from six time-point DTI data acquired from pre-RT to 18 

months post-RT.

Methods and Materials

Study Design

Patients who underwent standard partial brain RT for low-grade or benign cranial tumors 

were enrolled in an IRB approved study. Inclusion criteria consisted of full completion of 

the study, minimal to no missing data, no major imaging artifact, and no tumor progression 

or severe complication (e.g., seizure, hydrocephalus or hemorrhage). This yielded 33 

analyzable patients in total from study cohort.

MRI scans were performed at six time points: 1-2 weeks pre-RT, 3 and 6 weeks during RT, 

and 1, 6 and 18 months after RT. Nine, fifteen and nine patients had all their scans on GE 

1.5T, Philips 3T and Siemens 3T scanners, respectively. All T1-weighted images had a 

resolution of 1×1×1mm3. DTI were acquired with (GE/Philips/Siemens): 

TR=9300/7073/4600ms with minimized TE, 

resolution=1.25×1.25×4mm3/1.75×1.75×2mm3/1.72×1.72×3.9mm3, b=1000/800/1000s/

mm2, and the number of unique diffusion-weighting directions=9/15/20, respectively.

Atlas-based Automated White Matter Tractography Analysis

Pre-processing—DTI were corrected for bulk movements and eddy current, reformatted 

into a 2×2×2mm3 resolution, and calculated for fraction anisotropy (FA), AD, and RD maps 

using the FSL software (FMIRB Analysis Group, Oxford, UK).

Atlas-based WM Tractography—An atlas-based automated tractography analysis was 

developed based upon the Johns Hopkins University White Matter Tractography Atlas (JHU 

Atlas) (20).

The analysis included four steps (Figure 2). In the first step, pairwise registrations of 

longitudinal FA maps were performed within each patient, using an affine registration in 

FSL. An FA template was created from the mean image of all registered FAs. After each 

registration, the preservation of the principal direction algorithm (21) was applied to 

compensate registration-induced disturbances to tensor orientations.

In the second step, the FA template of each patient was registered to the standard anatomic 

space defined by the MNI152-T1 template, through registration of the FA template to the 

individual T1 images by an affine registration and followed by registration of the individual 

T1 images to the MNI152-T1 template by a nonlinear registration. The JHU Atlas is defined 

in the MNI152-T1 space, and includes 20 major WM bundles (20) and two anatomical 

landmark ROIs for each bundle (22). In this study, each of bilateral inferior fronto-occipital 

fasciculus bundles was divided into the anterior and posterior portions to maximize 
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repeatability of fiber tracking, resulting in 22 WM bundles. The JHU Atlas was converted 

into each individual's DTI space by applying the inverse transformation. The dose map, after 

correction to 2Gy equivalent dose per fraction (EQD2) using a linear-quadratic equation 

with α/β=2.5Gy, was co-registered to T1 images, through registration with the planning CT.

In the third step, a whole-brain tractography was first generated for each DTI using a 

deterministic tracking algorithm (23) with a FA threshold of 0.2. Then, each bundle was 

segmented by selecting fibers that went through the two ROIs from the atlas. The resultant 

bundle was further refined by the JHU Atlas to discard aberrant fibers. The Jaccard 

Similarity Index was calculated for within-patient pairs of binarized bundles at any two time 

points to quantify the robustness of tractography.

During the final step, a fiber profile was created at its center-of-mass line of the bundle. DTI 

and dose values along the profile were calculated with a weighted mean of corresponding 

values of neighboring voxels based on the Mahalanobis distance (24).

All processes were implemented in a combination of Matlab, FSL, and mrVista (Stanford 

University, Palo Alto, CA, USA).

Statistical Analysis

Four dosimetric metrics were calculated: averaged dose values greater than 95th, 90th and 

80th percentiles of the dose-volume-histogram (DVH) along fiber profile as well as the mean 

dose of the bundle, referred as 95%ile, 90%ile, 80%ile and mean dose. Percentage changes 

in AD and RD, ΔAD% and ΔRD%, at each follow-up with respect to the pre-RT values were 

computed at each voxel along the fiber profile. Then, averaged values of ΔAD% and ΔRD% 
over voxels receiving doses greater than the 95%ile, 90%ile, or 80%ile, and over all voxels 

along the bundle were calculated.

Longitudinal AD/RD changes in relating to dose were analyzed for each bundle at each 

follow-up by a linear fixed-effect model as:

(1)

where Dose is one of the four dosimetric metrics of a WM bundle as the main predictive 

variable. Considering that patients with glioma were younger and received higher 

prescription doses than those without (mean ages of 43.5 and 47.1 years, and mean EQD2 

doses of 55.7Gy and 53.9Gy, respectively), a categorical variable, Glioma, was included in 

the model. The interactions between dose and the clinical factors of age, sex and existence 

of edema were also tested. To identify clusters of significant predictors, a heatmap consisting 

of a matrix of p values associated with predictors was created for each tested linear model. 

Post-hoc pairwise Student's t-tests were performed to detect significant temporal changes in 
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AD/RD at each follow-up comparing to baseline values based upon dose-response patterns 

of the fibers. A p-value of 0.05 or less was considered as statistically significant.

Results

Of 33 patients, the median dose was 54Gy (Table 1). Four patients received concurrent 

chemotherapy with temozolomide. Thirteen patients had edema seen on pre-RT MRI.

Our approach achieved a mean Jaccard Similarity Index (JSI) of 0.82±0.04 over all WM 

bundles from 33 patients, equivalent to 90% of volume overlap of the same bundle tracked 

longitudinally. Compared to a traditional manual tracking method, the mean JSI was 

0.64±0.09 (equivalent to 56% overlap) from three randomly selected patients, indicating 

high repeatability and robustness of our method.

Dose-Response Patterns

Twelve WM bundles had a significant main dose effect on longitudinal AD/RD changes 

(Table 2), in which a decrease in AD or RD was associated with a high dose.

Among 12 bundles, two dose-response patterns were observed, and examples are illustrated 

in heatmaps of Figure 3. The first pattern was that AD/RD changes were significantly 

associated with the 95%ile and 90%ile doses (maximum dose) but not the mean dose, 

referred as a max-dose pattern, suggesting a serial-structure response. The max-dose pattern 

included nine long inter-cortical association bundles, such as the inferior fronto-occipital 

fasciculus (IFOF), the inferior longitudinal fasciculus (ILF) and the cingulum cingulate at 

the hippocampus (CCH), and the main thalamo-cortical projection bundle of the anterior 

thalamic radiata (ATR).

The second pattern included three short-range association bundles, bilateral uncinate 

fasciculus (UNC) and the right arcuate fasciculus (AF), in which AD/RD changes were 

significantly associated with the mean dose and to a less extent with the maximum dose 

(Table 2), referred as a multi-dose pattern (Figure 3B). No significant dose-DTI correlation 

were observed in 10 other bundles (referred as the non-sig group)

Further analyses revealed that percentage volumes of fiber bundles receiving high doses 

(>45Gy) were different between bundles sensitive to the max-dose and the multi-dose. For 

patients whose bundles received high doses, approximately 68% and 40% of the bundle 

volume were exposed to high-dose for bundles sensitive to the multi-dose (e.g., the UNC) 

and to the max-dose (e.g., the IFOF), respectively. Given that large portions of the three 

short-range bundles were exposed to high doses, the effect of the maximum dose was not 

quite differentiable from the mean dose, and the observation of sensitivity to multi-dose 

levels might be due to the volume average effect of an actual serial structure.

Longitudinal DTI Changes

To evaluate dose-dependent temporal AD and RD changes, fiber bundles were first sorted by 

dose-response patterns (max-dose, multi-dose, and non-sig). Patient data of each bundle 

were then sorted into three dose-subgroups of low (<20Gy), medium (20-45Gy) and high 
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(>45Gy), according to the 95%ile dose value if belonged to the max-dose or non-sig group, 

or according to the mean dose if belonged to the multi-dose group.

For the max-dose group, average AD and RD (Figures 4A and C) decreased significantly 

and progressively from pre-RT to 18 months post-RT at both medium and high doses. The 

decrease in average AD at high dose reached 3.9% (p=0.03) 18 months post-RT. Five 

bundles had an average decrease in AD more than 6% at 18 months post-RT, of which the 

right posterior IFOF had an average decrease of 11.5%. For the multi-dose group, average 

AD and RD decreased progressively, and reached significance at the high-dose level 18 

months post-RT, in which the average reduction in AD was 7.0% with a maximum decrease 

of 10.7% seen in the right UNC (p=0.03). For the non-sig group, there were no significant 

AD/RD changes over time at any dose level.

As an example of individual bundles, the IFOF (from the max-dose group), the UNC (from 

the multi-dose group) and the genu of corpus callosum (GCC) (from the non-sig group) had 

a significant decrease in AD by 5.3%, 9.0% and 4.5% at the high-dose level 18 months post 

RT (p<0.05) respectively (Figure 4B).

Effects of Clinical Factors

Co-variables of glioma and interactions of dose with edema, age and sex significantly 

affected AD/RD changes within 6, 9, 4 and 5 WM bundles (P<0.05), respectively. After 

controlling dose and pathology (glioma vs non-glioma), age showed an interaction effect 

with dose, as AD/RD changed greater in elderly than in younger patients when received the 

same dose. Female patients had larger reductions in AD/RD than males given the same dose, 

consistent with previous observations (25-27) where sex-dependent differences in 

hippocampal plasticity as well as sex hormone (26) were reported as contributing factors to 

higher mortality and morbidity in females due to radiation-induced injury (27). Patients with 

glioma had a larger reduction in AD/RD than those without, possibly due to compromise of 

normal appearing WM by infiltrating glioma cells. Edema modulated dose effect and caused 

less decreases in AD/RD in patients with edema than those without. However, the edema 

effect was only apparent up to 1 month post-RT, and was diminished 6 months post-RT.

Discussion

In this study, an atlas-based, automated WM tractography analysis was implemented to 

investigate temporal and dose-response patterns of 22 major WM bundles. This approach 

allowed us to quantify DTI changes along individual bundles over time and relate them to 

received doses. We found that long inter-cortical association WM bundles responded to the 

maximum dose, like a typical serial structure, which has not been reported before. Also, we 

observed a dose-dependent progressive decrease in AD over time post-RT. Furthermore, 

aging and female sex increased sensitivity of WM to radiation dose. This study is the first 

necessary step toward developing a predictive model of a cognitive task by responses to 

radiation dose of individual WM bundles involved in neural network, and to help provide 

guidance for dose sparing of critical functional networks to preserve cognitive function in 

the future.
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White matter response to radiation has been studied previously. The ROI-based approach, 

although used frequently, limits the ability to understand the dose-response of WM bundles 

beyond the mean dose in ROIs. It is also an error-prone and inefficient task to use a 

conventional ROI-based analysis to quantify temporal and spatial changes in the whole brain 

WM from 33 patients who had six longitudinal DTI scans. Therefore, we implemented an 

atlas-based tractography method to segment the whole volumes of 22 major WM bundles in 

the brain. This approach allowed us to test whether WM bundles respond to the maximum or 

mean dose. Our data indicate that nine long association or projection WM bundles 

responded to the maximum dose, suggesting a radiobiologic serial structure. The three short-

range associated bundles, a large portion of which (up to an average of 68% of volumes) 

received high doses, were sensitive to both the mean and maximum doses, possibly due to 

the average volume effect of doses over a serial structure. Therefore, it could be equally 

important to avoid the high maximum dose and mean dose when short fibers have more than 

50% of fiber length received high doses. WM bundles either receive high doses spreading 

from the PTV or pass through the PTV. Possibility for dose sparing of WM bundles should 

be future studies. Nevertheless, our findings provide a new insight on how to model brain 

normal tissue toxicity and redistribute doses to spare functional networks.

This study, as well as previous studies (10, 14), demonstrated a progressive decrease in AD 

over time. We hypothesize that this is due to astrogliosis. Progressive reactive astrogliosis 

(28-30) is a predominant histology after the early delayed phase (one month post-RT) with a 

marked increase of microglial cells and astrocytes as well as extensive cellular hypertrophy 

(17, 30). Increased extracellular matrix and astrocytic proliferation increase tortuosity and 

therefore reduce extracellular axial diffusion. Cellular hypertrophy distorts intracellular 

microtubule and consequently restricts intracellular axial diffusion. In contrast, both increase 

and decrease trends of RD post-RT were reported previously. Axon demyelination can cause 

RD increase (15, 18), while re-myelination can reverse the direction change in RD. Wang 

and colleagues (17) reported an initial RD decrease in rats up to 24 weeks post-RT due to 

astrogliosis. Given multiple competitive mechanisms (astrogliosis, demyelination and re-

myelination), radiation-induced RD changes are most likely time-sensitive and subject-

specific.

This study is not without limitations. One of limitations is DTI was acquired from different 

scanners with comparable protocols, which would increase inter-subject variations of DTI 

measurements (31, 32) and decrease statistical power. To minimize system-dependent bias, 

we acquired all DTI of the same patient from the same scanner, and also used percentage 

changes for analysis. Additional regression analysis with scanner as an independent variable 

did not reveal any significant scanner effect. Multiple comparison corrections were not 

applied due to the exploratory nature of this preliminary study. It is reassuring that all 

significant dose-ΔDTI% correlations before correction follow the consistent trend in contrast 

to random signs of correlations that are typically associated with true Type I errors. Also, 

edema decreases FA to <0.2. We limited fiber tracking to voxels with FA>0.2 to avoid 

edema and also used the JHU Atlas to further remove aberrant fibers. Nevertheless, edema 

usually subsided one-month post-RT. Corticosteroids also affects DTI changes. However, the 

findings after 6 months post-RT are less affected by edema and corticosteroids, as no 

patients received corticosteroids during that period. The ten fiber bundles that are found to 
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have no significant dose effect could likely be due to the dose spatial distribution in this 

sample, instead of dose sensitivity. Nevertheless, the dose-response pattern of WM bundles 

observed is hypothesis-generating for future study.

The major finding of this study, that the elongated association and projection fiber bundles 

respond like a serial structure, could provide a new insight on dose planning for long-term 

survivors to preserve critical cognitive functions. In current clinical practice, limited 

guidelines (33) are available to avoid necrosis and to spare brainstem and optic nerves/

chiasm. Sparing critical WM fibers to reserve cognitive function, which is achievable by 

IMRT/VMAT techniques, has not traditionally been considered. The 12 fiber bundles that 

show significant dose effects (Table 2) are known to be essential parts of neural networks for 

executive functions, working memory and decision making (34, 35). Observed changes in 

these fibers are consistent with declines in executive and attentional functions observed in 

previous large-scale clinical trials of low-grade gliomas (5, 6). Whether dose-dependent 

longitudinal DTI changes in WM bundles are predictive and have a complimentary value to 

clinical factors (e.g., dosimetric parameters, age, sex, and pathology) for neurocognitive 

dysfunction merits future study.
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Summary

Neurocognitive function is supported by white matter (WM) fiber bundles in the neural 

network. WM bundles are highly susceptible to radiation damage. In this study, we found 

that elongated WM fiber bundles responded to the received maximum dose rather than 

the mean dose, much like a typical serial-structure. These findings provide a new 

framework on how to spare dose for critical functional networks to preserve cognitive 

function.
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Figure 1. 
Examples (with scalp and skull removed) of different high-dose regions of two patients who 

had neurocognitive declines related to the dorsolateral prefrontal cortex (DLPFC). High-

dose regions were distal to the DLPFC but overlapped at different sections of the inferior 

fronto-occipital fasciculus (IFOF), an essential part of the DLPFC neural network.
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Figure 2. 
Flow chart of the atlas-based, automated tractography method.
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Figure 3. 
Heatmaps of linear fixed-effect models. The vertical axis represents dependent variables 

(sorted first by ΔAD%/ΔRD% then by time points). The horizontal axis depicts independent 

variables of four dose metrics, glioma, and three interaction co-variables. Examples of WM 

bundles responded to the maximum dose and to both the maximum and mean doses are 

displayed in (A) and (B), respectively.
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Figure 4. 
Dose-dependent longitudinal ΔAD% and ΔRD% for the Max-Dose (left), Multi-Dose 
(middle) and Non-Sig group (right column). ΔAD%/ΔRD% were averaged over voxels 

receiving doses higher than the 95%ile on bundles for the Max-Dose and Non-Sig groups, 

and over all voxels for the Multi-Dose group. ΔAD%/ΔRD% in 4A and 4C were further 

averaged over the bundles within each group. ΔAD% (4B) and ΔRD% (4D) from the IFOF, 

UNC and GCC represent the three abovementioned groups. Red diamonds and green stars: 

significant at the time point for respective high- and medium-dose levels.
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.

(2
).

 B
ol

d 
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in
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nt
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or

re
la
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ns

:

* p<
0.

05
,

**
p<

0.
01

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2017 November 01.


	Abstract
	Introduction
	Methods and Materials
	Study Design
	Atlas-based Automated White Matter Tractography Analysis
	Pre-processing
	Atlas-based WM Tractography

	Statistical Analysis

	Results
	Dose-Response Patterns
	Longitudinal DTI Changes
	Effects of Clinical Factors

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1
	Table 2

