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Abstract

Background and Purpose—Brain radiotherapy is limited in part by damage to white matter, 

contributing to neurocognitive decline. We utilized diffusion tensor imaging (DTI) with multiple 

b-values (diffusion weightings) to model the dose-dependency and time course of radiation effects 

on white matter.

Materials and Methods—Fifteen patients with high-grade gliomas treated with radiotherapy 

and chemotherapy underwent MRI with DTI prior to radiotherapy, and after months 1, 4-6, and 

9-11. Diffusion tensors were calculated using three weightings (high, standard, and low b-values) 

and maps of fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (λ‖), and radial 

diffusivity (λ⊥) were generated. The region of interest was all white matter.

Results—MD, λ‖, and λ⊥increased significantly with time and dose, with corresponding 

decrease in FA. Greater changes were seen at lower b-values, except for FA. Time-dose 

interactions were highly significant at 4-6 months and beyond (p < .001), and the difference in 

dose response between high and low b-values reached statistical significance at 9-11 months for 

MD, λ‖, and λ⊥ (p < .001, p < .001, p = .005 respectively) as well as at 4-6 months for λ‖ (p = .

04).
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Conclusions—We detected dose-dependent changes across all doses, even <10 Gy. Greater 

changes were observed at low b-values, suggesting prominent extracellular changes possibly due 

to vascular permeability and neuroinflammation.
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diffusion tensor imaging; MRI; white matter; Radiotherapy; b-value; radiation

Introduction

Radiotherapy (RT) is a mainstay of treatment for primary and metastatic brain tumors, but 

limited by damage to healthy brain tissue, with corresponding neurocognitive decline seen in 

a majority of patients [1]. Radiation-induced cognitive impairment manifests with acute 

(days to weeks after RT), early delayed (1-6 months after RT and often reversible), and late 

delayed effects (6 months or more after RT and usually irreversible and progressive). Late 

delayed effects include decreases in memory and executive functioning, among other 

deficits, and can be devastating for patients and their quality of life [2]. The pathogenesis of 

this process is multifactorial but driven in part by vascular injury, white matter damage with 

resulting demyelination or axonal injury, and neuroinflammation.

Diffusion-weighted imaging (DWI) is a sensitive non-invasive technique that measures 

diffusion of water at the cellular level. Diffusion tensor imaging (DTI) is an extension of 

DWI that depicts the overall motion of water as an ellipse using a tensor model, with 

quantitative DTI metrics allowing the study of white matter [3]. Previous studies have used 

standard DTI to investigate the effects of radiation on normal appearing brain white matter. 

One group concluded that DTI metrics were only sensitive to RT-related changes above 

45-50 Gy [4], while others found changes at doses as low as 5-15 Gy [5] and dose-

dependent changes over time [6]. Other studies have found DTI metrics to predict clinical 

outcomes, i.e., early diffusion changes in the parahippocampal cingulum were predictive of 

late decline in verbal recall [7,8].

These prior studies used DTI with a standard b-value of 1000 s/mm2. In DTI, the b-value is 

a composite measure of imaging parameters and represents the degree of diffusion weighting 

in the image. At high b-values (> 2000 s/mm2), the rate of diffusion signal decay suggests a 

two-compartment model wherein each voxel contains two apparent diffusion coefficients – 

one attributed to the intracellular axonal compartment in which diffusion is referred to as 

slow or restricted, and one to the extracellular compartment in which diffusion is referred to 

as fast or hindered [9,10]. In this model, DTI is weighted towards the slow compartment at 

high b-values and towards the fast compartment at low b-values.

Because of its greater sensitivity to intra-axonal white matter, high b-value DTI has been 

used to better understand the nature of white matter changes in various brain disorders 

including Alzheimer's disease [11], schizophrenia [12], multiple sclerosis [13], autism [14], 

and stroke [15]. Low b-value imaging [16] and other DTI methods that are sensitive to water 

diffusion in the extracellular space have revealed biologic processes involved in white matter 

maturation [17] and the role of increased extracellular volume and neuroinflammation in 

schizophrenia and Parkinson's disease [18,19]. Therefore, techniques preferentially probing 
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intra-axonal or extracellular environments have improved our understanding of disease-

specific biological changes in the brain.

Given the complicated effect of radiation on both axonal integrity and the extra-axonal white 

matter environment, we sought to use multi b-value DTI to study the dose-dependency and 

time course of radiation-induced white matter changes in patients with high grade glioma.

Materials and Methods

Study Design

From January 2011 to December 2013, 32 patients with primary high-grade glioma treated 

with fractionated brain RT underwent advanced multi b-value diffusion imaging [10]. 

Fifteen patients met criteria of imaging at the required time points: pre-RT, 1 month post-RT, 

4-6 months post-RT, and 9-11 months post-RT. All patients were treated to 60 Gy in 30 

fractions except for two: one was treated to 40.05 Gy in 15 fractions, and the other to 59.4 

Gy in 33 fractions. These schedules were converted to a total equivalent dose in standard 2 

Gy fractionation using biologically equivalent dose principles [20] and an α/β ratio of 2 Gy 

[21]. Treatment and demographic factors are shown in Table 1. This study was approved by 

our institutional review board.

MRI Acquisition

MR imaging was performed on a 3T Signa Excite HDx scanner (GE Healthcare, Milwaukee, 

Wisconsin) equipped with an 8-channel head coil. The imaging protocol included a 3D 

volumetric T1-weighted inversion recovery spoiled gradient-echo sequence (TE, 2.8 ms; TR, 

6.5 ms; TI, 450 ms) and a 3D T2-weighted FLAIR sequence (TE, 126 ms; TR, 6000 ms; TI, 

1863 ms). Diffusion data were acquired with a single-shot pulsed-field gradient spin-echo-

planar imaging sequence (TE, 96 ms; TR, 17 s) at b = 0, 500, 1500, and 4000 s/mm2, with 1, 

6, 6, and 15 unique gradient directions for each b-value, respectively.

Image Processing and Registration

All image data were preprocessed using in-house algorithms developed in MATLAB 

(Mathworks, Natick, Massachusetts). Anatomical scans were corrected for distortions due to 

gradient nonlinearities. Diffusion scans were corrected for spatial distortions associated with 

susceptibility and eddy currents. Within each time-point, diffusion data was co-registered to 

the T1 and T2 scans. Between time-points, a computed average of the T1-weighted and T2-

weighted sequences were used to co-register images from each time point to the baseline 

dataset. Planning CT and radiation dose maps were co-registered to the baseline T1. 

Registrations were performed using rigid-body transformation based on mutual information 

and were visually inspected for accuracy.

Region of Interest

The region of interest included all white matter (Fig 1a), excluding tumor, tumor bed, 

surgical cavity, and surgical scars which were manually censored on each patient. A white 

matter mask was computed from the T1-weighted sequence at the baseline time-point using 

automatic segmentation software (Fig 1a) [22]. In order to avoid partial volume effects from 
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gray matter and CSF at the edges of the volume, the mask was shrunk to its 6-connected 

voxels (voxels whose 6 face neighbors were also white matter) (Fig 1b). A post-hoc analysis 

was performed to study the effect of edema on observed trends by further excluding voxels 

identified as edema based on T2 FLAIR hyperintensity (Fig 1c). Within these ROIs, volumes 

were further divided into dose bins of 0-10 Gy, 10-20 Gy, 20-30 Gy, 40-50 Gy, and >50 Gy.

DTI Analysis

The diffusion tensor at each time point was calculated using mono-exponential fitting and 

three diffusion weightings: high b-value (b=0, 4000), standard b-value (b=0, 500, 1500), and 

low b-value (b=0, 500). The terms “high”, “standard”, and “low” subsequently refer to these 

diffusion tensor data. Since our protocol does not acquire data at b=1000 s/mm2, we 

performed a mono-exponential fit using three points (b=0, 500, 1500) to approximate this 

standard b-value.

We analyzed four main diffusion metrics, each computed as a map at each time-point. The 

diffusion process in each voxel is approximated by an ellipsoid defined by three 

perpendicular axes or eigenvectors - the principal long axis λ1, and the smaller axes of width 

and depth, λ2 and λ3 [23]. Mean diffusivity (MD) is a rotationally invariant measure of the 

average mobility of water molecules. It is expressed in mm2/s and calculated as an average 

of the three eigenvalues, (λ1 + λ2 + λ3) / 3. Fractional anisotropy (FA) ranges from 0 to 1 as 

an expression of the degree of directional bias of diffusion. Diffusion along λ1 (along the 

axon in white matter) is termed axial, or longitudinal diffusivity, referred to here as λ‖. 

Radial, or perpendicular diffusivity, is defined as λ⊥ = (λ2 + λ3) / 2 and occurs 

perpendicular to axonal orientation. Classically, preclinical studies have shown λ‖ is a 

marker for axonal degeneration and λ⊥ is a marker for demyelination [24,25].

Statistical Analysis

Statistical analysis was performed with R [26]. Descriptive statistics of MD, FA, λ‖, and λ⊥ 
were obtained for each region of interest and dose bin. Two-tailed paired Student's t-tests 

were used to determine statistically significant differences between b-values, between white 

matter and white matter excluding edema, and among the time points. Results were 

considered significant with two-tailed p < 0.05, with Bonferroni correction for multiple 

comparisons.

We further used R and lme4 [27] to perform linear mixed effects analyses of the relationship 

between b-value, time, RT dose, and percent change in each DTI parameter. As fixed effects, 

we included time and a time-dose interaction term, and further interacted each of these terms 

with b-value. We suppressed the fixed effects intercept as this yielded estimates of absolute 

change at each time point, rather than relative values. To control for correlated observations 

within subjects, we tested a subject-specific random intercept.
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Model selection was based on likelihood ratio tests of the full model above versus reduced 

models. Coefficients at high and low b-values were compared using manually specified 

contrasts with multcomp [28] in R.

Results

Figure 2 shows percent change of DTI metrics across time and RT dose among the three b-

values, with raw values shown in Supplementary Table 1. MD increased consistently over 

time, with a greater rate of change at higher doses and a greater percent change at lower b-

values. Early changes at 1 month were not statistically significant in any dose bin. Changes 

at 4-6 months were significant above 30 Gy and changes at 9-11 months were significant at 

doses >10 Gy. Differences between high and low b-values were significant by 1 month at 

40-50 Gy, by 4-6 months at >30 Gy, and by 9-11 months at >20 Gy.

FA decreased over time with greater rate of change at higher RT doses, and greater percent 

change at high compared to standard and low b-values. Changes in FA were found to be 

significant at the lowest dose bin (<10 Gy) over time. Standard b-value changes were the 

greatest up to 30 Gy while above 40 Gy, high b-value changes became greatest. Differences 

between high and low b-value were significant at doses above 30 Gy.

There were similar trends in λ‖ as in MD, showing progressive increase with time and dose. 

At doses >50 Gy after 9-11 months, λ‖ increased 18.0% at high b-value, 23.9% at standard 

b-value, and 34.1% at low b-value (p < .001). Changes at 1 month were significant above 50 

Gy. Changes at 4-6 months were significant above 30 Gy and changes at 9-11 months were 

significant at doses >10 Gy. Differences between high and low b-values were significant by 

1 month at >50 Gy, by 4-6 months at >30 Gy, and by 9-11 months at >20 Gy.

Changes in λ⊥ were likewise greatest at low b-value, with standard and high b-value 

changes similar to one another. At doses >50 Gy after 9-11 months, λ⊥ increased 39.2% at 

high b-value, 57.1% at standard b-value, and 55.3% at low b-value (p < .001). Changes at 1 

month were significant above 40 Gy. Changes at 4-6 months were significant above 30 Gy, 

and changes at 9-11 months were significant at all doses. Differences between high and low 

b-values were significant by 1 month above 40 Gy, by 4-6 months above 30 Gy, and by 9-11 

months above 20 Gy. The overall magnitude of change over all doses was greater in λ⊥ 
compared with λ‖.

All time-only coefficients were not significant (p > .05). Table 2 shows time-dose interaction 

coefficients and significance at each post-RT time point and b-value, and these are plotted in 

Figure 3 as percent change from baseline per Gy. For these time-dose interaction 

coefficients, all are significant at 1 month and by 4-6 months are highly significant at p < .

001 (Fig 3, Table 2). For MD, λ‖ and λ⊥ the predicted percent change per Gy increases as b-

value decreases, with the sole exception of the standard vs. low b-value λ⊥ at 9-11 months. 

Predicted percent changes of λ⊥ are greater than λ‖. The trend for FA is reversed, showing a 

greater magnitude of change with increasing b-value. Differences in dose response between 

high and low b-values reached significance at 9-11 months for MD, λ‖, and λ⊥ (p < .001, p 

< .001, p = .005 respectively) as well as at 4-6 months for λ‖ (p = .04).
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Recognizing that the signal at lower b-values is more weighted towards fast, extracellular 

water, we sought to further sub-divide our ROI based on T2 FLAIR hyperintensity. This 

would help to determine if our results were driven by edema and if the finding of increased 

change in low b-value metrics held true in normal appearing white matter exclusive of 

identifiable edema. The data show little difference at 9-11 months between the two ROIs of 

white matter vs. white matter excluding FLAIR hyperintensity (Fig 4). The only significant 

differences between the two ROIs were for FA at low and standard b-value >50 Gy (p = .008 

and p = .04 respectively). At 4-6 months, the vast majority of comparisons are again 

insignificant, with only changes at doses >50 Gy in FA as exceptions. At 1 month, all 

comparisons were insignificant.

Discussion

To our knowledge, this is the first study to utilize multi b-value diffusion imaging to analyze 

the dose-dependence and biology of radiation-induced white matter damage over time. We 

detected progressive dose-dependent change in all quantitative DTI metrics (MD, FA, λ‖, 

and λ⊥) across all b-values. We also found greater changes at lower b-values suggesting 

more prominent biologic changes in the extracellular environment. These data remained 

largely unchanged by the exclusion of regions of edema, suggesting our findings are driven 

by diffusion changes in normal appearing white matter.

Similar to our results, earlier studies using DTI to investigate radiation-induced white matter 

damage found decreases in FA [4,29-31], and increases in MD [4,30]. Results varied with 

respect to dose-dependence, with one report of a linear relationship [29] and another noting 

a 45-50 Gy threshold for detection of DTI metric change [4]. Here we report a linear dose-

dependent decrease in FA and increase in MD consistent with general trends in previous 

studies. We found no threshold for change, reversal, or plateau. Our model showed a linear 

relationship between dose and changes in MD and FA, indicating dose-dependent 

progressive damage to white matter. Furthermore, our data suggests it takes longer to detect 

significant low dose changes. White matter receiving low doses of 10-20 Gy showed 

significant diffusion changes at 9-11 months, while areas receiving >30 Gy were significant 

at 4-6 months. This also implies that low dose white matter changes can be reliably 

measured in brain tissue.

We also found dose-dependent and progressive increase in λ‖ and λ⊥. Change in λ‖ is 

considered a marker of axonal degeneration. Increased λ‖ has been found with axonal 

damage in amyotrophic lateral sclerosis (ALS) [32,33], multiple sclerosis (MS) [34], and in 

animal models of myelin deficiency [35,36]. On the other hand, decreases in λ‖ have also 

been associated with axonal injury in preclinical studies [24]. Reports of λ‖ changes in white 

matter following radiation are accordingly mixed, with studies showing either increase or 

decrease [6,7]. It is clear, however, that change in λ‖ is associated with pathologies causing 

axonal damage. Increased λ⊥ is a marker for myelin damage in preclinical models [25,37] 

as well as in ALS [32,38], MS [34,39], and autism [40]. Indeed, diffusion imaging studies of 

radiation damage to white matter have found increased λ⊥ [6,7]. The utility of λ‖ and λ⊥ as 

markers of axonal and myelin injury, respectively, is not confounded by the simultaneous 

presence of both pathologies [24].
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In the current study, the magnitude of change in λ⊥ was greater than λ‖, consistent with 

prior studies and indicating progressive demyelination as the likely predominant change. 

The magnitude of change in both λ‖ and λ⊥ was also greater at low b-value. Given the 

larger contribution from extracellular diffusion activities at low b-value, greater increases in 

λ‖ at low b-value may indicate reduced extracellular diffusion restrictions due to the absence 

of compact myelin [36]. FA, as a general marker for white matter integrity, showed dose-

dependent decrease over time, with greater change at high b-values. FA is a summary 

measure calculated from the three eigenvalues, so more specific information on changes in 

the diffusion tensor is available from λ‖ and λ⊥. Nevertheless, these data are consistent with 

the progressive white matter damage seen after radiation in other studies [4,29-31].

The greater changes at low b-value suggest more prominent microstructural changes in the 

extracellular environment possibly due to vascular permeability, a known factor in radiation 

injury, and neuroinflammation. The relationship between the persistent extra-axonal 

radiation-induced processes and intra-axonal diffusion changes seen in this study is unclear. 

However, chronic inflammation has been shown to drive axonal degeneration in MS [41], 

and similarly, analysis using free-water diffusion has revealed the role of neuroinflammation 

in early onset schizophrenia, perhaps leading to more severe later white matter degeneration 

[42]. Indeed, an inflammatory response to irradiation is likely one of many factors in the 

pathogenesis of radiation-induced brain injury, and preclinical data suggests anti-

inflammatory treatment may combat radiation-induced cognitive decline [43].

Our data suggests that, in terms of microstructural damage, even low dose to white matter 

may not be “safe”. While the diffusion changes seen here have not yet been correlated with 

neurocognitive injury, others studies have made this correlation [7,8,44], supporting the 

utility of diffusion metrics to measure white matter injury. As of yet, for fractionated partial 

brain RT, there are no clear dose constraints for subcortical white matter. Maximum dose 

constraints for brain “parenchyma” do not distinguish between cortex, white matter, and 

other deep gray matter structures. Characterizing radiation response in the brain using 

imaging biomarkers, such as subcortical white matter in this study, or hippocampal or 

cortical measures in others [45,46], is a critical step in developing more refined techniques 

to understand radiation-induced brain injury. This could inform novel techniques in brain 

radiotherapy planning [47] to allow for better sparing of critical brain structures [48], with 

the potential to reduce neurocognitive sequelae.

Limitations to our study include its retrospective nature and potential confounding effects 

from chemotherapy or surgery. Our study lacks histopathological outcomes, though 

preclinical data show a clear correlation with changes in diffusivity metrics and white matter 

damage [24]. We also followed patients for up to 9-11 months, although radiation damage is 

known to evolve over several years, so future studies should evaluate chronic white matter 

changes after one-year post radiation. Studies correlating the changes seen here with post-

RT cognitive decline are underway at our institution.

In conclusion, we found progressive dose-dependent change in MD, FA, λ‖, and λ⊥ in 

patients up to 9-11 months following RT for high grade gliomas. We also found increased 

sensitivity of low b-value DTI metrics to radiation-induced damage in normal appearing 
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white matter. These findings suggest that multiple pathological processes are involved in RT-

induced damage, including demyelination, axonal loss, and vascular permeability or 

neuroinflammation, with greater increase in extracellular diffusion processes. DTI with 

different b-values can be used to probe different cellular microstructures, allowing further 

characterization of radiation injury in white matter.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. 
a Original white matter mask. b Eroded 6-connected white matter. c FLAIR hyperintensity
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Fig 2. 
Percent changes from baseline in MD, FA, λ‖, and λ⊥ for each dose bin and b-value. 

Hollow points: no significant change from baseline. Filled points: significant change from 

baseline. Asterisks: significance for paired t-tests between changes at high and low b-values 

at each time point (*** p < .001, ** p < .01, * p < .05)
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Fig 3. 
Time-dose interaction coefficients at each time point and b-value. The coefficients represent 

percent change per Gy. Error bars represent 95% confidence intervals. Significant p-values 

for tests between high and low b-value coefficients are shown
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Fig 4. 
Percent changes in MD, FA, λ‖, and λ⊥ for each dose bin and b-value at 9-11 months; white 

matter (circles) vs. white matter excluding FLAIR hyperintensity (triangles). Significant 

differences between ROIs are labeled
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Table 1

Summary of patient characteristics.

Characteristic Number of patients (%)

Sex

 Male 9 (60)

 Female 6 (40)

Median age (y) (range) 59 (40-84)

Tumor histology

 Glioblastoma 15 (100)

Median largest dimension of preoperative tumor (cm) (range) 3.2 (1.0-5.0)

Median planning target volume (cc) (range) 170.0 (25.8-376.8)

Tumor Location

 Temporal 7 (46.7)

 Frontal 4 (26.7)

 Parietal 1 (6.7)

 Parietotemporal 2 (13.3)

 Frontoparietal 1 (6.7)

Surgery

 Gross total resection 6 (40)

 Subtotal resection 9 (60)

RT dose, Gy (fraction size)

 60 (2) 13 (86.7)

 59.4 (1.8) 1 (6.7)

 40.05 (2.67) 1 (6.7)

Concurrent chemotherapy

 Temozolomide only 7 (46.7)

 Temozolomide + vaccine triala 4 (26.7)

 Temozolomide + other clinical trialb 4 (26.7)

Adjuvant chemotherapy

 Temozolomide only 5 (26.7)

 Temozolomide + other chemotherapyc 1 (6.7)

 Temozolomide + bevacizumab 1 (6.7)

 Temozolomide + other clinical triald 6 (40)

 Temozolomide + vaccine triale 2 (13.3)

a
Vaccine trial of activated dendritic cells (n=4)

b
αv integrin inhibitor trial (n=2); bevacizumab trial (n=1); trial of paclitaxel linked to poly-L-glutamic acid (n=1)

c
rapamycin, lapatinib

d
Gene therapy (n=1), inhibitor of poly (ADP-ribose) polymerase (n=2), small molecule tyrosine kinase inhibitor (n=1), epidermal growth factor 

receptor variant III-based immunotherapy (n=2)

e
Vaccine trial of activated dendritic cells (n=2)
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