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Abstract

Background and Purpose—Regional differences in sensitivity to white matter damage after
brain radiotherapy (RT) are not well-described. We characterized the spatial heterogeneity of dose-
response across white matter tracts using diffusion tensor imaging (DTI).

Materials and Methods—~Forty-nine patients with primary brain tumors underwent MRI with
DTI before and 9-12 months after partial-brain RT. Maps of fractional anisotropy (FA), mean
diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD) were generated. Atlas-based
white matter tracts were identified. A secondary analysis using skeletonized tracts was also
performed. Linear mixed-model analysis of the relationship between mean and max dose and
percent change in DTI metrics was performed.

Results—Tracts with the strongest correlation of FA change with mean dose were the fornix
(=0.46 percent/Gy), cingulum bundle (-0.44 percent/Gy), and body of corpus callosum (-0.23
percent/Gy), p<.001. These tracts also showed dose-sensitive changes in MD and RD. In the
skeletonized analysis, the fornix and cingulum bundle remained highly dose-sensitive. Maximum
and mean dose were similarly predictive of DTI change.
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Conclusions—The corpus callosum, cingulum bundle, and fornix show the most prominent
dose-dependent changes following RT. Future studies examining correlation with cognitive
functioning and potential avoidance of critical white matter regions are warranted.
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Introduction

Radiation therapy (RT) is standard of care for most primary and metastatic brain tumors.
However, RT can damage healthy brain tissue, leading to neurocognitive deficits in verbal
and nonverbal memory, executive function, and attention and problem-solving [1].
Pathogenesis of this process involves white matter damage driven by vascular injury,
demyelination or axonal injury; parenchymal injury characterized by gliosis or
neuroinflammation; impairment of hippocampal neural stem cell function; and possibly
cortical thinning [2,3].

Despite advances in precision and conformality of RT delivery, there is little evidence
regarding regional sensitivity of the brain to radiation on which to base applications of these
technologies. There are no accepted regional dose constraints for white matter in
fractionated partial brain RT. Maximum dose constraints exist for brain parenchyma in
general, without distinguishing between cortex, white matter, and deep gray matter
structures. Based on evidence that radiation impairs hippocampal neural stem cell
differentiation [4], avoidance of the hippocampus during whole-brain RT for brain
metastases has gained some traction and has been associated with improved memory
preservation [5]. However, even without hippocampal damage, injury to its afferent and
efferent white matter pathways may still result in memory decline or other cognitive
impairment.

Radiation damage to white matter has been studied using diffusion tensor imaging (DTI), a
non-invasive method of measuring the diffusion of water at the cellular level. DTI models
the overall motion of water as an ellipsoid using a tensor model, with quantitative metrics
allowing the study of white matter or axonal structures. Generally, DTI changes have been
found to be progressive and occur after some threshold or in a dose-responsive manner [6—
8]. Studies have generally focused on one or a few selected white matter regions. Pediatric
patients have been found to have lower fractional anisotropy (more white matter disruption)
in frontal lobe, temporal lobe, and periventricular white matter after radiation [9-11]. Other
studies of adults have looked at only particular regions, such as the corpus callosum,
parahippocampal cingulum, brain stem, and limbic circuit [8,12,13]. Many of these studies
included patients receiving whole brain RT with a constant dose across the entire brain [9-
13].

We previously analyzed DTI metrics of white matter damage after RT and found
progressive, dose-dependent changes even at low doses and at time points early on after RT
[14]. However, it is unclear which white matter regions of the brain are the most sensitive to
radiation injury. Such insights would inform efforts towards cognitive-sparing RT. In this
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study, we sought to characterize the spatial heterogeneity of dose-response to DTI metrics
across white matter tracts using an atlas-based approach. The cohort consists of primary
brain tumor patients receiving partial brain RT, to explore dose response and sensitivity
across the entire white matter of the brain and across a range of probative doses.

Materials and Methods

Study Design

Study patients were treated with photon-based fractionated partial brain RT from January
2010 to December 2014. A total of 49 patients met criteria of MRI and DTI imaging [15] at
pre-RT (or within one week of RT start) and one year post-RT (9-12 months) time points.
Most patients were treated to 60 Gy in 30 fractions. Other dose schedules were converted to
a total 30 fraction equivalent dose using biologically equivalent dose principles [16] and an
a/p ratio of 2 Gy [14]. Treatment and demographic factors are shown in Supplementary
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 (echo time [TE]/
repetition time [TR] = 2.8/6.5 ms; inversion time [TI] = 450 ms; flip angle [FA] = 8 degrees;
field of view [FOV] = 24 cm; 0.93 x 0.93 x 1.2 mm) and a 3D T2-weighted FLAIR
sequence (TE/TR = 126/6000 ms; Tl = 1863 ms; FOV =24 cm; 0.93 x .093 x 1.2 mm).
Diffusion data were acquired with a single-shot pulsed-field gradient spin-echo-planar
imaging sequence (TE/TR = 96 ms/17 s; FOV = 24 cm, matrix = 128 x 128 x 48; slice
thickness = 2.5 mm) at b = 0, 500, 1500, and 4000 s/mmZ, 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 using a spherical harmonic representation of the gradient fields [17].
Diffusion scans were corrected for spatial distortions associated with gradient nonlinearities,
susceptibility (using a separate opposite phase-encoding polarity acquisition) [18], and eddy
currents (using a post-acquisition correction algorithm) [19]. The diffusion tensor at each
time point was calculated using mono-exponential fitting and data from all diffusion
weightings (b=0, 500, 1000, 4000 s/mmZ2). We analyzed four main diffusion metrics, each
computed as a map at each time-point [14]. These diffusion metrics are defined in detail
previously [14]: mean diffusivity (MD) represents the average mobility of water molecules
and is sensitive to edema; fractional anisotropy (FA) is an expression of the degree of
directional bias and hence a marker of microstructural white matter integrity; axial
diffusivity (AD) represents diffusion along the white matter axon and is thought to be
sensitive to axonal injury; radial diffusivity (RD) represents diffusion perpendicular to
axonal orientation and is a marker of demyelination [20,21].
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Weighted averages of T1 and T2 FLAIR images were calculated to account for edema and
other pathology during registration of diffusion images. Pre-RT MRI images were linearly
co-registered to the CT simulation images used in radiation treatment planning. The quality
of this registration was confirmed visually slice-by-slice, and the resulting transformation
matrix was used to resample the delivered radiation dose distribution to the MRI volume
space. To avoid bias to one time point [22], MRI volumes from each time point were non-
linearly registered to the MNI152 standard-space T1-weighted average structural template
image, a normal brain atlas, using FSL’s FNIRT, a standard nonlinear registration algorithm
which implements a “sum-of-squared differences” cost function [23,24]. Tumor and surgical
beds/scars were censored from consideration during the registration [3,14]. Successful
registration was confirmed via visual inspection. The resulting deformation fields were
applied to the diffusion images and pre-RT dose map.

Regions of Interest Analysis

With all patient diffusion scans in MNI space, regions of interest were defined using ICBM-
DTI-81 white-matter labels atlas [25]. Paired structures were considered as two observations
of one region. Twenty-one ROIs were identified. Representative tracts are shown and labeled
in Figure 1. A censoring mask including tumor, tumor bed, surgical cavity, surgical scars,
and any T2 FLAIR edema hyperintensity was manually drawn for each patient and for each
time point separately. To guard against the inclusion of non-white matter due to small
registration errors or misalignment of the ICBM-DTI-81 hand-drawn labels with our actual
subject anatomy, we excluded voxels with a baseline FA of less than 0.2 on the basis these
may not represent well-defined white matter tracts [26].

Skeletonized Analysis

Skeletonization of white matter tracts, as with FSL’s Tract-Based Spatial Statistics, is a
common method of aligning FA images from multiple subjects via projection onto an
alignment-invariant tract representation (the “mean FA skeleton) [26]. This process may
compensate for local registration errors and improve the sensitivity, objectivity and
interpretability of analysis of multi-subject diffusion imaging studies [27]. We undertook a
secondary analysis of skeletonized white matter tracts to determine if our findings were
reproducible with this method.

A mean of the FA images of all subjects was created and thinned to create a mean FA
skeleton which represents the centers of all tracts common to the group. Each subject's
aligned FA data was then projected onto this skeleton by assigning the maximum FA value
perpendicular to the skeleton to the nearest skeleton voxel [26]. The same projections were
also applied to all MD, AD, and RD maps to generate skeletonized forms of these maps as
well.

Statistical Analysis

Mean dose ranges to each tract are shown in Supplementary Figure 1, and voxel size of each
tract pre- and post-RT is shown in Supplementary Table 2. Mean values for MD, FA, AD,
and RD were obtained for each region of interest. We used R [28] and /me4[29] to perform
linear mixed effects analyses fit using maximum likelihood. Percent change from baseline to
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post-RT for each DTI metric was chosen as the dependent variable. A dose (continuous
variable, mean dose and max dose) by tract (categorical variable) interaction was included as
a fixed effect. To control for correlated observations within subjects, we tested a subject-
specific random intercept. Model selection was based on likelihood ratio tests of the full
model above versus reduced models. To correct for multiple comparisons, the p-values for
univariate, region-specific slopes (obtained based on restricted maximum likelihood) were
adjusted by Bonferroni correction. Regions with significant radiation dose-dependent change
in DTI metrics after adjustment were identified, defined as adjusted p-value < 0.05.

Region of interest analyses of white matter dose sensitivity with model coefficients
(representing percent change per Gy for mean and maximum dose) and p-values are shown
in Table 1. These data are graphically represented in Figure 2. Decreases in FA connote
white matter disruption. For correlation with mean dose, the white matter tracts most dose-
sensitive to decreases in FA were the column and body of fornix (=0.46 percent per Gy, p<.
001), cingulum bundle (-0.44 percent per Gy, p<.001), and body of corpus callosum (-0.23
percent per Gy, p<.001). For MD, the column and body of fornix, cingulum bundle, tapetum,
and genu and body of the corpus callosum were among the ROIs to show the most dose
sensitivity (p<.001), Table 1, Figure 2. These structures were similarly associated with
significant dose-dependent increase in RD as well. The posterior limb of the internal capsule
experienced dose-dependent increase in FA, decrease in MD and decrease in RD (Table 1).
With rare exception, correlations with mean and max dose were either both significant or
both not significant with similar coefficients. Decrease in FA and increase in MD were dose-
dependent in the splenium for maximum dose but not mean dose. Regions with statistically
significant dose dependency are shown superimposed on the MNI atlas in Figure 4. Greatest
dose sensitivity was observed in central limbic structures.

In the secondary analysis performed on skeletonized white matter tracts, the column and
body of fornix (-0.32 percent per Gy, p<.001) and cingulum bundle (-0.29 percent per Gy,
p<.001) again showed significant dose-dependent decrease in FA. The full results for this
analysis are shown in Table 2 and Figure 3.

Discussion

In this tract-based analysis of regional white matter damage after fractionated brain RT, we
found strongest dose-dependence within the corpus callosum, fornix, and cingulum bundle.
These regions exhibited dose-dependent increases in RD and MD and decreases in FA,
suggesting demyelination and loss of axonal integrity with progressive dose. Elucidation of
regional white matter sensitivity within the context of neural networks of memory and
higher-order cognition is critical to understanding the pathogenesis of radiation-induced
cognitive decline, as well as informing studies on cognitive-sparing RT. The white matter
regions identified in the current study have close interplay with the hippocampal network
and association cortex that also appear to be dose-sensitive [30,31], supporting the idea that
damage within these networks may mediate the neurocognitive sequelae of brain
radiotherapy.
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Pronounced dose-dependent changes were seen in the dorsal component of the cingulum
bundle. Though nuanced portions and connections of the cingulum bundle are still being
elucidated [32], in general this white matter structure projects from the cingulate gyrus to the
entorhinal cortex. The dorsal cingulum has widespread connections with the frontal lobe,
playing a role in attention, volitional control of cognition, and emotion. The ventral
cingulum, or parahippocampal component, is involved in visuospatial processing and verbal
memory [33]. Changes in the cingulum bundle are observed in many conditions such as
traumatic brain injury, mild cognitive impairment (MCI), and Alzheimer’s [32]. Cognitive
control in older adults is very sensitive to cingulum microstructure [34]. In patients with
MCI, changes within the ventral cingulum are predictive of (and detectable prior to)
hippocampal volume loss and memory performance [35]. While a previous study of
radiation effects on white matter found dose sensitivity to DTI changes in the
parahippocampal cingulum [36], we did not detect robust dose-sensitivity in this structure.
Indeed the distinction between the dorsal and ventral aspects of the cingulum are rather
arbitrary, and may vary by DTI atlas [25,32]. In our DTI atlas, the parahippocampal
cingulum is smaller, just the projections within the parahippocampal gyrus, thus changes
within this structure may be more influenced by partial voluming (for example by increases
in cerebrospinal fluid). Given our strict exclusion criteria and methodology which excluded
“non-white matter” voxels with FA<0.2, we may have been underpowered to detect dose-
dependent changes in the parahippocampal cingulum.

Increased vulnerability to dose-dependent change was also detected in the fornix. The
fornices originate from the bilateral hippocampi, merge at midline, and again diverge to the
septal nuclei, nucleus accumbens, and hypothalamus. An essential element of the limbic
circuit, injury or transection of the fornix is associated with memory loss, particularly in
episodic memory [37], which is the most common deficit seen after brain radiotherapy [38].
Studies have implicated the fornix as the site of the earliest and most robust changes in
Alzheimer’s disease [37]. While there has been intense focus on the effect of radiation on
the hippocampus [4] with hippocampal-sparing RT evaluated in nationwide clinical trials
[5,39], the associated white matter regions within the hippocampal network have largely
been ignored. This is the first study to show exquisite radiation dose sensitivity in the fornix,
the key afferent pathway from the hippocampus, suggesting that dose-dependent damage to
the fornix may contribute to impairment of the hippocampal network.

The corpus callosum facilitates communication between the left and right sides of the brain.
It consists of the genu and rostrum anteriorly, the splenium posteriorly, and the body in
between [33]. Lesion or transection, depending on the specific anatomical localization, may
lead to reduced processing speed, difficulty with visuospatial processing, dysnomia, and
other cognitive impairments [33]. Alterations in corpus callosum microstructure have been
shown to correlate with age-related reductions in processing speed [40], and are associated
with other cognitive disorders such as MCI, traumatic brain injury, and Alzheimer’s [41-43].

Our findings concur with a prior study of radiation damage to white matter after whole-brain
RT (WBRT) at doses of 30 or 37.5 Gy [44]. In that WBRT study, the greatest DTI changes
were seen, in descending order, in the inferior cingula, body of corpus callosum, and fornix.
While this is similar to what we have found here, we were able to demonstrate dose-
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dependent white matter damage by analyzing various tracts that received a wide range of
doses. These complementary studies suggest that the white matter regions highlighted are
most vulnerable to radiation damage, and our results, over a wider range of doses, suggest
they may be susceptible to damage even after low-dose radiation exposure. The clinical
significance of this requires further study. The use of a wider range of diffusion weightings
in the current study may yield a diffusion tensor more robust to variation in white matter
microstructure [14,15].

With respect to dose, a recent DTI study found that elongated white matter tracts after partial
brain RT responded more to maximum dose rather than mean dose [36]. The possibility of
serial structure response carries important implications for RT planning, as this suggests that
limiting hot spots within a tract is more important than limiting the mean dose delivered to
the entire structure. Our results showed no difference in DTI outcomes using mean or
maximum dose as the predictor of white matter damage. This discrepancy warrants further
exploration.

Although neurocognitive outcomes were not available for the patients in this study, the tracts
identified as particularly radiation sensitive are known to correlate with cognitive decline in
other diseases. Thus, the radiation-induced white matter damage described in our study has a
potential role in radiation-induced cognitive dysfunction. The fornix and cingulum bundle
are elements of the limbic system, an interconnected circuit including the hippocampus
which regulate emotion, memory and learning, behavior, and attention [45]. Implicated in a
range of disorders featuring cognitive dysfunction from MCI to Alzheimer’s and major
depression to schizophrenia [46,47], the limbic system has been investigated as a specifically
sensitive structure in whole-brain RT studies [13,44]. Indeed, brain RT patients experience
cognitive dysfunction similar to that of other disorders where damage to limbic structures is
believed to play a role.

There has been speculation that fibers that myelinate later in development are more
susceptible to injury than those developing first, a hypothesis known as retrogenesis [48].
The limbic and commissural pathways are among the last to myelinate [49] and indeed were
identified in this study as having the most pronounced dose-dependent response to radiation.
Consistent with studies of other white matter pathologies, early-myelinating tracts such as
the internal capsule or corticospinal tract were less sensitive [48]. The structures we
identified are also deep or periventricular white matter, perhaps implicating decreased
perfusion as a potential contributor [44,50].

Limitations to our study include its retrospective nature and potential confounding effects of
systemic therapy, tumor effects, surgical sequelae, or other factors affecting white matter
structure or integrity. Registration inaccuracy is always a concern in diffusion MRI, and we
have mitigated this concern by careful visual inspection and excluding voxels with a FA less
than 0.2. We also repeated the analysis on skeletonized white matter tracts which showed
retained significance for the fornix and cingulum. The corpus callosum lost significance in
the skeletonized analysis, which suggests there could have been some registration issues in
this region. We detected a counter-intuitive, dose-dependent increase in FA, or decrease in
RD, in a couple of instances. A possible cause of this include undetected resolution of
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edema not evident on imaging for censoring [51]. The posterior limb of the internal capsule,
did, interestingly, have the highest baseline FA in our study (0.58 for ROI-based analysis,
0.74 for skeletonized analysis). It is possible that these tightly-packed tracts were more
susceptible to mechanisms known to cause FA increase. For example, several studies have
demonstrated increased FA in traumatic brain injury (TBI) likely due to axonal swelling
[52]. Additionally, compression of brain tissue caused by tumor mass effect can also cause
increased FA in peri-tumoral white matter [53], and these effects may be preferentially seen
in tightly-packed, more organized white matter. Increase in FA can also be observed in areas
of crossing fibers as damage to these regions results in less crossing, and actually greater
anisotropy. A prior study concluded that increased fiber crossing and interaction with other
WM tracts, such as the interhemispheric projections, resulted in paradoxical results in
corticospinal tracts [54]. Finally, astrogliosis with compaction of axonal neurofilaments
could result in increased FA [55,56].

Our study lacks histopathological outcomes, though preclinical data show a correlation
between changes in diffusivity metrics and white matter damage [20]. Given that radiation
damage evolves over several years, future studies should examine effects at longer follow-up
after RT. The precise relationship between the changes observed here and cognitive decline
is unclear. Studies correlating the changes seen here with post-RT cognitive decline are
underway at our institution.

Conclusions

Among white matter tracts, we detected the most prominent dose-dependent changes after
RT in the corpus callosum, cingulum bundle, and fornix. Susceptibility to radiation-induced
white matter damage may follow patterns seen in other cognitive disorders such as the
retrogenesis model in Alzheimer’s disease. This may support future study into dose-sparing
protocols for avoidance of not only the hippocampus, but of associated white matter
structures that may contribute to cognitive decline.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SFOF BCC

Fig 1.
Rgpresentative JHU ICBM-DTI-81 white-matter atlas labels overlaid on our cohort’s mean
FA image and mean FA skeleton. GeCC, genu of corpus callosum; ACR, anterior corona
radiata; AIC, anterior limb of internal capsule; PIC, posterior limb of internal capsule; RIC,
rentrolenticular part of internal capsule; PTR, posterior thalamic radiation; SpCC, splenium
of corpus callosum; Tp, tapetum; FcSt, fornix (cres)/stria terminalis; EC, external capsule;
SLF, superior longitudinal fasciculus; Cb, cingulum bundle ; F, fornix (column and body of
fornix); SS, sagittal stratum; Cp, cingulum (parahippocampal); PCR, posterior corona
radiate; SFOF, superior fronto-occipital fasciculus; BCC, body of corpus callosum; SCR,
superior corona radiata. Note: uncinate fasciculus and corticospinal tracts not shown.
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Linear mixed model coefficients; whole ROI analysis. Vertical ticks represent percent
change per Gy. Shaded widths are 95% confidence intervals adjusted for multiple
comparisons. Statistical significance (p<.05, Bonferroni adjusted for n=21) is color-coded.
Solid lines are correlations with mean dose; dashed lines are correlations with maximum
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Linear mixed model coefficients; skeletonized tract analysis. Vertical ticks represent percent
change per Gy. Shaded widths are 95% confidence intervals adjusted for multiple
comparisons. Statistical significance (p<.05, Bonferroni adjusted for n=21) is color-coded.
Solid lines are correlations with mean dose; dashed lines are correlations with maximum

dose.
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Fig 4.

Rggional sensitivity to radiation. Tracts are filled with their corresponding coefficient for
percent change in FA (from the model correlating mean dose to changes in the whole atlas
ROI) and color coded according to value. Only statistically significant coefficients are
shown. The signs for coefficients are flipped, i.e. FA is expected to decrease, so greater
decreases in FA are represented by positive numbers and intensifying red color.
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