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Sequelae after pediatric cranial radiotherapy (CRT) result
in long-term changes in brain structure. While past evidence
indicates regional differences in brain volume change, it
remains unclear how these manifest in the time course of
change after CRT. In this study, we spatiotemporally
characterized volume losses induced by cranial irradiation
in a mouse model, with a dense sampling of measurements
over the first week postirradiation. Wild-type mice received
whole-brain irradiation (7 Gy) or sham irradiation (0 Gy) at
16 days of age. In vivo magnetic resonance imaging was
performed at one time point before, and 2-4 time points
postirradiation in each mouse, with a particular focus on
sampling during the first week after cranial irradiation.
Volume changes across the brain were measured, and the
degree and timing of volume loss were quantified across
structures from a predefined atlas. Volume measurements
across the brain after cranial irradiation revealed a ~2-day
delay in which volume is not significantly altered, after which
time volume change proceeds over the course of four days.
Volume losses were 3% larger and emerged 40% slower in
white matter than in gray matter. Large volume loss was also
observed in the ventricles. Differences in the timing and
magnitude of volume change between gray and white matter
after cranial irradiation were observed. These results suggest
differences in the mechanism and/or kinetics underlying the
associated radio-response, which may have implications in
development. © 2021 by Radiation Research Society
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INTRODUCTION

Cranial radiotherapy (CRT) is a vital component of
treatment for pediatric brain tumors. For patients with
medulloblastoma, combination treatment including CRT
leads to almost 90% five-year survival for low- or average-
risk patients (/). Unfortunately, 90% of survivors treated
with CRT also exhibit late effects that affect memory,
attention and processing speed (2, 3). As a result, these
survivors are observed to achieve reduced levels of
education, full-time employment and household income
(4). Options to manage late effects are limited, so research
to understand, prevent and treat them is an important
priority.

Magnetic resonance imaging (MRI) has demonstrated that
cranial irradiation also leads to alterations in brain structure
(5-8). Deficits in memory capabilities are associated with
decreased volume in the hippocampus (5, 6), a region
critical for learning and memory. In addition, decreased
white matter volume after CRT has been shown to predict
poor attention and processing speed in pediatric brain tumor
survivors (7-9). The study of the mechanism of radiation-
induced brain structure changes is challenging in clinical
populations due to the years over which they may develop,
and obvious limitations in experimentally varying CRT
prescription. Accordingly, small animal models provide an
important alternative for testing hypotheses or candidate
interventions. Rodents, in particular, have a faster rate of
development than humans and have been shown to
recapitulate many of the structural changes in the brain
observed in clinical populations treated with CRT (/0).

Two important observations from cranial irradiation
studies in the mouse motivate the current study. First, using
MRI to evaluate brain structure after cranial irradiation in
juvenile mice, Nieman et al. observed that the bulk of
radiation-induced volume loss occurs during the early time
period after cranial irradiation (~1 week). Subsequently,
growth is consistent with sham-irradiated animals, resulting
in a persistent deficit into adulthood (/0). This suggests that
the volume losses occurring shortly after cranial irradiation
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are predominantly responsible for the long-term volume
deficits observed. Interestingly, much of the early volume
decrease described by Nieman et al. is attributable, at least
in part, to the action of p53 (/7). Knockout of p53 sig-
nificantly reduces the volume loss observed in the dentate
gyrus (DG), olfactory bulbs, pons, optic tract, midbrain,
internal capsule and other structures (/7). It seems likely
that this result is linked to the role of p53 in apoptosis after
cranial irradiation, which is initiated within hours of
treatment.

Second, Beera er al. demonstrated that some brain
structures, even when nonirradiated, exhibit volume loss
after irradiation elsewhere in the brain (/2). Surprisingly,
this was particularly true in white matter. In this case, the
anterior commissure exhibited decreased volume after
irradiation of the olfactory bulb or subventricular region
but not when directly irradiated. This suggests an important
contribution of “‘off-target’ effects, so that volume loss in a
region is not solely a reflection of the radiation dose
delivered at that location.

Based on these two observations, we hypothesized that
volume loss over the 7-10 days postirradiation would reveal
heterogeneity across brain regions. We expected to see two
dependencies: 1. regions of white matter may show a
pattern of delayed volume loss, owing to the influence of
radiation to connected brain regions; and 2. regions known
to have a high density of apoptotic cells after irradiation
(e.g., the DG) would show early and more extensive volume
loss. Previously available imaging data do not capture
changes in brain development with sufficient sampling over
the days immediately after irradiation to address these
hypotheses. The goal of the current work was to map the
spatiotemporal volume changes in the mouse brain over the
first week after cranial irradiation.

MATERIALS AND METHODS
Mice

Ethics approval was obtained from the animal care committee of the
Centre for Phenogenomics (AUP #20-0227H). Wild-type C57BL/6J
mice were imaged by MRI at postnatal day (P)14, received 7 Gy (or 0
Gy - sham) at P16, and then were imaged an additional 2—4 times
across time points P17 to P28. Mice were grouped into cohorts with
different imaging schedules to ensure that, for each time point,
imaging data were obtained from at least three different litters but that
no mice were imaged more frequently than every two days. This
strategy aided in accounting for effects of litter variance (/3). To place
the measured changes in the context of longer-term volume changes,
mice (n = 46) were included in which imaging was performed over a
more extended period, with time points at P14, P23, P42 and P98.

Cranial Irradiation

In this work, a single 7 Gy (or 0 Gy) dose of cranial irradiation was
delivered to a mouse model for pediatric radiotherapy to induce
volumetric changes in the brain which recapitulate changes observed
in patient populations (/0). Assuming a fractionation sensitivity o/ of
2 Gy for brain tissue, and that the linear-quadratic model is
representative of the radiobiological response (/4), a single 7 Gy
dose corresponds to 16 Gy given in daily doses of 2 Gy (/5). Although
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this dose is slightly lower than typical for treatment of brain tumors, it
is in a relevant range for CRT in patients treated for acute
lymphoblastic leukemia and we have shown that it leads to volume
changes in the mouse brain that are comparable with those observed in
brain tumor survivors (/0). Furthermore, although radiation is
typically given via a fractionated dosing scheme in patients, the rapid
development rate of the mouse makes this impractical for studies of
the effect of cranial irradiation on development (/6).

At P16, mice were anesthetized with an intraperitoneal (IP)
injection of ketamine (100 mg/kg) and xylazine (10 mg/kg) and were
placed in a holder comprised of a low-density polyethylene material.
To shield the body of the mice from radiation, the polyethylene holder
containing the anesthetized mice was placed in a custom-made shield
consisting of five layers of lead (153 mm X 110 mm X 7 mm each)
stacked both superior and inferior to the holder. We previously
calibrated the delivered dose to the head and body within the lead
shielding using radiochromic film, where we identified a 15-mm
penumbra (/7). The position of the mice under the lead shield ensured
that the penumbra was behind the base of the skull. This positioning
exposed the bodies to approximately 10% of the target dose (/7).
Anterior-posterior-posterior-anterior (AP-PA) orientation was
achieved through the use of two 'Cs sources (Gammacell® 40
Extractor; Best® Theratronics Ltd., Ottawa, Canada). With the lead
shield in place, mice then received a single 7 Gy dose (or 0 Gy) to the
whole brain using a '*’Cs source at a rate of 0.6 Gy/min (10, 17, 18).
The Fricke dosimetry system was used to calibrate the '’Cs source
(19). Calibrations and performance checks on the spectrophotometer
and densitometer were carried out using the National Institute of
Standards and Technology (NIST)-traceable standard reference
materials (20).

Magnetic Resonance Image Acquisition and Processing

A cohort of 85 irradiated (male = 30, female = 55) and 38 controls
(male = 18, female = 22) were used to assess volume change over the
12 days postirradiation. Data from an additional 24 irradiated (male =
11, female = 13) and 21 controls (male = 12, female =9) were used to
provide longer-term volume data. Data from an additional 24
irradiated and 22 control animals were used to provide longer-term
volume data. All MR images were acquired on a multi-channel 7 Tesla
(T) MRI scanner equipped with 4 cryocoils that enable simultaneous
imaging of 4 mice in vivo (21). At 24 h prior to the scan, mice received
an IP injection of 0.4 mmol/kg of 30 mM manganese chloride (MnCl,)
solution to enhance neuroanatomical contrast (22). During the scan,
mice were placed on a custom-made bed that was maintained at a
temperature of 29°C. Mice were anesthetized with a steady source of
1-2% isoflurane.

Images were acquired with the following parameters: T1-weighted,
3D gradient echo sequence, TR =26 ms, TE = 8.25 ms, flip angle =
26°, field-of-view =25 X 22 X 22 mm, matrix size = 334 X 294 X 294
[omitting corners of k-space in the phase-encode directions for more
rapid acquisition (23)], number of averages = 2, total acquisition time =
58 mins, isotropic resolution =75 pm. At the completion of the scan,
mice were moved into a heated cage to allow time to recover from the
anesthesia, at which time they were returned to their home cages.

Statistical Analysis

Once the images were acquired, a registration-based image analysis
pipeline developed at the Mouse Imaging Centre (MICe, Toronto,
Canada) was used to align the images together for quantitative
comparison of structure between images. A pre-segmented atlas (24—
27) was registered to the aligned images to generate structure-wise
volumetric data for each individual image across 182 segmented brain
regions (combining left and right regions into one, as appropriate) (28).

The derived neuroanatomical volumes were fit with a linear mixed-
effects model including mouse-, and litter-specific random intercepts
and fixed effects accounting for sex, age and treatment (7 Gy vs. 0 Gy)



396 AYOUB ET AL.

in the study time course. In our model, a natural spline [degrees of
freedom (df) = 2] was used to model the growth of healthy controls
over the study time course. In contrast, radiation-induced deviations
from normal growth were accounted for by: 1. an offset accounting for
possible changes present at day 17; 2. an exponential term modeling
volume loss through the early postirradiation period; and 3. a linear
change in growth rate to account for long-term growth changes. The
total radiation-induced volume change was represented by the
following equation:

Verr(t) = Vo(1 — exp{—1/L}) + Bage? + Bp17s (1)

where Ve (f) represents the volume change for a structure at time t, V/,
represents the total volume change for a structure (which we expected
to be negative for irradiated mice and is expressed as a percentage
change after normalization to P17 volumes) over the early
postirradiation period (exclusive of any long-term growth changes),
t represents time in days (with origin at P17), A represents an
exponential time constant (i.e., the time in days required for 63% of
the volume change V), P! represents a linear change in growth to
account for long-term growth changes, and f; represents volume
change induced already by P17. An estimate for the A coefficient was
obtained by a search over the range 1 to 8 days (at 0.2-day intervals)
followed by interpolation to minimize sum of square residuals. The
interpolated A coefficient was then used to estimate the V, term for a
given structure.

After fitting the model to all structure volume time courses, the
analysis proceeded in two serial steps. In the first step, we identified
all structures that exhibited a significant effect of radiation treatment.
For this purpose, we employed a likelihood ratio test, comparing the
complete linear mixed effects model with an equivalent model that
excluded the terms representing radiation-induced change. The
Satterthwaite approximation was subsequently used to estimate the
degrees of freedom for evaluation of significance for individual
coefficients (29). We corrected for multiple comparisons using the
false discovery rate (FDR) method (30). In the second step, within the
identified structures, we evaluated possible differences in time
constant (A) or magnitude of early volume change (V). We will refer
to the V,, term as the volume change induced by cranial irradiation, and
the Pa.! term as changes in growth rate.

Dependence of volume change or timing on of the volume change
time course was assessed in two ways: 1. brain structures were
separated into four groups comprised of gray matter, white matter,
cerebral spinal fluid (CSF), and uncategorized atlas structures to
compare differences in the timing and magnitude between them; 2.
brain structures were separated based on results from de Guzman et al.
(/1), which indicated that p53-knockout led to a reduction in the
extent of radiation-induced volume loss in certain brain regions. For
the latter, brain structures were separated into two groups based on
sensitivity or insensitivity of the radiation-induced change to p53 loss.
The two groups were established using the previously published
results from de Guzman et al. (11) by choosing brain structures with a
t-statistic in the top versus the bottom third of the distribution,
respectively, labeled sensitive and insensitive to p53-knockout.
Results did not exhibit a normal distribution across the V, and A
terms, so we evaluated potential group difference through a non-
parametric Mann-Whitney U test (37).

RESULTS

Widespread Volume Losses Present in Adulthood after
Cranial Irradiation at a Juvenile Age

Using longitudinal MRI, we identified 101 structures
exhibiting a significant difference in the volume change
time course due to cranial irradiation (using a threshold of q
< 0.01 based on a likelihood ratio test). This included 62%
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of gray matter structures in the atlas (82 of 134 regions),
28% of white matter structures (11 of 39 regions), 100% of
CSF structures (4 of 4 regions) and 67% of the
uncategorized atlas structures (4 of 6 regions).

At P98, long-term volume changes showed widespread
deficits in irradiated mice when compared to controls (Fig.
1). Notable volume changes included the olfactory bulb
(granule cell layer) (14.9%), pituitary gland (12.5%), corpus
callosum (11.1%) and DG (molecular layer) (10.1%).
Comparative analyses of differences in radiation-induced
volume loss or time constants were subsequently conducted
using only these 101 identified structures. A summary of the
results for all structures is provided in Supplementary Table
S1 (https://doi.org/10.1667/RADE-21-00013.1.S1).

Crainal Irradiation Leads to a Delayed Onset of Volume
Loss which Manifests over the First Week Postirradiation

To better understand the evolution of radiation-induced
volume changes, we calculated the rate of change of
structure volume for each structure over time (in mm?*/day
or %/day as computed from the linear mixed-effects model),
thus highlighting times of greatest difference in growth
relative to controls. As shown in Fig. 2, few changes in
volume were observed at P17 (one day after irradiation).
Subsequently, volume loss, as characterized by the
exponential term, was observed over much of the brain.
Widespread growth differences waned over the course of a
few days so that, by P22, few differences were observed
throughout the remainder of the early time period after
irradiation. Overall, these results indicate that there is an
initial 1- to 2-day delay after irradiation in which volume is
not significantly perturbed, after which volume change
proceeds over the course of ~4 days. After this time,
growth is largely normal in irradiated mice. This demon-
strates the expected result that the long-term deficits in
volume after CRT are largely a result of the volume losses
which manifest over the early time period postirradiation,
rather than a persistently decreased growth (/0).

White and Gray Matter Differences in the Timing of Volume
Loss in the Week Postirradiation

The magnitude of cumulative volume loss through the
days immediately after irradiation (as assessed by the V,
coefficient) ranged from 4 to 27% of P17 volume. We
observed a trend in the magnitude of volume loss, where the
median volume loss for gray matter structures was 9.7%,
while white matter structures exhibited a median of 12.1%
volume loss after CRT (P = 0.056, not significant) (Fig. 3).
Across the brain, the median magnitude of volume loss was
approximately 10%. Among the largest decreases were
those observed in ventricular regions, including the lateral
ventricles (27% volume decrease) and the third ventricle
(26% volume decrease). Figure 4A and B represents
structures exhibiting ‘“small” and ‘‘large’” volume changes
over the postirradiation time period, respectively.
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Anatomy P98

Percentage volume difference

FIG. 1. Percentage volume differences across irradiated and control mice at the P98 time point after cranial
irradiation at a juvenile age. Images under the ‘‘Anatomy’ header represent coronal slices of a consensus
average brain image. The image panels from left to right and top to bottom represent consecutive coronal slices,
proceeding from caudal to rostral slices. The position of the slices can be seen in the sagittal brain legend (top
right). Images under the “P98”’ header represent the same set of slices, with a color scale superimposed to
represent radiation-induced volume changes. The color scale shows percentage volume difference by structure
across irradiated and control mice. Results demonstrate widespread volume losses.

A significant difference in the timing of volume loss structures exhibiting ‘“‘fast” and ‘‘slow’’ emerging volume
across gray and white matter structures was observed (P =  changes over the postirradiation period.
0.023), where the median time constant value was 2.7 and In addition to the grouping of gray and white matter, we
3.8 days, respectively (Fig. 5). Figure 4C and D represent  also compared the timing and magnitude of volume loss

Anatomy P17 P18 P19 P20 P21 P22 P23 P25 P28

Growth rate difference, CRT vs.
sham-irradiated mice (%/day)

FIG. 2. Structure-wise analysis of growth differences in irradiated mice during the early time period after
cranial irradiation. Using our linear mixed-effects model, we calculated the percentage change in growth rate
attributable to cranial irradiation. All values (in mm?/day) were normalized with respect to P17 volume
estimates. The position of the slices can be seen in the sagittal brain legend in the upper right. Results
demonstrated ~2 days in the onset of volume loss after cranial irradiation, which then manifests over the course
of ~4 days. Early volume losses were largely followed by normal growth.

Downloaded From: https://bioone.org/journals/Radiation-Research on 15 May 2024
Terms of Use: https://bioone.org/terms-of-use



398 AYOUB ET AL.

A  Anatomy Magnitude of volume loss

Percentage volume loss

20+

10+

Percentage volume loss

GM WM

FIG. 3. Examination of differences in the magnitude of volume loss across brain structures demonstrating a
significant difference in the volume change time course due to cranial irradiation (using a threshold of q < 0.01
based on a likelihood ratio test). Panel A: Structure-wise analysis of the magnitude of volume loss through the
early postirradiation period. To examine the magnitude of initial volume loss, the normalized V, term was
visualized, indicating the relative extent of loss that occurred for each structure. Results indicated a trend in the
magnitude of volume loss across gray and white matter structures (P = 0.056, not significant), where the median
volume loss postirradiation was 9.7% and 12.1%, respectively. Panel B: Plot recapitulates results from panel A,
but specifically compares gray and white matter differences in the magnitude of volume loss. The x-axis
represents brain regions placed into two groups based on classification as gray matter (darker points) or white
matter (lighter points). The y-axis represents the percentage volume loss. Points in the plot represent distinct
brain regions.
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FIG. 4. Visualization of volume change over time in representative brain regions. Adjusted volumes were
generated by subtracting the mouse-, and litter-specific random intercepts from raw data and then visualized by
group with fit lines. For each plot (panels A-D), the x-axis represents age, while y-axis represents the volume of
voxels within the structures. Points within the plots represent individual mice, with darker points representing sham
controls, and lighter points representing mice receiving cranial irradiation. Points were fit using the linear mixed
effects model, where a natural spline was used to model the time course of normal growth. Panels A and B: Plots
represent structures exhibiting ‘‘small”” and ‘‘large’” magnitude volume changes over the time period
postirradiation, respectively. The secondary motor cortex exhibited a small volume loss of ~4% after cranial
irradiation, while the stria terminalis exhibited a large volume loss of ~13%. Panels C and D: Plots represent
structures exhibiting “‘fast” and ‘“‘slow’ emerging volume changes over the time period postirradiation,
respectively. The dentate gyrus (granule cell layer) exhibited fast emerging volume changes with a A value of 2.6
days, while the cerebral peduncle had a more protracted emergence of volume change, with a A value of 7.0 days.

across regions previously shown to have altered radiation-
induced volume changes after knockout of p53. This dem-
onstrated no significant differences in either the timing (P =

0.180) or magnitude (P = 0.235) of volume loss (Fig. 6).

DISCUSSION

Radiation therapy is vital in the treatment of brain cancer,
but is associated with late effects, i.e., delayed side effects
that appear months or years after the onset of treatment,
which are associated with decreased quality of life (2, 3, 9,
32, 33). These late effects are particularly prevalent in
pediatric brain tumor patients (34), and have been shown to
include progressive cognitive deficits (7). Most notably,
deficits in memory, attention and processing speeds have
been observed in pediatric patients treated for brain tumors
(35). These cognitive deficits have been recapitulated in
mouse models for pediatric radiotherapy. For example,
juvenile-irradiated mice have exhibited decreased perfor-
mance in spatial and working memory in adulthood (35,
36), as well as long-term changes in the structure of

associated brain regions (37, 38).
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To better understand the emergence of structural
differences observed in the brain after irradiation, this study
spatiotemporally characterized volume losses over the early
postirradiation period across the brain. We determined that
timing of radiation-induced volume loss appeared to differ
across gray and white matter, with white matter volume loss
emerging approximately 40% slower than gray matter
volume loss. We also found a trend indicating larger
volume loss in white matter compared to gray matter, as
expected from previously published findings (/0, /8). On
the other hand, an examination of potential differences in
these parameters between regions previously identified as
sensitive to p53-mediated CRT-induced volume loss
demonstrated no significant differences. Together, these
results suggest that apoptosis alone does not explain the
widespread volume losses observed after irradiation. It
seems likely that other radio-responses, e.g., secondary to
increased inflammation (39) and decreased neurogenesis
(40), play an important role in contributing to the volume
loss and time course observed.

Unexpectedly, volume decreases in the CSF of the
ventricles were found to be particularly large over the week
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FIG. 5. Examination of differences in the timing of volume loss across brain structures demonstrating a
significant difference in the volume change time course due to CRT (using a threshold of q < 0.01 based on a
likelihood ratio test). Panel A: Structure-wise analysis of the timing of volume loss after cranial irradiation. The
A value unique to each structure is shown in the color map, and indicates the days required for 63% of the
volume loss V,, to occur. Results indicated a significant difference in the timing of volume loss across gray and
white matter structures (P = 0.023), with white matter volume loss emerging slower than gray matter volume
loss. Panel B: Plot recapitulates results from panel A, but specifically compares gray and white matter
differences in the timing of volume loss. The x-axis represents brain regions placed into two groups based on
classification as gray matter (darker points) or white matter (lighter points). The y-axis represents the percent
volume loss. Points in the plot represent distinct brain regions.
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FIG. 6. Examination of differences in the timing and magnitude of volume loss across regions based on influence of p53-knockout on
radioresponse. Panel A: The x-axis represents brain regions placed into two groups based on elevated (lighter points) or limited sensitivity (darker
points) to pS3-knockout. The y-axis represents the percentage volume loss. Points in the plot represent distinct brain regions. Results indicated no
significant differences in the magnitude of volume loss across brain regions. Panel B: The same plot as panel A but with the y-axis derived from
the timing of volume loss in days. Points in the plot represent the brain regions which exhibited a significant corrected effect of cranial irradiation
during the early postirradiation period. Results indicated no significant differences in the timing of volume loss based on this grouping of

structures.

after irradiation. Typically, in the presence of brain tissue
atrophy, CSF spaces are enlarged in relationship to the
intracranial volume to compensate for tissue volume loss
(41). Instead, we demonstrate a large decrease in the
volume of CSF structures. This result may stem from the
fact that this study is examining changes in brain structure
in a developmental context, whereas atrophy is more
frequently observed in the context of neurodegeneration
associated with normal aging or adult-onset pathologies. A
possible mechanism for this result might stem from
radiation-induced damage to the choroid plexus (CP). This
structure lies within the lateral and fourth ventricles in the
brain and is known to generate and clean the CSF (42).
Damage to the CP may lead to decreases in the production
of CSF, leading to the observed decreases in ventricular
volumes, with possible consequences for the brain.
Unfortunately, it is not possible to assess the CP through
the image registration and analysis steps used in this study
since the CP is highly variable in morphology from one
mouse to the next.
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The characterization of the timing of volume loss
throughout the time period postirradiation demonstrated a
delay before volume loss was observed (i.e., change was not
present at P17, but began emerging thereafter). This is of
interest, since it has previously been shown that cellular
apoptosis is extensive within 8 h of irradiation in the DG
and the subventricular zone (SVZ) (/7). It is possible that
the temporal delay observed is consistent with the duration
of apoptotic processes (43) and subsequent clearance of
cellular debris, which is more protracted. Thus, although the
initial phase of apoptosis is observed within hours, any
resulting volume loss to which structural MRI is sensitive is
expected to occur over a more extended period. Nonethe-
less, while the timing of volume loss is not inconsistent with
apoptosis, much of the brain, including regions with more
limited apoptosis, exhibited a similar pattern of volume loss,
suggesting other contributing factors.

Several different mechanisms and their combination may
contribute to the volume losses observed, with potential for
significant regional dependencies. For example, CRT in
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pediatric populations is also associated with elevated risk
for endocrine late effects, often associated with growth
failure, obesity or altered pubertal timing (44, 45). In our
mice, an examination of the long-term effects of cranial
irradiation on the pituitary gland demonstrated a 12.5%
volume loss. Hypopituitarism would have widespread
implications for brain development (46, 47). Radiation-
induced growth hormone deficiency is associated with
decreased IQ scores and lower socioeconomic status (47,
48). Radiation-induced changes in both the population and
activation state of microglial cells is reported to be time-
dependent and might also be expected to produce
widespread volume changes (49, 50). More locally,
decreased neurogenesis after radiotherapy and its possible
association with cognitive performance has been widely
studied in animal models. Even at low doses, cranial
irradiation disrupts the neurogenic niche within the DG of
the hippocampus (57, 52). The radiation-induced damage to
this niche is associated with increased apoptosis (53, 54),
decreased cell proliferation (54, 55) and decreased neuronal
differentiation (56). Volume changes within the hippocam-
pus therefore, at least in part, are likely reflective of
apoptotic and neurogenic changes (/7). Lastly, we note that
alterations in dendritic pruning and synaptic density have
been reported postirradiation, which could contribute
volume change in regions with high dendrite and synapse
density (37, 38, 57).

The differences across gray and white matter in the timing
of volume loss from this study complement results
discussed by Beera et al. (12). In that work, spatial
localization of radiation was used to demonstrate that a
significant portion of volume loss in white matter regions
may stem from off-target effects (i.e., secondary to radiation
delivered in other brain regions) (/2). The finding that gray
matter regions exhibit volume losses at an earlier time than
do white matter regions is consistent with the hypothesis
that white matter volume loss may be partly dependent on
damage in connected gray matter. For instance, it is possible
that radiation-induced damage or apoptosis of neuronal cell
bodies leads to degeneration of, or to downstream structural
changes in, associated axons.

The data obtained in this study provides a more complete
description of the time course of brain structure change after
cranial irradiation in a mouse model than was previously
available. We have shown that a delay in the onset of
volume loss is present after cranial irradiation, with volume
losses manifesting over the course of a week with an
average exponential time constant of 4 days. Furthermore,
we observed differences in the timing of volume between
gray and white matter, with slightly delayed volume losses
seen in white matter regions.

SUPPLEMENTARY INFORMATION

Table S1. Summary of model output for all structures.
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