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Learning Objectives

* To learn about delayed adverse effects of cranial irradia-
tion on the central nervous system.

e To recognize common clinical syndromes induced by cra-
nial irradiation, such as leukoencephalopathy, brain atro-
phy, and cognitive impairment.

* To review common risk factors associated with delayed
adverse effects of cranial irradiation.

* To review the current understanding of potential mecha-
nisms underlying delayed neurotoxic effects of cranial
irradiation.

e To learn about potential management strategies to prevent
and treat neurotoxic syndromes following cranial
irradiation.

Introduction

As survival of primary and secondary malignancies of the
central nervous system improves with the efficacy of anti-
cancer therapies, the delayed adverse effects of radiotherapy
have been increasingly recognized as an important clinical
problem facing patients and clinicians seeking to maximize
both survival and quality of life in the posttreatment period.

Complications of cranial irradiation are conventionally
categorized into early manifestations, including acute and
early delayed radiation injury, and chronic manifestations, or
late radiation injury [1]. Early manifestations include fatigue,
alopecia, dermatitis, cerebral edema, and the somnolence
syndrome and typically manifest within weeks (acute) to
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6 months (early delayed). While debilitating, these changes
are typically transient and reversible. Manifestations of late
radiation injury, including leukoencephalopathy, hydroceph-
alus, and cerebral atrophy, typically manifest after 6 months
and in some cases years after treatment and can be associated
with severe, debilitating, and usually irreversible clinical
sequelae. These include progressive cognitive impairment,
urinary incontinence, and gait dysfunction [2—6]. The current
chapter will focus on the pathophysiology, diagnosis, and
management of delayed leukoencephalopathy and cerebral
atrophy.

Pathophysiology

A variety of pathophysiologic mechanisms have been impli-
cated in late radiation injury, including neurovascular toxicity,
neuroinflammation, and damage to diverse neural cell types.

It is known from preclinical studies that radiation induces
vascular endothelial damage and endothelial cell apoptosis
[7]. This may lead to fibrinoid necrosis of small vessels, in
turn giving rise to capillary leakage, cerebral edema, spon-
giosis, and rarefaction of the white matter [2, 8§].
Cerebrovascular mortality from stroke and intracerebral
hemorrhage is increased in patients who have received cra-
nial irradiation [9-11]. The adverse vascular effects of
delayed radiation injury may be mediated by local tissue
ischemia and the release of vascular endothelial growth fac-
tor (VEGF) [12].

Indeed, inhibition of VEGF with the monoclonal antibody
bevacizumab has been shown to attenuate the radiographic
abnormalities associated with delayed radiation necrosis and
has been used in patients suffering from this complication [13].

A growing literature from preclinical and clinical studies
also implicates damage to neuronal and glial progenitor cells
within the dentate gyrus of the hippocampus, subventricular
zone, and subcortical white matter as an important cause of
delayed radiation injury and cognitive decline [14-20].
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Specifically, the hippocampal dentate gyrus is an impor-
tant region for adult neurogenesis and critical for the main-
taining of the cellular hippocampal architecture that
underlies learning and memory, spatial processing, and pat-
tern separation [21-28]. Not surprisingly, disruption of
adult hippocampal neurogenesis has been identified as a
potential cause of radiation-induced cognitive impairment
[19]. In addition, the subventricular zone (SVZ) and paren-
chymal white matter, known to harbor self-renewing glial
progenitor cells essential to neuroplasticity, myelination,
and endogenous neural repair, have been shown to be sensi-
tive to the effects of radiation, and their depletion may con-
tribute to the delayed cognitive decline, demyelination, and
cerebral atrophy that commonly afflict long-term survivors
[16,29-31].

In an effort to minimize radiation-induced damage to hip-
pocampal structures relevant to learning and memory, hippo-
campal-sparing radiotherapy techniques have been developed
and appear to improve long-term cognitive outcomes in
patients with brain metastases, though this may or may not
be an option depending on the extent and distribution of a
patient’s disease [32]. A phase III study is ongoing to cor-
roborate the results of this phase II trial.

Lastly, the role of inflammatory changes has been increas-
ingly recognized as a key factor in radiation-induced neuro-
toxicity. Radiation is known to induce microglial activation
and release of neurotoxic cytokines including tumor necrosis
factor alpha (TNF-a) and interleukin-1 beta (IL-1p) [14,
33-37]. These inflammatory changes likely contribute to
neurovascular damage and direct cytotoxicity, though the
precise role of the inflammatory process in delayed radiation
injury remains an area of current investigation.

Risk Factors

A variety of risk factors predicting delayed radiation injury
have been established. Chief among them are radiation
dose, fractionation schedule, the use of concurrent medica-
tions, and underlying patient-specific factors. Radiation
doses of more than 20 Gy are considered sufficient to
cause white matter changes on magnetic resonance imag-
ing (MRI) in patients surviving longer than 1 year
(Fig. 39.1). Doses of 72 Gy or higher are associated with
increased risk for focal radiation necrosis in at least 5% of
patients, though radiation necrosis can also be encountered

Fig.39.1 MRI scan of a 66-year-old female with metastatic non-small
cell lung cancer, treated with whole brain radiation (35 Gy). (a) Axial
T2/FLAIR MRI scan prior to radiation therapy without evidence of leu-
koencephalopathy. (b) Axial T2/FLAIR MRI scan 3—-4 years after

whole brain radiation therapy showing diffuse subcortical leukoenceph-
alopathy. The patient was symptomatic with cognitive decline and gait
difficulties
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with lower radiation doses and with some heterogeneity
among brain regions in their inherent propensity for tissue
damage (Fig. 39.2). There is also evidence that fraction
sizes exceeding 2 Gy are more commonly associated with
delayed neurotoxicity [38—41].

Aside from the absolute radiation dose and fraction size,
it is well established that whole brain radiation therapy
(WBRT) confers significantly greater risk for delayed toxici-
ties than partial radiation therapy. Regimens that combine
WBRT and stereotactic radiosurgery (SRS) appear to induce
the greatest declines in performance across an array of neu-
rocognitive domains in surviving patients [42-44].
Recognition of these risk factors has led to a shift in practice
toward smaller fraction sizes and, when possible, focal rather
than whole brain regimens that attempt to spare vulnerable
structures [32, 45].

While radiation therapy alone can cause delayed injury,
the concurrent use of chemotherapy appears to significantly
increase the risk of complications in survivors, perhaps as a
result of synergistic injury to the blood-brain barrier, white
matter tracts, or brain regions with neurogenic potential
[31, 46].

Patient-specific factors also appear to be important pre-
dictors of long-term outcomes following radiation therapy.
Young patients are particularly vulnerable to late injury,
presumably due to disruption of normal neurodevelopmen-
tal processes and neural networks that rely on rapid cell
division and progenitor cell function [16]. In a recent study
in medulloblastoma patients treated with craniospinal irra-
diation, the cumulative incidence of neurovascular injury
was highest in patients treated at age younger than 20 and
followed a progressive pattern in the absence of additional
treatment [47].

Elderly patients are also particularly vulnerable to late
injury, likely as a result of premorbid age-related brain
changes including microvascular disease and cerebral atro-
phy, which may serve to lessen patient’s neurologic and cog-
nitive reserve [2]. Indeed, patients with pre-existing white
matter changes at the time of treatment are more likely to
develop progressive white matter changes on MRI at a given
radiation dose than patients without white matter changes at
the time of treatment [48]. Patients with pre-existing demy-
elinating diseases such as multiple sclerosis may also be
more vulnerable to radiation-induced neurotoxicity [49].

Fig. 39.2 MRI scan of a 55-year-old male treated with proton radia-
tion for nasopharyngeal carcinoma. Four years later, he developed
headaches and altered consciousness. The gadolinium-enhanced MRI
of the brain identified a necrotic lesion with abnormal enhancement (a)

with associated cerebral edema and focal leukoencephalopathy charac-
terized by T2/FLAIR signal hyperintensity surrounding the enhancing
lesion (b), consistent with delayed radiation necrosis
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Leukoencephalopathy

Leukoencephalopathy, or diffuse white matter injury, is one
of the most commonly encountered delayed complications
of radiation therapy. Its incidence is not clearly known and
varies widely among published case series, though conserva-
tive estimates indicate a range from 5 to 30% in patients
undergoing radiation therapy alone, with higher rates in
patients receiving concurrent chemotherapy or a combina-
tion of WBRT and SRS [2, 50, 51].

Leukoencephalopathy was initially recognized in patients
undergoing high-dose radiation therapy for cerebral metastatic
disease. For instance, in a series of 12 patients who were radio-
graphically considered cured of CNS malignancy following
WBRT, DeAngelis and colleagues found that all patients
developed a delayed, insidious, and progressive syndrome of
neurologic and cognitive decline [52]. Onset ranged from 5 to
36 months of treatment and was typically characterized by
non-specific symptoms including dizziness, fatigue, and head-
ache. Development of an overt neurocognitive syndrome was
common, beginning with mild memory impairment and pro-
gressing to disorientation, confusion, and ultimately severe
dementia. Gait abnormalities were universal, initially mani-
festing as mild gait instability and progressing to disabling
ataxia resulting in frequent falls and traumatic injuries. Urinary
urgency, progressing to urinary incontinence, was found in
half of the patients. Other symptoms that have been recognized

Fig. 39.3 CT and MRI scan of a 70-year-old female treated with
whole-brain radiation therapy for lung cancer. Two to three years after
radiation therapy, an axial computed tomography (CT) scan shows ven-

in association with radiation-induced leukoencephalopathy
include personality changes, neuropsychiatric abnormalities,
Parkinsonism, tremor, and seizures [50, 51, 53-55].

An increasing variety of imaging modalities has been
used to detect and follow the progression of radiation-
induced leukoencephalopathy, though MRI and computed
tomography (CT) remain the most commonly employed [5,
56, 57]. MRI is generally preferred for patient evaluation,
as it is more sensitive than CT to detect structural changes.
Leukoencephalopathy typically appears as increased sig-
nal with the periventricular and deep white matter on
T2-weighted MRI sequences. Increased diffusivity is seen on
diffusion-weighted imaging (DWI), reflecting an increase in
the free movement of water as hydrophobic structures degen-
erate in response to radiation damage. In early stages of this
syndrome, T2 hyperintensity may only be seen as capping the
frontal and occipital horns of the lateral ventricles. As the dis-
ease process ensues, however, those changes typically evolve
into confluent and patchy white matter hyperintensity extend-
ing from the ventricles to the corticomedullary junction. Foci
of contrast enhancement may develop, reflecting disruption
of the blood-brain barrier. CT may be used in patients who
are unable to undergo MRI due to an implanted device or
some other contraindication. The CT signature of leukoen-
cephalopathy is diffuse white matter hypodensity (Fig. 39.3)
that typically does not enhance with iodinated contrast.

tricular enlargement and periventricular hypodensities (a), consistent
with diffuse subcortical leukoencephalopathy, which can be better visu-
alized on a corresponding axial T2/FLAIR MRI scan (b)
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The histopathologic hallmarks of leukoencephalopathy
include loss of blood-brain barrier integrity and demyelin-
ation. Injury to the blood-brain barrier, as discussed above,
leads to increase in capillary permeability and chronic
vasogenic edema. Injury to the white matter and oligoden-
droglia that serve to maintain myelin integrity leads to
demyelination and replacement of hydrophobic myelin
tracts with spongiform vacuoles and gliosis [2, 4, 52]. The
combined effect of these changes is an increase in free tis-
sue water, which underlies the T2 hyperintense signal on
MRI and the hypodense signal on CT.

In its most severe form, a necrotizing leukoencephalopa-
thy may develop, typically in patients who have received
combined radiation and chemotherapy [53]. The latency
between treatment and onset of leukoencephalopathy tends
to be shorter than for patients treated with radiation therapy
alone. Vascular injury is prominent in necrotizing leukoen-
cephalopathy, leading to a higher degree of coagulative
necrosis relative to milder forms, and in addition to the MRI
features described above, patients may display tumorlike
enhancement or disseminated hemorrhagic changes
(Fig. 39.4). These findings portend a poor prognosis and are
typically irreversible and progressive [4].

Leukoencephalopathy is frequently associated with wors-
ening communicating hydrocephalus, which can be seen on
MRI or CT as an enlargement of the ventricles out of propor-
tion to cerebral atrophy, with evidence of increased periven-
tricular edema, also known as transependymal flow, which
results from a pressure gradient driving fluid from the ven-
tricular space into the periventricular tissue [54].
Hydrocephalus is thought to result from leptomeningeal
fibrosis and disruption of CSF resorption by the arachnoid
villi, leading to communicating hydrocephalus. It is there-

Fig. 39.4 Axial MRI scan of a 42-year-old male with a left parieto-
occipital IDH-mutant glioblastoma, treated with involved-field radia-
tion therapy and concurrent chemotherapy with temozolomide.
Approximately 3-5 years later, he developed progressive T2/FLAIR
signal abnormalities within both parieto-occipital lobes (a), associated

fore perhaps not surprising that there is such overlap between
the clinical manifestations of radiation leukoencephalopathy
and those of normal pressure hydrocephalus, in which the
hallmark features include dementia, ataxia, and urinary
incontinence. Relief of intracranial pressure by means of
ventriculoperitoneal shunting (VPS) is a possible interven-
tion for hydrocephalus associated with radiation leukoen-
cephalopathy and has been shown to improve symptoms and
quality of life in a subset of patients [50, 58]. In one early
series, Thiessen and DeAngelis demonstrated a 6-month
duration in symptomatic benefit (primarily in ataxia and uri-
nary incontinence, with minimal effect on cognitive out-
comes), though without a demonstrable prolongation of
survival [52, 54].

Cerebral Atrophy and Neurocognitive
Decline

Cerebral atrophy is a concerning and frequent manifestation
of delayed radiation injury [59-63] (Fig. 39.5). In a land-
mark early study, Constine and colleagues found evidence on
MRI and CT of ventricular expansion and enlarged sulci in
approximately half of patients [2]. Cerebral atrophy has long
been considered a late change, typically observed in advanced
stages of radiation-induced neurotoxic injury [1]. More
recent studies, however, suggest that atrophy may already
begin within weeks of treatment onset, continuing to prog-
ress for months after completion of treatment. The ventricles
may expand to as much as double their pretreatment volume
in some cases [30].

Loss of both white and gray matter contributes to the
decrease in total brain volume [62]. Within the white matter,

with interval hemorrhages best seen on gradient echo (GRE) sequences
(b) and abnormal enhancement on T1 post-contrast MRI (¢). Under the
initial assumption of recurrent disease, he underwent repeat surgery.
Pathology revealed hemorrhagic tissue necrosis in the absence of solid
tumor, consistent with delayed treatment effects
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Fig.39.5 MRI scan of a 72-year-old female with neuroendocrine car-
cinoid lung cancer treated with prophylactic whole brain radiation. She
developed cognitive decline and gait difficulties 3—4 years after cranial
irradiation. (a) Contrast-enhanced axial T1-weighted MRI scan at time

radiation-induced demyelination and spongiform vacuoliza-
tion, coupled with injury to neural progenitor cell-mediated
endogenous neural repair, lead to diffuse gliosis and contrac-
tion of the white matter space. While the mechanism of corti-
cal atrophy is less well understood, it is thought that vascular
injury to distal perforating arteries plays a central role to its
pathophysiology [4].

The precise relationship between cerebral atrophy and
neurocognitive performance remains under current investi-
gation, though more recent studies suggest preferential vul-
nerability of hippocampal structures [64] and of cortical
areas relevant for higher cognitive function to radiation treat-
ment [65].

It has been established that higher degrees of cortical atro-
phy are associated with poorer cognitive outcomes and over-
all performance status [66, 67]. Outcomes are worse after
WBRT compared to partial radiation therapy and appear to
be particularly unfavorable for patients undergoing regimens
that combine WBRT and SRS [42, 55]. In one recent series,
Brown and colleagues found that 92% of patients undergoing
WBRT and SRS experienced cognitive decline compared to
64% of patients receiving SRS alone. Early recall, delayed
recall, and verbal fluency were particularly affected [43].

Treatment of late cognitive decline is generally supportive
and relies on a combination of pharmacotherapy and neuro-

of whole brain radiation therapy. (b) Contrast-enhanced axial
T1-weighted MRI scan 4 years after radiation therapy, showing signifi-
cant global brain atrophy and enlargement of ventricular spaces

cognitive rehabilitation. There are mixed data to support the
use of neurostimulants. For instance, low-dose methylpheni-
date appears to improve attention and social cognition in
patients with known neurocognitive impairment following
WBRT [68-70]. Acetylcholinesterase inhibitors, including
donepezil, have also been shown to yield significant improve-
ments in attention, concentration, memory, and mood, with
the greatest benefit conferred to those with low baseline cog-
nitive scores [71]. While the data for such treatment strate-
gies is equivocal, these medications are generally well
tolerated and may be reasonable to consider in selected
patients for whom non-pharmacologic treatments have
failed.

The use of memantine, an inhibitor of the glutamatergic
NMDA receptor, to prevent radiation-induced cognitive
impairment following whole-brain radiation therapy has
recently been studied in a randomized and prospective clini-
cal trial and was associated with improved cognitive function
over time and a reduced rate of decline in executive function,
memory, and processing speed [72]. A phase III study is
ongoing to corroborate these results.

Future strategies to prevent or minimize the neurotoxic
effects of radiation on the brain are likely to include radiation
dose alterations, modifications of the radiation field, delay of
radiation therapy, and combined use of pharmacological and
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non-pharmacological interventions aiming at neuroprotec-
tion and enhanced brain repair.

Conclusions and Key Points

Radiation therapy remains an essential treatment modality
and means of prolonging survival in patients with CNS
malignancy. It is, however, associated with an array of early
and delayed complications. As more patients achieve longer
survival periods with the increasing efficacy of anticancer
therapies, the delayed neurotoxicities of cranial irradiation
represent an important challenge in an effort to not only
maximizing survival but also quality of life.

e Early complications of CNS radiation occur within weeks
to 6 months of treatment onset, including side effects such
as cerebral edema, and are typically transient and revers-
ible. Late complications typically occur after 6 months
and include leukoencephalopathy, cerebral atrophy, and
progressive neurocognitive decline.

e Radiation causes injury to the CNS through a variety of
pathophysiologic mechanisms, including (a) damage to
large and small cerebral blood vessels; (b) depletion of
neural progenitor cell populations leading to impaired
neurogenesis, gliogenesis, and endogenous cellular
repair; and (c) inflammatory changes including cytokine
release and microglial activation.

* An individual patient’s risk for developing delayed cen-
tral nervous system toxicity depends on the total radiation
dose administered, the fraction size, the extent of radia-
tion (whole brain versus partial), the concurrent use of
chemotherapy, and independent patient specific factors
including age and premorbid functional status.

* Leukoencephalopathy is characterized clinically by pro-
gressive neurocognitive decline and may also result in
urinary incontinence and gait instability. On a cellular
level, chronic vasogenic edema and loss of white matter
are seen, resulting in gliosis and vacuolization that appear
on MRI as confluent patches of T2 white matter hyperin-
tensity. It is often complicated by hydrocephalus, for
which ventriculoperitoneal shunting may be considered
in selected patients.

e Cerebral atrophy results from white matter destruction,
as above, and loss of gray matter, possibly due to neu-
ral progenitor cell damage and chronic ischemia sec-
ondary to radiation-associated vasculopathy. While
patients may respond to neurostimulants, acetylcholin-
esterase inhibitors, and cognitive rehabilitation, the
neurocognitive impairment that accompanies these
delayed complications can be profound and is com-
monly irreversible.

Self-Assessment Questions

1. Which of the following is NOT a common feature of
delayed radiation injury?
A. Hydrocephalus.
B. Cerebral atrophy.
C. Cerebral edema.
D. Leukoencephalopathy.

2. Radiation-induced leukoencephalopathy is characterized
on neuroimaging by all of the following features EXCEPT:
A. Diffuse white matter hypodensity on CT.
B. Increased T2 white matter intensity on MRI.
C. Multifocal subcortical infarcts.
D. Patchy foci of contrast enhancement.

3. Ventriculoperitoneal shunting in radiation-induced leuko-
encephalopathy has been shown to:
A. Prolong patient survival by an average of 6 months.
B. Improve cognitive outcomes.
C. Improve quality of life without prolonging survival.
D. Increase the rate of fatal CNS infection.

4. The following medications have a role in supportive treat-
ment for neurocognitive decline after radiation therapy
EXCEPT:

A. Acetylcholinesterase inhibitors.
B. NMDA receptor antagonists.

C. Atypical antipsychotics.

D. Psychostimulants.

5. Which of the following is NOT an established risk factor
for delayed radiation injury?
A. Patient age.
B. Radiation dose and fractionation schedule.
C. Patient gender.
D. Concurrent chemotherapy.

Answers
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