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characterized by depression, emotional lability, and def-
icits in memory and attention which progress to gait
disturbance and incontinence in approximately 80 % of
patients.

e Detection Diagnosis: Magnetic resonance imaging (MRI)
is a sensitive imaging modality for white matter lesions.
Both the incidence and severity of white matter lesions in
the brain are directly related to increasing RT dose and
worsen with time.

e Diagnosis: CNS radionecrosis is a focal, well-circum-
scribed lesion that develops in regions of the brain near the
primary tumor that have received high doses of radiation.

e Management: Corticosteroids are the mainstay of treat-
ment for many radiation-induced CNS toxicities,
including radiation necrosis, cranial nerve palsy, and
peripheral neuropathy.

Abbreviations

ALL Acute lymphoblastic leukemia

BBB Blood-brain barrier

COWAT Controlled oral word association test

CNS Central nervous system

CTCAE Common terminology criteria for adverse
events

HVLT Hopkins verbal learning test

HBO Hyperbaric oxygen

LENT-SOMA Late effects normal tissue task force—
subjective, objective, management, and
analytic

MRI Magnetic resonance imaging

MMSE Mini-mental status exam

NHL/CLL Non-Hodgkin lymphoma and chronic
lymphocytic leukemia

PNS Peripheral nervous system

POMS Profile of mood states short form

TMT Trail making test

WM White matter

VEGF Vascular endothelial growth factor

1 Introduction

Radiation toxicity in the central nervous system (CNS) is
potentially devastating. Recent advances in imaging, treat-
ment planning, and molecular biology have increased our
understanding of the pathophysiology of this complex
process. This chapter will review the anatomy and biology,
pathophysiology, imaging characteristics, and clinical
findings characteristic of radiation-induced neurotoxicity.
The biocontinuum of radiation-induced acute, subacute,
chronic, and late effects is illustrated in Fig. 1.

2 Functional Anatomy and Histology

2.1 Anatomy

The nervous system is primarily divided into the central
nervous system (CNS), which consists of the brain and
spinal cord, and the peripheral nervous system (PNS). Gross
examination of the CNS reveals two distinct types of tissue
(gray and white matter), which are also easily visible on
MRI. Gray matter is made up of neuronal cell bodies and
their supporting glial cells and is concentrated in the cere-
bral cortex, cerebellum, and interior of the spinal cord.
Within the white matter, clusters of gray matter form
islands such as the basal ganglia, thalamus, cranial nerve
nuclei, and multiple other critical structures. White matter
consists primarily of axons, with glial cells interspersed
among the axonal processes, and gains its white color from
the axons’ myelin coating.

The brain is further subdivided into the cerebrum, cere-
bellum, and brainstem (Fig. 2). The cerebrum controls vol-
untary movement, sensory processing, speech, memory, and
cognition, while the cerebellum is involved in the integration
of motor and sensory function as well as balance and motor
coordination. The brainstem controls involuntary vital
functions such as respiration, plays a role in the regulation of
consciousness and the sleep/wake cycle, and contains the
nuclei of cranial nerves III-XII. All neural pathways between
the brain and spinal cord also pass through the brainstem. The
spinal cord is divided craniocaudally into 31 spinal nerves
which carry motor and sensory innervation to the entire body,
with the exception of the territories in the head and neck
supplied by the 12 cranial nerves. The spinal cord is also
functionally separated in the axial plane into ascending
(sensory) and descending (motor) pathways.

The peripheral nervous system is comprised of all other
neural structures outside the spinal cord and includes the
somatic nervous system (supplying voluntary motor control
to the muscles and returning sensory information to the
spinal cord and brain) and the autonomic nervous system
(responsible for regulation of involuntary functions such as
heart rate, respiration, blood pressure, and digestion).

2.2 Histology

The neuron is well established as the primary structural and
functional cell of the nervous system. A variety of glial cells
exist as “support cells” in both the central and peripheral
nervous system. Oligodendrocytes and Schwann cells are
the myelinating cells of the CNS and the PNS, respectively.
Our understanding of the role of astrocytes, the most
numerous type of glial cells, continues to evolve, but they
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Fig. 1 Biocontinuum of
radiation induced acute,

subacute, chronic, and late effects
in the CNS (with permission
from Rubin and Casarett 1968)

Organ or Man

Clinical
Damage

Clinical

Radiation R
Lethalitytox :. Acute | Subacute Chronic | Late

Threshold

Subclinical
Damage

ol
ol
derat g|ios'|s&atroph‘>' 2,

A

o 153
Y4 gq? myelitis

£l
I

Mild gliosis & atrophy ________________.l_._----"

Mon-radiation injury: atrophy & gliosis

TIME

Radiation Injury, Recovery and Progressive Fibroatrophy in Sequence
Non-radiation Injury (Aging, Pathology) Leading to Fibroatrophy

=== Complications (Infecation, Trauma, Stress) Leading to Clinical Symptoms and Signs

have an established function as part of the blood-brain
barrier (BBB), as mechanical support cells within the CNS,
in the metabolism of neurotransmitters and ions such as
calcium and potassium, and as the main mediators of gli-
osis, the response to injury in the brain parenchyma.
Ependymal cells line the ventricles of the brain as well as
the central canal of the spinal cord and produce cerebro-
spinal fluid (CSF). Microglia, derived from a monocytic
(hematopoietic) cell lineage, are the primary phagocytes of
the CNS and play a role in acute brain injury (Fig. 3a, b).

Although neurons themselves are likely incapable of
mitotic division, the adult human brain has recently been
established to have a neuron-generating stem cell com-
partment, contradicting previously held dogma. Neurogen-
esis has been constitutively demonstrated within the dentate
gyrus of the hippocampus as well as the subventricular zone
and olfactory bulb, and a population of pluripotent neural
stem cells (capable at least in vitro of dividing into neurons,
astrocytes, and oligodendroglia) exists throughout the brain
and spinal cord. Regenerative neurogenesis in response to
injury has been demonstrated in the corticospinal tract,
neocortex, and striatum. These cell populations are the
subject of intense research (Emsley et al. 2005).

3 Biology, Physiology,

and Pathophysiology
3.1 Radiobiology of the Central Nervous
System

The pyramidal cells are the major neurons of the brain. They
are considered post-mitotic cells and as such are unable to be

replaced. However, there is evidence of a stem cell region in
the brain, located in the hippocampus, which may be capable
of regenerating neurons (as illustrated in Fig. 4).

Classical radiobiology teaches that CNS tissue is a “late-
responding” tissue, characterized by a low ao/f ratio,
delayed manifestation of radiation injury, and extreme
variability in response as the fraction size is altered (Hall
2006a). Recovery of neural tissue from radiation injury was
predicted by this model to be extremely limited. This has
been contradicted by a landmark study in rhesus monkeys
published by Ang et al. (2001). Rhesus monkeys were re-
irradiated at varying doses (44 Gy followed by either 57.2
or 66 Gy) at varying time intervals (1 or 2 years). The
animals were then observed for up to 66 months. Histologic
studies of the monkey spinal cords suggested significant
repair at one year, with recovery continuing to increase
through the third year following reirradiation. A dose-
response relationship predictive for myelopathy was also
observed. From these data, the authors extrapolated con-
servative estimates of human spinal cord recovery from
myelopathy, following an initial dose of 45 Gy, as 50, 60,
and 65-70 % at 1, 2, and 3 years, respectively.

Structural differences between the brain and spinal cord
result in a major difference in radiation tolerance between
the two tissues. Within the brain, islands of eloquent tissue
are intermingled with large areas of brain parenchyma
which can be significantly damaged or even removed
without compromising essential functions. Consequently,
many areas of the brain can tolerate high doses of focal
radiation without the development of catastrophic damage.
In contrast, the spinal cord is a tightly compacted cable of
tissue, nearly all of which is functional. Transection or
damage to one segment of the spinal cord results in loss of
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Fig. 2 Different regions of the brain are shown. a Medial view: Median sagittal section; b Left lateral view (with permission from Tillman 2007)

all downstream function of the cord, which has important
implications for radiation dose prescription and treatment
planning (Fig. 5).

3.2 Pathology and Pathophysiology
of Radiation Damage Within the Nervous

System

No discrete lesion is pathognomonic for radiation injury to
the CNS, which is classically associated with pathologic
changes common to most other mechanisms of CNS injury,

including demyelination, malacia (decrease in white and
gray matter volume), gliosis (scarring), and vascular dam-
age. Foci of liquefactive necrosis associated with significant
edema and gliosis may develop in areas receiving high
doses of radiation. Figure 6a, b illustrates key features of
radiation necrosis. Glial and endothelial cells appear to be
the key target cells for radiation damage in the CNS.
Because adult neurons are not actively dividing cells,
radiation damage to neurons at typical therapeutic doses is
therefore unlikely to contribute significantly to CNS toxic-
ity. However, increasing evidence suggests that neural stem
cells, an actively dividing cellular compartment, may be
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Fig. 3 Histology. a Low power magnification. b High power magnification of the human cerebrum with different cell types marked (with

permission from Zhang 1999)
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subject to radiation damage and play a significant role in
late radiation toxicity, particularly with respect to neuro-
cognitive effects.

Clinically, radiation toxicity in the CNS is divided into
three phases (acute, early delayed, and late), which correlate
with different pathophysiologic mechanisms (Kim et al.
2008). In the acute phase, acute inflammation related to
cytokine activity and disruption of the BBB dominates.
Acute radiation toxicity within the CNS is characterized by
headache, fatigue, and, in severe cases, signs of increased
intracranial pressure. Transient demyelination is thought to
be responsible for early delayed reactions in the CNS. The
primary manifestation of early delayed CNS reaction is the
somnolence syndrome, which is seen most frequently in
children who receive whole brain radiation and intrathecal
methotrexate; it typically occurs approximately 6—12 weeks

& Wl e ease o

following the completion of whole brain radiation therapy.
The hypersomnolence is typically self-limited and its corre-
lation with the development of late neurotoxicity is contro-
versial (Ch’ien et al. 1980; Berg 1983). The manifestations of
late neurotoxicity (developing at least 3 months after radia-
tion exposure) are highly variable, ranging from subtle cog-
nitive deficits to severe encephalopathy associated with
diffuse white matter damage. Radiation necrosis, variably
associated with cerebral edema and focal neurologic deficits,
may develop in areas of the brain receiving high (>60 Gy)
radiation doses. Late neurotoxicity is mediated by a combi-
nation of vascular lesions, cytokine-induced tissue damage,
impaired neurogenesis, and reactive oxygen species.

One of the most consistent features of late radiation
damage in the CNS is white matter damage (necrosis and
demyelination). Oligodendrocytes are responsible for
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Fig. 6 Radiation Necrosis—
Histology. Low power image on
the left demonstrates central
necrosis with surrounding
hypercellular gliosis. High power
magnification on the right
demonstrates hypercellularity,
arteriosclerosis (5 o’clock), and
scattered reactive astrocytes,

a Low power; b High power

myelinating neurons and appear to be the most radiosensi-
tive glial cells (Barbarese and Barry 1989; Vrdoljak and Bill
1992). Damage to oligodendroglia was thus hypothesized to
be the primary mechanism of radiation-induced demyelin-
ation. However, damage to endothelial tissue within the
CNS appears to play a key role in post-radiation demye-
lination. This was elegantly demonstrated by a boron-neu-
tron-capture experiment in which the borated compound
(BSH) was unable to cross the BBB. Due to the extremely
short range of the alpha particles generated by boron neu-
tron capture therapy, the endothelium was selectively irra-
diated while brain parenchyma was spared. White matter
necrosis and demyelination were nonetheless observed,
suggesting that glial cells are not the primary target cells in
the development of these lesions (Coderre et al. 2006).

An increase in vascular endothelial growth factor (VEGF)
production, triggered by BBB disruption, appears to play a
key role in the pathogenesis of white matter lesions. In rodent
models, radiation damage to the BBB occurs in two phases.
Acute apoptosis of endothelial cells is observed within 24 h
of radiation, with regeneration of the endothelium complete
approximately 14 days after a single fraction of radiation is
administered (Li et al. 2006). The late phase of BBB dis-
ruption is associated with increasing vascular permeability
beginning approximately 3 months after radiation (in the
mouse model) (Yuan et al. 2006). Because VEGF itself
causes increased vascular permeability, a positive feedback
loop is created which ultimately results in significant local
edema, inflammation, and hypoxia. Although VEGF levels
eventually rise to a level sufficient to trigger angiogenesis, the
structure of the BBB in irradiated areas does not return to
normal. The loss of normal endothelium is thought to con-
tribute significantly to the development of late white matter
necrosis. Anti-VEGF therapies such as bevacizumab are the
subject of active investigation as possible modulators of this
late response (Gonzalez et al. 2007).

Reactive oxygen species are responsible for approxi-
mately 2/3 of X-ray induced DNA damage. Although

Low Power

High Power

radiation-generated ROS are themselves short-lived, radia-
tion damage is associated with a prolonged ROS cascade in
the damaged normal tissue and chronic oxidative stress. A
variety of mechanisms contribute to chronic oxidative stress
in irradiated areas. In areas of the CNS which have been
damaged by radiation, the BBB is disrupted and the pro-
duction of pro-inflammatory cytokines (e.g., TNF-o, INF-7,
ICAM-1) is upregulated (Belka et al. 2001). Activated
leukocytes as well as CNS microglia are recruited to the
area and release large quantities of ROS as they participate
in the local inflammatory reaction. Neuronal excitotoxicity
is also associated with the release of ROS, as is chronic
hypoxia resulting from damage to small blood vessels.

As noted above, certain areas of the brain (primarily the
hippocampal dentate gyrus and the subventricular zone)
retain constitutive neurogenic stem cell activity throughout
life. Memory and learning abilities appear to be correlated
with stem cell activity in these regions, at least in available
rodent models, and damage to NSC’s in irradiated adults is
likely partly responsible for post-radiation neurocognitive
deficits (Barani et al. 2007). Neurogenic stem cells appear to
be significantly radiosensitive, (Peissner et al. 1999) with
rapid and prolonged loss of cell population in the stem cell
compartment following radiation (Tada et al. 2000). Juvenile
rats have a higher density of active NSC’s and thus appear to
be at higher risk for neurocognitive sequelae of brain radia-
tion (Fukuda et al. 2005). This correlates well with the
inverse relationship between age at irradiation and the
severity of cognitive deficits observed clinically in humans.

4 Clinical Syndromes

4.1 Clinical Syndromes

Exposure of the CNS to radiation results in a variety of
clinical manifestations. In an attempt to standardize the
evaluation and reporting of neurotoxicity, formal scoring
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Table 1 LENT-SOMA grading criteria for CNS toxicity (Emsley et al. 2005)

Brain Grade 1 Grade 2

Subjective

signs

Headache Occasional, minimal Intermittent, tolerable

Somnolence Occasional, able to work  Intermittent, interferes with
or perform normal work or normal activity
activity

Intellectual Minor loss of ability to Moderate loss of ability to

deficit reason and judge reason and judge

Functional Perform complex tasks Cannot perform complex

competence with minor tasks
inconvenience

Memory Decreased short term, Decreased short term, loss
difficulty with learning of short term

Objective

signs

Neurologic Barely detectable Easily detectable neurologic

deficit neurologic signs, able to  abnormalities, interferes
perform normal with normal activities
activities

Cognitive Minor loss of Moderate loss of

functions memory,reason and/or memory,reason and/or
judgement judgement

Mood and Occasional and minor Intermittent and minor

personality

changes

Seizures Focal, without Focal with impairment of
impairment of consciousness
consciousness

Management

Headache, Occasional nonnarcotic Persistent nonnarcotic

somnolence medication medication intermittent low

dose steroids

Seizures Behavioural Behavioural modification

modification and occasional oral
medication

Cognition, Minor adaptation Psychosocial + educational

Memory intervention

Analytic

MRI Focal white matter White matter changes
changes; dystrophic affecting <1 cerebral lobe;
cerebral calcification limited perilesional necrosis

CT Assessment of swelling,

oedema, atrophy

Grade 3

Persistent, intense

Persistent, needs some
assistance for self care

Major loss of ability to reason

and judge

Cannot perform complex tasks

Loss of short and long term

Focal motor signs,
disturbances in speech, vision,
etc.interfering with daily
activities

Major intellectual impairment

Persistent and minor

Generalised, tonioclinic or
absence attack

Intermittent high dose steroids

Permanent oral medication

Occupational and
physiotherapy

Focal necrosis with mass
effect

Grade 4

Refractory and excruciating

Refractory, prevents daily
activity, coma

Complete loss of reasoning and
judgement

Incapable of selfcare/
supervision, coma

Complete disorientation

Hemiplegia, hemisensory
deficit, aphasia, blindness, etc.
requires continuos care, coma

Complete memory loss and/or
incapable of rational thought

Total disintegration

Uncontrolled with loss of
consciousness >10 mn

Parental high dose steroids,

mannitol and/or surgery

Intravenous anticonvulsive
medication

Custodial care

Pronounced white matter

changes; mass effect requiring
surgical intervention

tables for the evaluation and description of acute and late
neurotoxicity have been developed. Table 1 summarizes
the Late Effects Normal Tissue Task Force—Subjective,
Objective, Management, and Analytic (LENT-SOMA) and
the National Cancer Institute CTC (V.4) Common Termi-
nology Criteria for Adverse Events (CTCAE) grading
systems for neurotoxicity. The clinical expression depends
on a host of factors, including total dose, fraction size,
treated volume, treatment time, and age of the patient.

Other factors contribute to CNS toxicity in many patients
undergoing radiotherapy to the brain and spinal cord. These
include surgery, medications (e.g., steroids, opioids, ben-
zodiazepines, anticonvulsants), chemotherapy, and pre-
existing medical comorbidity). The importance of recurrent
or persistent malignancy as a contributor to neurological
and neurocognitive sequelae in patients undergoing
radiation therapy for brain tumors also should not be
underestimated.
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Table 2 Representative clinical endpoints: arbitrarily segregated into
subgroups as shown

Focal Global
Subclinical 1. Radiologic 1. Modest declines in IQ
abnormality 2. Diffuse EEG findings
Clinical 1. Dysmobility of a 1. Clinically evident

limb neurocognitive problems
2. Focal loss of 2. Mental retardation
sensation

3. Aphasia

4. Visual field cut
5. Inability to form
new memories

The clinical endpoints are summarized in Table 2 as
Focal and Global events. Late CNS toxicity may be broadly,
and somewhat arbitrarily, segregated into categories as
shown.

4.1.1 Cerebrovascular Syndrome

Acute exposure to high total body doses (>20-30 Gy)
causes the cerebrovascular syndrome. Fatal within 24-48 h,
this syndrome is associated with systemic loss of vascular
permeability and the rapid onset of cerebral edema and
multiorgan failure. The few reported human cases have
been associated with prodromal symptoms including fever,
confusion, and weakness. These are followed by a brief
(5-6 h) latent period where recovery of mental status and
blood pressure may occur. This latent phase rapidly pro-
gresses to the final stage of the cerebrovascular syndrome,
associated with fever, diarrhea, refractory hypotension, and
progressive cerebral edema causing worsening mental status
and death (state when death usually occurs) (Hall 2006b;
Waselenko et al. 2004).

4.1.2 RT-Induced Neurocognitive Deficits
in the Adult Population

Brain radiation induces late cognitive changes in the adult
brain as well. The precise evaluation of these changes is
complicated by a number of factors. Many patients with
disorders (brain metastases, malignant glioma) requiring
brain RT have a limited lifespan, and do not survive long
enough to develop late neurocognitive changes, which can
develop years after cranial RT. Surgery, chemotherapy,
medications, and disease recurrence also cause neurotox-
icity, further complicating the precise evaluation of radia-
tion’s contribution to cognitive deficits (see above). Finally,
accurate assessment of neurocognitive deficits requires
serial neurocognitive testing for years following radiation,
which frequently is not feasible (Crossen 1994). The RTOG
has investigated a battery of previously validated neuro-
cognitive tests which can be administered in 45 min, shown
in Table 3 (Regine et al. 2004).

Table 3 Battery of neurocognitive tests assessed in RTOG BR-0018

Test name Functions assessed

Mini-mental status exam
(MMSE)

Hopkins verbal learning test
(HVLT)

Verbal fluency/Controlled word
association test (COWAT)

Memory, attention, cognition

Memory

Executive functioning, verbal
learning, working memory, and

vocabulary
Ruff 2 and 7 Selective attention

Trail making test A and B
(TMT-A, TMT-B)

Focused attention and speed
performance

Profile of mood states short
form (POMS)

Tension, depression, anger,
vigor, fatigue, confusion

Radiation-induced dementia associated with diffuse
leukoencephalopathy is characterized by depression, emo-
tional liability, and deficits in memory and attention which
progress to gait disturbance and incontinence in approxi-
mately 80% of patients, as shown in Fig. 7. An important
differential diagnosis is normal-pressure hydrocephalus.
Spontaneous improvement is rare. The only available
therapy is supportive care, and the time to death after
developing symptoms of radiation-induced dementia ranges
from 1 month to 2 years (Keime-Guibert et al. 1998). The
use of concurrent chemotherapy increases the incidence of
radiation-induced dementia (Frytak et al. 1989).

Typically, however, neurocognitive deficits in adults are
subtle, and outcomes are generally favorable with modern
fractionation schemes (Brown et al. 2003). Armstrong et al.
reported on a series of young patients with supratentorial,
favorable-histology brain tumors who received partial brain
RT with doses ranging from 46 to 63 Gy (Armstrong et al.
1995). Serial neurocognitive testing (at baseline and at
regular intervals up to 3 years after completing RT) was
performed; the RT patients were also compared with a
group of age-matched controls. Patients experienced “sub-
tle early-delayed memory changes [that were] followed by a
rebound of ability” by 1 year after completing RT. Disease
control (Regine et al. 2001) and pre-treatment cognitive
function (Brown et al. 2001) also appear to be important
predictors of post-RT cognitive status. Temporal lobe
radionecrosis has also been correlated with neurocognitive
deficits (Cheung et al. 2000).

Of particular interest is a study published by Klein et al.
(2002) in which the authors attempted to differentiate
effects of tumor, radiotherapy, anticonvulsants, and surgical
intervention in a group of 195 patients with low-grade gli-
oma, 104 of whom had undergone radiotherapy. The group
was compared to 100 patients with low-grade hematologic
malignancies non-Hodgkin lymphoma and chronic
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Fig. 7 Radiation-Induced Diffuse White Matter Abnormality: a
73 year-old man presented with a single brain metastasis from colon
cancer. He received 37.5 Gy in 2.5 Gy fractions of whole brain
radiation followed by radiosurgery boost. He recurred with multiple
new enhancing lesions (all subcentimeter) suspicious for metastasis.
He received 21.6 Gy in 1.8 Gy fractions of repeat whole brain
radiation. Six months later, his MRI revealed diffuse white matter
changes on both FLAIR (a) and T2 (b) sequences

lymphocytic leukemia (NHL/CLL) as well as 195 healthy
controls. The use of anticonvulsants also had a significant
negative impact on cognitive function. Glioma patients as a
group had poorer cognitive functioning than both the NHL/
CLL patients and the healthy controls. The use of radiation
was correlated with cognitive deficits when irradiated gli-
oma patients were compared with glioma patients who did
not receive radiation. This effect was strongly dose- and
fraction size-dependent. Patients who received >2 Gy/day
of radiation accounted for nearly all cases of cognitive
disability in this series. The authors concluded that tumor
effects were responsible for the majority of cognitive defi-
cits in low-grade glioma patients, although the delivery of
radiation doses >2 Gy/day also had a significant impact on
cognitive function (Klein et al. 2002).

4.1.3 Neurocognitive Decline in Patients
with CNS Metastasis

Historically, brain radiation has been frequently cited as the
major cause of neurocognitive decline in patients treated for
metastases. One of the most misinterpreted studies on this
subject is the Memorial Sloan-Kettering experience from
DeAngelis et al. who reported an 11 % risk of radiation-
induced dementia in patients undergoing WBRT for brain
metastasis (DeAngelis et al. 1989a). Of the 47 patients who
survived 1 year after WBRT, 5 patients (11 %) developed
severe dementia. When these 5 patients are examined, all
were treated in a fashion that would significantly increase the
risk of late radiation toxicity (i.e., large daily fractions and
concurrent radiosensitizer). Three patients received 5 and
6 Gy daily fractions, while a fourth patient received 6 Gy
fractions with concurrent adriamycin. Only one patient

received what is considered a standard radiation fractionation
scheme (i.e., 30 Gy in 10 fractions), but this patient received a
concurrent radiosensitizer (lonidamine). No patient who
received the standard 30 Gy in 10 fractions WBRT alone
experienced dementia. Even though the study included 232
patients in the initial analysis, it only examined the 47 patients
who survived at least 1 year. The principles of conditional
probability dictate that the 11 % risk is accurate only if a
patient survives 1 year, which is significantly longer than
most reported series. Therefore, a radiation-induced demen-
tiarisk of &2 % (5/232) might be a better estimate of the true
probability ab initio for patients with brain metastasis treated
with the various radiation doses and drugs used in that study.

Recent studies that have used sophisticated neurocogni-
tive testing are clearly demonstrating that the brain tumor
itself (presence, recurrence, and progression) has the
greatest effect on neurocognitive decline. In the large phase
IIT motexafin gadolinium study, the neurocognitive battery
examined memory recall, memory recognition, delayed
recall, verbal fluency, pegboard hand coordination, and
executive function (Meyers et al. 2004). This study dem-
onstrated that 21-65.1 % of patients had impaired func-
tioning at baseline before treatment with WBRT (30 Gy in
10 daily fractions). Furthermore, patients who progressed in
the brain after treatment experienced significantly worse
scores in all of these individual tests.

Patients frequently present to the radiation oncologist
already started on prophylactic anticonvulsants. This rep-
resents one of the most preventable causes of neurocogni-
tive decline in brain tumor patients. Anticonvulsants are
clearly known to adversely affect quality of life and neu-
rocognition. In a study of 156 patients with low-grade gli-
oma (85 % experiencing a seizure), Klein and colleagues
correlated seizure-burden with quality of life and neuro-
cognitive function (Klein et al. 2003). This study convinc-
ingly demonstrates the significant correlation between the
increase in the number of anticonvulsants (even with lack of
seizures) and the decrease in quality of life and neurocog-
nitive function. Based on four negative randomized trials,
the American Academy of Neurology recommends that
prophylactic anticonvulsants not be initiated in newly
diagnosed brain tumor patients who have not experienced a
seizure (Glantz et al. 2000).

4.1.4 Radiation Necrosis

As described above, CNS radionecrosis is a focal, well-cir-
cumscribed lesion that develops in regions of the brain near
the primary tumor that have received high doses of radiation.
Necrosis is typically associated with focal neurologic deficits
that correspond to the lesion’s location. Distinguishing these
lesions from tumor recurrence can be problematic, but spe-
cialized imaging techniques may aid in diagnosis (Fig. 8).
The lesion is frequently associated with significant cerebral
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Fig. 8 Resolving Radiation Necrosis: the above images illustrate a
case of proven radiation necrosis. The patient was a 62 years old
female with 1.5 cm metastatic solitary brain metastasis from non-small
cell lung cancer. She received 37.5 Gy in 2.5 Gy fractions of whole
brain radiation, followed by radiosurgery boost to 24 Gy. Two years
after radiosurgery boost, she developed radiation necrosis. Patient was
almost asymptomatic; therefore, she was managed conservatively with
no medical intervention. Over a course of 12 months, MRI slowly
normalized. Images in the first row show T1 post-contrast axial images
of a heterogeneously enhancing lesion with mass effect with
subsequent resolution. (a 2-year, b 3-year) Lower images demonstrate
FLAIR abnormalities indicating significant edema (c 2-year, d 3-year)

edema, which precedes the development of radiation necrosis
(Delattre et al. 1988). Edema and accompanying breakdown
of the BBB increase parenchymal susceptibility to radiation
necrosis by facilitating a cascade of local inflammatory
mediators. This can be effectively inhibited with steroid
therapy. Early (i.e., when focal edema is present but the area
treated has not yet frankly necrosed) treatment with dexa-
methasone appears to improve outcomes significantly (Lee
et al. 2002). If steroid therapy is delayed until the develop-
ment of a cystic lesion, improvement of symptoms with
medications alone is unlikely, and surgical excision of the
mass may be indicated (Gutin 1991).

Necrosis develops months to years after RT (Sloan and
Arnold 2003). Total dose and fraction size clearly predict
for the development of radionecrosis (DeAngelis et al.
1989b; Sheline et al. 1980). Data from a large series

(n = 1,032) of patients treated with RT for nasopharyngeal
cancer show an increased risk of necrosis with fraction sizes
>2 Gy/day (median total dose 62.5 Gy), twice-daily RT,
shorter treatment times, and an increased value of the
product of total dose and fraction size (Lee et al. 2002). The
recent QUANTEC analysis summarized the incidence of
necrosis following fractionated partial brain irradiation for
patients receiving variable doses per fraction (Fig. 9)
(Lawrence et al. 2010).

Among patients undergoing stereotactic radiosurgery
[mean dose of 28.6 Gy (range 18.2-53.3)], increased tumor
volume, treated volume, V10 (volume of tissue receiving
>10 Gy), low conformality index, and repeated treatments
to the same lesion have been found to be correlated with an
increased incidence of radiation necrosis (Chin et al. 2001;
Valéry et al. 2003). The summary data from QUANTEC is
reproduced in Fig. 10. Note the steep increase in incidence
of necrosis with dose.

4.2 Detection and Diagnosis: Imaging
characteristics of radiation-induced

CNS lesions

Radiologic findings consistent with demyelination, white
matter necrosis, and parenchymal volume loss mirror the
pathologic changes induced by brain and spinal cord radia-
tion. Magnetic resonance imaging (MRI) is a sensitive
imaging modality for white matter lesions (Tsuruda et al.
1987). Figure 7 depicts the typical MRI appearance of radi-
ation-induced white matter changes. Both the incidence and
severity of white matter lesions in the brain are directly
related to increasing RT dose and worsen with time. Data
from RTOG 83-02, which was a prospective dose-escalation
study in malignant gliomas (see Table 4), shows a clear dose-
response relationship for radiation necrosis (Corn et al. 1994)
A more recent publication has reported on a group of 24
patients who underwent serial MRI following whole brain
radiation (Fujii et al. 2006). Low-grade white matter changes
were noted as early as 2 months after WBRT, with a median
time to onset of 5.5 months, and continued to evolve for as
long as 2 years. No patient developed grade 3 or greater
changes before 6 months post-RT, and the median time to
onset of these more severe changes was 12.5 months. Radi-
ation myelopathy has a variable appearance on MRI, and may
appear as cord edema, increased T2 white matter signal, and
gadolinium-enhancing T1 white matter lesions. Changes
may progress to cord atrophy or radiation necrosis
(Maranzano et al. 2001; Alfonso et al. 1997).

Focal areas of radiation necrosis are often indistin-
guishable from tumor recurrence, even with high-resolution
contrast enhanced MRI (Wen et al. 2010). A typical lesion
of radiation necrosis is shown in Fig. 8. Tl-weighted
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Fig. 9 Relationship between biologically effective dose (BED) and
radiation necrosis after fractionated radiotherapy. Fit was done using
nonlinear least-squares algorithm using Matlab software (The Math-
Works, Natick, A). Nonlinear function chosen was probit model
(similar functional form to Lyman model). Dotted lines represent 95 %

sequences show a ring-enhancing lesion with a necrotic
center. On FLAIR (or T2-weighted) sequences, significant
surrounding cerebral edema can be seen. Spontaneous
regression of this lesion after 1 year of observation was
noted (Brandsma et al. 2008). New imaging modalities,
such as FDG-PET and magnetic resonance spectroscopy,
may be helpful in the evaluation of radiation necrosis. The
use of FDG-PET scanning (which utilizes a radiolabeled
glucose molecule) for the evaluation of intracranial

confidence levels; each dot represents data from specific study,
n = patient numbers as shown. a Fraction size <2.5 Gy, b fraction
size >2.5 Gy (data too scattered to allow plotting of ‘‘best-fit’’ line),
and ¢ twice-daily radiotherapy (with permissions from Lawrence et al.
2010)

radiation necrosis is complicated by the brain’s high
intrinsic rate of glucose metabolism. Radiolabeled amino
acids and radiolabeled thymidine are more specific markers
for metabolic activity within the brain and have the
potential to differentiate areas of active tumor from areas of
radiation necrosis (Herholz et al. 2007). Magnetic reso-
nance spectroscopy is able to differentiate between the
molecular resonance frequencies of different constituents of
the CNS, although its spatial resolution is poor. CNS lesions
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Fig. 10 Relationship between volume receiving high-dose irradiation
and incidence of radiation necrosis in single-fraction stereotactic
radiosurgery. Studies differed in their completeness of follow-up,
definition of volume, and definition of radiation necrosis. Volume
plotted as a point, representing mid-point of volume range. V10 = vol-
ume receiving 10 Gy, V12 = volume receiving 12 Gy, RxV = treat-
ment volume. Flickinger data is shown for patients with either radiologic
or symptomatic evidence of necrosis (marked as “All”), or only those
with symptomatic necrosis (Symp). The other authors’ data refers to
symptomatic necrosis (with permissions from Lawrence et al. 2010)

have distinctive magnetic resonance “fingerprints” based
on their relative concentrations of choline (associated with
the cell wall), creatine (normalization element), N-acetyl
aspartate (NAA associated with mature neurons), lactate,
and lipid (both associated with necrotic tissue). Specifically,
radiation necrosis is characterized by: low choline signal
relative to both NAA and creatinine, high NAA signal rel-
ative to creatinine and choline, and high lactate/lipid signal
relative to choline (Rock et al. 2002). The addition of dif-
fusion sequences to MRS may further aid in differentiating
areas of tumor from areas of necrosis (Rock et al. 2004).

MRI is the ideal modality to detect the gradual whitening
of the cerebral cortex indicating progressive leukoencepha-
lopathy. Radionecrosis is best visualized with a contrast
enhanced MRI, although CT may image the necrotic area in
some cases. To establish a distinction between tumor
necrosis and radiation induced necrosis. MRS may be useful
in some cases.

5 Radiation Tolerance: Current
Recommendations for Normal Tissue
Dose Limits in the Nervous System

In 1991, Emami et al. published an exhaustive summary of
data then available regarding radiation toxicity in normal
tissue (Emami et al. 1991). Clinical outcomes, quoted as 5
and 50 % risk of complication within 5 years (TD5/5 and TD
50/5) were correlated with volume of normal tissue radiated.

At the time, three-dimensional treatment planning was not
widely used, and radiation dose estimates for normal tissue
were inaccurate. These data have since been updated in a
second review published in 2007 (Milano et al. 2007).

Rubin’s original estimate for fractionated partial brain RT
(5 % risk at 5 years for one-third brain, 60 Gy) appears to be
somewhat conservative. The QUANTEC review concluded
that the 5 % risk at 5 years of the partial brain for normally
fractionated RT is 72 Gy (range, 60—84). For standard frac-
tionation, a 5 and 10 % risk of symptomatic radiation
necrosis is predicted to occur at a BED of 120 Gy (range,
100-140) and 150 Gy (range, 140-170), respectively [cor-
responding to 72 Gy (range, 60-84) and 90 Gy (range,
84-102) in 2 Gy fractions]. The brain is especially sensitive
to fraction sizes >2 Gy (Mayo et al. 2010). Thus, partial-
brain fractionated RT to 54-60 Gy in 1.8-2 Gy daily frac-
tions, a very common regiment for many brain lesions, is also
well tolerated, with a low incidence of late neurocognitive
effects or radio-necrosis. When choosing a fractionation
scheme for whole brain radiation, the patient’s life expec-
tancy must be considered carefully. Late radiation side
effects are clearly correlated with daily fraction sizes that
exceed 3 Gy and total dose, but this toxicity is less important
in patients with a limited life expectancy, who will benefit
from a shorter RT schedule (e.g., due to convenience) and the
higher probability of tumor control afforded by a treatment
scheme such as 30 Gy in 10 fractions. For patients with a
longer (>6 months) life expectancy, more prolonged treat-
ment schemes (40 Gy in 2 Gy/day fractions or 37.5 Gy in
2.5 Gy/day) are typically recommended, although confir-
matory evidence is modest. Table 5 summarizes widely
applied dose limitations for brain, spinal cord, and other
critical structures in the CNS for conventional fractionation.

For radiosurgery, the risk of complications increases
with the size of the target volume. Toxicity increases rap-
idly once the volume of the brain exposed to >12 Gy is
>5-10 cm?. Eloquent areas of the brain (brain stem, corpus
callosum) require more stringent limits (Mayo et al. 2010).
For lesions involving the brainstem parenchyma, dose for
single fraction radiosurgery is often limited to 15 Gy or
lower. Nevertheless, small portions of the brainstem can
tolerate higher doses as there is a strong volume effect. For
example, stereotactic radiosurgery doses of 15-18 Gy
(10-20 % line of prescribed 75-90 % to Dmax) are rou-
tinely administered to small areas of the brainstem surface
for the treatment of trigeminal neuralgia.

6 Chemotherapy

There is strong evidence that chemotherapy contributes
significantly to neurocognitive outcomes in cancer patients
(Brezden et al. 2000; Tchen et al. 2003). Double-blinded
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Table 4 Incidence of White
Matter (WM) Abnormalities
in RTOG 83-02

Dose group

Low (48-54.4 Gy in 1.6 Gy
bid)

Intermediate (64.8-72 Gy in
1.2 Gy bid)

High (76.8-81.4 Gy 72 Gy in
1.2 Gy bid)

randomized trials of healthy volunteers have demonstrated
that corticosteroids can have significant impact on recall
testing, attention, EEG testing, and hippocampal volume
and activity (Newcomer et al. 1994; Schmidt et al. 1999;
Brown et al. 2004). Studies of healthy volunteers have
further demonstrated that medications commonly used in
cancer patients, such as benzodiazepines and opioids, can
cause profound neurocognitive deficits (Zacny and
Gutierrez 2003).

A number of chemotherapeutic agents have been his-
torically associated with acute and late toxicities (Table 6)
(Anderson et al. 1997; Watterson et al. 1994; Madhu et al.
1993). Entities such as acute and chronic encephalopathy,
necrotizing leukoencephalopathy, acute cerebellar syn-
dromes, and peripheral neuropathies, reflect both drug and
radiation toxicities. This is of particular concern in children
(Allen and Siffert 1996; Prassopoulos et al. 1997).

7 Special Topics

7.1 Cranial Nerves
Optic Nerves

Radiation-induced pathology of the optic nerve is asso-
ciated with two discrete clinical syndromes. Anterior ische-
mic optic neuropathy is believed to be secondary to vascular
injury of the distal portion of the optic nerve. Patients present
with gradual, painless visual loss, with median time to onset
2-4 years after completing RT. Funduscopic examination
reveals edema of the optic disk which progresses to atrophy
over the course of months to years. Retrobulbar optic neu-
ropathy results from damage to proximal segments of the
optic nerve. Visual field deficits and rapidly progressive
vision loss, sometimes associated with ocular, periorbital, or
retrobulbar pain, are characteristic of retrobulbar optic neu-
ropathy, and disk abnormalities are infrequently observed.
Both forms of optic neuropathy are refractory to treatment
with steroids and hyperbaric oxygen. Both types of injury are
correlated with increasing patient age, total RT doses
>59 Gy, and daily fraction size >2 Gy (Parsons et al. 1994).

The QUANTEC review concludes, “The Emami esti-
mate of 5 % probability of blindness within 5 years of

Grade >2 WM Grade >3 WM Radiation necrosis
changes (%) changes (%) (Grade 6) (%)
26.6 8.3 1.6

27.6 20.0 4.6

40.4 36.5 19.2

treatment for a dose of 50 Gy appears inaccurate. From the
present data review, 50 Gy is closer to a “near zero” inci-
dence. The incidence of RION was unusual for a Dmax
<55 Gy, particularly for fraction sizes <2 Gy. The risk
increases (3—7 %) in the region of 55-60 Gy and becomes
more substantial (>7-20 %) for doses >60 Gy when
fractionations of 1.8-2.0 Gy are used. The patients with
RION treated in the 55-60 Gy range were typically treated
to doses in the very high end of that range (i.e., 59 Gy). For
particles, most investigators found that the incidence of
RION was low for a Dmax < 54 CGE. One exception to
this range was for pituitary tumors, in which investigators
used a constrained Dmax of <46 Gy for 1.8 Gy/fraction.
For single-fraction SRS, the studies have indicated the
incidence of RION is rare for a Dmax < 8 Gy, increases in
the range of 8-12 Gy, and becomes >10 % in the range of
12-15 Gy.”

The recent QUANTEC review generated a nice dose—
response curve for optic nerve injury following conven-
tional fractionation (Fig. 11) (Mayo et al. 2010). The
tolerance (<1 % risk) of the optic nerve at single fraction
radiosurgery doses appears to be 8—10 Gy provided that the
patient does not have a history of external radiation (Tishler
et al. 1993; Stafford et al. 2003).

7.1.1  Other Cranial Nerves

The olfactory optic nerves are similar to CNS brain tissue in
radiation sensitivity. The data presented above regarding the
tolerance of the optic nerve cannot be extrapolated to the
remainder of the cranial nerves. The majority of cranial
nerves are similar to peripheral nerves as to their radio-
sensitivity. Cranial nerves within the cavernous sinus
appear to be radioresistant and have been reported to tol-
erate single-fraction doses of up to 40 Gy (Tishler et al.
1993). The trigeminal nerve at the root entry zone is rou-
tinely irradiated to 90 Gy (Dmax) for trigeminal neuralgia
and cumulative doses of 160 Gy or higher have been
reported with minimal risk for subsequent sensory abnor-
malities (Pollock 2005). The vestibulocochlear nerve (CN
VIII) appears to be somewhat less radioresistant, with
hearing loss reported at doses above 54 Gy in conventional
fractionation (Johannesen et al. 2002). This may be related
to radiation-induced bone sclerosis within the middle ear.
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Table 5 Commonly clinically applied normal tissue ‘dose limits’ for
the CNS associated generally with a low risk of injury

Structure Total dose (Gy)/Dose per fraction (Gy)

Spinal cord 45-50/1.8-2.0; 45/1.2 BID

Partial brain 60/1.8-2.0

Whole brain 30/3; 37.5/2.5; 40/2

Retina 45/1.8

Optic nerve/Chiasm 54/1.8; 8-10 single fraction
CN VIII 54/1.8

Other cranial nerves 60/2

Peripheral nerve plexus 60/2

7.2 Fetal Effects

Exposure of the fetal nervous system to ionizing radiation
between the gestational ages of 8 and 25 weeks is associ-
ated with microcephaly and mental retardation. This was
most clearly demonstrated in the Japanese populations
exposed to radiation from the atomic bombs of Hiroshima
and Nagasaki. The highest risk period for the development
of radiation-associated mental retardation appears to be
between the gestational ages of 8 and 16 weeks, which
coincides with neuronal proliferation, differentiation, and
migration into the developing cerebral cortex. Although the
dosimetry associated with the atomic bomb exposures is
somewhat uncertain, the incidence of mental retardation
appears to be linearly associated with dose, with a possible
threshold dose of 0.12-0.2 Gy. An exposure of 1 Gy at the
most sensitive gestational age of 8—15 weeks is associated
with an estimated 43 % risk of mental retardation. Radia-
tion exposure between 16 and 25 weeks is associated with
increased risk of mental retardation as well, but the inci-
dence is lower than at the 8-16 week period. Less pro-
nounced cognitive impairment (measured in the atomic-
bomb survivors by IQ testing and school performance) is
also evident among individuals exposed to lower doses of
radiation between 8 and 26 weeks gestational age, with a
linear relationship between decreased I1Q/school perfor-
mance and increased radiation doses. No effect on 1Q nor
school performance was observed among children who
were exposed to radiation before 8 weeks nor after
26 weeks (Hall 2006c; National Academy of Sciences/
National Research Council 1990).

7.3 Effects in Childhood

Neurocognitive and neuropsychologic consequences of brain
radiation in children may occur in up to 50 % of children who
undergo brain radiation (Walter et al. 1999; Packer et al.

Table 6 Antineopastic drugs associated with cerebral encephalopathy

Antimetabolites

High-dose methotrexate
5-Fluorouracil (with allopuronol)
Cytosine arabinoside (ara-C)
Fludarabine

PALA (N-[phosphonacetyl]-L-aspartate)
Alkylating agents

Cisplatin

Lfosfamide

BCNU (carmustine)
Spiromustine

Plant alkyloids

Vincristine (associated with inappropriate antidiuretic hormone
secretion)

High-dose regimens used in bone marrow transplantation
Nitrogen mustard

Etoposide

Procarbazine

Miscellaneous

Mitotane

Misonidazole

L-asparaginase

Hexamethylmelamine

Interleukin-2
From Kagan (1993), with permission

1987). The clinical manifestations are variable, ranging from
overt mental retardation among children receiving high doses
of radiation at a young age to subtler cognitive and behavioral
deficits. In infants and toddlers, mental retardation, growth
delay, and leukoencephalopathy are sufficiently profound
that cranial radiotherapy is preferentially delayed until after
age 3, except in extreme circumstances (Duffner et al. 1993).
Serial IQ testing is commonly used to quantify the extent of
neurocognitive impairment among children who have
received brain radiation. Declines in IQ have been observed
in multiple trials to be age- and dose-dependent (Silber et al.
1992; Merchant et al. 2005; Mulhern et al. 1998). Among
survivors of childhood cancer who received radiation, defi-
cits in attention and concentration appear to be particularly
significant contributors to cognitive decline (Langer et al.
2002; Briere 2008). It is important to note, however, that
many children with brain tumors have cognitive deficits at
baseline (i.e., before radiation therapy begins), likely sec-
ondary to tumor effect as well as pre-radiotherapy interven-
tions such as surgery (Merchant et al. 2002; Sonderkaer et al.
2003). It is unlikely that cranial radiotherapy will be com-
pletely eliminated as part of the treatment paradigm for
pediatric malignancies such as medulloblastoma, high-risk
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Fig. 11 Comparison of incidence of radiation-induced optic neurop-
athy (RION) versus maximum dose (Dmax) to optic nerves (from
Mayo et al. 2010). Selected studies generally used fraction sizes with
range of 1.8-2.0 Gy, assessed the dose to the nerve directly from their
best estimate of dose distribution in the structure (i.e., not as a partial
volume average), did not include pituitary lesions (lower tolerance),
and selected patient age <70 years (if segregated). Bars illustrate
range of doses for groups characterized by incidence values. Points
offset from O to <1 % were shifted to clearly show range bars. For
points displayed at O %, available range information was outside
50-70 Gy. Threshold for RION appears to be 55-60 Gy. However,
range bars illustrate treatment in 60-65 Gy range for some studies
without RION. Data estimated from tables, figures, and text reported in
the studies, because exact incidence data were not always provided
(with permission from Mayo et al. 2010)

acute lymphoblastic leukemia (ALL), and ependymoma.
Continuing clinical investigation is focusing on minimizing
the cognitive impact of cranial RT in children by attempting
to lower total RT dose and volume as well as by utilizing
technologies such as proton-beam RT (Merchant et al. 2009).

8 Management of Nervous System
Toxicity

Corticosteroids are the mainstay of treatment for many
radiation-induced CNS toxicities, including radiation
necrosis, cranial nerve palsy, and peripheral neuropathy.
Treatment with corticosteroids often affords significant
symptomatic benefit. It may also alter the pathophysiology
of radionecrosis by reducing local edema and interrupting
local inflammatory cascades. However, the side effects of
steroids are manifold, including worsening diabetic hyper-
glycemia, immunosuppression, loss of muscle mass, oste-
oporosis, peripheral edema, weight gain, skin changes, and
psychosis. Therefore, if steroid therapy is initiated, it should
only be continued if effective, and efforts should be made to
taper steroids quickly as symptoms begin to resolve.

The benefit of hyperbaric oxygen (HBO) therapy for
radiation-induced CNS toxicity has been investigated in a
number of small trials (Hulshof et al. 2002; Ohguri et al.
2007; Chuba et al. 1997). No consistent benefit has been
reported and no large randomized trial has been conducted.
At this point, there is insufficient evidence to recommend
for or against HBO in patients with CNS toxicity secondary
to radiotherapy. Pentoxifylline, which may also improve
tissue oxygenation and down-regulate inflammatory cyto-
kines, has also been suggested as a treatment for radione-
crosis and RT-induced cranial and peripheral nerve injury.
However, no well-designed, prospective trials have been
performed to demonstrate its efficacy. While there is
increased tissue oxygen delivery and down-regulation of
inflammatory cytokines with pentoxifylline, there is also
evidence that tumor oxygenation and increased tumor
growth can occur (Vernimmen et al. 1994; Grzela et al.
2003). Similarly, HBO increases tumor oxygenation which
most likely explains the multiple reports of explosive tumor
recurrences and accelerated disease progression following
HBO therapy (Wang 1999; Bradfield 1996). While eryth-
ropoietin has neuroprotective effects after injury, this has
not been studied in radiation patients; moreover, there have
been multiple randomized trials recently reported that
demonstrate its negative effect on overall survival in cancer
patients (van der Kooij et al. 2008; Leyland-Jones et al.
2005; Smith et al. 2008). Therefore, these agents should be
routinely avoided in patients with active tumor or in those
who are still in the window in which the risk of disease
recurrence is high.

A variety of psychoactive drugs have been utilized to
treat post-RT cognitive dysfunction. Methylphenidate, a
stimulant used to treat attention deficit disorder, may
improve psychomotor slowing and arousal in patients with
lassitude or lethargy following radiation (Meyers et al.
1998). Donepezil is an acetylcholinesterase inhibitor used to
improve cognitive function in patients with dementia. Do-
nepezil significantly improved mood, cognitive function,
and health-related quality of life in a phase II trial of irra-
diated brain tumor patients (Shaw et al. 2006). A recently
opened Phase III trial (RTOG 0614) is investigating another
anti-dementia agent, memantine, in patients undergoing
whole brain radiation for brain metastases. Memantine is an
N-methyl-D-aspartate receptor antagonist which slows the
progression of and improves symptoms related to vascular
dementia. Because vascular injury plays a key role in the
pathogenesis of radiation injury to the brain, memantine is
an attractive therapeutic agent. Bevacizumab, as described
above, has the potential to modulate post-RT vascular
pathology as well and is under active investigation.
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Fig. 12 Coronal (30 pm)
section through the anterior
hippocampus, stained with cresyl
violet. In comparison to normal
controls (a), the 30 Gy irradiated
animals (b) showed marked
disruption of the cytoarchitecture
of the hippocampal formation,
large holes, and almost complete
degeneration of the fimbria (FI)
(with permission from CURED
LENT II 2008)

9 Future Research: Stem Cell Transplant

The transfusion of pluripotent stem cells to regenerate
parenchymal and endothelial cells is no longer the impos-
sible dream. The new exciting advances in the bioengi-
neering of adult skin cells by insertion of three genes into
histocompatible stem cells opens the door for an improved
therapeutic ratio, that is, the stabilization and reversal of the
radiation Biocontinuum (Gutin 1991).

An apocryphal study utilized rat embryonic grafts,
implanted as a core of tissue in irradiated adult rat brain;
appeared to reverse most the morphologic and functional
aspects of neuronal damage (Fig. 12a, b) (Pearlman et al.
1990).

10 Review of Literature/Historical

Highlights

1937 O’Connell and Brunschwig: After a thorough analysis
of the literature and cases, concluded that the brain and its
blood vessels are injured. Suggested that 15,000 R not be
exceeded and that the optimal dose is 4,500 R.

1943 Smithers, Clarkson and Strong: Reported a case of
Brown-Sequard syndrome one year and three months after
irradiation of the esophagus (5,800 R in 39 days).

1948 Pennybacker and Russell: Presented a clinical and
pathologic review of five cases of brain necrosis following
therapy for brain tumor (except one case of rodent ulcer).
The damage was due to thrombosis of small vessels.

1951 and onward: Lars Leksell pioneers the concept of
stereotactic radiosurgery.

1954 Arnold, Bailey and Laughlin: Conducted an
experimental study of a wide range of single doses to the
brain and primates, concluding that the brain is more ra-
dioresponsive than generally conceded.

1954 Arnold, Bailey and Harvey: In experimental stud-
ies, suggested that the brain stem and hypothalamus are
more sensitive to irradiation than the cerebrum.

S S

1958 Berg and Lindgren: Conducted an excellent
experimental study of time-dose relationship and morphol-
ogy of delayed radiation lesions of the brain in rabbits.

1963 Berg and Lindgren: Presented data relating toler-
ance of the brain to field size, using an experimental situ-
ation in which select fields were used.

1964 Haley and Snider: Conducted a multidisciplinary
symposium on the response of the nervous system to
ionizing irradiation with emphasis on cytologic, histo-
logic, anatomic, functional, biochemical and behavioral
aspects.

1965 Vaeth: Offered a time-dose plot for radiation
myelitis.

1966 Bouchard: Presented the most recently published
treatise on the radiation therapy of brain tumors and the
tolerance of the brain to irradiation.

1968 Rubin and Cassarett: Presented the bio-continuum
paradigm to chart clinical pathophysiologic events in an
early/late timeline.

1988: Kjellberg and Abe suggest a series of ‘iso effect’
curves for various doses/volumes for single fraction radio-
surgery, based on combined animal and human data
(Kjellberg and Abe 1988). The 1 % iso-effect line is latter
suggested by Marks and Spenser (based on a literature
review) to closer to a 3-8 % risk, (Marks and Spencer 1991)
and by Flickinger, Schell, Larson (based on clinical data) to
be closer to a 3 % risk (Flickinger et al. 1990).

1990: Pearlman, Rubin, White, et al. Fetal hypothalamic
transplants into irradiated brains of rats: restore the histo-
pathology to normal (Pearlman et al. 1990).

1991: Gutin, Leibel and Sheline publish “Radiation
Injury to the Nervious System”.

1993 Tishler, Loeffler, Lunsford, et al. (Tishler et al.
1993) demonstrate a steep dose response for optic nerve
injury following radiosurgery.

1993 Flickinger, Lunsford, Kondziolka, et al. illustrate
the higher rate of imaging-defined brain injury (vs. symp-
tom-defined injury) following radiosurgery, and the
importance of ‘location” within the brain in estimating the
risk of injury with radiosurgery (Flickinger et al. 1992).
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1996 and onwand: Shaw and other investigators at the
RTOG define volume dependent tolerance doses for brain
radiosurgery (Shaw et al. 1996).

2001: Ang et al. report marked recovery of “tolerance”
in primate spinal cord. (Ang et al. 2001).
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