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SYNOPSIS

In this chapter, the clinical and neurobehavioral symptoms and signs of radiation-induced brain
injury, possible histopathology, and the potential of functional, metabolic and molecular imaging
as a biomarker for assessment and prediction of neurotoxicity after brain irradiation and imaging
findings in radiation necrosis will be discussed.
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INTRODUCTION

Radiation therapy (RT) is a major treatment modality for malignant and benign brain
tumors. However, concerns of radiation effects on the brain tissue and neurcognitive
function as well as quality of life increase as survival of the patients treated for brain tumors
is improving. Radiation effects on the brain manifest as late neurological sequelae and
neurocognitive dysfunction with or without gross tissue necrosis (1-4). Late neurocognitive
dysfunction presents as diminishing mental capacity for working memory, learning ability,
executive function, and attention. Recent multi-center studies of patients with low-grade
gliomas who are without clinical signs of tumor recurrence after radiation treatment show
that both a high total dose as well as a high dose per fraction are associated with
neurocognitive deterioration, especially memory functions (4,5). Radiation-induced
functional, metabolic and molecular changes in the brain structures and neural networks,
which can be assessed by in vivo imaging, could be responsible for neurocognitive function
changes.
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In this review, we discuss clinical and neurobehavioral symptoms and signs of radiation-
induced brain injury, possible histopathology, and the potential of functional, metabolic and
molecular imaging as a biomarker for assessment and prediction of neurotoxicity after brain
irradiation and imaging findings in radiation necrosis.

CLINICAL, RADIOLOGICAL AND NEUROBEHAVIORAL SYMPTOMS AND
SIGNS

Clinical symptoms and signs

Classically, clinical complications after brain therapeutic irradiation have been described as
acute (days to weeks after irradiation), subacute or early delayed (2-6 months after the
completion of RT), and late effects (6 months to years after the completion of RT) (1,6,7).

The acute reaction to conventional fractionated brain irradiation is usually mild,
characterized by headache, nausea, drowsiness, and sometimes worsening of neurological
symptoms. Corticosteroids are usually successful in relieving acute complications.

Reports on early delayed reactions increase with frequency following contemporary cranial
irradiation techniques. General neurological deterioration during this interval (2-6 months
after RT) is believed to be secondary to transient, diffuse demyelination. Many focal
neurologic signs following radiation treatment of intracranial tumor have been attributed to
intralesional reactions, probably indicative of tumor response and/or perilesional reactions
(i.e., edema or demyelination). However, periventricular white matter (WM) lesions start to
appear on conventional MRI or CT during this interval even with standard fractionated
partial brain RT (8,9). Following high-dose, volume-limited stereotactic radiosurgery (SRS),
transient WM alterations are often apparent on conventional MRI, generally beginning 6 or
more months after treatment (10,11). Following high dose, large brain-volume treatment and
concurrent chemotherapy, necrosis, particularly in WM, starts to develop in this interval, and
the location of necrosis is often near the site of the original tumor (12,13).

The classical /ate effect following brain irradiation is either localized or multi-focal necrosis,
often associated with high dose and large brain-volume treatment (7,12-14). Complications
include worsening neurological signs/symptoms, seizures, and increased intracranial
pressure. Nevertheless, WM abnormality is a much more common late effect, and is often
noted extending peripherally beyond the high-dose volume following partial brain irradiation
(8,9). WM abnormality as well as necrosis is progressive (8-11) and their imaging findings
will be discussed later.

Neurological symptoms and neurocognitive impairments related to WM injury range from
mild personality change to progressive memory loss, and to marked, incapacitating dementia
(15).

Radiological signs

The radiological signatures of WM alterations have been categorized as (1) periventricular
changes, (2) focal extension of intense signal into WM; (3) diffuse extension into WM; and
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(4) diffuse coalescence of white and gray matter into intense signal region, loss of
architecture, cortical atrophy, and hydrocephalus(8).

Following focal or whole brain irradiation asymptomatic focal edema is a commonly finding
seen both on CT and MR typically presenting as increased signal on T2-weighted and
FLAIR images in the white matter on MRI (Fig 1) and as decreased attenuation in the white
matter on CT.

Radiation necrosis is often difficult to differentiate from recurrent tumor as the imaging
pattern is very similar and they have many shared characteristics such as it origin that often
is at or in the vicinity of the original tumor and they often demonstrate heterogeneous
contrast enhancement. Commonly radiation necrosis presents as a single focal enhancing
lesion but it can be multifocal, or even in the contralateral side. The side may vary and range
from small nodular enhancement to large areas necrosis and heterogeneous enhancement
(16). Most of lesions consist of an enhancing mass with a central area of necrosis often in a
so called soap-bubble or Swiss-cheese pattern (13) (Fig 2). On T2-weighted images, the
solid portion of the radiation-induced necrotic mass has low signal intensity, and the central
necrotic component shows increased signal intensity (13).

In the milder forms of radiation induced injury the pattern of enhancement can be nodular,
linear or curvilinear and present in as single or multiple lesions of varying sizes. Commonly
the lesion growth over time, demonstrates surrounding edema, and causes mass effect.
Typical locations for radiation necrosis is in the postsurgical tumor bed, in the
periventricular white matter especially corpus callosum and centrum semiovale (on top of
the ventricles) because the periventricular white matter is very s susceptible to radiation.
Radiation injury and radiation necrosis can occur outside the high-dose radiation dose field

(16) (Fig 3).

Neurobehavioral symptoms and signs

In recent years, many efforts have been focused on /ate neurocognitive dysfunction and
quality of life of patients with brain tumors and treated by RT with or without concurrent
chemotherapy. Although a few studies find that the deterioration of neurocognitive function
is an indicator of tumor progression (17,18), a recent multi-center study of patients with low-
grade gliomas who had no clinical signs of tumor recurrence at least one year after treatment
showed that a high total dose correlated with a decline in working memory and that a high
dose per fraction interfered with long-term memory storage and retrieval [4]. Also, ina
randomized trial of low- (50.4 Gy) versus high-dose (64.8 Gy) RT in patients with
supratentorial low-grade glioma, significant cognitive deterioration from baseline was found
in those without tumor progression, with rates of 8.2%, 4.6%, and 5.3% at years of 1, 2, and
5 respectively, as assessed by the relatively insensitive Folstein Mini-Mental State
Examination (MMSE) (5). Moreover, the rate of cognitive impairment is even higher using a
battery of neuropsychological tests, which are much more sensitive to cognitive functions
than the MMSE (4,15,19,20). Also, neurocognitive dysfunction is observed without
radiation necrosis (15), consistent with the findings in an animal study (21).
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The cognitive domains of these dysfunctions present primarily in memory function, learning
ability and executive function, and to a lesser extent in fine motor skills and attention.

The potential effect of RT on neurocognitive outcomes is an important factor in the
determination of the risks versus benefits of treatment (22), which should be an integral part
of clinical decision-making. Given the late nature of neurocognitive dysfunction, it would be
important to identify in vivo imaging biomarkers for early assessment and prediction of late
neurotoxicity.

HISTOPATHOLOGY IN RADIATION-INDUCED BRAIN INJURY

Radiation-induced injury in cerebral tissue is a highly complex and interactive process
involving multiple tissue elements (2,23,24). Cerebral vascular injury has long been
recognized to occur acutely and precedes subacute demyelination and reactive astrocytic and
microglial responses (25-28). Histopathologic studies reveal that lifting of endothelia from
the basement membrane, dilation and thickening of blood vessels, endothelial cell nuclear
enlargement, and hypertrophy of perivascular astrocytes are among the first effects after
irradiation (29-31). Early endothelial cell death and apoptosis after irradiation have been
detected (26,27,32). Possible mechanisms of endothelial apoptosis include generation of
intracellular ceramide via acidic sphingomyelinase and adhering leukocytes via TNF-a
(27,32,33). The initial injury of vessels is followed by the formation of platelet matrix and
thrombi, which eventually results in occlusion and thrombosis in microvessels within weeks
to months (23,34). Furthermore, cerebral vascular injury is followed by degenerative
structural changes in WM (29-31,35). The lag time between vascular injury and WM
degeneration depends upon the severity of the injury. Together, these observations strongly
support the concept that cerebral vascular injury is of crucial importance for the
development of WM injury following irradiation.

In addition to vascular abnormalities, demyelination is another typical histopathology of
radiation-induced brain tissue injury. It has been shown that irradiation results in the loss of
reproductive capacity of the oligodendrocyte type 2 astrocyte (O-2A) progenitor cells in both
brain and spinal cord of adult rats (36-38). Presumably, radiation-induced loss of O-2A
progenitor cells results in failure to replace normal turned-over oligodendrocytes, with the
eventuall consequence of demyelination. However, the kinetics of oligodendrocyte loss is
inconsistent with the late onset of necrosis.

The brain is a highly integrated system, comprising a number of disparate phenotypes of
cells. Thus, brain irradiation could affect not only vasculature and O-2A progenitors, but
also astrocytes, microglia, neurons, and recently identified neural stem cells (39). As
suggested, the response of neural tissue to irradiation also involves oxygen stress,
inflammatory response, secondary reactive processes and enhanced cytokine gene
expression (2,23,24). To date, our understanding of histopathology and molecular biology
after brain response to irradiation is limited.
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RADIATION NECROSIS AND PSEUDO-PROGRESSION

The differentiation of recurrent tumor or progressive tumor from radiation injury after
radiotherapy is often a radiological dilemma regardless the technique used - CT or MR.
Most of these brain neoplasms have been subjected to radiation and/or chemotherapy and
many of the tumors do not have specific imaging characteristics that will enable the
neuroradiologist to discriminate tumor recurrence from the inflammatory or necrotic change
that can result from treatment with radiation and/or chemotherapy. Both entities typically
demonstrate contrast enhancement. It is, therefore, often the clinical course, a brain biopsy,
or imaging over a lengthy follow-up interval that enable the distinction of recurrent tumor
from a treatment-related lesion and not the specific imaging itself (13).

While the difficulties in differentiation between radiation necrosis and a recurrent tumor
often occur several months after the initial therapy recent studies have described transient
increases in contrast enhancement immediately after chemo-radiation which mimic tumor
progression and has been termed “pseudo-progression” (40-44).

The incidence of pseudo-progression following concurrent chemo-radiation has been
reported to occur in approximately 15-30% of patients (40-44). The majority of patients
remained clinically stable despite imaging changes suggestive of tumor progression.
Radiation-induced vascular changes leading to focal transient increase in gadolinium
enhancement following irradiation has been considered a possible mechanism (40). The
combination of chemotherapy and radiation therapy may increase the incidence of pseudo-
progression, possibly due to the increased radiosensitive effect of temozolomide on adjacent
normal tissue (41-44). Pseudo progression is further discussed in the Chapter Therapeutic
Advances in Malignant Glioma: Current Status and Future Prospects.

IMAGING AS A BIOMARKER FOR RADIATION-INDUCED NEURO-TOXICITY
AND RADIATION NECROSIS

Today, a large body of converging evidence, from histopathology, molecular biology, animal
models and clinical observations, suggests that radiation-induced neurotoxicity follows an
interactive and dynamic sequence as early vascular injury, subsequent focal and diffuse
demyelination, late tissue degeneration and neurocognitive dysfunction. Although limited,
functional and metabolic imaging has been utilized to investigate vascular injury, WM
demyelination, and metabolic change in cerebral tissue after irradiation without apparent
tissue necrosis. The functional and metabolic changes have been associated with radiation
dose, dose volume, and fraction size. Furthermore, a few studies have attempted to link the
functional and metabolic changes in the brain to neurocognitive function changes.

In the following sections, we will review the studies of white matter injury and radiation
necrosis using diffusion tensor imaging, and changes in cerebral blood flow, blood volume
and metabolism using functional MRI, proton spectroscopy, and PET. Changes in cerebral
blood flow, blood volume in the work-up to distinguish radiation necrosis from recurrent
brain tumor will be discussed in the chapter MR Perfusion and Permeability in Brain Tumor.
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Diffusion tensor imaging

Diffusion tensor imaging (DTI) is the most sensitive technique to assess WM integrity and
histopathological changes before structural changes are visible on any other imaging
modalities. DTI is able to assess water diffusion as well as anisotropic diffusion in the tissue
structures (45-47). In WM, the tight myelin sheaths surrounding the axon substantially
restrict water diffusion in the direction perpendicular to the axon axis (1) compared to
water diffusion in the direction along the axon axis (). Therefore, anisotropic water
diffusion can be used to characterize tissue types, e.g., grey matter (GM) and WM, and to
provide information on the density and orientation of WM fiber tracts. Furthermore, the
quantitative indices obtained from DTI can aid in distinguishing between myelin loss and
axonal injury. For example, an increase in A with or without a change in A, has been
confirmed to be an /n vivo biomarker for demyelination with pathology in myelin-deficient
rats (48). In a recent study of radiation-induced white matter damage in a rodent model, an
early delayed increase in A after irradiation was correlated with demyelination
histologically while a decrease in A; was correlated with reactive astrogliosis without
necrosis (49). Either A increase or A, decrease can lead to fractional anisotropy (FA)
decreases.

Diffusion tensor imaging has been used to assess white matter injury in the pediatric and
adult patients treated with brain radiation. In a recent study of children with
medulloblastoma treated with craniospinal irradiation, decreased FA in WM after radiation
was found to be correlated inversely with the age at treatment and positively with
craniospinal dose (50). In a cross-sectional study of survivors of childhood medulloblastoma
and acute lymphoblastic leukemia treated with craniospinal irradiation, differences of WM
FA in the patients and in age-matched control group had a significant effect on intelligence
quotient (1Q) scores after adjusting effects of age at treatment, craniospinal dose, and time
interval since treatment (51). In another study of the survivors of acute lymphoblastic
leukemia 17-37 years after craniospinal irradiation, FA was analyzed in the temporal lobe,
hippocampus, and thalamus, and found to be reduced compared to aged matched control
[52]. However, since neurocognitive functions in these patients were not evaluated, and
neurobehavioral consequences of degradation of these functional structures are unknown.
Although findings from these cross-sectional studies identify several interesting factors that
might contribute to radiation-induced neurocognitive injury in the pediatric population,
future prospective studies are required to test hypotheses generated from these preliminary
investigations.

In the adult patients who undergo partial or whole brain radiation therapy, several
prospective studies showed changes in DTI indices of normal appearing white matter
(53,54). In a study of 25 patients who had high-grade glioma, low-grade glioma or benign
tumors and underwent partial brain RT, progressive decreases in FA from the start of RT to
45 weeks after were observed in large WM fibers of the genu and splenium of corpus
callosum (53). Also, the decrease in FA was dose-dependent. Further analysis showed
progressive increases in A but little change in A, suggesting demyelination predominant
after WM irradiation. In another study of 26 patients who underwent prophylactic cranial
irradiation, decreases in FA of several WM anatomic sites, including frontal white matter,
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corona radiate and cerebellum, were observed at the end of RT, and six weeks after RT, the
extent of which appears to depend upon risk factors of vascular diseases (54). Whether the
radiation-induced WM injury is structural selective is question that remains to be answered.
Also, how these observed WM changes are associated with neurocognitive function changes
remains to be tested.

Recent studies utilizing diffusion weighted imaging (DWI) to differentiate recurrent tumor
from radiation injury (55) have shown that the apparent diffusion coefficient (ADC) ratios in
the contrast-enhancing lesion are lower in recurrent tumor than in radiation induced injury
[55]; however other investigators using diffusion tensor imaging (DTI) (56) demonstrated
significantly higher ADC values in the contrast enhancing part of the lesion in patients with
tumor recurrence than in the contrast enhancing lesion in patients with radiation injury. That
study also showed that the ADC ratios in the white matter tracts in the peri-lesion oedema
were significantly higher in radiation injury patients compared with those with recurrent
tumor and that the FA ratios were significantly higher in normal appearing white matter
tracts adjacent to the oedema in patients diagnosed with radiation injury compared to those
with recurrent tumours (56). Both A, and A ; values were significantly higher in contrast-
enhancing lesions in patients with recurrent tumor than in those with radiation injury (P=.02)
as well as in the perilesional edema for both patient groups compared with normal appearing
white matter. It can be anticipated that higher ADC values found in areas of tumor
recurrence could be due to increased extracellular space and micronecrosis, as commonly
found in brain tumors, although a high-cell-density tumor would exhibit low ADC. Lower
ADC value in radiation injury could be a result of gliosis, fibrosis, macrophage invasion,
vascular changes and demyelination. These radiation-induced effects will restrict water
mobility (lower ADC) relative to simple non-cellular or cystic necrosis, which elevates
ADC. Contradictory, are results from another study that demonstrated higher ADC values in
treatment-related changes/radiation necrosis than in solid tumors, suggesting that solid
tumors may have more densely packed cells than necrotic tissues, resulting in a lower ADC
for recurrent tumor (57). It have been suggested, supported by data both from animal and
human studies, that diffusion imaging may be sensitive for evaluating early tumor response
to therapy [58,59] suggesting that early increase in ADC values during therapy may relate to
therapy-induced cell necrosis. The subsequent drop in tumor ADC to pretreatment levels
could be an indicator of tumor regrowth (58,59).

Proton spectroscopy

Magnetic resonance spectroscopy (MRS) is a non-invasive technique for measurement of
chemical substances (metabolites) in the brain and may serve as a sensitive imaging tool to
non-invasively detect neurochemical changes as evidence of neurotoxicity in the irradiated
brain (60-68) The technique has been used to differentiate recurrent tumor from radiation
necrosis (69-71) while only a few prospective studies evaluating interval changes in
metabolic activity in normal appearing brain parenchyma during and following cranial RT
for primary brain neoplasm have been published (63-68,72).

The most common technique have been single voxel 1H-MRS technique with only a limited
part of the brain evaluated and only at one or two time points during and after irradiation
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(63-65,72), less frequent has two-dimensional (2D) multivoxel spectroscopy (66,68) or
three-dimensional (3D) spectroscopic imaging (67) been used for interval follow-up during
or after radiation therapy.

It have been hypothesized that structural degradation in cerebral tissue after radiation
therapy would be predicted by early changes in metabolic activity detectable by MRS before
the development of neurocognitive symptoms or anatomic changes seen on conventional
MRI. This hypothesis is supported by the findings in a recent study of 11 adult patients with
either low-grade glioma or benign tumors without previous cranial irradiation (68). That
study demonstrated significant alterations in brain metabolites occurred in normal-appearing
human brain parenchyma early during radiation treatment and that interval progression of
some of these changes occurred over at least a 6 month period (68). This was especially
evident by the interval decrease in N-acetylaspartate/ creatine (NAA/Cr) and choline/
creatine (Cho/Cr) ratios from the pre treatment values at 3 weeks of radiation treatment and
the progressive decline seen in the ratios at 6 months after the completion of radiation
treatment (68) (Fig 4). The conclusion from that study was that the decrease in the NAA/Cr
ratio is most likely due to neuronal damage, neuronal cell death due to apoptosis, and
neuronal dysfunction secondary to the irradiation. The metabolite NAA is predominantly
present in neurons and believed to represent a marker of neuronal density and function and
creatine is a marker of energy metabolism and is considered to be fairly stable under most
conditions. The presumption that NAA decreases following radiation is also supported by
other previous studies demonstrating a decrease in whole brain NAA and in the NAA
concentration of irradiated brain (62-64,72). Observations of decreases in both choline and
choline compounds, as well as the decreased Cho/Cr ratio have also been reported after
irradiation (60,67,68,73). The choline compound is correlated with cell membrane
biosynthesis and metabolic turnover in proliferative tissue and it has been suggested that the
decrease in Cho seen in normal appearing brain tissue after irradiation might be due to
membrane damage in the myelin or the myelin-producing oligodendrocytes, accompanied
by impaired tissue perfusion (74). One of the few previous reports of metabolic changes
after prophylactic irradiation, in patients with acute lymphoblastic leukemia (60) found that
the lower NAA/Cr and Cho/Cr was associated with the presence of hemosiderin but not with
imaging findings of leukoencephalopathy.

Also recent animal studies have demonstrated significant differences in brain metabolite
concentrations in irradiated rat brain (75) accompanied by worsening on behavioral tests in
the irradiated rats compared to sham-irradiated rats 54 weeks after radiation treatment (76).

Specific spectroscopic changes that occur in radiation necrosis have been reported and
include slight depression of NAA and variable changes in Cho and Cr (71, 77-79). In
addition, radiation necrosis may show a broad peak between 0 and 2 ppm, probably
reflecting cellular debris containing fatty acids, lactate and amino acids (80) (Fig 5). Also
other metabolites have been suggested to be present in radiation necrosis. For example in
one study monitoring the progression of severe cerebral radiation injuries in the temporal
lobes in patients previously treated for nasopharyngeal carcinoma a unknown resonance
named Px in the 2.37-2.40 ppm region was found in affected temopral lobes. The authors
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speculated if Px could be associated with anaerobic glycolysis producing pyruvate (2.37
ppm) or succinate (2.40 ppm) as can be seen in brain abscess formations (81).

Overall it looks like higher Cho/NAA and Cho/Cr ratios are to be expected in areas of
recurrent tumor compared to areas of radiation injury as well as to normal adjacent brain
tissue as reported by several studies. Different MRS studies using different spectroscopy
technique have reproted an 80-97% success rate to retrospectively differentiate recurrent
tumour from radiation injury with significantly increased Cho/NAA and Cho/Cr ratios
(69,70, 79).

Different so called metabolic cut off values have been suggested differentiate recurrent
tumour from radiation injury (69). A previous study utilizing 2D CSI reported that when cut-
off values of 1.8 for either Cho/NAA or Cho/Cr were used - i.e. values above 1.8 being
diagnostic for tumor recurrence - 27 out of 28 patients were retrospectively correctly
diagnosed (69). Values that are in agreement with those in a previous study utilizing
multivoxel 1H-MRSI and correlation with histological specimens (70) in which the
investigators claim that a Cho/Cr ratio over 1.79 or Lip-lac/Cho ratio less then 0.75 has a 7-
fold increased odds of being pure tumor compared to pure necrosis and the odds of the
biopsy's being pure necrosis and having either the Cho/nCr values less than 0.89 or a Cho/
nCho value less than 0.66 are six times the odds of the biopsy's being pure tumor (70).
Another study using receiver operating characteristic analysis reported the sensitivity,
specificity and diagnostic accuracy of 3D 1H-MRS to be 94.1%, 100%, and 96.2%,
respectively, based on the cut-off values of 1.71 for Cho/Cr or 1.71 for Cho/NAA or both as
tumor criterion (82). The Choline/lipid or lactate ratio (Cho/(Lip or Lac)) is another ratio
that has been used in the attempt to diagnose radiation necrosis is the Cho/(Lip or Lac) ratio.
In another study the authors reported positive predictive values of a Cho/Lip or Lac ratio less
than 0.3 and the positive predictive values of a Cho/Cr ratio less than 2.48 for diagnosing
radiation necrosis were 100% and 71.4%, respectively. (83).

However we have to bare in mind that many of these newly occurring do not only consist of
large areas of pure tumor or radiation injury/necrosis but rather is a mixture of tumor cells
and tissue with radiation injury is present. This assumption is supported by a prior study of
multivoxel MRS that found that: “spectral patterns do allow reliable differential diagnostic
statements to be made when the tissues are composed of either pure tumor or pure necrosis,
but the spectral patterns are less definitive when tissues composed of varying degrees of
mixed tumor and necrosis are examined” (84).

Positron Emission Tomography - PET

Previous PET studies have shown that areas of radiation injury have lower glucose
metabolism than normal brain tissue because they have lower cellular density (85). A
previous PET review reports the sensitivity of PET to be 80-90% and the specificity to be
50-90% in differentiating late-delayed radiation injury from recurrent high grade glioma
(86). Another study of 15 patients with histopathologically confirmed diagnosis reported that
FDG-PET was only 43% sensitive in distinguishing recurrent tumor from radiation effect,
and was least accurate when the lesion volume was less than 6 cc (87). However, false
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positive FDG-PET and TI-201 SPECT have been reported with biopsy proven radiation
necrosis (88).

FDG-PET and 1°0-PET (cerebral blood flow) have been used to relate dose-dependent
radiolgocial defined changes innnormal brain tissue to neurocognitive dysfunction. In that
recent study a dose-dependent response of CNS tissue was detected using FDG-PET and the
decrease in CNS metabolism correlated with decreased performance on neuropsychological
tests (89). They also demonstrated transient changes in cerebral blood flow with 1°0;
increased relative cerebral blood flow with increasing dose measured by an increase in 1°0
changes at 3 weeks after treatment in areas receiving greater then 30 Gy by significantly
lower levels at 6 months after treatment (89).

11c-Methonine PET (Met-PET) have in a few recent studies demonstrated the possiblity to
accurately distinguish recurrent brain tumor from radiation necrosis. In a recent MET-PET
study of 21 patients previously treated for primary or secondary neoplasm presenting with a
total of 27 lesions the authors report intense MET uptake in patients with recurrent tumor
(mean 1.79+0.32 vs 1.05+0.11, p<0.0001) while no significant MRT uptake were seen
patients with radiation necrosis with 100% sensitivity, specificity and accuracy of visual
interpretation of the MET uptake (90).

More about the use of PET imaging to differentiate radiation necrosis from recurrent tumor
will be discussed in the Chapter Molecular imaging (PET) of brain tumors.

Vascular imaging

There are limited reports about the cerebral blood flow (CBF) and cerebral blood volume
(CBV) changes in normal brain that has be irradiated. The limited existing reports indicate
that there are changes in the CBF and CBYV after irradiation and that these changes might be
dose-dependent (89, 91-94).

In a prospective study of DCE MRI of prediction of radiation-induced neurocognitive
dysfunction (92) Cao et al found that vascular volumes and blood-brain barrier (BBB)
permeability increased significantly in the high dose regions during RT, followed by a
decrease after RT. Changes in both vascular volume and BBB permeability correlated with
the doses accumulated at the time of scans at week 3 and 6 during RT and 1 month after RT.
The effect of the dose-volume on the vascular volume was also observed. Finally, changes in
verbal learning scores 6 months after RT were significantly correlated with changes in
vascular volumes of left temporal and frontal lobes and changes in BBB permeability of left
frontal lobes during RT. Similar correlation was found between recall scores and BBB
permeability. These data suggest that the early changes in cerebral vasculature may predict
delayed alterations in verbal learning and total recall, which are important components of
neurocognitive function.

Mean and regional cerebral blood flow (CBF) was measured at before, 2 weeks and 3
months after stereotactic radiosurgery (SRS) in a 99mTc-HMPAO to elucidate the radiation
effect on the normal brain after SRS (92). They found significant reductions in mean CBF
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(by 7%) and regional CBF in the peri-target areas (by 5-7%) and out-of-field areas (by
6-22%) were recognized at 2 weeks and 3 months after SRS (93).

Another study using dynamic-susceptibility contrast perfusion MR imaging demonstrated
lower relative CBV in normal appearing brain tissue 2 months after radiotherapy suggesting
a dose-dependent decline in vessel density and increase in vascular permeability and/or
tortuosity in irradiated normal-appearing brain tissue (91).

A recent study utilizing perfusion computed tomography demonstrated higher nCBV and
nCBF and lower nMTT compared with radiation necrosis (94).

More about the use of perfusion imaging both with MR and CT to differentiate radiation
necrosis from recurrent tumor will be discussed in the Chapter MR Perfusion and
Permeability in Brain Tumor.

CONCLUSION

In conclusion, several different imaging techniques points in the same direction that occult
injury to the normal brain occur during radiation treatment. In the future these different
imaging biomakers might be able to compare the effects of different radiation treatment
regimens and to evaluate neuroprotective therapies with the potential to minimize the
neurotoxicity of brain radiation treatment.

The differentiation of recurrent tumor from radiation injury remains a challenge and the
combination of conventional MR imaging and more than one of the other more advanced
imaging modalities such as MRS and PET are often needed to come to a conclusion.
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Figure 1.
Axial Fluid Attenuation Inversion Recovery (FLAIR) image demonstrate the increased

signal in predominately right frontal lobe in a patient with radiation injury sceondary to
irradaition.

Neuroimaging Clin N Am. Author manuscript; available in PMC 2016 August 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Sundgren and Cao Page 17

Figure 2.
Axial post GD-DTPA T1-weighted image of Swiss-cheese appearance of contrast

enhancement in a case of surgically proven radiation necrosis.
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Composite (ADD)IGy]

Figure 3 a-b.
Axial post Gd-DTPA T1-weighted image demonstrates a focal heterogeneously enhancing

lesion in the right frontal lobe. The lesion that was histopahtology proven radiation necrosis
is outlined in red (a). The lesions is in so-called in-field of the radiation dosage volume but
only parts of the lesion is in the high 60Gy field while other parts are outside the high dose

(b).
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3,12 2,53

Figure 4 a-d.
Post Gd-DTPA T1-weighted images prior to RT (top left) and 6 months after the completion

of RT (top right). The large white boxes represent the VOIs for MRS acquisition, and small
white boxes depict the individual VVOIs for spectral analysis. The two representative spectra
prior to radiation treatment (bottom left) and 6 months after radiation treatment (bottom
right) were from the corresponding bright white boxes in top panels. Color contours denote
isodose lines of radiation.
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Figure 5 a-c.
Axial post GD-DTPA T1-weighted image demonstrates a focal heterogeneously enhancing

lesion in the right frontal lobe. The volume of interest (VVOI) of the 3D-CSI (chemical shift
imaging) MR spectroscopy (b) and corresponding spectra with significantly elevated lipid
peak, slight decrease in NAA peak and slight increase in the choline peak. The lesion was
surgically removed and was proven to be radiation necrosis.
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