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Abstract

A familiar challenge for neuroradiologists and neuro-oncologists is differentiating between
radiation treatment effect and disease progression in the CNS. Both entities are characterized by
an increase in contrast enhancement on MRI and present with similar clinical signs and symptoms
that may occur either in close temporal proximity to the treatment or later in the disease course.
When radiation-related imaging changes or clinical deterioration are mistaken for disease
progression, patients may be subject to unnecessary surgery and/or a change from otherwise
effective therapy. Similarly, when disease progression is mistaken for treatment effect, a
potentially ineffective therapy may be continued in the face of progressive disease. Here we
describe the three types of radiation injury to the brain based on the time to development of signs
and symptoms — acute, subacute and late — and then review specific imaging changes after
intensity-modulated radiation therapy, stereotactic radiosurgery and brachytherapy. We provide an
overview of these phenomena in the treatment of a wide range of malignant and benign CNS
illnesses. Finally, we review the published data regarding imaging techniques under investigation
to address this well-known problem.
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Radiation therapy (RT) is an effective treatment for various intracranial pathologies,
including primary CNS malignancies, brain metastases, meningiomas and vestibular
schwannomas. Serial contrast-enhanced MRI represents the current mainstay for monitoring
treatment response following therapy based on the assumption that enlarging lesions reflect
increasing disease burden. However, radiation neurotoxicity may closely resemble recurrent
or progressive disease. There are many shared characteristics between the two entities
including: presence of contrast enhancement; location near site of original disease and,
therefore, highest radiation dose; growth over time; mass effect; vasogenic edema; and
clinical symptoms. When radiation-related imaging changes are mistaken for disease
progression, patients may be subject to unneeded surgery and discontinuation of otherwise
effective systemic therapy. This may also pose a dilemma in clinical trials for new systemic
therapies, where such imaging changes may cause the patient to be falsely labeled as having
progressive disease. This review summarizes the types of radiation injury (acute, subacute
and late), and then discusses common clinical scenarios and relevant literature associated
with three modalities of RT commonly used to treat CNS pathology — intensity-modulated
RT (IMRT), stereotactic radiosurgery (SRS) and brachytherapy. Finally, we discuss recent
advances in imaging techniques that show promise in the noninvasive differentiation
between radiation treatment effect and disease progression.

Radiation injury

Three distinct types of radiation injury are recognized and can be identified on the basis of
the time of presentation: acute (during or shortly after radiation), subacute or early-delayed
(typically up to 12 weeks after radiation), and late (months to years after completion of
radiation) [1]. A complete understanding of the pathophysiology of CNS injury after RT is
lacking, however, it is clear that multiple variables are relevant to its occurrence, including
total dose, fraction size, time between fractions, treatment volume and concurrent
chemotherapy [2-8].

Acute effects

Acute radiation effects occur during or immediately after the course of radiation. Clinically,
acute encephalopathy often manifests as signs of increased intracranial pressure with
headache, nausea/vomiting and/or mental status changes. It is not uncommon for symptoms
or signs caused by the lesion to progressively worsen in the setting of acute edema
secondary to RT. Symptoms often improve with dexamethasone, however, it is unclear
whether such therapy actually affects long-term outcome or if there is clear benefit to
treating acute radiation-related edema or other imaging changes in the absence of symptoms.
Acute toxicity is thought to be secondary to radiation-induced cytokine release and
vasodilation resulting in increased edema and disruption of the blood—brain barrier. The
MRI in acute radiation injury is usually unchanged but occasionally can demonstrate diffuse
brain swelling [9]. With conventional fractionation (1.8-2 Gy per fraction) to doses up to
approximately 60 Gy, symptoms of acute radiation toxicity are typically mild and self-
limiting [8] and will completely resolve without therapeutic intervention. Occasionally
patients with acute radiation injury may develop progressive symptoms similar to late
radiation injury; in this case, there is clinical benefit to the use of dexamethasone and
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surgery may be life saving. Although no longer part of current treatment regimens, high
doses of radiation (e.g., >6 Gy fractions or twice-daily treatment), particularly when
delivered to the whole brain, may result in death secondary to acute neurotoxicity [10-12].
For these reasons, it is possible that imaging progression as well as clinical deterioration
during brain radiotherapy may represent treatment effects rather than actual tumor
progression.

Subacute (early-delayed) effects

Late effects

Subacute reactions appear from a few weeks to a few months after radiation and can be
operationally defined as treatment-related changes that often stabilize or diminish over time,
with or without clinical symptoms. A specific entity, known as somnolence syndrome may
also occur in the subacute period and is characterized by fatigue and lethargy, and may or
may not be associated with imaging changes. Somnolence syndrome is thought to be
secondary to demyelination and is more frequent in children, particularly when concurrent
methotrexate is administered with whole brain radiation [13].

When the subacute or early-delayed type of injury occurs, MRI findings can vary from
edema to an increase in size of the contrast enhancing lesion(s) within the area of prior
irradiation. Effects of radiation on the robustness and function of the blood—brain barrier
also contributes to the observed imaging changes. As with most treatment-related effects,
the occurrence of these effects depends on total dose and fraction size. Although these
symptoms are mostly reversible, the imaging changes do not always demonstrate complete
resolution, particularly if they progress to late effects, such as radionecrosis [14,15]. It may
be appropriate to warn patients that development or recurrence of symptoms in the months
after radiation treatment may very well be related to the treatment rather than progression of
disease, especially for conditions where radiotherapy is highly successful.

Radiation late effects include white matter changes, radionecrosis and other vascular lesions,
such as lacunar infarcts and parenchymal calcifications [16]. The interval between radiation
and time to occurrence varies from a few months to several years. CNS toxicity, as
demonstrated by subclinical white matter changes, is relatively common and can even
manifest after chemotherapy alone [15,17-18]. After RT for gliomas, white matter changes
can occur in up to 50% of patients. This mechanism is felt to be secondary to cerebral edema
and these changes may be confused with tumor progression, given that a high-grade glioma
itself may appear similar to radiation white matter changes on MRI. The clinical situation
may even be more difficult in the follow-up for patients with infiltrating low-grade glioma.
In this case the tumor itself may be present on pretreatment imaging as an ill-defined white
matter infiltrating process that is difficult to differentiate from later radiation-induced white
matter changes that may develop over years of follow-up. Such slowly progressive changes
in the radiation field may be considered appropriate for conservative follow-up, especially
without progressive symptoms or evidence of mass effect. These changes are more often
associated with cognitive decline, but can also be asymptomatic.
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Radionecrosis, on the other hand, is a potentially devastating and irreversible late
complication that will be an additional important focus of this review as it may also closely
mimic tumor progression and thereby create a clinical management dilemma. Radionecrosis
is felt to be a more severe form of the white matter changes associated with
leukoencephalopathy. There is likely a physiologic and temporal relationship between white
matter changes and frank radionecrosis, and white matter changes and radionecrosis are not
mutually exclusive [19]. One must also keep in mind that as a general pathologic term,
necrosis is also identified in the subacute or early-delayed period as well as a component of
the primary tumor in high-grade gliomas. Patients with subacute radiation effect (up to 12
weeks after radiation), despite showing evidence of necrosis if taken to surgery, will usually
have improvement in imaging findings over time without surgical intervention. This is in
contrast to late necrosis, which often requires surgical intervention.

Radionecrosis

Radionecrosis typically occurs months to years after radiation, but may be seen as early as a
few weeks after and has been reported as late as 19 years after the completion of RT.
Approximately 80% of cases occur within 3 years from the completion of RT. In 1972,
Glass et al. at the MD Anderson Cancer Center (TX, USA) reported their experience of
cerebral radionecrosis following RT for extracranial neoplasms. They reported that the risk
increases significantly with increasing radiation dose, fraction size and administration of
chemotherapy (either concurrent or subsequent) [5]. It is accepted that a dose of 60 Gy
administered in 200 cGy fractions over a period of 6 weeks is considered safe. However,
even with this schedule and dose, cases of cerebral radiation necrosis will inevitably occur.
A 5% risk of radionecrosis within 5 years after radiotherapy has been estimated to occur
after a total dose of 50 Gy to two thirds of the total brain volume and after 60 Gy to a third
of the total brain volume using standard fractionation [4]. It is unlikely to occur at doses
below 50 Gy in 25 fractions [6].

Incidence—It is difficult to estimate the true incidence of radionecrosis. Early studies,
including dose escalation and hyperfractionation trials, report a 3-9% incidence of
radionecrosis. Most neuro-oncologists believe that these studies underestimate the true
incidence of radiation damage and necrosis because they were conducted before the MRI era
[2-3,14,20-21]. Furthermore, most investigators calculate the incidence of radionecrosis
according to the number of patients treated, rather than the number of patients at risk (i.e.,
patients alive). This method also underestimates the true incidence, as some patients will
have died from their disease prior to the development of necrosis. In the modern era, the
incidence of true radionecrosis is approximately <5% when 60 Gy of radiation is delivered
to the brain in daily 2 Gy fractions [8], and it is rarely seen in doses less than 50 Gy when
delivered via standard fractionation. A sharp increase in this rate is seen with twice-daily
fractionation, and the incidence and severity of radiotoxicity is unpredictable for fraction
sizes larger than 2.5 Gy [8,22].

Pathophysiology—The precise mechanism of radionecrosis of the brain remains to be
elucidated, but two popular theories exist — one based on radiation damage to blood vessels
and endothelial cells and the other based on radiation damage to glial cells. The vascular
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hypothesis posits that RT damages endothelial cells and causes local cytokine release,
leading to an increase in capillary permeability and extracellular edema. Demyelination and
other injury to the brain is due to small -and medium-sized blood vessel damage, which
ultimately leads to tissue necrosis as a result of ischemia [23,24]. This is thought to be
similar to occlusive vascular diseases after the blood vessel walls become thickened and
occluded secondary to hyalinization [25]. Corroborating evidence to support this hypothesis
is the histopathologic features of radionecrosis, which include perivascular parenchymal
coagulative necrosis and fibrinoid necrosis of blood vessel walls [19,24]. Animal studies
have indeed demonstrated that vascular abnormalities occur before the development of
parenchymal changes in the brain [26]. In addition to thickened vascular walls with necrosis,
there may also be clusters of telangiectasias within the regions of smaller blood vessels
similar to the late effects of radiation observed in other parts of the body, such as the skin.
The glial hypothesis, on the other hand, suggests that radionecrosis results from direct
damage to glial cells, in particular the oligodendroglial cells. There is preclinical evidence to
suggest that oligodendrocytes are very sensitive to radiation and demyelination ensues after
their destruction [27,28]. Neurons are thought to be insensitive to RT, but white matter
changes and a reduction in the volume of parenchyma that is often seen with radiation
effect, can be attributed to damage to the oligodendrocytes [29]. It is likely that both theories
are correct to some degree. An additional promising theory that has gained acceptance in
recent years is the role of the host’s immune response and inflammatory cytokines [19].
Other downstream effects of radiation on the brain are well known, such as derangements in
the fibrinolytic system, and are likely contributors to the development of radionecrosis
[25,29-30].

Diagnosis—Distinguishing radionecrosis and other forms of treatment effect from
recurrent tumor poses a significant challenge as both entities present with similar imaging
findings and clinical features. The gold standard diagnostic test for radiation effect is
surgical resection followed by extensive pathological evaluation. Any other investigation
lacks sensitivity and specificity, including tissue biopsy, which may lead to sampling error.
In radionecrosis there is often an enhancing lesion with central area of necrosis on T1-
weighted images, and on T2-weighted images, the solid portion will display a low signal
intensity while the necrotic central portion will reveal increased signal intensity [26,31].
Kumar et al. published a thorough characterization of imaging findings in radionecrosis after
examining MRIs from approximately 150 patients with malignant gliomas who received an
aggressive treatment regimen with accelerated partial brain irradiation and concurrent
carboplatin followed by procarbazine, lomustine and vincristine. In total, 52 patients had
radiation-induced enhancement of white matter, 20 patients had pure radionecrosis, 16
patients had a mixture of predominantly radionecrosis with limited residual tumor, and two
patients had radionecrosis of the cranial nerves. Kumar et al. coined two terms to describe
the imaging features commonly seen in cases of radionecrosis — the ‘soap bubble” and
‘Swiss cheese’ signs. The soap bubble sign refers to an area of contrast enhancement that
contains a heterogeneous non-enhancing necrotic center, which resembles soap bubbles. The
Swiss cheese pattern refers to scattered areas of necrosis of various sizes. Cerebral
radionecrosis usually occurs within the radiation field, as did all cases of pathologically
confirmed radionecrosis in this cohort, but other less common patterns do exist, such as
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multiple lesions and lesions in the contralateral hemisphere or sites distant from the radiation
field [5,25,32].

Radiation-induced white matter changes are felt to represent a milder form of brain injury
and affects white matter at variable distances from the radiation field. The pattern of white
matter changes on MRI may be nodular, curvilinear or linear enhancement [3]. Typically
these lesions are not biopsied unless they progress to overt necrosis.

Management—Radionecrosis is the end point of late radiation injury and is frequently
irreversible and often progressive [27,33]. If not treated successfully, it can cause serious
neurologic injury secondary to cerebral edema and mass effect. Patients often develop
progressive lesions that may require surgical intervention to remove the cause of an
advancing front of destructive inflammation. Initial management includes corticosteroids
with dexamethasone, which will often lead to prompt improvement in symptoms. Although
some patients will have resolution of their symptoms with conservative management and
eventually taper off steroids, the majority of patients will require long-term steroid use and
will be at risk of complications such as osteoporosis, infection and proximal muscle
weakness. When the process is not arrested by dexamethasone, steroids can also be used in
certain cases as a bridge to surgery. Surgery may be the only therapy that halts the process
or leads to improvement of symptoms. We recommend consideration of surgery with a
progressive symptomatic process not halted by steroids as the procedure may be beneficial
for either progressive tumor or necrosis.

In addition to corticosteroids, many nonoperative treatment approaches have been used in an
attempt to treat radionecrosis, including anticoagulants [34], pentoxyfyline, desferioxamine,
pentobarbital, hyperbaric oxygen and, more recently, bevacizumab, a monoclonal antibody
targeted against VEGF. Bevacizumab has demonstrated promising results in a number of
case reports and a small prospective randomized trial [35-38], but its efficacy beyond short-
term relief of symptoms is unknown and caution is required, as the drug is associated with
significant risks that should be considered in each patients individual situation. In a
randomized trial, there was a reduction in both fluid attenuated inversion recovery (FLAIR)
and T1-weighted postcontrast abnormalities and improvement in neurologic signs and
symptoms in all 14 patients that received bevacizumab [35]. Hyperbaric oxygen therapy has
also demonstrated benefit in radionecrosis of bone and soft tissue, although no prospective
randomized study has demonstrated benefit in CNS radionecrosis [39,40].

A recent case report suggests that laser interstitial thermal therapy (LITT), as a form of
minimally invasive heat therapy that has been established for the treatment of deep-seated
intracranial tumors, may hold promise for cases of refractory unresectable radionecrosis
[41]. The mechanism of action in the treatment of radionecrosis is thought to involve the
replacement of proliferating endothelium and surrounding inflammatory tissue with
thrombosed vessels. The case report describes an elderly gentleman with diabetes mellitus
who developed progressive radionecrosis after SRS for a deep-seated, unresectable brain
metastasis. Prolonged treatment with corticosteroids and/or bevacizumab was not possible
given the patient’s comorbidities. LITT was performed after progressively worsening
symptoms warranted urgent nonsurgical intervention. After treatment the patient
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experienced early symptomatic improvement and corticosteroids were successfully
discontinued. Postprocedure imaging 7 weeks after treatment demonstrated an initial
increase in the size of the lesion, but subsequent imaging 3 months after treatment showed a
reduction in the size of the lesion consistent with appropriate response to treatment. This
treatment modality warrants further prospective evaluation as a means of nonoperative
management in cerebral radionecrosis.

Radiation treatment effect in various radiation modalities

IMRT

In the following section, we discuss imaging findings associated with radiotoxicity after
three different radiation modalities: IMRT, SRS and brachytherapy. We highlight clinical
scenarios in which there is often difficulty distinguishing between treatment effect and
disease progression, including treatment for glioblastoma multiforme (GBM), brain
metastases, vestibular schwannomas and meningiomas.

The treatment of primary CNS malignancies often incorporates partial brain irradiation
delivered via IMRT, an advanced form of 3D conformal RT that is delivered with varied
intensity to different parts of the treatment volume in order to spare dose to normal tissue.
As described previously, there is a relationship between the incidence of radionecrosis and
total radiation dose. The total dose that leads to a 5% risk of significant toxicity at 5 years
(TD 5/5; defined as radionecrosis or cognitive decline at 5 years) for fractionated RT is 72
Gy according to the QUANTEC report published by Lawrence et al. in 2010 [8]. For most
cancers in the CNS, there is little reason to give doses higher than 60 Gy, and an incidence
of 5% radiation necrosis at 5 years would be unacceptably high in most situations, therefore,
the conventional upper limit of RT delivered to the brain with standard fractionation (i.e.,
1.8-2 Gy per day) is 60 Gy. At this dose, the risk of frank radionecrosis is felt to be much
less than 5%. One must keep in mind, however, that the brain is particularly sensitive to
fraction sizes >2.5 Gy and to fractions delivered more frequently than once daily. Other
factors that increase the risk of radiation toxicity, specifically radionecrosis, include
concurrent chemotherapy, interstitial brachytherapy and re-irradiation [8,14,31].

GBM & pseudoprogression—GBM is the most common primary CNS malignancy in
adults in the USA and is nearly universally fatal [42]. In the 1970s a randomized controlled
trial showed an overall survival benefit for postoperative whole-brain RT to 60 Gy [43].
Better imaging and improvement in radiation delivery techniques allowed the use smaller
fields (i.e., focal or involved field radiation), which translated into less neurotoxicity. The
current standard of care for newly diagnosed GBM is maximum safe resection followed by
focal RT with IMRT to 60 Gy in 200 cGy daily fractions with concurrent and adjuvant
temozolomide (TMZ). This treatment regimen was found to significantly improve overall
survival compared with radiation alone in a landmark trial published by Stupp et al. [44]. A
specific treatment-related phenomenon that mimics tumor progression is seen after partial
brain irradiation and chemotherapy for GBM and is termed pseudoprogression. As opposed
to actual tumor progression, these imaging changes, which may or may not be associated
with clinical deterioration, resolve spontaneously. The typical time to onset is within the first
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3 months after completion of radiation, and although most patients will have improvement
over time without treatment, some may progress to frank radionecrosis. Pseudoprogression
is thought to represent a form of toxicity on the continuum between subacute and late
toxicity.

Even though early trials with patients with malignant gliomas described findings consistent
with pseudoprogression, such as temporary contrast enhancement and edema on imaging
that occur in the first 6 months after chemoradiation [45-47], the incidence of
pseudoprogression has increased over time. Some argue this is mainly attributed to higher
quality imaging with MRI compared to CT and more frequent imaging studies to monitor
response over the past 20 years. This is likely contributing to the heightened awareness of
patients who have what appear to be progressive lesions shortly after chemoradiation but
who do not ultimately suffer from tumor progression in that area. On the other hand, the
addition of TMZ to RT may have led to a true increase in this exaggerated early necrosis
secondary to increased cell kill and is a manifestation of the positive effects of combined
modality therapy with TMZ. It has been reported that there is a higher incidence of
radionecrosis in patients who undergo surgical resection in the first 6 months after
chemoradiation with TMZ than was previously reported. De Wit et al. report a 9% rate of
pseudoprogression in a cohort of patients treated in two prospective Phase 111 trials with
radiation alone prior to the incorporation of concurrent TMZ [48]. In a more recent study
with concurrent TMZ and radiation, Taal et al. report a 21% rate of pseudoprogression [49].
In another prospective study, 26 patients (51%) who underwent RT with concurrent TMZ
for GBM demonstrated imaging changes suggestive of disease progression within 6 months
of completion of radiation. In total, 15 patients underwent re-operation, and seven (47%)
had pathologic evidence of necrosis without evidence of tumor [50]. It is currently estimated
that pseudoprogression explains approximately half of all cases of increasing contrast
enhancement after treatment and a total of 20-30% of patients undergoing their first
postradiation MRI will have evidence of pseudoprogression [9].

There are provocative data to suggest that pseudoprogression is more frequent in patients
who harbor a methylated MGMT promoter [51]. Brandes et al. report the results of 103
patients with GBM treated with TMZ and RT after resection. MGMT promoter methylation
was present in 35% of patients, and of those, pseudoprogression was recorded in 91% (21
out of 23). This is in stark contrast to 41% of patients with unmethylated MGMT promoter
[51]. It remains to be established whether these findings are a result of higher sensitivity of
these tumors to treatment or whether this was simply due to more frequent progression of
tumor in patients with unmethylated promoters [52].

Pseudoprogression may lead to discontinuation of effective therapy, complicate study end
points and pose challenges in selecting appropriate patients in studies for recurrent GBM.
Because it is a retrospective diagnosis that can only be made after disease progression has
been ruled out, there is a critical need to improve our diagnostic techniques in order to
optimize the management of these patients. Historically, tumor response had been measured
using the MacDonald criteria, originally published in 1990 [53]. These criteria provided an
objective assessment of tumor response based primarily on the size of the enhancing tumor
area (i.e., the product of maximal cross-sectional enhancing diameters), and also took into
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account clinical status and use of corticosteroids. The assumption required to apply this
criteria was that the areas of tumor are depicted as the contrast-enhancing component of the
MRI due to having abnormal vascular permeability and architecture. For the most part, this
assumption is correct. The 6-month progression-free survival was demonstrated to predict
for overall survival in a series of Phase Il studies in the North American Brain Tumor
Consortium (NABTC) [54]. However, contrast enhancement and edema are nonspecific and
primarily reflect the passage of material across the disrupted blood-brain barrier, and do not
necessarily accurately define the extent of a tumor mass. The Response Assessment in
Neuro-oncology (RANO) working group recently outlined a proposal for updating the
Response Assessment Criteria for High Grade Gliomas [55]. One significant change to the
response criteria was that patients who demonstrated an enlargement in the area of contrast
enhancement in the irradiated brain within the first 12 weeks after therapy are not
considered to have recurrent or progressive disease without histopathologic confirmation or
further follow-up to determine the behavior of the new abnormality. In general, we
recommend caution in diagnosing recurrence in the first 3 months after radiation for high-
grade glioma. In our experience, pseudoprogression may present after 3 months following
completion of radiation and should be considered in the differential diagnosis. If the
presumed area of growth is within the radiation field, a period of continued follow-up may
be warranted to determine the clinical course. Where uncertainty exists, biopsy confirmation
of disease state may be considered, and it may be useful to consider MGMT promoter
methylation status. Although pseudoprogression has not been well described for low-grade
gliomas, it may be more significant as the probability of early true recurrence is lower in this
indolent disease.

Stereotactic radiosurgery

SRS has emerged as a safe and efficacious treatment for many intracranial pathologies,
including primary and metastatic tumors, and vestibular schwannomas. The goal of
stereotactic RT (or stereotactic ablative radiation [SABRY]) is to induce tumor-specific,
double-stranded DNA damage irrespective of cell cycle phase. By delivering radiation from
multiple directions that converge at the site of intracranial pathology, irreversible damage
can be inflicted on tumor cells while sparing normal brain parenchyma. Ablation of tumor
microvasculature by the spatially well-localized high-dose radiation may contribute
substantially to both tumor killing and the imaging findings after treatment.

While protocols and radiation dose differ among various intracranial pathologies, it is clear
that adequate interpretation of imaging after stereotactic radiation is required to assess
response to therapy and prevent unnecessary re-treatment. As with GBMs, serial MRI scans
are the standard method of assessing response following radiosurgery. While many patients
show regression of their lesion following treatment, others appear to show a transient
growth, and thus radiographic failure, despite a later decrease in size. This temporary
phenomenon, similar to pseudoprogression in GBMs, is not infrequent in early post-
treatment imaging, presents as an early-delayed or subacute reaction, and is usually
asymptomatic. For common indications, control rates after radiosurgery are quite high and
the imaging effects of this intensive treatment may be more frequent, such that abnormalities
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may indeed represent the consequences of treatment without any tumor likely to grow in the
future.

The most common imaging change following radiosurgery is peritumoral edema with or
without contrast enhancement as illustrated in Figure 1. The time course of edema and
increased contrast enhancement following radiosurgery typically peaks in 6-8 months,
although it has been reported as far out as 23 months [56,57]. The presence of post-treatment
edema has been correlated with pre-treatment peritumoral edema, larger tumor volume, and
doses greater than 16 Gy delivered in a single fraction [58].

The mechanism of treatment effect after radiosurgery is not well understood, although
general hypotheses have been proposed that include a pronounced tissue reaction with
inflammation, edema and abnormal vessel permeability leading to new or enhanced contrast
uptake. The release of toxins from damaged cells in conjunction with disruption of the
leptomeninges is thought to lead to the spread of vasogenic fluid into the brain parenchyma.
Furthermore, because the brain is devoid of lymphatic drainage, it may take longer to clear
cellular debris, leading to an increased inflammatory reaction as tumor cells die. The
literature reporting the observed effects for several commonly treated entities are described
below.

Brain metastases—In brain metastases treated with radiosurgery, approximately a third
to one half of patients will experience transient growth of the imaging abnormality up to 2
years following treatment (Figure 1) [56,59]. Furthermore, homogenous ring enhancement
may also occur during this time period. The largest series of quantitative analysis of the
radiographic response is reported by Patel et al. who followed 500 brain metastases that
were treated with SRS [56]. A third of the lesions had a transient increase in size of the
lesion after radiosurgery. A total of 23 patients underwent surgery for pathologic
confirmation when there was growth on MRI and suspicious findings on PET CT or MRI
spectroscopy. Of those, 96% of patients (22 out of 23) demonstrated treatment effect without
confirmation of active tumor on pathology. Stockham et al. evaluated 67 patients who
underwent radiosurgery for brain metastases followed by histopathologic analysis via biopsy
and/or surgery in the setting of imaging findings concerning for disease progression versus
radionecrosis. Pathology revealed that 60% of these patients demonstrated evidence of
tumor progression, 28% had necrosis only, 11% had mixed histology (necrosis + viable
tumor), and 2% were indeterminate. No MRI criteria to distinguish these entities could be
developed from this cohort [57]. Another series included patients with glioma or brain
metastases treated with radiosurgery [59]. Of 30 gliomas, 73% were larger at a mean of 13
weeks after treatment, and of 35 metastatic tumors, 22% were larger at a mean of 22 weeks
after treatment.

The question of whether imaging changes after radiosurgery represents treatment effect or
tumor growth is of particular importance for brain metastasis. The control of individual
metastatic lesions by radiosurgery, in contrast to GBM, is quite high, such that there is a
higher probability that post-treatment imaging changes represent radiation effect rather than
true recurrence. Similar to GBM, this presumed progression might cause discontinuation of
efficacious systemic therapies and influence outcomes of studies examining new systemic
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treatments. We recommend that imaging changes be interpreted with reference to
radiosurgery treatment dosimetry, and that asymptomatic patients be followed at short
intervals prior to intervention. Patients with symptoms resolving on steroids may be
managed conservatively with repeat MRI. If the patient’s systemic disease is well controlled
elsewhere in the body, we recommend continuation of systemic therapy until clarity about
the clinical course of the imaging findings over time or pathological confirmation of tumor
progression is obtained.

Meningiomas—Meningiomas are benign neoplasms arising from the meninges. They are
often asymptomatic, but when symptomatic are usually treated with surgical resection or
SRS depending on the location of the tumor, resectability and patient preference. SRS is an
effective and widely utilized treatment modality for intracranial meningiomas, and similar
treatment-related imaging abnormalities have been reported for this benign tumor as we
have described for brain metastases. Tumor control has been reported in 84—-100% of
patients, and a transient increase in the size of the lesion after RT is a well-known
phenomenon that is found in 40-60% of cases [60]. Novotny et al. retrospectively reviewed
368 patients with 381 meningiomas that were treated with radiosurgery. The actuarial tumor
control rate was 97.9% at 5 years, but peritumoral edema after SRS occurred in 51 patients
(15.4%). In total, 32 patients (9.7%) were symptomatic and 2.7% had permanent symptoms
associated with the edema. Multiple factors were identified as predictors for occurrence of
intracranial edema after SRS: previous surgery, presence of edema before treatment, tumor
volume greater than 10 cm?3, tumor location in the anterior fossa, and higher doses delivered
to the tumor margin [61]. Cai et al. published similar results. In their series of patients with
meningioma treated with SRS, the amount of tumor—brain contact interface area and the
presence of pre-existing edema were the most significant risk factors for post-SRS
peritumoral edema [58]. For this reason special care should be utilized in presuming
recurrence in this clinical circumstance, especially given the excellent long-term control
rates with radiation treatment.

Vestibular schwannomas—A vestibular schwannoma, also known as an acoustic
neuroma, is a benign neoplasm arising from the 8th cranial nerve as a result of
overproliferation of Schwann cells. Long-term control rates after radiosurgery for vestibular
schwannomas are also quite high and, therefore, treatment effects are a meaningful cause of
observed imaging changes after SRS. Nakamura et al. report the results of 78 patients with
vestibular schwannoma treated with SRS. They report a control rate of 91%. However, 41%
of patients had temporary tumor enlargement, which may be quite substantial. These
changes were generally within the first 2 years after therapy [62]. Flickinger et al. treated
134 patients with 12-20 Gy to the tumor periphery and found that tumors regressed in 42%
and enlarged in only 3% at a mean of 24 months [63]. As the tumor is rarely life threatening
and surgical salvage for vestibular schwannoma after RT is fraught with high risks of
complications, including facial nerve damage, we also recommend great caution and
conservative follow-up for an enlarging lesion, especially within the first 2 years of
treatment [62].

Future Oncol. Author manuscript; available in PMC 2015 February 12.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Walker et al. Page 12

Brachytherapy

Glioblastoma—Intensified local therapy for the treatment of GBMs has been studied in an
attempt to improve long-term control. Methods have included standard approaches, such as
implantation of radioactive material (brachytherapy) and slow-release chemotherapy wafers,
as well as investigational approaches, such as infusion or direct injection of novel drugs,
biologic therapies or gene therapies [64]. These approaches may enhance the imaging
consequences of radiotherapy, impacting not only the management of individual patients but
also the early assessment of potential efficacy of novel approaches.

The GliaSite brachytherapy system utilizes a balloon inserted into the resection cavity at the
time of surgery, which may be later accessed through a subcutaneous port. RT is delivered
locally by temporarily inflating the balloon with an aqueous solution of organically bound
iodine-125 (1-125). Typically a dose of 45-60 Gy is prescribed to a distance of 0.5-1.0 cm
from the balloon edge and is usually administered in addition to the 60 Gy of standard
radiotherapy. Even higher doses may be utilized for recurrent disease [65].

The tumor control results from clinical trials using GliaSite were difficult to interpret
because in the months after treatment it was common for T1-weighted images to
demonstrate symmetric enhancement, which met criteria for imaging diagnosis of
recurrence. In one study, a total of 25 patients with recurrent GBM underwent repeat
resection and subsequent GliaSite brachytherapy [66]. After brachytherapy, all patients
developed some degree of enhancement around the resection cavity on T1 and T2/FLAIR
imaging. At clinical progression the common findings on MRI included increased T2 signal
hyperintensity, vasogenic edema and mass effect. Patients with T1 enhancement over 1 cm
during the period before clinical progression had a median survival of 19.3 months. In
contrast, those with T1 enhancement under 1 cm before clinical progression had a median
survival of 8.4 months (p = 0.004). The subset of patients with T1 enhancement over 1 cm
with a concomitant increase in T2 hyperintensity had a median survival of only 10.1 months,
suggesting that the development of T1-postcontrast enhancement alone (without T2
hyperintensity) did not necessarily indicate disease progression and may have been an
indication of a positive effect of treatment [66]. Clinical trials to optimize the dosing with
this device were discontinued as it was felt there was a high rate of early progression.
However, review of the survival outcomes suggest that treatment-related imaging changes
were more likely the cause of the increase in contrast enhancement rather than true tumor
progression. Future studies with similar local therapies should consider toxicity or survival
as the primary outcome rather than disease progression based on imaging changes.

Other local therapies aimed at treatment intensification include carmustine (BCNU)-
impregnated wafers (Gliadel®; Eisai Inc., Tokyo, Japan) that are implanted into the resection
cavity at the time of initial resection or later recurrence. They have been demonstrated in
randomized trials to improve overall survival in patients with GBM [67,68]. When Gliadel is
incorporated into the initial management along with radiotherapy for GBM at our institution,
15 out of 45 patients (33%) had reoperation for progression of a contrast-enhancing lesion at
a median of 7.4 months after RT, and five out of 15 cases (33%) revealed necrosis or
treatment effect without evidence of active tumor [69]. These findings suggest that a
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significant portion of locally recurrent contrast-enhancing lesions after the addition of
Gliadel to chemoradiation will represent radiation treatment effect or necrosis rather than
true disease progression. The precise extent to which the local chemotherapy contributes to
imaging changes and treatment effect is unclear because studies with Gliadel wafer without
RT do not specifically differentiate between increase in contrast enhancement due to tumor
progression versus treatment effect [70]. Even though systemic chemotherapy can result in
white matter changes similar to that of radiation [17], the most likely explanation of our
findings is that chemotherapy augments the effects of radiation similar to the results reported
with concurrent TMZ and carboplatin [9,25,50,71].

Meningioma—In addition to surgery and external-beam RT, another treatment option for
meningioma includes brachytherapy with permanently implanted 1-125 sources [72,73]. This
strategy has been employed for both grade 1 (i.e., the classic benign meningioma), and grade
2 and 3 (i.e., atypical and malignant) tumors. In one series, 13 patients with newly diagnosed
or recurrent meningioma received 1-125 brachytherapy to a total dose of 70-170 Gy as
definitive therapy [74]. Of the three patients who received a total dose greater than 100 Gy,
all of them had evidence of vasogenic edema and/or radiation necrosis at follow-up. This
was compared with only 25% of the patients who received less than 100 Gy. One patient
treated to 100 Gy eventually underwent craniotomy for a progressive lesion and pathology
confirmed radiation necrosis. The majority of patients (67%) showed a decrease in the size
of their tumors on MRI at first follow-up. At the time of last follow-up (median 25 months),
45% of patients continued to demonstrate a reduction in size of the tumor. The remaining
patients were in stable condition without evidence of disease progression or additional late
effects. In a similarly designed retrospective cohort of 21 patients with recurrent atypical or
malignant meningioma [75], patients were treated with repeat surgical resection followed by
implantation of 1-125 sources. The dose delivered to these heavily pretreated patients ranged
from 7-45 Gy. Four patients (27%) experienced radionecrosis, and half of those (two out of
four patients) required surgical resection due to progressive symptoms. The average time to
radiation necrosis in this study was 11 months. Most patients that developed an increase in
the size of lesion in this cohort did in fact have progressive disease, as opposed to the first
cohort of patients with low-grade meningiomas. In summary, radionecrosis is not
uncommon after 1-125 therapy and the likelihood of an increasing lesion representing true
disease progression relies on the aggressiveness of the underlying tumor as well as the dose
delivered.

Investigational imaging techniques for distinguishing progression from

treatment effects

Because distinguishing radiation treatment effects from true tumor progression is of great
clinical importance, there has been interest in developing imaging approaches to
noninvasively distinguish these entities. The promising approaches are reviewed below.
Unfortunately, no approach has yet been validated to be sufficiently accurate. Limitations of
studies include the lack of rigorous sequential imaging prior to and after treatment to allow
for the evaluation of changes over time, and the infrequency of pathologic confirmation with
biopsy or surgical resection.
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T1/T2 matching

One proposed method of differentiating between tumor progression and radiation effect was
to examine the “T1/T2 match’. Desquada et al. reported that the ratio of the lesion seen on
T2 imaging (maximum cross-sectional area) to the total-enhancing area on T1 imaging had
high predictive value, sensitivity and specificity for identifying the presence of radionecrosis
[76]. Kano et al., repeated this in a retrospective analysis of 71 patients who required
delayed surgical resection with serial MRIs from a series of more than 3000 patients who
had brain metastases and underwent radiosurgery. They were able to demonstrate that
distinct lesion margin on T2- and a contrast-enhanced margin on T1-weighted images (a
finding known as the T1/T2 match) was highly correlated to tumor progression rather than
treatment effect (p < 0.0001) [77]. When the lesion border on T2-weighted images did not
correspond to the contrast-enhanced T1 volume (T1/T2 mismatch), the pathology was more
likely to be associated with necrosis (p < 0.0001). The sensitivity of the T1/T2 mismatch in
identifying necrosis was 83.3% and the specificity was 91.2%. In terms of identifying tumor
recurrence, the sensitivity of T1/T2 match was 93.9%, and the specificity was 76.9%. One
major downfall is that the assessment was purely subjective. There is no mathematical
formula and prospective validation studies have not been performed.

Alternative MRI sequences

Advanced imaging techniques are currently being studied to differentiate between
pseudoprogression/subacute treatment effect, radionecrosis and true progression. The
Neuro-Oncology Working Group concluded that these techniques continue to require
rigorous validation studies before they are incorporated into widespread use [55]. The most
promising methods include dynamic contrast imaging, perfusion imaging and spectroscopy.

Dynamic contrast imaging

The principle of dynamic perfusion imaging is to take advantage of the differences in the
degree of vascularity between malignant processes and necrotic or healthy tissue. Tumors
are characterized by increased angiogenesis and higher vascularity compared with necrotic
or healthy tissue. Measurement of relative cerebral blood volume (CBV), an indirect
measure of blood flow within a given region of interest, is achieved by T2* dynamic
susceptibility technique following injection of contrast with bolus tracking. The area under
the signal curve yields the CBV for the region of interest [78]. Multiple studies have shown
that perfusion MRI is capable of distinguishing between tumor recurrence and postradiation
necrosis because tumor contains an abundance of vasculature while necrotic tissue does not
[79]. In the evaluation of 18 patients, 6 weeks and 3 months following radiosurgery, Essig et
al. showed that this method is highly sensitive and specific for outcome prediction. There
was 90% sensitivity in differentiating tumor progression from treatment effect when
dynamic perfusion imaging was performed 6 weeks following RT; The delayed postcontrast
imaging (non-dynamic) sensitivity was only 64% [80]. With improved imaging techniques
and higher magnetic fields, recent studies demonstrate even higher diagnostic value for
perfusion imaging in the setting of postradiation changes. In a recent study by Mitsuya et al.,
27 patients were followed by serial MRI after radiosurgery for metastatic brain tumors in 1-
2-month intervals. The relative CBV value of 2.1 (signal intensity with the enhancing region
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of interest divided by signal intensity of the contralateral normal brain tissue) yields a
sensitivity and specificity of 100% and 95.2%, respectively [81]. Nevertheless, this
technique requires further prospective evaluation.

An additional way to analyze perfusion-weighted imaging analysis is to develop a
parametric response map (PRM), which relies on voxel-by-voxel comparison of perfusion
maps through image co-registration of pretreatment images with those obtained at short time
intervals after treatment initiation. This method has been shown to be a superior to
conventional contrast perfusion analysis (i.e., relative CBV [rCBV]), for prognosis of
survival after treatment [82]. The enhancement pattern may also be evaluated with the use of
T1-weighted imaging such as fast spin echo (FSE) sequences to plot the enhancement
pattern as proposed by Hazle et al. [83]. In this method the signal intensity of the lesion after
injection of contrast is plotted, and the maximum and delayed rates of uptake are calculated.
Based on these values, the vascular endothelial contrast transfer constant (Ktrans), also
known as the transfer constant between intra- and extravascular extracellular space (i.e., the
‘leakiness’ of the blood vessels). Using the same principles, Bisdas et al. demonstrated that
using a Ktrans cutoff of 0.19, the sensitivity and specificity of detecting recurrent glioma
was 100% and 83%, respectively [84].

Another area of research in the field of perfusion imaging is the development of contrast
agents with more blood pool accumulation capacities in order to facilitate more accurate
rCBV measurements in the setting of a compromised blood—brain barrier. One of these
contrast agents is ferumoxytol, an ultra-small superparamagnetic iron oxide nanoparticle,
which acts as a blood pool agent for minutes to hours. An additional benefit is that its
vascular localization is not compromised by a violated blood—brain barrier, as is the case in
both treatment effect and disease progression [85].

Diffusion imaging

Diffusion weighted imaging (DW1) is based on the ability of the MRI to detect random,
thermal energy induced, Brownian motion of water molecules within the microenvironment
[86]. The motion of water molecules is affected by several factors, including the structure of
intra -and extra-cellular space and degree of cellularity. In patients with true recurrence,
there is a high concentration of malignant cells at the site of recurrence with increased
intracellular space. Increased intracellular space means less free random motion of water
molecules due to closely packed cell walls, hence more restricted diffusion of molecules and
a higher (i.e., brighter) signal on images. This restricted diffusion can be quantified with
apparent diffusion coefficient (ADC; mm?2/s), which is a measure of the motion of water
molecules within the medium at the pixel level. This constellation of pixel values is
represented as an ADC map. More restricted diffusion translates into a lower ADC value;
therefore, areas of recurrence appear dark on an ADC map.

There is a growing body of evidence that DWI can differentiate between recurrence and
radiation-induced changes. Using a combination of DWI and contrast-enhanced MRI in 18
patients with high-grade gliomas treated with RT, Hein et al., demonstrated that the mean
ADC value of the recurrence group was significantly lower compared with the non-
recurrence group [87]. More recently, Cha et al., investigated the role of combined ADC and
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rCBV in differentiation of radiation-induced changes and tumor progression in 16 patients
with enlarging areas of enhancement following radiosurgery. They concluded that if rCBV
larger than 2.6 was used to differentiate radiation necrosis and tumor progression, the
sensitivity was 100% but specificity was only 56%. If the lesions with moderately increased
rCBV (2.6-4.1) were excluded from tumor progression, the sensitivity and specificity
increased to 100% [88].

Figure 2 illustrates tumor progression associated with restricted diffusion in a 56-year-old
woman who presented with left upper and lower extremity weakness. T1-weighted
postcontrast MRI demonstrated a right supratentorial peripherally enhancing mass with
associated T2 FLAIR hyperintensity. CT of the chest revealed a left upper lobe lung mass.
She underwent right craniotomy with tumor resection and pathology revealed metastatic
poorly differentiated adenocarcinoma consistent with a lung primary. She received adjuvant
stereotactic radiation to the tumor bed to 18 Gy in three fractions. MRI performed 5 months
after surgery showed new contrast enhancement. At this time she was asymptomatic and
imaging changes were attributed to treatment effect. The decision was made to continue
with surveillance MRIs and 5 months later (10 months postradiation), MRI showed
progression of contrast-enhancing lesion. Corresponding DWI showed restricted diffusion
(H). A month later, the patient presented with tremulousness, anxiety and a shuffling gate
with progressive changes on MRI. She underwent re-do craniotomy and pathology revealed
metastatic adenocarcinoma. She received postoperative whole brain radiation and 6 months
after whole brain radiation had no evidence of CNS progression.

Figure 3 demonstrates a case of radionecrosis in a man with GBM after adjuvant
chemoradiation with lack of restricted diffusion. The patient underwent maximum safe
resection followed by RT and concurrent TMZ followed by adjuvant TMZ. First follow-up
MRI 2 months after irradiation showed a new area of contrast enhancement just inferior to
the tumor bed without evidence of restricted diffusion (G and H). The patient was
asymptomatic and underwent surgical resection. Pathology revealed gliosis with focal
necrosis, without evidence of tumor.

Magnetic resonance spectroscopy

Magnetic resonance spectroscopy (MRS) provides valuable information regarding the
chemical composition of tissues. This method can quantify molecules within tissue,
including glucose (tumor metabolism), choline (membrane turnover), creatine (energy
homeostasis), lactate (necrosis) and N-acetyl-aspartate (NAA,; intact glioneural structures)
[78]. Data can be obtained with 2D or 3D chemical shift imaging sequences in single or
multiple voxels. Measurements of each of these metabolites have been studied for evaluation
of tumor response versus disease progression. For example, a decrease in NAA following
radiotherapy is a sign of radiation-induced necrosis even before morphologic changes on
conventional MRI images can be detected [89,90]. An increase in choline concentration has
been shown to be correlated with markers of cell proliferation (progression) and reduced
levels of choline can be seen following radiosurgery [91,92]. Another way of approaching
the metabolite levels within tissue is to present the data as a ratio of metabolites. Weybright
et al. investigated the feasibility of 2D chemical shift imaging spectroscopy for evaluation of
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recurrence versus radiation-induced brain injury using choline (Cho)/NAA, Cho/creatine
(Cr) and NAA/Cr ratios [93]. They demonstrated that Cho/NAA and Cho/Cr ratios were
significantly higher and the NAA/Cr ratio was significantly lower in tumor compared with
radionecrosis. Using a cutoff of 1.8 for either Cho/Cr or Cho/NAA ratios, they were able to
correctly classify 27 out of 28 patients. Elias et al. also evaluated 25 patients with MRS and
demonstrated the highest discriminating ability using Cho/NAA and NAA/Cr ratios with
sensitivity and specificities of 86%/90% and 93%/70%, respectively [94].

A major drawback with MR spectroscopy is volume averaging within the voxel. This is
more troublesome in small volumes typical in early recurrence of tumor following radiation
when there may be coexisting inflammatory changes within the adjacent tissue. This
problem is more pronounced when the single voxel technique is being utilized as opposed to
the 2D chemical shift technique. In the single voxel technique the increased choline and
NAA metabolite profiles in a true tumor recurrence might be averaged, thus giving a picture
of pure inflammatory changes rather than disease progression. Other limitations of MRS is
lengthy acquisitions time due to low signal to noise ratio.

PET & single-photon emission computed tomography

Other imaging modalities, such as PET and single-photon emission computed tomography
(SPECT), have been evaluated as tools to differentiate between radiation effect and disease
progression [95-97]. Nuclear medicine imaging using radiotracers relies on certain
molecular characteristics of normal and cancer cells. For example, in the case of 18-
flurodeoxyglucose PET (FDG-PET) imaging, the presence of glucose transporters leads to
uptake and entrapment of FDG in the cell. Higher levels of cellular activity, such as in
cancer cells, requires more metabolism of glucose, hence more glucose transporters and
more uptake of the radiotracer [98]. High-grade gliomas have been shown to have more
FDG uptake compared with low-grade or well-differentiated neoplasms, and FDG-PET can
be useful in making a distinction between low-grade and high-grade gliomas [99]. Using the
same principle, high FDG uptake in a previously low-grade glioma may indicate anaplastic
transformation [100]. However, the application of PET imaging in the diagnosis of
recurrence versus radionecrosis is more complicated. During the early postradiation period
(up to 6 months), high concentration of inflammatory cells at the site of radiation lead to
increased uptake of radiotracer similar to recurrence [98,101]. While FDG-PET enjoys high
sensitivity of up to 86% for distinguishing recurrence from radiation-induced necrosis, the
specificity of this imaging modality can be as low as 40%, making the distinction often
difficult [102]. Fusion of MRI images with PET images can improve the ability of PET to
distinguish between radionecrosis and recurrence, using the aforementioned techniques [78].
Another technique that has been proposed as a useful tool in this regard is dual-phase or
delayed FDG-PET imaging. This method takes advantage of higher phosphorylation levels
in certain malignancies, including gliomas, leading to trapping of the radiotracer within the
cancer cells when imaging is performed 3-8 h after injection of contrast [103].

The development of new tumor-specific radiotracers is another area of active and promising
research. One new radiotracer, 3-deoxy-3-[18F] fluorothymidine (FLT), is a molecule that is
processed by thymidine kinase-1 during the S-phase of mitosis. This tracer is unique in the
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degree to which there is uptake in the setting of a disrupted blood—brain barrier, which
makes it very useful in determining the grade of brain tumors since higher-grade cancers are
associated with more disruption of the blood-brain barrier [104,105]. Another group of
promising tracers includes amino acid radiotracers, such as 1C-methionine, 18F-fluoro-L-
phenylalanince (18F-FDOPA) and 18F-fluoroethyl-L-thyrosin (:8F-FET). These molecules
get actively get transported into the cells regardless of disruption of the blood-brain barrier,
therefore, they are able to show uptake within both low- and high-grade gliomas [104].
Amino acid radiotracers generally have a higher specificity compared with other radiotracers
for distinguishing radionecrosis from tumor recurrence with reported specificity of 100%
for 11C-Met [104], 93.5% for 18F-FET [106], and 86% for 18F-FDOPA [107]. For
hexamethylpropylene amine oxime (HMPAQ) SPECT imaging, low uptake of both thallium
and HMPAQO is associated with radiation effects, whereas, increased uptake of both agents
are associated with tumor progression. However, due to lack of widespread clinical
availability as well as high false-positive rates, it is unlikely that PET or HMPAO will be an
efficacious method of determining radiation effect versus treatment effect without
substantial future research efforts aimed towards this goal [95-97].

Conclusion

Radiation-induced imaging changes may mimic recurrence and can be difficult to
distinguish from true disease progression across the entire spectrum of benign and malignant
CNS conditions that are treated with radiotherapy, regardless of the radiation technique
utilized. Knowledge of the treatment administered, the clinical course and the probability of
actual recurrence are used to guide decisions regarding clinical management in the absence
of reliable noninvasive approaches. Table 1 summarizes the clinical and radiographic
differences between disease progression and radiation effect. In the event that the
radiographic changes are equivocal, it is often most appropriate to continue planned
treatment and observe the patient closely. Review of the relationship of the new
abnormalities to the actual radiotherapy treatment plan is essential. When the cause of the
imaging changes are not clear, we recommend reimaging at approximately 4-week intervals,
perhaps with more frequent clinical evaluations. Ideally patients should be scanned with the
same contrast protocol and magnet strength to reduce difficulties in comparison and
interpretation. The other factors that should be considered (and are included in the updated
Revised Assessment in Neuro-Oncology [RANO] criteria) are the following: the
nonenhancing component (T2/FLAIR); presence of new lesions; corticosteroid use; and
clinical status. Progressive symptoms not resolving with medications, including steroids, is
an indication for surgery. Resection would be therapeutic if the cause was indeed recurrent
tumor but may also provide relief for symptomatic radiation treatment effects by removing
the tissue causing the progressive inflammatory process.

Advanced imaging techniques, despite great promise, should not be solely relied upon to
distinguish treatment effect from growing tumor. When performed properly, diffusion and
perfusion weighted imaging can be helpful in certain situations, but they must be considered
within the clinical context. The images should be reviewed carefully by neuroradiologists
with experience in such imaging techniques and preferably in the setting of a
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multidisciplinary tumor board. Dynamic contrast imaging and spectroscopy are promising
tools as well, but still require additional prospective validation.

Future perspective

Being able to successfully differentiate between true disease progression and radiation effect
in the CNS would improve the management of patients after RT to the brain. The imaging
techniques under investigation described in this review hold great promise; however, further
rigorous investigation into these treatment modalities as well as other novel imaging
techniques to noninvasively assess growing lesions after stereotactic and conventional
radiotherapy is warranted. One barrier to the successful evaluation of advanced imaging
techniques is the lack of funding to routinely scan a cohort of patients prior to treatment and
at regular intervals over time, rather than scanning patients at the isolated time point of
possible recurrence without prior imaging that allows assessment of changes. Such
disciplined prospective studies are greatly needed. Without such funding limitations, studies
might even utilize a combination of imaging techniques at regular intervals, rather than
focusing on a single modality. We anticipate continued improvements in the treatment and
prevention of radiation neurotoxicity as we gain a further understanding of the cytokine
cascades and intracellular molecular signaling pathways involved in this response. In
addition to information obtained from imaging, identification of a molecular signature (or
“fingerprint”) at the time of diagnosis could be used to risk stratify patients as being more or
less likely to demonstrate treatment effect, particularly in primary CNS malignancies.
Research needs to continue on these fronts, and the optimum management of patients in the
future may include a series of imaging modalities performed at regular intervals, molecular
characterization of malignancies at the time of diagnosis and prevention of neurotoxicity.
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EXECUTIVE SUMMARY
Background

» Radiation treatment effects and injury may appear similar to tumor progression
and can develop during treatment or months to years later. Caution is required in
evaluating the meaning of postradiation imaging.

Radiation injury

» Acute radiation effects occur during or shortly after radiation therapy (RT) and
symptoms almost always improve over time. Diffuse brain swelling may be
visualized on MRI.

»  Subacute/early-delayed effects occur within the first few months after RT.
Symptoms are usually mild and stabilize or diminish over time. Imaging
findings vary from diffuse edema to increased contrast enhancement.

» Late effects occur a few months to years after RT. Radionecrosis is typically an
irreversible late complication that often mimics disease progression. The
incidence of radionecrosis is <5% when 60 Gy of RT is delivered to the brain in
2 Gy fractions. Treatment options include dexamethasone, bevacizumab and
surgical resection.

Radiation treatment effect in various radiation modalities

»  Treatment effects that mimic radiographic or clinical treatment failure occur
with all radiation modalities.

e Intensity-modulated RT: pseudoprogression is a temporary and self-limiting
treatment related phenomenon that mimics tumor progression after chemo-RT
for glioblastoma multiforme (GBM) that may or may not be associated with
clinical symptoms. Typical onset is within the first 2-3 months after RT.

»  Stereotactic radiosurgery (SRS): up to a third to a half of brain metastases
treated with SRS will experience treatment effect and transient growth up to 2
years following treatment. A similar phenomenon is seen after SRS for
meningiomas and vestibular schwannomas.

« Brachytherapy: after GliaSite for GBM, there is a very high incidence of
contrast enhancement, which is more likely to represent treatment effect with T1
contrast enhancement alone (without T2 hyperintensity). Intensified local
therapies, including local chemotherapy with Gliadel® wafers (Eisai Inc.,
Tokyo, Japan), leads to an increased rate of treatment-related contrast
enhancement. In the treatment of meningiomas, radionecrosis is not an
uncommon event after iodine-125 brachytherapy.

Investigational imaging techniques for distinguishing progression from treatment
effects

e There is not yet a validated imaging technique that distinguishes treatment effect
from true treatment failure, and clinical follow-up and/or pathologic
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confirmation are currently utilized to distinguish these processes. Several
currently available imaging techniques may potentially be helpful, but rigorous
evaluation testing the clinical usefulness has not occurred.

» Alternative MRI sequences

- Dynamic contrast imaging takes advantage of increased vascularity of
the tumor compared with the normal or necrotic tissue. The amount of
contrast flowing through a given volume is measured by assessment of
T2* alteration, and higher flow of contrast through the tissue is
indicative of more vascularization. This method may be more sensitive
and specific that delayed contrast enhancement imaging alone.

- Diffusion weighted imaging is a reflection of the local motion of water
molecules in the microenvironment. The more restricted the motion of
water molecules, the higher signal obtained on diffusion weighted
images. In general, cancer cells are tightly packed with high nucleolus
to cytoplasm ratios, hence, more restricted environment and higher
signal.

- Spectroscopy can yield valuable information regarding the
composition of major metabolites within the tissue. Choline has been
shown to increase in cases of tumor progression while decreasing in
radiation-induced necrosis. The downside of spectroscopy is long
acquisitions and volume averaging.

» PET and single-photon emission computed tomography are based on metabolic
activity of the tissue and rate of uptake of the radiopharmaceutical. While
currently not the mainstream modalities to differentiate tumor progression
versus postradiation changes — mainly marred by low specificity and low special
resolution — they hold a promising future, given ongoing development of tumor-
specific radiotracers and molecular imaging.
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Figure 1. Treatment effect after stereotactic radiosurgery
Four brain metastases were treated with stereotactic radiosurgery in a single fraction, 18 Gy

x 1. (A) Radiation therapy treatment plan. (B) Pretreatment T1-weighted postcontrast MRI.
(C) 6 months post-treatment, with increased T1 enhancement.
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Figure 2. Restricted diffusion associated with tumor progression after resection of brain
metastases followed by radiosurgery

(A) T1-weighted postcontrast MRI demonstrating right supratentorial peripherally
enhancing mass with (B) associated T2 fluid attenuated inversion recovery (FLAIR)
hyperintensity. Pathology revealed metastatic poorly differentiated adenocarcinoma
consistent with a lung primary. (C) Postoperative T1-weighted postcontrast. (D)
Postoperative T2 FLAIR. Five months after adjuvant stereotactic radiosurgery, MRI showed
(E) new contrast enhancement on T1 weighted postcontrast imaging. (F) T2 FLAIR with
associated hyperintensity and 5 months later (10 months postradiation), MRI showed (G)
progression of contrast-enhancing lesion. (H) Diffusion weighted imaging showed restricted
diffusion. MRI 1 month later showed (1) progression of enhancement and (J) worsening T2
FLAIR hyperintensity. At this point she developed symptoms and underwent re-do
craniotomy. Pathology revealed metastatic adenocarcinoma. (K) T1-weighted postcontrast
MRI 3 months following whole brain radiation therapy (RT). (L) T1-weighted postcontrast
MRI 3 months following whole brain RT 6 months postwhole brain RT demonstrating no
evidence of CNS progression.
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Figure 3. Lack of restricted diffusion in radionecrosis after surgery and chemoradiation for
glioblastoma multiforme

(A) Postoperative T1 postcontrast. (B) Postoperative T2 fluid attenuated inversion recovery
(FLAIR). (C) Radiation therapy (RT) plan, initial volume to 46 Gy. (D) RT treatment plan,
cone down to 60 Gy. First follow-up MRI 2 months after irradiation showed a new area of
contrast enhancement just inferior to the tumor bed without evidence of restricted diffusion.
(E) T1 postcontrast; (F) T2 FLAIR; (G) apparent diffusion coefficient map; (H) diffusion
weighted imaging: b = 800. The man was asymptomatic and underwent resection. Final
path: gliosis with focal necrosis. No evidence of tumor.
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