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Abstract

Magnetic resonance imaging (MRI) is the cornerstone for evaluating patients with brain masses
such as primary and metastatic tumors. Important challenges in effectively detecting and
diagnosing brain metastases and in accurately characterizing their subsequent response to
treatment remain. These difficulties include discriminating metastases from potential mimics such
as primary brain tumors and infection, detecting small metastases, and differentiating treatment
response from tumor recurrence and progression. Optimal patient management could be benefited
by improved and well-validated prognostic and predictive imaging markers, as well as early
response markers to identify successful treatment prior to changes in tumor size. To address these
fundamental needs, newer MRI techniques including diffusion and perfusion imaging, MR
spectroscopy, and positron emission tomography (PET) tracers beyond traditionally used 18-
fluorodeoxyglucose are the subject of extensive ongoing investigations, with several promising
avenues of added value already identified. These newer techniques provide a wealth of physiologic
and metabolic information that may supplement standard MR evaluation, by providing the ability
to monitor and characterize cellularity, angiogenesis, perfusion, pH, hypoxia, metabolite
concentrations, and other critical features of malignancy. This chapter reviews standard and
advanced imaging of brain metastases provided by computed tomography, MRI, and amino acid
PET, focusing on potential biomarkers that can serve as problem-solving tools in the clinical
management of patients with brain metastases.

INTRODUCTION

Magnetic resonance (MR) replaced computed tomography (CT) as the imaging modality of
choice for brain metastases in the 1980s. Since that time capabilities of modern MR scanners
have been greatly expanded, due to improvements in hardware, including more powerful
gradients and increasing magnetic field, as well as improvements in software, including the
development of additional pulse sequences and more advanced image postprocessing and
quantitative data extraction and analysis capabilities. Now MR scanners can be used to
acquire a wealth of information on metastases or other intracranial pathologies that go far
beyond anatomy to include both metabolic as well as physiologic information by diffusion,
perfusion, MR spectroscopic, and other more recently developed imaging techniques.
Positron emission tomography (PET) scanning also has advanced with the more widespread
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adoption of amino acid tracers replacing traditional 18-fluorodeoxyglucose (FDG), with
improvements in signal-to-noise ratio and diagnostic specificity.

How these newer imaging data can be quantified and developed into robust biomarkers that
improve clinical decision making and patient outcomes is a broad topic with extensive
ongoing development. This review covers the fundamentals of imaging brain metastases as
well as recent progress in successfully employing advanced imaging biomarkers as problem-
solving tools in patient care.

CT AND MR: STANDARD IMAGING, LOCATION, GENERAL APPEARANCE

MR imaging (MRI), first applied clinically in the 1980s, almost immediately supplanted CT
as the imaging method of choice for patients with brain tumors, including metastatic disease,
and for following response to treatment (Graif et al., 1985; Patel et al., 2012). However, CT
continues to have a role in brain tumor imaging, particularly as a screening exam for patients
with acute neurologic deficits. Even nonenhanced CT can detect neurosurgical emergencies
that require immediate intervention such as mass effect, hydrocephalus, and hemorrhage, as
modern multislice CT scanners can acquire and reconstruct images of the brain in a matter
of seconds. Additionally some patients cannot have MRI due to pacemakers or other
contraindications. Therefore, in clinical practice, the first imaging of a patient with brain
metastasis may utilize CT.

Sensitivity for small tumors is quite low on CT, however; sometimes the only finding will be
low density indicative of vasogenic edema with no underlying lesion visible. Visibility of
metastases on CT is improved with iodine-based contrast injection (Lin et al., 1976).
However, sensitivity on even contrast-enhanced CT exams remains well below that of MRI
(Fig. 7.1) (Seute et al., 2008). CT also has the disadvantage of relying on ionizing radiation,
and minimizing patient exposure to radiation is desirable (Kamalian et al., 2016).
Conversely, CT does have an advantage over MRI in revealing fine bony detail, particularly
with the use of bone kernel for reconstruction of raw data. Therefore the extent of bony
destruction from calvarial metastases can usually be better evaluated with CT, given its
ability to demonstrate even small areas of bone disruption (Maroldi et al., 2005).

Of cranial and intracranial locations potentially involved by metastatic disease, parenchymal
metastases are the most common. But metastases develop in a wide array of
nonparenchymal areas, including the inner or outer table of the calvarium, the calvarial
diploic space, the meninges (both dura and leptomeninges), and associated brain structures,
including the choroid plexus and pituitary stalk and gland. The dura can be the primary site
of a metastatic focus, but the dura is also often involved due to direct extension of overlying
calvarial metastases. The leptomeninges are involved in carcinomatosis — diffuse
involvement of the meninges by malignant cells, potentially spread through the
cerebrospinal fluid (CSF). In general, contrast-enhanced MRI is the modality of choice for
assessing metastases to these regions due to better tissue contrast and detail and the plethora
of MRI sequences that are now available to characterize intracranial lesions (Maroldi et al.,
2005; Barajas and Cha, 2012).
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MRI provides excellent fine detail and anatomic localization of brain metastases.
Parenchymal metastases are typically iso- to hypointense to brain on T1-weighted images,
and variable in intensity on T2-weighted images. They tend to be roughly spherical in shape.
Metastases often are surrounded by vasogenic edema, which is high signal on T2 and low on
T1-weighted images. Edema can often be quite extensive relative to the size of the
underlying tumor. Edema typically is confined to the white matter, sparing the overlying
cortex. Involvement of the cortex should spur the search for other pathologies such as a
primary brain tumor.

Detection of edema can be enhanced with fluid-attenuated inversion recovery (FLAIR)
imaging, which suppresses T2-hyperintensity associated with CSF in the ventricles and CSF
surrounding the brain. Since metastases lack the normal blood-brain barrier, they usually
avidly enhance on postcontrast T1 images. The enhancement may be solid, or peripheral. A
peripheral enhancement pattern is more likely as metastases grow in size and outstrip their
available blood supply, leading to central necrosis (Smirniotopoulos et al., 2007).
Nonenhancing metastases are rare (Elster and Chen, 1992).

In general most parenchymal metastases are visible as foci of FLAIR hyperintensity,
including small lesions (Okubo et al., 1998). Conversely, sometimes leptomeningeal or dural
metastases will be readily apparent only on postcontrast images and not FLAIR images,
although the reverse also is possible (Singh et al., 2000). The presence of calcification,
hemorrhage, and cystic components impacts the appearance of metastasis on many common
MRI sequences. Calcification, which is hyperdense (bright) on CT, can be high signal on T1
and low on T2 when imaged with MR. Hemorrhage has variable appearance on MRI that
evolves over time.

Recent, but not hyperacute, blood tends to be bright on T1-weighted images. Thus intrinsic
(precontrast) T1 hyperintensity should raise the possibility of a hemorrhagic component
(Zhang et al., 2009). Other features of metastases also can result in intrinsic T1
hyperintensity, including melanin, as can be seen in melanoma metastases (Isiklar et al.,
1995). Cystic metastases will be low on T1 and very bright on T2, with the T2 signal
intensity approaching that of CSF. Conversely, mucinous metastases may demonstrate
central low T2 signal intensity (Egelhoff et al., 1992).

Diffusion-weighted imaging (DWI) has become routine for most clinical MR acquisitions.
On diffusion imaging metastases typically show increased diffusion, but this is not always
the case. Mucinous and other tumors (breast, colon, testicular, and small and nonsmall cell
lung carcinoma) can occasionally show some degree of restricted diffusion, and thus will be
bright on DWI, which can lead to ambiguity in differential diagnosis, as discussed below
(Fig. 7.2) (Geijer and Holtas, 2002; Bukte et al., 2005; Hayashida et al., 2006).

ENHANCING DETECTION OF SMALL METASTASES

MR has higher sensitivity for the detection of small metastases than CT or even CT/PET
(Seute et al., 2008; Kruger et al., 2010). However, sensitivity on MR is variable, as many
details of the MR acquisition can impact performance. Since stereotactic radiosurgery (SRS)
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protocols and other treatment decisions are based on the location and number of even small
metastases, their detection is a clinical concern.

Multiple gadolinium-based contrast agents (GBCA) are available and approved by
regulatory bodies around the world for use in clinical applications of MRI. The agents can
vary in biophysical properties, including “T1 relaxivity.” When other variables are held
constant, increasing T1 relaxivity results in greater signal-to-noise ratio on postcontrast
exams (i.e., more avid enhancement). For instance, gadobenate dimeglumine has higher
relaxivity than gadobutrol, and at the same dose (0.1 mmol/kg body weight) results in
improved contrast to noise of brain tumors (Seidl et al., 2012). Many of the GBCA have
been compared “head to head,” but the outcome may be dependent on dosing and field
strength and also impacted by safety profiles (Anzalone et al., 2013).

Increasing GBCA dose appears to increase sensitivity, particularly for small (<5 mm)
lesions, but at the risk of increased false-positive results (Togao et al., 2014). Similarly,
increasing MR field strength also improves metastasis detection. When these variables are
combined the gains are substantial. For instance, in a study of 22 patients with suspected
brain metastases, the number of lesions detected increased from 70 (1.5 T, single dose) to 84
(3.0 T, triple dose) (Ba-Ssalamah et al., 2003). Contrast dose appeared to have greater
impact than field strength, although half-dose contrast at 3.0 T is reportedly superior to full
dose at 1.5 T based on measurements of contrast-to-noise ratios (Krautmacher et al., 2005).
Ultra-high field strength magnets of 7T may also allow for better lesion detection, even
when contrast dose is reduced (Noebauer-Huhmann et al., 2015). Due to concerns about the
association of GBCA and the development of nephrogenic systemic fibrosis, higher doses of
gadolinium are now generally avoided. Indeed, the US Food and Drug Administration
specifically counsels against the use of higher GBCA doses (http://www.fda.gov/Drugs/
DrugSafety/ucm142884.htm; Fraum et al., 2017).

Another potential method to enhance detection of metastases is to increase the time delay
between contrast injection and acquisition of T1-weighted images. For instance, a time delay
of 15 minutes after contrast injection results in at least one additional lesion being detected
in 43% of patients (Kushnirsky et al., 2016). Resultant radiation tumor treatment volumes
also increase with time delay. Time-delayed imaging may be particularly advantageous in
the posterior circulation (Cohen-Inbar et al., 2016). A postinjection delay of 20 minutes
appears optimal for maximizing the detection of small lesions (< 10 mm diameter) (Yuh et
al., 1995). However, time delay increases time of study acquisition and diminishes scanner
throughput, potentially increasing cost as well as patient inconvenience, which may help
explain why this methodology is currently not widely adopted.

There are a variety of T1 sequences to choose from for a given MR application. These
sequences can be of variable slice thickness and often incorporate a gap between slices,
particularly for spin echo or turbo spin echo acquisitions. Alternatively, image acquisition
can be volumetric, that is, without a gap, yielding an isometric sampling of the data, so that
images can be reconstructed in any plane without loss of detail. Such acquisitions typically
have a slice thickness of 1-2 mm (Anzalone et al., 2013) Some of the volumetric
acquisitions, such as spoiled gradient echo and magnetization-prepared rapid gradient echo
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(MP-RAGE), may provide finer detail and enhance the detection of smaller lesions, although
the signal-to-noise ratio may be slightly less than for traditional spin-echo sequences.
Volumetric fast spin echo (SPACE) has been shown to outperform volumetric gradient echo
(MP-RAGE) imaging at 3 T (Reichert et al., 2013), and subsequent confirmatory results also
have been reported (Kwak et al., 2015). A recent meta-analysis also concluded that three-
dimensional spin echo is better than gradient echo imaging, particularly for the detection of
small metastases (Suh et al., 2016), but these spin echo sequences may be less widely
available than commonly available gradient echo sequences such as spoiled gradient echo
and MP-RAGE.

Although contrast is typically used in conjunction with T1W images, contrast can impact
other MR acquisitions as well. For instance, postcontrast FLAIR images may improve the
detection of leptomeningeal metastases (Singh et al., 2000; Ercan et al., 2004; Hatzoglou et
al., 2016). But in most cases volumetric contrast-enhanced sequences provide better
sensitivity for leptomeningeal disease than two-dimensional T1-weighted or FLAIR images
(Gil et al., 2016).

Sequences other than T1 and FLAIR also can be selected that are sensitive to specific
characteristic of metastases. For instance, gradient echo and other susceptibility-weighted
images (SWI) are highly sensitive to the local perturbation in magnetic field that is
associated with the deposition of hemasiderin and other blood breakdown products. Thus
these techniques may improve detection of hemorrhagic metastases, particularly melanoma
(Gaviani et al., 2006). SWI has been found to increase the sensitivity for the detection of
small hemorrhagic metastases, although very small lesions (< 1 mm) are rarely SWI-positive
(Franceschi et al., 2016).

Although currently MRI scans are interpreted by radiologists and other practitioners unaided
by machine learning, methods for the automated detection of metastases and other brain
lesions are being developed. The addition of these algorithms to human interpretation could
potentially lead to greater sensitivity and improved accuracy of intracranial metastases
characterization, based both on standard postcontrast exams as well as advanced physiologic
imaging such as perfusion-related acquisitions (Ambrosini et al., 2010; Yang et al., 2013;
Szwarc et al., 2015).

PRINCIPLES UNDERLYING ADVANCED IMAGING TECHNIQUES (TABLE 7.1)

Perfusion imaging

There are multiple approaches to acquiring MR data that can generate metrics related to
tumor perfusion. The most commonly used methods are dynamic susceptibility contrast
(DSC), dynamic contrast-enhanced (DCE), and arterial spin labeling (ASL) techniques.
Although many different kinds of measurements can be derived from any of these
approaches, some have been demonstrated to be particularly useful. These metrics include
cerebral blood volume (CBV), which is a measure of the amount of blood within a defined
volume of tissue (typically 100 g), and correlates with tumor vascularity. This is acquired
with a bolus tracking method coupled with a susceptibility-sensitive (T2*-weighted)
sequence (DSC). The passage of intravenous contrast through the tissue reduces the T2*
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signal intensity, and this is proportional to the blood flow. DSC can be acquired rapidly,
usually in approximately 2 minutes. Potential limitations are susceptibility artifact from
blood products, air, adjacent bone, or implanted devices such as shunts or metallic
craniotomy plates. Thus the use of DSC in postoperative patients can be particularly
challenging.

Typically CBV is expressed as a ratio of that within the tissue of interest to the contralateral
brain (mirror site) or contralateral normal-appearing white matter. Unfortunately, CBV
measurements are impacted by a variety of factors, including scanner hardware and protocol
specifics. These include the use of a “preload” contrast dose to minimize T1 leakage effects
that occur in areas of blood-brain barrier disruption, leakage correction on postprocessing
software, flip angle, and region of interest (ROI) selection. Currently efforts are underway to
standardize DSC image acquisition, especially in the setting of multicenter drug trials for
glioblastoma and other primary brain tumors. However, even with better standardization
there likely will be substantial interinstitutional and even intrainstitutional variation in CBV
measurements due to hard-to-control variables in imaging acquisition. This degrades the
ability to set optimal thresholds for tumor recurrence and other clinical applications
(Boxerman et al., 2016).

Ktrans, a transfer contrast coefficient, is another commonly used perfusion-based metric.
Ktrans is derived from DCE imaging and is related to the leakiness of blood vessels. DCE is
acquired by measuring changes in signal intensity associated with passage of contrast using
dynamic T1-weighted sequences. The signal change is affected by both intra- and
extravascular contrast, which is the basis for estimating contrast leakage. DCE has the
advantage of being less sensitive to susceptibility artifacts than DSC, but overall appears to
be more challenging to acquire (Griffith and Jain, 2016).

In distinction to DSC and DCE imaging, ASL is acquired without the use of GBCA.. Instead
ASL uses labeling of blood water protons to provide an endogenous tracer. ASL techniques
are typically used to generate relative and quantitative measures of cerebral blood flow
(CBF). CBF is typically defined as the amount of blood that passes through the tissue of
interest per unit of time (typically expressed as mL/100 g tissue/minute). Mean transit time
of blood through tissue also can be acquired (Grade et al., 2015).

Diffusion-weighted imaging

DW]I is a collection of acquisition sequences that are sensitive to the motion of water
molecules. All water molecules in environments with temperature above absolute zero will
undergo Brownian or thermal motion, which in pure water will be random and isometric
(equal in all directions). A surrogate for this motion (termed the apparent diffusion
coefficient (ADC)) can be acquired by MRI techniques. Areas of abnormality that are
reduced in diffusion are bright on DWI. The b value of the image represents the diffusion
weighting. Multiple images with varying b values are acquired to generate the ADC map.
On the ADC map, areas of restricted water diffusion are of dark or low signal intensity. In
general, vasogenic edema increases the diffusivity of water, resulting in increased ADC
values. Conversely a variety of biophysical properties of tissue can result in decreased or
restricted diffusion. These include cytotoxic edema (cell swelling), increased cellularity, and
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fluid collections that contain high levels of proteinaceous or other molecular species that
interact with water molecules and limit their ability to move freely. Thus, for instance,
abscesses typically have restricted diffusion and are of low signal intensity on ADC images.
It is important to note that various processes within a single tissue can impact water
diffusivity in opposed directions, yielding no or little net change in DWI signal
characteristics. Thus a combination of vasogenic and cytotoxic edema found in subacute to
chronic infarct may show normal ADC values even though the tissue state is abnormal
(Baliyan et al., 2016).

Diffusion tensor imaging (DTI)

In addition to isometric diffusion, which proceeds equally in all directions, there also is
diffusion that is directional, i.e., preferential in a given direction. DTI is an MR technique
that can be used to detect the directed motion of water molecules. This is typically acquired
with a larger number of diffusion acquisitions, each sensitive to a specific direction of
diffusion. Metrics associated with DTI are fractional anisotropy (FA) and mean diffusivity
(MD). FAvalues range from 0 (no directionality of diffusion) to 1 (complete unidirectional
diffusion). MD is a measure of average molecular motion that is independent of any tissue-
based directionality. Diffusion in the brain is greatly affected by brain structure, as the
directionality of diffusion is high longitudinal to white-matter tracts, but low perpendicular
to them (Baliyan et al., 2016).

MR spectroscopy (MRS)

MR proton spectroscopy can be used to measure concentrations of metabolites in tissue. A
large number of metabolites can be measured within a volume of interest (voxel), although
low concentration of many metabolites makes repeatability and accuracy a challenge. The
more abundant metabolites and ones that are commonly measured include N-acetyl aspartate
(NAA), a marker of neuronal integrity, choline (Cho), which is associated with membrane
turnover and can correlate with cell density in glioma, and creatine (Cr), which is a set of
closely related molecules that are impacted by energy storage and often used as an internal
control. Thus the concentration of other metabolites may not be measured in absolute values,
but rather normalize against Cr levels. Lipids, lactate, amino acids, and myoinositol often are
also typically detected on MRS (Brandao and Castillo, 2016; Rapalino and Ratai, 2016).

Positron emission tomography

PET is an imaging modality that can complement MRI or CT, providing information on
metabolism of brain metastases and other abnormalities (Jones et al., 2012). A variety of
PET tracers have been developed, often incorporating the positron emitter 18F due to its
longer half-life (110 minutes) compared to other radioactive species such as 11C (half-life 20
minutes). By far the most commonly used tracer in clinical applications is FDG. FDG is a
glucose analog that is taken up by cellular glucose transporters, and then undergoes
intracellular phosphorylation, trapping the molecule in the cell and inhibiting its further
metabolism. This results in increased uptake in cells that are metabolically active, as
evidenced by increased glucose consumption.
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There are several limitations in using FDG tracers in the brain, probably the most
fundamental of which is the high background activity present in the cortex and basal ganglia
(due to intrinsic high glucose consumption of these structures). This high background
activity can substantially degrade signal-to-noise ratio when FDG is employed (Juhasz et al.,
2014). PET, in general, also is hampered by low resolution (around 5 mm, compared to 2
mm or less for MRI) based on technical factors, including the minimum number of positron
electron annihilation events needed to meet the threshold for detection. These limitations
adversely affect the ability of PET to detect small lesions. Thus the sensitivity and
specificity of FDG PET for the detection of brain metastases are considerably lower than
MRI (Rohren et al., 2003; Ohno et al., 2007; Kriiger et al., 2010).

Non-FDG PET

In addition to FDG PET, other tracers, most importantly those that reflect amino acid
metabolism, are used to characterize primary and metastatic brain tumors. Amino acid PET
tracers are not reliant on blood-brain barrier breakdown for uptake, as they undergo active
transport by the L-amino acid transporter type 1 system, and thus can add value to contrast-
enhanced MRI. Amino acid tracers have notably lower brain background activity than FDG,
which is a substantial advantage. In gliomas, amino acid uptake correlates with a variety of
malignant processes, including cell proliferation and neoangiogenesis. For glioma imaging
the use of two PET tracers has become widespread: O-(2-[18F]fluoroethyl)-L-tyrosine (FET)
and 3,4-dihydroxy-6-[18F]-fluoro-L-phenylalanine (FDOPA) (Galldiks et al., 2015). 11C-
MET is less widely used due to its shorter half-life of 20 minutes, requiring on-site cyclotron
for its generation (Juhasz et al., 2014). Amino acid PET is also now being more widely
investigated for potential applications in brain metastatic disease.

DIFFERENTIATING METASTASES FROM SIMILAR-APPEARING MASSES

Intracranial metastases typically enhance, as they lack a blood—brain barrier. The differential
diagnosis for enhancing brain lesions is broad, but can be narrowed by the patient’s
presentation and laboratory data. Enhancing brain lesions are typically categorized into
single versus multiple, and ring- versus solidly enhancing, to facilitate generation of a list of
potential diagnoses. Although brain metastases are usually multiple, single brain metastases
are not uncommon, with an incidence of 25-45% (Patchell et al., 1990; Schwartz et al.,
2006), and can be found in 15% of patients who show no evidence of a primary lesion
following additional workup (Nussbaum et al., 1996). Many common malignancies have a
propensity for singular brain metastases, including breast, colon, renal cell, and thyroid
cancers, whereas lung cancer and melanoma are more likely to generate multiple brain
tumors (Barajas and Cha, 2012).

Nodular solid enhancement, either singular or multiple, can be found in a variety of
pathologies, including metastatic disease, lymphoma, sarcoid, vasculitides, including Behget
disease, demyelinating disorders, and infections, including tuberculosis (tuberculomas),
toxoplasmosis, and fungal disease (Fig. 7.3) (Packer and Schiff, 2012). For ring-enhancing
lesions the most common etiologies are high-grade glioma (40%), metastases (30%), abscess
(8%), and demyelinating disease (6%) (Schwartz et al., 2006). Necrotic primary central
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nervous system lymphoma can be ring-enhancing and centrally necrotic, but this is rare (6%
in one study) and typically associated with immunocompromised patients (Fig. 7.3E)
(Malikova et al., 2016). Metastases are most often cortical or subcortical due to
hematogenous spread and often start as smaller, solidly enhancing lesions, before becoming
ring-enhancing secondary to necrosis either from outstripping available blood supply or
following treatment such as chemotherapy or irradiation (Smirniotopoulos et al., 2007).

Diagnosis of a single ring-enhancing brain lesion remains difficult and is an active area of
imaging research. In particular, differentiating single metastases from glioblastoma remains
a top diagnostic challenge in everyday clinical practice due to the high incidence of these
lesions and their potential to have essentially identical appearance on standard MRI. This
can lead to a misclassification rate of up to 40% (Devos et al., 2004; Georgiadis et al., 2008).
Advanced imaging, including diffusion and perfusion sequences, has been extensively
investigated as a means of decreasing diagnostic uncertainty in these cases, particularly in
patients with no known primary tumor who present with a solitary enhancing lesion (Fig.
7.4).

Before trying to distinguish between the possibility of glioblastoma and metastases, often a
good first step is to assess the possibility that the lesion could represent abscess,
demyelinating disease, or lymphoma, since even standard MRI may help identify these
entities. For instance, open-ring or “C-shaped” enhancement, restricted diffusion, and
relatively little mass effect are associated with demyelinating disease (Fig. 7.3D) (Masdeu et
al., 2000; Siri et al., 2015; Abdoli et al., 2016). Primary central nervous system lymphoma is
typically solidly enhancing in immunocompetent patients, is superficial or periventricular,
and also shows decreased diffusion due to its high cellularity (Yamasaki et al., 2005; Lin et
al., 2017). Thus careful assessment of standard imaging, including the ADC map, usually
prevents tumefactive multiple sclerosis or lymphoma from being confused with metastatic
disease. In addition to standard imaging, other MR applications may be helpful for resolving
diagnostic uncertainty. For instance, MRS findings of increased lipids and lactate in a solid
lesion can be indicative of lymphoma (Smirniotopoulos et al., 2007). Lymphoma typically
does not have vessels detectable by susceptibility weighting, in contrast to glioblastoma and
metastases (Ding et al., 2014).

DWI is extremely helpful in identifying pyogenic abscesses, which otherwise may mimic
glioblastoma or metastasis. Typically pyogenic abscesses show diffusion restriction, whereas
diffusion restriction is rarely found in metastases or glioblastoma (Smirniotopoulos et al.,
2007). The identification of diffusion restriction within a ring-enhancing lesion has to be
interpreted with caution, however, as occasionally glioblastoma and metastases have been
known to have restricted diffusion (Hartmann et al., 2001; Hakyemez et al., 2005; Reddy et
al., 2006). Conversely, unrestricted diffusion has been reported in 4/97 (4%) abscesses
(Reddy et al., 2006). Nevertheless, in a meta-analysis of 11 studies, DWI was shown to be
highly effective at differentiating abscess from other intracranial, ring-enhancing cystic mass
lesions with an accuracy of >95% (Xu et al., 2014). Further, FA of the enhancing rim
(derived from DTI) appears to improve the ability to discriminate abscesses from both
glioblastoma and metastasis, yielding 100% accuracy in a study of 15 abscesses, 15
glioblastomas, and 26 cystic metastases (Toh et al., 2011).
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Thus diffusion imaging can greatly aid in the identification of lymphoma, abscesses, and, to
a lesser extent, lymphoma. Diffusion imaging has also been applied to the more challenging
difficulty of discriminating solitary brain metastasis from glioblastoma. The most direct
approach is to measure tumor ADC, as this can be done easily on most Picture Archiving
and Communication Systems (PACS). Unfortunately, while tumoral ADC helps differentiate
some tumor types, it does not appear to distinguish glioblastoma from metastases (Bulakbasi
et al., 2004; Yamasaki et al., 2005).

Another approach is to measure diffusion in peritumoral regions rather than within the tumor
itself. This is predicated on the hypothesis that peritumoral regions of high T2 signal
intensity represent edema only in metastases, whereas these regions contain both edema and
infiltrative tumor cells in glioma. This infiltration of peritumoral regions by tumor cells in
glioma results in diminished ADC values. Supporting this hypothesis, peritumoral ADC is
lower in both anaplastic astrocytoma and glioblastoma compared to metastases (Pavlisa et
al., 2009; Han et al., 2014). High b value diffusion imaging (3000 compared to the standard
1000) may slightly improve this approach, as one study found that using a minimum ADC
value, the area under the curve (AUC) was 0.92 for b = 3000 compared to 0.89 for b = 1000
(Han et al., 2014). ADC in normal-appearing white matter, beyond the area of T2 signal
abnormality, has also been analyzed. Although there was a difference in minimum ADC
values in normal-appearing white matter between patients with glioblastoma and metastases,
the sensitivity and specificity for differentiating the two were disappointing (both
approximately 70%), limiting the clinical utility of this approach (Miquelini et al., 2016).

In addition to standard diffusion imaging, DTI-derived metrics have been applied to this
diagnostic challenge. Lu and colleagues (2003) examined DTI in high-grade gliomas (HGG:
n=12) and metastases (7= 12). They found that peritumoral MD of metastases was higher
than HGG. There was no difference in FA. In a much larger study (165 glioblastoma, 129
metastases), there was no difference in peritumoral FA, but there was a difference in FA
within the contrast-enhancing lesion, which was significantly higher in glioblastoma than
metastases (0.33 and 0.23 respectively; p< 0.0001) (Bette et al., 2016b).

Like Lu et al. (2003), Byrnes and colleagues (2011) found that metastases have higher
peritumoral MD than glioblastoma. However, unlike both Lu et al. and Bette et al., they also
report a difference in FA in peritumoral edema, which was higher in metastases than
glioblastoma. Combining these metrics the authors correctly identify 24/28 tumors as either
glioblastoma or metastasis (Byrnes et al., 2011). Thus if the differential diagnosis for a ring-
enhancing lesion can be narrowed to HGG and metastasis, investigation of the peritumoral
region with diffusion imaging may help successfully identify the underlying lesion. As some
disparate findings for the optimal diffusion-based metrics have been reported, further
validation is necessary. Another caveat is that the underlying theory, namely that peritumoral
T2 signal abnormality is secondary to pure edema for metastases, may not be entirely
accurate. As with glioma, parenchymal invasion may also be a feature of metastatic disease.
In fact, in one study 18 out of 57 (32%) brain metastases showed a diffuse infiltrative
pattern. Invasion was present up to 450 um from the border of the metastatic tumor and was
not dependent on the primary tumor type (Berghoff et al., 2013a). Thus use of DTI-based
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metrics in peritumoral edema may never achieve 100% accuracy in distinguishing
metastases and glioma.

In addition to diffusion-based techniques, MR perfusion imaging has focused on the region
of peritumoral T2 signal abnormality to detect changes that may differentiate metastases
from mimics. For instance, DSC perfusion has been used to distinguish abscess from
glioblastoma and cystic metastases (Toh et al., 2014). Toh et al. measured CBV in the
enhancing rim of abscesses, glioblastoma, and metastases. They found that abscesses had
lower CBV (1.97 £ 1.01) than glioblastoma (4.39 * 2.33) or metastases (2.97 + 0.78). They
report an AUC of 0.82 for differentiating abscesses from glioblastoma and metastases
combined.

Looking specifically at the ability to distinguish abscess from neoplasm, Floriano and
colleagues (2013) examined 100 consecutive patients with DSC-based relative CBV
(rCBV). Neoplasms had higher rCBV than infection (4.3 + 2.11 vs. 0.63 + 0.49). Using a
cutoff of <1.3, infectious lesions were identified with a sensitivity of 98% and specificity of
93%. However, the vast majority of the infectious lesions in this study were toxoplasmosis
(38/46, 83%), so this finding may be specific to that infection. Interestingly, rCBV did not
distinguish glioblastoma from metastases (Floriano et al., 2013).

Server and colleagues (2011) investigated DSC-based metrics in tumor and peritumoral
regions in order to distinguish glioblastoma (7= 40) from metastasis (7= 21). rCBV of the
peritumoral region was better than that from the tumor itself in distinguishing the two, with
receiver operating characteristic AUC of 0.98, similar to a prior study where the AUC was
0.96 (Bulakbasi et al., 2005). Similarly, in a series of glioblastoma (77 = 29) and metastases
(n=23), peritumoral rCBYV discriminated metastases from glioblastoma with a sensitivity of
96% and specificity of 64%. The authors conclude that metastasis is unlikely if peritumoral
rCBV is > 1 on any slice depicting the tumor (Blasel et al., 2010).

More recently, in a large study qualitative and quantitative ASL-based perfusion metrics
were analyzed in a population of 128 consecutive patients who had either glioblastoma or
metastasis at surgery. Glioblastoma-normalized CBF values were higher both in the
enhancing tumors and in the peritumoral area of T2 signal change than those of metastatic
tumors. Peritumoral CBF data provided the best discrimination between glioblastoma and
metastases with an AUC of 0.54 (p < 0.001) (Sunwoo et al., 2016).

A similar study (Lin et al., 2016) reported analysis of the gradient of CBF from areas
immediately adjacent to the tumor to normal-appearing white matter, using ASL data. A
total of 52 consecutive patients with either glioblastoma or solitary brain metastasis were
assessed. Subtracting the distant CBF values from the tumor-adjacent areas resulted in 93%
sensitivity and 100% specificity for differentiating glioblastoma from metastases. For
glioblastoma, CBF diminished in the area of peritumoral T2 signal change as ROIls were
placed farther from the enhancing tumor margin. Conversely, for metastases, CBF appeared
fairly constant throughout the area of peritumoral T2 signal change, irrespective of the
distant from the enhancing lesion. As with diffusion, this difference in perfusion
characteristic may be due to the more infiltrative nature of glioma compared to metastases.
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Another interesting, although preliminary, report based on qualitative rather than quantitative
data found that ASL-generated CBF maps show a rim of high peritumoral signal in
glioblastoma and lymphoma but not metastases. If there was ASL signal abnormality
extending beyond the area of contrast enhancement, than the lesion was unlikely to be
metastatic disease (Abe et al., 2015), providing a rapid and easy qualitative method to
distinguish the two diseases. Thus a number of qualitative and quantitative perfusion-based
approaches have been developed to differentiate metastases from glioblastoma, but it
remains unclear which is the most accurate and reproducible across institutions.

Spectroscopy has been investigated as a means of differentiating metastases from HGG and
other mimics, with mixed results. In general, while some pathologies can potentially be
distinguished by MRS, the spectra of glioblastoma and metastases tend to be highly
overlapping. This is not unexpected, as both often contain central necrotic regions that
exhibit lower NAA due to neuronal destruction, but increased lipid and lactate peaks, a
nonspecific finding associated with necrosis. However, there may be some differences in the
spectra between these tumor types. For instance, the concentration of lipids and
macromolecules may be higher in metastases than glioblastoma. Measurements based on
this approach discriminated the two entities with an accuracy of approximately 80% in one
report (Crisi et al., 2013).

More commonly, MRS has been used to measure the Cho/Cr, NAA/Cr, and Cho/NAA levels
in both tumoral and peritumoral areas. As with perfusion data, interrogation of peritumoral
regions may be particularly informative. For instance, Chiang and colleagues (2004) report a
higher peritumoral Cho/Cr of 1.3 + 0.45 for HGG (n7=14) vs. 0.29 + 0.51 for metastases (77
=12). In a much larger study of 65 tumors, peritumoral Cho/Cr also was found to be an
excellent discriminator (94% AUC) when comparing either glioblastoma alone, or both
glioblastoma and anaplastic astrocytoma, to metastases (Server et al., 2010). The authors
also found that metabolite measurement from peritumoral areas was better than that from
tumors, similar to other studies (Tsougos et al., 2012; Weber et al., 2006). Some important
caveats for this technique remain. To date these studies are mostly retrospective and include
only HGG and metastases. The inclusion of other pathologies could negatively impact the
accuracy of these MRS-based biomarkers. Additionally, up to 30% of glioblastoma do not
have evidence of abnormal peritumoral spectra (Tsougos et al., 2012), which would make
the ability to discriminate these glioblastoma from metastases based on MRS alone unlikely
to be sufficiently accurate for clinical applications.

PET also has been used as a tool for narrowing the differential diagnosis of brain lesions.
However, neither FDG nor amino acid PET appears to distinguish metastases from common
mimics such as glioblastoma. Although FET uptake may be higher in HGG than low-grade
glioma (Rapp et al., 2013), values for glioblastoma, metastases, and inflammatory lesions
such as multiple sclerosis can be overlapping, and even epileptogenic activity can result in
abnormal FET uptake (Hutterer et al., 2013,2017). For instance, in a large study (n= 393
patients) using FET, normalized standardized uptake value of HGG and nonglial tumors
were not dissimilar (1.99 + 0.74 and 2.09 £ 0.62, median * sp, respectively) (Hutterer et al.,
2013). Another limitation is that the sensitivity of FET PET for small metastases (< 1.0 cm)
is low (Unterrainer et al., 2017).

Handb Clin Neurol. Author manuscript; available in PMC 2018 August 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

POPE

Page 13

The search for new PET tracers that may overcome some of these limitations is ongoing. For
instance, Kamson and colleagues (2013) used a relatively new PET tracer that is a
tryptophan analogue (11C-alphamethyl-L-tryptophan), and compared enhancing lesions that
were either glioblastoma (/7= 19) or metastases (/7= 31). Based on this method they were
able to differentiate glioblastoma from metastases (glioblastoma had higher uptake) with
74% accuracy. When analyzing only the subset of ring-enhancing lesions, diagnostic
accuracy improved to 91%. Further refinements of available PET tracers may continue to
yield improvements in diagnostic accuracy.

While many studies focus on a single biomarker for diagnostic challenges, some studies
have employed a multiparametric approach that combines various imaging classifiers in an
effort to maximize the diagnostic accuracy of imaging. A small study of 23 patients (13
glioblastoma, 10 metastases) used DSC, DCE perfusion, and DTI. Once again, interrogation
of the peritumoral region was most helpful in discriminating metastases and glioblastoma,
using a combination of rCBV, FA, and MD. This led to an AUC of 0.98 (Bauer et al., 2015).
Others have used a multiparametric approach based on both perfusion and MRS. Sparacia
and colleagues (2016b) analyzed maximal rCBV and Cho/Cr ratios in the peritumoral
nonenhancing areas from 28 patients (10 low-grade glioma, 8 HGG, 10 metastases).
Gliomas, regardless of grade, had rCBV > 1.2, whereas only 1 of 10 metastases did (yielding
a sensitivity of 100%, specificity of 90%). Additionally, MRS metrics were significantly
different between glioma and metastases. Similarly, peritumoral rCBV combined with
Cho/NAA can discriminate glioblastoma from metastases with an AUC of 0.85 for rCBV
and 0.87 for Cho/NAA (Tsougos et al., 2012).

Two recent meta-analyses have been performed examining the ability of advanced MRI to
differentiate HGG from metastases. Importantly, the first analysis was based only on papers
analyzing the peritumoral region (Liang et al., 2014), whereas the more recent analysis was
performed only on papers analyzing the enhancing tumor region (Usinskiene et al., 2016).
Thus the recent meta-analysis based on 83 articles published since 2000 analyzing the
contrast-enhancing region found that advanced imaging, including perfusion and diffusion
imaging (rCBYV, normalized ADC, Cho/Cr, Cho/NAA), although informative in separating
high- from low-grade glioma, cannot reliably differentiate HGG from metastases
(Usinskiene et al., 2016). Conversely, the meta-analysis that focused specifically on rCBV in
the peritumoral region did find a fairly good ability to discriminate between glioblastoma
and metastases, with a sensitivity of 82%, specificity of 96%, and a diagnostic odds ratio of
90 (Liang et al., 2014).

Machine-learning paradigms provide a method to incorporate much more of the available
MR data from standard and advanced imaging protocols into models that may improve
diagnostic accuracy. For instance, Tsolaki and colleagues (2013) examined NAA/Cr,
Cho/Cr, lipid + lactate/Cr and rCBV from 35 glioblastoma and 14 metastases. While the
radiologist diagnosis was accurate in approximately 75% of cases, a support vector machine-
learning approach made a correct diagnosis in 97% of tumors. Similar papers report
diagnostic accuracy in the 75-86% range (Vellido et al., 2012; Svolos et al., 2013),
indicating that automated or semiautomated methods may be as accurate as, or more
accurate than, standard radiologic interpretation. Another interesting semiautomated
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approach is to use DTI data to assess tumor shape and “curveness,” as glioblastomas tend to
be more irregularly shaped than metastases. Using such a morphologic analysis, a 96%
diagnostic accuracy in discriminating glioblastoma from metastases was achieved (Yang et
al., 2015). The addition of other classifiers, such as the ratio of edema to tumor, may further
improve machine-learning approaches (Zhou et al., 2016).

To summarize, for distinguishing brain metastases (particularly single ring-enhancing
lesions) from common mimics in clinical practice, DWI may help narrow the likely
differential diagnosis to glioblastoma and metastases. Peritumoral NAA/Cr, Cho/Cr,
Cho/NAA ratios, and rCBV seem to help differentiate these two entities. The utility of
diffusion-based metrics, including ADC or FA, remains more controversial.
Multimodalitybased approaches potentially in combination with machine-learning methods
may end up being the most comprehensive and accurate paradigm to diagnose metastases,
but validation and standardization remain a challenge.

DETERMINING UNDERLYING PRIMARY TUMOR

As the underlying primary lesion in brain metastatic disease is unknown in 10-15% of cases
(Polyzoidis et al., 2005), it would be helpful if imaging features of brain metastases could
help identify the primary malignancy, or at least narrow the differential diagnosis.

Patterns in the location of brain metastases may vary between primary tumors. For instance,
nonsmall cell lung carcinoma tends to favor the parietal occipital lobes, whereas breast
cancer metastases may occur more often in the cerebellum (Quattrocchi et al., 2012).
Esophageal metastases typically have a cystic appearance with a small surrounding edema
zone of less than 2 cm (Feng et al., 2014). Additionally, even subtypes of common tumors
may have varying appearances when metastasized to the brain: triple-negative breast cancer
metastases tend to be cystic necrotic (have a thin wall with central necrosis), compared to
other breast cancer subtypes (Yeh et al., 2014).

MRS has been used to try to distinguish nonsmall cell lung carcinoma from both melanoma
and breast metastases, based on Cho/Cr ratio (Huang et al., 2010). A Cho/Cr ratio of < 2.0 is
seen in 38% of lung cancer metastases, 24% of breast cancer metastases, but in 0% of
melanoma metastases, suggesting this method could help exclude the possibility of
melanoma. High lipid content measured by MRS is associated with colorectal carcinoma
(Chernov et al., 2006), although sensitivity of 88% and specificity of 64% limit clinical
utility.

SWI is extremely sensitive to blood products. The majority of both breast (56%) and
melanoma (77%) metastases have abnormal SWI signal; that is, they are SWI+. Therefore a
binary classification system (SWI+ vs. SWI-) does not distinguish between the two
(Franceschi et al., 2016). However, when the amount of SWI signal abnormality within a
metastatic lesion is quantified, melanoma can be distinguished from both breast and
bronchial cancer with excellent accuracy (receiver operating characteristic 0.96 and 0.81
respectively), as melanoma metastases tend to have a larger percentage of voxels that show
abnormal SWI hypointentsity (Radbruch et al., 2012).
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Diffusion imaging has also been applied to this clinical dilemma of identifying the primary
tumor, but with limited success (Meyer et al., 2015). In one study ADC values of brain
metastases in 159 patients were analyzed. Nonsmall cell lung carcinoma had slightly lower
mean ADC values than breast or melanoma metastases but the difference was not
statistically significant. One limitation was that some tumors could not be evaluated because
of hemorrhage. Similarly, others have found no correlation between ADC values and
primary tumor histopathology (Duygulu et al., 2010).

Lastly, PET ligands that may have specificity for primary tumor types, such as prostate
carcinoma (Chakraborty et al., 2015) and neuroendocrine tumors (Kunikowska et al., 2014),
also are being investigated, but are in very early stages of development.

Thus, current imaging paradigms for brain metastases appear to have limited ability to
identify the underlying primary tumor type.

TREATMENT PLANNING

MRI plays a critical role in treatment planning for brain metastases, helping to identify the
number, size, and location of lesions, leading to improved surgical and radiation-based
therapies. FET PET may add value to standard MRI for optimization of treatment planning,
as FET PET can show areas of potential tumor that in some cases extend beyond the
contrast-enhancing region on MRI (Gempt et al., 2015).

Studies have also investigated the use of MET PET for treatment planning, comparing MET
PET to MRI in patients with recurrent disease following gamma knife SRS. In one such
study the authors found that, even though the irradiation volumes were smaller when based
on MET PET imaging compared to MRI alone, the survival times were longer, suggesting
that MET PET more effectively targeted lesions than MRI alone (Momose et al., 2014).
Similar results may be expected with FET PET, as FET and MET uptake appear comparable
in pretreated brain metastases (Grosu et al., 2011).

Diffusion imaging for treatment planning may also help reduce the risk of recurrence. The
use of ADC data in addition to postcontrast T1 images results in unchanged gross tumor
volumes but modulates target shapes. In a study by Zakaria et al. (2017) the diffusion-based
treatment area was found to cover a larger volume of subsequent tumor recurrence, and thus
may provide patient benefit, pending survival analysis. As invasion could be
underrecognized phenomena of metastasis, the ability to noninvasively identify areas of
infiltrative tumor spread could also help optimize treatment plans. This can potentially be
achieved with analysis of ADC data.

In another study, fusion of ADC maps from intraoperative scans to anatomic imaging
appeared to help delineate areas of tumor border zone where parenchymal invasion was
occurring and better define tumor margins (Zakaria and Jenkinson, 2014).
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TYPICAL TREATMENT RESPONSE IMAGING CHANGES

As SRS plays a major role in the treatment of brain metastases, it is important to be aware of
the changes that can be induced by radiation-based treatment paradigms. Response to SRS
and other treatments is typically determined with serial MRI (Sparacia et al., 2016a). After
radiosurgery 3-month imaging follow-up has been recommended by the American College
of Radiology (Patel et al., 2012). In general, following irradiation, metastases may
demonstrate increased edema, central T2 hypointensity, and blurred enhancement. They may
also increase slightly in size as a response to treatment, which does not indicate progressive
tumor. In a review of MRI changes in 500 treated brain metastases, approximately one-third
of lesions showed a transient increase in volume that typically began at approximately 6
weeks posttreatment and which could last, in some cases, beyond 15 months (Patel et al.,
2011). Following successful treatment metastases will shrink, edema will abate, but focal
abnormal signal intensity may never completely resolve. Formalized classification of
treatment response has recently been proposed by multidisciplinary groups. This includes
specifications for parenchymal (Lin et al., 2015) and leptomeningeal disease (Chamberlain
etal., 2017).

EARLY RESPONSE MARKERS

ADC may be an early response marker for SRS or whole-brain radiotherapy. For instance,
low ADC of enhancing regions has been correlated with responders at both 1 week and 1
month after treatment (Jakubovic et al., 2016). Conversely, others have found that increased
ADC values predict improved response (Lee et al., 2014; Ruiz-Espana et al., 2015). Changes
in ADC are dynamic so that the time at which change is measured may be crucial. Effective
therapy may initially induce cytotoxic edema (which would lower ADC), but subsequently
induce cell death and necrosis and also edema (which would increase ADC). Clearly the
time course of the underlying pathophysiology of irradiated brain metastases needs to be
determined in greater detail to improve interpretation of ADC-based metrics.

Perfusion data of irradiated metastases have been analyzed to help identify tumor response,
again with somewhat conflicting results. In one study, lower Ktrans and lower relative CBF
(rCBF) at 1 week after treatment correlated with responders, whereas higher rCBF and
rCBV at 4 weeks were associated with therapy benefit (Jakubovic et al., 2014). Another
study also analyzed Ktrans data and found that even a small increase in Ktrans at 4-8 weeks
after SRS was associated with tumor progression (Almeida-Freitas et al., 2014), similar to a
prior analysis that found that increased CBV at 6 and 12 weeks is associated with worse
outcome (Fig. 7.5) (Essig et al., 2003). Thus, as for ADC, given the dynamic changes
associated with treatment effect, the time point for measuring perfusion appears crucial.
Specifically, responders may initially (at 1 week) have lower perfusion, but the direction of
perfusion changes that correlates with response when measured at 1 month is unclear. At
later time points increased perfUsion is likely indicative of a poor response. It may be that
successful SRS decreases perfusion initially in most tumors, but nonresponders then rebound
quickly, increasing their perfusion.
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Comparison of data from different studies is also challenging due to the variety of perfusion-
based metrics that are analyzed. Additional studies that standardize some of the acquisition
variables and focus on the time course of changes in rCBV (often thought of as the most
robust and widely used perfusion metric) will potentially help resolve these conflicting data.

In preliminary studies PET scans have been used to identify effects of treatment that may not
be apparent on MRI. For instance, FDG PET activity diminishes in some patients with
HER2 + breast cancer metastases that are successfully treated (Shankar et al., 2006).
Specific PET tracers such as the monoclonal antibody 89Zrtrastuzumab are able to detect
brain metastases in HER2 + breast cancer with a good uptake-to-background ratio (Dijkers
et al., 2010). For breast cancer brain metastases treated with paclitaxel covalently linked to
angiopep-2, changes in FLT PET correlated with MRI findings in a pilot study of 10 patients
after a single treatment cycle and appeared to correlate with outcome (O’Sullivan et al.,
2016). Extracranially, changes at 3 weeks in HER2+ patients correlate with tumor response
at 8 weeks as measured by CT; this is not true for FDG PET (Gaykema et al., 2013). Thus
89Zrtrastuzumab PET may outperform FDG PET as an early response marker, although
studies specifically assessing brain metastases have yet to be performed.

Imaging-based early response markers for brain metastases have been an active area of
investigation and clearly have significant potential to improve patient care. To date, it
appears that advanced imaging metrics, whether based on MRI or PET, have not been
sufficiently developed and validated to allow their clinical use.

CAVEATS TO INTERPRETING POSTTREATMENT IMAGING CHANGES

Radiation necrosis

Increase in size of brain metastases is not always indicative of tumor progression. As with
other tumors, such as glioma, radiation effects can yield imaging changes that can be
misinterpreted as tumor progression. More acutely (within 6 months), these changes are
generally termed pseudoprogression, whereas after 6 months, the effect may be the result of
classic radiation necrosis, although there is some overlap between the two phenomena.
Regardless, they are both characterized by increased enhancement mimicking tumor growth.
Thus the ability to identify radiation change in post-SRS-treated metastases has been the
focus of intense investigation. To date, rCBV and amino acid PET show the most promise in
differentiating the two processes.

For perfusion imaging, visual inspection of the rCBV map alone (Fig. 7.6) can differentiate
tumor recurrence following SRS from radiation necrosis with a sensitivity of 70% and
specificity of 93%. Quantitative analysis, using an ROI cutoff of 2.0 (lesion compared to
white matter), increases accuracy (Hoefnagels et al., 2009). Similarly, others have found
excellent sensitivity and specificity for quantitative CBV-based methods (100% and 95%
using a cutoff of 2.1 ratio of lesion to normal brain) (Mitsuya et al., 2010). In addition to
calculating rCBV, washout curves from DSC perfusion images have diagnostic value as
radiation necrosis has more recovery towards baseline perfusion values than do metastases.
Thus the signal recovery has 96% sensitivity and 100% specificity in identifying radiation
necrosis. This is better than using an rCBV cutoff of 1.52, which yields a sensitivity of 91%
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and specificity of 73% (Barajas et al., 2009). Similarly, measuring the time course of
contrast enhancement may help identify radiation necrosis. From 2 to 15 minutes after
contrast administration both radiation necrosis and metastasis show increased enhancement;
however, by 55 minutes enhancement continues to increase in radiation necrosis but
diminishes in metastatic disease. Thus metastasis seem to have a quicker washout than
radiation necrosis (Wagner et al., 2016). A prospective study using DCE perfusion data
found that a plasma—volume ratio = 2.6 identified progression versus radiation treatment
effect with sensitivity of 91% and specificity of 80% (Hatzoglou et al., 2015). Although
perfusion MRI-based rCBV appears more accurate than MRS (Huang et al., 2011), a meta-
analysis has shown that both rCBV and Cho/Cr help differentiate true progression from
radiation necrosis (Chuang et al., 2016).

Exploratory MRI techniques such as chemical exchange saturation transfer provide new
methods of generating tumor contrast and can be used to interrogate variables such as pH,
acidity, lactate levels, and other aspects of cellular metabolism and microenvironment
(Harris et al., 2015, 2016; Longo et al., 2016). Chemical exchange saturation transfer has
been used to distinguish recurrence from radiation necrosis in a pilot prospective study of 16
patients with brain metastases treated with SRS (Mehrabian et al., 2017). There was little
overlap between recurrence and radiation necrosis, suggesting this method could be highly
accurate in distinguishing the two, pending future confirmatory studies.

PET scans may also help identify true progression (Fig. 7.7). MET PET shows higher uptake
in metastases compared to radiation necrosis, with a sensitivity of 79% and specificity of
75% (Terakawa et al., 2008). FET uptake is well correlated with MET uptake (r=0.84) and
also appears to distinguish true progression from radiation changes (Grosu et al., 2011). In
addition to static PET images, dynamic PET following injection of FET has been
investigated. Galldiks and colleagues (2012) report the highest diagnostic accuracy (93%)
when combining mean tumor-to-brain ratio (> 1.9) and specific curve patterns from dynamic
imaging, first in a pilot study of /7= 40 lesions and subsequently confirmatory study of 76
metastasis (Fig. 7.8) (Ceccon et al., 2016). Similar accuracy (sensitivity of 86% and
specificity of 79% using tumor-to-brain ratio maximum, with cutoff of 2.15) has been
reported in other fairly large studies (n7=50), which also showed added value of time-
activity curves (sensitivity and specificity increased to 93% and 84% respectively)
(Romagna et al., 2016).

FDOPA PET also appears to be accurate in identifying pseudoprogression (Cicone et al.,
2014) and may be superior to perfusion MRI (Fig. 7.9). In a study of 46 lesions using
maximum lesion standardized uptake value to maximum background ratio (cutoff of 1.59),
sensitivity was 90% and specificity was 92%. This compared favorably to rCBV analysis
(cutoff of 2.1), which had a sensitivity of 87% and specificity of 68%. Similar results with
FDOPA PET have been reported using only visual scoring, without quantification: in a study
of 83 brain metastases, sensitivity of 81%and specificity of 84% were achieved in
differentiating disease progression from delayed radiation injury (Lizarraga et al., 2014).

Another approach has been to apply radiomics to this diagnostic dilemma. Radiomics
quantifies a variety of MR features such as texture, shape, and heterogeneity, generating the
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ability to extract a wealth of data from scans, some of which may be invisible to the unaided
eye (Zhang et al., 2016; Lohmann et al., 2017). The hope is that computer algorithms can
then be trained to recognize different lesions, so that classification can be done
automatically, presumably resulting in less user-dependent bias. For instance, Zhang and
colleagues (2016) started out with 282 radiomics features that were narrowed to 40 features
taken from two time points that differed between patient scans showing radiation necrosis
versus true tumor progression. The model was further narrowed to 11 features based on 10-
fold crossvalidation, resulting in an AUC of 0.79 with an accuracy of 83% for distinguishing
true progression from treatment effect (Zhang et al., 2016). Thus these results, achieved
from standard imaging alone, were comparable to those based on PET and perfusion data.
Similarly, others have shown that radiomics textural data may improve the diagnostic
accuracy of FET PET, rendering the added analytic step involving dynamic scan data
unnecessary (Lohmann et al., 2017).

Interestingly, some tumor characteristics may also help identify patients who are at risk of
radiation necrosis, even before treatment has been initiated. For instance, in a multivariate
analysis of tumor histology, size and prior whole-brain radiotherapy, and maximum tumor
diameter on pretreatment scans were associated with a threefold risk of developing radiation
necrosis: tumors with a diameter > 1.5 cm had incidence of 60% radiation necrosis by 2
years, which was about four times that of tumors < 0.5 cm (Kohutek et al., 2015). Another
study with a very large sample size (7= 2200 brain metastasis) also found that size, as well
as a renal primary tumor, was associated with increased risk of developing radionecrosis
after SRS (Sneed et al., 2015).

Another interesting phenomenon is the pattern of imaging changes that occurs when the
vascular endothelial growth factor inhibitor bevacizumab is used to control edema and mass
effect associated with radiation necrosis. Although first reported in gliomas (Mong et al.,
2012), a similar finding of persistent restricted diffusion also can occur in patients with brain
metastases who are then treated with bevacizumab after developing radiation necrosis
(Delishaj et al., 2015; Fabiano and Fanous, 2016) (Fig. 7.10).

Immunotherapy

Biologic treatments such as immunotherapy or antibody-based therapies can also elicit
imaging changes that may be confused with tumor recurrence or progression. Immune
therapy increases the incidence of radiation necrosis after treatment of brain metastases with
SRS (Colaco et al., 2016). Increased rates of hemorrhage of melanoma brain metastases
treated with whole-brain radiotherapy and ipilimumab have also been reported (Gerber et al.,
2015). In one case report, brain melanoma metastases appeared to progress by imaging only
11 days after treatment with the PD-1 inhibitor pembrolizumab, but surgically resected
lesions showed only treatment-related change rather than viable tumor (Cohen et al., 2015)
Potentially FET PET could have a role in distinguishing true from pseudoprogression in the
setting of immunotherapy. In a very small study in melanoma patients with brain metastases
treated with immune checkpoint inhibition, maximum tumor to normal brain ratio calculated
from FET PET scans was 2.5 in the single pseudoprogressor but ranged from 2.9 t0 8.6 in
the four true progressors (Kebir et al., 2016). It will be necessary to further characterize the
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relationship between imaging biomarkers, potential pseudoprogression, and outcomes in
these patients.

PREDICTING RESPONSE PRIOR TO TREATMENT INITIATION
(PROGNOSTIC MARKERS)

Standard and advanced imaging features may correlate with outcome, prior to therapy
initiation. Such prognostic markers could potentially aid treatment decisions. For instance,
sparse edema, somewhat counterintuitively, may be associated with more tumor invasion and
a poorer prognosis. Thus in patients with a single brain metastasis treated with surgical
resection, improved survival is associated with abundant brain edema, whereas tumors with
little brain edema appear to have a more invasive pattern of growth (Spanberger et al., 2012).
Melanoma or renal histology and prior whole-brain radiotherapy predict increased edema
after SRS treatment (Hanna et al., 2015), suggesting these patients may need to be more
carefully monitored for development of mass effect. High lesion mean ADC in patients with
single brain metastases is associated with longer survival (30 vs. 7 months) (Berghoff et al.,
2013b). Similar findings have been reported by others (Zakaria et al., 2014). High FLAIR
signal in the resection cavity in postoperative patients may indicate impending local
recurrence after neurosurgical resection (Bette et al., 2016a). Conversely, neither
pretreatment CBV (Essig et al., 2003) nor MRS is predictive of response to radiosurgery
(Chernov et al., 2007). It is hoped that the combination of these or similar prognostic
markers with predictive and early response markers will help optimize treatment for patients
with brain metastases.

CONCLUSIONS

MRI has exquisite sensitivity for the detection of brain tumors of all kinds and remains the
modality of choice to identify brain metastases and monitor their response to treatment. A
vast expansion of MR capabilities has led to a wealth of physiologic and imaging
biomarkers that may add value to standard MR, based on newfound abilities to characterize
cellularity, angiogenesis, perfusion, pH, hypoxia, and other features of normal and abnormal
cellular growth and metabolism. These tools may enhance the diagnosis and monitoring of
patients with brain metastases as they progress through treatment and may allow imaging to
further improve patient outcomes. Advanced imaging, including perfusion, diffusion, and
MRS of peritumoral regions, may help differentiate primary from metastatic disease, and
perfusion and amino acid PET are proving to be valuable adjuvants to standard imaging in
distinguishing radiation necrosis from treatment effect. Standardization and validation of
these biomarkers, potentially employing automated and multiparametric modeling based on
both MR and PET data, are ongoing endeavors that need to be streamlined to increase the
throughput from discovery to validation, allowing robust markers targeted to specific
applications to be meaningfully integrated into clinical practice.
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Fig. 7.1.
Noncontrast computed tomography (CT) has low sensitivity for brain metastases. A

noncontrast CT image (A) through the posterior fossa is essentially unremarkable. T2-
weighted image (B) of the same patient shows extensive abnormality of the cerebellum, with
a very large number of metastases most clearly defined by postcontrast T1-weighted images

(©).
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Fig. 7.2.
Abnormally restricted diffusion is a typical finding for cerebral abscess, but may

occasionally occur in brain metastases. Each column represents a different patient. (A-C)
Diffusion-weighted images; (D—F) postcontrast T1-weighted images. Abscess (A, D),
mucinous colon metastasis (B, E), epidermoid (C, F). Note lack of enhancement at the
margins of the epidermoid, unlike the other two lesions (F, arrows).
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Fig. 7.3.
A wide variety of pathologies can generate a single ring-enhancing parenchymal brain lesion

that resembles metastatic disease. Postcontrast T1-weighted images of the brain
demonstrating (A) toxoplasmosis, (B) neurocysticercosis, (C) glioblastoma, (D) tumefactive
multiple sclerosis, (E) lymphoma in an immunocompromised patient, and (F) lung
carcinoma metastasis. Note incomplete ring enhancement (arrow) with some internal
enhancement (arrowhead) in the patient with multiple sclerosis (D). This finding is
suggestive of demyelinating disease.
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Fig. 7.4.
Perfusion imaging can help distinguish metastases from some, but not all, potential mimics.

T1-weighted (A), T2-weighted (B), postcontrast T1-weighted (C), and cerebral blood
volume map from dynamic susceptibility contrast perfusion images (D) of the posterior
fossa with region of interest (circles) are displayed. A heterogeneously enhancing lesion in
the region of the right lateral aperture of the fourth ventricle (circles) is nonspecific in
appearance. However, very low relative cerebral blood volume (D) of 0.27 of the mass
indicated a lower likelihood of metastatic disease. Neurosurgical resection followed by
histopathologic analysis resulted in the diagnosis of cavernous malformation.
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Fig. 7.5.
Potential of advanced imaging to generate early response markers after treatment. Two

patients with breast brain metastases received stereotactic radiosurgery and subsequently
magnetic resonance imaging with perfusion imaging 1 month later. In the first patient (A,
B), a nonresponder, two enhancing lesions on the postcontrast T1-weighted image (A,
arrows) show elevated relative cerebral blood volume (rCBV) above 3.0 (B). Conversely, the
second patient has a ring-enhancing lesion of similar size (C, arrow), which shows low
rCBV (< 1). Three-month follow-up images (E, F) show interval growth of one of the
metastases with high rCBV (E, arrow). The second metastasis for this patient was resected
due to increasing mass effect. Conversely, the metastasis from the responder (F, arrow),
shows no interval growth compatible with a sustained response.
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Fig. 7.6.
Perfusion imaging can help distinguish true from pseudoprogression. This patient with a

history of brain metastases treated with radiation therapy developed a new ring-enhancing
lesion on postcontrast T1-weighted images (A) adjacent to the right lateral ventricle. Low
relative cerebral blood volume (B) was compatible with treatment effect rather than tumor
recurrence and this was confirmed on biopsy (C). The patient subsequently underwent
magnetic resonance imaging-guided laser ablation of this lesion with improved
symptomatology.
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Fig. 7.7.
Potential added value of positron emission tomography (PET) imaging to help diagnosis

radiation necrosis. Postcontrast T1-weighted images depict a left frontal-lobe lung
carcinoma metastasis (arrows). The small lesion at baseline (time of stereotactic
radiosurgery, A) appears to diminish slightly in size by 4 months posttreatment (B).
However, the lesion is much larger in the follow-up scan 2 months later (C), but 18-
fluorodeoxyglucose (FDG) PET (D) at that time demonstrated little tracer uptake, consistent
with radiation necrosis rather than tumor progression. Subsequent imaging (E) shows the
lesion (without additional treatment) beginning to regress, compatible with radiation
Necrosis.
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Time-—activity curves may add value to static O-(2-[18F]fluoroethyl)-L-tyrosine (FET)-
positron emission tomography (PET) images for the identification of metastases versus
treatment effect. Radiation injury mimicking tumor recurrence (C) exhibits increasing FET
uptake (A), whereas recurrent tumor (D) shows an increase followed by a decline in FET
uptake (B). NSCLC, nonsmall cell lung cancer; RO/, region of interest; SUV, standardized
uptake value. (Reproduced from Galldiks N, Langen KJ, Pope WB (2015) From the
clinician’s point of view — what is the status quo of positron emission tomography in
patients with brain tumors? Neuro Oncol 17: 1434-1444, with permission from Oxford
University Press.)
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Fig. 7.9.
Potential advantage of amino acid positron emission tomography (PET) in identifying tumor

recurrence. A patient with a history of successfully treated thyroid brain metastasis with a
remnant punctate focus of enhancement present on postcontrast T1-weighted images (A,
arrow) in the right central sulcus region. This lesion did not show tracer uptake on 18-
fluorodeoxyglucose (FDG) PET (B, arrow), but high cortical background activity, as
typically seen in FDG PET, reduces sensitivity for small lesions. One year later the patient
developed increased enhancement in the region (C, arrow), which was thought to represent
either recurrence or a radiation-induced cavernous malformation. 3,4-Dihydroxy-6-[18F]-
fluoro-L-phenylalanine (FDOPA) PET (D, arrow) showed the lesion to have high tracer
uptake, compatible with recurrence, which was subsequently confirmed at surgery. Note the
reduced background cortical activity of FDOPA PET (D) compared to FDG PET (B).
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Fig. 7.10.
Effects of bevacizumab treatment on radiation necrosis. A patient with a cerebral testicular

metastasis visible as a ringenhancing lesion on postcontrast T1-weighted images (A) was
treated with resection (B) followed by radiation therapy. Subsequently the patient became
symptomatic and follow-up imaging showed increased enhancement around the resection
cavity (C). This was thought to represent radiation necrosis and the patient was treated with
bevacizumab with reduction in enhancement (D) and reduced symptomatology. However the
patient’s symptoms returned and he was found to have a diffusion-restricted lesion around
the resection cavity (E), which was confirmed to be radiation necrosis after a second surgery.
The development of persistent diffusion-restricted lesions associated with radiation necrosis
also has been described in patients with high-grade glioma treated with chemoradiation
therapy followed by bevacizumab.
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Table 7.1

Advanced/physiologic magnetic resonance imaging applications and associated biomarkers

Technique Biomarker Correlation
Diffusion-weighted imaging (DWI) Apparent diffusion coefficient Cellularity, cytotoxic and vasogenic edema
Diffusion tensor imaging (DTI) Fractional anisotropy, mean diffusivity Disruption of white-matter tracts

Dynamic susceptibility contrast (DSC)  Relative cerebral blood volume Mean transient time ~ Angiogenesis, vascular proliferation
Dynamic contrast-enhanced (DCE) Contrast transfer coefficient (Ktrans) Vascular permeability

Arterial spin labeling (ASL) Cerebral blood flow Vascularity
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