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Introduction

Early detection of brain metastases as a result of more 
precise and innovative neuroimaging modalities as well as 
improvements in oncology treatments, are leading to longer 
patient survival (1) but also to an increasing incidence of 
brain metastases (2-4).

Standard magnetic resonance imaging (MRI) has high 
detection sensitivity but low specificity in differentiating 
brain tumors and treatment related changes (5). Contrast 
enhancement in T1 weighted images basically reflects a 
disrupted blood brain barrier and T2 signal hyperintensity, 
is a combination of infiltrating tumor cells, necrotic areas, 
tumor edema and treatment related leukoencephalopathy. It 
has been shown that although contrast enhanced MRI is the 
method of choice to evaluate primary and secondary brain 
tumors, it is not always capable of providing conclusive data 
to be able to reliably differentiate tumors from treatment-
related imaging findings such as non-specific inflammatory 
reactions caused by irradiation and chemotherapy 
(‘pseudoprogression’) or postoperative enhancement 

along the resection margins (6). With the advent of 
innovative therapeutic strategies, especially anti-angiogenic, 
targeted and immunogenic therapies, new and even more 
sophisticated challenges for disease monitoring already have 
and will continue to develop in the next few years (7-11). As 
these new therapeutic possibilities become more available, 
advanced neuroimaging techniques are likely to play a more 
prominent role in better management of brain metastases.

Advanced neuroimaging techniques

Before discussion of the various fields of application in 
functional neuroimaging methods, it is important to briefly 
describe the modalities and their reported parameters. 
The following imaging modalities will be discussed in this 
review; diffusion weighted MRI (DW-MRI), perfusion 
MRI, proton magnetic resonance spectroscopy (MRS) and 
various 18F-labelled tracers with the focus on amino acid 
tracers in positron emission tomography (PET) (Figure 1).

Diffusion Weighted images detect the movement of free 
water and allow surrogate diffusion to be calculated for 
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each voxel to generate apparent diffusion coefficient (ADC) 
maps. DW-MRI is able to yield ultrastructural information 
on cellular density and properties of the extracellular 
matrix (12) and has been linked to lesion aggressiveness and 
tumor response (13). In a large extracellular volume, which 
may be caused by fluid accumulation (e.g., tumor edema) 
the ADC is high.

MR Perfusion may be performed using a variety of 
methods. Most commonly, perfusion imaging is developed 
from the administration of gadolinium based contrast 
while repeatedly sampling signals from brain tissues of 
interest. This may be performed using or T2* weighted 
dynamic susceptibility contrast (DSC) or T1 weighted 
dynamic contrast enhanced (DCE) techniques. A commonly 
reported perfusion parameter obtained from both DSC 

and DCE techniques is the relative cerebral blood volume 
(CBV). This is calculated by comparing the CBV in the 
region of interest surrounding the lesion concerned, to 
the CBV of an identical region of interest surrounding 
the normal appearing white matter in the contralateral 
cerebral hemisphere (14-16). Additional parameters may 
be calculated from perfusion studies, including parameters 
such as time to peak contrast level, cerebral blood flow and 
capillary permeability.

MRS allows tissue metabolites to be assessed non-
invasively. The two main techniques use single voxel or 
multivoxel chemical shift imaging techniques. Metabolites 
commonly evaluated in brain spectroscopy include; choline 
a marker of cell membrane turnover, N-acetyl aspartate 
(NAA) a marker of neuronal integrity, lactate a marker of 

Figure 1 An 81-year-old male patients presents with a first epileptic seizure. An initial native head CT scan (A) shows a left frontal space 
occupying lesion. MRI, including functional MRI sequences, characterize the lesion more precise (B) T1 weighted MRI at 1.5 Tesla with 
single dose (0.1 mmol/kg) gadolinium contrast delineates an inhomogeneous lesion (C) T1 weighted native scan describes a small bleeding 
and necrotic areas; (D) T2 weighted MRI shows the lesion with massive perifocal edema; (E) 18F-FET-PET shows increased tracer uptake; 
(F) perfusion weighted MRI is able to detect increased cerebral blood volume in the contrast up-taking part of the lesion, not in the perifocal 
edema; (G) DW-MRI with ADC measurement shows reduced diffusion at the site of the solid part of the lesion with increased diffusion 
due to vasogenic edema in the white matter surrounding the mass; (H) MR spectroscopy yields an abnormal spectrum with reduced NAA, 
reduced Cr and elevated Cho. The patient was referred to surgery and histology revealed squamous epithelium, most probably representing 
a metastasis from a carcinoma of the esophagus. DW-MRI, diffusion weighted MRI; ADC, apparent diffusion coefficient; NAA, N-acetyl 
aspartate; Cho, choline.
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anaerobic metabolism and lipid a by-product of necrosis. 
Creatine is often used as an internal control against which 
other metabolite peaks are compared. Common ratios 
evaluated in proton spectroscopy of the brain include the 
choline/creatine ratio and the choline/NAA ratio (14,17), 
(Figure 2).

Molecular imaging with PET visualizes metabolic 
pathways and along with the group of positron-emitting 
radiolabelled compounds 2-deoxy-[18F]fluoro-D-glucose 
(18FDG) is the most widely used because it is available in 
all PET centers (18). The uptake mechanism of 18FDG in 
tumor cells depends on the increased number of functional 
glucose transporters and glycolytic enzymes (18). However, 
due to a high physiological glucose uptake of 18FDG in 
normal brain parenchyma and the low resolution power 
of PET scans (5 mm), its use is limited in brain tumor 
detection (19,20). Radiolabeled amino acids are of particular 
interest for brain tumor imaging (21) because they provide 
high sensitivity for the detection of primary tumors, 
recurrent or residual gliomas, including most low grade 
gliomas (22) and their uptake is high in biologically active 
tumor tissue but low in normal brain tissue (23). In gliomas 
18F-FET uptake significantly correlates with tumor cell 
density and proliferation rate as well as with microvascular 
density and neoangiogenesis (24,25). 

Diagnosis of brain metastases

Brain metastases may occur in 20-40% of patients with 
cancer and are symptomatic during lifetime for 60-75% (26). 
In adults the primary tumors most likely to metastasize 
in the brain originate from lung (minimum 50%), skin 
(melanoma 10-40%), breast (15-25%), colon/rectum 
and kidney cancer (26). Brain metastases are more often 
diagnosed in patients with known malignancy but up to 
30% of brain metastases are diagnosed either at the time 
of primary tumor diagnosis or before the discovery of the 
primary tumor.

Is screening therefore indicated? Cerebral MRI is 
indicated in all patients with established malignant disease if 
clinical history is strongly suggestive of the presence of brain 
metastases (26). Current guidelines by the European Society 
for Medical Oncology (ESMO) recommend screening 
for brain metastases in patient with carcinoma of the lung 
with clinical stage III or IV disease even if neurologically 
asymptomatic or particularly in stage III disease in patients 
with a curative intent (27). Brain imaging should not be 
carried out routinely in metastatic breast cancer patients, 
if the patient is asymptomatic (28) and also for melanoma 
patients there is currently no consensus on the frequency 
of follow-up (29). Two recent studies lately challenge these 
guidelines. O’Dowd et al. (30) did a retrospective analysis 
on 646 patients who underwent surgery for lung cancer 
with curative intent and identified those who developed 
brain metastases in the postoperative period. There was 
a 6.3% incidence of postoperative brain metastases, more 
commonly in adenocarcinoma and 71% of those who 
developed cerebral metastases might have been detected 
in case they had undergone a cerebral MRI as part of their 
initial staging (4.4% of all patients). The authors concluded 
that cerebral MRI should be recommended in addition to 
standard staging investigations and patients should have 
brain imaging prior to curative surgery in non-small cell 
lung cancer (NSCLC) regardless of the preoperative stage. 
Kung et al. (31) retrospectively calculated the prevalence 
of unknown brain metastases detected by FDG PET/CT 
in 1,876 patients of which 17 patients were diagnosed with 
primary unknown cerebral metastases. In these patients a 
change of treatment occurred in 94.1% (16/17 patients).

Headaches (40-50%), focal neurological deficits (30-
40%) and seizures (15-20%) are the most common 
presenting symptoms (26). A minority of patients have 
an acute stroke-like onset, more often related to an 
intratumoral hemorrhage (melanoma, choriocarcinoma 

Figure 2 Example for healthy tissue. Metabolites commonly 
evaluated in brain spectroscopy include; Cho, a marker of cell 
membrane turnover, NAA, a marker of neuronal integrity. 
Creatine is often used as an internal control against which other 
metabolite peaks are compared. Common ratios evaluated in 
proton spectroscopy of the brain include the choline/creatine ratio 
and the Cho/NAA ratio. NAA, N-acetyl aspartate; DW-MRI, 
diffusion weighted MRI; Cho, choline.
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and renal carcinoma). Altered mental status or impaired 
cognition are seen in patients with multiple metastases and/
or increased intracranial pressure (26). Contrast-enhanced 
MRI is more sensitive than enhanced CT (including 
double-dose delayed contrast) or unenhanced MRI in 
detecting brain metastases, particularly when located in the 
posterior fossa (32). Double or triple doses of gadolinium-
based contrast agents are better than single doses but 
increasing the dose may lead to an increased number of 
false positive findings (33). A peripheral location, spherical 
shape, ring enhancement with prominent peritumoral 
edema and multiple lesions all suggest metastatic disease. 
These characteristics are helpful but not diagnostic, even in 
patients with a history of cancer.

Differential diagnosis of brain metastases includes 
malignant gliomas and lymphomas or non-neoplastic 
conditions, e.g., abscesses, infections, demyelinating 
diseases, and vascular lesions. At present there are no 
pathognomonic features on CT or MRI that distinguish 
brain metastases from primary brain tumors. It has been 
proposed that mucinous metastases show low T2 signal 
intensities, and that metastases from melanoma show 
a high signal on non-contrast T1 imaging. Such signal 
characteristics, however, can vary substantially and may 
change over time due to hemorrhages or the accumulation 
of melanin and paramagnetic ions, e.g., in melanoma (34,35). 
Through the use of advanced neuroimaging facilities efforts 
are being made to overcome these problems.

DW-MRI is commonly used for the differential diagnosis 
of ring-enhancing cerebral lesions. Restricted diffusion is 
thought to characterize abscesses compared to unrestricted 
diffusion which is found in cystic or necrotic glioblastomas 
or metastases. Unfortunately these findings are not specific 
as restricted diffusion has also been reported in cerebral 
metastases of certain histological subtypes (breast, colon, 
testicular, small and NSCLC) (36-39). DW-MRI has also 
been used to differentiate high grade gliomas (HGG) from 
metastases but with even more contradictory evidence. 
The main hypothesis for the evaluation of functional 
neuroimaging in this setting is that the peritumoral region 
in primary brain tumors contains vasogenic edema as well 
as infiltrating tumor cells and angiogenesis, whereas in 
metastases this area is thought to represent only vasogenic 
edema, since metastases are more circumscribed. Therefore 
the peritumoral region in metastases is assumed to show 
greater diffusion restriction in DW-MRI as well as lower 
perfusion values in perfusion MRI compared to the 
peritumoral region in primary brain tumors. In DW-MRI 

analysis this hypothesis was proved to be correct in some 
studies (40,41) but was disproved in others (42,43). It was 
believed that the wide variations of methodology (post-
processing, imaging acquisition and scanner use) was 
responsible for this contradiction but recently it has been 
shown that brain metastases may also show an infiltrative 
phenotype independently from the primary tumor type (44).

The ‘peritumoral region’ hypothesis was also evaluated 
by perfusion MRI, where it was shown to be more robust 
as the peri-tumoral region (45,46) as well as the solid 
tumor region (47,48) in HGG showed higher CBV values 
compared to metastases. Recently, by implementing a 
specific mathematical leakage correction, differences in 
CBV were also detected between pyogenic brain abscesses, 
glioblastomas and/or cystic metastatic brain tumors (49). 
The peritumoral region was also the focus of interest in 
MR spectroscopy where it was shown that in metastases 
the Cho/creatinin ratio was lower compared to HGG 
with excellent sensitivity and specificity (50,51). In nuclear 
medicine, retrospective analysis (5) of 393 patients failed to 
show that 18F-FET uptake quantified by static standardized 
uptake values (SUVs) could differentiate between high grade 
tumors of glial or non-glial origin, including metastases 
(HGG, n=131; median SUV compared to contralateral 
hemisphere, 1.99+0.74) versus high-grade non-glial tumors, 
n=25; median SUV, 2.09+0.62).

In the future a multiparametric approach will hopefully 
give the best solution to differentiate primary brain tumors 
from secondary and non-neoplastic lesions, as it already 
was shown that perfusion MRI and CBV values in addition 
to Cho/Cre ratio in MR spectroscopy could differentiate 
between these two pathologies (46,52). 

What is the underlying primary?

Another field of research for functional neuroimaging 
methods in the field of brain metastases is to add 
information on the underlying primary tumor, since at the 
time brain metastases are diagnosed the primary tumor is 
unknown in up to 10-15% of patients. In this context MR 
spectroscopy analysis was able to differentiate NSCLC from 
breast and melanoma metastases by showing a lower Cho/
Cre ratio in NSCLC (52). Susceptibility-weighted imaging 
has also been shown to be very sensitive in detecting 
melanoma metastases. Approximately 66% of melanoma 
metastases show intratumoral susceptibility signals which 
sets them apart from other metastases (e.g., lung and breast 
cancer show less) with a specificity of approximately 
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81-96% (53,54).
A recent Chinese study investigated brain metastases 

from esophageal carcinoma and characterized them on T1-
weighted MRI images as having enhanced single or multiple 
cystic lesions with an edema zone <2 cm in diameter (55). 
In addition specific radiographic characteristics could be 
assigned for triple negative breast cancer metastases in 
another study. Each brain metastasis (n=62) was classified 
as solid, cystic necrotic, leptomeningeal spread, or mixed 
type and triple negative brain metastases were shown to be 
significantly more often cystic necrotic (56).

Treatment planning

New areas for the application of neuroimaging in brain 
metastases will also include treatment planning. An 
interesting study by Momose et al. (57) investigated the 
value of amino acid PET (11C-MET) in stereotactic 
radiotherapy treatment planning for focal recurrence at a 
previous irradiated site of a brain metastasis. In 88 patients 
the authors found that the total irradiation volume was 
significantly smaller in the PET group and that the median 
survival time was significantly longer in the PET group 
(18.1 months) than in the MRI planning group (8.6 months, 
P=0.01). Intraoperative neuronavigation could also be an 
upcoming filed of research because, as mentioned above, 
brain metastases from various tumor types may show 
differences in the invasion pattern (44). In a small study 
by Zakaria et al. it has been shown that fusing ADC maps 
with structural scans for intraoperative neuronavigation 
is a useful method for sampling the border zone of brain 
metastases (58).

Treatment response

The ability to predict response to treatment may enable 
early termination of treatment in non-responsive patients, 
prevent additional toxicity and allow early changes in 
treatment (59). Unlike new treatment response criteria for 
solid somatic tumors, Response Evaluation Criteria in Solid 
Tumors (RECIST), or the updated evaluation criteria for 
glioma, Response Assessment in Neuro-oncology (RANO), 
the basis for evaluation of treated brain metastases still 
remains uncertain (60-62). Since serial tissue biopsies 
are not practical in brain metastases and in the light of 
new upcoming targeted treatment, tools to measure drug 
penetration, pharmacodynamic effects and efficacy become 
increasingly important.

In a study of lapatinib among patients with HER2-
positive breast cancer, reductions in the 18F-FDG uptake in 
brain metastases were seen in a subset of women, providing 
some of the first in vivo evidence that the drug reaches levels 
in patients with brain metastases sufficient to influence 
cellular signaling (63). An alternative PET-based approach 
has been to develop reagents to non-invasively measure 
drug uptake in a more direct fashion. Examples include 
89Zr-trastuzumab (64) and 89Zr-bevacizumab (65) PET 
imaging, which have been shown to be feasible in patients 
with breast cancer.

It is not yet clear how novel targeted therapies (e.g., 
immunotherapies and kinase inhibitors) will alter imaging 
characteristics. In gliomas we became aware that anti-
angiogenic treatment targeting the VEGF pathway causes 
a rapid decrease in T1 contrast-enhancing tumor parts with 
high radiographic response rates ranging between 30% 
and 63% (66). This decrease was largely due to a “pseudo-
normalization” of an abnormal BBB permeability followed 
by a reduction in tumor edema. Therefore, anti-angiogenic 
therapy causes difficulties in distinguishing between anti-
vascular and true anti-tumor effects (67,68). In patients 
with glioblastoma, anti-angiogenic treatment response 
was shown to be more reliably monitored by various 
functional neuroimaging techniques, including DW-MRI 
(69,70), perfusion MRI (71,72), 18F-FET-PET (5), MR 
spectroscopy (73), T2 mapping (74) or T1 subtraction 
maps (75). Similar studies are ongoing in patients with 
breast cancer to determine whether early vascular changes 
in response to anti-angiogenic therapy might be predictive 
of clinical outcomes (1).

Apart from immune-related side effects, such as 
hypophysitis (reported in a small percentage of patients 
during ipilimumab therapy) or granulomatous disease 
(neurosarcoid) (35), immunoinhibitory therapeutic agents 
produce anti-tumor effects by inducing cancer specific 
immune responses or by modifying native immune 
processes and clinical response, patterns have shown to 
extend beyond those of cytotoxic agents (76). RECIST or 
WHO criteria, designed to detect early effects of cytotoxic 
agents may not provide a complete assessment when using 
immunotherapeutic agents. Wolchok et al. described four 
distinct patterns of treatment response after ipilimumab 
treatment for metastatic melanoma (76) which were all 
associated with favourable survival: (I) the lesion volume 
decreased from the beginning; (II) there was a “stable 
disease” with slow, steady decline in total tumor volume; 
(III) response occurred after an initial increase in total 
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tumor volume or (IV) the total tumor burden decreased 
but new lesions appeared. The authors stated that these 
response criteria will need further prospective evaluations 
and particularly their association with overall survival will 
have to be evaluated (76).

Stereotactic radiosurgery (SRS) is an already established 
effective technique for local treatment of brain metastases 
and assessing treatment response after SRS is important to 
plan further therapeutic steps. The most studied and robust 
neuroimaging modality in this context is DW-MRI. Studies 
evaluating ADC and DW-MRI values before and after 
radiation treatment showed that DW-MRI values decrease 
and ADC values increase in responsive patients (77,78).  
Lee et al. showed that the sensitivity of a decrease in the 
DW-MRI ratio in making an early prediction of tumor 
control was 83.9% and the specificity was 88.5%. When 
using the initial ADC values of metastases to predict tumor 
response, sensitivity and specificity were 85.5 and 72.7%, 
respectively (78). Using perfusions MRI Jakubovic et al. (79)  
showed that early assessment of CBV and vascular 
permeability (ktrans) may serve as MRI biomarkers of 
radiation response or progression for brain metastases, 
as in 44 patients CBV as well as ktrans at 1 week after 
treatment could differentiate between a responder and a 
non-responder to radiation treatment (79). In another study 
(n=26) an increase in ktrans of 15% showed a sensitivity 
of 78% and a specificity of 85% for the prediction of 
progression at 4 weeks after SRS treatment (80). Even 
the pretherapeutic regional CBV (81) proved to be highly 
sensitive and specific for treatment outcome at the 6-week 
follow-up and a decrease of the regional CBV value at 
6 weeks helped predict the treatment outcome with a 
sensitivity of more than 90% (81).

Discriminating radiation necrosis from recurrent 
tumor

Following treatment with SRS, however, radiologists are 
also sometimes confronted and confused by radiation-
induced injuries, including pseudo-progression and 
radiation necrosis. Both conditions present with contrast 
enhancement on T1 weighted MR images and the pattern 
of abnormal enhancement closely mimics that of a 
recurrent brain metastasis. So, classifying newly developed 
abnormal enhancing lesions in follow-up of treated brain 
metastasis is one of the key goals in neuro-oncologic 
imaging (82). Again, functional MRI and PET help to 
detect hemodynamic, metabolic, and cellular alterations. 

Small studies in perfusion MRI using CBV analysis showed 
the potential to differentiate between radiation necrosis and 
tumor recurrence with good sensitivity and specificity (83,84).

Nuclear medicine techniques play a major role answering 
this critical question. As far as the applied tracer is 
concerned, 18F-FDG was shown to be not sensitive enough 
to differentiate vital brain metastases from unspecific non-
tumor changes related to therapy (85). With the amino acid 
PET tracer 11C-MET (11C-Methionine), however, it could 
be shown that in 51 patients with brain metastases and 26 
with glioma, tumor to lesion uptake ratios in patients with 
recurrent metastases/glioma after radiation treatment was 
higher than in radiation necrosis (86). Using two amino 
acid tracers (18F-FET and 11C-MET) Grosu et al. (87) was 
able to differentiate tumor and treatment-related changes 
with a sensitivity of 91% and a specificity of 100% (87). 
Galldiks et al. (88) showed that dynamic 18F-FET PET 
(consisting of image acquisition up to 50 minutes after 
radiopharmaceutical intravenous injection and calculation of 
time activity curves, as well as calculation of maximum and 
mean tumor-to-brain ratios of standard 18F-FET uptake) 
was able to differentiate local recurrent brain metastases 
and radiation necrosis with a high diagnostic accuracy. The 
potential role of nuclear medicine is further underlined by a 
study following SRS in 42 patients with 50 brain metastases 
using 18F-DOPA PET, where this modality proved to 
accurately differentiate radiation necrosis from progressive 
disease with a sensitivity of 90% and a specificity of 92.3%. 
In this study, 18F-DOPA PET also seemed to perform 
better than perfusion MRI with a sensitivity of 86.7% and a 
specificity of 68.2% (89).

Prediction of prognosis

Several risk stratification scores have been developed to 
guide therapeutic decisions and to predict patient survival. 
The three established scores are the Recursive Portioning 
Analysis (RPA), the Graded Prognostic Assessment (GPA) 
and Diagnosis Specific Graded Prognostic Assessment 
(DS-GPA) (3,90,91). Variables on neuroimaging with the 
exception of the number of brain metastases, are currently 
not considered for prognostic risk stratification. However, 
efforts are being made to include neuroimaging parameters 
into these established scores (92,93). The prognostic value 
of the extent of the peritumoral edema in 118 patients 
operated on for single brain metastases was analyzed 
by Spanberger and colleagues. They found a significant 
correlation with a small brain edema with an invasive tumor 
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growth pattern, a low neo-angiogenic activity and a low 
expression of HIF1a. These findings were associated with 
a shorter overall survival (93). Evidence from other solid 
organ cancers and metastases suggest that DW-MRI may be 
used as a biomarker of prognosis and treatment response. 
The same study group investigated DW-MRI parameters 
pre-operatively in single brain metastases and found that 
high DW-MRI hyperintensity correlated significantly with a 
high amount of interstitial reticulin deposition and this was 
again associated with worse survival (92). Similarly, Zakaria 
et al. showed that pre-operative DW-MRI characteristics of 
cerebral metastases and their peritumoral region in 
76 patients are related to patient outcomes (94).

New imaging tools and contrasts

Novel MRI contrast based on the chemical exchange 
saturation transfer (CEST) proved to be relevant in brain 
tumor imaging (95). CEST imaging visualizes endogenous 
mobile proteins, metabolites and peptides and their 
tissue specific concentrations, making it to an attractive 
technology with the potential for frequency selective 
molecular imaging (96). Currently, no CEST studies on 
secondary brain tumors are available. It has already been 
shown, however, that CEST Imaging at 7 Tesla provides 
additional information on the structure of peritumoral 
hyperintensities in glioblastoma and displays isolated high 
intensity regions within the contrast enhanced tumor that 
cannot be detected on contrast enhanced T1 weighted or 
T2-weighted images (97).

Summary

With the development of new imaging techniques, the 
potential to investigate the molecular, cellular and structural 
components of the tumor microenvironment in situ has 
increased substantially. In the light of new treatment 
strategies, it will become increasingly important to visualize 
the expression of molecules and cell motion as well as to 
enhance the technical possibility to calculate cellularity, 
vessel permeability, vascular perfusion, metabolic and 
physiological changes, apoptosis and inflammation—
prior to and during the course of therapy. Currently, 
major evidence suggests that quantitative neuroimaging 
parameters from Perfusion MRI, DW-MRI or MRS in the 
peritumoral region may provide supplementary information 
to differentiating primary from secondary brain tumors and 
that amino acid PET is useful in discriminating radiation 

necrosis from recurrent tumor. A multimodal approach 
combining parameters derived from each of the advanced 
imaging techniques is likely to improve sensitivity and 
specificity in diagnostic and response assessment. To achieve 
high diagnostic accuracy however, large multicenter studies 
will have to be carried out and imaging protocols including 
post-processing procedures have to be standardized.
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