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Multimodality-multiparametric brain tumors evaluation
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Brain tumors represent a vast group of lesions, originating from di erent neuronal cells with di erent degrees of aggressiveness. Despite some technological advances either pre or post-treatment, these tumors may
share similar imaging ndings and properties, rendering diagnosis/prognosis, an ambiguous process. Gadolinium-enhanced magnetic resonance imaging remains the gold standard for providing detailed morphologic information, but presents several limitations due to the overlap of ndings, in cases such as progressive
tumor and post-radiation related e ects. Tumor cellularity, vascularity, proliferative activity, metabolic and
functional pro les are a few of many characteristics that may further support tumor classi cation, but cannot
be assessed by conventional imaging alone. We review the aforementioned factors and indicate how they
improve tumor characterization and grading in order to design the optimal treatment strategy and better
evaluate post treatment e cacy
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A

ccurate diagnosis and treatment evaluation of cerebral lesions as well as patients'
management are the primary concerns in Neuro-oncology. Over the last decades,
there has been a rapid evolution in the detection of structural abnormalities, localization and assessment of the extent of the lesion, using morphological imaging modalities, such as computed tomography (CT) and magnetic resonance imaging (MRI). Advanced MRI techniques, including di usion-weighted imaging (DWI), di usion tensor
imaging (DTI), dynamic-susceptibility contrast imaging (DSCI) and magnetic resonance
spectroscopy (MRS), provide additional insight to tissue microstructure, perfusion and
metabolism respectively. However, these techniques still face limitations in the evaluation of cell proliferation and therefore in the identi cation of tumor grade, treatmentinduced changes or recurrences.
Single photon emission tomography (SPET) and positron emission tomography (PET)
evaluate functional/molecular pro les of the brain. Contrary to conventional MRI, these
techniques may provide information on proliferative activity and metabolic features of
brain tumors. Visualizing molecular tracers and assessing cell metabolism and receptor
status, SPET and PET can complement conventional and advanced imaging methods, to
establish a noninvasive histological diagnosis prior to operation, to distinguish between
residual or recurrent viable tumor and scar tissue and to estimate treatment response at
the postsurgical and post-radiation stage.
In this paper we aim to brie y discuss how the multiparametric data derived from these
imaging modalities can optimize clinical diagnosis and prognosis.
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Conventional MRI is essential for the assessment of structural changes in the brain, due
to its high soft-tissue contrast and resolution. Despite its excellent soft tissue visualization and the variety of imaging sequences, conventional MRI presents limitations regarding certain tumor properties, such as tumor vascularity, cellularity and metabolism.
Magnetic resonance spectroscopy (MRS) is a non-invasive imaging method that exp-
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lores particular chemical compounds or metabolites, providing an in-vivo biochemical pro le of the tissues [1]. Protonmagnetic resonacne spectroscopy (1H-MRS) yields a collection of peaks at various radiofrequencies, representing proton nuclei in di erent chemical environments, which are displayed as a spectrum. The brain is an ideal area for the appli1
cation of H-MRS, due to its relative homogeneity and lack of
involuntary movement. All metabolites have been related to
speci c histological features [2]. Taking into account that brain tumor histology varies, from relatively benign primary brain lesions (e.g., astrocytomas) to more malignant grades (anaplastic astrocytomas, glioblastomas), this variation can be reflected into the concentration of metabolites.

nostic tool that can complement conventional imaging.

Nuclear medicine imaging modalities
As mentioned previously, the proliferative activity and metabolic features of cerebral tumors cannot be assessed by
morphologic imaging alone. Single photon emission tomography (SPET) and positron emission tomography (PET)
have been widely used to evaluate brain functionality on a
molecular and cellular level, by measuring the radiotracer
uptake.

Figure 1. Advanced MRI techniques. a) 2D Magnetic Resonance Spectroscopy, b)
Metabolite Mapping, c) Di usion Imaging, d) Dynamic Susceptibility Contrast Imaging.

Di usion is the result of random water movement and it
occurs at equal rates in all directions inside an isotropic medium. In a much more complex environment, such as the human brain, water motion is restricted by natural intracellular
(neuro laments and organelles) and extracellular (glial cells
and myelin sheaths) barriers that impede free di usion. Speci cally, water molecules di use mainly along the direction of
white matter axons, rather than perpendicular to them [3].
Di usion-weighted imaging (DWI), exploits this physical process to acquire images considering water di usion as isotropic, which can be quanti ed by the apparent di usion coefcient (ADC). Di usion tensor imaging (DTI) uses this preferential water di usion to image the brain. Fractional anisotropy (FA) is one of the indices derived from DTI, which describes the degree of water directionality inside a voxel [4]. Apart
from describing water di usion properties in the brain, ADC
and FA have been correlated to tissue cellularity. Regarding
brain tumors, studies have shown that ADC and FA may be
considered as indices of cell density, contributing in noninvasive tumor grading [5].
Dynamic-susceptibility contrast imaging (DSCI), enables
the non-invasive qualitative and quantitative assessment of
dynamic perfusion in tissues, through the administration of
gadolinium-based contrast agents [6]. Dynamic-susceptibility contrast imaging (DSCI) utilizes very rapid imaging to
capture the rst pass of the intravenously injected contrast
agent and to measure tissue microcirculation. As the paramagnetic contrast agent passes through the vasculature, signal intensity changes over time, which is illustrated on the
signal intensity-time curve. Generally, increased tumor vascularity and neo-angiogenesis have been related to malignancy; however this may not always be the case. Nevertheless, the ability to non-invasively quantify vascularity and
neovascular proliferation renders DSCI an important diag-
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Figure 2. Nuclear Medicine techniques: a) Brain SPET (from the University Hospital
of Larissa), b) Brain PET, fused with MRI (courtesy of V. Prassopoulos, PET-CT Department, Hygeia Hospital, Athens).

Even though SPET presents lower spatial resolution compared to PET, it is considered a credible imaging alternative,
combining both lower cost and wider availability [7]. Thallium-201 (201Tl) was initially introduced as a myocardial perfusion imaging agent, but soon after researchers investigated
its potential as a neuro-oncological tracer [8-11]. As an alterna-tive to 201Tl, technetium-99m (99mTc)-labelled compounds
have also been used to evaluate brain tumors metabolism
[11]. Their use is advantageous over 201Tl, due to the 140keV
gamma ray energy, high photon ux, higher spatial resolution, less radiation burden to the patient and excellent availability [12]. 99mTc-methoxy-2-isobutylisonitrile (99mTc-MIBI) and
99m
Tc-tetrofosmin (99mTc-TF) passively concentrate signi cantly
in mitochondria and are markers of cellular transmembrane
electrical potentials [13]. Given that tumor cells present higher mitochondrial density as well as higher transmembrane
electrical potential than the surrounding tissue, these radiopharmaceuticals accumulate more intensely in tumor cells,
and consequently in malignant tumors as tumor-seeking
agents [14]. The additive diagnostic value of both 99mTc-labeled compounds has been extensively evaluated in brain imaging [13-15]. Previous reports, demonstrated a strong positive correlation of the agent uptake to neoplastic proliferation, suggesting that 99mTc-MIBI and 99mTc-TF may aid in tumor
diagnosis [13]. Hence, the advances in gamma-emitting radiopharmaceuticals have contributed to a better understanding of brain tumor metabolism and to an overall improvement of diagnostic and prognostic accuracy [16].
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Moreover, studies have shown that the ability of PET imaging to detect functional and metabolic abnormalities in the
brain makes PET a strong tool for tumor characterization, grading and for post-treatment follow-up [17].
The radiopharmaceuticals used for PET represent the principal agents for molecular imaging as they in-vivo label biochemical processes and metabolic pathways (particularly
glycolysis, protein/DNA synthesis). Fluorine-18- uorodeoxyglucose (18F-FDG) is the most widely used PET tracer for
brain imaging, due to its relatively long half-life (110min)
that enables the distribution from a central cyclotron to nearby sites and to the distinction between residual tumor and
radiation-induced changes and staging [18-19]. Nevertheless, the high glucose metabolism in normal brain parenchyma may hinder the accurate delineation of brain tumors
or may decrease diagnostic sensitivity in cases such as di erentiation of low-grade lesions from non-neoplastic diseases (e.g. in ammations) that may also show 18F-FDG uptake
[20-21]. To overcome 18F-FDG drawbacks, amino acid PET
radiotracers have been introduced. Their main advantage
over 18F-FDG in brain imaging is the signi cantly higher sensitivity in detecting viable tumor tissue [22]. Neoplastic cells
show higher amino acid uptake, due to the increased amino
acid transport and protein synthesis in malignancies, contrary to the low uptake in the normal brain parenchyma [23].
A number of studies have investigated the use of 11C-methionine (11C-MET) for brain imaging, due to its convenient radiochemical production. Even though previous reports
showed that 11C-MET may be useful to visualize lesions (e.g.
low-grade glioma) not detected by 18F-FDG, its short physical half-life (20min) restricts its clinical use [24]. Therefore,
novel 18F-labeled amino acid PET tracers, who share similar
properties as 11C-MET, have been introduced to assess brain
metabolism. Additional PET tracers, 18F- uoromisonidazole
(18F-FMISO) and 18F- uoroazomycin-arabinoside (18F-FAZA)
for hypoxia imaging and 18F- uorothymidine (18F-FLT) for tumor proliferation have been developed and clinically validated, allowing a better metabolic evaluation and a cost-e ective application.
Multimodal imaging in neuro-oncology
Multimodality imaging has been proposed as a more powerful tool to assess brain abnormalities and evaluate treatment strategies [25]. Towards this direction, a relatively limited number of studies have examined the contribution of
multimodal brain tumor imaging (advanced MRI and SPET/
PET) and the diagnostic value of multiparametric data analysis [26-28].
Di erential diagnosis
Many non-neoplastic lesions such as brain abscess, inflammatory lesions, infarctions, hematomas, and demyelinating diseases can mimic brain neoplasms such as glioma,
metastasis, and lymphoma, on neuroimaging, while several
intracranial tumors can present in the absence of typical space-occupying lesions, rendering the di erential diagnosis a
challenging process [29]. Contrast MRI can provide detailed
morphological information and the combination of advanced MRI techniques and PET/SPET modalities can supply ad-
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ditional insights into lesions metabolism, proliferation rate,
invasiveness, and interaction with surrounding tissues [30].
These insights may prove useful in di erential diagnosis of
neoplastic vs non-neoplastic lesions and thus optimize the
therapeutic decision-making and surgical outcome.
Glioma grading
Gliomas represent the most common cerebral tumors and
the preoperative assessment of their grade is important for
therapeutic decision-making. Low-grade gliomas (LGG) (grades I and II) progress slowly over time and are usually benign.
Depending on their cell origin they may be termed as oligodendrogliomas, astrocytomas or of mixed type [31]. Highgrade gliomas (HGG) (grades III and IV) are considered malignant.
The diagnostic value of single imaging modality (either
SPET/PET or advanced MRI) in glioma grading has been extensively investigated in the past years. Signi cant di erences in water di usion, apparent di usion coe cient (ADC) and directionality, fractional anisotropy (FA) have been
observed between LGG and HGG and the related di usion
parameters have also shown correlation to tumor cell density
[32-34]. Regarding dynamic perfusion, rCBV has been reported as a strong index of di erentiation-especially in the peritumoral areas of the lesions increasing with higher glioma
grades and being signi cantly related to tumor vascularity. In
terms of MRS, choline/creatine (Cho/Cr) and choline-N-acetylasparic acid (Cho/NAA) ratios are signi cantly di erent
between LGG and HGG, and these di erences become more
dominant in the peritumoral area [35]. Furthermore, studies
on SPET and PET radiotracer uptake have reported that higher uptake is usually indicative of malignant glioma grades
[36-37]. Nevertheless, the diagnostic contribution of single
imaging modality for glioma grading still remains controversial. Overlapping of di usion, perfusion and spectroscopic
values has been observed between LGG and HGG, most probably because gliomas comprise a relatively heterogeneous
group of tumors [38]. Additionally, not all SPET/PET radiopharmaceuticals are grade-speci c or suitable to assess tumor
recurrence from radiation necrosis [39]. Hence, research interest has been shifted towards the additive diagnostic value
of multimodal imaging for glioma assessment, examining
various combinations of SPET or PET tracers with advanced
MRI techniques.
Post-treatment evaluation of tumors
Current standard treatment care for newly diagnosed malignant tumors includes a combination of surgery, postoperative adjuvant radiation therapy and chemotherapy, depending mainly on tumor histology and location. While these
therapies are e ective for treating gliomas, their e cacy has
led to an increase in treatment induced tissue necrosis and
thus pseudo-progression of the tumor [40]. Accurate diagnosis of these post-treatment lesions as either tumor recurrence or treatment e ects is a frequent challenge in neurooncologic imaging, important to determine prognosis but
cannot be answered by contrast-enhanced MRI alone. Changes in contrast enhancement MRI can be induced by a variety of non-neoplastic processes, such as treatment-related
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in ammation, postsurgical changes, ischemia, subacute
radiation e ects and radiation necrosis [41].
Advanced MRI techniques have been extensively investigated to quantify the treatment response and the extent of
residual tumor as well as to di erentiate recurrent tumor growth from treatment-induced tissue changes, such as radiation necrosis [42]. Alterations in brain metabolites can be assessed by MR spectroscopy; the presence of lipid-lactate
complexes and decrease in other metabolites including choline, indicate radiation necrosis. However, both pseudo-progression and true disease progression may present similar
metabolites alterations due to neuronal loss, abnormal cellular membrane integrity and anaerobic metabolism [41]. In
addition, radiation necrosis presents higher ADC values (low
cellularity) compared to tumor progression (high cellularity),
while tumor recurrence presents lower ADC ratio and higher
FA values compared to necrosis [43]. Tumor perfusion assessed using MRI, and particularly relative cerebral blood volume (rCBV) ratio, which is an essential biomarker of angiogenesis, signi cantly higher in tumor recurrence than in radiation-necrosis [44]. Nevertheless, these ndings often overlap
as recurrent and necrotic tumor may co-exist. In terms of
Nuclear Medicine, PET and SPET radiopharmaceuticals have
also been investigated in distinguishing tumor progression
from treatment-related changes but they su er from several
limitations, like benign lesions with high glucose uptake mimicking tumor recurrence, low spatial resolution etc. [45].
Therefore, the use of multiple functional imaging techniques
is expected to lessen the chance of lesion misinterpretation
as every single imaging modality gives additional information. Figure 3 summarizes all imaging modalities discussed,
with their approximate sensitivities and speci cities as they
currently stand regarding multimodal brain tumor evaluation. Of course, radiation burden should always be considered.
In conclusion, neuro-imaging has evolved from a purely
anatomy-based specialty to a multi-parametric discipline
that can diagnose morphologic abnormalities, hemodynamics, intra-cellular microstructures and cellular metabolism.
The combination of conventional and advanced MRI techniques along with Nuclear Medicine modalities will play a
signi cant role in the diagnosis of intracranial lesions in the
future.

Figure 3. Summary of the approximate range of sensitivities and speci cities of all
the imaging modalities discussed in this work. It is evident that multiparametric
evaluation is expected to increase sensitivity and speci city of brain tumor
diagnostic imaging.

93
60

Hellenic Journal of Nuclear Medicine • January-April 2017

Bibliography
1. Tofts PS, Waldman AD. Spectroscopy: 1H Metabolite Concentrations.
Tofts P. [Ed]. Quantitative MRI of the Brain: Measuring Changes Caused
by Disease. John Wiley & Sons Ltd 2004, p.650.
2. Castillo M, Kwock L, Mukherji SK. Clinical applications of proton MR
spectroscopy. Am J Neuroradiol 1996; 17: 1-15.
3. Soares JM, Marques P et al. A hitchhiker's guide to di usion tensor imaging. Front Neurosci 2013; 7: 31
4. Mori S, Zhang J. Principles of Di usion Tensor Imaging and Its Applications to Basic Neuroscience Research. Neuron 2006; 51: 527-39.
5. Reichea W, Schuchardt V, Hagen T. Di erential diagnosis of intracranial
ring enhancing cystic mass lesions-Role of di usion-weighted imaging (DWI) and di usion-tensor imaging (DTI). Clinical Neurology and
Neurosurgery 2010; 112: 218-25.
6. Tsougos I, Svolos P et al. Di erentiation of glioblastoma multiforme
from metastatic brain tumor using proton magnetic resonance spectroscopy, di usion and perfusion metrics at 3 T. Cancer Imaging 2012;
12: 423-36.
7. Fotopoulos A, Alexiou G. Is there still a place for SPET in the era of PET
brain imaging? Hell J Nucl Med 2012; 15: 89-91.
8. Rudi D, Newberg A.B et al. Thallium-201 SPECT in Neuro-oncology. A
Textbook of SPECT in Neurology and Psychiatry. De Deyn P.P et al. [Ed]
London, UK: John Libbey 1997. Print.
9. Sato T, Indo H. et al. Thallium-201 chloride (Tl-201) accumulation and
Na1/K1-ATPase expression in tumours of the head and neck. J Dentomaxil Radiol 2005; 34: 212-7.
10. Gungor F, Bezircioglu H et al. Correlation of thallium-201 uptake with
proliferating cell nuclear antigen in brain tumours. Nucl Med Commun 2000; 21: 803-10.
11. Alexiou GA, Tsiouris S et al. Brain scintigraphy with 99mTc-tetrofosmin
for the di erential diagnosis of a posterior fossa tumor. Hell J Nucl Med
2008; 11: 114-7.
12. Alexiou GA, Tsiouris S et al. Assessment of glioma proliferation using
imaging modalities. J Clin Neurosci 2010; 17: 1233-8.
13. Alexiou GA, Tsiouris S et al. The Value of 99mTc-Tetrofosmin Brain SPECT
in Predicting Survival in Patients with Glioblastoma Multiforme. J Nucl
Med 2010; 51: 1923-6.
14. Fukumoto M. Single-photon agents for tumor imaging: 201Tl, 99mTc-MIBI,
and 99mTc-tetrofosmin. Ann Nucl Med 2004; 18:79-95.
15. Ak I, Gulbas Z et al. Tc-99m MIBI uptake and its relation to the proliferative potential of brain tumors. Clin Nucl Med 2003; 28: 29-33.
16. Shibata Y, Yamamoto T et al. Direct comparison of thallium-201 and
technetium-99m MIBI SPECT of a glioma by receiver operating characteristic analysis. J Clin Neurosci 2009; 16: 264-9.
17. Otte A. Positron emission tomography and single-photon emission tomography in neurosciences. Hell J Nucl Med 2012; 15: 256-7.
18. Ganau M, Syrmos N et al. Postoperative granulomas versus tumor recurrence: PET and SPET scans as strategic adjuvant tools to conventional neuroradiology. Hell J Nucl Med 2012; 15: 184-7.
19. Basu S, Alavi A. Molecular imaging (PET) of brain tumors. Neuroimaging Clin N Am 2009; 19: 625-46.
20. Herholz K, Langen KJ et al. Brain Tumors. Semin Nucl Med 2012; 42: 35670.
21. van Waarde A, Elsinga PH. Proliferation markers for the di erential
diagnosis of tumor and in ammation. Curr Pharm Des 2008; 14: 3326-39.
22. Calabria F, Cascini GL. Current status of 18-DOPA PET imaging in the
detection of brain tumor recurrence. Hell J NuclMed 2015; 18: 152-6.
23. Sadeghzadeh M, Daha FJ. Diagnostic Techniques and Surgical Management of Brain Tumors Brain Tumors Diagnostic by Tumor Imaging
Agents. Abujamra A.L.[Ed]. InTech: 2011; p544.
24. Smits A, Baumert BG. The Clinical Value of PET with Amino Acid Tracers
for Gliomas WHO Grade II. Int J Mol Imaging 2011; 2011: 11.
25. D'Souza M., Sharma R. et al. 11C-MET PET/CT and Advanced MRI in the
Evaluation of Tumor Recurrence in High-Grade Gliomas. Clin Nucl Med
2014; 39: 791-798.
26. Sakamoto R, Okada T et al. Estimation of proliferative potentiality of
central neurocytoma: correlational analysis of minimum ADC and maximum SUV with MIB-1 labeling index. Acta Radiol 2015; 56: 114-20.
27. Prat R, Galeano I et al. Relative value of magnetic resonance spectroscopy, magnetic resonance perfusion, and 2-(18F) uoro-2-deoxy-Dglucose positron emission tomography for detection, of recurrence or
grade increase in gliomas. J Clin Neurosci 2010; 17: 50-3.
28. Alexiou G., Zikou A. et al. Correlation of di usion tensor, dynamic sus-

www.nuclmed.gr

Brief Review Article

ceptibility contrast MRI and 99mTc-Tetrofosmin brain SPECT with tumour
grade and Ki-67 immunohistochemistry in glioma. Clineuro 2014; 116:
41-5.
29. Omuro AMP, Leite CC. et al. Pitfalls in the diagnosis of brain tumours.
Lancet Neurol 2006; 5:937-48.
30. Heiss WT, Raab P, Lanfermann H. Multimodality Assessment of Brain Tumors and Tumor Recurrence. J Nucl Med 2011; 52: 1585-600.
31. Doyle WK, Budinger TF et al. Di erentiation of cerebral radiation necrosis from tumor recurrence by [18F]FDG and 82Rb positron emission tomography. J Comput Assist Tomogr 1987; 11:563-70.
32. Svolos P, Tsolaki E. et al. Investigating brain tumor di erentiation with
di usion and perfusion metrics at 3T MRI using pattern recognition
techniques. Mag Res Imaging 2013; 31:1567-77.
33. Kono K, Inoue Y et al. The role of di usion-weighted imaging in patients with brain tumors. Am J Neuroradiol 2001; 22: 1081-8.
34. Inoue T, Ogasawara K et al. Di usion tensor imaging for preoperative
evaluation of tumor grade in gliomas. Clin Neurol Neurosurg 2005; 107:
174-80.
35. Kousi E, Tsougos I et al. Spectroscopic Evaluation of Glioma Grading at
3T: The Combined Role of Short and Long TE. The Sci World J 2012;
2012: 546171.
36. Comte F, Bauchet L et al. Correlation of preoperative thallium SPECT
with histological grading and overall survival in adult gliomas. Nucl
Med Commun 2006; 27: 137-42.
37. Janvier L, Olivier P et al. Correlation of SUV-Derived Indices With Tu-

www.nuclmed.gr

moral Aggressiveness of Gliomas in Static 18F-FDOPA PET: Use in Clinical Practice. Clin Nucl Med 2015; 40: 429-35.
38. Zonari P, Baraldi P, Crisi G. Multimodal MRI in the characterization of
glial neoplasms: the combined role of single-voxel MR spectroscopy,
di usion imaging and echo-planar perfusion imaging. Neuroradiology 2007; 49: 795-803.
39. Bénard F, Romsa J, Hustinx R. Imaging gliomas with positron emission
tomography and single-photon emission computed tomography. Semin Nucl Med 2003; 33: 148-62.
40. Yang I, Aghi MK. New advances that enable identi cation of glioblastoma recurrence. Nat Rev Clin Oncol 2009; 6: 648-57.
41. Hygino da Cruz Jr LC, Rodriguez I et al. Pseudoprogression and Pseudoresponse: Imaging Challenges in the Assessment of Posttreatment
Glioma. Am J Neuroradiol 2011; 32: 1978-85.
42. Jacobs AH, Kracht LW et al. Imaging in neurooncology. NeuroRx 2005;
2: 333-47.
43. Darshana S. Post-treatment imaging of high-grade gliomas. Indian J
Radiol Imaging 2015; 25: 102-8.
44. Barajas RF, Chang JS. et al. Di erentiation of Recurrent Glioblastoma
Multiforme from Radiation Necrosis after External Beam Radiation
Therapy with Dynamic Susceptibility-weighted Contrast-enhanced
Perfusion MR Imaging. Neuroradiology 2009; pp. 486-96.
45. Alexiou GA, Tsiouris S. et al. Glioma recurrence versus radiation necrosis: accuracy of current imaging modalities. J Neurooncol 2009; 95: 111.

Hellenic Journal of Nuclear Medicine • January-April 2017

93
61

