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 Foreword

    Molecular and functional imaging can improve the diagnosis, treatment and 
 outcomes in oncologic patients. The ability to non-invasively visualize, charac-
terize and quantify biologic processes at the cellular, molecular and genetic level 
presents a new era in oncology. This book provides a practical approach to the 
different imaging techniques used to obtain and understand this functional infor-
mation. The editors, Drs. Luna, Vilanova, Da Cruz and Rossi are well-renowned 
radiologists experienced in functional and molecular imaging. They have assem-
bled an international group of acclaimed experts that complement their expertise 
and have written a two volume tour de force on state-of-the-art functional imag-
ing useful in the assessment and management of oncologic patients. This com-
prehensive review was a pleasure to read and will undoubtedly become an 
indispensable resource for clinicians-in-training as well as practicing radiolo-
gists and oncologists. The authors are adept at simplifying complexity and their 
ambitious effort provides a complete review of diffusion MRI, perfusion CT and 
MRI, dual-energy CT, spectroscopy, dynamic contrast-enhanced ultrasonogra-
phy, and positron emission tomography (PET). The text is clearly written and 
complemented by numerous high-quality illustrations that highlight key features 
and major teaching points. The fi rst volume explains the biologic basis of the 
functional imaging modalities and provides meaningful clinical insight and 
understanding of the techniques used in the imaging of angiogenesis, tumor 
metabolism and hypoxia. The second volume considers specifi c malignancies 
and the use and benefi t of the different imaging modalities in the diagnosis, 
prediction of treatment outcome, and early evaluation of treatment response in 
oncologic patients. The chapters are concise and comprehensive enough for the 
reader to obtain a fi rm foundation in the essential aspects of the topic reviewed. 
In fact, both volumes 1 and 2 impart knowledge in an easy to read, concise, 
coherent format. It is impossible to over-applaud the clarity and well-written and 
structured format of these books. In summary, the authors have used their expe-
rience to write an excellent textbook and the scope, structure and attention to 
detail are superb. The topics are well focused and this wide-ranging review is an 
invaluable guide to functional imaging. This is a thoughtful and well-developed 
book that is without doubt an excellent, comprehensive text of the essentials 
required to understand and use functional imaging.

  Houston, TX, USA Jeremy J. Erasmus 
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 In the last decades, comprehensive cancer care and research have been both 
critically dependent on imaging. The role of anatomical imaging with ultra-
sound, CT and MRI has grown progressively. Application of medical imag-
ing in cancer patients has expanded from diagnosis and staging to screening, 
guide for treatment, therapeutic monitoring, detection of recurrence and pre-
diction of treatment response. The role of imaging has changed due in part to 
the introduction of functional imaging with PET at the end of the last century. 

 Recent advances in cellular biology, molecular biology and genetics have 
led to a better understanding of biological bases of cancer. These advances in 
oncology biologics and development of new biological therapies and treat-
ment options have produced a paradigm shift in cancer treatment. In many 
clinical scenarios, cancer is now considered a chronic disease instead of an 
untreatable malignancy. Furthermore, the approach to cancer management is 
moving from treating diseases to personalized therapies. All these major 
changes need multidisciplinary teams where experts in biomedical imaging 
are and will be an important part of the puzzle. Very wide scales have to be 
covered by imaging, from the molecular and cellular level to organ to whole 
organism for clinical staging. Combined functional and anatomical imaging 
techniques are necessary to visualize and target different aspects of cancer. At 
this point,    functional and molecular imaging might transform and improve all 
phases of cancer management. 

 Functional imaging using biomarkers can assess and quantify biological 
characteristics of tumors by a wide range of techniques. Ultrasound can 
explore tumor angiogenesis and tissue elasticity by means of contrast-
enhanced acquisitions and elastography, respectively. New CT approaches 
such as CT-perfusion and spectral energy CT have broadened the knowledge 
of tumor angiogenesis and tissue characteristics. Furthermore, MRI is now 
able to develop multiparametric studies of a tumor in a single study, being 
possible to analyze tumor cellularity, angiogenesis, hypoxia and metabolism 
simultaneously using diffusion-weighted, dynamic contrast-enhanced, 
BOLD and spectroscopic sequences, respectively. PET and multimodality 
(hybrid) imaging have also expanded their applications with the use of other 
metabolites different to 18-FDG. Therefore, it is possible to explore different 
cancer hallmarks, such as angiogenesis, metabolism or hypoxia. The devel-
opment of new approaches such as optical imaging, nanocomposites, novel 
imaging probes for PET and MRI permit to target different molecular and 
cellular processes. All these developments are directed to cancer phenotyping 
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by imaging techniques. The advances in functional and molecular imaging 
have laid to apply imaging as a cancer biomarker; to help direct cancer treat-
ment in a way that is complementary to plans based on tissue- and blood-
based biomarkers. The ability to measure in vivo cancer biology with 
functional imaging during treatment provides a unique opportunity to iden-
tify and select the therapy that’s most likely to successfully treat an individual 
patient’s cancer. In a near future, new methodologies will deal with theranos-
tics, looking for a combined and simultaneous diagnosis and treatment of the 
disease. 

 The purpose of this book is to provide a useful manual to be used by the 
wide range and variety of disciplines involved in the management of onco-
logic patients, including radiologists, nuclear medicine specialists and oncol-
ogists. We have tried to cover and provide all the extensive information 
related to the different imaging modalities in clinical use and research from 
the technical bases to clinical applications. The book is divided in two vol-
umes and 13 parts. The fi rst volume is focused on the biophysical basis and 
technical approaches of functional imaging techniques. This fi rst volume is 
divided in four parts. The fi rst part covers a general approach to cancer biol-
ogy, imaging biomarkers and role of functional and molecular imaging in 
diagnosis and treatment. The three following parts deal with the role of func-
tional and molecular imaging in the study of cancer hallmarks and review 
their technical basis and applications in clinical practice and research. This 
part of the book is organized by different imaging techniques in separate 
chapters to stress the importance of an adequate imaging technique and 
acquisition to optimize the performance of each technique. The second vol-
ume of the book is the largest, where the main types of cancers are addressed 
in different chapters and organized by organ systems. In each of these chap-
ters, the role of functional imaging in the management of different tumor 
types is discussed. 

 This book has been possible due to the generous effort of all contributing 
authors. All of them, well-known experts in their respective fi elds, have 
shared with us their experience in cutting-edge topics. It has been a pleasure 
to coordinate such a great team, making editing of this book a learning and 
enjoyable process. 

 Finally, we would like to acknowledge the enormous support of 
Dr. Jeremy J. Erasmus in the fi rst conception of this book and Dr. Roberto 
Garcia-Figueiras for his help in the organization of the contents. 

 We hope that this book can be helpful for all interested in cancer imaging, 
and readers may share some of the learning and enjoyment we had editing 
this book. 

 Jaén, Spain   Antonio Luna 
 Girona, Spain   Joan C. Vilanova 
 Rio de Janeiro, Brazil   L. Celso Hygino Da Cruz 
 Buenos Aires, Argentina   Santiago E. Rossi   
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       Central nervous system (CNS) tumors are 
 relatively rare, and their diagnosis, therapeutic 
management, and follow-up represent challenges. 
However, the various available imaging methods 
no longer provide exclusively descriptive anatom-

ical information. Advanced  imaging techniques 
now allow for the assessment of  functional param-
eters, thus maximizing the potential of these tech-
niques for diagnosis and treatment assessment. In 
the present chapter, we discuss the role of these 
techniques in the diagnosis and treatment plan-
ning of CNS neoplasms. In addition, we describe 
the main features of intra-axial primary and sec-
ondary neoplasms as well as their differentiation 
from nonneoplastic, space- occupying lesions. 

24.1     Introduction 

 Primary CNS tumors are relatively rare. According 
to epidemiological data from the Central Brain 
Tumor Registry of the United States – CBTRUS, 
the estimated incidence of new cases of primary 
CNS tumors will be 69.720 in 2013, with 24.620 
of these tumors being malignant [ 1 ,  2 ]. 

 According to the American Cancer Society 
[ 3 ], primary CNS tumors are among the ten 
most deadly neoplasms, corresponding to 13.700 
deaths/year [ 4 ]. The incidence of newly diagnosed 
cases is 20.6/100.000 inhabitants/year, of which 
7.3/100.000 correspond to malignant tumors. 
The rate of new cases increases to 26.8/100.000 
inhabitants/year when only the adult population 
(>20 years of age) is taken into account. The esti-
mated prevalence of malignant CNS tumors is 
61.9/100.000 inhabitants [ 4 ]. For reasons that are 
not yet fully elucidated, the elderly population 
exhibits a higher incidence of malignant gliomas. 

 Imaging studies play a major role in the in vivo 
diagnosis of CNS neoplasms. Among the various 
methods, MRI has the widest clinical applicabil-
ity due to its availability and cost- benefi t ratio. 
MR imaging allows for the characterization of 
lesions on the grounds of the structural modifi -
cations that are induced in the affected tissues, 
specifi cally, the architectural distortion (anatomi-
cal change) caused by their greater water con-
tent (T1-hypointense signal/T2 fl uid-attenuated 
inversion recovery (FLAIR) hyperintense signal) 
or the replacement of tissue by a heterogeneous 
content with variable cellularity, blood, or necro-
sis. Image-based diagnoses of structural lesions 
must establish their topography, dimensions, 
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mass effect, degree of peritumoral vasogenic 
edema, and enhancement by the paramagnetic 
contrast agent (gadolinium – Gd). 

 Image-based diagnoses of brain struc-
tural lesions are based on the combination of 
space occupation and parenchymal infi ltration, 
whereby analysis of MR images may often indi-
cate the predominance of infi ltrative or expansive 
characteristics. Predominantly infi ltrative lesions 
are necessarily intra-axial, and the signal altera-
tion is enmeshed within normal tissue, resulting 
in little anatomical damage (less architectural 
distortion), with little or no mass effect/vaso-
genic edema. This type of lesion is generally 
more indolent and usually manifests itself by the 
dysfunction of the affected tissue or area, often 
resulting in epileptic seizures rather than neuro-
logical defi cits. Predominantly expansive lesions, 
in turn, are characterized by greater parenchymal 
destruction and mass effect. Consequently, these 
masses result in greater architectural distortion, 
as the tumor replaces the normal tissue, adopts 
variable confi gurations, and is generally associ-
ated with greater vasogenic edema and mechani-
cal compression, resulting in variable degrees of 
intracranial hypertension and frequent neurologi-
cal defi cits. 

 Conventional MR sequences also allow for the 
monitoring of the modifi cations induced by both 
surgical and conservative treatment, as well as 
the consequences of adjuvant chemotherapy and/
or radiotherapy. However, it is worth noting that 
conventional sequences exhibit signifi cant limita-
tions. The morphological characteristics of glial 
tumors in conventional MR sequences do not 
provide a reliable basis for the unequivocal his-
tological diagnosis and do not establish the grade 
of malignancy [ 5 ,  6 ]. Additionally, although the 
disruption of the blood–brain barrier (BBB) is 
generally considered to be indicative of malig-
nancy in glial tumors, this disruption does not 
provide an accurate prediction of the histological 
grade of the tumors, especially considering that 
20 % of low-grade gliomas present enhancement 
by Gd, whereas as many as 40 % of anaplastic 
gliomas may lack Gd enhancement [ 7 – 9 ]. 

 The most common primary CNS tumors 
are of neuroepithelial origin, and 29 % of 

such  neoplasms are gliomas [ 1 ], including 
 astrocytomas, oligodendrogliomas, and mixed 
gliomas (oligoastrocytomas), among others. In 
addition, the largest series of intracranial masses 
described in the literature point to the relevance 
of other differential diagnosis, including second-
ary neoplasms (8 %), CNS lymphomas (2.2 %), 
and nonneoplastic diseases, such as tumefactive 
demyelinating lesions (3 %), vascular lesions 
(2 %), and abscesses (1 %) [ 1 ]. 

 The diagnosis of the various subtypes of CNS 
tumors is based on anatomical-pathological par-
adigms that demand the collection of tissue sam-
ples to establish the tumor’s predominant cell 
type, the cellular arrangement, and the expres-
sion of defi ned immunohistochemical markers. 
As molecular genetic markers have recently been 
included in the pathological diagnosis of the CNS 
tumors and as certain tumors may be heteroge-
neous (e.g., diffuse gliomas, and pineal tumors), 
the pathological diagnosis depends on the area 
of the material that is assessed by the patholo-
gists [ 10 ]. Although thorough MR imaging 
analysis cannot provide a presumptive diagnosis 
that is able to replace the anatomical-patholog-
ical paradigms in force, this type of imaging is 
useful to identify the most appropriate areas for 
biopsy and to provide data regarding the biologi-
cal behavior of tumors. These data can then be 
added to histopathological (cell) data that are 
derived from microscopy samples. In vivo mac-
roscopic analysis by means of conventional MR 
sequences must establish several characteristics 
of the images, such as infi ltration versus space 
occupation, the presence of calcifi cations, cysts, 
hemorrhage, or necrosis. These evaluations must 
also include a thorough analysis of the integrity 
of the BBB following an intravenous injection of 
a paramagnetic contrast agent. Due to the tech-
nological advancements that have been achieved 
in previous decades, MR studies no longer pro-
vide exclusively anatomical (structural) assess-
ments but have also become a potential tool 
to also assess certain functional parameters. 
Therefore, the nonconventional images that can 
be acquired in variously weighted sequences are 
considered alongside data from conventional 
sequences, allowing for the in vivo  analysis 
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of other  biological and biochemical tumor 
 characteristics, such as the assessment of tumor 
cellularity; the analysis of the integrity, displace-
ment, or infi ltration of white matter tracts; the 
assessment of the dynamic susceptibility to the 
passage of gadolinium through the microvascu-
lar bed based on the BBB permeability and cap-
illary density; and the biochemical analysis of 
live tissue [ 11 ]. The application of cortical map-
ping using MR techniques with blood-oxygen-
level-dependent (BOLD) imaging has also been 
recommended as noninvasive alternative for the 
preoperative planning of lesions affecting elo-
quent areas. 

 The proper application of the available 
imaging- based diagnostic techniques should 
not seek to establish the histological diagno-
sis of CNS neoplasms, which requires invasive 
methods, but to provide additional parameters 
that are useful in the selection of the most rep-
resentative areas for pathological diagnosis, 
postoperative follow-up, and the assessment of 
the response to chemotherapy [ 12 ,  13 ]. In addi-
tion to the basic standard protocol of conven-
tional sequences, we recommend the addition 
of advanced MR imaging techniques to include 
the analysis of relevant physiological data in the 
diagnosis and classifi cation of CNS neoplasms 
(Table  24.1 ) [ 5 ].

   Although high-fi eld MRI (3 T) provides 
images with better quality, 1.5 T devices are more 
widely available and well acepted therefore, the 
limits of image interpretation are well known. 
The use of intravenous paramagnetic contrast 
(Gd) is mandatory in the absence of specifi c 
contraindications. The acquisition of delayed 
images (approximately 20 min) associated with a 
greater Gd concentration (0.3 mmol/kg), which is 
required to perform perfusion-weighted imaging 
(PWI), has been recommended to ensure greater 
lesion detection [ 11 ]. 

 The combined information provided by apply-
ing conventional and functional MR sequences 
represents the best approach for the estimation 
of the histological grade, especially in the case 
of diffuse gliomas, as well as for the differential 
diagnosis between primary and secondary neo-
plasms [ 15 ]. Moreover, imaging-based  diagnosis 

must also take into account possible differen-
tial diagnoses, identify the primary patterns of 
pseudotumoral lesions, and contribute to the 
indication and better use of biopsy procedures 
(Table  24.2 ) [ 5 ,  16 ].

   Although MRI is the fi rst-choice technique for 
the identifi cation of CNS neoplasms, its use is not 
always possible. Under such conditions, comput-
erized tomography (CT) with intravenous iodin-
ated contrast is a noninvasive technique that can 
provide information regarding the tumor vessels 
and angiogenesis (perfusion CT). This technique 
exhibits a satisfactory correlation with the histol-
ogy and is of some relevance to the classifi cation 
and prognosis of neoplasms [ 17 ]. 

 Hereafter, the application of functional MR 
sequences in the characterization of the different 
patterns of the main primary and secondary intra- 
axial neoplastic processes will be discussed, as 
will their most relevant differential diagnoses.  

   Table 24.1    The standard protocol for brain tumor 
 imaging based on expert panel discussions (primarily 
from ACRIN and RTOG) [ 11 ,  14 ]   

  Standardized MR imaging protocol  
 Three-plane localizer/scout (in order of acquisition) 
 T1-weighted precontrast (spin-echo) 
 T2-weighted axial 
 FLAIR (optional to perform following contrast) 
 T1 map (quantitation) for DCE MR imaging — 3D 
gradient-echo T1 or 2D TSE/FSE T1 
 DWI and/or DTI (can extract DWI data trace/ADC 
from DTI) 
 T2* DSC MR imaging (following presaturation DCE 
MR imaging sequence) 
 T1-weighted postcontrast (spin-echo) 
 Functional language, auditory, visual, motor testing, 
and MRS 
 Can perform FLAIR prior to DSC MR imaging, SWI 
T2*, and additional optional sequences 
  General parameter recommendations  
 Section thickness ≤5 mm 

 Delay is recommended, which can be built in by 
performing DWI and/or DTI prior to acquiring the T1 
sequences. Another option is to perform FLAIR (or 
even T2) prior to the T1 sequences, potentially 
conferring additional sensitivity for leptomeningeal 
diseases 
 Target duration ≤30 min (maximum, 1.5–2.0 h) 

  Note:  ACRIN  American College of Radiology Imaging 
Network,  RTOG  Radiation Therapy Oncology Group  
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24.2     MR Assessment 
of Glial Tumors 

 The current classifi cation system of CNS tumors 
proposed by the World Health Organization 
(WHO) aims to standardize the nomenclature on 
the grounds that the biological behavior of tumors 
correlates with their cell type. As this system is 
further able to make prognostic estimates and to 
indicate the best therapeutic options for certain 
subtypes of neoplasms, it provides a standardized 
classifi cation of human tumors that is accepted 
worldwide. This fact is important, as without a 
clear defi nition of histopathological and clinical 
diagnostic criteria, epidemiological studies and 
clinical trials could not be conducted beyond the 
restricted limits of institutions [ 18 ]. 

 The histological heterogeneity is a crucial fea-
ture in the classifi cation of glial tumors. Although 
the anaplastic characteristics of gliomas are 
generally diffuse, the occurrence of intersperse 
high- and low-grade areas or mixed-cell subtypes 
(astrocytoma versus oligodendroglioma) in dif-
ferent tissue samples of a single tumor is not rare 
[ 19 ]. Therefore, the diagnosis of mixed gliomas 
also poses a challenge and is directly correlated 
with the representativeness of the analyzed tissue 
sample. Thus, a diagnosis based on stereotactic 
biopsies should be interpreted with caution due 
to the potential risk of sampling errors. 

 In regard to preoperative assessment, in addition 
to corroborating clinical suspicions based on the 
fi ndings of conventional images, the primary appli-
cations of functional MR methods are as follows:
•    Preoperative histological grading  
•   The assessment of tumor extension and signs 

that are indicative of infi ltration for  appropriate 
surgical planning  

•   Guidance in stereotactic biopsy procedures  
•   The assessment of the affection of eloquent 

areas of brain parenchyma  
•   Differentiation from nonneoplastic lesions    

24.2.1     MR in Preoperative 
Histological Grading 

 According to the current WHO classifi cation 
system, grade I tumors exhibit low proliferative 

potential and may be cured following surgical 
resection alone. Grade II tumors are generally 
of infi ltrative nature, and relapse often occurs 
following surgery despite their low proliferative 
activity. Certain grade II tumors tend to progress 
into higher grades of malignancy, e.g., low-grade 
(grade II) diffuse astrocytomas that may become 
anaplastic astrocytomas and glioblastomas. 
Moreover, oligodendrogliomas and oligoastro-
cytomas may undergo similar transformations. 
WHO grade III corresponds to tumors with histo-
logical evidence of malignity, including nuclear 
atypia and greater mitotic activity. As a rule, 
patients with grade III neoplasms undergo adju-
vant radiotherapy and/or chemotherapy. Lastly, 
WHO grade IV corresponds to malignant neo-
plasms with a high mitotic index, the presence of 
necrosis, and a greater proclivity to early relapse 
and death (e.g., glioblastomas) [ 18 ]. 

 The current classifi cation system of CNS neo-
plasms (WHO 2007) derives from accumulated 
neuropathological and genetic experience, with 
clinical and in vivo imaging associations [ 18 ]. 
Nevertheless, MRI is the preferred technique in 
everyday practice for the diagnosis, planning, 
treatment, and follow-up of patients with CNS 
neoplastic lesions [ 11 ]. Several imaging charac-
teristics have been suggested as predictors of high 
grade of malignancy in human gliomas, including 
heterogeneous signal, the occurrence and pattern 
of contrast enhancement, the presence of mass 
effect, the occurrence of cysts, hemorrhaging, or 
necrosis, as well as the tumor metabolic activity 
and blood volume. Some patterns of the com-
bination of conventional (particularly post-Gd, 
T1-weighted (T1W1)) and advanced functional 
MR imaging provide a structural, metabolic, 
and physiological assessment of the affected 
brain area. These data provide neuroradiologists, 
neuro-oncologists, neurosurgeons, oncologists, 
and radiotherapists with a practical interpretation 
of MR results, particularly in the case of diffuse 
gliomas in adults. 

 Despite technological advances and the opti-
mization of MR sequences and protocols, the 
histological grading of diffuse gliomas based 
exclusively on the interpretation of MR images 
is unreliable as the sensitivity of the conventional 
sequences varies from 55–88 % [ 5 ]. Uncertainty 
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as to the histological grade at a given time point 
in the assessment of this spectral disease is even 
greater due to the lack of defi nition of the imag-
ing factors that alter its nature. The diffi culty 
is even greater in the absence of signs that are 
suggestive of biological aggressiveness, such as 
macroscopic necrosis or Gd enhancement. Under 
such circumstances, it is not possible to exclude 
anaplasia. Gd enhancement is not exclusive to 
high-grade tumors but may occur in as many as 
one-third of grade II gliomas and even in circum-
scribed gliomas (grade I). In this context, the use 
of functional sequences has been recommended, 
not to replace histopathology, which is indispens-
able, but as a complementary interpretative tool 
that may contribute to therapeutic decision mak-
ing and, ultimately, to the fi nal diagnosis [ 13 ]. 

 Studies of glial tumors using proton magnetic 
resonance spectroscopy (MRS) typically reveal a 
reduction in  N -acetylaspartate (NAA, 2.0 ppm) 
peaks and ratios, which refl ects the neuronal loss 
and dysfunction resulting from the replacement 
of normal by neoplastic tissue. During prepara-
tion for cell division, at the various stages of the 
cell cycle, phospholipids accumulate, especially 
phosphatidylcholine, which constitutes approxi-
mately 40 % of the cell membrane. Choline- 
containing metabolites are detected using MRS 
(Cho, 3.2 ppm), and an increase in the choline 
peak and ratios is a marker of cell membrane pro-
liferation, indicating the presence of a neoplastic 
process and directly correlating with the tumor 
cell density. Additionally, the levels of lipids (Lip, 
0.9–1.33 ppm) and lactate (Lac, 1.3 ppm) may 
increase as a function of cell death and necro-
sis and the presence of anaerobic metabolism, 
respectively. The presence of lactate must be con-
fi rmed using MRS acquisition with an intermedi-
ate echo time (TE) (136–141 ms), resulting in the 
elimination of the majority of the lipid peak and 
reversing the lactate peak below the baseline (i.e., 
the J-coupling effect). These variations are more 
exacerbated for higher histological grade diffuse 
gliomas. 

 Metabolic ratios are known to exhibit very 
large variations even within a single lesion in 
relation to the histological heterogeneity char-
acteristic of diffuse gliomas. Therefore, cutoff 
 values cannot be established for the metabolic 

ratios, which would allow for the unequivocal 
grading of glial lesions. Previous studies have 
shown a sensitivity of 79 % and a specifi city of 
85 % [ 20 ]. Nevertheless, it is worth noting that a 
high spectral Cho/NAA ratio – above 2.2 – indi-
cates greater odds of high-grade lesions. 

 The presence of elevated lipid peaks may also 
contribute to this analysis as they do not occur in 
low-grade tumors but are typical of high-grade 
tumors due to cell death and necrosis and may 
be observed in glioblastomas [ 20 – 22 ]. High 
myoinositol peaks are also relevant fi ndings as 
they are characteristic of low-grade tumors and 
 gliomatosis cerebri . Low-grade diffuse glial 
neoplasms, particularly those involving the 
astrocytic lineage, may exhibit a predominant 
increase in myoinositol or myoinositol/gly-
cine (3.5–3.7 ppm) values without an apparent 
increase in the choline/creatine (Cho/Cr) ratio. 
Normal or slightly increased choline levels in 
low-grade tumors are most likely due to the low 
cell division rates of such lesions. In addition, the 
reduced production of proteolytic enzymes and a 
low rate of cell destruction may account for the 
predominant increase in the myoinositol peaks in 
low- grade tumors (Fig.  24.1 ). Although  glioma-
tosis cerebri  corresponds to WHO grade III, its 
characteristics on conventional images are suffi -
ciently clear to distinguish it from grade II glio-
mas, characterized by an exceptionally extensive 
infi ltration with the involvement of at least three 
cerebral lobes, usually with bilateral involvement 
of the cerebral hemispheres and/or deep gray 
matter and frequent extension to brain stem, cer-
ebellum, and spinal cord according to the WHO 
defi nition [ 23 ].

   Tumor growth, which is associated with high 
multiplication rates and cell turnover, increases 
the metabolic demands in neoplasms. Cell 
hypoxia and hypoglycemia elicit the production 
of angiogenic cytokines, such as the vascular 
endothelial growth factor (VEGF), which induce 
the formation of new blood vessels that character-
izes tumor angiogenesis [ 24 ,  25 ]. The increase in 
capillary density results in increased blood fl ow 
and volume in the tumor bed [ 24 ]. Angiogenesis 
results in the formation of a complex network 
of anomalous vessels in the peritumoral area. 
Susceptibility-weighted imaging (SWI) is a 
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  Fig. 24.1    Low-grade astrocytoma (WHO grade II).
Comparative follow-up axial images on T1WI ( a ), FLAIR 
( b ), and DWI ( c ) showed an infi ltrative cortical and sub-
cortical tumor in the inferior frontal gyrus ( arrows ), with-
out Gd enhancement. MRS (TE = 31 ms) ( d ) confi rmed a 
reduced NAA peak ( downward arrow ), associated with 
high myoinositol ( upward arrow ) and only minimally 
increased choline peak ( small upward arrow ). DSC-MRI 
( e ) demonstrated diffuse low rTBV. Dynamic susceptibil-
ity curves ( f ) from the lesion ( purple lines ) resulted 

 similar to the normal contralateral white matter ( green 
line ). Imaging follow-up after 3 years with comparative 
axial plane FLAIR image ( g ) confi rmed a tumor enlarge-
ment ( arrowheads ), with identical DSC-MRI ( h ) results. 
Comparative MRS ( i ) showed an even more reduced NAA 
peak ( downward arrow ) associated with elevated choline 
( small upward arrow ) and unaltered myoinositol ( upward 
arrow ). A small lesion on right superior frontal gyrus 
( arrowhead on  g) was attributed to the history of seizure 
with previous head trauma (gliosis)         

a b

CRE

4 3 2 1 0

c d

 

 A.J. da Rocha et al.



561

e f

g h

CRE

4

i

3 2 1 0

Fig. 24.1 (continued)

24 Functional Magnetic Resonance Techniques in CNS Tumors



562

novel MR technique that is based on the different 
magnetic susceptibility of tissues. Multiplication 
of the phase images by the magnitude images 
makes the small veins more conspicuous, as well 
as other sources of susceptibility effects, which 
are demonstrated using a minimum- intensity 
projection (MinIP). The unique ability of SWI to 
demonstrate a T2* effect, as well as the possibil-
ity of making evident the presence of tumor neo-
vascularization, makes it a useful technique in the 
study of brain tumors (Fig.  24.2 ) [ 26 ].

   Histological studies show that tumor vessels 
are immature and highly permeable due to large 
spaces between the endothelial cells, incom-
plete basement membrane, and a lack of smooth 
muscle layer. The released cytokines may also 
exert a modulatory effect on the increase in vas-
cular permeability [ 24 ]. Tumor cells may also 
cause direct damage to the BBB, which may 
result in increased vascular permeability [ 27 ]. 
Tumor blood vessels are more tortuous, which 
may increase the distance the gadolinium mol-
ecules must travel inside of the lesion and, conse-
quently, the mean transit time of the blood in the 
tumor bed. As a consequence of the association 
of these factors, increased relative tumor blood 
volume (rTBV) and vascular permeability is the 
typical fi nding when using dynamic susceptibil-
ity contrast- enhanced MR imaging (DSC-MRI) 
and is directly correlated with the histological 
grade of the lesion (Fig.  24.3 ) [ 12 ].

   T1-weighted, steady-state, dynamic 
 contrast- enhanced MRI (DCE-MRI) and T2*-
weighted, dynamic susceptibility-weighted 
contrast- enhanced MRI (DSC-MRI) are the 
two of the most widely used PWI techniques. 
DSC-MRI (dynamic fi rst-pass study) is the most 
widely used technique, and several research 
groups have demonstrated its usefulness in the 
preoperative assessment of brain tumors [ 5 ,  20 , 
 28 ,  29 ]. High- grade gliomas typically exhibit 
greater rTBV values compared to the low-grade 
tumors. The application of echo planar gradient 
echo sequences (T2* – DSC-MRI) to the study of 
intra-axial lesions allowed for the establishment 
of rTBV ≥ 1.75 as a cutoff point for distinguish-
ing between high- and low-grade gliomas [ 30 ]. 
However, it is worth noting that  extravasation 

of the paramagnetic contrast agent into the 
 extravascular compartment may hinder the mea-
surement of rTBV and thus compromise the 
reliability of the assessment of lesions, such as 
glioblastomas, which typically exhibit a loss of 
integrity of the blood-tumor barrier [ 31 ]. 

 Perfusion techniques using DSC-MRI and 
DCE-MRI acquisitions are widely used in the 
assessment of glial neoplasms. Although both 
techniques have their advantages and disadvan-
tages, DCE-MRI appears to be more sensitive 
than DSC-MRI in detecting contrast medium 
extravasation. The correlation values of capillary 
permeability with immunohistochemical markers 
suggest that this imaging technique is useful in 
the preoperative characterization of gliomas [ 32 ]. 

 The undesirable effects of T1 signal short-
ening in the tissue due to interstitial extravasa-
tion of Gd have been shown on PWI sequences. 
Such effects may be minimized by administering 
0.05–0.10 mmol/kg of the paramagnetic agent 
prior to the PWI acquisition [ 33 ]. The saturation 
of the peritumoral interstitium in areas with BBB 
disruption reduces the negative effects caused by 
Gd extravasation as a result of the alteration of 
the dynamic plot, which refl ects the reduction 
in the T2 signal intensity in the analyzed tissue 
[ 34 ]. Therefore, we recommend administer-
ing an intravenous infusion of a small volume 
of Gd (approximately 5 ml in adults) for prior 
correction of paramagnetic agent extravasation 
into the tissue interstitium, thus normalizing the 
plot baseline of the dynamic acquisitions of MR 
imaging perfusion. However, a certain degree, 
generally small Gd extravasation may still occur, 
even in the case of lesions for which the con-
ventional sequences are not enhanced (post-Gd 
T1W1) and for which the usual concentration of 
Gd (0.1 mmol/kg) is used. Therefore, the effect 
of T1 shortening of the tissue during the fi rst 
passage of the paramagnetic agent may not be 
entirely excluded. 

 Although areas with elevated rTBV repre-
sent hypervascularized regions inside expansive 
tumors, it may not be possible to estimate the 
vascularization of each image element due to the 
sequence’s low signal-to-noise ratio. Therefore, 
the calculation of the value of the relative  cerebral 
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  Fig. 24.2    Glioblastoma of the corpus callosum (WHO 
grade IV). Bilateral tumor in the splenium of the corpus 
callosum (“butterfl y appearance”) showing an extensive 
necrosis on T1WI after Gd administration ( a ). Note 
restricted water diffusion on DWI ( b ) suggesting a hyper-
cellular tumor. Comparative SWI acquisition ( c ) in the 
axial plane showed widespread vessel proliferation in the 

tumor, confi rmed on this computed tomography angiogra-
phy 3D-reconstruction ( d ) ( arrowheads ). High capillary 
density and high vessel permeability were also demon-
strated on DSC-MRI ( e ) and on DCE-MRI ( f ). MRS 
(TE = 31 ms) ( g ) showed reduced NAA peak (2.0 ppm) 
associated with elevated choline (3.2 ppm), lipids, and 
lactate peaks (0.9–1.3 ppm)             
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blood volume (rCBV) in regions of interest 
(ROIs) of a given brain parenchyma area is prefer-
able. In large-sized lesions, multiple rCBV values 
may be measured in several ROIs. Although the 
size of ROIs varies as a function of the size of the 
lesion, ROIs with 1- to 5-mm diameters are gen-
erally used. Using this procedure, the area with 
greatest rCBV within a heterogeneous lesion may 
be easily characterized. A minimum of six mea-
surements must be performed in different areas of 
interest to establish the maximum rTBV values 
of the tumor. This technique exhibits appropriate 
intra- and inter-examiner reproducibility. 

 The interpretation of perfusion studies of oli-
godendrogliomas demands extra caution given 
that these tumors may represent an exception to 
the common interpretation, as they exhibit areas 
with high rTBV despite their low histological 
grade [ 35 ,  36 ], especially tumors with the 1p19q 
codeletion [ 37 ]. This variation may be explained 
by the presence of a dense capillary network in 
oligodendrogliomas (Fig.  24.4 ) [ 35 ]. As oligo-
dendrogliomas exhibit a greater tendency for 
cortical involvement [ 38 ], and as cortical vas-
cular density is greater compared to that of the 
white matter, high cortical rTBV values may also 
be considered to be a possible interference in the 
readings or sources of diagnostic error.

   Arterial spin labeling (ASL) is a novel technique 
to measure the blood fl ow that obviates the require-
ment for the use of intravenous contrast agents. This 

novel technique became quite attractive due to the 
availability of repeated measures without Gd admin-
istration. A radio-frequency pulse upstream to the 
tumor alters the water molecules that cross the area, 
making their MR signal detectable. This alteration 
provides an absolute value for the blood fl ow. ASL 
exhibits low signal-to-noise ratio and may be more 
 susceptible to the patients’ movements. Further 
improvements and studies are required before it may 
be applied routinely in that was clinic. Nevertheless, 
this technique was previously demonstrated to be as 
sensitive as DSC-MRI in the study of gliomas [ 12 ]. 

 Diffusion-weighted, imaging (DWI)-based 
MR contrast refl ects the Brownian motion of the 
water in the analyzed tissue. An inverse correla-
tion between the minimum apparent diffusion 
coeffi cient (ADCmin) and the lesion cellularity 
was previously confi rmed by histological  analysis 
in a wide variety of tumors, including high- and 
low-grade gliomas, lymphomas, medulloblasto-
mas, meningiomas, and metastases. Gliomas are 
characterized by remarkable signal heterogeneity 
in ADC maps. Most likely due to their high cell 
density, the tortuosity of the interstitial space, and 
the hindrance to the free motion of the water mol-
ecules, the ADC values of high-grade gliomas 
are typically low, whereas these values tend to be 
lower in lower-grade tumors [ 39 ]. ADCmin val-
ues from 1.7 to 2.5 may be used as cutoff points to 
distinguish between high- and low-grade gliomas 
[ 40 ]. Unfortunately, there is a wide overlap in the 
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results of such analyses; therefore, this parameter 
cannot be used alone in the histological grading 
of glial neoplasms. 

 In addition to the modifi cations in the histo-
pathological and genetic approach to classifying 

gliomas, the fourth edition of the classifi cation 
system of CNS tumors (WHO 2007) [ 18 ] lists 
several new entities, including angiocentric 
glioma, papillary glioneuronal tumor, rosette- 
forming glioneuronal tumor of the fourth 

  Fig. 24.3    Left temporal lobe glioblastoma (WHO grade 
IV). Conventional sequences demonstrated an infi ltrative 
tumor in the left middle temporal gyrus characterized by 
extensive hyperintensity on FLAIR image ( a ) and a ring 
enhancement with evident necrosis ( asterisk ) on T1WI 
post-Gd administration ( b ). DSC-MRI ( c ) confi rmed ane-

lar hyperperfusion area larger than the solid portion of the 
tumor. Dynamic susceptibility curve ( d ) from the tumor 
has suggested local neoangiogenesis (increased capillary 
density) in the tumor and high permeability on DCE-MRI 
( e ) ( arrowheads )         
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 ventricle, papillary tumor of the pineal region, 
pituicytoma, and spindle cell oncocytoma of 
the adenohypophysis [ 18 ]. Moreover, histologi-
cal variants were also added to the previous list 
(pilomyxoid astrocytoma, anaplastic medullo-
blastoma, and medulloblastoma with extensive 
nodularity) whenever evidence of particulari-
ties in the age distribution, localization, genetic 
profi le, or clinical behavior is established. The 
imaging patterns of the novel neoplasms and 
recently described variants are not fully estab-
lished, as their description is based on sporadic 
reports or small case studies [ 41 – 46 ].  

24.2.2     The Assessment of Tumor 
Extension and Signs That Are 
Indicative of Infi ltration When 
Using MR for Appropriate 
Surgical Planning 

 Conventional MR sequences do not allow for the 
differentiation between peritumoral vasogenic 
edema and tumor infi ltration. The growth of glio-
mas is characterized by the infi ltration of adjacent 
white matter tracts; thus, the growth generally 
extends beyond the limits of the expansive por-
tion of the tumor, even in those that exhibit focal 
or multifocal disruption of the blood-tumor bar-
rier. Occasionally, tumors even extend beyond 

the limits of the signal alteration itself identifi ed 
on conventional sequences. Earnest et al. [ 47 ]. 
demonstrated the extension of tumors not only 
beyond the enhanced portion on MR but also 
beyond the portions with T2 hypersignal. Thus, 
notwithstanding its paramount importance in the 
planning of surgery and radiotherapy, the assess-
ment of the margins of glial tumors poses a major 
challenge. 

 The generalized infi ltration of the circumja-
cent tissue indicates the proclivity of CNS tumors 
to craniospinal dissemination and is characteris-
tic of WHO grades III and IV. The functional MR 
sequences may provide important information in 
this regard. MRS, more particularly multivoxel 
acquisition, may identify alterations in metabolic 
ratios, especially increases in the Cho/NAA ratio, 
beyond the limits of the enhanced areas (post-
Gd T1W1). In such areas, a marked reduction 
in ADC and an increase in fractional anisotropy 
may be a useful fi nding and contribute to the 
characterization of the infi ltration of large white 
matter tracts [ 48 ,  49 ]. 

 There have been previous reports regarding 
the use of tractography to distinguish between 
the displacement, infi ltration, and destruction of 
white matter tracts (Fig.  24.5 ) [ 50 ,  51 ]. However, 
the application of its parameters of interpretation 
to the clinical routine must be performed with 
caution (Fig.  24.6 ). It appears that the occurrence 
of false-positive results restricts the application of 
this technique to the study of individual patients; 
therefore, there is a gap between the clinical rou-
tine and the theoretical fundamentals and models 
based on patient studies.

24.2.3         The Guidance of Stereotactic 
Biopsy Procedures 

 Imaging-guided stereotactic biopsy procedures 
are based on the notion that tumor areas with 
BBB disruption, and consequent contrast medium 
(Gd) enhancement, correspond to neoplasm areas 
with higher histological grades. As mentioned 
above, this criterion may not be used alone to his-
tologically grade glial tumors; as many as 40 % 
of gliomas without enhancement on MR exhibit 
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 anaplasia on histological examination [ 52 ,  53 ]. 
The  application of this fl awed approach has been 
the source of sampling errors in biopsies and 
underestimates the histological grade of tumors. 

 Appropriate histological grading has para-
mount importance in the planning of  treatment. 

Patients with low-grade gliomas may be 
 indicated for conservative treatment, with con-
sequent lower morbidity and mortality, whereas 
those for which the histological grade has been 
be overestimated may undergo unnecessary 
 adjuvant treatments. 

a

c d

b

  Fig. 24.4    Oligodendroglioma (WHO grade II).
Comparative axial FLAIR ( a ) and T1WI post-Gd ( b ) 
showed a cortical tumor in the right inferior frontal lobe 
without contrast enhancement ( arrows ). DSC-MRI ( c ) 

showed focal hyperperfusion more evident than in the 
contralateral similar area. Note a dense capillary network 
typical of an oligodendroglioma in this histopathologic 
study ( d )       
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 It is worth stressing that the histological diag-
nosis may pose a major challenge in a subset of 
patients due to their heterogeneity, i.e.,  diffuse 

gliomas may exhibit  multiple  histological 
grades or cell subtypes. Additionally, the natu-
ral progression of low- to high-grade gliomas 

a

c

b

  Fig. 24.5    Diffusion tensor imaging contribution to the 
surgical approach of a thalamic glioma. Axial T1WI post- 
Gd administration ( a)  showed a solid-cystic pilocytic 
astrocytoma ( arrowhead ). A DTI was performed to surgi-
cal planning, and directional imaging ( b ) demonstrates this 
expansive lesion ( asterisk ) with a predominant forward 

displacement of the left corticospinal tract ( arrowhead ), 
confi rmed on tractography ( c ). MRS with short TE ( d ) and 
long TE ( e ) showed reduced NAA peak (2.0 ppm) associ-
ated with elevated choline (3.2 ppm) and lactate peaks (1.3 
ppm). Note J-coupled effect with inverted peaks of lactate 
on MRS with intermediate TE (141 ms) ( e )         
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is not uncommon and may occur initially in 
focal areas, accounting for the sampling errors 
that occur when diagnosis is exclusively based 
on stereotactic biopsy with random or targeted 
collection of samples from Gd-positive areas 
[ 54 ,  55 ]. 

 PWI (DSC-MRI) is the most useful among 
the functional MR sequences, given that it may 
add further information to that provided by 
conventional imaging, allowing for the charac-
terization of areas with high rTBV, even in the 
absence of Gd enhancement. DSC-MRI is the 
most reliable tool available for selecting the 

most appropriate areas in directed biopsies and 
exhibits a satisfactory correlation with histologi-
cal analysis (Fig.  24.7 ). The absence of areas 
with increased capillary density on DSC-MRI 
acquisitions exhibits a reliable correlation with 
the absence of anaplasia, i.e., with low histologi-
cal grades [ 36 ,  39 ].

   In this regard, special attention must be paid 
to mixed glial tumors, which include areas com-
prising at least two different astrocytic, oligo-
dendrocytic, and/or ependymal cell lineages. 
The differentiation between diffuse astrocy-
tomas and WHO grade II  oligodendrogliomas 
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is highly important given that these are 
 well-defi ned clinical- pathological entities with 
different biological characteristics and progno-
ses that require different therapeutic approaches 
[ 56 ]. Although a focal area of oligodendroglio-
mas within an astrocytoma does not ensure the 
presence of a favorable genotype [ 57 ], molecu-
lar studies may contribute to establish prog-
nostic criteria and better therapeutic options. 
Conversely, the presence of anaplastic areas 
within diffuse astrocytomas entails well-defi ned 
prognostic and therapeutic implications. A 
heterogeneous PWI map on DSC-MRI with a 
predominance of low rTBV values associated 
with elevated rTBV in a focal area is a frequent 
fi nding that must be interpreted with particular 
clinical attention. In such cases, the high-per-
fusion area (rTBV ≥1.75) must be the target of 
the directed biopsy, as it will allow for distin-
guishing between anaplastic areas and the oli-
godendroglial component and thus will enable 
the accurate determination of the  histological 
diagnosis and the neoplasm grade. 

 Diffuse astrocytomas may occasionally exhibit 
high rTBV values that are directly correlated 
with VEGF immunoexpression [ 58 ]. According 
to our understanding, hyperperfusion does not 
exclusively refl ect microvascular proliferation, 
which alone provides a criterion for histologi-
cal grading. Given that the available system of 
neoplasm grading is not precise and that astrocy-
tomas are histologically heterogeneous and may 
actually present a continuum of a same disease, 
it has been speculated that elevated rTBV might 
have prognostic implications. Longer follow- up 
periods are required (1) to validate the hypothesis 
that posits a correlation between the high rTBV 
values that are found in these cases and a higher 
risk of progression into higher-grade neoplasms 
and (2) to enable the use of such data in prognosis 
estimation. 

 Although it is possible to demonstrate overlap-
ping fi ndings of high rTBV with elevated meta-
bolic relationships of spectral curves (Cho/NAA) 
and reduced ADC values, the spatial resolution 
of the DSC-MRI maps makes this method easier 
to use in clinical routine (e.g., for  stereotactic 
biopsies).  

24.2.4     The Assessment of the 
Affection of Eloquent Areas 
of Brain Parenchyma 

 Functional sequences of cortical activation 
are based on the physical phenomenon that 
is referred to as BOLD (blood-oxygen-level-
dependent effect). Briefl y, a specifi c area of the 
brain parenchyma is stimulated, causing a tran-
sient increase in the blood fl ow in that area and 
a consequent increase in the oxyhemoglobin 
supply. The diamagnetic effect of this increase 
transiently increases the signal of the area, thus 
“demarcating” the activated area. Therefore, the 
functional sequences that are employed to esti-
mate cortical activation require the cooperation 
of patients, who are requested to perform prees-
tablished tasks, i.e., paradigms that may consist 

  Fig. 24.6    Glioblastoma of the corpus callosum (WHO 
grade IV). Axial FLAIR image ( a ) demonstrating a “but-
terfl y appearance” of a frontal glioblastoma crossing the 
midline in the genu of the corpus callosum. DSC-MRI ( b ) 
showed high capillary density with hyperperfused areas. 
Note the curve pattern from the tumor ( green line ) with a 
contrast leaking. MRS with short TE (31 ms) ( c ) showed 
reduced NAA peak (2.0 ppm) associated with elevated 
choline (3.2 ppm) and very high peaks of lipids (0.9– 1.3 
ppm). Color-coded image of tractography ( d ) demon-
strated predominant destruction of the genu of the corpus 
callosum           

a 

 A.J. da Rocha et al.



573

b

c

Fig. 24.6 (continued)

24 Functional Magnetic Resonance Techniques in CNS Tumors



574

of a simple motor activity or involve visual or 
auditory stimuli, as well as language, cognitive, 
or tactile activities [ 59 ]. 

 These techniques may be used to map cortical 
functions and eloquent areas during the surgical 
planning of intracranial tumors, epileptic foci, or 
cerebral vascular malformations. The eloquent 
cortex may be displaced or infi ltrated by such 
processes, and preoperative mapping may mini-
mize the risk of surgery, which may cause defi cits 
in addition to those already present [ 59 ,  60 ]. In 
addition, BOLD sequences may further contrib-
ute to surgical planning by indicating the best 
access paths to the lesion or the requirement to 
perform intraoperative neurophysiological stud-
ies [ 60 ,  61 ]. Nevertheless, despite the increasing 
availability of theoretical data and clinical stud-
ies, cortical mapping is limited to a small number 
of centers, and its results are controversial when 
compared to those of intraoperative electrophysi-
ological studies. 

 MR tractography may also be used to defi ne 
the best surgical approach given that it shows the 
repercussions of the anatomical distortions on the 
white matter tracts; thus, this technique may pre-
vent the surgical procedure from causing further 
damage. Whereas the BOLD technique is more 

useful for mapping cortical areas in the case of 
superfi cial tumors, tractography has been proven 
to be more useful in the surgical planning of deep 
expansive lesions.  

24.2.5     Differentiation from Other 
Types of Processes 

 MR is the standard technique that is used to 
identify and characterize various CNS neoplas-
tic lesions, and its sensitivity is greater compared 
to other modalities that are available for both 
the presumptive diagnosis of neoplasms and 
the recognition of pseudoneoplastic conditions. 
Although the aim of imaging-based diagnostic 
techniques is not to establish the histological 
diagnosis of CNS neoplasms, several param-
eters of image interpretation are useful in the 
differential diagnosis of intra-axial lesions. The 
application of a multi-parametric approach that 
combines the information provided by conven-
tional and nonconventional MR in the differen-
tiation between the various types of neoplastic 
and nonneoplastic intra-axial brain lesions has 
previously been proven to be useful in clinical 
practice [ 62 ]. Despite the practical application of 
this combined strategy, the examiner’s perspicac-
ity is indispensable in the attribution of value to 
clinical- radiological details. 

 Several fi ndings must be highlighted 
 regarding the differentiation between neoplastic 
and nonneoplastic lesions, including the number 
of lesions (single versus multiple), the occur-
rence and pattern of Gd enhancement (nodular, 
ring shaped, or heterogeneous), the predominant 
appearance of the parenchymal lesion (infi ltrative 
versus expansive), the occurrence of necrosis and 
its pattern on diffusion imaging (restriction versus 
facilitation), the cellularity estimates on diffusion 
imaging (restriction – hypercellular versus facili-
tation – hypervascular), as well as the fi ndings on 
PWI acquisitions. Particularly among these types 
of images are increased capillary density (capil-
lary neoangiogenesis on DSC- MRI) or increased 
permeability of the BBB on T1-weighted perme-
ability studies (DCE-MRI). Moreover, spectral 
assessment may supply  additional information 
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as to the metabolic patterns of the lesions and 
 adjacent tissue. 

 DWI exhibits more than 90 % sensitiv-
ity and specifi city in differentiating between 

 epidermoid tumors (low ADC) and arachnoid 
cysts (high ADC), in addition to abscesses (low 
ADC) and necrotic tumors (high ADC). The 
viscosity of keratin together with the  cholesterol 

a
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  Fig. 24.7    Guiding stereotactic biopsy procedure in a dif-
fuse glioma using DSC-MRI. A diffuse glioma was dem-
onstrated on axial FLAIR ( a ) and T1WI after Gd 
administration ( b ) images. No enhancement was depicted. 

DSC-MRI ( c ) was useful to identify an unsuspected area 
with hyperperfusion (rTBV >1.75) ( arrowhead ) which 
was biopsied and demonstrated anaplastic features into a 
diffuse astrocytoma (WHO grade III)       
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content of epidermoid tumors, as well as the 
pus viscosity together with the cell content of 
abscesses, result in very low ADCs, allowing 
for them to be distinguished from lesions with 
increased diffusivity in necrotic tumors or nor-
mal or slightly reduced diffusivity in demyelin-
ating plaques [ 63 ]. 

 Low ADC values in an intra-axial neoplasm 
should raise the suspicion of lymphoma or 
metastasis depending on the appearance of the 
lesion on conventional MR images, since the 
greater cellularity of these lesions often produces 
an ADC that is signifi cantly lower than observed 
in diffuse gliomas [ 63 ]. 

 In the case of solid expansive lesions, a Cho/
NAA ratio >1.9 using intermediate TE (136–
141 ms) was described as signifi cant for the pre-
sumptive diagnosis of brain neoplasms and their 
differentiation from other causes of lesions [ 64 ]. 
However, the same fi nding may also occasionally 
be observed in nonneoplastic lesions. Although 
the cutoff values for distinguishing between neo-
plastic and nonneoplastic lesions are not univer-
sal, a meta-analysis of 232 studies found that a 
Cho/NAA ratio >2.2 is a safe value for the pur-
pose of differential diagnosis [ 62 ]. Such wide 
variation in the reported cutoff ratio may be due 
to differences in the techniques and technical 
parameters applied. 

24.2.5.1     Tumefactive Demyelinating 
Lesion (TDL) 

 Multiple sclerosis (MS) is an acquired chronic 
infl ammatory disease for which multifocal dam-
age of the white matter is currently understood 
to be of immune-mediated nature. MS is char-
acterized by multifocal brain and spinal demy-
elination that extend over time and space with 
a certain degree of progressive and inexorable 
axonal loss. MS affects individuals of all age 
groups but generally predominates among young 
women (2.5 females to 1 male), with an inci-
dence peak between the third and fourth decades 
of life. Although the prognosis of MS is variable, 
its progression is frequently debilitating, leading 
to approximately 50 % of the patients requir-
ing walking aids within 15 years of the initial 
manifestation. 

 Acute monophasic syndromes, including 
Marburg’s variant of MS, Baló’s concentric scle-
rosis, and other tumefactive forms of idiopathic 
demyelination, may simulate primary CNS neo-
plasms and pose a certain degree of diffi culty for 
clinical and paraclinical differentiation, includ-
ing the imaging-based diagnostic methods. The 
diagnosis of the tumefactive (pseudotumoral) 
form of idiopathic demyelinating diseases may 
pose a major diagnostic challenge even for the 
histopathological assessment of lesions [ 65 ,  66 ]. 
A specifi c diagnosis is nonetheless indispensable 
as a function of the therapeutic and prognostic 
implications, whereas biopsies must be avoided 
as much as possible. 

 MRS sequences are not particularly useful in 
performing this differentiation due to the overlap 
between the fi ndings for TDLs and primary CNS 
lesions, namely, increased choline levels and 
ratios, reductions in the NAA peak, and the occa-
sional presence of lipids [ 67 ,  68 ]. Such overlap 
may lead to incorrect interpretations of the results 
of the imaging studies and consequent unneces-
sary intervention treatment. Nevertheless, in the 
case of MS-associated TDLs, the multifocal 
affection may be observed in lesions other than 
the alteration of “normal-appearing white mat-
ter,” extending beyond the limits of the tumefac-
tive lesion, by the reduction in the NAA peak and 
its ratios, or even earlier by the elevation of the 
myoinositol peak. 

 TLDs exhibit variable values on ADC maps; 
the ADCs are primarily elevated due to increased 
water content of the lesions, thus contributing 
to the differentiation between pseudotumoral 
lesions and brain abscess. However, ADC maps 
may also exhibit decreased values, possibly due 
to intramyelinic edema and acute demyelinat-
ing activity. As a general rule, the pattern of Gd 
enhancement and the occurrence of areas with 
more marked reduction in ADC values coincide 
with the external rings of the lesions, which rep-
resent the areas of active demyelination [ 69 ]. 

 Brain assessment by means of PWI (DSC- 
MRI) shows hypoperfusion inside of the lesions, 
whereas the rCBV is lower compared to the 
contralateral, normal-appearing white matter 
and substantially lower compared to  primary 
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 neoplasms, especially for high-grade and 
 secondary lesions [ 70 ]. 

 Despite the wide clinical pleomorphism and 
the various imaging patterns that are exhibited 
by idiopathic TLDs, one may assume that the 
conjunction of the data provided by clinical- 
radiological assessment, including noncon-
ventional MR imaging acquisition, allows for 
a reliable diagnosis in the majority of cases. 
It is suggested that special value be attributed 
to the presence of lesions with “open-ring” 
enhancement, a peripheral restriction on DWI, 
the occurrence of venous ectasia inside or in the 
periphery of lesions, and the characterization of 
glutamine/glutamate levels (Glx, 2.4 ppm) in 
the recognition of tumefactive demyelination 
and its appropriate differentiation from neo-
plasms (Fig.  24.8 ) [ 71 ].

24.2.5.2        Pyogenic Brain Abscess 
 Brain abscesses are infrequent but severe com-
plications of infectious processes, generally 
bacterial, that are due to the hematogenous dis-
semination of an extracranial infectious focus, the 
extension of meningeal or nasal sinus infections, 
trauma, or postoperative conditions. Moreover, 
pulmonary arteriovenous fi stulas represent a risk 
factor for the development of a brain abscess. 

 The clinical manifestations are uncharacteris-
tic, determined by the mass effect without other 
signs indicative of infection, such as fever and 
signs of meningeal irritation. Under such con-
ditions, differential diagnosis with expansive 
lesions, high-grade tumors in particular, or even 
single metastatic lesions may pose a challenge 
when it is exclusively based on the fi ndings from 
conventional sequences. Abscesses are generally 
diagnosed in their capsular stage as lesions with 
necrotic/liquefi ed centers, the contents of which 
exhibit increased signal on T2/FLAIR-weighted 
sequences, and peripheral Gd enhancement 
(ring- shaped pattern). The capsule is generally 
smooth, fi ne, and regular; it may be fi ner when 
it is more proximal to the ventricle and seldom 
exhibits irregular contours when the etiological 
agent is a pyogenic bacteria. 

 MRS sequences may be useful for differen-
tial diagnosis as its metabolic characteristics 

are unusual in other pathological processes, 
 particularly the presence of amino acids, such 
as valine, leucine, and isoleucine. These amino 
acids are the fi nal product of the proteolytic 
action of enzymes released by neutrophils within 
the area of liquefactive necrosis that occurs in 
pyogenic abscesses. Abscesses may also contain 
other metabolites, such as lactate, acetate, suc-
cinate, and alanine, which accumulate from the 
tissue necrosis and from several fermentative 
and glycolytic pathways. The presence of acetate 
and succinate has been attributed to infections by 
anaerobic bacteria [ 72 ,  73 ]. 

 Diffusion-weighted imaging (DWI) lends 
greater specifi city to diagnosis as it shows the 
restriction to the free motion of the water mole-
cules as estimated by the ADC map values inside 
of the abscess’ purulent content. Additionally, 
DWI is the functional sequence with the great-
est sensitivity and reveals ADC reduction even 
in the earliest stages of cerebritis and small-
sized lesions [ 74 ]. However, attention must be 
paid to potentially mimetic factors, including a 
 heterogeneous hypersignal on diffusion-weighted 
sequences, which is observed for tumor lesions 
with necrotic content and subacute hemorrhages 
(metahemoglobin). The presence of products of 
hemoglobin degradation alters the homogeneity 
of the local magnetic fi eld and restricts the dif-
fusivity of the water molecules. The correlation 
with other fi ndings on conventional imaging, in 
particular the sequences with greatest magnetic 
susceptibility (T2* or SWI), as well as functional 
sequences, such as PWI and MRS, contributes to 
the differential diagnosis. 

 Recently, the application of SWI to the 
 differentiation between abscess and necrotic 
glioblastoma was emphasized through the analy-
sis of the MR signal of the lesion capsule [ 75 ]. 
Although both lesions exhibit a hypointense rim 
on T2, SWI confi rms the presence of regular and 
complete contours in abscesses, in which the 
hypointense rim further coincides with the local-
ization of Gd enhancement (post-Gd T1W1). In 
addition, only abscesses exhibit the “dual rim 
sign,” which is defi ned by the presence of two 
concentric rings, of which the most external is 
hypointense (Fig.  24.9 ).

24 Functional Magnetic Resonance Techniques in CNS Tumors



578

a

c d

b

  Fig. 24.8    Tumefactive demyelinating lesion. Axial 
FLAIR image ( a ) showed an atypical lesion associated 
with vasogenic edema (pseudotumoral demyelination) 
in the right centrum semiovale. The diagnosis of mul-
tiple sclerosis was defi ned on clinical and paraclinical 
features. Axial DWI ( b ) showed concentric zones of 
restricted water diffusion ( arrow head ) that correlates 
to active demyelination characterized by an “open-ring 

 enhancement” after Gd administration. Axial T1WI 
after Gd administration was superimposed to directional 
map of DTI ( c ) to demonstrate predominant medial dis-
placement of right corticospinal tract ( arrow head ). It 
was confi rmed on tractography ( d ). MRS with short 
TE (31 ms) showed preserved NAA peak with moder-
ate elevation in choline/creatine ratio and high Glx and 
lactate peaks ( e )         
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   In pyogenic abscesses, DSC-MRI shows 
low rCBV values, contrary to the expected val-
ues for high-grade tumors. Occasionally, with 
the chronicity of the infl ammatory process, 
rCBV levels may increase in the capsule of late 
abscesses, which may hinder the differential 
diagnosis. 

 Brain abscesses may be caused by various 
etiological agents, including fungi, protozoa, and 
mycobacteria, and others. Certain particularities 
have previously been noted on conventional and 
nonconventional MR that allow for inferring the 
exact etiology [ 76 ]. Fungal abscesses occur more 
often among immunosuppressed or neutropenic 
individuals and generally exhibit irregular, ring- 
shaped Gd enhancement. Angioinvasive agents, 
such as  Aspergillus  and mucormycosis, may be 
associated with hemorrhage. Tuberculosis poses 
a diagnostic problem in several parts of the 
world, particularly among immunocompromised 
individuals, given that its progression is subacute 
and afebrile. The MR patterns differ for this con-
dition from those of the pyogenic abscesses by 
simulating primary or secondary brain neoplasms 
[ 77 ]. Within an appropriate context, the presence 
of a lipid peak in the absence of amino acids 
increases the odds of a lesion being a  tuberculosis 
abscess [ 77 ].    

24.3     The Use of PET in the 
Assessment of Gliomas 

 Structural MR imaging studies provide 
 information regarding the size and location of 
tumors and their secondary effects, such as mass 
effect, edema, hemorrhage, necrosis, and signs of 
intracranial hypertension. In comparison, posi-
tron emission tomography (PET) allows for the 
noninvasive assessment of metabolic and molec-
ular features that may lead to the development of 
customized treatment regimens and facilitate the 
assessment of pre- and posttreatment prognosis. 

 Depending on the radiotracer that is used, 
different molecular processes may be analyzed, 
although most such agents are related to intratu-
moral cell proliferation [ 78 ]. Several radiotrac-
ers were suggested to accomplish different goals 
in the assessment of gliomas, such as diagno-
sis, histological grading, surgical planning, the 
assessment of relapses, and the monitoring of 
treatment. The most important and promising 
approaches include the following: 

 Glucose metabolism – The glucose analog 
2-[18F] fl uoro-2-deoxy-D-glucose ([18F]FDG) 
is the most widely used radiotracer to measure 
the local glucose consumption, which represents 
the common pathway of the brain  neurochemical 

e

Fig. 24.8 (continued)
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