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New technology, for better or for worse, will be used, as that is our nature.

Lewis Thomas

You have been given the key that opens the gates of heaven; the same key opens the 
gates of hell.

Writing at the entrance to a Buddhist temple
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This volume discusses in detail various 
aspects of brain cancer in the series meth-
ods of cancer diagnosis, therapy, and prog-
nosis, while the already published Volumes 
1–7 detail similar aspects of the following 
cancers,

Volume 1: Breast Cancer

Volume 2: Lung Cancer

Volume 3: Gastrointestinal Cancer

Volume 4: Liver Cancer

Volume 5: Colorectal Cancer

Volume 6: Ovarian Cancer, Renal Cancer, 
Urinary Bladder cancer,

Adrenal Cancer, Cervical Cancer, Skin 
Cancer, Lymph Node Cancer,

Testicular Cancer, Wilms Tumor, Multiple 
Myeloma, and Sarcoma

Volume 7: General Overview, Head and 
Neck Cancer, and Thyroid Cancer

As in the previous seven volumes of 
this series, each chapter is written by 
distinguished, practicing clinicians/neuro-
surgeons/pathologists who provide meth-

odologies for diagnosis, and treatment of 
brain cancer. This volume was written by 
74 oncologists representing 11 countries. 
Their practical experience highlights their 
writings, which should build and further 
the endeavors of the readers in this impor-
tant area of disease. The text of each can-
cer type is divided into subheadings for 
the convenience of the readers. It is my 
hope that the current volume will join the 
preceding volumes of this series for assist-
ing in the more complete understanding 
of globally relevant cancer syndromes. 
There exists a tremendous, urgent demand 
by the public in the scientific community 
to address cancer prevention, diagnosis, 
treatment, and hopefully cure.

I am grateful to the contributors for their 
promptness accepting my suggestions. I 
respect their dedication and diligent work 
in sharing their invaluable knowledge with 
the public through this series. Each chap-
ter provides unique, individual knowl-
edge based on the expertise and practical 
experience of the authors. The chapters 
contain the most up-to-date practical and 
theoretical information. I hope that these 

Preface
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handbooks will assist the practicing read-
ers in their clinical work.

I am thankful to Dr. Dawood Farahi 
and Dr. Kristie Reilly for recognizing the 
importance of scholarship (research, writ-
ing, publishing) in an institution for higher 
education and for providing the resources 

for completing this project. I appreciate 
receiving expert help from Myrna Ortiz, 
ZiphoraSam, and Amy Vitale in preparing 
this volume.

M. A. Hayat
September 2009
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1
The World Health Organization 
Classification of the Central Nervous 
System Tumors: An Update Using Imaging
Shiori Amemiya 

INTRODUCTION

The fourth edition of the World Health 
Organization (WHO) classification of tumors 
was published in 2007. The essential altera
tions are based not only on histopathological 
findings but also on clinical behaviors and 
radiological findings of each tumor.

In this chapter, radiological aspects of 
eight newly recognized tumors of neuro
epithelial tissue will be discussed. It 
should be noted that much work remains 
to formulate an ideal classification, and 
radiological findings based on limited pre
vious reports are also susceptible to further 
alterations.

ASTROCYTIC TUMORS

Pilomyxoid Astrocytoma: WHO Grade II

Pilomyxoid astrocytoma was first summa
rized by Tihen et al. (1999), and grouped 
as a variant of pilocytic astrocytoma, rep
resenting a comparatively more aggressive 
clinical course, with a higher dissemination 
rate than in WHO classification in 2007. 
Pilomyxoid astrocytoma typically presents 
in the very young (median 10 months), 

but can also occur in older children. A 
few adult cases have also been reported 
(Linscott et al. 2008). Four cases of pilo
myxoid astrocytoma in the setting of NF1 
were reported by Khanani et al. (2006), 
Rodriguez et al. (2008), and Linscott et al. 
(2008), suggesting that it may be another 
NF1associated tumor. In regard to the 
imaging findings, Linscott et al. (2008) 
reported the largest series (n = 21), includ
ing five cases previously published as 
case reports. A large, solid hypothalamic 
tumor in a very young patient has been 
considered the classic pattern, because 
before 2004, few tumors were reported 
outside this region. Although pilomyxoid 
astrocytoma has a strong geographic pre
dilection for the hypothalamic/chiasmatic 
region, other regions such as the parietal 
lobe, temporal lobe, cerebellum, basal 
ganglia, fourth ventricle, and spinal cord 
can also be involved. Pilomyxoid astro
cytoma shows nonspecific signal intensity 
on MR images, i.e., high on T2weighted 
and low on T1weighted images with vari
able contrast enhancement. In contrast to 
the pilocytic astrocytoma, Linscott et al. 
(2008) reported that calcification is less 
frequent (10%) and intratumoral hemor
rhage is more common (12–25%).
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NEURONAL AND MIXED 
NEURONALGLIAL TUMORS

 Papillary Glioneuronal Tumor:  
WHO Grade I

Papillary glioneuronal tumor (PGNT) was 
first described by Komori et al. (1996) 
as a pseudopapillary ganglioglioneurocy
toma and, thereafter, designated as PGNT 
in expanded series detailing the clinical 
and pathologic features (Komori et al. 
1998). Patients ranged in ages from 4 to 
75 years, with the median age of 25 years. 
PGNT typically involves the cerebral 
hemispheres with or without involvement 
of the cortical gray matter. As noted by 
Komori et al. (1998), PGNT are usually 
well demarcated, composed mainly or 
partly of a cystic mass, with only mild per
itumoral edema. In most cases, a variable 
enhancement in the solid part, a cyst wall, 
and a septum is seen. Intratumoral hemor
rhage is sometimes seen (Figure 1.1), and 
this, in combination with high vascularity, 
may lead to a misdiagnosis as cavernous 
angioma as reported by Komori et al. 
(1998), and Buccoliero et al. (2006). One 
case with superficial siderosis, caused by 
intratumoral hemorrhage, ruptured into the 
ventricles were reported by Konya et al. 
(2006).

Extraventricular Neurocytoma:  
WHO Grade II

Central neurocytomalike tumors have been 
reported in a variety of locations outside 
of the supratentorial ventricular system. 
They have been termed extraventricular 
neurocytomas, and were mentioned in the 
2000 WHO classification of tumors of the 
nervous system, but remained unclassified 
until the revision in 2007.

According to the largest series (n = 35)  
reported by Brat et al. (2001), the patient 
age ranges from 5 to 76 years (median age  
37 years). Tumors affected the frontal 
(46%), parietal (23%), temporal (14%), 
occipital (11%), thalamic (3%), or hypoth
alamic (3%) regions. Extraventricular 
neurocytomas are often well demar
cated, partly or mainly cystic (57%), 
and variably enhancing masses, with 
or without peritumoral edema. They 
show nonspecific signal intensities or 
density, i.e., low on nonenhanced CT, 
low on T1weighted images, and high 
on T2eweighted images; their solid por
tion may variably appear on CT and on 

Figure 1.1. A 28yearold woman with a papil
lary glioneuronal tumor involving the corpus cal
losum and lateral ventricles. A mass with mild 
peritumoral edema shows variable signal intensi
ties on T2weighted image because of intratu
moral hemorrhage and calcification. The left dorsal 
portion (arrow) showing very high intensity on 
T2weighted image was subacute hematoma. Rim
like low intensity reflects hemoseiderin deposition
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MRI depending on the cellularity and 
degree of calcification. Extraventricular 
neurocytomas, when mainly involve the 
brain surface, would radiologically resemble 
pilocytic astrocytoma, ganglioglioma, or 
oligodendroglioma.

RosetteForming Glioneuronal Tumor of 
the Fourth Ventricle: WHO Grade I

After the initial report in 1998, a detailed 
description of rosetteforming glioneuronal 
tumor of the fourth ventricle (RGNT) was 
reported by Komori et al. (2002). RGNT is 
a midline tumor. Not only fourth ventricle, 
but also aqueduct, pineal region, cerebellar 
vermis, midbrain, and thalamus are fre
quently involved. Despite its name, at least 
one case without involvement of the fourth 

ventricle is reported. Patient age ranges 
from 12 to 59 years (mean age 33 years) 
(Preusser et al. 2007). The tumors are 
relatively circumscribed, hete rogeneous, 
partially cystic, or multiloculate lesions. 
Dense calcification is sometimes seen 
(2 of 11 in the largest series reported by 
Komori et al. (2002)). Focal and curvilin
ear, ring, or spotlike enhancement scat
tered within the lesion (Figure 1.2) seems 
to be a  characteristic feature of RGNT 
(Komori et al. 2002). Similar flaccid ring
like enhancement can sometimes be seen 
in pilocytic astrocytoma.

OTHER NEUROEPITHELIAL 
TUMORS

Angiocentric Glioma: WHO Grade I

Angiocentric glioma was proposed by two 
different groups as a distinctive epilep
togenic neoplasm that shows features of 
both infiltrating astrocytoma and ependy
moma (LellouchTubiana et al. 2005; 
Wang et al. 2005). Patient age ranges 
from 2.3 to 70 years (mean age 17 years). 
Angiocentric glioma is located mainly in 
the cortex and the subcortical white  matter 
in any cerebral lobe. Calcification is rare. 
It is reported that partial or total solid part 
of the tumor shows high intensity on non
enhanced T1weighted images (Figure 1.3) 
(LellouchTubiana et al. 2005; Preusser  
et al. (2007); Amemiya et al. 2008). This 
seems to be a characteristic feature of 
angiocentric glioma. The absence of hem
orrhage and calcification has been patho
logically proven (Preusser et al. 2007; 
Amemiya et al. 2008), and the causes 
of high intensity on T1weighted images 
remain unknown. According to the report 
by Preusser et al. (2007), the tumor shows 

Figure 1.2. A 14yearold boy with angiocentric 
glioma. Cortex and subcortical white matter in the 
left parietal lobe is involved. Reflecting its infiltra
tive nature, the lesion is seen as areas of abnor
mal intensity without displacement of surrounding 
structures. Thinning of the inner layer of adjacent 
cranial bone suggests slow growth of the tumor. 
The lesion shows high intensity on nonenhanced 
T1weighted images
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high intensity with or without highintense 
stalklike extension to the ventricle on 
T2weigted images. None of the tumors 
reported by LellouchTubiana et al. (2005), 
Preusser et al. (2007), and Amemiya et al. 
(2008) showed contrast enhancement.

TUMORS OF THE PINEAL 
REGION

Papillary Tumor of the Pineal Region: 
WHO Grade II/III

Papillary Tumors of the Pineal Region 
(PTPR) were first described as a distinc
tive entity and characterized by an epithe
liallike growth pattern, strong staining for 

cytokeratin and ultrastructural features, 
suggesting ependymal differentiation 
(Jouvet et al. 2003). Patient age ranges 
from 5 to 66 years (mean 32 years). They 
arise exclusively in the pineal region.
According to the limited radiological descrip
tions in previous reports, PTPR seems mildly 
lobulated and partially cystic, heterogene
ously enhanced masses, and usually found 
with obstructive hydrocephalus (Kern et al. 
2006). Jouvet et al. (2007) reported that 
PTPR shows nonspecific imaging features 
on MRI; i.e., iso or low on T1weighted 
images, and iso to high on T2weighted 
images with variable contrast enhancement. 
Chang et al. (2008) reported four cases 
demonstrating heterogeneous, high intensity 
on T1weighted images. No calcification or 
hemorrhage or melanin was detected in their 
series. They concluded that the causes of the 
high intensity on T1weighted images are 
unknown.

EMBRYONAL TUMORS

Medulloblastoma: WHO Grade IV

Typical appearance of a medulloblastoma 
is a welldefined vermian cerebellar mass, 
with a surrounding vasogenic edema, 
evidence of hydrocephalus and a homo
geneous enhancement on contrast material– 
enhanced images in a child lower than 
10 years of age. In a review of 233 cases 
of medulloblastoma, Nelson et al. (1991) 
found that 97% demonstrated at least 
some hyperdense region compared with 
normal cerebellar attenuation on nonen
hanced CT, 95% had marginal vasogenic 
edema and 97% had at least some enhance
ment. However, variance from this imaging 
appearance is common. Typical ‘uniformly 
hyperdense CT appearance’ is considered 

Figure 1.3. A 13yearold girl with RosetteForming 
Glioneuronal Tumor of the fourth ventricle, pre
sented with obstructive hydrocephalus. A hetero
geneous mass with cystic part occupies the fourth 
ventricle and the aqueduct of cerebrum with brain 
stem involvement. Flaccid curvilinear enhancement 
scattered in the mass is seen on contrastenhanced 
T1weighted image
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to reflect high cellular density of small 
round cells, which was seen only in 30% of 
the cases. Cyst formation and calcification 
were reported to be seen in 59% and 22% 
of the cases respectively. Also, reflecting 
its high cellular density, medulloblastoma 
often shows iso intensity on both T1 and 
T2weighted images.

Medulloblastoma with Extensive 
Nodularity: WHO Grade IV

Medulloblastoma with extensive nodu
larity (MBEN) is a variant of medullob
lastoma, which was previously known 
as cerebellar neuroblastoma. Giangaspero 
et al. (1999) reported 11 cases of this type 
of the tumor, and adopted the descrip
tive term medulloblastoma with extensive 
nodularity instead of cerebellar neurob
lastoma to avoid confusion with supraten
torial primitive neuroectodermal tumor 
known as cerebral neuroblastoma. MBEN 
occurs primarily in children lower than 3 
years of age. As reported by Giangaspero 
et al. (1999) and Rutkowski et al. (2005), 
MBEN is associated with more favorable 
outcomes than those with classic medul
loblastoma. A well demarcated, nodu
lar grapelike appearance and a clearly 
depicted tumor extension on crosssec
tional images characterize MBEN. In four 
of the ten lesions, the nodular structures 
were contained within a large welldelim
ited macrocyst separating the tumor from 
the surrounding brain (Giangaspero et al. 
1999). The macrocyst grew in the vermis, 
compressing the fourth ventricle or in the 
cerebellar hemisphere, distorting and dis
placing the fourth ventricle.

Solid tumor components of MBEN are 
reported to be similar in density/ signal pat
tern to classic medulloblastoma on nonen

hanced CT or MRI. MBEN shows iso or 
slightly high density on CT scans, and iso 
to low intensity on T1weighted images, 
and iso to high intensity on T2weighted 
images. Surrounding edema may be seen 
as areas of high intensity on T2weighted 
images. Solid components show marked to 
moderate contrast enhancement.

Anaplastic Medulloblastoma:  
WHO Grade IV

Anaplastic medulloblastoma was first 
proposed by Brown et al. (2000) who 
reviewed 495 medulloblastomas. Sharing 
some features with the largecell variant, 
17 of the tumors showed highly  anaplastic 
features, and were characterized by marked 
nuclear pleomorphism, cellcell wrapping, 
and high mitotic activity, often with atypical 
forms. These tumors were designated as 
anaplastic medulloblastoma. According to 
their studies, the prognosis of  anaplastic 
medulloblastoma was markedly inferior 
compared to classic medulloblastoma. 
Accor ding to the report of Helton et al. 
(2004) that described five cases of a large 
cell/ anaplastic medulloblastoma, large 
cell/ anaplastic medulloblastoma can show 
 similar characteristics to those shown by 
classic medulloblastomas. Because atypi
cal imaging features are not rare in classic 
medulloblastomas, as mentioned above, 
discrimination between classic medullob
lastomas and large cell/ anaplastic medul
loblastoma is challenging.
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2
Brain Tumor Imaging: European 
Association of Nuclear Medicine 
Procedure Guidelines
Thierry Vander Borght, Susanne Asenbaum, Peter Bartenstein, Christer Halldin, 
Özlem Kapucu, KoenVan Laere, Andrea Varrone, and Klaus Tatsch 

BACKGROUND INFORMATION 
AND DEFINITIONS

The most widely used tracer in oncology 
is FDG, a glucose analogue. It is actively 
transported across the blood-brain-barrier 
(BBB) into the cells where it phosphorylated 
by hexokinase, then effectively ‘trapped’ 
intracellularly because dephosphorylation is 
slow. FDG uptake is enhanced in tumors due 
to both increased transport and phosphor-
ylation. In the brain, however, high glucose 
utilisation by normal grey matter hampers 
the detection of tumor tissue by FDG-PET, 
depending on the metabolic grade of the 
tumor. Coregistration with structural data is 
then required for more sensitive analysis.

In comparison with FDG, better tumor 
delineation is reported for radiolabeled 
amino acid. Among them, [methyl-11C]-
L-methionine (MET) used in conjunc-
tion with PET is the most frequently 
used (Chen 2005). In an effort to over-
come the disadvantages of its short half-
life and complex metabolism and despite 
a changed amino acid structure, several 
fluoro- and iodo-amino acid analogs have 
been developed. These agents include  
3-[123I]iodo-a-methyl-L-tyrosine (IMT) for 
SPECT and O-(2-[18F]fluoroethyl)-L-tyro-

sine (FET) for PET, which are transported 
by the same specific amino acid transport 
system L as MET, but are not incorporated 
into proteins (Langen et al. 2002). Their 
rapid accumulation into brain tumors is 
independent of BBB disruption. Among 
the 18F-labeled amino-acids, FET has been 
selected as a representative of this category 
due to ease of synthesis, high in vivo 
stability, and fast brain and tumor uptake 
kinetics. Other natural or artificial amino 
acids have been labeled to measure tumor 
metabolism, but they are beyond the scope 
of these guidelines. Despite differences in 
blood clearance, uptake kinetics, and rela-
tion to protein synthesis, MET, IMT, and 
FET show similar results in the diagnostic 
evaluation of cerebral tumors, supporting 
their parallel review in these guidelines.

COMMON INDICATIONS

Indications

In the brain, glucose metabolism provides 
~95% of adenosine triphosphate (ATP) 
required for brain function. Under physi-
ological conditions glucose metabolism 
is tightly connected to neuronal activity. 
Besides neurooncology, FDG is indicated 
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for a number of diagnostic questions in 
dementing disorders, epilepsy, and move-
ment disorders, which are beyond the scope 
of this chapter (Bartenstein et al. 2002).

Detection of Viable Tumor Tissue

Conventional CT and MRI techniques can-
not reliably differentiate viable tumor tis-
sue from treatment-induced nonneoplastic 
changes, such as oedema, postoperative 
changes or radiation necrosis. FDG-PET 
can be used in differential diagnosis of  
cerebral space occupying lesions and 
detection of viable tumor tissue (i.e., recur-
rence). Radiolabeled amino acid imaging 
is, however, superior to FDG-PET in con-
firming low-grade recurrence (Mehrkens 
et al. 2008; Van Laere et al. 2005).

Tumor Delineation

Radiolabeled amino acid tracers are supe-
rior to CT and MRI for estimation of 
true tumor extension in low as well as in 
high-grade gliomas (Kracht et al. 2004). In 
low grade tumors, oedema surrounding the 
tumor cannot be differentiated from tumor 
cell infiltration with MRI or CT. In ana-
plastic astrocytomas and glioblastomas, too, 
the area of contrast enhancement does not 
reflect tumor extent correctly. Radiolabeled 
amino acid tracers are also superior to FDG 
for tumor delination in low-grade tumors, 
for which FDG uptake is found to be 
decreased compared with normal cortex or 
basal ganglia. The higher ratio for labeled 
amino acid tracers is due to the lower uptake 
of radioactivity in normal brain tissue. This 
is in sharp contrast with FDG with its high 
uptake in normal brain tissue, which can 
obscure delineation depending on the tumor 
glucose rate. With FET, however, large brain 
vessels might be visualised as blood pool 
radioactivity exceeds radioactivity in the 
normal brain tissue (Pauleit et al. 2003).

Selecting the Best Biopsy Site

Stereotactic biopsy remains the gold standard 
in the classification and grading of glioma. 
However, histopathological grading may 
be limited by sampling error due to well-
known heterogeneity of gliomas or may not 
in all instances predict the biological behav-
ior of brain tumors and thus the patient’s 
prognosis. FDG as well as labeled amino 
acids imaging is recommended to guide the 
stereotactic biopsy (Pirotte et al. 2004).

Non-invasive Tumor Grading

The role of labeled amino acids in the 
grading of cerebral gliomas is controversial 
and FDG-PET appears better suited to dif-
ferentiate between tumor grades (Kaschten 
et al. 1998). MET and IMT uptake tends 
to correlate with cell proliferative activity 
and MET uptake with microvessel den-
sity (Kracht et al. 2003). Radiolabeled 
amino acid imaging may aid in differenti-
ating high-grade gliomas from histologi-
cally benign brain tumors or nonneoplastic 
lesions (Floeth et al. 2008). The intensity 
of MET uptake may represent a prognostic 
factor for WHO Grade II and III tumors 
considered separately. Oligodendroglioma 
and oligo-astrocytoma could have greater 
uptake than high-grade gliomas. In con-
trast to MET (Moulin-Romsee et al. 2007), 
dynamic FET PET imaging has recently 
shown to allow differentiation of low versus 
high grade brain tumors on an individual 
patient basis. Time activity curves show 
slight increase in low grade gliomas, whereas 
high grade gliomas present with an early 
peak (10–20 min) followed by a decrease 
(Popperl et al. 2007).

Therapy Planning

In conjunction with anatomical imaging, 
radiolabeled amino acid imaging may be 
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used to better define the tumor volume to 
resect or irradiate (Levivier et al. 2004; 
Vees et al. 2009; Weber et al. 2008).

Tumor Response

FDG as well as labeled amino acid uptake 
changes may predict the response to loco-
regional chemo- and radiotherapy as it 
may allow early detection of residual 
tumor after surgery (Brock et al. 2000; 
Galldiks et al. 2006).

Contraindications (Relative)

Pregnancy (mothers should interrupt  –
breast feeding for 24 h if PET is indi-
cated; no data are available for IMT).
Evident lack of cooperation or unability  –
to cooperate.

PROCEDURE

Patient Preparation

Prearrival

Patients should be informed of the proce-
dure to fully cooperate.

Preinjection

Patient should be fasting for at least 4 h 
for FDG as well as for radiolabeled amino 
acids: the former to allow for optimal 
cerebral FDG uptake not influenced by 
increased serum glucose levels and the latter 
to ensure stable metabolic conditions.

Prior to the FDG administration, blood 
glucose levels should be checked. When 
hyperglycemia is present (>160 mg/dL), 
there is increased competition of elevated 
plasma glucose with FDG at the carrier 
enzyme and, because it is usually associ-
ated with high intracellular glucose levels, 
also at hexokinase. Therefore, FDG uptake 

is reduced in whole brain and stochastic 
noise is increased. In addition, decreased 
contrast of white and grey matter uptake 
can be expected, which might further 
decrease diagnostic accuracy. Acute cor-
rection of hyperglycemia with insulin usu-
ally does not improve brain image quality 
substantially, probably because the correc-
tion of increased intracellular glucose level 
lags behind the correction of the plasma 
glucose level. Quantitation of regional cer-
ebral glucose metabolism with FDG-PET 
also requires steady state conditions which 
are not maintained during falling plasma 
glucose levels after application of insulin. 
Best results for clinical FDG-imaging in 
the brain of diabetics can be achieved in 
an euglycaemic situation during adequate 
therapeutic management.

To avoid variation of FDG uptake in 
normal brain tissue, several minutes before 
FDG administration and during the uptake 
phase of FDG (at least 20 min), patients 
should be positioned comfortably in a quiet, 
dimly lit room. They should be instructed 
not to speak, read or otherwise be active. 
It is desirable to have the cannula for i.v., 
administration in place 10 min before FDG 
administration.

Because the L-type amino acid trans-
porter is an exchanging transporter the 
influence of plasma amino acid concentra-
tions on the uptake of MET, FET, and IMT 
is complex. On the one hand, there is com-
petitive inhibition of the transport system 
by natural L-amino acids, reducing radiola-
beled amino acid uptake in tumor tissue. On 
the other hand, preloading with amino acids 
has been shown to increase tumor uptake 
of radiolabeled amino acids; the unlabeled 
intracellular amino acids being transported 
outside by the L-transporter in exchange 
for radiolabeled amino acids in the plasma 
(Lahoutte et al. 2002). For IMT, block the 
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thyroid gland by an adequate regimen (e.g., 
perchlorate 1,000 mg given at least 30 min 
prior to injection) to prevent possible 
thyroid uptake of free radioactive iodine.

Information Pertinent to Performance  
of the Procedure

Patient history with particular focus on  –
previous surgery and/or radiation thera-
py as well as current and past neurologi-
cal or psychiatric status.
History of diabetes, fasting state. –
Information regarding recent morpho- –
logical imaging studies (CT, MRI).
Current medication and when last taken,  –
especially psychotropic pharmaceuticals. 
These may influence regional metabolic 
rate of glucose (rCMRGl).
Patient’s ability to lie still for 20–40 min  –
for PET to ~1 h for SPECT.

Precautions and Conscious Sedation

Continuous supervision of the patients  –
during the whole scanning procedure is 
necessary. This is especially important 
for patients with tumor associated sei-
zures.
In uncooperative patients, it may be  –
worthwhile to apply conscious sedation 
(e.g., by a short acting benzodiazepine 
such as i.v., midazolam). For FDG, ad-
ministration should take place at least 
20 min after tracer injection, preferably 
starting only a few minutes before data 
acquisition.
Appropriate monitoring (pulse-oxym- –
etry) should be performed to recognize 
the possibility of cardiopulmonary de-
pression and appropriate antidote/emer-
gency backup should be foreseen. Doses 
of sedation should be reduced in elderly 
patients.

Radiopharmaceutical

Radiopharmaceutical

[ – 18F]Fluoro-2-deoxyglucose (FDG).
3-[ – 123I]Iodo-a-methyl-L-tyrosine (IMT).
[Methyl- – 11C]-L-methionine (MET).

 – O-(2-[18F]Fluoroethyl)-L-tyrosine 
(FET).

Recommended Dosage

The dose recommendations for FDG, 
MET, and FET mentioned here are valid 
for full ring dedicated PET-cameras with 
BGO-crystals in 3D-mode.

FDG: in adults, 125–250 MBq (typically  –
150 MBq) in 3D-mode. In children, 2–4 
MBq/kg in 3D-mode with a minimum 
of 10 MBq in newborn infants.
IMT: 100–400 MBq (typically 185  –
MBq).
MET: 200–250 MBq. –
FET: 200–250 MBq. –

The administered dose may increase 
using 2D-mode and vary for other systems 
according to differences in sensitivity. For 
the radiolabeled amino acids, the activity 
to be administered to children should be 
a fraction of the adult activity calculated 
from body weight according to the fac-
tors given by the EANM Pediatric Task 
Group.

Radiation Dosimetry (Table 2.1)

Radiation Dosimetry of Brain Transmission 
Scans

Based on transmission scans of 10 min 
and CT-based scans of 5–10 s, the effec-
tive doses per scan are: 20–30 µSv for 
Germanium-based transmission, ~20 µSv 
for low-dose high-speed CT, and between 
220 and 450 µSv for high-quality CT.
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Data Acquisition

 Time Delay from Injection to Beginning  
of Data Acquisition

Whatever the tracer, it is recommended  –
to use a fixed acquisition period to ensure 
that data are comparable between subjects 
and in intraindividual follow-up studies.
FDG: the acquisition should not start  –
earlier than 30 min p.i. Better contrast 
between grey and white matter as well 
as between tumor and normal brain tis-
sue can be achieved with a longer time 
interval between FDG administration 
and data acquisition (e.g., 3–8 h for 
tumors) (Spence et al. 2004).
IMT: 15 min p.i. –
For MET or FET, many centers start a  –
dynamic 40 min acquisition just after 
tracer injection. Image from 20 to 40 p.i. 
is used for the clinical reading.

Set Up for Data Acquisition

Patients should void prior to acquisition for 
maximum comfort during the study and 
should be advised to void after the scan ses-
sion to minimize radiation exposure. They 
should also be informed regarding the total 
acquisition time and positioned for max-
imum comfort. Because postprocessing 
routines allow correcting for minor obliq-
uities of head orientation, patients’ comfort 
(which reduces the probability of motion 
during acquisition) is more important than 
perfect alignment of the head. Careful 

positioning of the patient’s head may, how-
ever, become critical if tomographic cam-
eras with a field of view similar to or 
smaller than the length of brain are used. 
The patient has to be informed regarding 
the necessity to avoid (voluntary) move-
ments of the head and has to be asked for 
her/his active cooperation. If cooperation 
is poor sedation may be used. The patient’s 
head should be only lightly restrained. If 
movement artefacts can be expected, it can 
be helpful to perform dynamic acquisition 
over the intended period of time, check the 
sinograms and add only the sinograms of 
the properly acquired time period prior to 
reconstruction.

FDG, MET or FET Positron Emission 
Tomography

 – Transmission scan. If attenuation correc-
tion is based on transmission images, 
better results are generally achieved when 
the images are acquired before tracer in-
jection. If additional postprocessing like 
segmentation is performed, the images 
may be obtained after injection of radi-
otracer. Acquisition counts collected may 
vary between the PET-systems and the 
postprocessing procedures used. Insti-
tutions using standard full ring dedicated 
PET cameras with an axial field of view 
over 16 cm typically acquire transmission 
images of more than >100 million counts 
over 10–20 min. In the case of PET-CT 
system, the CT scan can be used for the 

Table 2.1. Radiation dosimetry of FDG, IMT, MET, and FET

Organ receiving the largest radiation dose (mGy/MBq) Effective dose (mSv/MBq)

FDG adults 0.17 Bladder wall 0.019
FDG children (5 years) 0.48 Bladder wall 0.050
IMT 0.047 Bladder wall 0.0073
MET 0.091 Bladder wall 0.0074
FET 0.072 Bladder wall 0.023

Calculations based on (Schmidt et al. 1997), ICRP 53 (addenda 4 and 5) and ICRP 80.
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purpose of attenuation correction. The 
scanning parameters may vary accord-
ing to the type of CT scanner. Usually 
the tube voltage is set at 140 kV, which 
permits the conversion of the Hounsfield 
units into attenuation coefficients at 511 
keV. The CT scan can be performed after 
the injection of FDG and has the advan-
tage to significantly reduce the total scan 
time (usual duration is <10 s). However, 
the dose of the CT scan to the patient can 
be reduced by lowering the tube current 
(see radiation dosimetry above) if ana-
tomical information is not needed. When 
performing PET-CT of the brain it is 
recommended to check for movements 
between the CT and the PET sessions, 
which might produce artefacts in the 
attenuation correction.

 – Emission scan. As semiquantitative es-
timates of tumor-to-background uptake 
ratios are typically used, it is recom-
mended to use a standardized acquisi-
tion protocol with a fixed time for start 
of acquisition to make the data of dif-
ferent patients or repeated scans com-
parable. If data are acquired in 3-D 
mode, appropriate scatter correction 
is mandatory. The duration of emis-
sion image acquisition should be re-
lated to the minimum required number 
of counts. For FDG, typically data are  
acquired over 15–30 min aiming 
to collect 50–200 million counts. 
Even though shorter acquisition 
times can still be used for diagnos-
tic pattern evaluation (Chen et al.  
2005), a minimum of 15 min in 3D 
mode is advocated. For MET and FET 
typically data are acquired for 20 min 
(20–40 min p.i.), often supplemented 
by dynamic data starting directly with 
tracer injection.

IMT Single Photon Emission Tomography

Multiple detectors (triple or dual head)  –
or other dedicated SPECT cameras for 
brain imaging should be used for ac-
quisition. Single detector units cannot 
generally be recommended. They may 
only be used if scan time is prolonged 
appropriately, a dose in the upper sug-
gested range is applied, and meticulous 
care is taken to produce high-quality 
images.
LEHR or LEUHR parallel-hole colli- –
mators are the mostly available collima-
tor sets for brain imaging. All purpose 
collimators are not suitable. The use of 
medium energy collimators could be 
advantageous; however, usually they 
are hampered by a low sensitivity. They 
may only be used if acceptable count 
rates are obtained. If available, colli-
mator sets specifically adapted to the 
characteristics of 123I may be used. Fan-
beam collimators may be generally pre-
ferred over parallel-hole collimators due 
to the advantageous trade-off between 
resolution and count rate capability. The 
acquisition parameters are summarized 
in Table 2.2.

Table 2.2. Acquisition parameters for IMT-SPECT

– Rotational radius: smallest possible with appropriate patient 
safeguard

– Matrix: 128 × 128
– Angular sampling: £3° (360° rotation)
– Zoom: acquisition pixel size should be 1/3–1/2 of the 

expected resolution; therefore it may be necessary to use a 
hardware zoom to achieve an appropriate pixel size

– Acquisition mode: Step and shoot mode is predominantly 
used. Continuous mode acquisition may provide shorter 
total scan time, reduce mechanical wear to the system and 
improve patient comfort

– Total scan time: depending on the imaging device, typical 
scan time for a triple head camera is about 30–50 min (e.g., 
120 projections; 40 projections per head; 60 s/projection)
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Image Processing

PET Reconstruction

Images are reconstructed in the form of 
transaxial images of at least 128 × 128 pix-
els, a usual pixel size is 2–4 mm. Commonly 
used filters are Hanning or Shepp-Logan 
but they should be fine-tuned depending 
on application, injected activity, camera 
and acquisition type and even physician’s 
preference. Iterative reconstruction meth-
ods, including ordered-subset expectation 
maximization (OSEM) are also available, 
may improve target-to-background ratio 
and are used on many recent PET and 
PET-CT systems.

SPECT Reconstruction

Review of projection data: unprocessed  –
projection data should be reviewed in cin-
ematic display prior to filtering to assess 
presence and degree of motion artifacts, 
target-to-background ratios and other po-
tential artifacts. Inspection of projection 
data in sinogram form may also be useful.

 – Reconstruction of the entire brain vol-
ume at highest pixel resolution (i.e., one 
pixel thick) using filtered backprojec-
tion or iterative reconstruction.

 – Filtering: data should be filtered in all three 
dimension (x,y,z). This can be achieved 
either by two-dimensional prefiltering 
the projection data or by applying a 3-di-
mensional postfilter to the reconstructed 
data. Low-Pass (e.g., Butterworth) filters 
should generally be used. Resolution re-
covery or spatially varying filters have to 
be used with caution, as they may pro-
duce artifacts. Therefore, the latter can-
not be recommended for general use.

 – Attenuation correction: Attenuation cor-
rection has to be performed. It could be 
performed either using a measured cor-

rection matrix or a calculated homoge-
neous correction matrix according to 
Chang (linear attenuation coefficient for 
123I: µ = 0.10−0.12 cm-1). Shape contour-
ing should be used if available. Contours 
should include scalp and not just grey 
matter. Contours should be defined for 
each individual transaxial slice. Correct 
shape and position of the contours should 
be reviewed prior to calculation of the 
corrected slices. In the case of SPECT-
CT systems, the CT component of the 
scan can be used to perform the attenua-
tion correction (Delbeke et al. 2006).

Reformatting of PET and SPECT Images

Transaxial slices have to be reformatted into 
three orthogonal planes. Generate trans-
verse sections parallel to a given anatomic 
orientation (e.g., AC-PC line), assuring 
a high degree of standardization in plane 
orientation. In addition, coronal sections 
orthogonal to the transverse sections and 
correct for obliquities should be created.

 Comparative Evaluation

ROI techniques need to be used to assess 
tumor uptake. ROI definition depends on 
the question to be answered (e.g., based on 
the area of maximal uptake or on the mor-
phological information obtained by CT 
or MRI). When using quantitative criteria 
for image interpretation the same methods 
for ROI definition as described in the cor-
responding study in the literature should 
be applied.

Interpretation Criteria

Visual Interpretation

The images should be critically examined 
during interpretation for the presence of 
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movement, attenuation or camera related 
artefacts. Data evaluation must consider 
relevant morphologic information (CT, 
MRI). Morphologic changes should be 
known for the interpretation. In many 
cases it is recommended to fuse FDG or 
amino-acid images with the CT or MRI 
scan of the individual, especially to better 
delineate tumor extent or to identify accu-
rately the metabolically most active part of 
a brain tumor prior to biopsy. In PET-CT 
or SPECT-CT systems, fused images can 
be immediately visualised after image 
reconstruction without the need of specific 
software for image registration. Images 
should be read on the computer screen 
rather than from hard copies, because this 
allows variation in color table and adjust-
ments of background subtraction or con-
trast. However, inappropriate thresholding 
may result in artefacts and use of non-
continuous color tables may overestimate 
findings due to abrupt color changes.

 Quantification

Quantification is helpful in assisting visual 
interpretation and to objectify tumor uptake 
of FDG or labeled amino acids. Usually 
transverse/oblique slices are picked for 
ROI definition. For evaluation either only 
the slices with the highest lesion uptake 
are picked or the entire tumor volume is 
taken into account. Interpretation of quan-
titative results is based on the compari-
son of tumor-to-background uptake ratio. 
The exact threshold value depends on the 
tracer, the techniques used for acquisition 
and ROI definition, and the question to 
be answered. It should be compared with 
the corresponding studies in the litera-
ture. For example, the best cutoff level of 
FDG uptake ratios in the differentiation of 
high-grade from low-grade tumors is 1.5 

for tumor-to-white matter ratios and 0.6 
for tumor-to-cortex ratios (Delbeke et al. 
1995). 1.8 is the best cutoff value of the 
IMT uptake ratio between mean uptake in a 
90% isocontour tumor ROI and that in the 
contralateral reference region, to differen-
tiate between gliomas from nonneoplastic 
lesions (Kuwert et al. 1996) as well as 
between recurrent tumors and benign pos-
therapeutic lesions (Kuwert et al. 1998). 
Peak tumor activity-to-contralateral refer-
ence region >1.7 after tumor resection with 
IMT (Weber et al. 2001) or >2.0 in patients 
suspicious for recurrence with MET (Van 
Laere et al. 2005) is of poor prognosis. 
When using the ratio between the mean 
activity in a 25 mm2 tumor ROI and that in 
the mirror reference region, 1.6 is the best 
threshold value to characterize neoplastic 
tissue with FET (Pauleit et al. 2005).

Estimation of the rCMRglc can be per-
formed by compartmental modelling or 
using graphical analytic approaches. A cor-
rection factor, the so called “lumped con-
stant”, can be used to convert the FDG values 
to values reflecting glucose metabolism. 
Such factor is however, lower in normal 
brain compared to that of glioma (Spence 
et al. 1998), so that semiquantitative esti-
mates of glucose metabolism such as the 
SUV (standardised uptake value) are typi-
cally preferred for tumor imaging. For this 
kind of quantification, standardised acqui-
sition times are mandatory. A static image 
is sufficient, typically acquired at 30 or 60 
min p.i. (after FDG has reached a plateau 
concentration in the lesion). In addition, the 
exact total dose of FDG administered and 
the patient’s weight and height for meas-
urement of body surface area are required. 
A calibration factor is also needed. These 
semiquantitative estimates can be corrected 
for blood glucose concentration.
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Reporting

General

The report should include all pertinent 
information, including the name of the 
patient and other identifiers, such as birth 
date, name of the referring physician(s), 
potentially interfering medications, type 
of examination, date of examination, radi-
opharmaceutical, including administered 
dose, glycemia for FDG, and patient his-
tory, including reasons for requesting the 
study.

Body of the Report

Procedures and materials. Include in the  –
report a brief description of the imag-
ing procedure (i.e., type of transmission 
and emission imaging) and assessment 
of scan quality (if compromised give the 
reason, e.g., motion artifacts etc.). If se-
dation is performed, briefly describe the 
procedure, including type and time of 
medication given in relation to the radi-
otracer injection.
Findings. Describe whether the FDG or  –
amino acid imaging finding is normal or 
abnormal. If findings are abnormal, de-
scribe the location and intensity of abnor-
mal radiotracer uptake. State what criteria 
were used for interpretation (visual as-
sessment or semiquantitative measures).
Limitations. Where appropriate, iden- –
tify factors that can limit the sensitivity 
and specificity of the examination (i.e., 
movement, small lesions).
Clinical issues. The report should ad- –
dress or answer any pertinent clinical 
issues raised in the request for the imag-
ing examination.
Comparative data. Results of morpho- –
logical imaging modalities (CT, MRI) 
are essential for interpretation. Every 

attempt should be made to obtain the 
images of these studies and not only the 
written interpretation for comparison 
with the PET or SPECT studies. Com-
parisons with these imaging modalities, 
previous examinations with radiolabeled 
amino acids or FDG-PET (if available), 
should be part of the report.

Interpretation and Conclusion

A precise diagnosis should be given when-
ever possible. Interpretation should be 
based on the results of the visual and more 
important quantitative evaluation and con-
clude on whether an abnormal FDG or 
radiolabeled amino acid brain uptake is 
visualized (e.g., its extent and character-
istics such as inhomogeneity) keeping in 
mind the potential sources of error (see 
Table 2.3). When appropriate, follow-up 
or additional studies should be recom-
mended to clarify or confirm the suspected 
diagnosis.

Table 2.3. Sources of error (see also Cook et al. 1999)

– Artifacts (patient movement, camera related, induced by 
inappropriate processing)

– No or insufficient attenuation correction
– Physiologic MET uptake in the pituitary gland, contrasting 

with that of IMT, and sometimes in choroids plexus
– Small regional differences of normal brain uptake in normal 

brain emphasizing the careful choice of an appropriate 
reference region

– False-negative results for radiolabeled amino acids in ~20% 
of untreated low-grade gliomas, especially those poorly 
vascularized. False-negative results are, however, very rare 
in pretreated recurrent low-grade gliomas

– High tumor uptake does not always indicate high-grade 
glioma (oligodendroglioma, low-grade desmoplastic infan-
tile ganglioglioma, pilocytic astrocytoma)

– Mild uptake of radiolabeled amino acids can be observed in 
brain hematoma or close to surgery and/or radiation therapy, 
brain abscess, acute or subacute ischemic lesions, appar-
ently in postischemic hyperperfusion areas, or focal cortical 
dysplasia

– Soft tissue or skull uptake following surgery in the area of the 
skull or brain

– Recent radio- or chemotherapy
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ISSUES REQUIRING FURTHER 
CLARIFICATION

In clinical diagnostic settings, the exact role 
of partial volume correction methods or of 
attenuation correction with MRI need to be 
further evaluated. The clinical impact of 
image fusion for planning stereotaxic sur-
gery or radiotherapy (e.g., gamma-knife), 
especially for the treatment of patient with 
suspected recurrences, also requires further 
clarification. Other 18F-labeled amino acid 
analogues for brain tumor imaging are cur-
rently under development. Among them 
FDOPA is the most studied. When proofs 
of its clinical utility accumulate, FDOPA 
could be another tracer to include in an 
amended version of the guidelines.
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Assessment of Heterogeneity in Malignant 
Brain Tumors
Timothy E. Van Meter, Gary Tye, Catherine Dumur, and William C. Broaddus 

INTRODUCTION

The Problem of Heterogeneity and Its 
Clinical Significance

Primary malignant brain tumors are highly 
lethal cancers and vary in their histology, 
due to the many cell types in the brain and 
also the multipotent cells of origin (Singh 
et al. 2003, 2004). The most notorious 
among these is glioblastoma multiforme 
(GBM), the most aggressive glioma sub-
type, carrying the highest World Health 
Organization (WHO) grade of IV. As the 
name suggests, GBM can have features of 
several cell types, which can be regionally 
distinct, depending on the evolution of the 
tumor from CNS precursor cells. The var-
ied cellular composition of these tumors 
can give rise to differences in phenotype, 
which alter therapeutic response. To better 
characterize the varied molecular pheno-
type of malignant brain tumors, we devised 
methodology which utilizes preoperative 
MR imaging to define areas of interest for 
stereotactic biopsy, image guided biopsy, 
followed by nucleic acid extraction with an 
“in-process” histopathological scoring dur-
ing tissue processing. The procedure is fol-
lowed by molecular phenotyping using any 

highly reliable oligonucleotide microarray 
platform for molecular characterization. 
We have used Affymetrix gene expres-
sion microarrays due to the high reproduc-
ibility of these assays. The global gene 
expression profiling approach also allows 
a highly robust analysis to be performed 
on individual tumors, revealing a much 
more complete assessment of the overall 
molecular phenotype. Using this technique, 
significant differences in gene expression of 
important therapeutic targets were revealed, 
demonstrating the potential impact of the 
technique (Van Meter et al. 2006).

Previous Studies Assessing Molecular 
Heterogeneity of Tumors

Use of multiple biopsies for tumor assess-
ment is regularly employed for histological 
assessment in routine diagnostic surgical 
pathology and has also been a feature of 
previous studies examining tumor associ-
ated gene expression. The examination of 
hallmark molecular genetic changes in glio-
mas, such as in the epidermal growth factor 
receptor (EGFR/ErbB1) gene alteration, 
were studied using multiple biopsy sam-
ples, some of which were defined region-
ally as tumor periphery or core samples 
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(von Deimling et al. 1993). Interestingly, 
mutations and gene amplification in the 
EGFR gene, a major therapeutic target, 
were increased in the tumor periphery of 
some of the tumors examined in a similar 
study, near the invasive, highly mitotic 
edge of growing glioblastomas. This per-
haps demonstrates a difference in selec-
tion pressures in different tumor regions 
(Okada et al. 2003). This suggested to us 
that refined techniques might reveal other 
important aspects of tumor biology that 
derive from regional micro-environmen-
tal pressures and/or anatomical structures, 
including previously uncharacterized genes 
or metabolic processes. Other studies have 
looked at regional biopsies using immuno-
histochemistry to assess differences in pro-
tein expression of therapeutic targets. Vince 
et al. (1999) examined regional differences 
in tumor-associated matrix metalloprotei-
nases (MMPs), and found that expression 
levels of the candidate MMPs varied con-
siderably depending on the sampling area. 
Similarly, Raithatha et al. (2000) found 
that certain MMPs and their endogenous 
inhibitor proteins, the tissue inhibitors of 
MMPs (TIMPs), were preferentially asso-
ciated with different tumor compartments, 
including association of MMP-9 primarily 
with the vasculature, whereas other MMP 
types were more widespread throughout 
the tumor. Each of these studies highlights 
the fact that important differences can exist 
in different tumor areas, which can impact 
both assessment of tumor pathology and 
therapeutic response. With the advent of 
global gene expression profiling techniques 
such as DNA microarrays, and the increas-
ingly high throughput advances in tissue 
processing, a much more robust charac-
terization of multiple tumor regions can 
be accomplished. Improving the success 

of therapy for malignant brain tumors is 
imperative. The technique that follows rep-
resents one molecular diagnostic method 
that can define in exquisite detail the under-
lying biology of an unknown tumor, with 
great impact on the course of treatment.

Use of Stereotactic Neuroimaging 
Systems for Tumor Sampling

There are two main stereotactic neuroimag-
ing systems in widespread use for image-
guided stereotactic neurosurgery, the first 
being the imaging station from BrainLab 
(Westchester, IL, USA), and the other, 
which we have used exclusively for the 
current techniques, from Medtronic, the 
Stealth Neuroimaging Station (Louisville, 
CO, USA). Each imaging console allows 
the use of preoperative MR image series to 
be uploaded and used for stereotactic navi-
gation during surgery. One enabling feature 
of the neuroimaging stations is the ability 
to take snap shots of precise locations 
for biopsy during surgery. Using a foot 
pedal control, the neurosurgeon can gain a 
captured image (screen shot) of a specific 
location of interest, immediately prior to 
biopsy. The main difference between the 
two systems lies in the appearance of the 
software interface and its functionality. 
Both systems should perform equally well 
for the following protocols.

METHODOLOGY

Description of Method

The procedure consists of four main steps: 
(1) Neuroimaging guided stereotactic 
biopsy and storage of specimens; (2) cut-
ting of serial frozen sections and in proc-
ess histopathological assessment, (3) RNA 
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extraction from serial frozen sections and 
probe synthesis, and (4) microarray hybrid-
ization, imaging and data analysis. The 
nuances of each step are presented below.

MRI-Guided Stereotactic Biopsy

Initial biopsy of the tumor is first obtained 
to allow full neuropathological evalua-
tion and diagnosis, as required for the 
clinical management of the patient’s dis-
ease. Following this, tumor samples are 
obtained that would otherwise have been 
discarded as surgical waste. The site of 
origin of tumor samples is planned preop-
eratively or intraoperatively by selecting 
areas of interest based on pre- and post 
contrast images. Figure 3.1a–c demonstrates 

use of the Stealth Neuroimaging station 
to assess tumor pre- and intra-operatively. 
Generally, T1 weighted images are used. 
Biopsies can then be excised on the 
periphery of tumor, in the enhancing 
mass, in which a lower percentage of 
necrotic and hypoxic or peri-necrotic 
cells was expected, and selecting areas of 
tumor within the poorly enhancing central 
core of the tumor mass, in which a high 
percentage of necrosis is expected. The 
sites of origin of each biopsy are moni-
tored by placement of the stereotactic 
probe within the tumor cavity and recorded 
during stereotactic tumor resection, utiliz-
ing the intraoperative neuro-navigation 
system (e.g., Medtronic Stealth Station) 
that is used routinely for these tumor 

Figure 3.1. Neuro-navigation system used for stereotactic biopsy. (a) Mock positioning of the patient’s 
head within the stereotactic frame. (b) Intraoperative screen shot from Medtronics’ Stealth Station, 
demonstrating localization of stealth probe using infrared detection in relation to fixed caducels to verify 
positioning. (c) Intraoperative screen snapshots during tumor resection showing documentation of precise 
probe placement at biopsy sites within the tumor. Virtual probe trajectory is shown in the blue outline, 
and probe tip location is indicated by the red cross hares
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resections at our institution. Using this 
procedure, we have removed as many as 
eight regional biopsies in a single surgery. 
Paired tumor core and periphery samples 
from the same patient, for example, can 
then be assessed and follow-on molecu-

lar assays and Histopathological features 
compared. Samples obtained are routinely 
snap-frozen in liquid nitrogen within 5 
min of removal from the brain and stored 
at –86°C or lower temperature until an 
appropriate time for further analysis.

Figure 3.1. (continued)
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Integrated Histopathological Scoring

During processing, tumor samples are 
removed from storage and placed briefly 
on dry ice. Samples are then embedded in 
Tissue-Tek OCT compound and cooled for 
10 min at −80°C prior to sectioning on a 
cryostat (e.g., Leica, CM1850). Integral 
histopathological scoring of standard fea-
tures (% tumor vs. normal cells, % necro-
sis, and extent of endothelial proliferation) 
is performed on flash-stained hematoxylin 
and eosin sections, in conjunction with 
an on-call neuropathologist. Routinely, 
10 mM serial frozen sections are analyzed 
at each 500–800 mM increment during 
cryostat sectioning and the serial adjacent 
frozen sections are placed directly into 
Trizol Reagent (Invitrogen Life Sciences) 
for extraction. Polypropylene centrifuge 
tubes (15 mL) are used to contain the sec-
tions in Trizol reagent. Frozen sections 
(50–80 × 10 mM) are prepared such that 
representative serial sections are available 
for staining at a minimum of three points 
throughout the specimen, with the remain-
der of the sections placed directly in 
Trizol Reagent (Invitrogen, Gaithersburg, 
MD) for extraction. This method yields 
high quality RNA extracts with detailed 
Histopathological classification for each 
biopsy piece for reference. Additional 
serial sections are routinely set aside for 
immunohistochemical or other studies.

Total RNA isolation is performed using 
Trizol reagent (InvitrogenTM Life Tech-
nologies, Carlsbad, CA), as reported pre-
viously (Dumur et al. 2004), followed by a 
cleanup process with RNeasy kits (Qiagen 
Inc., Valencia, CA) according to the manu-
facturer’s protocols. The quality of total RNA 
sample as well as cDNA and cRNA synthe-
sis products was assessed by running 1 mL of 
every sample in RNA 6000 Nano or DNA 

7500 LabChips® on the 2100 Bioanalyzer 
(Agilent, Palo Alto, CA), following the 
manufacturer’s protocol. Furthermore, RNA 
integrity from high necrotic content samples 
was confirmed by monitoring cDNA and 
cRNA synthesis products following pre-
viously established quality control criteria 
(Dumur et al. 2004).

Use of Genomics Technologies  
for Regional Molecular Profiling

The use of high density oligonucleotide 
DNA microarrays to assess tumor phe-
notype has become widespread since the 
technique was first described in the late 
1990s, and significant improvements have 
been made in the reliability, the expense 
and ease of use of this technology over the 
last decade. We use Affymetrix microarray 
platforms due to the high reproducibility 
and tight correlation with probe set inten-
sities and Taqman intensities in validation 
assays, but theoretically any similar tech-
nology can be used.

The Affymetrix® standard protocol has 
been extensively described elsewhere 
(Affymetrix 2001). Briefly, starting with 
5 µg of total RNA from every sample we 
generated double-stranded cDNA using a 
24-mer oligodeoxythymidylic acid primer 
with a T7 RNA polymerase promoter site 
added to the 3¢ end (Superscript cDNA 
Synthesis System; Life Technologies, Inc., 
Rockville, MD). After second-strand syn-
thesis, in vitro transcription was performed 
using the Enzo BioArray High Yield RNA 
Transcript Labeling Kit (Enzo Diagnostics, 
Farmingdale, NY) to produce biotin-labeled 
cRNA. Twenty microgram of the cRNA 
product was fragmented and hybridized 
for 18–20 h onto HG-U133A 2.0 microar-
rays, containing 22,283 probe sets. Each 
microarray was washed and stained with 
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streptavidin-phycoerythrin and scanned at 
a 6 µm resolution by the Agilent G2500A 
Technologies Gene Array scanner (Agilent 
Technologies, Palo Alto, CA) according 
to the GeneChip® Expression Analysis 
Technical Manual procedures (Affymetrix, 
Santa Clara, CA). After scanning the chips, 
the raw intensities for every probe were 
stored in electronic files (in .DAT and .CEL 
formats) by the Microarray Suite 5.0 
software (Affymetrix, Santa Clara, CA).

Microarray Data Analysis

For every probe set, normalization, back-
ground subtraction, and expression summa-
ries were calculated using three commonly 
used methods. First the Microarray Suite 5.0 
(MAS5) method (Affymetrix, Santa Clara, 
CA) is used to obtain probe set summaries. 
A detailed description of this algorithm has 
been published elsewhere (Irizarry et al. 
2003). Numerical expression summaries 
are stored in electronic files (in .CHP 
format). Second, model-based expression 
indexes (MBEI) are calculated, which uses 
a multiplicative model to account for probe 
affinity effects in calculating probe set 
expression summaries (described in Li and 
Wong 2001). Third, the robust multi-array 
average (RMA) method is used (Hubbell 
et al. 2002); this method uses quantile nor-
malization followed by a median polish to 
remove probe affinity effects when calcu-
lating probe set summaries. Fold changes 
between core and periphery samples in our 
study can be obtained using the freely soft-
ware BRB-ArrayTools, an Excel Add-in 
that performs analyses of microarray data 
(currently v3.7.0), which was developed and 
distributed by the National Cancer Institute 
of the US National Institutes of Health 
(http://linus.nci.nih.gov/BRB-ArrayTools.
html).

Small Sample Size

For a small number of biopsies from a single 
patient, statistical comparisons can be dif-
ficult. The “significance-score” algorithm 
(S-score), developed by Zhang et al. (2002), 
can be used to produce a score for the 
comparisons of the expression summaries 
between samples. The S-score produces a 
robust measure of gene expression changes 
by weighting oligonucleotide pairs accord-
ing to their signal strength above empiri-
cally determined noise levels. The procedure 
produces scores centered on "0" (no change) 
with a standard deviation of 1. Thus, scores 
greater than 2 or less than −2 from a single 
comparison have, on average, a 95% chance 
of being significant hybridization changes, 
corresponding to a p-value of p < 0.05. 
A p-value derived from S-score analysis, 
does not necessarily reflect that the observed 
changes in gene expression are biologically 
significant. To overcome this limitation, we 
perform additional validation assays, includ-
ing quantitative polymerase chain reaction 
(QRT-PCR) for independent assessment 
of mRNA expression levels of candidate 
genes, and can do so with 1,000-fold greater 
dynamic range, making it an exquisitely 
sensitive technique for detecting mRNA and 
DNA quantification. We additionally validate 
any changes observed by evaluating a larger 
cohort of unrelated specimens to gain further 
statistical support for changes found to be 
significant differences in the hybridization-
based oligonucleotide microarray assays.

RESULTS

Histopathological Considerations

Our analysis of different tumor regions 
from individual patients has detected wide 
variability in parameters, such as percent 
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necrosis, percent tumor, and endothelial 
proliferation (Van Meter et al. 2006). An 
example of histopathological features that 
we have shown to differ between multiple 
MRI-guided stereotactic specimens from 
eight previously untreated glioblastoma 
patients is shown in Table 3.1. This is part 
of a larger series we are currently studying. 
Readers can appreciate that large regional 
differences are observed in parameters 
from separate regions of individual tumors, 
parameters that have major histopatho-
logical and prognostic significance. It can 
also be appreciated that surgical and post-
surgical planning for complex drug deliv-
ery methods such as convection-enhanced 
drug delivery (CED) would be greatly 
informed by further molecular characteri-
zation of regional biopsy specimens, not 
only with regard to identifying appropriate 
molecular targeting agents for different 

tumor regions, but also for issues such as 
optimal catheter placement. Both of these 
concerns are crucial to developing effec-
tive treatment regimens and to diminishing 
tumor recurrence.

Assessing Quality of Biopsy Extracts

As with any molecular biological study, the 
quality of the results obtained follow from 
the quality of the input material. Generally, 
adherence to strict quality control meas-
ures, as described above, will ensure that 
high quality and unbiased raw data will be 
generated in studies of regional biopsies. 
Figure 3.2 demonstrates an example of the 
preoperative MR scans and probe place-
ment used to select and record the location 
of regional biopsy samples from tumor 
periphery (Figure 3.2a) and tumor core 
(Figure 3.2b), and the resulting histopa-

Table 3.1. Regional differences in major histopathological criteria within individual glioblastoma tumors

Tumor case Region % Necrosis Mitosisa Vascular proliferationb

GBM1 Periphery 5 NP 3
GBM1 Periphery 5 NP 3
GBM1 Periphery 17 NP 3
GBM1 Core 30 NP 3
GBM1 Core 80 NP 3
GBM1 Core 0 3 3
GBM2 Periphery 50 1 2
GBM2 Core 10 3 4
GBM3 Periphery 0 1 2
GBM3 Core 63 1 4
GBM4 Periphery 0 3 3
GBM4 Core 22 2 3
GBM5 Periphery 10 3 3
GBM5 Core 94 1 2
GBM6 Periphery 35 2 3
GBM6 Core 96 2 3
GBM7 Periphery 10 3 4
GBM7 Core 28 3 3
GBM8 Periphery 25 1 3
GBM8 Core 75 1 3
aNP, not present, grading of 1–4 based on observation in less than 5% of cells (1), 5–20% (2) of cells, 15–40% (3), and greater than 
40% of cells (4).
bGrading of 1–4 was based on degree observed by a neuropathologist, with 1 being minimal but present, 2–4 indicating increasing 
prevalence in the sections observed.
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thology showing the pathognomic features 
of glioblastoma in one of the specimens of 
poorly enhancing tumor core (Figure 3.2c). 
For assessment of the quality and integrity 
of extracted nucleic acids, as well as the 
intermediate synthetic products such a 
cDNA and cRNA probes, and their dye 
labeling efficiencies, technologies such as 
the Agilent Bioanalyzer electropherogram, 
are critically important. We have provided 
detailed examples of the outcome of these 
strategies in recent published work (Van 
Meter et al. 2006). There are certain opti-
mizations that should be mentioned when 
working with tumor biopsies. With gliob-
lastoma biopsy samples in particular, we 
have performed detailed study of how the 
extent of necrosis can affect the success 
of unbiased cDNA and cRNA synthesis 

in regional tumor studies (unpublished 
observations). In general, we have found 
that good quality RNA can be success-
fully obtained from islands of viable cells 
within necrotic and peri-necrotic areas of 
glioblastoma, provided there is no more 
than 80% necrosis in the tissue sections, 
as viewed in the histopathological scoring 
technique during RNA extraction from 
frozen sections. The “in-process” scor-
ing approach also allows macrodissection 
of frozen biopsy regions after the initial 
viewing of hematoxylin and eosin stained 
cryosections when necessary, and prior to 
any further processing of tissue sections. 
One can see that this consideration has 
significance for tumor study in general, 
and especially for glioblastoma, given that 
the majority of cryopreserved tumor tissue 
may be derived from necrotic core areas 
during tumor debulking.

Genomic Assessment of Regional  
Tumor Phenotype

Using the outlined methods, we have found 
that GBM cells located in perinecrotic areas 
of the tumor exhibit a gene expression pro-
file consistent with highly aggressive and 
malignant cells. The significant association 
of the affected genes with cell motility and 
migration suggest a role for necrosis in tumor 
cell invasion from the necrotic core towards 
the periphery of the tumor. Moreover, we 
have found dramatic and significant down-
regulation genes important to the differ-
entiation state of neural cells, such as the 
ASCL1 (MASH1) transcription factor in 
perinecrotic areas. Using Ingenuity Pathway 
analysis software, we have been able to 
identify enrichment of stem cell-specific 
pathways (Wnt/b-catenin and Notch signal-
ing pathways) suggesting that the necrotic 
microenvironment might host cancer stem 

Figure 3.2. Example of stereotactic probe placement 
and resulting histopathology of snap-frozen biopsy 
sections. Precise locations can be identified and 
recorded using MR scans during tumor craniotomy 
to biopsy enhancing tumor periphery (a), and 
poorly enhancing tumor core (b) for molecular and 
biochemical studies. An example of histopathol-
ogy seen in hematoxylin and eosin stained frozen 
sections during nucleic acid extraction is shown in 
C. N, Necrosis; Open arrows, areas of perinecrotic 
tissue with vascular proliferation; Closed arrows, 
mitotic figures
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cells and promote cell-to-cell signaling that 
facilitates tumor progression and invasion 
towards peripheral regions of GBM.

More importantly, the results from stud-
ies utilizing these techniques demonstrate 
that the gene expression profiles of GBM 
samples strongly correlate with the histopa-
thology of the sample, specifically with the 
necrotic content. This element becomes 
particularly important in an era where 
microarray analysis is set to offer unbiased, 
quantitative and reproducible tumor evalua-
tion, as a promising ancillary tool for tumor 
classification and case prognosis. In that 
context, and considering the cellular hetero-
geneity and the important role of necrosis 
in GBM, a careful histopathological char-
acterization of each sample subjected to 
microarray analysis is recommended. The 
increasing ease of use of microarray analy-
sis software platforms offers greater acces-
sibility to these complex datasets, which 
will likely be important for using this data 
to predict patient responses to therapeutic 
regimens in the future. Evaluation of mul-
tiple biopsy sites from a single patient will 
inform treatment decisions regarding the 
appropriateness of targeted therapeutics to 
a particular patient, or area of tumor.

Validation Studies

Use of genomic technologies may introduce 
bias to the study findings if, for instance, 
certain microarray probe sets perform bet-
ter than others during hybridization. For 
this and other reasons it is necessary to 
perform additional assays to validate find-
ings that emerge from genomic datasets. 
For both transcripts and genomic DNA find-
ings, quantitative polymerase chain reaction 
(qPCR) techniques are generally used. The 
high sensitivity of these techniques and rela-
tive affordability make them accessible to 

most institutions worldwide. Analyzing the 
concordance between probe set intensities 
and quantitative PCR fluorescence intensi-
ties using the DDCT method provide a good 
measure of the validity of the findings for 
both gene expression and chromosomal gain 
and loss (Livak and Schmittgen 2001).

DISCUSSION

Utility of Stereotactic Biopsy for Tumor 
Characterization

The utility of neuronavigation-guided, 
infrared imaging based stereotactic biopsy 
for regional tumor characterization has 
been highlighted here. The equipment for 
this technique is already available in many 
institutions around the world, and thus 
could be readily employed with molecu-
lar diagnostic techniques to characterize 
primary brain tumors. In the near future, 
the advent of more definitive molecular 
diagnostic tests for glioblastoma, based 
on smaller panels of diagnostic gene sets 
for tumor subtypes and treatment response 
profiles, and which are PCR based, would 
further simplify the technique and make 
it available for general clinical practice at 
most institutions equipped with a diagnostic 
pathology core facility.

The shortcomings of this approach should 
also be considered when planning any 
study. Minor inaccuracies can arise due to 
shifting of the brain volume during surgi-
cal debulking, generally within 1–3 cm of 
variation depending on the size and location 
of the tumor, and the extent of resection 
prior to sampling the biopsy site. Careful 
attention should therefore be paid to brain 
decompression and shifting during craniec-
tomy, and close communication with the 
surgeon should prevent anomalies.
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Future Technical Applications

A number of other technologies used in 
neurosurgery and tumor resection could 
be combined with the current stereotactic 
biopsy technique, including MR-guided 
endoscopic biopsy or resection, which may 
be of particular use in difficult to access 
and otherwise delicate areas of the brain. 
Use of endoscopy has been used success-
fully in adult and pediatric brain tumor 
resection and could benefit from being 
coupled to neuro-navigation systems.

Pre-operative PET scans, MR angiog-
raphy and MR spectroscopy studies could 
each add an additional level of information 
to molecular findings obtained through the 
stereotactic biopsy techniques described 
here, and combinations of such meth-
ods are being described in the literature 
(Hemm et al. 2005; Diehn et al. 2008). 
A number of novel molecular imaging 
agents are in development for real-time 
assessment of, for example, angiogenesis, 
protease activation (MMPs, Caspases), or 
other enzyme activities (e.g. Louie et al. 
2000, and Genove et al. 2005; reviewed by 
Louie 2006 and Westmeyer and Jasanoff 
2007). These imaging agents could there-
fore be validated or further studied at either 
the nucleic acid or functional protein level 
using the present stereotactic biopsy tech-
niques. The potential for application during 
clinical trials to assess real-time molecular 
response or pro-drug conversion rates and 
metabolism in the brain is profound.

Clinical Impact of Improved Tumor 
Characterization

There are at least two lines of evidence 
that support assessment of intratumoral het-
erogeneity as an important clinical consid-
eration worthy of characterization in brain 

tumors. The first is that a growing body 
of evidence has implicated transformed CNS 
stem or progenitor cells as the tumor initiat-
ing cells. Detailed intratumoral molecular 
phenotyping through prospective regional 
biopsy could help identify the more primi-
tive cells of origin, which may be enriched 
in specific anatomical areas, and which may 
need to be selectively targeted with novel 
therapies to prevent recurrence. This ‘stem 
cell’ targeted approach will almost certainly 
be attempted within the next couple of years 
in malignant brain tumor clinical trials, 
during which the current techniques will be 
invaluable for determining phenotype and 
therapeutic response.

The second line of evidence regard-
ing the clinical importance of tumor het-
erogeneity is that there appears to be a 
relationship between the degree of tumor 
heterogeneity and higher grades of malig-
nancy, which may also be a reflection of 
a more primitive phenotype, or increased 
genetic instability. Notably, glioblastoma 
multiforme is a highly heterogeneous glial 
tumor carrying perhaps the worst prognosis 
of any primary brain tumor, and is reported 
to have a high percentage of primitive can-
cer stem cells (Singh et al. 2004). Again, 
detailed characterization of different tumor 
regions and further refinement of associ-
ated MR imaging techniques, may allow 
differential susceptibilities to be discerned 
within different tumor compartments and 
may uncover molecular profiles indica-
tive of specific stages of cellular differen-
tiation. Recent studies using microarray 
technologies have demonstrated the ability 
to discern precursor cells of origin in pedi-
atric tumors such as ependymoma (Taylor 
et al. 2005), and to determine molecular 
profiles allowing diagnostic classification 
into prognostic subgroups in gliomas and 
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medulloblastomas (Mischel et al. 2003, 
Nutt et al. 2003, Hoelzinger et al. 2005; 
and Pomeroy et al. 2002, respectively), 
and in metastatic tumors of unknown pri-
mary origin (Dumur et al. 2008). Our 
own studies have detected specific highly 
proliferative tumor regions in glioblastoma 
that are enriched in cancer stem cells, sug-
gesting cancer stem cell directed therapeu-
tics should be targeted to these areas (Van 
Meter et al. 2007). Data on molecular pro-
files indicative of therapeutic response to 
specific treatment regimens are also emerg-
ing in many cancer types using microarray 
profiling and genetic markers (Buchholz 
et al. 2002). This type of detailed molecular 
analysis is increasingly being incorporated 
into clinical trials, and will aid in customi-
zation of therapeutic regimens in the post-
surgical treatment phase.

In conclusion, the current method and 
derivative or similar techniques can be 
applied to better understand the under-
lying biology and clinical response of 
malignant brain tumors. Gradual decreases 
in the cost and time involved in global 
molecular profiling techniques will better 
enable medical centers to incorporate these 
technologies into treatment regimens and 
post-operative planning. These techniques 
should continue to be pursued, developed, 
and refined for their usefulness in uncov-
ering important variations in the biology 
of individual tumors, and eventually, for 
enhanced mechanistic monitoring of tumor 
response or failure during treatment.
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4
Diagnosing and Grading of Brain Tumors: 
Immunohistochemistry
Hidehiro Takei and Suzanne Z. Powell 

INTRODUCTION

Diagnostic neuro-oncology practice has 
benefited in the last 2 decades from the 
incorporation of, and recent advances in, 
immunohistochemistry (IHC). Although 
the mainstay of brain tumor diagnosis 
including its grading remains conventional 
hematoxylin-eosin (H&E)-stained histol-
ogy, it is no doubt that IHC plays a major 
role in differential diagnosis and in improv-
ing the diagnostic accuracy. It is generally 
used for purposes of (1) identifying tumor 
cell type/origin, (2) assessing cell prolifera-
tion potential, (3) evaluating the boundary 
between tumor and the surrounding tissue 
(i.e., tumor “margin”), and (4) excluding 
reactive processes (e.g., demyelinating and 
infectious diseases). In the future, novel 
antibodies utilized as prognostic, predictive 
markers and as potential therapeutic targets 
for brain tumors will be developed.

Although there are several useful anti-
bodies that are known to be relatively sen-
sitive and specific for some tumor types, 
and thus are commonly used in the cur-
rent neuropathology practice such as glial 
fibrillary acidic protein (GFAP) for gliomas 
and synaptophysin for neuronal tumors, 

no diagnostic antibodies with absolute 
sensitivity and specificity for particular 
tumor types exist. Of note is that the judi-
cious use of a panel of IHC antibodies in 
conjunction with thorough histological 
evaluation is unquestionably crucial for 
accurate diagnosis.

 IMMUNOHISTOCHEMICAL 
MARKERS FOR DIAGNOSIS 
AND DIFFERENTIAL 
DIAGNOSIS OF BRAIN 
TUMORS

Immunohistochemical Markers Routinely 
Used in Diagnostic Neuro-oncology 
Practice

Immunohistochemical markers that are 
routinely used for commonly encountered 
brain tumors in neuropathology practice 
are summarized in Table 4.1. listed accord-
ing to the current WHO 2007 classification 
(Louis et al. 2007).

Markers for Glial Tumors

Gliomas comprise approximately 40% of 
primary central nervous system (CNS) 
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Table 4.1. Immunohistochemical markers commonly used for brain tumor diagnosis

Immunohistochemical markers

I. Tumors of neuroepithelial tissue
1. Gliomas Astrocytoma GFAP, S-100 protein, vimentin, p53

Oligodendroglioma S-100 protein (GFAP, Olig2)
Pleomorphic  

xanthoastrocytoma
GFAP, S-100 protein, class III beta- 

tubulin, synaptophysin, neurofilament
Subependymal giant cell  

astrocytoma
GFAP, S-100 protein, class III beta- 

tubulin, synaptophysin, neurofilament, 
alpha Beta crystallin

Ependymoma GFAP, EMA, S-100 protein, CD99
Choroid plexus tumor Cytokeratin, EMA, GFAP, transthyretin, 

S-100 protein, synaptophysin
2. Neuronal tumors Central neurocytoma Synaptophysin, NeuN
3. Mixed neuronal-glial tumors Ganglioglioma Synaptophysin, chromogranin A,  

class III beta-tubulin, NeuN, GFAP
4. Pineal tumors Pineocytoma Synaptophysin
5. Embryonal tumors Medulloblastoma Synaptophysin, NeuN, MAP-2 (GFAP)

Atypical teratoid/rhabdoid  
tumor

EMA, cytokeratin, smooth muscle actin, 
GFAP, vimentin, INI-1

II. Tumors of cranial and paraspinal nerves
Schwannoma S-100 protein

III. Tumors of meninges
1. Tumors of meningothelial cells Meningioma EMA, progesterone receptor, claudin-1
2. Mesenchymal tumors Solitary fibrous tumor/

Hemangiopericytoma
CD34, bcl-2, CD99

3. Other neoplasms related to the meninges Hemangioblastoma Alpha-Inhibin, aquaporin-1
IV. Lymphomas

Primary CNS lymphoma CD20 (L26), CD79 alpha,
EBER (immunocompromised cases)

V. Germ cell tumors
Germinoma OCT4, c-kit, PLAP

VI. Tumors of the seller region
Craniopharyngioma Beta-catenin, cytokeratin

VII. Metastatic tumors
Metastatic Carcinoma Cytokeratin, organ specific markers

VIII. Others
Chordoma S-100 protein, cytokeratin, EMA
Langerhans cell histiocytosis CD1a, S-100 protein, langerin (CD207)

tumors. GFAP and S-100 protein are the 
markers that are most commonly used 
for glial neoplasms. Immunoreactivity for 
GFAP in neoplastic cells clearly estab-
lishes the glial nature of the tumor. GFAP 
is a member of the class III intermediate 
filament protein family, and is expressed 
specifically in the astrocytic cytoplasm 
and, to a much lesser or variable degree, in 
the ependymal cytoplasm in normal mature 
brains. Reactive astrocytes are strongly 

labeled with their radial array of often 
non-branching processes, and similarly, 
reactive ependymal cells show immunore-
activity. S-100 protein is a low molecular 
weight protein, characterized by two cal-
cium binding sites of the helix-loop-helix 
(“EF-hand type”) conformation. There are 
many different types of S-100 proteins. Of 
these, S-100A1 and S-100B are the first 
members of this family that were purified 
from bovine brain, and are composed of 
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an alpha subunit combined with a beta 
subunit and of two beta subunits, respec-
tively. In general practice, most clinical 
laboratories use heteroantisera against at 
least these two types of proteins, although 
dimer-specific monoclonal products are 
commercially available. S-100B labels 
many neural cell types (both nuclear and 
cytoplasmic labeling) including astrocytes, 
oligodendrocytes, ependymal cells, and 
choroid plexus epithelium, and thus is less 
astrocyte-specific than GFAP.

Vimentin is generally non-specifically 
immunoreactive in gliomas, and cannot be 
used to differentiate between gliomas and 
mesenchymal tumors. In general pathology 
practice, this antibody is used to confirm 
preservation of antigenicity of a specimen.

Astrocytic Tumors

In general, most astrocytomas are labeled 
with both GFAP and S-100 protein. As 
the degree of anaplasia is increased, GFAP 
reactivity tends to be reduced. Small cell 
glioblastoma is usually negative or mini-
mally positive, while giant cell glioblas-
toma is immunoreactive for GFAP, and, in 
addition, is reportedly labeled with class III 
beta-tubulin (Martinez-Diaz et al. 2003). 
Malignant mesenchymal components of 
gliosarcoma are GFAP negative.

 Oligodendroglioma

For oligodendrogliomas, no reliable or 
specific antibodies are currently available. 
Minigemistocytes and gliofibrillary oli-
godendrocytes, which are more frequently 
seen in anaplastic oligodendroglioma 
(WHO grade III) rather than in grade II 
oligodendroglioma, are usually strongly 
immunoreactive for GFAP. The antibody 
against Olig2 (oligodendrocyte transcription 
factor 2) stains nuclei of oligodendrocytes 
in normal brain as well as of oligodendrog-

lioma, however, it also labels those of astro-
cytic tumors, particularly glioblastomas and 
pilocytic astrocytomas.

Well-Circumscribed Astrocytic Tumors

In a group of well-circumscribed astrocytic 
tumors, pilocytic astrocytoma (WHO 
grade I) is GFAP immunoreactive with the 
compact areas being more strongly labeled 
than the loose areas with microcysts. 
Pilomyxoid astrocytoma (WHO grade II), 
closely related to pilocytic astrocytoma, 
expresses GFAP, and some investigators 
reported synaptophysin immunoreactivity 
(de Chadarevian et al. 2006; Fuller et al. 
2001). Pleomorphic xanthoastrocytoma 
(PXA) is immunoreactive for GFAP, labe-
ling cells of different morphologies that 
range from spindle to pleomorphic, and 
xanthic cells, and the number of positive 
tumor cells varies from moderate to numer-
ous. S-100 protein is diffusely and strongly 
immunoreactive. Immunoreactivity for 
neuronal markers (class III beta-tubulin, 
synaptophysin, and neurofilament) is usu-
ally present. Subependymal giant cell astro-
cytoma (SEGA) is frequently seen as a 
manifestation of tuberous sclerosis com-
plex (TSC) and is composed of a mixture 
of spindle cells and ganglion-like/gemisto-
cyte-like cells. As with PXA, SEGA often 
shows both glial (GFAP and S-100 protein) 
and neuronal (class III beta-tubulin, syn-
aptophysin, and neurofilament) markers. 
GFAP positivity is observed in all these 
cellular components at variable intensity. 
Synaptophysin immunoreactivity may be 
weak and focal. Although renal angiomy-
olipoma and pulmonary lymphangiomy-
omatosis – PEComas (tumors showing 
perivascular epithelioid cell differentia-
tion) – are known to be associated with 
TSC and to express HMB-45 Sharma et al. 
(2004) ZSEGA.
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Ependymal Tumors

According to WHO 2007 classification, 
ependymal tumors include four tumor enti-
ties; subependymoma (grade I), myxopapil-
lary ependymoma (grade I), ependymoma 
(grade II), and anaplastic ependymoma 
(grade III) (Louis et al. 2007). In ependy-
momas, there are four histological variants 
recognized; cellular, papillary, clear cell, 
and tanycytic. All differentiated ependymal 
tumors are immunoreactive for GFAP and 
S-100 protein. GFAP is particularly promi-
nently expressed in perivascular fibrillary 
processes featuring perivascular pseudoro-
settes. S-100 protein diffusely labels cel-
lular lesions with epithelial-like features 
(Vege et al. 2000). Most of ependymomas 
show widespread immunoreactivity for 
pancytokeratin (AE1/AE3), however, other 
types of cytokeratin (CK) such as CK7, 
CAM5.2, CK903, and CK20 are focally 
positive (Vege et al. 2000). Epithelial mem-
brane antigen (EMA), a highly glycosylated 
transmembrane protein, is known to be 
expressed in a relatively high proportion 
of cases. There are two patterns of EMA 
staining; intracytoplasmic dotlike and ring-
like patterns. Hasselblatt and Paulus (2003) 
reported that the latter pattern was highly 
specific for the diagnosis of ependymoma 
compared with other glial tumors. The 
relationship between staining pattern/inten-
sity and tumor subtype/grade is contro-
versial. CD99, a product of MIC2 gene, is 
expressed in a membranous pattern with 
intracytoplasmic dots in ependymomas.

Choroid Plexus Tumors

Choroid plexus papilloma (CPP, grade I), 
atypical choroid plexus papilloma (grade II),  
and choroid plexus carcinoma (CPC, grade 
III) are included in this group according 
to the current WHO 2007 classification 

(Louis et al. 2007). Immunoreactivity of 
CPP shares with that of normal choroid 
plexus and is noted against cytokeratin, 
particularly low molecular forms, vimentin, 
S-100 protein, synaptophysin, and tran-
sthyretin. Although not seen in normal 
adult choroid plexus epithelium, GFAP 
and EMA immunoreactivity is observed in 
CPP. Of note is that the frequency of reac-
tion of these markers varies greatly. CPC 
expresses cytokeratin, vimentin, GFAP, 
synaptophysin and S-100 protein (Louis 
et al. 2007). The reactivity of the latter three 
markers is greatly variable in CPC. The 
reader is referred to the discussion of AT/
RT for differential diagnosis of CPC.

Markers for Neuronal Tumors

Immunohistochemical neuronal markers 
include synaptophysin, chromogranin A, 
neurofilament (NF), microtubule associ-
ated protein (MAP)-2, NeuN, and class 
III beta-tubulin. Under certain neoplastic 
conditions, many of these are not neuron 
specific, calling for a cautious interpreta-
tion of cell phenotype. It is reported that 
MAP-2, NF and class III beta-tubulin are 
expressed in a high proportion of cases in 
glial tumors (Katsetos et al. 2001; Wharton 
et al. 2002).

Synaptophysin, a glycoprotein present in 
the membrane of neuronal presynaptic ves-
icles in brain and spinal cord, is a principal 
diagnostic marker for neurons. NFs are 
intermediate filament proteins exclusively 
found in neurons, and are obligate heter-
opolymers requiring the NF-L (low molec-
ular weight) subunit together with either 
the NF-M (middle molecular weight) or 
the NF-H (high molecular weight) subunits 
for polymer formation. NF-M and NF-H 
contain phosphorylation sites for a large 
number of protein kinases. Extensively 
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phosphorylated NFs are involved in the 
establishment of a stationary cytoskeleton 
and are enriched in axons, while in the peri-
karyon and dendrites, NFs are unphosphor-
ylated or poorly phosphorylated. There are 
specific antibodies against phosphorylated 
and non-phosphorylated NFs that highlight 
axons and, somata and dendrites in normal 
brains, respectively. Under damaged and 
disease conditions, it is known that the 
phosphorylated forms of NF-H accumulate 
in the neuronal perikarya.

Ganglioglioma

The immunohistochemical expression pat-
tern of ganglioglioma (GG) reflects their 
dimorphic nature; neuronal and glial com-
ponents highlighted with neuronal markers 
above mentioned and GFAP, respectively. 
Synaptophysin labels the neoplastic neu-
rons with typical fine granular membrane-
based positivity, and occasionally with 
pancytoplasmic immunoreactivity. This 
perisomatic synaptophysin immunoreac-
tivity is often difficult to interpret because 
neuronal cells are embedded in a diffusely 
synaptophysin-positive neuropil back-
ground. Of note is that this surface reactive 
pattern is not pathognomonic for neoplas-
tic neurons, although previously believed 
so, and is seen in certain large neurons in 
normal brains. Chromogranin A highlights 
granular cytoplasmic immunoreactivity, 
primarily within the perikarya of large 
neurons, which stand out among immu-
nonegative surrounding neuropil and glial  
components. Normal neurons in the sur-
rounding brain parenchyma are non-
reactive to weakly immunoreactive. Hirose 
et al. (1997) reported that NF and class III 
beta-tubulin were immunoreactive in a high 
proportion (>80%) of GG cases in contrast 
to MAP-2, which was expressed in 14%. 

NeuN labels the nuclei (and cytoplasm) 
of neuronal cells, although immunonega-
tive cells are frequently encountered even 
when highly differentiated in appearance. 
Preusser et al. (2006) reported negative 
NeuN expression in approximately 70% of 
cases of GG and gangliocytoma.

Neurocytic Tumors

Central neurocytoma and extraventricular 
neurocytoma (EVN) occur supratentori-
ally in young adults and both correspond 
to WHO grade II. Strong synaptophysin 
immunoreactivity for tumor cells is typical, 
and focal GFAP reactivity may be seen. 
Fine neuropil dispersed in broad zones that 
separate cell aggregates is also immuno-
reactive for synaptophysin. Nuclear NeuN 
reactivity is regularly seen, in contrast 
to neuronal cells in GG (Preusser et al. 
2006). Chromogranin A immunoreactivity 
is usually absent except when neoplastic 
ganglion cells are present, which is more 
commonly seen in EVN.

Medulloblastoma

Medulloblastoma (MB) is defined as a 
malignant, invasive embryonal tumor of the 
cerebellum, and includes distinctive vari-
ants; desmoplastic/nodular, MB with exten-
sive nodularity, anaplastic and large cell. 
Given that MB is derived from embryonal 
precursor cells with a capacity for divergent 
differentiation, of which neuronal differen-
tiation is most consistently seen, MB is dis-
cussed in this section although listed in the 
embryonal tumor category in WHO 2007 
classification (Louis et al. 2007). Neuronal 
differentiation in MBs is usually incipient 
in that neuronal immunohistochemical 
markers can detect it, although ganglion 
cells and “ganglioid” cells are rarely seen. 
Synaptophysin is mostly immunoreactive, 
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especially in fibrillary cores of Homer-
Wright rosettes and intranodular fibrillary 
areas of pale islands in desmoplastic MBs, 
with reported positivity varying from 70% 
to 100% (Maraziotis et al. 1992; McLendon 
et al. 1999; Min et al. 2006). MAP-2 mir-
rors synaptophysin, although not as specific 
to cells with neuronal differentiation as 
synaptophysin, but shows a more intense 
granular or punctate pattern of reactivity. 
This marker is often helpful in those cases 
where the synaptophysin staining is weak 
or equivocal. Preusser et al. (2006) reported 
that NeuN immunoreactivity (at least focal 
staining) was seen in greater than three 
fourths of MB cases and that widespread 
expression was seen in ~80% of desmo-
plastic MB cases. Min et al. (2006) reported 
that no significant difference was observed 
in NeuN immunoreactivity (positive rate) 
between large cell/anaplastic (LC/A) and 
non-LC/A MB cases. Glial (astrocytic) cell 
differentiation with GFAP immunoreactivity 
is occasionally seen. Given the common 
presence of entrapped reactive astrocytes in 
MBs, interpretation of GFAP immunoreac-
tive cells within the tumor should be done 
with caution.

Markers for Meningeal Tumors

The most diagnostically useful and com-
monly used immunohistochemical marker 
of meningiomas in all grades is EMA with 
a membranous pattern of immunoreactivity. 
Vimentin is typically expressed in all forms 
of meningioma. A considerable propor-
tion of meningiomas, mostly fibrous type, 
express S-100 protein, although the extent 
and intensity of immunoreactivity is usually 
not comparable with that of schwannomas. 
Perry et al. (1997) reported that patchy and 
weak CD34 immunoreactivity was seen 
in 60% of fibrous meningiomas.

Surprisingly, Miettinen and Paetau 
(2002) reported that many meningiomas 
express cytokeratins (CKs), depending on 
specific subtypes of CK, usually with 
focal immunoreactivity seen except for 
microcystic and anaplastic meningiomas. 
Different types of meningiomas are com-
monly positive for CK18, one of simple 
epithelial CKs, but there is only limited 
immunoreactivity for other simple epi-
thelial CKs (e.g., CK7, CK8, CK19) and 
for higher molecular weight CKs (e.g., 
CK14) in meningiomas (Miettinen and 
Paetau 2002). No CK20 positivity is 
reported. Interestingly, secretory menin-
gioma (WHO grade I) has a unique and a 
most complex pattern of CK with immu-
noreactivity being almost confined to the 
cells lining the lumina often containing 
secretory droplets (pseudopsammomatous 
bodies). These tumor cells are consist-
ently immunoreactive for simple epithelial 
keratins (including not only CK18 but also 
CK7, CK8, and CK19), and show focal 
limited immunoreactivity for a number 
of stratified epithelial CKs (e.g., CK5/6, 
CK14, CK16, CK17). In addition, carci-
noembryonic antigen (CEA) is known to 
be expressed within the droplets as well as 
in the cells surrounding them.

The majority of meningiomas express 
progesterone receptor (PR), while much 
fewer cases express estrogen receptor (ER). 
Nuclear immunoreactivity of PR and ER 
was observed in 87.2% and 8.5%, respec-
tively, in our series of non-malignant (i.e., 
grades I and II) meningiomas (Takei et al. 
2008). Immunoreactivity is less prominent 
as the grade increases.

Claudin-1, an integral structural pro-
tein of tight junctions, has been used as a 
marker of perineurial cells and soft tissue 
perineuriomas. Bhattacharjee et al. (2003) 



394. Diagnosing and Grading of Brain Tumors: Immunohistochemistry

reported claudin-1 immunoreactivity in 
85% of meningiomas with a crisp, punc-
tate/granular membranous reactive pattern. 
Hahn et al. (2006) described similar results 
with lower positivity (53% of cases). All 
other histological mimics of meningiomas 
were negative.

New Immunohistochemical Markers 
Applicable to Brain Tumor Diagnosis

Craniopharyngioma (Beta-Catenin)

Craniopharyngiomas (CPs) and Rathke’s 
cleft cysts (RCCs) are space occupying 
lesions involving the sellar/suprasellar 
regions with significantly different post-
surgical outcome (e.g., recurrence rate) 
(Figure 4.1). Clinical and histopathologic 
differentiation between these two entities 
is often challenging. Considerable propor-
tions of purely cystic type of CPs, com-
monly encountered squamous metaplasia 
in RCCs, and rare ciliated CPs further 
complicate this problem.

Adamantinomatous CPs carry activating 
mutations in exon 3 of beta-catenin gene, 

resulting in a shift from membrane-bound 
to nuclear accumulation of beta-catenin 
in greater than 90% of tumor specimens 
(Buslei et al. 2005). The characteristic 
immunoreactive tumor cells are not homog-
enously distributed within the tumor, but 
are either clustered within the center of 
epithelial “whorls” or adjacent to ghost cells 
(Buslei et al. 2005; Hofmann et al. 2006). 
In contrast, papillary CPs reveal exclusively 
membranous immunoreactivity in a man-
ner seen in RCCs as well as in mature, 
non-neoplastic epithelial cells. This distinc-
tive pattern of aberrant nuclear beta-catenin 
immunoreactivity is a reliable marker for the 
identification of an adamantinomatous CP 
when present in small surgical specimens, 
and can be utilized for differential diagnosis 
between cystic adamantinomatous CP and 
RCC. However, this marker cannot be used 
for distinction of papillary CP from RCC 
(with squamous metaplasia).

Germinoma (OCT 4)

Primary intracranial germinomas occur 
predominantly in the pineal and suprasellar 
regions (Figure 4.2). The histologic evalua-
tion can be challenging since the specimen 
is usually small and artifactually distorted. 
Further confounding factors often seen 
include marked lymphocytic infiltration 
and florid granulomatous reaction that 
obscures the typical histological features. 
Placental alkaline phosphatase (PLAP), a 
traditional marker of germinomas, shows 
surface membrane, or somewhat less com-
monly, diffuse cytoplasmic immunoreac-
tivity. However, it has its shortcoming in 
that PLAP labeling is not constant with 
variable sensitivity, intensity, and extent of 
reactivity.

The c-kit proto-oncogene encodes a 
receptor tyrosine kinase that is required in 

Figure 4.1. Craniopharyngioma (adamantinomatous 
type) with beta-catenin immunohistochemical stain, 
showing membranous labeling with the exception of 
the tumor whorls, which demonstrate nuclear labeling 
(original magnification: ×200)
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normal spermatogenesis. Membranous c-kit 
(CD117) immunoreactivity is diffusely and 
strongly seen in germinoma cells.

OCT4, also known as POU5F1, OCT3, 
OCT3/4, or OFT3, is a nuclear transcrip-
tion factor normally expressed in early 
embryonic cells and germ cells. Diffuse 
and strong nuclear labeling of OCT4 is 
regularly seen in germinoma. This stain-
ing pattern is more easily interpreted than 
membranous labeling of PLAP, especially 
in small, artifactually distorted specimens. 
Of note is that OCT4 also strongly labels 
tumor nuclei of embryonal carcinoma. 
Cytoplasmic CD30 immunoreactivity as 
well as diffuse and strong expression of 
various cytokeratins are typically seen in 
embryonal carcinoma, not germinoma. 
CD117 immunoreactivity for germinoma 
is also useful for this distinction.

Atypical Teratoid/Rhabdoid Tumor  
(BAF47/INI1)

Atypical teratoid rhabdoid tumor (AT/RT) 
is a highly malignant tumor frequently 
involving the posterior fossa in young 
children (often <1 year old), with grave 
prognosis, and contains substantial areas 

morphologically indistinguishable from 
CNS primitive neuroectodermal tumors 
(PNETs) along with a rhabdoid compo-
nent (Figure 4.3). Given the association 
with rhabdoid predisposition syndrome, 
accurate diagnosis of AT/RT is mandated. 
This tumor is characterized by a well-
known heterogeneous immunohistochemi-
cal profile with reactivity for a range of 
mesenchymal, epithelial, and neuroepi-
thelial markers. Vimentin is consistently 
expressed, and the expression of smooth 
muscle actin, EMA, cytokeratin, and GFAP 
is frequently observed. Bouffard et al. 
(2004) reported in their double labeling 
study using some of these markers that 
most tumor cells demonstrated only single 
labeling. S-100 protein, synaptophysin, 
chromogranin, neurofilament and desmin 
may be variably and focally immunoreac-
tive in AT/RTs. The germ cell markers as 
well as phenotypic markers specific for 
skeletal muscle differentiation, including 
MyoD, are negative.

The genetic hallmark of AT/RT is 
inactivation of hSNF5/INI1/SMARCB1/

Figure 4.3. Atypical teratoid rhabdoid tumor (AT/
RT) with BAF47/INI-1 immunohistochemical stain, 
showing immunonegativity in tumor nuclei with scattered 
immunoreactive microglial cells and endothelial cells 
(original magnification: ×400)

Figure 4.2. Germinoma with OKT4 nuclear immuno-
reactivity (original magnification: ×400)
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BAF47, a tumor suppressor gene, located 
on chromosome 22q11.2, but it is found 
in only 70–75% of cases (Biegel 2006). 
An additional 20–25% of tumors have no 
detectable genomic alterations of INI1 
with reduced expression at the RNA or 
protein level, and thus, immunohistochem-
istry using monoclonal antibody against 
BAF47 (with absent nuclear labeling in 
tumor cells in AT/RT) could be more rel-
evant/potentially more sensitive for diag-
nosis than molecular studies. Complete 
absence of BAF47 nuclear reactivity of 
tumor cells with appropriate nuclear reac-
tivity of included endothelial cells and 
reactive chronic inflammatory endogenous 
cellular constituents (as internal positive 
controls) is required for the purpose of 
diagnostic confirmation. In AT/RT with a 
substantial medulloblastoma (MB)/PNET-
like component and scant rhabdoid com-
ponent, differential diagnosis from MB/
PNET, especially anaplastic variant, is 
difficult or often impossible on histo-
logic grounds alone. A polyphenotypic 
immunohistochemical profile mentioned 
above raises the possibility of AT/RT, and 
BAF47 immunohistochemistry has a dis-
criminative value in this setting since MBs 
retain its expression.

Choroid plexus carcinoma (CPC) shares 
several overlapping clinical, histologic, 
ultrastructural, and/or immunophenotypic 
features with AT/RT, and the distinction 
from AT/RT may not be clear in some 
poorly differentiated cases. Judkins et al. 
(2005) reported that seven (25%) of 28 
cases with a diagnosis of CPC demon-
strated loss of BAF47 expression, all of 
which exhibited features consistent with 
AT/RT, while the remaining cases had 
retained expression. BAF47 immunoreac-
tivity can be used as a better differentiator 

of CPP from AT/RT, with the latter having 
more aggressive clinical behavior.

Given the simple and sensitive marker 
of AT/RT, it is prudent that BAF47 immu-
nohistochemical assessment should be 
applied to all malignant embryonal CNS 
tumors with the exception of desmoplastic/
nodular MB, which is a distinctive vari-
ant of MB consistently retaining BAF47 
expression.

Patil et al. (2008) recently reported that 
a mosaic pattern (i.e., mixed positive and 
negative nuclei) of INI1 expression, in 
contrast to a diffuse immunonegative pat-
tern observed in AT/RT, in a large series of 
schwannomatosis (both familial and spo-
radic) and neurofibromatosis type 2-associ-
ated schwannomas, not in solitary, sporadic 
schwannomas.

Hemangioblastoma  
(Alpha-Inhibin, Aquaporin-1)

Hemangioblastoma (HB) is a WHO grade 
I tumor of uncertain histogenesis and com-
monly involves the cerebellum, less fre-
quently the spinal cord and brain stem, 
and rarely supratentorial regions. It occurs 
in sporadic forms and in association with 
von Hippel-Lindau syndrome (VHL). 
The histological differential diagnosis of 
HB includes metastatic clear cell renal 
cell carcinoma (MCCRCC), angiomatous 
meningioma, and capillary hemangioma. 
Of these, the distinction from MCCRCC is 
particularly crucial given that the prognostic 
and therapeutic significance is completely 
different. However, the histological distinc-
tion has long been a diagnostic challenge 
owing to striking morphologic similarities. 
This problem is further compounded in 
patients with VHL, in whom MCCRCC 
can occur synchronously, metachronously, 
or to HB (i.e., tumor-to-tumor metastasis). 
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To our surprise, Jarrell et al. (2006) reported 
that 8% of all HBs resected from patients 
with VHL had metastatic carcinoma within 
a CNS HB with the most common primary 
tumor being RCC. It is suggested that 
RCC-to-HB metastasis in VHL patients 
may have been under-recognized.

Weinbreck et al. (2008) recently con-
firmed the usefulness of alpha-inhibin and 
aquaporin-1 as positive markers of HBs, 
and reported sufficiently high sensitivity 
and specificity of these markers (88% 
sensitivity and 79% specificity, 97% sen-
sitivity and 83% specificity, respectively) 
for the diagnosis of HB versus MCCRCC. 
In general, RCCs are immunoreactive 
for epithelial markers, such as EMA and 
cytokeratins (CAM5.2, AE1/AE3), as well 
as for CD10 (membranous staining). One 
study reported that 36% of HBs expressed 
EMA with a membranous staining of stro-
mal cells, and that no immunoreactivity 
for AE1/AE3 and CD10 was seen in HBs 
(Weinbreck et al. 2008). An immunohisto-
chemical panel of the positive HB mark-
ers combined with cytokeratins and/or 
CD10 can allow us to reliably distinguish 
between these two tumors. EMA alone is 
not sufficient for the differential diagnosis 
between HB and (angiomatous) meningi-
oma given the considerable high propor-
tion of immunoreactive HB cases.

Useful Immunohistochemical Markers for 
Differential Diagnosis of Brain Tumors

Reactive Gliosis Versus Diffuse Astrocytoma

One of the most commonly encountered 
dilemmas in diagnostic neuropathology 
is a distinction between benign reactive 
gliosis and diffuse astrocytoma (grade II), 
especially small biopsies such as stere-
otactic biopsies. Of note is that these are 

not mutually exclusive, and that borders of 
diffuse astrocytoma are usually ill-defined 
with some surrounding gliosis. Almost 
evenly distributed, strongly GFAP immu-
noreactive cells with multiple delicate 
processes favor reactive astrocytes.
Ki-67 (MIB-1) and p53 immunohisto-
chemical stains are commonly used in this 
setting, and are helpful if the expression 
is significantly high. Otherwise, given 
the unignorable overlap in the patterns of 
immunoreactivity between reactive gliosis 
and some astrocytomas, we believe that 
this distinction should be best handled on 
histologic grounds with available clinico-
radiological and surgical information.

Differential Diagnosis of Round Clear Cell 
(Oligodendroglioma-Like) Tumors

Round clear cell (oligodendroglioma-like) 
tumors occurring in the brain parenchyma 
include oligodendroglioma, neurocytomas 
(central neurocytoma and extraventricular 
neurocytoma), clear cell ependymoma, 
dysembryoplastic neuroepithelial tumor 
(DNET), and pilocytic astrocytoma (focal) 
(Table 4.2). GFAP, Olig 2, NeuN and synap-
tophysin are very useful for the differential 
diagnosis. Diffuse and widespread immu-
noreactivity of NeuN and synaptophysin is 
typical of neurocytomas. Negative staining 
of Olig 2 favors neurocytoma, and can 
virtually exclude oligodendroglioma and 
oligodendroglioma-like areas of pilocytic 
astrocytoma, both of which show diffuse 
and strong immunoreactivity.

Dysembryoplastic neuroepithelial tumor 
(DNET) is characterized by the so-called 
“specific glioneuronal element” composed 
of oligodendroglia-like cells (OLCs), astro-
cytes and mature neurons that are orientated 
in columns perpendicularly to the cortical 
surface. OLCs show strong and widespread 
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expression of Olig2 and S-100 protein,  
and rare expression of synaptophysin. 
Some, but not all, neuronal cells are 
immuno reactive for synaptophysin. Wolf 
et al. (1997) reported the striking differ-
ence in NeuN immunoreactivity in OLCs 
in DNET (44% positivity) and oligoden-
drogliomas (0% positivity).

Differential Diagnosis of Malignant (Small) 
Blue Cell Tumors in CNS

Differential diagnosis of malignant (small) 
blue cell tumors includes medulloblast-
oma, anaplastic ependymoma, and atypical 
teratoid/rhabdoid tumor (AT/RT) in pedi-
atric patients, and small cell glioblastoma, 
medulloblastoma, malignant lymphoma, 
and metastatic small cell carcinoma in 
adult patients (Table 4.3). The histological 
distinction between metastatic small cell 
carcinoma, medulloblastoma, and small 

cell glioblastoma is particularly difficult, 
and the distinction between the former two 
tumors may be impossible on histologic 
ground alone without clinical information. 
Cytokeratin, not synaptophysin, is of great 
help for this distinction since metastatic 
small cell carcinomas exhibit immunoreac-
tivity. Of note is that considerable numbers 
of glioblastomas, in general, are immuno-
reactive for pancytokeratin (AE1/AE3), 
and that other cytokeratins (e.g., CAM5.2) 
should be used for this purpose. Metastatic 
small cell carcinomas originating from 
lung often demonstrate thyroid transcrip-
tion factor-1 (TTF-1), and this marker may 
also be helpful given that medulloblas-
tomas are negative. Focal expression of 
epithelial markers (EMA and cytokeratins) 
can be rarely seen in medulloblastomas, 
primarily in anaplastic variant, but raises 
the possibility of AT/RT.

Table 4.3. Differential immunohistochemical markers for malignant (small) blue cell tumors

GFAP S-100 protein Synaptophysin EMA Cytokeratin Others

Medulloblastoma (-/+) (+) (+) (-/+) (-/+) MAP-2
Anaplastic ependymoma (+) (+) (-) (+) (-)
Atypical teratoid/ 

rhabdoid tumor
(+) (+/-) (-/+) (+) (+) INI-1, smooth muscle actin, 

vimentin. (germ cell markers: 
Negative)

Small cell glioblastoma (-/+) (+) (-/+) (-) (-)
Metastatic small  

cell carcinoma
(-) (-) (+) (-) (+) (Lung primary: TTF-1)

Malignant lymphoma (-) (-) (-) (-) (-) CD20, LCA

Table 4.2. Differential immunohistochemical markers for round clear cell (oligodendroglioma-like) tumors

GFAP Olig 2 NeuN Synaptophysin EMA (dot-like positivity)

Oligodendroglioma (-/+) (+) (-) (-) (-)
Neurocytomas (-/+) (-) (+) (+) (-)
Clear cell  

ependymoma
(+) (-/+) (-) (-) (+)

Dysembryoplastic neuroepithelial tumor  
(oligodendroglia-like cells)

(-) (+) (+/-) (+/-) (-)

Pilocytic astrocytoma (oligodendroglioma-like areas) (+) (+) (-) (-) (-)
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Differential Diagnosis  
of Dural-Based Tumors

Dural-based tumors include meningioma, 
metastatic tumors, solitary fibrous tumor, 
hemangiopericytoma, Rosai-Dorfman dis-
ease, plasmacytoma, and (much less com-
monly) schwannoma (Table 4.4). Anaplastic 
meningiomas are EMA immunoreactive 
and can histologically simulate metastatic 
carcinoma, occasionally necessitating 
immunohistochemical staining for differ-
ential diagnosis, especially in some patients 
with no clinical history of carcinoma. Liu 
et al. (2004) reported common positivity 
of CAM5.2, AE1/AE3, and pancytokeratin 
in “malignant meningiomas”, but negative 
immunoreactivity in benign meningiomas 
tested. They proposed that a panel of epi-
thelial markers, including Ber-EP4, CEA, 
B72.3 and CD15 (negative in malignant 
meningiomas), and vimentin (rarely posi-
tive in metastatic carcinomas) may be use-
ful in separating malignant meningioma 
from metastatic carcinoma. CK20, which is 
present in lower gastrointestinal epithelia, 
urothelia, and Merkel cells, is also helpful 
since no meningiomas are reportedly immu-
noreactive (Miettinen and Paetau 2002).

The histological distinction between 
hemangiopericytoma (HPC) and solitary 
fibrous tumor (SFT) can be very difficult 
because of many overlapping morphologi-
cal features. In contrast to soft tissue HPCs, 
which tend to merge into the SFT category, 

in CNS they are now recognized as two 
distinct entities. Immunohistochemically, 
quantitative difference in CD34 and bcl-2 
immunoreactivity is seen: diffuse and strong 
positivity in SFT and weak and focal posi-
tivity in HPC. Diffuse and strong immuno-
reactivity for CD34 is, in part, a diagnostic 
criterion for SFT. CD99 positivity is also 
observed in SFT.

IMMUNOHISTOCHEMISTRY 
AS A USEFUL ADJUNCT 
IN GRADING OF BRAIN 
TUMORS: KI-67 AND 
PHOSPHO-HISTON H3

Histological grading is a means of predict-
ing the biological behavior of a neoplasm, 
and in the clinical practice, is a key factor 
for deciding therapeutic strategies. The 
current WHO grading of CNS tumors 
establishes a “malignancy scale” (grade 
I–IV) ranging across a wide variety of 
neoplasms based on histological features 
on H&E-stained sections. It is known that 
the histology-based WHO grading system 
has some limitations in predicting clinical 
outcome and survival. Thus, many studies 
have focused on the clinical value of the 
proliferation activity assessed by various 
techniques in a given tumor, and of these, 
astrocytomas and meningiomas have been 
extensively studied.

Table 4.4. Differential immunohistochemical markers for dural-based tumors

EMA Claudin-1 S-100 protein CD34 Bcl-2 Cytokeratin CD138

Meningioma (+) (+) (-/+) (-/+) (-) (-/+) (-)
Hemangiopericytoma/Solitary fibrous tumor (-) (-) (-) (+) (+) (-) (-)
Metastatic carcinoma (+) (-) (-) (-) (-) (+) (-)
Rosai-Dorfman disease (-) (-) (+) (-) (-) (-) (-)
Plasmacytoma (-/+) (-) (-) (-) (-) (-) (+)
Schwannoma (-/+) (-) (+) (-) (-) (-) (-)
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Ki-67 antigen is the prototypic cell cycle 
related nuclear protein, expressed by pro-
liferating cells in non-G0 phases. Ki-67 
antibodies (MIB-1) are routinely used in 
diagnostic neuro-oncology. The MIB-1 
labeling index (MIB-1 LI) is calculated 
as a percentage of the Ki-67 positive cells 
to the total number of tumor cells, and 
enables such data to be incorporated into 
diagnostic algorithms for the estimation of 
biological behavior in brain tumors.

Of several histologic parameters on H&E-
stained sections, mitotic figures (MFs) are 
particularly important in brain tumor grad-
ing. However, MFs are not as objective or 
diagnostic criterion as usually considered, 
since it is often difficult to distinguish MFs 
from similar chromatin changes observed 
in apoptotic cells or secondary to artifacts 
such as crush or distortion. A mitosis 
specific antibody against phospho-histone 
H3 (PHH3), which is negligible during 
interphase, but reaches a maximum during 
mitosis, is very sensitive and specific to 
detect MFs and allows for rapid and accu-
rate identification of MFs. Of note, the sig-
nificant difference in immunohistochemical 
staining techniques (e.g., antibody dilution, 
antibody clone, antigen retrieval method) 
among laboratories as well as in interpre-
tation among pathologists makes it very 
difficult for both of these markers to apply 
specific cutoffs for grading in any types of 
brain tumors.

Astrocytoma

From a therapeutic point of view, aggres-
sive treatment (i.e., maximum tumor 
resection followed by radiation therapy) 
is indicated for grade III astrocytomas, 
while observation following biopsy is usu-
ally appropriate for patients with grade II 
astrocytomas, especially in young patients 

(under 35 or 40 years of age), unless the 
tumor shows a significant mass effect or 
causes neurological deficits. Thus, distin-
guishing between WHO grade II and III 
infiltrating astrocytomas is one of the most 
important differential diagnoses in diag-
nostic neuro-oncology practice, but the 
distinction is often challenging. According 
to the WHO 2007 guidelines, neither 
established number of MFs nor MIB-1 
LI is indicated as a cutoff for this distinc-
tion. Colman et al. (2006) reported the 
following cutoffs for grade II versus, III, 
respectively: MFs per 10 HPFs (£3 versus, 
>3), PHH3 index (£4 versus, >4 per 1,000 
cells), and MIB-1 LI (£9% versus, >9%). 
Johannessen and Torp (2006) conducted 
a meta-analysis of 16 previous studies on 
diagnostic and prognostic significance of 
MIB-1 LI in astrocytomas (grade II-IV), 
all of which were classified based on 
WHO 2000 grading criteria, and reported 
that the mean MIB-1 LI (± SD) for grade 
II, III, and IV was 3.0 (±2.1), 11.8 (±3.4), 
and 15.8 (±7.4), respectively. Although 
most studies reviewed showed statisti-
cally significant differences in MIB-1 LI 
between high grade (grade III and IV) and 
low grade (grade II) astrocytomas, they 
stressed on the presence of considerable 
overlap in MIB-1 LI among the different 
grades, indicating that MIB-1 LI cannot be 
used alone as a diagnostic measure.

Meningioma

One of the WHO criteria in the assignment 
of grade in meningiomas is the number 
of MFs per ten high-power (400x) fields 
(HPFs, defined as 0.16 mm2); that is, grade 
I: <4, grade II: £ 4, < 20, and grade III: 
³20/10 HPFs. Ribalta et al. (2004) stud-
ied 54 cases of meningiomas with PHH3 
immunohistochemistry and reported that 
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this immunolabeling facilitated rapid reli-
able grading of meningiomas by showing 
quick focus of attention on the most mitoti-
cally active areas for quantification and by 
allowing easy and objective identification 
of MFs. Although MIB-1 LI is not included 
in the WHO 2007 criteria to grade menin-
giomas, it is particularly helpful for tumors 
that are histologically “on the fence” in 
terms of tumor grade. Based on 146 cases 
of meningiomas examined immunohisto-
chemically, Amatya et al. (2001) reported 
the mean MIB-1 LI of benign, atypical, and 
anaplastic meningiomas was 1.5%, 8.1%, 
and 19.5%, respectively. Perry et al. (1998) 
studied 425 cases of meningiomas using 
image analysis and reported that the MIB-1 
LI of 4.2% or more was strongly associated 
with a decreased recurrence-free survival 
rate in gross, totally resected meningiomas. 
By comparing two groups (54 cases of 
recurrent meningiomas versus 73 cases 
of non-recurrent meningiomas), Matsuno 
et al. (1996) mentioned that a MIB-1 LI 
of 3% was a cutoff point for recurrence, 
especially within the first 10-year follow-up 
period, although marked overlap of values 
was noted.

IMMUNOHISTOCHEMICAL 
AND ANALYTICAL 
METHODS (FOR FORMALIN-
FIXED PARAFFIN-
EMBEDDED TISSUE)

Formalin Fixation

Formaldehyde (10% neutral buffered for-
malin is most commonly used in surgical 
pathology laboratories) is a cross-linking 
fixative and can cause changes in the steric 
configuration of proteins, possibly resulting 

in masking of antigenic sites (i.e., epitopes) 
for IHC. Of note, especially for clinicians, 
is that immediate formalin fixation of fresh 
(surgical and biopsy) tissue is crucial to 
avoid drying edge artifact, passive uptake of 
serum protein into the cytoplasm of specific 
cells, and extracellular antigen diffusion 
into the parenchyma due to autolysis, all 
of which can cause non-specific IHC reac-
tions. Slicing large specimens prior to fixa-
tion is required for adequate and consistent 
fixation. Another important factor is fixa-
tion time; both over- and underfixation can 
affect IHC results. Subsequent processing 
usually includes dehydration using ethanol, 
and thus, the tissue is effectively double 
fixed with both formalin and ethanol. Areas 
underfixed with formalin may be fixed 
only with ethanol and cause artifactual 
IHC results since some antigenicity can 
be affected (i.e., enhanced or reduced) by 
alcohol fixation.

 Sectioning

IHC staining should be performed no later 
than a week, ideally as soon as possible, 
after sectioning the paraffin-embedded tis-
sue placed on glass slides in order to mini-
mize the loss of antigenicity (especially 
of nuclear antigens such as Ki-67, p53 
protein, and estrogen receptor). Otherwise, 
the sections should be kept in an airtight 
bag at 4°C or following surface paraffin 
coating on the glasses.

Antigen Retrieval

In response to the antigen-masking effects 
of formalin fixation, antigen retrieval (AR) 
is now extensively used. The technique 
whereby the application of heat for vari-
ous lengths of time to formalin-fixed, 
paraffin-embedded tissue sections in an 
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aqueous solution (i.e., retrieval solution) is 
currently most popular and is referred to as 
“heat induced epitope retrieval (HIER)”. 
Microwave ovens, pressure cookers, and 
steamers are the most commonly used 
heating devices. Of these, pressure cook-
ers permit attainment of higher tempera-
ture of the retrieval solution (~125°C) and 
the even nature of heating with no hot or 
cold spots unlike microwave ovens. The 
heating length of 20 min appears to be 
appropriate with the exception of pressure 
cookers, which require a much shorter 
time (only 2.5–3 min), and cooling usu-
ally takes about 20 min. Rapid cooling 
may decrease the staining intensity of 
some nuclear antigens, including Ki-67. 
The retrieval solutions are important for 
the effectiveness of antigen retrieval and 
include (sodium) citrate buffer (10 mM, 
pH 6.0), which is most commonly used, 
EDTA (1 mM, pH 8.0), and Tris-EDTA 
buffer (pH 9.0). Because the mechanism 
of HIER is not completely understood, 
there are no standards for the appropriate 
temperature, type of retrieval solution, or 
its pH. A test is probably the best way to 
know which one is the best for a specific 
antibody. Similar to its effect on protein 
epitopes, HIER produces variable degrees 
of enhancement of endogenous biotin 
activity, resulting in artifacts (i.e., nonspe-
cific cytoplasmic staining) that commonly 
occur especially in mitochondria-rich tis-
sue (e.g., liver, kidney, skeletal muscle, 
and brain) and tumors (e.g., oncocytoma) 
when used avidin-biotin complex method 
or labeled streptavidin biotin method for 
immunohistochemical staining. Another 
AR method is one using proteolytic 
enzymes (i.e., proteolytic induced epitope 
retrieval, PIER) such as trypsin, pronase, 
pepsin, ficin, proteinase K, etc.

Preparations for Retrieval Solutions

Sodium Citrate Buffer (10 mM sodium 
citrate, 0.05% Tween 20, pH 6.0)

Tri-sodium citrate (dihydrate) 2.94 g
Distilled water 1,000 mL

Mixed to dissolve. Adjust pH to 6.0 with 
1N HCl and then add 0.5 mL of Tween 20 
and mix well.

Citrate Buffer (10 mM citric acid, 0.05% 
Tween 20, pH 6.0)

Citric acid (anhydrous) 1.92 g
Distilled water 1,000 mL

Mixed to dissolve. Adjust pH to 6.0 with 
1N HCl and then add 0.5 mL of Tween 20 
and mix well.

EDTA Buffer (1 mM EDTA, 0.05% 
Tween 20, pH 8.0)

EDTA 0.37 g
Distilled water 1,000 mL

Mix to dissolve. Adjust pH to 8.0 with 
1N NaOH and then add 0.5 mL of Tween 
20 and mix well.

Tris-EDTA Buffer (10 mM Tris Base, 
1 mM EDTA Solution, 0.05% Tween 20, 
pH 9.0)

Tris 1.21 g
EDTA 0.37 g
Distilled water 1,000 mL

Mix to dissolve. pH is usually at 9.0 and 
then add 0.5 mL of Tween 20 and mix well.

All these solutions can be stored at room 
temperature for 3 months or at 4°C for 
longer storage.

Immunohistochemical Staining  
of Formalin-Fixed  
Paraffin-Embedded Tissue

The most important factors for IHC staining 
include (1) type of primary antibody used 
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and its dilution, (2) specificity of the anti-
body, (3) type of detection system used and 
its sensitivity, and (4) chromogens or reac-
tion products. The most appropriate condi-
tions should be set for these factors in each 
laboratory.

Protocol

1. Deparaffinization and rehydration:
Immerse the slides in xylene 3 × 3  –
min, in 100% ethanol 2 × 1 min, in 
95% ethanol for 3 min, in 70% etha-

Table 4.5. Immunohistochemical stains commonly used for the diagnostic neuropathology

Primary antibody Manufacturea Clonea

Staining 
patternb

Principal immunoreactive  
CNS lesions/normal tissue

Aquaporin-1 Santa Cruz AQP1(B-11) M Hemangioblastoma
BAF47 (hSNF5/INI-1) BD Biosciences 25 N Atypical teratoid rhabdoid tumor  

(loss of nuclear expression)
Bcl-2 Dako 124 C + M Solitary fibrous tumor, 

Hemangioblastoma
Beta-catenin Ventana 14 N Craniopharyngioma  

(adamantinomatous type)
CD1a Immunotech O10 M Langerhans cells
CD20 Dako B-Ly1 M B lymphocytes
CD34 Becton Dickinson HPCA-1 M (+C) Solitary fibrous tumor, 

Hemangioblastoma/Endothelium
CD79 alpha Dako HM57 C B lymphocytes
CD99 (MIC2) Signet Laboratories O13 M Solitary fibrous tumor, Hemangio-

blastoma, Ependymoma
CD138 Serotec B-B4 M Plasma cells, Plasmacytoma
Chromogranin A Dako DAK-A3 C Neuroendocrine cells
c-kit (CD117) Dako Polyclonal M (+C) Germinoma/Mast cells
Claudin-1 Zymed Polyclonal M Meningioma/Perineurial cells
Cytokeratin Signet Laboratories OSCAR C Metastatic carcinomas
Epithelial membrane antigen (EMA) Dako E29 M (+C) Meningioma (Atypical teratoid  

rhabdoid tumor)
Glial fibrillary acidic protein (GFAP) Dako Polyclonal C Astrocytes
Inhibin alpha Dako R1 C Hemangioblastoma
Ki-67 Dako MIB-1 N Cells in non-G0 phase
Langerin (CD207) Vision Biosystem 12D6 M + C Langerhans cells
Microtubule-associated protein  

(MAP) -2
Chemicon Polyclonal C Neurons

Neuronal nuclear antigen (NeuN) Dako NeuN N Neurons
Neurofilament Dako 2F11 C Neurons
OCT3/4 Santa Cruz C-10 N Germinoma, Embryonal carcinoma
Olig 2 Immuno-Biological 

Laboratories
Polyclonal N Oligodendroglioma, DNET

p-53 Dako DO-7 N
Phospho-histone H3 (PHH3) Cell Signaling Polyclonal N Mitotic nuclei
Placental alkaline phosphatase 

(PLAP)
BioGenex PL8-F6 M Germinoma/Villous trophoblasts

S-100 protein Dako Polyclonal N + C Neurons, Glia, Melanoma
Smooth muscle actin BioGenex 1A4 C (Atypical teratoid rhabdoid tumor)/

Blood vessel walls
Synaptophysin Dako SY38 C Neurons, neuroendocrine cells
Transthyretin Dako Polyclonal C Choroid plexus
Vimentin Dako V9 C Mesenchymal tissue

aUsed at The Methodist Hospital, Houston, TX.
bC: cytoplasmic, M: membranous, N: nuclear.
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nol for 3 min, and in 50% ethanol for 
3 min, and rinse with running tap wa-
ter to remove ethanol.
Keep the slides in tap water until  –
ready to use for antigen retrieval.

2. Antigen retrieval (by HIER):
Preheat the heating device with retrieval 
solution.

Immerse the slides in the pre-heated  –
solution and keep them in the device 
for appropriate time.
Cool gradually. –
Rinse the slides in phosphate buff- –
ered saline (PBS) 3 × 2–3 min.

3. Blocking the endogenous peroxidase 
activity to reduce the background stain-
ing if using a horseradish peroxidase 
(HRP) conjugate for detection:

Immerse the slides in methanol con- –
taining 0.2% hydrogen peroxidase 
for 20 min at room temperature.
Rinse the slides in PBS 3 × 3 min. –

4. Immunohistochemical staining
Incubate the slides with 2% normal 
serum (of the animal that was used to 
produce the secondary antibody) in 
PBS for 30 min in a humidity chamber 
at room temperature to block non-spe-
cific binding of the primary antibody, 
and discard residual fluid.

Apply the primary antibody to the  –
slides and incubate for 60 min at room 
temperature or overnight at 4°C.
Rinse the slides 3 × 5 min in PBS. –
Apply the enzyme-conjugated second- –
ary antibody to the slides and incubate 
at room temperature for 30 min.
Rinse the slides 3 × 5 min in PBS. –
Develop the colored product of the  –
enzyme with chromogen for 10 min 
at room temperature.
Rinse the slides in running tap water  –
for 5 min.

Counterstain with hematoxylin (or  –
methyl green).
Dehydrate, clear and mount. –

Analysis

Both positive and negative controls should 
be used; the former is for control of all 
steps of the analysis and the latter is for 
detection of unintended background stain-
ing/nonspecific staining. The positive con-
trol should be examined first to ascertain 
that all reagents are properly functioning, 
and then, the negative control should be 
examined to verify the specificity of the 
primary antibody used.

For the evaluation of IHC staining, it is 
crucial to clarify the criteria for positive 
and negative results in termed of extent and 
intensity of staining for the given antibody. 
In addition, staining pattern (e.g., cyto-
plasmic membrane, nucleus, cytoplasm, or 
combination of these) is also important for 
evaluation. IHC stains commonly used for 
the diagnostic neuropathology with useful 
information including the expected staining 
pattern are listed in Table 4.5.
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5
Malignant Brain Tumors:  
Roles of Aquaporins
Jérôme Badaut and Jean-François Brunet 

INTRODUCTION

Water channels, renamed aquaporins 
(AQPs), were demonstrated in cells in 1992 
and after the discovery of these water chan-
nels, water diffusion through the plasma 
membrane was revisited (Preston et al. 
1992). The aquaporin (AQP) family is still 
growing with 13 members ubiquitously 
distributed in mammalian tissues. The func-
tional roles of the AQPs are more complex 
than expected at their discovery (Badaut 
et al. 2007). In this chapter, we will review 
the latest reports on these AQPs and espe-
cially their contribution in brain tumors 
which may be useful for the prognosis and 
diagnostic of malignant brain tumors.

AQPs are water channel proteins with a 
molecular weight of ~30 kDa, and exhibit 
a common structure of six membrane 
spanning alpha helical domains with intra-
cellular carboxyl (C) and amino (N) ter-
mini. They contain a consensus motif 
Asn-Pro-Ala (NPA), necessary for pore 
formation (Badaut et al. 2002). Despite a 
high sequence homology, the AQP family 
can still be divided into three subgroups: 
aquaporin, aquaglyceroporin, and super-
aquaporin. The subgroup aquaporin is 

composed of AQP0, 1, 2, 4, 5, 6, and 
is considered to be permeable to water. 
This permeability for water was recently 
revised as AQP6 is permeable for proton 
and AQP1 is permeable to volatile solutes 
such as NO (Herrera and Garvin 2007).

The second subgroup aquaglyceroporins 
is composed of AQP3, 7, 8, 9, 10 and the 
bacterial glycerol facilitator (Glpf) (Badaut 
et al. 2007). This subgroup of channels is 
permeable to water and glycerol. AQP9, 
a member of this group, is also surnamed 
the “neutral channel”. Indeed, injection of 
AQP9 into Xenopus oocytes or proteoli-
posomes facilitates the diffusion of water, 
polyols (glycerol, mannitol, and sorbi-
tol), purines (adenine), pyrimidines (uracil 
and chemotherapeutic agent 5-fluorour-
acil), and monocarboxylates (lactate and 
b-hydroxybutyrate) (Badaut et al. 2007). 
However, the osmotic water coefficient 
for AQP9 is lower than for a pure water 
channel like AQP4. In addition, AQP9 
facilitates metalloid transport, suggesting 
further that APQ9 may be a major route 
for arsenite uptake into mammalian cells 
(Badaut et al. 2007).

The last group, named super-aquaporins, 
is composed of AQP11 and 12 which were 
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recently described. Their specific feature 
is that they are localized in the cytoplasm. 
A study of AQP11 reconstitution into lipo-
somes revealed an efficient water channel 
activity, comparable to AQP1 (Yakata et al. 
2007). These super-aquaporins are involved 
in intracellular water transport and the regu-
lation of organelle volume and intravesicu-
lar homestasis (Nozaki et al. 2008). All of 
the water channel subgroups are widely 
distributed in several organs and in the brain 
for example, several subtypes co-exist.

AQP EXPRESSION IN NORMAL 
BRAIN AND ITS FUNCTION

Water homeostasis is critical to sustain 
normal neural activity (Badaut et al. 
2002). The discovery of the water chan-
nel family has motivated neuroscientists 
since 1994 to study the distribution and 
expression of the AQPs in normal and 
pathological brain. Seven aquaporin sub-
types (AQP1, AQP3, AQP4, AQP5, AQP8, 
AQP9, AQP12) have been described in 
rodent brain cells. However, only three of 
these aquaporins have been well described 
in vivo: AQP1, AQP4, and AQP9 (Badaut 
et al. 2007). Their distribution and puta-
tive roles will be presented in normal 
and pathological brains. A review of our 
knowledge on AQP1, 4, and 9 will be 
useful to form hypotheses on functional 
roles for these channels in malignant brain 
tumors. These channels would potentially 
represent a future good marker for diagno-
sis and prognosis in malignant tumors.

AQP1 Distribution and Its Potential Role

AQP1 is mainly expressed in epithelial 
cells of the choroid plexus in the rodent 

brain, and is proposed to be involved in 
cerebrospinal fluid formation (Badaut et al. 
2002). Interestingly, expression of AQP1 is 
seen in many non brain endothelia but its 
expression is suppressed in the specialized 
endothelial cells of the blood–brain barrier 
(BBB) (Dolman et al. 2005). Indeed, the 
presence of astrocytes inhibits the expres-
sion of AQP1 in endothelial cells.

In human brain diseases, astrocytic 
AQP1 expression is induced in the tis-
sue after subarachnoid hemorrhage (SAH) 
(Badaut et al. 2003). Similar AQP1 induc-
tion was observed in a model of SAH in 
rats and correlated with edema formation 
(Yatsushige et al. 2007). A long term 
induction of AQP1 in neurons and astro-
cytes after spinal cord injury in the rat 
has been described, however, without evi-
dent edema formation (Nesic et al. 2008). 
These new results show the complexity of 
the roles of AQP1 in pathophysiology. In 
support of this, unexpected results have 
been obtained in AQP1-Knockout mice 
showing that AQP1 plays an important role 
in the neoangiogenesis of growing tumors 
(Saadoun et al. 2005), and recently several 
AQPs have been shown to be involved in 
the processes of cell migration. This func-
tion opens future avenues of research for 
AQPs. The roles of AQP1 in angiogenesis 
and cell migration in brain tumor develop-
ment will be largely evoked later.

AQP4 Astrocyte Endfeet Marker 
Involved in Brain Water Homeostasis

AQP4 is one of the most studied aquapor-
ins in the brain being the most abundant 
aquaporin. The AQP4 was first observed in 
the glia limitans, the ependymal lining sys-
tem, the magnocellular hypothalamic nuclei, 
the cerebellum, the hippocampus, and the 
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neocortex (Badaut et al. 2002). The notable 
feature of AQP4 distribution is its presence 
on astrocyte endfeet in contact with blood 
vessels, and also on astrocytic processes in 
contact with synapses (Badaut et al. 2002). 
In the rodent brain, several regions show a 
strong AQP4 immunoreactive signal which 
may be due to the presence of the channel 
outside of the perivascular space, on astro-
cyte processes surrounding neuronal cells 
(Badaut et al. 2002). Such localizations 
of AQP4 and potassium inward rectifying 
channels 4.1 (KIR4.1), suggest that AQP4 
may have a role in potassium homeostasis 
by facilitating water diffusion (Badaut et al. 
2002). This hypothesis was confirmed in 
AQP4-KO mice where a delay in potas-
sium reuptake during electrical activity is 
increased (Binder et al. 2006). The level 
of AQP4 expression in astrocyte endfeet 
varies in pathological conditions such brain 
ischemia, with a large induction of AQP4 
within 1 h after stroke onset (de Castro 
Ribeiro et al. 2006). This rapid induction 
may be protective by a rapid removal of 
excess water in the perivascular space (Hirt 
et al. 2008). The importance of the AQP4 in 
water removal was also shown in vasogenic 
edema formation in a model of tumor 
implantation (Papadopoulos et al. 2004).

In addition to the brain water homeosta-
sis, new functional roles were proposed for 
AQP4 in astrocytes. In fact, the high level 
of AQP4 protein in the hypothalamic glia 
lamellae may facilitate adhesion between 
the astrocyte processes (Hiroaki et al. 2006). 
On the other hand, AQP4 has recently been 
shown to be involved in glial scar formation 
with recruitment of the reactive astrocytes 
(Auguste et al. 2007). Indeed, astrocytes 
deficient in AQP4 migrated more slowly 
than wild type ones in vitro, using mon-
olayer scratch and transwell assays and 

in vivo, after injection of astrocytes with 
and without AQP4 distant to mechanical 
stab injury (Auguste et al. 2007).

In summary, AQP4 is a key player in 
brain water homeostasis and facilitates 
water movement through the astrocytic 
plasma membrane in contact with blood 
vessels and synapses. AQP4 will therefore 
be important in brain tumors, and the recent 
findings concerning the role of AQP4 in 
cell migration and adhesion will open pos-
sibilities for tumors.

Involvement of AQP9 in Brain  
Energy Metabolism

AQP9 facilitates the diffusion of both 
water and several solutes such as glycerol, 
urea, and monocarboxylate. The high-
est level of AQP9 expression is in the 
liver and its expression is also observed 
in rodent brain (Badaut et al. 2004; de 
Castro Ribeiro et al. 2006). AQP9 mRNA 
and protein were detected in astrocyte 
cultures in rodent brain in three cell types 
(Badaut et al. 2004, 2008). Presently, 
AQP9 expression has been observed in: 
glial cells, in particular tanycytes and 
astrocytes, endothelial cells of subpial 
vessels and in one subtype of neurons, the 
catecholaminergic neurons (Badaut et al. 
2004; de Castro Ribeiro et al. 2006). Two 
isoforms of AQP9 have been described in 
brain cells, the short isoform (26 kDa) is 
found in inner membrane of mitochondria 
and the long isoform (30 kDa) in the cell 
membrane (Badaut et al. 2007).

In hepatocytes, high plasma insulin sup-
presses glycerol uptake, which participates 
in neoglucogenosis to replenish blood 
glucose concentrations. AQP9 is down 
regulated by high insulin concentrations 
suggesting that AQP9 may play a key role 
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in the cellular energy balance as a glycerol 
channel in the liver (Badaut et al. 2007). 
AQP9 expression in liver is dramatically 
increased in models of diabetes induced 
by streptozotocin (STZ) injection (Badaut 
et al. 2008). Similarly, we showed that 
AQP9 protein levels were down regulated 
after insulin application and conversely 
levels of AQP9 were increased in catecho-
laminergic nuclei in brains of diabetic rats 
(Badaut et al. 2008). Therefore, it would 
appear that neuronal AQP9 expression is 
regulated by insulin concentrations simi-
larly to the situation in hepatocytes. Based 
on these results, a sole role of AQP9 in 
water homeostasis was revised, and we 
postulated that AQP9 is involved in brain 
energy metabolism in catecholaminergic 
neurons, known to be involved in energy 
balance (Badaut et al. 2008). In astrocytes, 
AQP9 could facilitate diffusion of glycerol 
and monocarboxylates, which may serve 
as energy substrates for cells in the central 
nervous system (Badaut et al. 2004).

As shown for AQP1 and AQP4, it was 
recently shown that AQP9 is involved in 
leucocyte transmigration by facilitation of 
water entry during the formation of the 
filopodia (Loitto et al. 2007). This hypoth-
esis may be true for astrocytes as we have 
already shown a huge increase of AQP9 in 
reactive astrocytes after stroke (de Castro 
Ribeiro et al. 2006) which may be involved 
in astrocyte migration during the glial scar 
formation. In summary, AQP9 is probably 
not involved directly in brain water home-
ostasis but rather in brain energy balance. In 
tumors, AQP9 could be a metabolite chan-
nel for glycerol and monocarboxylates; 
energy substrates potentially produced or 
used by tumor cells.

AQP DISTRIBUTION 
IN TUMORS: ROLES 
IN PROGNOSIS AND 
TREATMENT

The expression of AQPs has been observed 
in different tumor cell types in humans and 
rodents. We will review the results concern-
ing expression of AQP1, 4, and 9, which 
are the major AQPs in brain tumors.

 AQP1 in Tumors: Water Homeostasis or 
Cell Migration?

AQP1 is mainly localized in the choroids 
plexus in the normal brain. In many tumors, 
AQP1 has been shown to be overexpressed 
for example in astrocytomas (Saadoun 
et al. 2002a), gliomas (Badaut et al. 2003; 
Oshio et al. 2005) and also in meningi-
omas (Nagashima et al. 2006). Expression 
of AQP1 differs between tumor types, but 
it is always higher in tumors than in normal 
brains (Figure 5.1). AQP1 was observed in 
Glial Fibrillary Acid Protein (GFAP) and 
non GFAP positive cells in astrocytomas 
(Figure 5.1b) (Oshio et al. 2005). In this 
tumor type, AQP1 was observed in blood 
vessels. The level of expression of AQP1 
increases with tumor grade, with a highest 
expression in World Health Organization 
(WHO) grade IV, suggesting that the level 
of AQP1 could be used as a prognostic 
factor.

Similarly, AQP1 was also strongly 
expressed at the invading front and dural 
attachment of meningiomas (Nagashima 
et al. 2006), suggesting the role of AQP1 
in invasion and fixation of the tumor. 
Moreover, reactive astrocytes in contact with 
the tumor (such as glioma and astrocytoma) 
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showed a strong induction of AQP1 expres-
sion compared to non reactive astrocytes 
(Figure 5.1d). This induction of its expres-
sion was thought to be correlated with 

the glycolytic activity and associated with 
blood vessels at the tumor periphery. It was 
proposed that the combination of up regula-
tion of AQP1, lactate dehydrogenase and 

Figure 5.1. Representative distribution of AQP1 (a, b, c, d, green) in a meningioma (a), in oligoastrocytoma (b), 
in glioblastoma (c) and in peritumoral tissue in contact with the glioma (d). GFAP immunostaining (red) revealed 
tumor cells in the oligoastrocytoma (b) and glioblastoma (c). (a) AQP1 (green) is highly expressed at the edge of the 
meningioma that may correspond to the invading front of the tumor. (b) In the oligoastrocytoma, AQP1 expression 
is highly expressed in round cells, not necessarily GFAP positive. (c) In the glioblastoma, high GFAP immunoreactivity 
(in red) is colocalized with high AQP1 staining (in green). (d) The peritumoral tissue exhibited a reactive gliosis, 
observed by GFAP staining (red) and a high induction of AQP1 expression compared to normal astrocytes in human 
brain tissue. Bar A, B, C, D = 40 mm
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cathepsin B contributes to the acidification 
of the extracellular compartment and the 
invasive potential of glioma cells in the 
perivascular space (Hayashi et al. 2007).

AQP1 belongs to the family of the pure 
water channels and strong induction of 
this channel in tumors was first assumed 
to be related to water diffusion within 
compact tumors and perhaps contribut-
ing to the peri-tumoral edema formation 
(Badaut et al. 2003; Saadoun et al. 2002a). 
However, additional roles for AQP1 have 
recently been proposed; in particular a role 
of AQP1 in neoangiogenesis (Saadoun 
et al. 2005). Tumor growth was signifi-
cantly reduced in AQP1-KO mice com-
pared to wild type mice due to impairment 
of tumor neoangiogenesis. The absence of 
neovessels within the tumor caused exten-
sive cell necrosis and a decrease in tumor 
size. The authors clearly demonstrated 
that the migration of endothelial cells in 
AQP1-KO mice was impaired, inducing 
an absence of neovessels during the tumor 
growing (Saadoun et al. 2005).

It was also shown in vitro that AQP1 
expression facilitates tumoral cell migra-
tion, opposite to AQP4, which is involved 
in cell adhesion (McCoy and Sontheimer 
2007). Therefore, the strong overexpres-
sion of AQP1 at the invading front and 
in tumoral cells may contribute to tumor 
growing and invasion (Nagashima et al. 
2006) rather than water movement inside 
the tumor. In accordance with these 
hypotheses, the levels of expression of 
AQP1 reached a maximum in these glio-
mas with the highest WHO grade (Oshio 
et al. 2005) with possibly more infiltrating 
cells. Induction of AQP1 was shown to be 
dependent on hypoxic stress and contrib-
utes to the hypoxic-inducible angiogenesis 
in human retinal vascular endothelial cells 

(Kaneko et al. 2008). Hypoxic events are 
observed in growing tumors and it can be 
envisaged that induction of angiogenesis 
in the tumor is the result of APQ1 induc-
tion as proposed by these authors. To sum-
marize, AQP1 would be a good marker for 
the WHO tumor grade as well as for the 
invading front. However, possible roles for 
AQP1 are still undetermined and require 
further investigation. One of the future 
directions will be to study the synergy or 
collaboration between AQP1 and the other 
AQPs in water movement and in tumor 
invasion.

AQP4 in Tumors: Biomarker  
for Tumor Classification

As previously mentioned, AQP4, water-
channel in the rodent brain, is likely to 
play an important role in extracellular 
water homeostasis, and thus may sustain 
normal neuronal activity (Badaut et al. 
2002). A profound perturbation of the brain 
environment usually induces a regional 
cerebral edema, as observed in ischemia 
and also around brain tumor formation. 
Brain edema, which leads to an expansion 
in brain volume, has a crucial impact on 
morbidity and mortality after stroke, as 
it increases intracranial pressure, favours 
herniations, and contributes to additional 
ischemic injuries (Badaut et al. 2002). 
Results on AQP1 suggest that this channel 
may be involved in the tumor growth. What 
is the knowledge on AQP4 expression and 
its role in the malignant tumors?

In glioblastomas, AQP4 was highly 
expressed and the polarization usually 
observed in astrocyte endfeet is lost in 
tumoral cells (Figure 5.2) (Warth et al. 
2004). This redistribution of AQP4 was 
studied in correlation with syntrophin, as 
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well as proteins involved in the extracellu-
lar matrix such as agrin and dystroglycan. 
The decrease of agrin in glioblastomas 

is concomitant with disorganization of 
the cellular distribution of AQP4. All 
these modifications in the perivascular 

Figure 5.2. Representative distribution of AQP4 (a, b, c) in an oligoastrocytoma (a), in a glioblastoma (b) and in 
peritumoral tissue in contact with the glioma (c). GFAP immunostaining (red) revealed tumoral cells in the oli-
goastrocytoma (b) and glioblastoma (c). (a) AQP4 is expressed in some GFAP-positive cells in the oligoastrocytoma; 
however, the level of expression of AQP4 was lower than that of AQP1 (Figure 5.1b). (b) Similar to AQP1, AQP4 
(green) is also highly expressed in all GFAP positive cells (red) in the glioblastoma. (c) AQP4 (red) expression is 
induced in the peritumoral tissue with expression in reactive astrocytes, revealed by GFAP staining (green). AQP4 
is distributed on the whole astrocyte membrane contrary to that in normal tissue, where AQP4 is expressed only on 
astrocyte endfeet in contact with blood vessels A, B = 40 mm and C = 20 mm
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compartment were related to modifications 
of BBB properties, characterized by a 
leakage in tumors (Warth et al. 2004). 
The pattern and the level of expression 
of AQP4 showed differences between 
the tumor grades (Warth et al. 2007b). 
Tumors with a high WHO grade IV show 
the highest expression of AQP4, suggest-
ing that AQP4 may be used as a marker 
to distinguish between astrocytic and oli-
godendroglial tumors (Ikota et al. 2006), 
and therefore facilitate classification into 
astroglial tumors of different WHO grades 
(Warth et al. 2007b). However, the level 
of AQP4 expression was not a good can-
didate for the survival prognosis in astro-
glial tumors.

The level of AQP4 expression was cor-
related with edema formation (Saadoun 
et al. 2002b; Warth et al. 2007b). To date 
the role of AQP4 in edema formation and 
resolution is still unclear (Badaut et al. 
2007). All human studies depicted a rela-
tion between AQP4 expression and edema 
“scoring” at only one time point (Saadoun 
et al. 2002b; Warth et al. 2007b). However, 
on the basis of results in the literature, it 
would be important to have several time 
points to illustrate AQP4 variations over 
time during brain disease because func-
tions of AQP4 may be different (Badaut 
et al. 2007). Thus, studies using AQP4-KO 
mice showed that AQP4 contributed to 
cytotoxic edema formation at early time 
points. On the other hand, the presence 
of AQP4 in brain tissue was critical to 
counteract vasogenic edema formation 
(Papadopoulos et al. 2004). In the report 
by these authors, AQP4 was proposed to 
remove excess of fluid from the tissue, 
pointing to a protective role by decreasing 
peritumoral edema formation.

Interestingly, brain edema formation 
was directly associated with mortality in 
both low- and high-grade gliomas (Pope 
et al. 2005). Despite the proposed correla-
tion between the level of AQP4 expression 
and edema formation, Warth et al. (2007b) 
found no correlation between the levels of 
AQP4 expression and mortality rate. How 
may this discrepancy be explained? One 
of the possibilities is that the two principal 
AQP4 isoforms exhibit different forms of 
regulation in pathological conditions (Hirt 
et al. 2008). Moreover, it was recently 
shown that in humans, AQP4 exhibited 
more than two subtypes with new vari-
ants for AQP4 (Sorani et al. 2008). AQP4 
variants had different water permeability; 
some of the mutations in the AQP4 gene 
induced a decrease in water permeability 
of 48% compared to AQP4-M23 protein 
(considered as a reference in the cited 
study). A straight consequence of these 
results is that a direct correlation between 
the level of expression of AQP4 and 
edema formation is not possible.

As described above, the repertoire of 
functional roles of AQP4 is increasing, 
AQP4 was shown to be involved in cell 
adhesion (Hiroaki et al. 2006) and in cell 
migration (Auguste et al. 2007). To date 
these other functions of AQP4 have not 
been investigated in astroglial tumors, but 
in vitro results suggest a role in cell adhe-
sion (McCoy and Sontheimer 2007). To 
summarize, variability in AQP4 isoform 
expression in human brain tissue explains 
why it is difficult to find a direct correla-
tion between AQP4 expression and edema 
formation and therefore survival rate. 
However, the level of expression of AQP4 
may also be used in combination with 
AQP1 for the classification of tumors.
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AQP9 in Brain Tumors: New Findings

AQP9 is found in astrocytes and catecho-
laminergic neurons in normal brain (Badaut 
et al. 2007). Similarly to AQP4, AQP9 
expression is increased after hyperosmotic 
stress by stimulation of the p38 mitogen-
activated protein kinase-dependent path-
way (Badaut et al. 2007). In the stroke 
disease, increase of AQP9 was proposed to 
be involved in the removal of lactate and 
glycerol excess (de Castro Ribeiro et al. 
2006).

Recently, AQP9 expression was studied 
in human and rat gliomas which showed 

an increase in AQP9 expression (Tan et al. 
2008; Warth et al. 2007a) compared to non 
tumor tissue. Differences were observed 
in the pattern of distribution of AQP9 
between rats and humans (Warth et al. 
2007a). A strong staining of AQP9 was 
observed at the border of the tumor in rat 
gliomas in contrast to humans where AQP9 
staining is increased throughout the whole 
tumor. As with AQP1 and AQP4, AQP9 
expression increases with the grade of the 
tumor, with a maximum for grade IV (Tan 
et al. 2008). AQP9 over-expression may 
be related to energy metabolism. It was 

Figure 5.3. A schema depicting the distribution of AQP1, AQP4, and AQP9 in brain tumor cells (in green). AQP1 
(orange) and AQP4 (blue) are pure water channels and are likely to be involved in water homeostasis in brain tumors. 
However, the presence of AQP1 and AQP4 may also be involved in tumor cell migration and in the growing phase 
of the tumor. AQP9 is an aquaglyceroporin which is known to facilitate diffusion of glycerol and monocarboxylates. 
This channel may be involved in the movement of these solutes within tumors. Recently, AQP9 was proposed to be 
involved in cell migration of leukocytes and this may also be a function in the tumor cells
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proposed that presence of AQP9 in tumors 
correlates with the accumulated lactate 
which is increased in rat tumors (1.7-fold) 
(Warth et al. 2007a). It is interesting to 
note that mannitol or glycerol is clinically 
used for osmotic treatment to decrease 
the edema formation (Warth et al. 2007a) 
and AQP9 is known to transport both of 
these compounds. Therefore, AQP9 may 
facilitate their accumulation in cells to 
act positively in hyperosmotic treatment. 
However, the role of this aquaporin in 
tumors is still unclear. The involvement of 
AQP9 in leucocyte migration (Loitto et al. 
2007) suggests that it is also involved in 
migration of tumor cells.

In conclusion, the expression of water 
channels is increased in malignant brain 
tumors compared to normal brain tis-
sue (Badaut et al. 2003; Saadoun et al. 
2002a, b; Warth et al. 2007a, b). However, 
at present the roles of these channels 
in tumoral cells are very speculative 
(Figure 5.3). The high level of expression 
of three AQPs is directly correlated to the 
grade of the tumor. In combination with 
AQP1, AQP4 and AQP9 staining can be 
used as a specific biomarker to define the 
WHO grades of brain tumor. However, the 
level of expression of these three AQPs 
was not positively or negatively correlated 
with patient survival. This negative result 
may be explained by the complexity of 
the channels in their number of isoforms 
as well as in their functional roles (i.e., 
water homoestasis, cell migration, cell 
adhesion, gas diffusion). A single tumor 
cell may express several AQP isoforms. 
At present, we have only a partial view of 
AQP expression in brain tumors, and it is 
becoming clear that other types of AQP 
can be expressed in tumor cells.
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INTRODUCTION

Brain metastases represent an advanced step 
in the progression of multiple types of can-
cer and are associated with a poor progno-
sis. Approximately 20–40% of patients with 
systemic cancer develop metastasis involv-
ing the central nervous system. Metastases, 
therefore, represent ~5–15% of malignant 
brain tumors, and melanoma, lung, breast 
and colon carcinomas are the primary tumors 
most frequently involved in brain invasion 
(Wesseling et al. 2007). Recent studies sug-
gest that the incidence of brain metastases 
may be increasing (Palmieri et al. 2007); 
several causes have been proposed.

Patients live longer due to the use of 
molecular therapies, and thus secondary 
brain metastases may occur. New thera-
pies cannot cross the blood-brain barrier, 
thus the brain may represent a preferential 
site for metastasis. Early detection may be 
performed as a result of refined imaging 
diagnosis and increased attention given to 
neurological symptoms. Tumor metastasis 
is considered a complicated process involv-
ing cell motility, invasion, platelet aggre-
gating ability, angiogenesis, and avoidance 
of host immune response. Accordingly, the 
metastatic mechanism most likely represents 

a multistep process involving both genetic 
and epigenetic changes that activate or 
inactivate tumor-related genes (Brodeur and 
Hogarty 1998). Several genomic regions 
including: 1q23, 8p12, 8q24, 17q24~q25, 
and 20q13 (by gains), and 4q, 5q, 9p21, 
17p12, 19q23~24, and 18q21~ q22 (by 
losses) have been identified as recurrently 
gained/lost in brain metastases (Petersen 
et al. 2000). Although no candidate tar-
get genes have been identified in these 
genomic regions, decreased expression 
of certain genes (DCC, KAI-1, MYO18B, 
BAI-1) has been identified as associated 
with progression in endometrial, prostate, 
colon and lung cancer (Nathoo et al. 2005; 
Wesseling et al. 2007). Aberrant CpG 
island promoter methylation has been also 
identified at non-random frequencies in 
brain metastases (Gonzalez-Gomez et al. 
2003, 2004; Martinez-Glez et al. 2007) 
suggesting that this epigenetic mechanism 
may participate in the process of tumor 
metastasis and brain invasion.

Overexpression of several genes, includ-
ing EGFR, CD44RI, S100A4 or c-erbB2 
appears to be associated with an increased 
potential for metastasis in lung, colon or 
breast carcinoma (Wesseling et al. 2007). 
Increased gene dosage through copy gains 
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or amplification is a common genetic mech-
anism for upregulation of gene expression 
and amplification of certain genes and is 
associated with a poor prognosis (Arai 
et al. 1994; Brodeur and Hogarty, 1998; 
Nathoo et al. 2005). Therefore, an accurate 
identification of gene dosage may become 
an important clue to discriminating clinical 
outcome in patients with brain metastasis. 
Along these lines, real-time quantitative 
PCR analysis of gene dosage has been used 
to determine amplification or copy gains 
of tumor-related genes that lead to altered 
expression of proteins with important roles 
in the regulation of cell proliferation, inva-
sion or metastasis (Collins 1995).

OBJECTIVES

In this study, we used quantitative real-time 
polymerase chain reaction to determine 
gene dosage (copy gains/amplification) of 
eight tumor-related genes in a series of 18 
brain metastases. This methodology allows 
detection of gene copy gains in addition to 
gene amplification.

EQUIPMENT AND PROCEDURE

DNA Extraction

Eighteen samples derived from brain metas-
tases were available for this study. Tumors 
were immediately frozen and conserved at 
−80°C after surgical removal. The metastases 
originated from lung cancer (six cases), breast 
carcinoma (three cases), melanoma (three 
samples), ovarian carcinoma (two cases), 
and one each from colon, bladder, and kidney 
carcinoma. The primary tumor origin in one 
sample could not be determined; accordingly 
it was diagnosed as undifferentiated carci-

noma. With mortar and pestle, tumor samples 
were homogenized for posterior DNA isola-
tion according to the Wizard Genomic DNA 
Purification KIT (Promega Corporation, WI, 
USA) protocol for animal tissue. Briefly: For 
each sample Nuclei Lysis solution (0.5M 
EDTA pH 8.0) and Proteinase K (20 mg/mL) 
are added, and incubated over night at 55°C. 
RNAse solution is added and incubated for 
10–30 min at 37°C. At room temperature 
the Protein precipitation solution is added 
and vortexed. Cill sample on ice for 5 min. 
After centrifugation (4 min 13,000–16,000 
× g) carefully remove the supernatant con-
taining the DNA (leaving the protein pellet 
behind) and transfer to a micorpcentrifuge 
tube containing 600 µL of room temperature 
isopropanol; gently mix and centrifuge 1 min 
at 13,000–16,000 × g at room temperature. 
Aspirate ethanol and air-dry the pellet for 
10–15 min. Rehydrate the DNA with DNA 
rehydration solution: 10 mM Tris-HCL (pH 
7.4)/1 mM EDTA (pH 8.0), and incubate at 
65°C for 1 h, and overnight at 4°C.

Quantitative-PCR: Amplification Status

This technique has been widely used by us 
for gene copy dosage screening in gliomas 
and brain metastases (Alonso et al. 2005; 
Arjona et al. 2005; Franco-Hernandez et al. 
2007, 2008). In this report we used quanti-
tative PCR to determine the dosage status 
of eight tumor-related genes that partici-
pate in the control of key cellular functions 
such as signal transduction control, regu-
lation of cell proliferation, or encoding 
transcriptional factors. The genes analyzed 
were: ELF3 (E74-like factor 3), MDM4 
(transformed 3T3 cell double minute 4) 
and LRRN2 (leucine rich repeat neuronal 
2; alias glioma amplified on chromo-
some 1 GAC1) (all three located at 1q32); 
PDGFRA (platelet derived growth factor 
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receptor alpha polypeptide) (at 4q11~q13); 
EGFR (epidermal growth factor recep-
tor) (at 7p12); MYC (v-myc myelocy-
tomatosis viral oncogene homolog; alias 
c-MYC) (8q24.12~q24.13); MDM2 (trans-
formed 3T3 cell double minute 2)(located 
at12q13~q14); and ERBB2 (erythroblas-
tic leukemia viral oncogene homolog 2) 
(located at 17q21.2). For ERBB2 and 
EGFR, the specific amplification status 
of the extracellular (EC) and intracellular 
(IC) domains was analyzed. Quantitative 
real-time PCR was performed using 
the LightCycler Fast Start DNA Master 
SYBR Green I kit and LightCycler (Roche 
Molecular Biochemical, Mannheim, 
Germany). As control we used the 18S 
gene because its amplification and expres-
sion levels remain steady in both normal 
and tumoral tissues (Blanquicett et al. 
2002). Primer sequences used for all genes 
have been described previously (Alonso 
et al. 2005; Arjona et al. 2005).

Procedure

PCR was performed in a volume of 20 µL 
reaction containing 12 µL of water, 2 µL 
of MgCl2 stock solution 25 mM, 1 µL of 
each primer 5.5 nM, 2 µL of LC FastStart 
Reaction Mix and 100 ng of DNA tumor 
sample. All samples were loaded three 
times: first pipetted into capillary reser-
voir, then forced into glass capillary by 
centrifugation in LightCycler Centrifuge 
Adapters and run in a LightCycler 1.0 
Instrument with capacity for 32 samples 
per run. PCR was carried out as follows: 
after an initial incubation step at 95°C, 45 
amplification cycles of 10 s at 95°C, 10 s 
at 60–68°C, and a final extension cycle of 
10 s at 72°C were performed. To confirm 
the specificity of the amplification signal, 
we considered the gene dissociation curve 

in each case. To normalize the fluorescent 
signal of the differentially sized frag-
ments, a ratio was calculated between 
each sample and a non-tumoral DNA, on 
the assumption that the gene dosage in 
normal tissue would be one. The relative 
amounts of each gene with respect to the 
control gene, 18S, were determined using 
the LightCycler Relative Quantification 
Software provided by Roche Molecular 
Biochemical. The final results were calcu-
lated as a ration for each normalized gene 
dosage versus the reference dosage for 
every sample. A ratio between 1.2 and 5 
was considered as a low amplification rate 
(copy gains), and values higher than 5.1 
were considered positive for high ampli-
fication rates. All samples were analyzed 
in triplicate.

 RESULTS

Of the 18 samples, six (33%) were positive 
for amplification and ten (55%) positive 
for copy gains in at least one gene. Among 
the genes located at 1q, the most frequently 
involved was LRRN2: it was amplified in 
two cases (derived from lung carcinoma 
and from malignant melanoma), and copy 
gains of this gene were identified in a 
lesion derived from one lung carcinoma. 
Also, two samples derived from breast car-
cinoma displayed copy gains of MDM4, 
but no amplification was observed for this 
gene. ELF3 showed neither amplification 
nor copy gains in any sample. Copy gains 
were identified for MDM2 (two samples 
derived from undifferentiated and from 
lung carcinoma), PDGFRA and MYC (one 
sample each, from lung carcinoma); the 
last one was also amplified in a lesion 
derived from an ovarian carcinoma.
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EGFR and ERBB2 were analyzed at both 
EC and ID domains. EGFR alterations 
were obtained in six samples; amplification 
(ten- to 100-fold) was detected in at least 
one of the studied domains in four of 18 
metastases (22%); these cases derived from 
kidney, ovarian and lung (two samples) car-
cinomas. Also, low gene amplification rates 
were identified in four cases: they derived 
from kidney, lung (x2) carcinomas, and 
from malignant melanoma. In summary, 
one sample displayed amplification and 
another copy gains at both EGFR domains. 
Different patterns of gene dosage were 
found in the remaining four metastases: 
two cases displayed amplification at the IC 
region with copy gains in the correspond-
ing EC regions; one tumor presented copy 
gains at the IC domain and normal dosage 
for the EC domain. Finally, amplification 
at the EC region and normal IC domain 
dosage characterized an ovarian carcinoma. 
ERBB2 was positive for amplification of the 
IC domain, together with copy gains in 
the EC domain, in one sample. IC domain 
copy gains and normal EC domain dosage 
characterized an additional metastasis. Both 
lesions derived from lung carcinomas.

FURTHER CONSIDERATIONS

Quantitative PCR has been demonstrated to 
be a more sensitive technique than others,  
such as Southern blot, which were previ-
ously used to determine gene  amplification. 
Furthermore, quantitative PCR allows 
differentiation between copy gains and 
gene amplification; thus, providing impor-
tant clues regarding various possible 
implications of gene dosage on tumor 
development and progression. Our work 
demonstrated the usefulness of this meth-

odology for identifying the presence of 
both gene dosage variations in brain metas-
tasis lesions. We also identified distinct 
amplification patterns for the genes located 
at 1q32 (LRRN2, ELF3 and MDM4); these 
genes are not always necessarily coampli-
fied as was suggested to occur for ELF3 
and LRRN2 in other brain tumors (Alonso 
et al. 2005).

Concurrent alterations of the genes we 
studied occurred in only three samples 
in our series: two derived from lung car-
cinoma and the third from an ovarian 
carcinoma. One lesion derived from a 
lung carcinoma accumulated copy gains 
of LRRN2, MDM2, PDGFRA, and the IC 
domain of ERBB2. The second lesion dis-
played copy gains of EGFR and ERBB2 
(IC and EC domains, respectively) and 
amplification of LRRN2 and ERBB2 (IC 
region). Finally, the lesion derived from an 
ovarian carcinoma presented amplification 
of MYC and of the EC region of EGFR.

Quantitative PCR allowed identification 
of a heterogeneous pattern of involvement 
in EGFR and ERBB2 that generates dis-
tinct degrees of copy dosage for different 
gene regions: EC versus IC domains. This 
anomaly has also been described in malig-
nant gliomas, specially involving EGFR 
(Malden et al. 1998; Alonso et al. 2005; 
Arjona et al. 2005). Amplification of the EC 
domain has been suggested to be associated 
with the genesis of mutant deletion forms; 
on the other hand amplification of the 
IC domain was proposed to be associated 
with increased expression of an independent 
ligand-binding truncated receptor (Malden 
et al., 1998).

In summary, quantitative PCR appears 
to be an important methodology to detect 
not only gene amplification, but also low-
grade copy gains. Since gene amplifica-



696 Brain Metastases: Gene Amplification Using Quantitative Real-Time Polymerase 

tion appears to be associated with greater 
tumor aggressiveness early detection, even 
in brain metastatic lesions, may be of interest 
for clinical management and treatment.
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INTRODUCTION

Furman and Shulman (1977) first recog-
nized the relationship between abnormally 
low levels of cAMP and brain tumor 
growth. They found that both the activ-
ity of the cAMP synthetase, adenylate 
cyclase, and cAMP levels were inversely 
correlated with the degree of malignancy 
of brain tumors. The importance of PDE4 
to tumor biology was first suggested 
by the antitumor activity of the PDE4 
inhibitor Rolipram when tested in vitro 
against breast and lung carcinoma cell 
lines (Drees et al. 1993; Merz et al. 1998). 
More recently, McEwan et al. demon-
strated Rolipram activity against colon 
carcinoma cells (McEwan et al. 2007), 
and we found that decreased cAMP levels 
stimulate brain tumor growth in vivo and 
that drugs that can elevate cAMP, includ-
ing Rolipram, exhibit significant antitumor 
effects (Goldhoff et al. 2008; Yang et al. 
2007). These studies strongly suggest that 
the PDE4 family of enzymes and PDE4 
inhibitors be vigorously evaluated as vital 
targets to oncology.

Phosphodiesterases hydrolyze intracel-
lular cAMP and cGMP to their respec-
tive 5¢ monophosphate forms, and thereby 

function as negative regulators of multiple 
cyclic nucleotide-dependent processes. The 
PDE superfamily contains 11 subfamilies 
that are distinguished by sequence homol-
ogy, substrate affinity, enzyme kinetics, and 
modulation by specific regulators (Conti and 
Jin 1999). The PDE4 subfamily is highly 
specific for cAMP and abundant in the brain 
(Cherry and Davis 1999). PDE4 was found 
to be the predominant isoform expressed 
in approximately two-thirds of 60 human 
tumor cell lines (Marko et al. 2000), and 
expression correlated with malignancy 
in mouse keratinocyte derived carcinoma 
lines (Marko et al. 1998). PDE4 expression 
was also evaluated in six human glioblas-
toma multiforme (GBM) cell lines where 
it was found to be present, but at lower lev-
els than PDE1, a combined cAMP/cGMP 
hydrolase (Marko et al. 2000). We found 
that several histological subtypes of brain 
tumors expressed high levels of PDE4 
and that PDE4 inhibition, in combination 
with standard radiation and chemotherapy, 
promoted a unique tumor regression in 
an intracranial xenograft model of GBM 
(Goldhoff et al. 2008).

The PDE4 family of phosphodieste-
rases can be further subdivided into four 
subfamilies derived from separate genes 
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(A–D). From these four genes at least 35 
different functional isoforms are generated 
(Lugnier 2006). Through distinct com-
binations of localization motifs, regula-
tory sites and protein–protein interacting 
domains, the multiplicity of PDE4 iso-
forms performs a wide array of tissue and 
subcellular compartment specific func-
tions (Lynch et al. 2006). For instance, 
only PDE4D5 regulates PKA-dependent 
heterotrimeric G protein switching by b2 
– adrenergic receptors (Lynch et al. 2005). 
Similarly, PDE4D3 and PDE4C2, but not 
PDE4A4 or PDE4B1, are required for 
basal AKAP450-tethered protein kinase 
type II activity (McCahill et al. 2005).

The range of function and form within 
the PDE4 family constitutes an experimen-
tal challenge for those interested in evalu-
ating changes in expression or localization 
as a basis for a difference in PDE4 activity. 
It is likely that functionally significant 
variations in PDE4 activity result from 
modulation in the expression or localization 
of a limited number of isoforms. Thus, 
antibody reagents that cannot distinguish 
between isoforms may, in some circum-
stances, be less useful than those that can. 
In this regard some consideration for the 
domain organization of the PDE family is 
warranted. The fundamental domain organ-
ization of PDE4 includes unique, isoform 
specific amino-terminal regions, two regu-
latory domains referred to as upstream con-
served regions (UCR1 and UCR2), a highly 
conserved catalytic unit, and a subfamily 
or gene specific carboxy terminal domain 
(Figure 7.1). The multiplicity of PDE4 iso-
forms arises from splice variants that are 
derived from the four PDE4 genes (A–D). 
This results in three groups of PDE4 mol-
ecules: the long isoforms which include 
complete UCR1 and UCR2, the short 

isoforms which contain only UCR2, and 
the super-short isoforms which contain a 
truncated UCR2. Thus, while the potential 
exists to utilize isoform specific reagents 
directed against the unique amino termini, 
most commercially available antibodies 
are directed against the carboxy-terminus 
and recognize all the members of one 
PDE4 subfamily without further distinc-
tion. Finally, while the carboxy-termini 
of PDE4B, PDE4C, and PDE4D are con-
served between humans and rodents, the 
carboxy termini of human and rodent 
PDE4A diverge considerably.

MATERIALS AND METHODS

Phosphodiesterase function is dependent 
upon which PDE4 isoforms are expressed, 
what their subcellular localization is, 
and what other proteins they are in complex 
with. Each of these elements of PDE4 
function can be assessed with immuno-
chemical methods. It is imperative that only 
the appropriate antibody reagents be utilized. 
Commercially available antibodies include 
those directed against a synthetic peptide 
common to most of the PDE4 subtypes and 
belonging to the PDE4A and D subfamilies. 
Alternatively, there are antibodies directed 
against the carboxy-terminus that can dis-
tinguish between members of different sub-
families. Furthermore, there are some isoform 
specific antibodies as well as antibodies 
against phosphorylated PDE4, such as the 
phospho-PDE4A-selective antibody. Finally, 
while many commercial antibody specifica-
tions indicate cross-reaction between human 
and animal PDE4, the sequence divergence 
between murine and human PDE4A can 
make this less likely, and caution should be 
used when identification of the immunizing 
peptide is treated as proprietary information. 
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In the following sections we provide detailed 
protocols for investigating PDE4 protein 
expression.

 WESTERN BLOTTING

 Materials

 1. Cell lysates were obtained from U87 
cells, an established human brain 
tumor cell lines (ATTC)

 2. Phosphate buffered saline (PBS), pH 
7.35

 3. RIPA Buffer: 150 mM NaCl, 10 mM 
Tris (pH 7.2), 0.1% SDS, 1.0% Triton 
X-100, 1% deoxycholate and 5 mM 
EDTA

 4. Protease inhibitor cocktail: (1 mM 
phenylmethylsulfonyl fluoride, 10 
mM benzamidine, aprotinin 5 mg/mL, 
leupeptin 5 mg/mL)

 5. Protein Assay Bio-Rad DC Bradford 
system

Figure 7.1. PDE4 exists as multiple isoforms. (a) Chromosomal location of the four PDE4 genes (A–D). 
(b) Domain organization of PDE4 isoforms consisting of unique isoform specific amino terminus, upstream 
conserved regions (UCR) 1 and 2, catalytic domain and subfamily (A–D) specific carboxy terminus. Long 
forms contain all five domains. Short and supershort forms do not contain UCR1. Supershort forms contain 
a truncated UCR2. (c) Western Blots of U87 glioblastoma cells probed with the human specific antibody 
for PDE4A (Houslay) and with PDE4 subfamily specific antibodies from FabGennix lanes 2 through 4. 
U87 cells express PDE4A isoforms of 66 and 80 kDa likely corresponding to PDE4A1 and PDE4Ax. The 
PDE4B antibody also reveals a band at 66 kDa indicating that U87 cells also express PDE4B4. Two isoforms 
of PDE4C are evident in U87 cells at 64 and 73 kDa. These correspond PDE4C2 and PDE4C3, respectively. 
Finally, the PDE4D antibody reveals a high molecular weight doublet corresponding to PDE4D3 at 95 kDa 
and PDE4D5 at 105 kDa
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 6. NuPAGE LDS Sample Buffer (4X) 
Invitrogen (NP0007)

 7. NuPAGE DTT Sample Reducing 
Agent Invitrogen (NP0004)

 8. Molecular weight marker SeeBlue 
Plus2 Invitrogen (LC5925)

 9. NuPAGE 10% Bis-Tris Gel Invitrogen 
(NP0301)

 10. NuPAGE MOPS SDS Running Buffer 
Invitrogen (NP0001)

 11. Gel running apparatus
 12. Nitrocellulose Membrane Amersham
 13. Transfer apparatus
 14. NuPAGE Transfer Buffer Invitrogen 

(NP0006)
 15. Tris buffered saline with 0.01% Tween-

20 in TBST (pH 7.6)
 16. Bovine serum albumin (BSA)
 17. Antibodies used and their concentra-

tions were as follows:
(a). hPDE4A- PDE-46 noncommercial 

polyclonal antibody made against 
human PDE4A (GST 788–886) 
used at a dilution of 1:400 (kind 
gift from M.D. Houslay)

(b). PDE4B- FabGennix (PD4-201AP) 
made against undisclosed synthetic 
peptides corresponding to N- & 
C-terminal region common to all 
PDE4B proteins, used at used at a 
concentration of 1 mg/mL

(c). PDE4C- FabGennix (PD4-301AP) 
made against an undisclosed syn-
thetic peptide common to all 
PDE4C subtypes, used at a con-
centration of 1 mg/mL

(d). PDE4D- FabGennix (PD4-401AP) 
made against an undisclosed syn-
thetic peptide common to all PDE4D 
subtypes, used at a concentration of 
1 mg/mL

 1. Goat anti-Rabbit-HRP Biorad (170–
6515) used at a dilution of 1:25,000

 2. Chemiluminescent Detection Super-
Signal West Pico Pierce (34080)

 Methods

Western blotting is a method for quantifying 
protein expression in cell or tissue lysates. 
Under the denaturing conditions described 
below, electrophoresis of proteins through 
an acrylamide gel will result in their sepa-
ration based on size. Immunolableing of 
separated protein bands provides a reli-
able method for identification of individ-
ual proteins such as specific isoforms of 
PDE4. The coupling of antibody labeling 
to photon-emitting reactions or fluorescent 
tags supports the quantitation of relative 
protein abundance. Thus, Western blotting 
can identify which PDE4 isoforms are 
expressed and provide information regard-
ing relative levels of expression between 
different cell lines or tissues as well as 
information regarding up- or down-regu-
lation of specific isoforms under different 
growth conditions or in response to differ-
ent stimuli (Figure 7.1).
 1. Human astrocytoma cells (U87) are 

grown in serum supplemented media 
on 10 cm plates. When the cells are 
confluent, the plates are removed 
from the incubator and placed onto 
ice and rinsed two times with ice 
cold PBS.

 2. Remove the PBS and add 0.5 mL 
RIPA lysis buffer supplemented with 
protease inhibitor cocktail to each 10 
cm plate.

 3. Scrape cells with a cell scraper into 
the RIPA buffer and transfer to micro-
fuge tube.

 4. Incubate on ice for 10 min. Vortex 
every few minutes to dissolve cell 
membranes. Alternatively, cells and 
tissue can be solubilized in a sonicator.
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 5. Centrifuge samples at 10,000 rpm for 
5 min in a microfuge to pellet insolu-
ble material.

 6. Remove supernatant and discard the 
pellet.

 7. Determine protein concentration of the 
supernatant with an assay kit accord-
ing to manufacturer’s instructions. We 
typically utilize the Bradford Assay 
(Bio-Rad).

 8. Take a volume of supernatant that 
corresponds to 25 mg of protein, add 
4X concentrate of Sample Buffer and 
10% by volume of DTT and heat to 
70°C in boil proof Eppendorf tube for 
10 min.

 9. Load cooled mixture onto a 10% 
Bis-Tris gel. Load 5 mL of molecular 
weight markers into a separate lane.

 10. Run gels at 100 V for 115 min or until 
a 17 kDa marker has run off the gel.

 11. Prepare the gel and nitrocellulose 
membranes for transfer by equilibrat-
ing in transfer buffer for 10 min.

 12. Gels and nitrocellulose paper are then 
mounted into a transfer apparatus.

 13. Transfer of proteins occurs at 150 V 
for 120 min.

 14. Membranes (now blots) are removed 
from transfer apparatus. Non-specific 
antibody labeling is reduced by soak-
ing the membrane for 1 h at room tem-
perature (RT) in 4% BSA in TBST.

 15. Primary antibodies are added to blots 
for overnight incubation at R.T. in 
5 mL plastic sealable baggies and 
placed onto a nutator.

 16. The next day, blots are rinsed in TBST 
three times for 10 min/wash.

 17. Secondary antibody conjugated to 
HRP is added to blots at a concentra-
tion of 1:25,000 for 90 min at R.T. on 
the nutator.

 18. Blots are rinsed in TBST three times 
for 10 min/wash and then developed 
in chemiluminescent reaction system 
according to manufacturers instructions; 
we prefer the West Pico Substrate from 
Pierce.

 19. Blots are finally wrapped in Saran 
wrap, placed into a light tight cassette 
and developed with X-ray film in the 
dark room. Start with a 2 min expo-
sure and change time as appropriate to 
develop bands on film.

 20. Use molecular weight marker lane to 
gauge molecular weights of the bands.

 21. To quantify protein expression, scan 
blots and quantify bands using Image 
J software from the NIH, a free imag-
ing software that can be downloaded 
at http://rsbweb.nih.gov/ij/download.
html.

 IMMUNOHISTOCHEMISTRY

Materials

 1. Tissue sections were obtained from 
archival tissue blocks sectioned to 5 mm 
and placed onto positively coated (+) 
slides. Slides were dried in an oven for 
1 h at 35°C.

 2. Antigen Retrieval Solution Citrate 
buffer (pH 6.0) DAKO (S1699)

 3. PAP Pen hydrophobic marker Vector 
(H-4000)

 4. Tris buffered saline with 0.01% Tween-
20 in TBST (pH 7.6)

 5. Hydrogen Peroxide 30 wt.% solution 
in water Sigma-Aldrich (216763)

 6. Avidin/Biotin Blocking Kit Vector 
(SP-2001)

 7. Antibody Diluent: 1% Milk in TBS (pH 
7.6) heated to and held at 60º C for 1 
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h. After cooling, add 2% BSA, 0.1% 
Triton X-100, and 0.01% sodium azide

 8. Normal swine serum Jackson 
ImmunoResearch (014-000-121)

 9. Antibodies used and their concentra-
tions were as follows:
(a). hPDE4A- PDE-46 (GST 788–

886) used at a dilution of 1:400
(b). Swine anti-Rabbit Biotin Conjugate 

DAKO (E0431) used at a dilution of 
1:450

 10. Streptavidin-HRP DAKO (P0397) 
used at a dilution of 1:450

 11. Diaminobenzidine Chromogen DAKO 
(K4366)

 12. Hematoxylin Counterstain Gill 2 
Richard-Allan Scientific (72504)

 13. Permount Fisher Scientific (SP15)
 14. Xylenes and alcohols found in a typi-

cal histology staining system

 Methods

Immunohistochemistry is a method for 
detecting and localizing proteins of inter-
est in tissue sections. Investigators can 
determine which cell types express a par-
ticular protein through colocalization of 
that protein and a second protein whose 
expression is limited to a specific cell type. 
As an example (Figure 7.2), we found that 
hPDE4A was localized to cells that had 
been found to express glial fibrillary acidic 
protein (GFAP) in serial sections (data not 
shown). In this fashion we were able to 
conclude that astrocytoma cells express 
PDE4A.
 1. Deparaffinize slides and bring to H2O 

(two washes in xylene 5 min/wash, 
two washes in 100% EtOH 5 min/
wash, one wash in 90% EtOH for 5 
min and then place into 100% dH2O. 
All washes are done at R.T.

 2. Antigen Retrieve in 0.01 M Sodium 
Citrate (pH 6.0) at 95°C for 10 min, 
cool down on desktop for 10 min.

 3. Rinse slides briefly in dH2O, circle tis-
sue with PAP Pen.

 4. Block endogenous peroxide with H2O2 
(3% in TBST for 15 min at RT).

 5. Wash briefly in TBST.
 6. Block with Avidin/Biotin for 15 min 

at RT, each reagent following manu-
facturers instructions.

 7. Wash briefly in TBST after each block.
 8. Block with 10% normal swine serum 

in diluent for 1 h at R.T.
 9. Drain blocking solution and incubate 

in primary antibody overnight at R.T.
 10. The next day, wash three times in 

TBST for 10 min/wash at RT
 11. Incubate in Secondary Swine a Rabbit-

Biotin conjugate for 90 min at a dilu-
tion of 1:450 at R.T.

 12. Wash three times in TBST for 5 min/
wash at R.T.

 13. Incubate in Streptavidin-HRP for 60 
min at a dilution of 1:450 at RT

 14. Wash three times in TBST for 5 min/
wash at RT

 15. Develop in DAB following manufac-
turers instructions for 5 min or until 
there is sufficient staining.

 16. Counterstain with hematoxylin.
 17. Dehydrate through a series of alcohols 

and xylenes.
 18. Mount with Permount, allow to dry 

overnight and photograph.

 IMMUNOCYTOCHEMISTRY

 Materials

 1. DAOY cells, an established human 
medulloblastoma cell line (ATCC) engi-
neered to express murine PDE4A1.



777. Cyclic AMP Phosphodiesterase-4 in Brain Tumor Biology: Immunochemical Analysis

 2. Fixative, Prefer, an aqueous glyoxal 
fixative obtained from Anatech Ltd.

 3. Tris buffered saline with 0.01% Tween-
20 in TBST (pH 7.6)

 4. Antibody Diluent: pH 7.6 Tris Buffered 
Saline (TBS) with 2% IgG free BSA 
Jackson ImmunoResearch (001-000-
161), 0.1% Triton X-100 and 0.01% 
sodium azide

 5. Normal Donkey serum Jackson 
ImmunoResearch (017-000-121)

 6. Antibodies used and their concentra-
tions were as follows:
(a). PDE4A- Abcam (ab 14607) 

C-terminal region specific anti-

body raised against an undisclosed 
peptide, used at a concentration of 
4 mg/mL

(b). 58K Golgi Protein- Abcam 
(ab27043) made against full length 
purified native rat protein and used 
at a concentration of 1 mg/mL

(c). Donkey anti-Rabbit AlexaFluor 
555 Molecular Probes (A-31572) 
used at a dilution of 1:2000

(d). Donkey anti-Mouse AlexaFluor 
488 Molecular Probes (A-21202) 
used at a dilution of 1:2000

 7. DAPI 4¢, 6-diamidino-2phenyl-indole 
dihydrochloride Molecular Probes 

Figure 7.2. Astrocytomas of all grades express PDE4. – Immunohistochemical staining of human tumor 
specimens. PA- Grade I Pilocytic Astrocytoma, A-II Grade II Astrocytoma, AA- Grade III Anaplastic 
Astrocytoma and GBM- Grade IV Glioblastoma stained using a human specific PDE4A antibody. In all 
cases positive staining for PDE4A appears brown. Scale bar is 20 mm
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(D-1306) 14.3 mM stock at a dilution 
of 1:10,000

 8. Immu-Mount mounting media Thermo 
Scientific (9990402)

 Methods

Immunocytochemistry is a method for 
detecting and localizing proteins of inter-
est in cells grown in culture. Through the 
use of multiple antibodies and fluorophore 
detection techniques, more than one pro-
tein can be detected simultaneously. Thus, 
co-localization of a protein of interest 
with a marker of a subcellular organelle 
can identify that organelle as a domain in 
which the protein functions. As an exam-
ple, the subcellular localization of virally 
encoded murine PDE4A1 to the Golgi 
membranes of Daoy cells was achieved 
by double labeling cells with an antibody 
directed against murine PDE4 and a sec-
ond antibody directed against the 58KD 
Golgi Marker. The use of green and red 
fluorophores allows for the detection of 
protein colocalization through the merging 
of the green and red images and the gen-
eration of a yellow signal in the regions of 
co-localization (Figure 7.3).
 1. Human DAOY medulloblastoma cells 

expressing murine PDE4A1 are grown 
on coverslips.

 2. Rinse with ice cold TBS twice briefly.
 3. Fix with ice-cold fixative for 15 min 

on ice.
 4. Wash two times with TBST for 1 min/

wash at RT.
 5. Permeabilize cells with 0.5% Triton 

X-100 for 10 min at RT.
 6. Wash three times in TBST for 10 min/

wash at RT.
 7. Block with 5% normal donkey serum 

in diluent for 60 min at RT.

 8. Remove blocking solution without 
rinsing.

 9. Incubate in both primaries overnight 
at 4°C.

 10. The next day, wash three times in 
TBST for 10 min/wash.

 11. Incubate in both secondary Alexafluors 
for 90 min at RT.

 12. Remove antibody solution and incu-
bate with DAPI for 10 min at RT.

 13. Wash three times TBST for 10 min/
wash at RT.

 14. Mount with Immu-Mount.

 RESULTS AND DISCUSSION

A strong relationship exists between 
malignant brain tumor growth and low 
levels of cAMP (Furman and Shulman 
1977; Racagni et al. 1983). In general, low 
levels of cAMP may be attained through 
either inhibition of adenylate cyclase 
as occurs downstream of Gi-coupled G 
protein coupled receptors (Sunahara and 
Taussig 2002), or through increased action 
of phosphodiesterases (Lugnier 2006). 
We have generated data to support both 
mechanisms for maintaining low levels of 
cAMP (Goldhoff et al. 2008; Warrington 
et al. 2007; Yang et al. 2007) and present 
data here that indicate PDE4 is highly 
expressed in both astroctyomas and medul-
loblastomas (Figures 7.1–7.3).

It is not realistic to speak of cAMP levels 
as if a single level applies to the entire cell. 
Indeed, fluorescent probes for cAMP levels 
have made it clear that cAMP levels change 
within microdomains suggesting that it is 
microdomains of cAMP that regulate cel-
lular function (Ponsioen et al. 2004). In 
this regard the described functions of the 
PDE4 family are particularly relevant. The 
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extended family of PDE4 isoforms allows 
not only for tissue specific expression of 
PDE4 activity but subcellular localization 
of different isoforms, which support the 
spatial resolution of cAMP signaling. As 
an example, we have found that PDE4A1 
stimulates brain tumor growth (Goldhoff 
et al. 2008; Yang et al. 2007). This par-
ticular isoform of PDE4 is localized to the 
Golgi (Figure 7.3). Thus, the cAMP-sensi-
tive mediators of PDE4A1 effects must also 
be localized to this domain.

Utilizing the methods described above 
it is possible to detect individual PDE4 
isoforms in tissue and cells and to localize 
PDE4 to particular cells and to subcel-
lular compartments (Figures 7.2 and 7.3). 

These studies provide the foundation for 
generating hypotheses about specific PDE4 
isoforms and function. Coupled with tech-
niques to generate mutant PDE4 isoforms 
in which localization, catalytic and protein–
protein interacting domains are disrupted, 
these kinds of studies allow investiga-
tors to dissect out the dependence of spe-
cific PDE4 functions on particular PDE4 
domains (Huston et al. 2006; Scotland and 
Houslay 1995; Shakur et al. 1993).

Among the most attractive aspects of 
PDE4 inquiry is the number of clinically 
available PDE4 inhibitors. Currently there 
is an active program for the evaluation of 
PDE inhibition in the treatment of chronic 
obstructive pulmonary disease (Spina 

Figure 7.3. PDE4A1 is localized to the Golgi. Daoy medulloblastoma cells were infected with lentivirus 
encoding murine PDE4A1. Immunofluorescent co-localization of murine PDE4A (red) and a 58 kDa Golgi 
Marker (green) reveals that the two proteins are co-localized as evidenced by yellow appearance when 
the color channels are combined. Nuclei are stained with DAPI. Scale bar is 20 mm
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2008). There are nearly twenty clinically 
available, some with known isoform spe-
cificity. This has the advantage of efficacy 
for specific indications without exces-
sive toxicity or off target effects. Ample 
preclinical investigation, demonstrating 
a potential application would stand the 
chance of rapid translation.

Rolipram, a pan-PDE4 inhibitor, was 
developed as an anti-depressant (Wachtel 
and Schneider 1986) and has also been 
evaluated as an anti-inflammatory in mul-
tiple sclerosis (Dyke and Montana 2002). It 
is relatively well tolerated with nausea and 
emesis the limiting toxicities. Rolipram 
penetrates into the central nervous system 
and does not induce its own metabolism. 
Based on the activity of cAMP analogues 
as antitumor cell agents, Rolipram has 
been evaluated for antitumor cell activity 
in a limited number of in vitro studies. 
Antitumor activity has been described for 
chronic B-cell leukemia cells (Siegmund 
et al. 2001), acute lymphocytic leukemia 
(Ogawa et al. 2002) as well as for an 
astrocytoma cell line (Chen et al. 2002). 
Further, we have evaluated Rolipram in 
an extensive in vivo study in which we 
compared the antitumor effect of Rolipram 
alone to Rolipram in combination with 
conformal radiotherapy and temozolo-
mide in an intracranial xenograft model 
of glioblastoma multiforme. Rolipram, in 
combination with radiation and temozolo-
mide was observed to promote significant 
tumor regression (Goldhoff et al. 2008). 
These data again emphasize the impor-
tance of cAMP to brain tumor growth and 
the importance of PDE4 to cAMP regula-
tion in brain tumors.

The scope of investigations into iden-
tifying individual PDE4 isoforms, their 
physiological roles, their subcellular local-

ization, associated interacting proteins and 
the impact of specific inhibitors on numer-
ous biological functions and in diseases 
will be a richly promising and rewarding 
line of work for some time to come.
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Radiosurgical Treatment of Progressive 
Malignant Brain Tumors
Cole A. Giller 

 INTRODUCTION

This chapter will focus on one of the 
most feared scenarios in clinical medi-
cine: the neurologically well patient who 
harbors an unresectable malignant brain 
tumor that is growing despite extensive 
adjuvant therapy. All proven therapeutic 
avenues have been exhausted and the 
patient is doomed to a crushing neurologi-
cal death, despite, at least for the moment, 
being neurologically normal. Far from 
occasional curiosities, these scenarios are 
becoming commonplace in busy oncology 
centers as advances in surgical technique, 
chemotherapy, and conformal radiother-
apy allow patients to live long enough to 
develop these serious intracranial tumors. 
The clinician, therefore, is faced with a 
disturbing dilemma: what can be offered 
to these desperate patients when all proven 
methods of treatment have failed?

A common suggestion is to offer more 
radiosurgery. Radiosurgery is the treat-
ment of tumors with fields of radiation 
focused so precisely that the amount of 
radiation received by the surrounding nor-
mal tissue and nearby critical structures 

is negligible. The dose to the tumor can, 
therefore, be extraordinarily high, yielding 
a high efficacy augmented by a radiobi-
ology that is different than conventional 
fractionated schedules. Radiosurgery is 
commonly suggested in these desperate 
situations because it is both efficacious 
and noninvasive.

A full discussion of the management 
of progressive malignant brain tumors 
would consider all treatment modalities, 
but is beyond the scope of this chapter. 
We will instead limit our attention to how 
radiosurgery might be used in the setting 
described earlier, and in keeping with the 
theme of this book, i.e. the methodology 
used for such radiosurgical treatment. 
It is important to remember that we are 
assuming that standard radiosurgery has 
either already failed to control the tumor 
progression or is considered inappropri-
ate. Our task, therefore, is not only to 
discuss the radiosurgical technique, but 
also to develop a methodology of clini-
cal thinking for these dire situations. The 
methodologies include treatment philoso-
phy, indications, choice of fractionation 
schedule, and dosimetry.
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 METHODOLOGY OF 
TREATMENT PHILOSOPHY

It may seem odd to suggest a  methodology 
for a component of a treatment philoso-
phy, but the setting we have chosen is one 
for which all accepted therapy has been 
exhausted and for which there is no Class 
I evidence to support treatment. How 
then can further radiosurgery be offered? 
What is the methodology of thinking that 
could justify such a decision? We believe 
that treatment can be philosophically 
justified by the  following three ‘methodo-
logical’ aspects. First, note that the situ-
ation is desperate, the patient will not be 
neurologically well for much longer, and 
there is little to lose. One might argue that 
uncertain treatment should be withheld in 
order to allow the patient to enjoy what 
is left of his or her life. However, as long 
as there is some hope of efficacy, and we 
will show later in this Chapter that this is 
the case for some types of radiosurgical 
treatment, it seems reasonable to offer 
treatment to these desperate patients. 
Such discussions are common in oncol-
ogy clinics, and in fact, some believe 
that clinicians are obligated to offer such 
options. Furthermore, we do not believe 
that patients are too frightened or too 
naive to weigh the options or to make 
good medical decisions. After all, people 
make shrewd financial decisions and face 
critical family issues when they are not 
busy being our patients, and most are not 
easily swayed against their best interests 
in their normal lives. It has been our 
experience that patients and their families 
make appropriate decisions, even when 
confronted by complex uncertainty. Many 
have said yes, while many others have 
said no.

Second, although a common argument 
against treatment is the availability of 
research protocols, enrollment may not be 
appropriate for all patients for at least two 
reasons: (1) appropriate protocols are fre-
quently not available to a particular patient 
for reasons of time, distance, and eligibil-
ity, (2) many protocols do not address 
real clinical circumstances, but instead 
address simplified versions of the disease, 
for example, single intracranial metastatic 
lesions, while most patients suffer from 
more complex versions. In other words, 
protocols might not fit the needs of the 
individual patient. The issue is admittedly 
intricate, requiring the clinician to make 
the difficult choice of whether an uncertain 
treatment is preferable to enrollment in a 
formal protocol for each particular patient.

Finally, there are humanistic reasons 
to offer uncertain therapies in desperate 
situations. When faced with an outwardly 
healthy patient who is enjoying life but 
knows that a neurological end is near, we 
find it difficult to take the purist’s posi-
tion and say ‘there is nothing we can do’ 
because of the lack of strong data. Instead, 
we find it more appropriate to explain the 
pros and cons of various uncertain options, 
provided we believe there is a reasonable 
hope of safety and efficacy. The agonizing 
problem for the clinician is that the judg-
ment of what constitutes an adequate ‘rea-
sonable hope’ is often a matter of personal 
judgment, philosophy, and taste.

 METHODOLOGY  
OF INDICATIONS

Even when the philosophical decision 
has been made to offer radiosurgical 
 treatment despite significant uncertainties, 
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a  methodology for choosing indications 
may be helpful in our setting, especially 
when there are traditionally no indications. 
In particular, one may consider three par-
ticular indications.

The first indication for further radio-
surgery is that there is no other available 
therapy that is less uncertain. For example, 
it makes little sense to offer a course of 
hypofractionated radiosurgery (i.e., radio-
surgery using a small number of fractions) 
to treat a brain tumor with mass effect if the 
surgeon believes the tumor can be safely 
resected. Likewise, it may be best to with-
hold radiosurgery if the medical oncolo-
gist believes that further chemotherapy is 
safe and highly likely to induce a favorable 
response. In other words, before offering 
uncertain therapy we must make sure that 
the situation is appropriately desperate.

A second indication is the requirement 
that tumor control would make a meaning-
ful difference in either survival or quality 
of life for the individual patient. For exam-
ple, further radiosurgery is not indicated 
for the cachectic patient in the end stages 
of metastatic cancer, nor is it necessarily 
indicated to treat a small, asymptomatic 
tumor that has grown only 1 mm dur-
ing the past year. Decisions for scenarios 
between these extremes can be difficult, 
but radiosurgery is not indicated unless 
successful tumor control would make a 
clinical difference.

Finally, there must be some chance that 
further radiosurgery will lead to a meaning-
ful degree of tumor control for a reasonable 
length of time. Because we have assumed 
that there are no definitive data in support 
of such treatment, the decision is necessar-
ily subjective. Nevertheless, we will present 
an experience later in this chapter that can 
justify a cautious optimism.

 METHODOLOGY OF CHOICE 
OF FRACTIONATION 
SCHEDULE

Having made the difficult decision to treat 
and having satisfied appropriate indica-
tions, the clinician must choose a frac-
tionation schedule. In practice, the number 
of fractions will range between one and 
five. This is because the effect of a higher 
number of fractions is close to that of 
conventional radiotherapy, which we have 
assumed has either failed or cannot be 
offered. This choice is reflected by the def-
inition of radiosurgery sanctioned by the 
AANS, CNS and ASTRO as ‘typically … 
performed in a single session … but can 
be performed in a limited number of ses-
sions, up to a maximum of five’(Barnett 
et al. 2007).

‘Single shot’ radiosurgery, i.e., radio-
surgery given as a high dose in a single 
fraction, is the schedule used by the inven-
tors of radiosurgery and used for Gamma 
Knife treatments. It is often more effective 
than conventional fractionation, and can 
be effective even after conventional radio-
therapy has failed. For example, tumors 
such as renal cell carcinoma, melanoma, 
and sarcoma are usually ‘radioresistant’ 
to conventional radiotherapy but respond 
well to single shot radiosurgery (Brown 
et al. 2002). Because of these radiobio-
logical differences, and because there is 
an extensive experience with single shot 
dosimetry, one might argue that single 
shot radiosurgery should be the optimum 
choice for every tumor.

In the previous section, however, we 
agreed to limit our consideration to tumors 
not amenable to standard single shot radio-
surgery. Moreover, single shot treatment 
of many tumors in our scenario would 
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have significant risks of radionecrosis and 
neurological morbidity for several reasons. 
For a given dose, the risk of radionecrosis 
is higher for tumors larger than 2 or 3 cm 
in diameter (Shaw et al. 2000), and many 
of the tumors found in our desperate sce-
nario are of this size. Tumors surrounded 
by edema, accompanied by mass effect, 
or those that have been heavily pretreated 
with radiation also pose significant prob-
lems because of the risk of radionecrosis 
after single shot radiosurgery. Treatment 
of tumors in infants or young children may 
be accompanied by higher risk because 
of the fragility of the pediatric cerebral 
tissue, and treatment of tumors located 
in eloquent areas, such as the brainstem 
or motor cortex, pose special problems 
because even a small amount of radiation 
induced toxicity can produce unacceptable 
clinical symptoms.

This means that for the scenarios under 
consideration, circumstances encourage 
the clinician to use radiosurgery schedules 
with two to five fractions, i.e., to choose 
hypofractionation. Although there is no 
Class I data proving that hypofractionated 
radiosurgery is safer or more efficacious in 
our desperate scenarios, hypofractionation 
is commonly chosen for reasons outlined 
above (Adler et al. 1999; Giller et al. 2004, 
2005, 2007; Nishizaki et al. 2006).

Although hypofractionation is a natural 
choice for our chosen scenario, we do not 
know of data that would help to decide 
between three, four or five fractions. The 
decision for three fractions is sometimes 
made based on the belief that a fewer 
number of fractions better approximates 
the radiobiology of single shot radiosur-
gery, but this assumption is unproven. 
Decisions are also made according to what 
other groups have done, although the data 

for these decisions may not be compelling 
and some groups alter their fractionation 
schedules with time. We use three frac-
tions when we want to enhance efficacy 
and use five fractions when we want to 
enhance safety, but admit that this is one of 
the important uncertainties motivating the 
discussions earlier in this chapter.

 METHODOLOGY  
OF DOSIMETRY

Dosimetry refers to the doses of radia-
tion chosen for the radiation field and the 
choice of how that field is constructed. It, 
therefore, encompasses the most critical 
decision in the delivery of radiosurgery, 
high doses represent aggressive therapy 
with a higher probability of tumor control 
but carry a higher risk of damage to nor-
mal tissues, whereas low doses represent 
safer therapy with less chance of tumor 
control. Most of the important clinical 
tradeoffs are embedded within dosimetric 
decisions, and so we will elaborate upon 
this subject.

We consider four types of important 
dosimetric considerations: the summary of 
past empirical experience, consideration of 
late versus, early effects, the equivalence 
of fractionation schedules, and the effects 
of different treatment isodose lines. We 
will discuss each of these considerations 
and then show how they can be combined 
to construct a radiosurgical plan for pro-
gressive malignant brain tumors.

Dosimetry Consideration #1: Past 
Experience. The first factor that must be 
considered when choosing a dosage is the 
past experience of other groups. Some of 
this experience may have been gathered 
empirically and some may be justified by 
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theory, but a well documented experience 
can be invaluable in choosing dosimetry 
for the individual patient. We can sum-
marize much of the prior experience with 
hypofractionation used to treat malignant 
brain tumors as follows: many groups use 
three fractions of 5–6 Gy each, and many 
groups use five fractions of 4–5 Gy each 
(‘Gy’ refers to Gray, the unit of dose). Our 
experience is similar, and we consider a 
schedule of five fractions of 5 Gy each to 
be a standard starting point for difficult 
tumors, and consider five fractions of 6 
Gy each to be aggressive. As stated before, 
we will use three fractions when we want 
to closely approach the radiobiology of 
single shot radiosurgery, and view this as 
a more aggressive regimen. These heuris-
tics provide an empiric starting point, and 
are of course modified by the size of the 
tumor, the estimated fragility of the tissue, 
and the wishes of the patient regarding 
aggressive treatment.

Dosimetry Consideration #2: Late ver-
sus Early Effects. The second consid-
eration for dosimetry is the realization 
that different tissues respond differently 
to radiation. Traditionally, this has been 
expressed by dividing tissues into ‘early 
responders’ and ‘late responders’, indicat-
ing the time required to observe a bio-
logical response to the radiation. Because 
malignant tumors are composed of rapidly 
dividing cells, they are early responders, a 
brisk early response is equivalent to good 
tumor control. Because the cells of normal 
tissue divide more slowly, they are late 
responders and so a brisk late response is 
equivalent to unwanted damage to normal 
tissues. Theoretically, a schedule with a 
higher number of fractions should affect 
early responding tissue (i.e., the tumor) 
more strongly than late responding tissue 

(i.e., normal surrounding tissue). The goal 
of radiosurgery is to choose a fractionation 
schedule that optimizes this difference.

Dosimetry Consideration #3: 
Fractionation Schedules. The third con-
sideration for dosimetry is the compari-
son of different fractionation schedules. 
Rational choice of dose and number of 
fractions requires accurate comparison of 
different schedules to assess the effects 
on both early and late responding tis-
sues. Radiation oncologists have devel-
oped various theoretical methods to make 
such comparisons when comparing con-
ventional schedules in which the number 
of fractions is relatively high (Hall 2000; 
Liu et al. 2003). A popular such method 
is the ‘linear-quadratic’ theory, in which 
a ‘biological equivalent dose’ (BED) is 
calculated, and used to compare the effects 
of different fractionation schedules. BED 
is given by

where n is the number of fractions, D is 
the dose per fraction, T = nD is the total 
dose, and r is a quantity (the ‘alpha over 
beta’) that is low for late responding tis-
sues and high for early responding tissues. 
Reasonable values of r for malignant brain 
tumors and normal brain tissue are 10 and 
3, respectively.

In order to assess a fractionated sched-
ule, we express the effects upon early and 
late responding tissues as an equivalent 
single shot plan, and use our experience 
with single shot dosimetry to guide the 
final choice of dose. To do this, we cal-
culate the single shot dose T1 that has 
the same BED as a fractionated schedule 
using n fractions with total dose Tn. The 
BED for the single shot plan is

( ) ( )( )BED nD 1 D / r T 1 T / nr = + = +
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whereas the BED for the fractionated plan 
is

Setting these expressions equal to one 
another and doing some algebra yields

  (8.1)

This equation was used to create 
Tables 8.1, 8.2, and Figure 8.1, and simi-
lar tables have been constructed by others 
(Liu et al. 2003). The graphs in Figure 8.1 
show that for a particular total dose for the 
fractionated plan, the single shot equiva-
lent doses for early responding tissues are 
higher than those for late responding tissues. 
This is advantageous because the tumor is 
receiving a higher equivalent dose than the 
surrounding normal tissue, and hence these 

calculations confirm the advantage of frac-
tionation. The graphs show that plans using 
three fractions yield single shot equivalent 
doses that are ~1.5 Gy less for normal tis-
sue than for the target for plans with three 
fractions, and that are ~2 Gy less for normal 
tissue than for the target for plans with five 
fractions. In other words, hypofractionation 
‘buys’ us 1–2 Gy.

One strategy that takes advantage of these 
calculations is to choose a single shot dose 
felt to be efficacious, and use Table 8.1 to 
calculate the equivalent fractionated total 
dose for early responding tissue. This dose 
is then converted to a single shot equiva-
lent dose for late responding tissue using 
Table 8.2 in order to assess the effect on the 
nearby surrounding brain and critical struc-
tures. For example, suppose we believe that 
an appropriate single-shot marginal dose to 
treat a particular tumor is 15 Gy. Table 8.1 
shows that the equivalent total dose for 

( )+1 1T 1 T / r ,

( )( )+n nT 1 T / nr .

( )( )= + + −
1/22

1 / / 4 / 2.n nT T r T n r r

Table 8.1. Single Shot Doses are shown diagonally: Early Effects (r = 10)
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early responding tissues using a schedule 
with five fractions is 25 Gy delivered in 
five fractions of 5 Gy each (Find 15 on the 
diagonal and read 25 Gy in the top shaded 
row in the same column). Using Table 8.2, 
we see that the single-shot equivalent dose 
for late responding tissue (such as our criti-
cal structures) to this fractionated schedule 
is ~13 Gy (find 25.6 on the top shaded row 
and read 13 Gy in the diagonal lying on 

that same column). As desired, the effects 
of this regimen on the normal critical 
structures are less than upon the tumor by 
~2 Gy. Hypofractionation permits higher 
doses to the tumor with a lower risk to 
 surrounding structures.

Unfortunately, this method is not 
 completely accurate because the linear-
quadratic formalism may not work well 
for all radiosurgical plans using the low 

Figure 8.1. Graphs showing the single shot dose plotted against the equivalent dose delivered in three 
fractions (left) or five fractions (right). Dotted lines indicate relationship for early responding tissues, 
solid lines for late responding tissues

Table 8.2. Single Shot Doses are shown diagonally: Early Effects (r = 3) 

 



90 C.A. Giller

numbers of fractions found in radiosurgery 
(Astrahan 2008). However, the differences 
may not be large for doses used commonly 
in clinical practice. He gives modified 
equations for the BED of each fraction, 
yielding the same value given by the lin-
ear-quadratic formalism (d + d2/r) when 
the dose per fraction d is less than a thresh-
old DT, and yielding

when d is greater than DT. Astrahan (2008) 
shows that g is ~5 for clinically relevant 
doses and that DT is ~6 Gy for late respond-
ing tissues and 20 Gy for early responding 
tissues. The modified BED is, therefore, 
the same for early tissues because the dose 
per fraction is almost never as large as 20 
Gy, whereas the modified BED begins to 
be larger than the linear-quadratic value 
when the dose per fraction is larger than 6 
Gy. In other words, these data suggest that 
the use of the linear-quadratic equations 
is accurate for tumors, but underestimates 
the effects of radiation upon late respond-
ing tissues when the dose per fraction 
is >6 Gy, consistent with our previously 
mentioned observation of changes noted 
at this threshold. These are also the find-
ings suggested by comparison of the BED 
and modified BED values for plans using 
three or five fractions shown in Table 8.1 
of Astrahan (2008).

Despite these arguments, uncertainty 
remains about the single shot equivalent 
doses calculated by the linear-quadratic 
equations (Guerrero and Li 2004; Hall 
2000; Jones et al. 2001). Because there is 
no foolproof method to evaluate hypofrac-
tionated plans, we must rely upon experi-
ence and the best theoretical formalism 
available. These uncertainties must be 
accepted if we are to offer treatment to 

patients in the desperate scenarios under 
consideration, and so we again refer to our 
preliminary comments regarding treatment 
philosophy and indications.

Dosimetry Consideration #4: Isodose 
Lines. The fourth and final dosimetric 
consideration is that of the choice of treat-
ment isodose line. An isodose line cor-
responding to a dose d is defined as the 
set of points receiving exactly d Gy. On a 
two dimensional MRI or CT slice, isodose 
lines are typically concentric circles sur-
rounding the point of maximum dose and 
in which the smaller circles correspond to 
larger doses. In practice, an isodose line 
is not labeled by its corresponding dose 
d, but instead is labeled by the percentage 
that d represents relative to the maximum 
dose. For example, if the maximum dose is 
24 Gy, the isodose corresponding to 12 Gy 
is said to be the 50% isodose line (12/24 
= 0.50). This convention is followed to 
facilitate scaling with different choices of 
the maximum dose.

The goal of radiosurgery is to create a 
field of radiation precisely contoured to 
the tumor, typically achieved by creating 
a plan so that a specific isodose line, the 
treatment isodose line, closely approxi-
mates the tumor outline. In conventional 
radiotherapy the 90% (or higher) isodose 
line is used, so that doses within the isod-
ose line range between 90% and 100% 
and so approximate each other. Such a plan 
is said to be homogeneous and  delivers 
approximately the same amount of radia-
tion to each point within the treatment 
isodose line. In contrast, the treatment 
isodose lines used in radiosurgery are typi-
cally low, usually from 40% to 60%. This 
means that the range of doses within the 
tumor will be broad, and that some areas 
will receive much higher doses than others. 

( )+ + −2d d / r  g d DT
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For example, if 15 Gy is delivered to a 90% 
treatment isodose line, the doses within 
that line will range between 15 and 16.7 
Gy (15/0.9 = 16.7). On the other hand if 15 
Gy is delivered to a 50% treatment isodose 
line, the doses within that line will range 
between 15 and 30 Gy (15/0.5 = 30)

The efficacy of radiosurgery is in part 
due to these internal high doses, and so 
one might think that the treatment isod-
ose line should always be chosen as low 
as possible. However, the risk of radi-
onecrosis rises as more tissue receives 
more radiation, forcing the use of higher 
isodose lines for larger tumors. As we will 
see later, a judicious choice of the value 
of the treatment isodose line allows these 
gradients to be exploited to deliver small 
doses to nearby normal structures while 
maximizing the tumor dose.

 CONSTRUCTION OF 
HYPOFRACTIONATED PLANS

We now show how to combine the prin-
ciples previously described to create a 
hypofractionated plan for these difficult 
tumors. The first step is to specify the 
desired treatment isodose line, choosing a 
low value (typically 40–50%) if the tumor 
is small enough so that high doses will 
be tolerated, otherwise choosing a higher 
value. The next step is to construct a plan 
so that the treatment isodose line is as 
conformal to the tumor outline as possible. 
Different planning systems achieve this in 
different ways, and this step is often per-
formed by a dosimetrist or physicist.

We then choose the single shot dose that 
would best control the tumor if we were con-
structing a single shot plan. We start with the 
choice of a single shot dose because these 

choices are more established than those 
published for hypofractionated plans. The 
number of fractions is then chosen, using 
three fractions rather than five fractions if 
we wish to be more aggressive and more 
closely approximate the radiobiology associ-
ated with single shot plans. The single shot 
dose is then converted to a fractionated dose 
for early responding tissues using Table 8.1 
as described in the previous section.

Although the plan is now optimal for the 
tumor, we must ensure that the doses deliv-
ered to the surrounding normal structures 
are not too high. These structures are first 
identified along with the isodose lines run-
ning through them, and this information is 
then used to calculate the total dose to these 
structures. That dose is then converted back 
to its single shot equivalent using Table 8.2 
for late responding tissues, and compared 
to known tolerances. For example, suppose 
our plan delivers 15 Gy to a 50% treatment 
isodose line in five fractions, and that the 
30% isodose line touches the optic chi-
asm. The dose to the chiasm is, therefore, 
9 Gy ((0.3).(15)/(0.50) = 9), which (using 
Table 8.2) corresponds to a single shot 
dose of <6 Gy. Because 6 Gy is less than 
the generally accepted threshold for chi-
asmatic injury of 8 Gy, this plan would be 
accepted. Again, we use single shot doses 
for critical structures because the thresh-
olds for injury are more established than 
those for hypofractionation.

If the single shot doses to critical struc-
tures are too high, the clinician has several 
options. One option is to reduce the treat-
ment dose, knowing that this may decrease 
the tumor response. A second option is 
to alter the plan so that the isodose lines 
are pulled away from the critical struc-
ture, although this may worsen the tumor 
 coverage and may not always be possible. 
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A third choice is to use a higher number of 
fractions to further exploit the differences 
between late and early equivalent doses, 
although we believe that the radiosurgical 
advantage is lost beyond five fractions. 
Several of these options are often tried 
using a variety of plans before an accept-
able compromise is attained.

An alternative and perhaps more com-
mon method is to choose the isodose line 
and construct the plan as before, but then to 
first examine the isodose lines touching the 
critical structures and to choose the treat-
ment dose based on the critical structure 
thresholds. For example, suppose we are 
using three fractions and a 50% treatment 
isodose line, and that the 30% isodose 
line touches the optic chiasm. The single 
shot threshold for chiasmatic injury is 8 
Gy, which we see corresponds to a total 
dose of 12.4 Gy by using Table 8.2 for late 
responding tissues receiving three frac-
tions. The dose delivered to the treatment 
isodose line is, therefore, 20.7 Gy [(0.5).
(12.4)/(0.3) = 20.7], which corresponds to 
a single shot equivalent dose of 14.4 Gy 
(using the formulas for early responding 
tissues). The clinician then decides if 14.4 
Gy is an appropriate dose for the given 
tumor. The advantage of this method is 
that it yields the maximum dose that can 
be given to the tumor while respecting the 
injury thresholds of the critical structures. 
These considerations focus on the marginal 
dose, i.e., the minimal dose delivered to the 
tumor and the critical structures. Similar 
calculations could be made for each of the 
inner isodose lines to yield different single 
shot equivalent doses for each shell. Some 
authors recommend doing so routinely 
(Liu et al. 2003; Jones et al. 2000).

Regardless of the order of these steps, 
consideration must also be made to the 

volume of the treatment isodose line. As 
mentioned before, the risk of radionecro-
sis is greater for larger tumors, and so we 
ensure that the dose we have chosen for the 
tumor is appropriate for its size. Again, we 
find that converting to single shot equiva-
lent doses allows the use of established 
thresholds for dose-volume considerations 
(Shaw et al. 2000).

CASE EXAMPLE

A 20 year old man presented with head-
aches and an MRI scan showing abnor-
mal FLAIR signal in the was brainstem 
believed to be due to a brainstem glioma. 
He did well for 3 years until he devel-
oped left upper extremity paresthesias, left 
facial weakness and ataxia An MRI scan 
showed diffuse enlargement of the pons 
and diencephalon with a small enhancing 
nodule. He underwent conventional radio-
therapy, receiving 54 Gy to the brainstem 
region in 30 fractions. Both his symptoms 
and MRI findings improved. Subsequent 
treatment with temazolamide could not be 
completed because of intractable vomiting, 
a Mallory-Weiss tear, and a renal stone. 
His symptoms returned, and 5 months 
after his initial presentation he required 
a wheelchair and developed progressive 
hemiparesis, facial droop, dysarthria, and 
diplopia despite administration of steroids. 
An MRI scan showed a larger brainstem 
mass with extensive enhancement (left 
frame of Figure 8.2), and he was referred 
for consideration of radiosurgery.

It was believed that the risk of surgical 
resection was prohibitively high. Because 
the tumor was progressing despite chemo-
therapy and radiotherapy; he was offered 
hypofractionated radiosurgery. The uncer-
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tainties of this approach were explained 
to the patient and his family as has been 
discussed earlier in this chapter. A frac-
tionation schedule using three fractions 
was chosen in order to offer aggressive 
therapy, and a first radiosurgical plan con-
structed. The treatment isodose line of the 
initial plan made contact with the optic 
chiasm (left frame of Figure 8.3). Because 
the threshold dose for injury of the chiasm 

is low, i.e., 8 Gy if there has not been prior 
radiation, this plan was modified so that 
the 46% isodose line surrounded the tumor 
without contact with the chiasm (middle 
frame of Figure 8.3). The minimum dose 
to the chiasm was represented by the 20% 
isodose line in this plan. Because the chi-
asm had received prior radiation, it was 
desired to limit the single shot equivalent 
dose (as a late responding tissue) to the 

Figure 8.2. Image on left shows enhancing lesion in diencephalon at time of radiosurgical treatment. 
Center image was obtained 6 months after radiosurgery, and image on right was obtained 16 months after 
radiosurgery. Note the serial improvement in enhancement

Figure 8.3. Image on left shows treatment isodose line (yellow) touches the optic chiasm (arrow). In the 
middle image, the plan has been modified so that the treatment isodose line (the 46% isodose line) is 
further away from the optic chiasm. However, the 20% isodose line touches the chiasm and represents 
its maximum dose. Imposing the desired limit of 4 Gy as a late single-shot equivalent dose to the chiasm 
would result in a total dose of 5.7 Gy delivered in three equal fractions. The tumor boundary would there-
fore receive 13.1 Gy delivered in three fractions, a schedule equivalent to a single shot plan delivering (to 
the early responding tumor) 9.6 Gy. Because the dose was considered too low, the plan was further modi-
fied as shown in the image on the right. The 46% treatment isodose line is even further from the chiasm, 
and the 12% isodose line now represents the maximum dose to the chiasm. Again, limiting the total dose 
of a three fraction schedule to 5.7 Gy, the tumor boundary will receive 21.9 Gy divided into three frac-
tions. The early single-shot equivalent to this dose is 15.1 Gy, considered adequate. Arrow in the image 
on the right indicates a portion of the tumor not contained within the treatment isodose line. See text
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chiasm to 4 Gy. Using Table 8.2, this 
threshold was calculated as equivalent to 
5.7 Gy delivered in three fractions. This 
meant that the tumor boundary, described 
by the 46% isodose line, would receive a 
total dose of 13.1 Gy [(0.46).(5.7)/(0.20) 
= 13.1]. Use of Eq. 8.1 showed that this 
dose is equivalent to 9.6 Gy delivered as 
a single shot to early responding tissue, 
which was felt to be too low for effective 
treatment of this aggressive tumor.

The plan was, therefore, modified again 
to shrink the 46% isodose line further from 
the chiasm (right frame of Figure 8.3). At 
this time the minimum dose to the chiasm 
was represented by the 12% isodose line, 
so that 5.7 Gy delivered to the chiasm 
meant that 21.9 Gy would be delivered 
to the tumor margin [(0.46).(5.7)/(0.12) 
= 21.9]. Using Eq. 8.1 and Table 8.1 as 
before, this dose was seen to be equivalent 
to a single shot dose of 15.1 Gy delivered 
to early responding tissue. This dose was 
considered adequate for tumor control and 
so the final prescription was 21.9 Gy deliv-
ered to the 46% isodose line in three equal 
fractions of 7.3 Gy each. The maximum 
dose to the chiasm was 5.7 Gy and the vol-
ume of the 46% isodose line was 19.4 cc.

Figure 8.3 shows that the treatment isod-
ose line did not cover a small portion of 
the tumor (arrow) and covered some of 
the normal brainstem to the left of mid-
line. However, because the geometry of 
the plans could not be improved despite 
intense effort, and because a high dose 
could be delivered to the majority of the 
tumor while sparing the optic chiasm, we 
accepted these compromises and delivered 
the treatment plan. Other groups might 
choose other compromises, but we feel that 
compromises of some form are unavoid-
able when treating these difficult tumors.

The patient was then given a course of 
 bevacizumab and carboplatin. Six months 
later, his diplopia had resolved and he was 
walking with assistance with significant 
improvement in his left hemiparesis. An 
MRI scan (middle frame of Figure 8.2) 
showed less enhancement and mass effect. 
Six months later his diplopia had returned but 
he could ambulate. His MRI was unchanged. 
Four months later his walking had improved 
and the enhancement had diminished  further 
(right frame of Figure 8.2).

 COHORT STUDY

A small cohort of patients with progressive 
malignant brain tumors who had exhausted 
their major treatment options has been 
reported (Giller et al. 2007). Eighteen 
tumors in 15 patients were treated with 
hypofractionated CyberKnife radiosurgery 
(Adler et al. 1999). Six of the tumors were 
high grade gliomas and 12 were meta-
static lesions. All patients had received 
chemotherapy, ten had undergone crani-
otomy, and 12 had received conventional 
radiotherapy. Despite these measures, all 
tumors were progressing at the time of 
radiosurgical treatment, and the clinical 
situation for each of these patients was 
that described in the beginning of this 
chapter. Furthermore, hypofractionation 
was chosen for each tumor because of 
complicating factors for each – five were 
large (volume > 14 cc), five had received 
prior radiation and were located either in 
the diencephalon or brainstem, and seven 
were surrounded by significant edema.

The mean total dose delivered was 21 ± 
4 Gy (sd), the mean number of fractions 
was 5 ± 0.6, and the mean treatment isod-
ose line was 57% ± 13%. The majority of 
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the tumors received 20 or 25 Gy as a total 
dose delivered in five equal fractions, pro-
viding single shot equivalent doses to the 
(early responding) tumor of ~15 Gy and 
to the (late responding) normal structures 
of ~12.5 Gy. Fifteen Gray was considered 
a reasonable dose for palliation of these 
aggressive tumors. With a median follow-
up period of 172 days, local control was 
achieved in 72% of the tumors. Seven of 
the nine tumors followed longer than 6 
months showed a decrease in size. There 
was one toxicity presenting with dysar-
thria and increased T2 signal on an MRI 
scan. These symptoms resolved with ster-
oids, and the tumor volume subsequently 
decreased by 50%. These are short-term 
results, but given the aggressive nature of 
these progressive tumors that had failed 
other multimodality therapy, we believe 
the outcomes are encouraging.

In conclusion, any proposal to offer radi-
osurgery to a neurologically well patient 
in the face of so many uncertainties and 
without benefit of randomized trials should 
produce some degree of anxiety in every 
thoughtful clinician. Questions such as the 
proper dosimetry, the validity of the linear-
quadratic model, and the assessment of risk 
have not been fully explored for this group 
of difficult tumors that have already been 
so aggressively treated. For some clini-
cians, these issues are prohibitive, and we 
have witnessed significant resistance to 
treatment based on the principle of primum 
non nocere – first do no harm. On the other 
hand, there are patients to which a greater 
harm is inflicted by doing nothing by allow-
ing nature to quickly take its inevitable and 
ugly course. For these patients, the chance 
of receiving an additional allotment of 
high quality time can outweigh the risk of 
treatment that is not fully tested. Finding 

an appropriate balance requires thoughtful 
discussions with the patient combined with 
a great deal of introspective judgment. It is 
hoped that this chapter not only provided 
the methodology for delivery of radiosurgi-
cal treatment in these circumstances, but 
also a framework for discussion of these 
more thorny issues.
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Anti-vascular Therapy for Brain Tumors
Florence M. Hofman and Thomas C. Chen 

 INTRODUCTION

The formation of new blood vessels, a 
 normal process in fetal development, 
wound healing and during the menstrual 
cycle, functions to provide expanding tissues 
with nutrients, oxygen, and waste removal. 
The extent of vasculature development 
defines the survival and growth of tissues. 
Tumor growth also depends on the expan-
sion of the vasculature. Tumor cells can 
survive only within a specific distance 
from the blood vessels; beyond this point 
the cells become hypoxic and die (Hlatky 
et al. 2002). In the absence of a parallel 
expansion of the blood supply, the tumor 
will stop growing and remain dormant for 
years or die (Folkman 2007). Studies sug-
gest that activation of the dormant tumor 
cells cause a change in the balance of 
pro- and anti-angiogenic factors present 
in the tumor microenvironment, trigger-
ing the blood vessels in the surrounding 
normal tissue to become activated and 
invade the tumor (angiogenesis) (Folkman 
2007). The growth factors responsible for 
the “switch” may be unique, appearing 
early in tumor growth and different from 
the growth factors detected later in tumor 
development. In addition to the already 

existing vasculature surrounding the tumor, 
blood vessels may arise from the circulat-
ing bone-marrow-derived progenitor cells 
(Nolan et al. 2007). The initiation of blood 
vessel growth in tumors is currently under 
investigation. Ultimately both processes 
are involved in the formation of the tumor 
vasculature. How these processes are con-
nected is not known; what is clear, how-
ever, is that tumors require a dynamic ever 
expanding vascular system for growth and 
survival. Thus, targeting the vasculature as 
an antitumor therapy can be an effective 
approach to treatment of solid tumors, par-
ticularly brain tumors.

Angiogenesis involves a sequence 
of events, initiated by the activation of 
endothelial cells already in tubule forma-
tion. Blocking or interfering with any of 
these events will inhibit or decrease the 
formation of new vessels. Endothelial cells 
can be activated by a number of stimula-
tory signals including hypoxia, decreased 
nutrients, changes in flow rate, and inflam-
mation (Bergers and Benjamin 2003). Once 
this activation process occurs, endothe-
lial cells release an array of enzymes 
which break down the extracellular matrix 
(ECM) surrounding the endothelial cells, 
the basement membrane; thus, enabling 
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the endothelial cells to migrate out of the 
existing blood vessel causing sprouting. 
The enzymes responsible for sprouting 
include matrix metalloprotease MMP2, 
MMP9 , and urokinase plasminogen acti-
vator (uPA). In addition to disrupting 
the physical barrier around the vessels 
to allow vessel growth, the destruction 
of the ECM releases proangiogenic fac-
tors which further stimulate the endothe-
lial cells. These proangiogenic factors 
include vascular endothelial growth fac-
tor (VEGF), interleukin-8 (IL-8), platelet-
derived growth factor (PDGF), placental 
growth factor (PGF), and endothelin-1 
(Et-1) (Kerbel and Folkman 2002). These 
factors provide the proangiogenic environ-
ment which continues to stimulate blood 
vessel growth. Proangiogenic factors can 
function to induce endothelial cells to 
sprout, migrate, and proliferate, thereby 
culminating in the formation of new ves-
sels. Several of these angiogenic factors 
(i.e., VEGF and IL-8) have somewhat 
redundant functions; thus, therapeutic 
agents eliminating one angiogenic factor 
will ultimately lose effectiveness because 
other proangiogenic factors are present 
and functional. Inhibition of endothelial 
cell activity during any of these processes 
will block vessel formation. In the normal 
process of angiogenesis, once the tubules 
have formed and blood is flowing within 
the vessel lumen, the process of angio-
genesis is halted by several endogenous 
antiangiogenic factors. Thrombospondin-1 
(TSP-1), produced by the tumor stro-
mal tissue, is the critical agent which is 
very effective in inhibiting angiogenesis 
(Fernando et al. 2008). The breakdown 
products of the ECM (i.e., endostatin, and 
tumstatin) when accumulated at the surface 
of the endothelial cells, also block further 

endothelial cells migration and tubule for-
mation. It is these anti-angiogenic factors 
that keep the endothelial cells in their qui-
escent state under normal conditions.

In sharp contrast to normal blood ves-
sels, the tumor vasculature is morphologi-
cally and functionally different; especially 
so in brain tumors. Morphologically, the 
glioma vessels exhibit increased numbers 
of caveolae, abnormal pericyte distribution, 
and discontinuous basement membranes. 
The vasculature in gliomas, for example, 
is considerably denser as compared to 
normal brain tissue. The vessels are also 
irregular in distribution, thicker walled 
with blind out-pouchings, and shunts from  
arterioles to venuoles, without the  typical 
capillary structures (McDonald and 
Choyke 2003). These abnormalities cause 
decreased blood flow and blood pooling. 
Tumor vessels are also more permeable, 
resulting in a loss of interstitial pressure. 
On the cellular level, endothelial cells 
isolated from brain tumors function very 
differently from normal brain endothelial 
cells. These tumor-associated endothelial 
cells constutively produce a variety of 
proangiogenic cytokines and growth fac-
tors, and migrate more rapidly, but prolif-
erate less rapidly than control endothelial 
cells (Charalambous et al. 2005). What 
is particularly critical for cancer therapy 
is that these tumor-associated endothelial 
cells are generally resistant to chemothera-
peutic agents (Charalambous et al. 2007). 
The mechanism of this chemoresistance 
is not clear. However, unlike normal tis-
sues, tumor cells produce a large variety 
of proangiogenic growth factors, resulting 
in a pro-angiogenic microenvironment sur-
rounding the tumor. Thus, the surrounding  
blood vessels invading the adjacent tumor 
are being continuously activated by growth 
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factors for months and even years. This 
constant activation of cells may be respon-
sible for the observed senescent-like pheno-
type of tumor-associated endothelial cells 
(Charalambous et al. 2007). A common 
characteristic of senescent cells is resistant 
to apoptosis (Effros 2003). Studies focus-
ing on chemosensitivity of tumor-asso-
ciated endothelial cells have shown that 
these cells are more resistant to drugs com-
pared to normal, activated endothelial cells 
(Charalambous et al. 2007). Therefore, any 
antiangiogenic therapy must consider the 
properties of these established tumor-asso-
ciated endothelial cells, as well as the newly 
invading, activated endothelial cells.

SPECIFIC DRUG TARGETS

Because the angiogenic process is so criti-
cal to tumor development, any method that 
reduces or blocks endothelial cell function 
or inhibits tumor cells from producing the 
appropriate proangiogenic growth factors 
can be an effective antiangiogenic agent. 
Furthermore, as a target for therapy, the 
tumor vasculature has distinct advantages 
because endothelial cells are easily acces-
sible, and genetically stable; these cells 
are, therefore, less likely to develop drug 
resistance, as compared to the tumor cells. 
Currently there are over ten different anti-
vascular drugs in preclinical studies or in 
clinical trials. Presented here are examples 
of the types therapeutic agents directed 
against different angiogenic functions.

Angiogenic Growth Factors

Vascular Endothelial Growth Factor (VEGF) 
is critical for endothelial cell survival as well 
as other endothelial cell functions (Dvorak 

2002). Thus, the direct approach to blocking 
angiogenesis is to reduce levels of VEGF in 
the tumor. This was implemented by prepar-
ing a recombinant, humanized monoclonal 
antibody directed against VEGF, bevacizu-
mab (Avastin), which binds to and inactivates 
secreted VEGF; this drug was approved by 
the Federal Drug Administration (FDA) for 
patient use (Ma and Waxman 2008). Clinical 
trial demonstrated that bevacizumab has sig-
nificant efficacy in several types of tumors, 
including colorectal cancer, renal cell can-
cer, breast cancer, non-small cell lung can-
cer, and gliomas (Stupp et al. 2007). Using 
an orthotopic glioma model, studies showed 
that anti-VEGF treatment alone increased 
survival; however, this therapy also caused 
greater tumor infiltration and the cooption 
of normal blood vessels. These data sug-
gest that anti-VEGF therapy cannot be used 
alone, but may also require the administra-
tion of anti-invasion and antitumor agents. 
In human trials, the effects of bevacizumab 
were modest, but did exhibit a significant 
increase in patient survival, especially in 
combination with drugs targeting tumor 
cells. Administration of bevacizumab and 
irinotecan (CPT-11) already in phase II 
trials of grade II and IV glioma treatment 
showed the 6 month progression-free sur-
vival (PFS) probability to be 38% and 6 
month overall survival probability to be 
72%. This is compared to the 6 month rate 
PFS of 21% for patients receiving temo-
zolomide (Temordar) alone, the standard 
of care for glioma therapy. In addition, the 
combination of bevacizumab and CPT-11 
appeared to be effective for recurrent grade 
III-IV glioma, with acceptable toxicity (Ma 
and Waxman 2008).

The mechanisms responsible for the 
effects of bevacizumab are not completely 
understood. Recent studies have suggested 
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that anti-VEGF agents work by decreas-
ing peritumoral edema, through decreasing 
vascular permeability; thereby, reducing 
intracranial pressure, and thus reducing the 
corticosteroid dose requirement (Wen and 
Kesari 2008). Unfortunately, bevacizumab 
has also been associated with toxicities, 
such as neutropenia, pulmonary hemor-
rhage, hypertension, poor wound healing, 
and renal toxicity (Socinski 2008), as well 
as the upregulation of other potent proang-
iogenic factors (i.e., platelet-derived growth 
factor (PDGF), or basic fibroblast growth 
factor (bFGF) (LoRusso and Eder 2008).

Placental growth factor (PGF) levels 
have been reported to increase with tumor 
progression (Jansen et al. 2004). PGF 
binds to VEGF Receptor 1 (VEGFR1), 
thus, activating this VEGF signaling path-
way. Anti-PGF antibodies induce endothe-
lial cell apoptosis and reduce infiltration of 
VEGFR1 positive macrophages, respon-
sible for tumor expansion. A potential 
advantage of anti-PGF therapy is that this 
agent does not induce genes involved in 
angiogenic rescue, as is the situation with 
anti-VEGF; nor does anti-PGF appear 
to affect capillary growth or pruning in 
healthy tissues, as does anti-VEGF (Jansen 
et al. 2004). Thus, the anti-PGF targeting 
drug appears to have the positive qualities 
of anti-VEGF without the negative side 
effects (Fischer et al. 2007).

Thrombospondin-1 (TSP) is an antiang-
iogenic growth factor normally expressed 
by stromal cells for stabilizing the newly 
formed blood vessels and inhibition of 
further angiogenesis (Rege et al. 2005). 
TSP-1 ensures appropriate vessel density 
during development and wound repair. 
This large molecule has several differ-
ent inhibitory functions. TSP-1 binds to 
CD36 scavenger receptor on the surface 
of endothelial cells causing inhibition of 

endothelial cell migration. TSP-1 inhibits 
endothelial cell proliferation causing cell 
cycle arrest in G0/G1, and binds to MMP-2 
and MMP-9 resulting in enzyme inactiva-
tion (Rege et al. 2005). TSP-1 also induces 
apoptosis in endothelial cells by upregu-
lating FasL on endothelial cells (Volpert 
et al. 2002). Endothelial cells normally 
express low levels of Fas (death receptor) 
and FasL (Fas ligand). VEGF acts as a 
survival factor for these cells by down-
regulating FasL. However, TSP-1 induces 
transcriptional upregulation of FasL result-
ing in surface expression of this apoptotic 
molecule within 4 h. The Fas receptor is 
highly expressed on newly formed vessels; 
but once activated endothelial cells form 
tubules, Fas receptor levels go down. Thus, 
the increased presence of TSP-1 causing 
upregulation of FasL results in the elimina-
tion of the endothelial cells actively partici-
pating in angiogenesis. TSP-1 expression 
is localized to vascular cells in the tumor 
microenvironment, with little expression 
in tumor cells, suggesting that the antian-
giogenesis activity of TSP-1 is the host 
response to tumors. In preclinical studies, 
nude mice implanted with human glioma 
cells that stablely expressed TSP-1, exhib-
ited smaller tumors with fewer blood ves-
sels as compared to controls (Kragh et al. 
2002). Unfortunately, lack of specificity 
of this agent may be a problem for further 
clinical evaluation. However, these data 
suggest that TSP-1 or CD36, the receptor to 
which TSP-1 binds, may be used as thera-
peutic targets.

Growth Factor Receptor Inhibitors

Vascular Endothelial Growth Factor 
(VEGF) Receptor-2 inhibitors: Another 
approach to decreasing the effects of 
proangiogenic factors is to block the recep-
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tor signaling pathways by using small 
molecule inhibitors to inhibit the phos-
phorylation of the protein tyrosine kinase 
(PTK) (Jansen et al. 2004). SU5416 is 
a PTK inhibitor specific for the VEGF 
receptor -2 (VEGFR-2). This drug was 
shown to cause a 70% decrease in tumor 
volume in the rat glioma xenograft model. 
SU5416 targets the actively, proliferating 
vasculature at the tumor periphery, but 
not the blood vessels within the tumor or 
the endothelial progenitor cells. SU5416 
apparently has no effect on already formed 
tumors, but was effective at the very early 
stage of tumor growth (LoRusso and Eder 
2008). The VEGFR inhibitor, cediranib, 
used in patients with recurrent glioblas-
toma, showed response rates in excess of 
50% and prolongation of the 6-month rate 
of progression-free survival (Jansen et al. 
2004). Other agents, PTK787 and ZD6474, 
target VEGFR-2 as well as VEGFR-1 
(Jansen et al. 2004). ZD1839 (Iressa) is a 
PTK-inhibitor of epithelial growth factor 
receptor (EGFR)-tyrosine kinase which 
has antiangiogenic activity in human tumor 
xenografts (Hirata et al. 2002).

Multiple Receptor Inhibitors: Since there 
are a multitude of growth factors responsi-
ble for angiogenesis in tumors, small mol-
ecule inhibitors with more global activity 
have been used to block multiple growth 
factors signal transduction processes. 
Sorafenib, active against VEGFR-2 and 
Platelet-Derived Growth Factor receptor 
(PDGFR), has been approved by the FDA 
for therapy in renal cell and hepatocellular 
cancer, and is in the process of phase II/
III clinical evaluation for melanoma and 
non-small cell lung cancer (LoRusso and 
Eder 2008). Sorafenib is a small molecule 
inhibitor of the raf/ serine/ threonine kinase 
isoforms, and receptor tyrosine kinase. 
Because PDGF is critical for pericyte sta-

bilization of blood vessels in the absence 
of PDGF receptor activity, endothelial 
cells become more susceptible to apopto-
sis (Wilhelm et al. 2008). Sorafenib was 
shown to be active in patients that did not 
respond to bevacizumab (Wilhelm et al. 
2008). Sunitinib (SU11248) (XL880) is an 
inhibitor of tyrosine kinase activity which 
blocks multiple angiogenic receptors, such 
as VEGFR, PDGFR, cKit, SDF-1 receptor, 
Flt3, and c-MET (Zhou et al. 2008). This 
broad spectrum agent has antiangiogenic 
and antitumor activities, and can be used 
alone, or in combination with docetasel, 
fluoruouracil, doxorubicin, and cisplatin to 
potentiate these chemotherapeutic agents.

Sunitinib reduces tumor microves-
sel density and collagen IV density in a 
dose-dependent way with no effect on 
the pericyte density. Sunitinib appears to 
enhance penetration of drugs, such as temo-
zolomide (Zhou et al. 2008). These authors 
suggest that sunitinib “normalizes” and sta-
bilizes the vessels, making the vessels more 
functional and, therefore, enhances the dis-
tribution of temozolomide into the tissue. 
Sunitinib prunes the most immature newly 
formed microvessels, leaving the other ves-
sels with increased blood flow, reduced 
basement membrane thickness, and rela-
tively efficient “normal” vessels covered 
by pericytes. Temozolomide penetration 
correlates with the number of functioning 
vessels in the tumor (Zhou et al. 2008). It 
was noted that drug penetration decreases 
after 14 days, suggesting that continuous 
sunitinib treatment beyond a normalization 
window may be disruptive to the vessels. 
Therefore, sunitinib is likely to be useful 
initially, with reduced efficacy over longer 
periods of treatment. Another aspect to 
be considered is dose. Perhaps long term 
treatment at low doses, referred to as met-
ronomic dosing of sunitinib would prolong 
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the useful period of this drug (Kerbel and 
Folkman 2002). However, presently, none 
of these agents are curative when used 
alone or in combination (Zhou et al. 2008).

Endothelial Cell Adhesion and Migration

Survival of endothelial cells is depend-
ent on cell adhesion to the extracellular 
matrix substrate. This binding, mediated 
by integrins expressed on the cell surface, 
is predominantly of the avB1, avB3, 
avB5, and a5B1 subtypes (Rege et al. 
2005). Blocking this binding over a period 
of time will trigger the apoptotic pathway. 
Endothelial cell migration requires integrin 
binding to substrate; therefore, block-
ing this migration, will inhibit sprouting 
and tubule formation, critical functional 
components of angiogenesis (Bergers and 
Benjamin 2003). Therefore, agents inter-
fering with the integrin adhesion process 
can be effective antiangiogenic agents.

Cilengitide is a synthetic integrin-target-
ing argine-glycine-aspartic acid peptide 
(RGD) (Reardon et al. 2008). Cilengitide 
blocks avB3 and avB5 on endothelial 
cells, thus interfering with binding to 
vitronectin and tesascin, matrix proteins 
found in high levels in brain tumors 
(Reardon et al. 2008). Cilengitide induces 
apoptosis of endothelial cells by blocking 
the survival pathway (Stupp et al. 2007). 
Clinical trials using this agent showed 
minimal toxicity, effective delivery into 
the glioma tissue in human brain, good 
retention for at least 24 h, and clinical 
activity in newly diagnosed brain tumors 
(Reardon et al. 2008).

Angiostatin: Antagonists directed against 
the integrin avB3, which binds to fibronec-
tin, vitronectin, and degraded collagen, 
have been shown to inhibit tumor neovas-

cularization in several animal models of 
cancer (Jansen et al. 2004). Angiostatin 
is an internal fragment of plasminogen 
which binds to avB3 (Rege et al. 2005). 
Treatment of endothelial cells with angi-
ostatin inhibits cell migration and capillary 
tube formation. Recombinant angiostatin 
has been reported to inhibit growth and 
neovascularization of intracerebral glioma 
xenografts, as well as to increase tumor 
cell apoptosis (Joe et al. 1999).

Endostatin, a cleavage fragment of colla-
gen type XVIII produced by the proteases, 
elastase and cathepsin-L (Ma and Waxman 
2008), specifically inhibits proliferating 
endothelial cells and does not affect other 
cell types. Endostatin interacts with several 
cell surface molecules, including heparin 
sulfate proteoglycan (HSPG), a5B1, tro-
pomyosin, and VEGFR-2; thus, affecting 
proliferation via different mechanisms. 
Basic FGF, an important growth factor 
in endothelial cell proliferation, requires 
binding to cell surface HSPG for activa-
tion to take place. Endostatin interferes 
with this bFGF binding; thus, selectively 
blocking subsequent bFGF signaling and 
bFGF-mediated proliferation (Kerbel and 
Folkman 2002). Endostatin binding to 
a5B1 integrin results in inhibition of focal 
adhesion kinase and Erk signaling that 
are required for endothelial cell survival 
and motility. Furthermore, focal adhesion 
kinase is necessary for brain microvessel 
tube formation and migration (Haskell et al. 
2003). Endostatin binding to tropomyosin 
causes disruption of microfilament integ-
rity and inhibits cell motility (Kerbel and 
Folkman 2002). Finally, endostatin blocks 
VEGFR 2 activity, which results in reduced 
blood vessel density within tumors (Jansen 
et al. 2004). In experimental rodent cancer 
models, genetically engineered tumor cells 
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overexpressing endostatin demonstrated 
decreased tumor growth, as compared 
with control tumor cells (Fernando et al. 
2008). For endostatin, the site of drug 
administration may be critical. In phase I 
trials, continuous intracerebral delivery of 
endostatin via an osmotic minipump con-
nected to an intracranial catheter resulted 
in higher antitumor efficacy compared 
to continuous systemic administration or 
daily injections (Jansen et al. 2004). Thus, 
with endostatin, the most effective regi-
men, requires a constant level of inhibitor 
to be maintained locally, within the tumor 
environment. The fact that endostatin has a 
relatively short half-life in plasma (2–10 h)  
may be responsible for this requirement. 
Thus, strategies which result in sustained 
delivery of endostatin would be desirable. 
A novel strategy to enhance local delivery 
of angiogenic inhibitors is implantation of 
encapsulated producer cells that have been 
engineered to express endostatin or the refor-
mulation of endostatin in the form of a slow-
releasing product (Jansen et al. 2004).

Survivin: Studies from this laboratory have 
shown that the glioma-derived endothelial 
cells are considerably more chemoresistant 
to a wide variety of drugs, compared to nor-
mal endothelial cell (Charalambous et al. 
2007). The mechanism(s) of this resistance 
are not well understood. Survivin, a protec-
tive protein which inhibits caspase activ-
ity, has been found in a variety of tumor 
cells including gliomas (Altieri 2003). Our 
studies showed that survivin is expressed 
in tumor vessels, as well as in tumor cells 
(Virrey et al. 2008a). Furthermore, blocking 
survivin expression in these tumor-associ-
ated endothelial cells increased the sensi-
tivity of these cells to drugs. Thus, agents 
that block the phosphorylation of survivin 
(e.g., roscovitine) or those that increase the 

proteosome degradation of survivin would 
be excellent drugs to provide enhanced effi-
cacy of known chemotherapeutic agents.

Glucose regulated protein 78/Binding 
immunoglobulin protein (GRP78/BiP): 
While blocking survivin expression was 
effective in increasing tumor endothelial 
cell sensitivity to chemotherapeutic drugs, 
cell death did not reach 100%, suggesting 
that more than one mechanism of cell pro-
tection may be active in these endothelial 
cells. The unfolded protein response (UPR) 
is an evolutionarily conserved mechanism 
that activates both proapoptotic and survival 
pathway to allow eukaryotic cells to adapt 
to endoplasmic reticulum (ER) stress (Lee 
2007). A major UPR protective response 
is the induction of the ER chaperone pro-
tein GRP78/BIP, that is required for the 
proper folding and assembly of membrane 
and secretory proteins. Overexpression of 
GRP78 is prominent in a wide variety 
of tumors, and was correlated with, the 
resistance of tumor cells to a range of can-
cer therapeutic agents. GRP78 is highly 
elevated in the tumor vasculature, both in 
situ in tissue and in vitro in primary cell 
cultures, in contrast to the minimal expres-
sion in normal brain vasculature (Virrey 
et al. 2008b). Knockdown of GRP78 by 
siRNA significantly sensitizes the glioma-
associated endothelial cells to a variety of 
chemotherapeutic agents, whereas upregu-
lation of GRP78 in control endothelial cells 
renders these cells drug resistant. Recently, 
it was discovered that the green tea compo-
nent (-)-epigallocatechin gallate (EGCG) 
blocks the ATPase domain of GRP78 and 
suppresses its antiapoptotic property (Lee 
2007). Our studies have shown that EGCG 
mimics siRNA against GRP78 in sensitizing 
the tumor vasculature to chemotherapeutic 
agents, suggesting that small molecules 
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 targeting GRP78 may enhance the efficacy 
of chemotherapeutic drugs by eliminat-
ing the chemoresistant tumor vasculature 
(Virrey et al. 2008b).

Bone Marrow-Derived Endothelial 
Progenitor Cells

Studies have shown that bone marrow 
(BM)-derived endothelial progenitor cells 
(EPC) contribute to the vasculature of 
developing tumors, particularly during the 
initial stages of tumor growth (Nolan et al. 
2007). These BM-derived EPCs differenti-
ate into mature endothelial cells by incor-
porating into the sprouting new vessels; in 
the later tumors the EPCs are diluted by 
non-bone marrow-derived cells from the 
periphery (Nolan et al. 2007). The number 
of EPCs participating in tumor blood ves-
sel growth depends on the tumor type; 
the highly vascular gliomas recruit rela-
tively high numbers of these cells (Moore 
et al. 2004). Because of their relevance to 
the tumor vasculature, one approach to 
antivascular therapy is to block circulat-
ing EPCs from migrating to the tumors. 
The directional migration of BM-EPCs is 
dependent on the release of specific ang-
iogenic growth factors from the tumor site. 
These growth factors: VEGF, PGF, TSP-1, 
and PDGF, together with (stromal cell-
derived factor) SDF-1/CXCL12 promote 
cell replication and recruitment of the 
EPC from their quiescent state in the bone 
marrow to the tumor (Nolan et al. 2007). 
Upregulation of SDF-1 and PDGF are par-
ticularly critical for this homing process. 
Platelets contain VEGF, TSP-1, and SDF-
1; therefore, blocking platelet aggregation 
at the tumor site by decreasing PDGF will 
reduce the accumulation of EPCs and thus 
reduce tumor blood vessel density (Rafii 

et al. 2008). Thus, by reducing the quan-
tity or activity of these growth factors, the 
migration of EPCs to the tumor is dimin-
ished. However, our current understanding 
of EPC activity would suggest that any 
increase in TSP-1 production as a treat-
ment to inhibit angiogenesis would have 
the undesirable side effect of stimulating 
EPC accumulation and vasculogenesis.

A second approach to the use of EPCs 
for cancer therapy is based on the capacity 
of these cells to be genetically manipu-
lated and still competent to migrate to the 
tumor (Moore et al. 2004). The fact that 
EPCs home to the tumor suggest that these 
cells may be used to carry antiangiogenic 
genes that have the potential to retard and 
destroy the tumor vasculature. EPCs can 
be isolated from bone marrow or periph-
eral blood and amplified ex vivo (Debatin 
et al. 2008). These cells can then be bioen-
gineered to express antiangiogenic protein, 
i.e., endostatin (Dudek et al. 2007), result-
ing in decreased angiogenesis. EPCs can 
also be infected with retrovirus, lentivirus 
vectors, or non-integrating vectors such 
as adenovirus and herpes simplex virus 
to carry suicide genes that could metabo-
lize a nontoxic prodrug to a cancer drug. 
(Debatin et al. 2008). The main advantage 
of EPCs in cancer therapy is that these 
cells can be generated from autologous 
blood; thus, eliminating histoincompat-
ibility. The disadvantage is the relatively 
low numbers of EPCs that actually incor-
porate into the tumor vasculature.

CONCLUSION

Common antiangiogenic strategies  target 
the growth and infiltration of newly forming 
blood vessels, which contain  endothelial 
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cells highly sensitive to agents blocking 
proliferation and migration. However, we 
and others have shown that the tumor- 
associated endothelial cells function differ-
ently from activated brain-derived endothe-
lial cells (Charalambous et al. 2005; Hida 
et al. 2004). Because these tumor-asso-
ciated endothelial cells proliferate more 
slowly, this population is less sensitive to 
growth inhibition. Furthermore, these cells 
produce VEGF and express the VEGF 
receptor, resulting in autocrine activation; 
thus, suggesting that VEGF withdrawal 
may not be as effective for the mature 
tumor vasculature as compared to the 
newly forming vessels. Microarray stud-
ies have provided potential targets for the 
glioma vasculature; Pen et al. (2007) have 
shown that IBFBP-7 is overexpressed in 
glioma blood vessels, and is a highly selec-
tive biomarker for the glioma vasculature. 
Thus, more studies need to be performed 
to identify distinguishing characteristics of 
these tumor-associated endothelial cells for 
identification and drug target purposes.

Combination therapies which focus on 
both tumor cells and the tumor vasculature 
may be more effective for therapy than 
single agents (Ma and Waxman 2008). 
Targeting both cell populations with dif-
ferent drugs may increase tumor regres-
sion efficiency because the mechanisms 
responsible for the cell death of tumor 
cells are not likely to be those active in 
blocking blood vessel growth. The dosage 
regimens of the drugs are also important. 
Traditional high dose-schedule protocols 
cannot provide sustained blockade of ang-
iogenesis because endothelial cells that 
proliferate rapidly are vulnerable to con-
ventional chemotherapy, while the mature 
intra-tumoral endothelial cells do not pro-
liferate and, therefore, are not susceptible 

to these drugs (Jansen et al. 2004). In 
conventional therapy, during the intervals 
between cycles, the fraction of blood ves-
sels that survive can regrow, causing a per-
sistence of tumor vasculature in spite of the 
antiangiogenic therapy. Studies show that 
because of the nature of new blood vessel 
formation, fine-tuning doses and schedule 
of combination therapy are critical. Thus, 
the continuous low-dose chemotherapy, 
metronomic scheduling, maintains a con-
stant level of drug for the endothelial cells 
and cancer cells, resulting in minimal 
regrowth of vessels (Kerbel and Folkman 
2002).

Another rationale for using tumor blood 
vessels as a target for therapy is based on 
the normalization of tumor blood vessels 
(Ma and Waxman 2008). Because tumor 
vessels are disorganized and leaky, “prun-
ing” these abnormal vessels would result 
in a higher density of more normal-like 
vessels. The interstitial pressure in malig-
nant tumors is elevated and normalizing 
the vasculature would lower this inter-
stitial fluid pressure (Jansen et al. 2004). 
Thus, “normalizing” the vessels would 
provide more effective drug delivery. 
Confirming this notion, it was shown that 
VEGFR-2 inhibitor SU5416 increases the 
intratumoral concentrations of temozolo-
mide in orthotopically implanted glioma 
xenografts. The optimal antiangiogenic 
effects would, therefore, be after “nor-
malization” of the vascular physiology 
and before the total destruction of the new 
blood vessels. Increasing vascular func-
tion, even temporarily, may be important 
in improving drug delivery due to altera-
tion of interstitial pressure.

Gene therapy targeting the vasculature 
has advantages because of easy access to 
the blood supply. However, the lentiviral 
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approach has certain restrictions, particu-
larly the host response to the lentivi-
ral infection. Ideally, the administration 
of siRNA would be safe and effective; 
 however, siRNA is easily degradable and, 
therefore, has poor bioavailability. The 
new approach of inserting siRNA into neu-
tral liposomes, combines the specificity of 
the genetic therapy with the safe delivery 
system of liposomes (Villares et al. 2008). 
These neutral liposomes are able to enter 
endothelial cells without significant acti-
vation. Another challenge to drug therapy, 
especially in the brain, is the blood-brain-
barrier (BBB). Within the glioma, the 
blood vessels are noticeably permeable, 
and drugs which may not ordinarily enter 
normal brain, do enter into the tumor tis-
sue. However, in the areas closer to the 
border of the tumor, the BBB inhibits the 
entry of a wide range of agents. Thus, 
delivering the drug to the tumor is critical. 
To approach this, convection enhanced 
delivery has been used with various tar-
geted toxins (Raghavan et al. 2006).

We are still exploring the regulatory 
mechanisms involved in tumor angiogen-
esis, particularly the interaction of the 
endothelial cells with the tumor environ-
ment, and the unique qualities of the 
tumor-associated endothelial cells. As we 
learn more regarding the developing tumor 
system, we will be able to design specific 
drugs, therapeutic regimens, and delivery 
systems to better target the appropriate cel-
lular functions. The constant appearance 
of new drugs for clinical trials provides 
evidence that the field of anti-vascular 
therapy is moving rapidly forward.
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Glial Brain Tumors: Antiangiogenic 
Therapy
William P.J. Leenders and Pieter Wesseling 

CLINICAL FEATURES  
OF GLIOMA

Gliomas comprise a heterogeneous group 
of tumors of the central nervous system 
(CNS), encompassing many different histo-
logical types and malignancy grades. Most 
gliomas, the so-called ‘diffuse gliomas’, 
are characterized by extensive diffuse infil-
trative growth. The most malignant type, 
glioblastoma multiforme (GBM), is by far 
the most common, accounting for 60–70% 
of all primary CNS gliomas. Other diffuse 
glioma types are low grade and anaplas-
tic astrocytomas, oligodendrogliomas and 
oligoastrocytomas (Wen and Kesari 2008). 
The incidence of GBM in the Western 
world is relatively low with five cases per 
100,000 people per year, as compared to 
lung, breast, and colorectal cancer which 
have an annual incidence of ~60–85 cases 
per 100,000 people. Despite this relatively 
low incidence, high grade gliomas represent 
a very important and devastating tumor type 
because they often occur relatively early in 
life and are always fatal, with a median sur-
vival rate of only 12–15 months for patients 
with GBM, and 2–5 years for patients with 
anaplastic astrocytoma. In fact, astrocytic 
tumors are the third  leading cause of cancer-

related deaths among  middle aged men and 
the fourth leading cause of death for women 
between 15 and 34 years of age.

Glioma symptoms vary depending on 
tumor phenotype, size and location and may 
consist of edema with increased intracranial 
pressure and headache, and neural damage 
resulting in vision loss, seizures, progressive 
failure in mental functioning and some-
times even hemiparesis. Diffuse low grade 
gliomas may go unnoticed for years before 
neural damage becomes symptomatic.

HISTOPATHOLOGY AND 
GENETIC BACKGROUND  
OF GLIOMAS

Diffuse gliomas can be classified in three 
main subtypes: astrocytic, oligodendro-
glial, and mixed oligoastrocytic tumors 
(Louis et al. 2007). The nomenclature is 
based on the resemblance of the tumor 
cells with non-neoplastic astrocytes and 
oligodendrocytes, which however does 
not necessarily imply that these tumors 
originate from mature glial cells. In fact, 
there is quite some evidence that gliomas 
originate from neural stem cells (NSCs) 
or progenitor cells (Canoll and Goldman 
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2008). Astrocytic and oligodendroglial 
tumors differ in the genetic aberrations 
encountered. 60–70% of oligodendroglial 
tumors show a combined loss of chromo-
somal arms 1p and 19q, whereas high-grade 
astrocytic tumors often show amplification 
of chromosome 7 and loss of chromosome 
10. Chromosome 7 contains the Epidermal 
Growth Factor Receptor (EGFR) gene 
(7p12), which indeed is frequently over-
expressed in these tumors resulting in 
overactivation of signaling pathways and 
increased proliferation. Chromosome 10 
harbours the tumor suppressor gene PTEN. 
These combined genetic alterations may, 
therefore, directly contribute to tumorigen-
esis. Noteworthy is that an auto-activating 
deletion variant of EGFR, EGFR-vIII, 
is frequently expressed by glioma cells 
(Sampson et al. 2008). Proper discrimina-
tion between different subtypes of glial 
tumors has high  prognostic and predic-
tive relevance: patients with malignant 
oligodendroglial tumors with 1p/19q loss 
show better survival and better response to 
chemotherapy.

Glial brain tumors are classified in four 
malignancy grades according to the WHO-
2007 classification, non-diffuse pilocytic 
astrocytoma (WHO grade I) being the least 
and GBM (WHO grade IV) the most aggres-
sive tumor. Histopathological hallmarks 
to classify glial tumors as GBM include 
necrosis and angiogenesis. A peculiar type 
of angiogenesis, called florid microvascu-
lar proliferation, is frequently encountered. 
The angiogenic response occurs especially 
in the perinecrotic regions and can be 
attributed to hypoxia-induced expression 
of Vascular Endothelial Growth Factor-A 
(VEGF-A), the most important angiogenic 
factor known to date and prime candidate 
for targeted anti-angiogenic therapies.

A unique characteristic of gliomas in 
WHO grades II to IV is their extensive 
diffuse infiltrative growth along myeli-
nated fibers in white matter tracts. Also, 
perivascular growth in the Virchow-Robin 
space is frequently observed. The most 
extreme example of diffuse infiltrative 
glioma growth is represented by glioma-
tosis cerebri which involves at least three 
cerebral lobes, usually bilaterally (Louis 
et al. 2007). Of importance, it seems 
that infiltrative growth of gliomas in all 
grades is not dependent on angiogenesis, 
as the high vessel density in normal brain 
tissue allows the tumors to progress via 
incorporation of preexistent blood vessels, 
a  process which is referred to as vessel 
cooption (Leenders et al. 2002).

CURRENT TREATMENT 
MODALITIES

Diffuse infiltrative growth in the brain paren-
chyma enormously complicates treatment of 
glioma. Current standard of care is surgery 
to the maximum feasible extent, based on 
contrast-enhanced MR images. Surgery is 
never curative, due to the presence of indi-
vidual migrating glioma cells within cen-
timeters from the tumor core. Eventually, 
these remaining tumor cells will give rise to 
recurrent tumor. An additional complication 
is that current diagnostic modalities only 
allow visualization of parts of the tumor. 
Indeed, contrast-enhanced MRI-based diag-
nosis is based on the extravasation of small 
paramagnetic compounds, such as gado-
linium diethylenetriaminepenta-acetic acid 
(Gd-DTPA). Such extravasation occurs only 
at sites where the blood brain barrier (BBB) 
is disrupted, i.e., especially in angiogenic 
areas. This explains the frequent finding of a 
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ring-like enhancement pattern in GBM, rep-
resenting a non-enhancing necrotic core sur-
rounded by an enhancing rim of angiogenic 
tumor. More distant areas with dispersed 
coopting tumor cells are not visualized 
because the BBB in the coopted vasculature 
in these areas is often intact. For first line 
treatment, surgery is followed by radio-
therapy but, again, effective radiotherapy is 
problematic because the extended margins 
that are needed to kill all tumor cells would 
lead to unacceptable toxicity.

Except for oligodendrogliomas, gliomas 
are relatively insensitive to most chemother-
apeutic agents like DNA-alkylating agents 
(carmustine, procarbazine, lomustine and 
vincristine) and topoisomerase I inhibi-
tors (irinotecan) which do have prominent 
activity against other tumor types (Prados 
et al. 2006). This resistance may be intrin-
sic and related to a high capacity to restore 
therapy-induced DNA-damage. The sub-
group of GBM patients with low levels of 
the DNA repair enzyme O6-methylguanine 
methyltransferase (MGMT), resulting 
from methylation of the MGMT promoter 
and silencing of the gene, has a relatively 
good response to temozolomide (Temodar/ 
Temodal®, TMZ). TMZ is an orally-
available DNA-alkylating agent with mini-
mal toxicity, which is converted in the 
circulation into its active derivative MTIC 
(3-methyl-(triazen-1-yl)imidazole-4-car-
boxamide). MTIC transfers alkylgroups to 
the DNA, and thereby interferes with the 
DNA replication machinery. Continuous 
exposure to TMZ may deplete MGMT 
pools, also in cells with unmethylated 
promoter, and ultimately result in sufficient 
DNA damage to kill the cell. Since TMZ 
treatment results in modest improvements 
of progression free and overall survival of 
GBM patients, combination of TMZ with 

radiotherapy has become the standard first 
line treatment for these gliomas (Stupp 
et al. 2007).

A second important factor in determin-
ing chemoresistance of brain tumors is 
the BBB which is actually designed to 
keep away toxic substances from the brain 
parenchyma. In GBM there are regions 
that will be readily accessible to drugs 
because of prominent angiogenesis and 
concomitant absence of a functional BBB. 
However, in the same tumor there may be a 
high volume of infiltrative cancer in which 
incorporated vessels have an intact BBB, 
resulting in poor drug penetration in these 
regions. In such cases only a small pro-
portion of the tumor is effectively treated 
when drugs are used that do not (or only 
partially) pass the intact BBB. The leaki-
ness of vasculature in angiogenic tumor 
parts results in edema which may become 
clinically symptomatic and very aggravat-
ing when it leads to high intracranial pres-
sure. To relieve these symptoms, patients 
are often treated with corticosteroids.

ANTIANGIOGENESIS  
AS ANTI-TUMOR THERAPY

VEGF-A and angiogenesis

It is commonly accepted that tumors need 
sufficient blood supply to be able to progress. 
As early as the 1970s, Folkman proposed that 
tumors induce their own blood supply via 
angiogenesis (Folkman 1971). Since then, 
research was boosted to elucidate the mecha-
nisms behind induction of angio genesis. 
This research revealed that cells in a grow-
ing tumor that become deprived of blood, 
sense hypoxia via a mechanism that results 
in activation of hypoxia-sensitive genes, 
among which VEGF-A, a  chemotactic 
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 factor for endothelial cells. VEGF-A acti-
vates the transmembrane tyrosine kinase 
VEGF receptors VEGFR1 and VEGFR2. 
In particular, activation of the latter results 
in signal transduction cascades, involving 
PI3 kinase-pAKT (leading to cell survival), 
MAPK (leading to cell proliferation) and 
the small Rac/RhoA GTPases (leading to 
cell migration) (Chan et al. 2005). VEGFR2 
activation is also responsible for vascular 
hyperpermeability, induced via endothelial 
fenestrations or vesiculo-vacuolar organelles 
(VVOs) (Dvorak and Feng 2001). Indeed, 
preclinical work has shown that VEGF-A 
expression is sufficient to induce vessel per-
meability, and that inhibition of VEGF-A 
activity effectively annihilates this phenom-
enon (Leenders et al. 2004).

The knowledge on mechanisms of ang-
iogenesis induction by tumors has been 
translated into numerous compounds that 
effectively inhibit the process. These can 
be put in two categories: antibodies and 
small compound tyrosine kinase inhibi-
tors. Bevacizumab (Avastin, developed by 
Genentech) is a humanized monoclonal 
antibody against human VEGF-A (Kerbel 
2008). Bevacizumab neutralizes VEGF-A 
activity by preventing binding to its recep-
tors. A similar mode of action is accom-
plished by IMC-1121, an antibody against 
VEGFR2 (developed by Imclone) and 
by the VEGF neutralizer VEGF-TRAP, a 
chimeric soluble VEGF-receptor protein 
consisting of the VEGF binding domains 
of VEGFR1 and VEGFR2 (developed by 
Regeneron) (Gomez-Manzano et al. 2008). 
Both antibodies and receptor chimera 
prevent dimerization and subsequent  
autophosphorylation of VEGFR2. Tyrosine 
kinase inhibitors (TKIs) prevent down-
stream signal transduction from VEGF 
receptors. These orally available small 

compounds are ATP analogues which bind 
to the ATP binding pocket of kinase recep-
tors, competitively preventing binding of 
normal ATP and, thus, receptor phosphor-
ylation. A number of VEGF receptor TKIs 
has been developed, which also have activ-
ity against other tyrosine kinase  receptors, 
such as platelet-derived growth factor 
receptor (PDGFR) and Epidermal Growth 
Factor Receptor (EGFR) (Batchelor et al. 
2007; Norden et al. 2008). The latter are of 
particular interest because these may allow 
simultaneous targeting of angiogenesis 
and other oncogenic pathways in tumor 
cells (e.g., the EGFR pathway in GBMs).

The approach of inhibiting angiogenesis 
has proven very effective as anti-tumor 
therapy in animal tumor models in which 
tumor stabilization and even regression 
are observed on a regular basis (Wedge 
et al. 2002). Most studies in which potent 
anti-tumor effects have been demonstrated, 
were performed in animal models in which 
tumor xenografts, also gliomas, were 
grown in the subcutaneous space of mice 
(Goldbrunner et al. 2000). Such studies 
have resulted in clinical trials and, for 
some tumor types, even in inclusion of 
anti-angiogenic therapies in standard care. 
Bevacizumab in combination with chemo-
therapy is now approved for first line treat-
ment of patients with advanced colorectal 
carcinoma (Hurwitz et al. 2004), non-small 
cell lung cancer (Sandler et al. 2006) 
and metastatic breast cancer (Miller et al. 
2007). Sunitinib, a tyrosine kinase inhibitor 
of, among others, VEGFRs and PDGFRs, 
is now approved for treatment of metastatic 
clear cell renal cell carcinoma (Motzer 
et al. 2007). In general, it can be stated 
that in these tumor types antiangiogenic 
therapy in combination with chemotherapy 
does lead to prolonged progression free 
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survival, as well as to some prolonged 
overall survival. However, it is now also 
clear that these new modalities have not yet 
resulted in durable control.

PRECLINICAL ANTI-
ANGIOGENIC THERAPY  
OF BRAIN TUMORS

Where do the discrepancies between pre-
clinical and clinical results come from? It 
is important to realize that many  preclinical 
models utilizing subcutaneous xenografts 
are not representative of clinical glioma 
because a relevant tumor micro-environment 
is lacking (Goldbrunner et al. 2000), and 
this may result in misinterpretation of 
therapeutic effects. For instance, as the 
subcutaneous space is avascular with lim-
ited potential for vessel cooption, when 
using subcutaneous xenograft models, one 
selects for a tumor’s capacity to induce 
angiogenesis and thereby, for an intrinsic 
susceptibility to anti-angiogenic agents. 
Indeed, our experience with glioma 
xenografts is that angiogenesis-incompetent 
tumors exist and that, upon direct trans-
plantation into the subcutaneous space, 
these tumors do not grow, whereas the 
same specimens rapidly induce tumors 
when implanted intracerebrally (Claes 
et al. 2008b). Furthermore, we have shown 
that melanoma cell lines which show slow 
growth and extensive necrosis when grown 
subcutaneously, grow vividly and without 
any evidence of necrosis or even hypoxia 
when grown in the brain parenchyma upon 
intracarotid injection (Kusters et al. 2002, 
2007). In this case, these non-angiogenic 
tumors develop in the brain micro-
environment by cooption of preexistent 
vasculature (Leenders et al. 2002).

In our centre we developed a number 
of human glioma xenograft lines, such 
as E98. This xenograft line was initi-
ated in the early 1990s and is maintained 
as subcutaneous tumors which develop 
within 2 months after grafting to tumors of 
approximately 1 cm3. Subcutaneous E98 
tumors contain dispersed areas of hypoxia. 
Intracerebral injection of a cell homoge-
nate, prepared from these subcutaneous 
tumors, results in a heterogeneous tumor 
phenotype with very few hypoxic areas 
and which actually contains all the hall-
marks of a high grade malignant human 
glioma, i.e., microvascular proliferations 
in more compact tumor areas with leaky 
vasculature, but also diffuse infiltrative 
growth in white matter tracts and perivas-
cular growth (Claes et al. 2008b).

We have subjected mice bearing intrac-
erebral E98 tumors to anti-angiogenic 
therapies using the VEGFR2/EGFR tyro-
sine kinase inhibitor vandetanib (ZD6474), 
sunitinib, avastin or combinations of these. 
The results of these studies confirmed 
previous results of our laboratory with 
angiogenic melanoma in brain (Leenders 
et al. 2004). All compounds effectively 
inhibited angiogenesis and accompanying 
vessel leakiness, an effect that is best illus-
trated by the fact that tumor visibility was 
drastically reduced in Gd-DTPA-enhanced 
MRI scans (Claes et al. 2008a, 2008c). 
Angiogenesis was also effectively inhib-
ited by VEGF-TRAP or anti-VEGFR2 
antibodies in orthotopic models of glioma 
(Gomez-Manzano et al. 2008). A com-
mon result of all these studies is that 
anti-angiogenic compounds are indeed 
unequivocally inhibiting angiogenesis, but 
that anti-angiogenic therapy is not effec-
tive against the diffuse infiltrative tumor 
components (Claes et al. 2008c). It has 
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even been postulated that antiangiogenic 
compounds may force a tumor into a 
more infiltrative growth mode (Lamszus 
et al. 2003; Rubenstein et al. 2000). In our 
tumor models, mice did not survive longer 
when under vandetanib therapy. It must be 
realized, however, that the diffuse infiltra-
tive growth in E98 is extensive, generally 
involving both hemispheres (Claes et al. 
2008b). Therefore, in this model the rela-
tive decrease in tumor burden due to eradi-
cation of the angiogenic component may 
be too low to result in survival advantage.

CONSEQUENCES OF 
ANTIANGIOGENIC THERAPY 
FOR DIAGNOSIS: VESSEL 
NORMALIZATION

Uncontrolled VEGF-A activity in tumors 
results in a tortuous, irregularly dilated and 
hyperpermeable vasculature and edema. 
A high interstitial pressure, together with 
poor blood flow in these vessels has 
been proposed to counteract the effec-
tive uptake of drugs from the circulation. 
Anti-VEGF-A therapies result in prun-
ing of newly formed vessels, sparing the 
more matured and non-leaky ones. This 
phenomenon is termed vessel normaliza-
tion and presumably results in an overall 
reduced interstitial pressure and better 
tumor perfusion (Jain 2005). The hypoth-
esis of vessel normalization has been used 
to explain the synergistic effects of anti-
angiogenic therapies and chemotherapies 
in advanced colorectal cancer patients.

Vessel normalization in brain tumors is 
both a blessing and a curse (Claes and 
Leenders 2008). Firstly, reduction of edema 
is expected to be beneficial for patients with 
(glial) brain tumors, since a high intracra-
nial pressure can be very aggravating and 

 ultimately life threatening. On the other 
hand, the annihilation of vessel leakage com-
plicates evaluation of therapies, as contrast-
enhanced MRI investigations depend on this 
vessel leakage. Indeed, experimental tumors 
in a brain setting become undetectable after 
anti-VEGF therapies, while still progress-
ing via infiltration, resulting in enormous 
overestimation of therapeutic efficacy (Claes 
et al. 2008a, c; Leenders et al. 2004).

Another complication relates to the BBB. 
It is known that the BBB is meant to keep 
toxic substances away from the very sensi-
tive neurons. However, normalization of 
the BBB in tumor vessels may also hamper 
delivery of chemotherapeutic drugs to the 
tumor cells. We recently described that this 
is a relevant danger, as a higher percentage 
of mice carrying intracerebral E98 tumors 
was completely cured when treated with 
TMZ, compared to mice that received TMZ 
and vandetanib (Claes et al. 2008c). As 
TMZ combined with radiotherapy is now 
the standard of care for glioma patients 
(Stupp et al. 2005), we are facing the prob-
lem that combining this treatment with 
antiangiogenic compounds might indeed 
adversely affect tumor response to therapy. 
Meanwhile, anti-VEGF therapies may result 
in a significant but temporarily improved 
quality of life. These different beneficial 
and adverse effects of antiangiogenic com-
pounds need careful attention before antian-
giogenic therapy is implemented in the 
routine treatment of glioma patients.

CLINICAL EXPERIENCE 
WITH ANTI-ANGIOGENIC 
THERAPY

As of now, no large phase III trials on 
angiogenesis inhibition in glioma patients 
have been performed. A number of antian-
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giogenic approaches has been tested in 
phase I and II trials including thalidomide 
and its analogue lenalidomide (targeting 
the fibroblast growth factor [FGF] path-
way) (Groves et al. 2007), the integrin 
antagonist cilengitide (Reardon et al. 2008), 
and metronomic chemotherapy, targeting 
proliferating endothelial cells rather than 
tumor cells (Kerbel 2008). Most reports on 
effective treatment involve phase II studies 
in which bevacizumab was administered 
in combination with (radio) chemotherapy 
for recurrent GBM.

In a number of studies investigating com-
bination therapy of bevacizumab with iri-
notecan for recurrent GBM and anaplastic 
astrocytoma, ~60–80% of patients showed 
a partial response (Ali et al. 2008; Narayana 
et al. 2008; Vredenburgh et al. 2007). 
However, as these responses were defined 
by radiological criteria (Macdonald et al. 
1990), i.e., by post-contrast MRI as discussed 
earlier, the actual efficacy of this treatment 
may be overestimated. Importantly, in these 
patients tumors frequently recur at some 
distance from the primary tumor mass, cor-
roborating the concept that under bevacizu-
mab therapy, diffuse tumor infiltration can 
continue (Zuniga et al. 2008).

Also, these trials showed improvements 
on the 6-month progression free survival 
(PFS) rate as compared to historical con-
trols. Again, the status of progression-free 
is established by post-contrast MRI criteria 
and absence of neurological worsening. 
The better performance of patients under 
bevacizumab therapy may be related to 
diminished edema and intracranial pressure, 
rather than anti-angiogenesis. Of interest, 
these effects are not limited to gliomas but 
also appear to apply to brain metastases of 
other tumors (Mathews et al. 2008).

An involvement of an autocrine PDGF/
PDGFR loop in glioma has been suggested 

(Guha et al. 1995), and this has been the 
rationale for testing the PDGFR tyrosine 
kinase inhibitor imatinib, either alone or in 
combination with hydroxyurea in phase II 
studies (Raymond et al. 2008). Besides a 
potential effect on tumor cell proliferation, 
PDGF signaling is involved in maturation of 
newly formed vessels (Bergers et al. 2003). 
Imanitib as monotherapy did not signifi-
cantly improve 6 month PFS in these stud-
ies (Raymond et al. 2008; Wen et al. 2006), 
and in combination with hydroxyurea had 
only modest activity (Reardon et al. 2005). 
Of importance, other studies described an 
increased incidence of intratumoral hem-
orrhage upon imatinib treatment of GBM 
(Wen et al. 2006). It may be hypothesized 
that inhibition of PDGF signaling without 
diminishing VEGF-A activity results in the 
continuous presence of tortuously dilated 
and immature vasculature in the tumor with 
increased chance of vessel rupture. These 
results indicate that caution is warranted 
with such targeted therapies. Simultaneous 
targeting of both VEGFR and PDGFRs 
may therefore be more effective.

TKIs, targeting both of these  receptors 
are available and have been tested. A 
phase II study in 16 patients with recurrent 
GBM showed that cediranib (AZD2171, 
a tyrosine kinase inhibitor targeting 
both VEGF and PDGF receptors) tran-
siently normalized tumor vasculature 
 resulting in decreased MRI visibility and 
reduced edema-related clinical symptoms 
(Batchelor et al. 2007). The reduction 
of edema greatly reduced the need for 
corticosteroid treatment in these patients. 
Despite these positive effects, significant 
effects on median progression-free sur-
vival and overall survival seemed absent, 
although the number of patients in this 
study was obviously too small to reach 
definite conclusions.



116 W.P.J. Leenders and P. Wesseling

It seems, therefore, that patients benefit 
from anti-VEGF-A treatment. As previ-
ously indicated, one of the main problems 
in evaluating the efficacy of VEGF-A tar-
geting is that the diagnostic possibilities to 
monitor the nature of the response are lim-
ited. Several recent articles have analyzed 
effects of bevacizumab on tumor behavior 
on the histological level, and first results 
confirm preclinical findings: although 
contrast-enhanced MRI suggests response 
to therapy, analysis of surgically obtained 
post-therapy specimens reveals the pres-
ence of highly infiltrative tumor, even 
with increased expression levels of migra-
tion-related genes (Narayana et al. 2008). 
Whether antiangiogenesis truly induces an 
invasive phenotype or leaves the invasive 
tumor compartment unaffected remains 
to be determined. In any case, these data 
show that antiangiogenesis should ideally 
be combined with therapies that target the 
diffuse infiltrative tumor component.

FUTURE PERSPECTIVES

Although normalization of the BBB by 
antiangiogenic therapy has clear positive 
effects for glioma patients, up till now these 
effects only seem to be temporary and pal-
liative. However, for a tumor which is cur-
rently incurable, this may be an important 
improvement in care. Unfortunately, there 
are also adverse effects associated with 
antiangiogenic therapy, and ironically these 
are also associated with the BBB normali-
zation. Whereas the underestimation of 
tumor burden after anti-angiogenic therapy 
may be resolved in the future by employ-
ing alternative imaging modalities such as 
positron emission tomography (PET), dif-
fusion-weighted imaging, perfusion MRI, 

magnetic resonance spectroscopy (MRS) 
or blood volume imaging (Gambarota et al. 
2008; Jenkinson et al. 2007), the potential 
interference with chemodistribution needs 
careful attention. To this end, extensive fur-
ther preclinical work is needed to help elu-
cidate optimal timing and dosing schedules 
of antiangiogenic therapy, radiotherapy, 
and chemotherapy.

In fact, there are rational arguments to 
combine anti-VEGF therapy with radia-
tion therapy. VEGF-A promotes cell 
survival via induction of AKT phosphor-
ylation. As such, it will protect endothelial 
cells against radiation-induced apoptosis. 
In this respect, angiogenesis inhibitors or 
inhibitors of mTOR may enhance efficacy 
of radiation therapy (Chi et al. 2007; Duda 
et al. 2007; Lee et al. 2000). Furthermore, 
radiation therapy temporarily disrupts the 
BBB, possibly improving concomitant 
chemotherapy.

It is clear from preclinical and clinical 
work that, despite progress in attacking 
the tumor’s blood supply, the presence of 
migrating tumor cells which can progress 
by incorporating preexisting blood sup-
ply, is a fundamental problem. Targeting 
of cell migration, for instance by interfer-
ing with c-MET induced Rac-RhoA small 
GTPase signaling (Martens et al. 2006) 
may therefore represent an important next 
step towards effective glioma therapy. Also 
a direct attack of tumor cells by immuno-
therapy with vaccines, specifically target-
ing the constitutively active EGFR-vIII on 
tumor cells has been considered for the sub-
group of gliomas that overexpress this dele-
tion mutant, and such studies have already 
yielded encouraging results (Sampson et al. 
2008). How the BBB is involved in allow-
ing access of cytotoxic T-cells to the tumor 
cells is currently unclear.
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In conclusion, a number of approaches 
has been developed for therapy of diffuse 
glioma. No modality has yet been shown 
to result in a more than modest improve-
ment of overall survival, and curation of 
these tumors is still not possible. A multi-
modality approach, simultaneously target-
ing different molecular characteristics of 
the glioma cells (e.g., those involved in 
oncogenesis, angiogenesis, migration, and 
DNA-repair) may lead to improved ther-
apy of diffuse gliomas. Preclinical studies 
using genotypically and phenotypically 
relevant glioma models may be of great 
help in exploring how the different treat-
ment modalities interact in order to opti-
mize combination therapies with respect 
to timing and dosage.
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 INTRODUCTION

Currently, gliomas are generally evaluated 
using gadolinium (Gd)-enhanced T1-
weighted (T1w) MRI in combination with 
T2-weighted (T2w) or fluid-attenuated inver-
sion recovery (FLAIR) T2w MRI, which 
are used to determine the extent of involve-
ment, to plan treatments, and to assess a 
therapeutic response. However, existing 
MRI techniques are not sufficiently tissue-
specific and suffer from several limitations. 
First, Gd enhancement reveals focal areas 
of tumor where the blood-brain barrier 
(BBB) is disrupted, but it does not show 
large areas of an infiltrating tumor (Kelly 
et al. 1987; Burger et al. 1988). Another 
limitation is that some high-grade gliomas 
(roughly 10% of glioblastoma multiforme 
and 30% of anaplastic astrocytoma) dem-
onstrate no Gd enhancement (Scott et al. 
2002). Therefore, it can be difficult to iden-
tify the most malignant portions of tumor 
prior to surgery or local therapies. Third, 
Gd enhancement is not always specific for 
tumor grade, as low-grade gliomas occa-
sionally enhance (Knopp et al. 1999). 
Fourth, Gd enhancement occurs in any area 
of BBB disruption, such as that caused by 
radiation necrosis, regardless of etiology 

(Mullins et al. 2005). Finally, glioma patients 
require frequent MRIs, and Gd exposure 
has recently been indicated as a risk factor 
for renal toxicity (Ersoy and Rybicki 2007). 
These imaging limitations have immediate 
clinical repercussions that may cause diag-
nosis problematic and render local thera-
pies ineffectual. Notably, standard brain 
MRI cannot distinguish between treat-
ment-related injury and tumor progression. 
This distinction is critical for appropriate 
treatment planning and assessment of tumor 
response. In recent years, there has been 
much progress in tumor assessment using 
more advanced MRI approaches, including 
MR spectroscopy (Vigneron et al. 2001), 
diffusion imaging (Chenevert et al. 1997), 
perfusion imaging (Law et al. 2003), and 
combinations of these techniques. However, 
additional MR approaches, especially 
tissue-specific ones that use endogenous 
contrast, are much needed.

The extension of MR neuroimaging to 
the cellular and molecular level has 
introduced new possibilities for imaging 
malignant gliomas. Currently, however, 
most molecular and cellular MRI studies 
have been limited to the preclinical set-
ting, because they rely on the administra-
tion of paramagnetic or super-paramagnetic 
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metal-based substrates that are potentially 
toxic. Ideally, molecular imaging would 
exploit endogenous molecules that can be 
probed noninvasively using existing hard-
ware. Amide proton transfer (APT) imag-
ing (Zhou et al. 2003a, b) is a new MRI 
technique that detects endogenous mobile 
proteins and peptides in tissue using the 
principle of chemical exchange-dependent 
saturation transfer (CEST) sensitivity 
enhancement (Wolff and Balaban 1990; 
Ward et al. 2000). The preclinical studies 
and pilot clinical data have suggested that 
there is an increased APT signal in malig-
nant brain tumors, potentially providing 
unique information regarding the presence 
and grade of brain tumors based on the 
increased cellular content of proteins and 
peptides. This is in line with existing knowl-
edge that malignant gliomas and other can-
cers have high cellularity (Gauvain et al. 
2001), as well as increased cellular protein 
and peptide levels (Hobbs et al. 2003; 
Howe et al. 2003). APT-MRI has the 
potential to expand the range of molecular 
MRI techniques to the endogenous protein 
and peptide level and to enhance the 
noninvasive identification and classification 
of brain cancers before and after treatment.

 CHEMICAL EXCHANGE-
DEPENDENT SATURATION 
TRANSFER IMAGING: 
PRINCIPLES AND 
APPLICATIONS

Using NMR concepts of chemical exchange, 
Wolff and Balaban (1990), and Ward et al. 
(2000) demonstrated that the process of 
saturation transfer from exchangeable 
protons to water can be used for metabolite 

sensitivity enhancement, an approach dubbed 
CEST. In CEST imaging, low-concentration 
solute molecules are selectively labeled by 
saturating specific exchangeable protons 
(e.g., hydroxyl, amine, amide, or imino pro-
tons) with radiofrequency (RF) irradiation. 
When such saturation-labeled protons 
exchange with water protons, the water 
signal becomes slightly saturated. In view 
of the low concentration of solute (µM to 
mM range), a single transfer of saturation 
would be insufficient to show any effect on 
water (100 M). However, because the water 
pool is much larger than the saturated solute 
proton pool, each exchanging saturated 
solute proton is replaced by a non-saturated 
water proton, which is then again saturated. 
If the solute protons have a sufficiently fast 
exchange rate (tens of Hz) and if the T1 
of water is sufficiently long (sec range), 
prolonged irradiation leads to substantial 
enhancement of this saturation effect.

Following the pioneering work by Wolff 
and Balaban (1990), and Ward et al. (2000), 
Goffeney et al. (2001) showed that large 
increases in sensitivity can be obtained for 
macromolecules, such as poly-L-lysine, 
dendrimers, and polynucleotides, which con-
tain a large number of exchangeable pro-
tons with a similar chemical shift. Zhang 
et al. (2001), and Aime et al. (2002) simulta-
neously reported several paramagnetic CEST 
(paraCEST) agents that made the approach 
more flexible by significantly enlarging the 
frequency range for the exchanging sites 
that need to be saturated selectively.

Based on these CEST results, Zhou et al. 
(2003a, b) hypothesized that it should be 
possible to detect mobile proteins and pep-
tides in tissue via the water signal using 
the CEST approach, and subsequently 
demonstrated this amide proton transfer 
(APT) process in vivo. For the APT 
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approach, the composite amide resonance 
at ~8.3 ppm in the proton spectrum of the 
brain is saturated and detected through water 
to image the pH level (Zhou et al. 2003a) 
or the endogenous protein and peptide 
content of tissue (Zhou et al. 2003b). APT 
imaging is one of the first examples of the 
successful in vivo application of CEST-
based techniques.

The CEST approach presents a large and 
specific detection sensitivity enhancement 
through progressive saturation of the water 
signal, and the contrast can be switched on-
and-off by simply changing the RF irradia-
tion frequency or by turning it on and off. 
Currently, many important CEST-type 
applications are being evaluated by different 
researchers, including pH imaging (Aime 
et al. 2002; Zhou et al. 2003a; Sun et al. 
2007; Jokivarsi et al. 2007), metabolite 
detection (Zhang et al. 2003), imaging of 
cellular proteins and peptides (Zhou et al. 
2003b; Ling et al. 2008), cell labeling (Aime 
et al. 2005), detection of enzyme activity 
(Yoo and Pagel 2006), CEST reporter 
genes (Gilad et al. 2007), and imaging of 
sugars (van Zijl et al. 2007). The CEST 
technology allows multiple new types of 
applications, and the development of new 
imaging approaches is progressing rapidly 
on many fronts.

 MAGNETIZATION TRANSFER 
CONTRAST (MTC), CEST, 
AND APT

When discussing in vivo CEST effects, it 
is important to understand the contributing 
mechanism and terminology. Notably, all 
phenomena discussed here are magnetiza-
tion transfer (MT) effects, but they have 
different mechanisms and origins. CEST 

(Wolff and Balaban 1990; Ward et al. 2000) 
and APT (Zhou et al. 2003a, b) employ a 
chemical exchange as a single transfer 
pathway to accomplish MT. APT is a spe-
cial type of CEST, with selective irradia-
tion at 3.5 ppm from water to saturate 
amide protons. Unlike CEST, conventional 
MTC imaging (Balaban and Ceckler 1992) 
is based on protons in immobile semi-solid 
macromolecules (such as structural pro-
teins, membranes, and myelins), where sat-
uration transfer occurs through multiple 
pathways, such as dipolar coupling and 
chemical exchange. These solid-like protons 
have a very short T2 and, therefore, reso-
nate over a very large spectral width (±100 
kHz) that does not allow selective RF irra-
diation of individual resonances. Thus, the 
MT spectrum appears to be symmetric. In 
contrast, the frequency offset in CEST or 
APT experiments is limited to a small range 
around the water resonance, and two pro-
ton pools can be distinguished from each 
other on the NMR time scale. This leads to 
a clear asymmetry in the MT-spectrum 
with respect to the water resonance, such 
that the APT effect can be separated from 
MTC and direct saturation, by determining 
the asymmetry in the magnetization transfer 
ratio (MTR) (Zhou et al. 2003a, b).

 APT IMAGING OF 
EXPERIMENTAL BRAIN 
TUMOR MODELS

The possibility of producing APT contrast 
in brain tumors was first demonstrated in a 
rat 9L glioma model at 4.7T (Zhou et al. 
2003b; Salhotra et al. 2008). As seen in 
Figure 11.1a, RF irradiation over an 11-ppm 
range around water produces a large decrease 
in water signal intensity. This is due mainly 
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to direct water saturation close to the water 
frequency, and the conventional solid-like 
MTC effect over the whole spectral range. 
Interestingly, there is a very small dip at 
a frequency difference of 3.5 ppm from 
water, corresponding to about 8.3 ppm in a 
standard MR spectrum, where the exchange-
able amide protons are located. To reduce 
interference from MTC and direct saturation 
effects, MTR asymmetry (MTRasym) 
analysis was used. Interestingly, the result-
ing MTRasym curves show a more complex 

asymmetry pattern in vivo than in phantoms 
(Goffeney et al. 2001). This is due to the 
MTC effect that also has a slight asymmetry. 
This complicates interpretation in vivo, but 
one can compare a tumor with contralateral 
normal tissue. The results (Figure 11.1b) 
show an increase in the tumor MTRasym 
with respect to normal brain over a range 
of offsets between 2 and 5 ppm, which is 
the frequency range for exchangeable amide 
protons. A maximum APT effect was found 
at an offset of 3.5 ppm, exactly corresponding 

Figure 11.1. MT (a) and MTRasym (b) spectra for the 9L brain tumor model (post-implantation day 12; 
n = 6). The APT effect is stronger (about 5% of the water signal intensity) in tumor (open) than in the 
contralateral normal-appearing region (solid), which maximizes at the offset of 3.5 ppm from the water 
resonance. (c) MR and histology images for a 9L glioma (10 days) in a rat. The glioma is visible (red 
arrow) in all the MR images, as confirmed by histology, but it is much clearer in the APT-weighted image. 
Data were acquired on a 4.7T animal MRI scanner, using the experimental parameters: imaging matrix = 
64 × 64; slice thickness = 1.5 mm; field of view (FOV) = 32 × 32 mm2; TR = 10 s; TE = 30 ms; saturation 
time = 4 s; and saturation power = 1.3 or 2 mT (Reprinted from Zhou et al. 2003b; Salhotra et al. 2008. 
With permission from Wiley-Liss, Inc. and John Wiley & Sons, Ltd., respectively)
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to the spectral frequency of the broad 
backbone amide proton resonance.

Following the acquisition of the MT 
spectra, APT images were acquired using 
frequency-labeling offsets of ±3.5 ppm. In 
Figure 11.1c, the processed APT-weighted 
image (defined by MTRasym at 3.5 ppm) is 
compared with several commonly used MR 
images and histology. The image quality 
in these first studies was low (echo planar 
imaging at 4.7T), but was sufficient to show 
the difference between various contrasts. 
It was concluded that APT defines a more 
reliable tumor profile in the animal glioma 
model, based on histology as the gold 
standard. These first APT imaging results 
also suggested that APT has the potential to 
differentiate peritumoral tissue from a tumor.

When interpreting these data, it is impor-
tant to keep the CEST mechanism in mind. 
According to the theory (Zhou et al. 2004), 
changes in the APT intensities can also be 
due to changes in the exchange rate (e.g., 
if pH changes). Such contributions cannot 
be excluded completely. Solid tumors have 
a unique microenvironment (low blood 
flow, hypoxia, high lactate, and low extra-
cellular pH) (Gillies et al. 2000). It is 
important to note that the intracellular pH 
of tumors has been found to remain neutral 
to slightly alkaline (Ross et al. 1988), as 
measured by 31P MRS. Tissue water con-
tent and water longitudinal relaxation are 
also contributing factors, but their effects 
partially compensate for each other. In 
addition, MRS in isolated tumor cells con-
firmed a large resonance at the amide pro-
ton frequency. Based on these qualitative 
assessments, it was concluded that increased 
protein and peptide content is the most 
likely explanation. Although further inves-
tigation is needed, the increase in APT signal 
in malignant gliomas has been found to be 

reproducible in both animal models and in 
humans thus far.

 APT IMAGING OF HUMAN 
BRAIN TUMORS

The APT imaging approach was recently 
implemented on the 3T human MRI scanner 
to assess the clinical applicability of this 
approach (Jones et al. 2006; Zhou et al. 
2008). Figure 11.2 (top row) shows the MR 
images for a patient with a pathologically-
proven WHO grade III anaplastic astrocy-
toma. In this patient, there is a clear increase 
in APT signal intensity in tumor (red arrow) 
compared to surrounding normal appearing 
brain tissue. The high APT signal is likely 
associated with the most solid aspects of the 
lesion. Regions of increased APT extend 
outside the very small core (signified by 
Gd-enhancement) and into the peripheral 
zones; however, these increased APT regions 
do not include the full extent of the FLAIR 
hyperintensity, which may include peritu-
moral edematous regions. These early results 
suggest that APT-MRI based on molecular 
imaging of endogenous mobile proteins and 
peptides would be a particularly promising 
technique for localizing brain tumors and 
defining their spatial extent.

Unlike Gd-enhanced MRI, APT-
enhanced MRI depends on the endogenous 
cytosolic protein and peptide content that 
is directly associated with tumor cellularity 
and tumor cell proliferation. The early data 
indicate that APT enhancement is always 
present for high-grade tumors. Moreover, 
the highest APT intensity is associated with 
the most malignant portions of tumor 
(Gd-enhancing areas, if present). Therefore, 
APT imaging may help to better distin-
guish the heterogeneous portions of tumor 
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(both contrast-enhanced and non-contrast-
enhanced) to assist with treatment planning 
by providing targets for tissue sampling to 
yield the most accurate diagnosis.

APT-based imaging may potentially pro-
vide a useful complementary MRI modal-
ity to better characterize the heterogeneous 

portions of a tumor. This could be extremely 
helpful in planning maximal tumor resec-
tions, which is particularly important, 
because ~80% of recurrent brain tumors 
occur at the resection margin (Albert et al. 
1994). Moreover, although still controver-
sial, several studies indicate that the degree 

Figure 11.2. Top row: MR images of a patient with an anaplastic astrocytoma. It can be seen clearly 
that hyperintensity is present on APT and Gd-T1w. The hyperintense APT area is smaller, or comparable 
in size to the lesion identified on FLAIR, but larger than that on the Gd-T1w image. Lower row: MR 
images of a patient with a low-grade oligodendroglioma. Despite clear abnormalities on FLAIR, there is 
no visible signal enhancement in tumor on either the Gd-T1w or APT images. Data were acquired on a 
3T Philips MRI scanner with a six-channel phased-array coil for reception. A six-offset APT data acquisi-
tion approach (Zhou et al. 2008) was used to correct for the artifacts induced by B0-inhomogeneity. The 
experimental parameters used were: TR = 3 s; TE = 30 ms; matrix = 128 × 128; FOV = 230 × 230 mm2; 
single-slice; slice thickness = 5 mm; RF saturation time = 500 ms; and saturation power = 4 mT. The total 
scan time was about 4.5 min (Reprinted from Zhou et al. 2008. With permission from Wiley-Liss, Inc.)
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of resection is correlated with survival. 
Similar arguments for maximizing the 
tumor targeting area apply to radiation 
therapy planning, where an increased dose 
could be given to tumor-infiltrating areas, 
while the rest of the brain could receive a 
reduced dose. Hence, the additive data 
provided by APT may complement exist-
ing image-guided approaches to allow 
maximal targeting of active tumor. The 
hope is that this may ultimately improve 
survival for brain cancer patients.

Figure 11.2 (lower row) shows the MR 
images of a pathologically confirmed, low-
grade oligodendroglioma. Although FLAIR 
shows hyperintensity, there is negligible 
signal enhancement and, thus, no obvious 
lesion in this region on either the APT or 
Gd-T1w images for this patient. As previ-
ously noted, the presence or absence of Gd 
enhancement is not an absolute measure of 
tumor grade. Although more studies are 
required to evaluate whether APT hyperin-
tensity is specific for high-grade gliomas, 
early quantitative data analysis (Zhou et al. 
2008) has shown that the correlation between 
APT intensity and tumor grade is clearly 
visible (n = 9, r-squared = 0.92). When 
combined with the standard T2w or FLAIR-
T2w sequences, APT-enhanced MRI may 
be able to provide visual information about 
the presence and grade of a tumor, based 
on the increased content of proteins and 
peptides. Since low-grade and high-grade 
gliomas have distinct characteristics on 
APT imaging, the APT technology, with-
out the need for exogenous contrast agents, 
may help in predicting early malignant 
transformation allowing more accurate tim-
ing for initiation of various therapies tar-
geted to high grade gliomas.

In conclusion, living in the early dawn 
of an era of proteomics and molecular 

imaging, it is exciting that we have the 
potential to perform noninvasive imaging 
at the protein and peptide level in a clini-
cal setting. APT imaging has the poten-
tial to introduce to the clinic an entirely 
new MRI methodology that can detect 
endogenous mobile proteins and peptides 
in biological tissue noninvasively. Pre-
clinical and early clinical data suggest 
that APT may have unique features to 
better characterize brain tumors. The 
APT technique can be incorporated into 
standard MRI acquisition protocols with-
out the need for exogenous contrast. This 
specific MRI modality would be able to 
aid in the diagnosis and treatment of 
tumors and, potentially, of several other 
diseases of the brain.
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Diffusion Tensor Imaging in Rat Models  
of Invasive Brain Tumors
Sungheon Kim, Steve Pickup, and Harish Poptani 

INTRODUCTION

Since their introduction in early 1960s, 
intra-cranial rat brain tumor models have 
been extensively used for studying tumor 
growth characteristics and for develop-
ment of therapeutic strategies (Barth 
1998). These models have also been used 
for development and testing of magnetic 
resonance (MR) imaging and spectros-
copy techniques. MR methods have been 
used not only for anatomical imaging, 
but also for assessing functional param-
eters, such as oxygenation and metabolism. 
Paramagnetic MR contrast agents, such as 
Gd-DTPA, have been effectively used in 
rat tumor models for accurate demarcation 
of the tumor boundary and for measure-
ment of blood–brain barrier integrity and 
vascularity. However, in the clinic, diag-
nostic MRI techniques are often found to be 
inadequate for detecting infiltrating tumor 
cells in the normal brain parenchyma, 
which often leads to tumor regrowth even 
after complete resection and radiotherapy. 
Magnetic resonance spectroscopy studies 
have reported abnormal choline metabo-
lism (indicating tumor regions) in regions 
beyond contrast-enhanced areas (McKnight 
et al. 2002). Since MR spectroscopic 

imaging requires a long acquisition time 
to cover the whole brain (~20 min) and pro-
vides only low resolution images (~1 × 1 × 
1 cm), it is necessary to develop alternative 
imaging methods with shorter scan times 
and higher spatial resolution suitable for 
clinical application.

Diffusion-weighted (DW)-MRI, or simply 
referred to as DWI, offers a way to probe the 
diffusion of water molecules within the intra- 
and extra-cellular environment and can thus 
provide microscopic structural information 
of tissue in vivo. Due to its specificity for 
probing the diffusivity of water molecules, 
DWI is often found to be more sensitive 
in detecting pathology earlier than conven-
tionally used T1 or T2 weighted MRI. The 
enhanced sensitivity of DW-MRI in detection 
of early onset of an ischemic event, prior 
to the lesion being visible by other imag-
ing methods, was initially reported in 1990 
(Moseley et al. 1990) and DWI has now 
become the modality of choice for detection 
of stroke. DWI has also been used extensively 
in diagnosis and monitoring early therapeutic 
response of brain tumors (Kauppinen 2002). 
Although a promising role of DWI in brain 
tumors has been demonstrated, the tech-
nique only provides measurement of aver-
age diffusivity of water molecules in three 
dimensions. It is possible that some tissues 
have orientation dependent diffusivity, also 
known as anisotropic diffusion. In tissues 
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with a fibrous structure, such as white matter,  
multiple DWI measurements with different  
diffusion weighting directions can be com-
bined to describe the phenomenon of ani-
sotropic diffusion in three dimensions using 
diffusion tensor, and the imaging technique 
is referred as diffusion tensor imaging (DTI) 
(Basser et al. 1994b). DTI is the only avail-
able non-invasive imaging modality that 
allows visualization of the white matter fiber 
tracts of the brain (Le Bihan et al. 2001).

During last decade, development of 
DTI techniques have significantly bene-
fited from the availability of fast scanning 
methods on commercial MRI scanners. 
At present, DTI has become the modal-
ity of choice for anatomical study of the 
white matter and for the detection of 
pathologies with striking details describ-
ing the white matter tracts. However, 
physiological/biological interpretation of 
changes detected by DWI/DTI and quan-
tification of DTI tractography remain 
challenging, largely due to the complex 
nature of the biological tissue of interest 
and the absence of histological validation 
in clinical DTI studies.

Animal models can be used in bridg-
ing the gap between imaging findings 
and pathological features. Particularly for 
cancer research, in vivo DTI studies of 
well-established rat brain tumor models 
would greatly benefit from the advantages 
of having greater experimental control, 
histological confirmation, and follow-up 
studies of underlying cellular and molecu-
lar mechanisms. However, in vivo DTI of 
the rat brain is not trivial, considering the 
small size of the rat brain (~1 cc) in com-
parison to the human brain (~1,500 cc). 
In the following sections, we will briefly 
discuss the background of DTI, practical 
considerations for DTI of the rat brain, and 
its applications in rat brain tumor models.

 IMAGING TISSUE 
MICROSTRUCTURE

A full description of diffusion tensor 
imaging is beyond the scope of this chap-
ter, which can be found in the literature 
(Basser et al. 1994a; Le Bihan et al. 2001; 
Pierpaoli and Basser 1996). However, a 
brief description of the method is provided 
below as it is helpful in understanding 
DTI studies of rat tumor models and their 
findings in general.

 Diffusion Tensor

Self-diffusion of water molecules can 
be used to probe microscopic structural 
information about tissue. The mean dis-
placement distance (L) of particles by 
random Brownian motion in three dimen-
sions is estimated by the Einstein dif-
fusion equation; 2 6 dL Dt= where D is 
diffusion coefficient and td is diffusion 
time. For instance, the D of the cerebro-
spinal fluid in the ventricles of the brain 
is about 3 µm2/ms. Using the Einstein 
diffu sion equation, L is expected to be 
about 13 µm when td of 10 ms is used. 
This distance is close to the size of typi-
cal mammalian cells, such that random 
motion of water molecules during this 10 
ms can be hindered or restricted by cel-
lular structures, such as cell membrane, 
leading to reduction of the actual dis-
placement by diffusion. Diffusion meas-
urement using a typical clinical or animal 
MR scanner is usually performed with a 
diffusion time longer than 10 ms. Thus, 
the diffusion coefficient measured by 
a diffusion weighted MRI experiment 
reflects a combination of self-diffusivity 
of water molecules and its surrounding 
tissue microstructure.
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The principal of probing tissue micro-
structure using self-diffusion of water mol-
ecules is elaborated by a cartoon shown in 
Figure 12.1. Figure 12.1a shows a simpli-
fied fibrous tissue and random motion 
of water molecules. When the diffusion 
time is short with respect to the mean dis-
placement of particles within the shortest 
distance between the adjacent restricting 
structures (<L1), the measured displace-
ment distance will be same in all direc-
tions, i.e. isotropic diffusion, as depicted 
by a sphere in Figure 12.1b. If the diffusion 
time increases such that water models can 
travel more than L1, the mean displace-
ment distance increases along the fiber 
direction, but apparently remains same in 
the direction perpendicular to the fiber, 
i.e., anisotropic diffusion. The measured 
displacement distance can be described in 
three dimensions as an elongated ellipsoid, 

as shown in Figure 12.1c. This type of an 
ellipsoid representing the mean displacement 
of water molecules in 3D space can be 
described as a rank-2 tensor, 3 × 3 matrix 
as in Eq. (12.1).

  (12.1)

Diffusional displacement of water mol-
ecules leads to a decrease in MRI signal 
intensity. In addition, MRI can be made 
more sensitive to such diffusion by increas-
ing the diffusion time and the degree of 
diffusion weighting (Stejskal and Tanner 
1965) as shown in Eq. (12.2) below.

  (12.2)

where S0 is the MR signal without diffu-
sion weighting and b is the degree of diffu-

xx xy xz

yx yy yz
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D D D

D D D D

D D D

=
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Figure 12.1. Principal of probing tissue microstructure using water diffusion. (a) An example of sim-
plified fibrous tissue structure. L1 and L2 indicate the mean diffusion distances of two different diffu-
sion times. Measured 3D diffusion pattern depends on the allowed diffusion time. When the diffusion 
time is short enough to have the mean displacement of particles within the shortest distance between 
the adjacent restricting structures (<L1), an isotropic diffusion is expected as depicted by a sphere 
in (b). If diffusion time is considerably long such that the mean diffusion distance is longer than the 
restricting structure, like L2, then the estimated 3D diffusion pattern will look like an ellipsoid as 
shown in (c)
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sion weighting determined by the duration 
and magnitude of diffusion sensitizing  
gradients. In practice, the diffusion ten-
sor D is a symmetric matrix (i.e. Dxy = 
Dyx; Dzx = Dxz, and Dzy = Dyz), leaving 
only six unknown parameters. Therefore, 
if there are more than six measurements 
along the non-collinear directions with 
a reference image for S0, the diffusion 
tensor can be estimated using weighted 
multivariate linear regression or nonlin-
ear estimation.

Diffusion measurement for non-fibrous 
tissues can be simplified to estimate a 
scalar diffusion coefficient rather than a 
tensor. In this case, diffusion experiment is 
conducted with diffusion weighting along 
one direction alone or in three orthogo-
nal directions to estimate the averaged 
diffusion coefficient. Apparent diffusion 
coefficient (ADC) measured in this way 
has been used for preclinical and clini-
cal tumor studies. In contrast, diffusion 
tensor MRI can be used to measure more 
complex 3D pattern than a simple ellip-
soid shape represented by diffusion tensor. 
Diffusion tensor is a valid model when 
all the fibers in the voxel are parallel. In 
regions with crossing or radiating fibers, 
diffusion tensor fails to represent the dif-
fusional displacement pattern adequately. 
Thus, it is necessary to use more complex 
models which also require a large number 
of diffusion measurements. These methods 
include diffusion kurtosis imaging (Jensen 
et al. 2005), Q-ball imaging (Tuch 2004) 
and diffusion spectrum imaging (Wedeen 
et al. 2005). Therefore, a diffusion MRI 
study needs to be tailor fitted to specific 
tissue type and study objectives. In this 
chapter, we will limit our discussion to 
DTI, which is to approximate complex 3D 
diffusion pattern by diffusion tensor.

 Diffusion Tensor Metrics

For a symmetric and positive definite 
diffusion tensor, three principal coordi-
nate vectors can be found with effective 
diffusivities along orthogonal directions 
by diagonalizing the diffusion tensor  
(Eq. (12.3)):

  (12.3)

where [ ]= 1 2 3E e e e  is a matrix of the 
eigenvectors (e1, e2, and e3) and L is the 
diagonal matrix of the eigenvalues (l1, 
l2, and l3). The size and shape of the dif-
fusion tensor can then be measured using 
eigenvalues that are rotationally invariant 
quantities. The mean diffusivity (MD) 
or l  is measured as the average of the 
eigenvalues. Several scalar indices have 
been proposed to characterize the diffu-
sion anisotropy and the most commonly 
used index is known as the fractional ani-
sotropy (FA) (Basser and Pierpaoli 1996):

  

 

(12.4)

While FA is a good indicator of the frac-
tion of diffusivity due to anisotropic dif-
fusion, it does not provide information on 
the shape of the anisotropic diffusion. As 
described in Figure 12.1 above, the geo-
metric shape associated with a diffusion 
tensor is assumed to be ellipsoidal, defined 
as the iso-surface of the multivariate nor-
mal probability distribution of diffusivity. 
Thus, there are two possible anisotropic 
shapes of the ellipsoid; prolate (linear) 
and oblate (planar) for a rank-2 positive 
definite diffusion tensor. Closeness of a 
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diffusion tensor to these two anisotropic 
shapes can be measured using linear (CL) 
and planar (CP) anisotropy coefficients 
(Westin et al. 2002):

  (12.5)

  
(12.6)

DTI data can also be used to generate other 
useful parameters, such as lattice index 
and volume ratio (Pierpaoli and Basser 
1996), depending on the tissue property of 
interest in individual studies.

 DATA ACQUISITION METHODS

While diffusion anisotropy is a valuable 
tool for probing tissue microstructure, it is 
to be noted that diffusion anisotropy may 
also be observed in the noise of the MRI 
signal. Thus acquisition of good quality 
images (signal to noise ratio (SNR) > 20) is 
one of the most critical requirements for a 
successful DTI experiment. In comparison 
to the human brain (~1,500 cc), the sub-
stantially smaller size of the rat brain (~1 cc) 
poses specific challenges in the acquisition 
of diffusion weighted (i.e. attenuated) MR 
images with high SNR. Furthermore,  MR 
scanners have hardware limitations on the 
gradient strength, which is necessary to 
achieve sub-millimeter resolution images 
for the rat brain. Despite a rapid increase 
in clinical and research applications of the 
human brain DTI studies in the last decade, 
DTI for small animal models has been lim-
ited by these issues.

Mori and colleagues at the Johns 
Hopkins University have pioneered the 
development of high resolution ex vivo 
DTI of the rodent brains (Mori et al. 2001; 

Mori and van Zijl 1998). These investigators 
have developed a diffusion weighted MR 
technique based on a multiple spin echo 
sequence in order to increase SNR by add-
ing multiple echo signals and have used 
the last two echoes as navigator to correct 
for phase errors induced by eddy-current 
or any systemic artifact (Mori and van Zijl 
1998). This pulse sequence, along with 
dedicated radiofrequency (RF)-coils and 
a high field magnet (9.4 T), has been suc-
cessfully used to acquire high resolution ex 
vivo DTI images of the fixed mouse brain 
(Mori et al. 2001). The drawback for high-
resolution DTI is the long acquisition times 
(>12 h) per sample, which although is not 
a limitation for ex vivo studies of the brain,  
such long scan times cannot be used for 
in vivo imaging.

Most DTI studies of the human brain 
are performed using echo-planar imag-
ing (EPI) based diffusion sequences. EPI 
methods acquire an entire 2D image in a 
few hundred milliseconds as a long train 
of gradient echoes following a single RF 
pulse excitation. This rapid acquisition 
time facilitates acquisition of images with 
diffusion weighting in many directions in 
a time that is practical for clinical applica-
tions. However, the EPI technique is very 
sensitive to inhomogeneities in the static 
magnetic field. The main source of static 
field inhomogeneity is the spatial variation 
in magnetic susceptibility of the patient/
animal. These distortions scale with the 
magnitude of the static magnetic field. At 
the field strength typically employed for 
small animal studies (>4.7 T), the image 
distortions in EPI studies due to field inho-
mogeneity are often excessive and severely 
limit its use. In addition, EPI based tech-
niques do not provide the high-spatial 
resolution necessary to probe the smaller 

( ) ( )2 2 2
1 2 1 2 3/CL l l l l l= − + +

( ) ( )l l l l l= − + +2 2 2
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rat brain. Hence, in vivo DTI experiments 
of rat brain are usually performed using 
a single or multiple spin-echo sequence. 
Since water diffusion is highly sensitive 
to motion and temperature, rodent DTI 
experiments are typically performed under 
isoflurane (1–2%) anesthesia together  
with temperature control. To further 
reduce the effects of respiratory or any 
other unexpected motion, a stereotactic 
headset (ear pins and bite bar) is used 
to confine the animal’s head within the 
imaging coil.

Recently, the feasibility of monitoring 
intra-cranial brain tumors in the rat brain 
using in vivo DTI has also been reported 
by different research groups (Kim et al. 
2008; Lope-Piedrafita et al. 2008; Zhang 
et al. 2007). The imaging setup and param-
eters for these studies share many common 
features. All these studies were performed 
using 4.7 T horizontal scanners with a 25 
mm surface coil for RF signal receive and 
a 70 mm volume coil for RF transmit to 
accommodate the rat with the receive coil 
mounted on the head inside. Spin echo or 
fast spin echo diffusion pulse sequences 
were used with 14–25 ms diffusion time 
and b-value around 1,000 s/mm2. Within 
the total scan time about 2 h, these inves-
tigators were able to achieve 0.16–0.33 mm  
in-plane resolution with 1–1.5 mm slice 
thickness. The results from these studies  
are discussed in the following section which 
suggest the feasibility of using in vivo DTI 
for the study of rat tumor models.

 RAT BRAIN TUMOR MODELS

Rat brain tumor models have been used for 
a variety of MRI studies. However, there 
are only a limited number of in vivo DTI 

studies on rat brain tumor models (Kim 
et al. 2006, 2008; Lope-Piedrafita et al. 
2008; Zhang et al. 2007). These studies 
demonstrate that in vivo DTI can be used 
to delineate the changes in orientation and 
anisotropy of the tissues due to tumor pro-
gression.

9L Gliosarcoma

The 9L gliosarcoma model was origi-
nally generated by intravenous injection  
of N-methylnitrosourea (MNU) in Fisher 
rats (Barth 1998). MRI studies in this 
model report presence of vasogenic 
edema on T2-weighted images, however, 
administration of a contrast agent, such as 
Gd-DTPA was found to be necessary for 
accurate tumor delineation. These tumors 
exhibit non-infiltrative, well demarcated 
boundaries. In comparison to the contralat-
eral normal brain, the tumor demonstrates 
significantly increased T1, T2, and ADC 
(Vonarbourg et al. 2004). This model has 
also been used to investigate therapeutic 
response using various MRI techniques, 
such as spectroscopy, diffusion, and per-
fusion weighted imaging.

Zhang et al. (2007) performed a DTI 
study on 9L tumors implanted in the 
caudate-putamen of Fisher rats. These 
authors reported that the tumor grew to 
occupy most of the caudate-putamen area 
of the implanted site within 10 days, as 
observed by an increase in the T2 and ADC 
(Figure 12.2a). While T2-weighted (T2W) 
and ADC images exhibited a homogene-
ous signal across the tumor, the FA image 
showed decreased anisotropy in the central 
region of the tumor with increased anisot-
ropy being observed in the rim. The high 
diffusion anisotropy in the tumor rim was 
attributed to a circular pattern of tumor 
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cell arrangement as shown by the vector 
map in Figure 12.2a, which was confirmed 
by histology.

In a separate study, Kim and colleagues 
used in vivo DTI to observe the growth of 
9L tumor when the cells were inoculated 
in the corpus callosum of Fisher rats (Kim 
et al. 2006; Kim et al. 2008). Figure 12.2b 
shows longitudinal DTI parameter maps 
from one slice through the tumor. On post-
injection day 7, the tumor was not evident 
on T2w or ADC images. However, the 
FA image shows reduced anisotropy near 
the injection site, where the tumor was 
subsequently observed on later imaging 
studies. On days 14 and 21, the tumor 
was seen above and below the CC on all 
images (T2w, ADC and FA). The tumor 
growing in the cortical ribbon above the 
CC displayed similar FA characteristics 
of a core and rim, as reported by Zhang 
et al. (2007), however, no circular pattern 
of cells was observed in the rim. Below 
the CC, the tumor also grew, however, it 
was confined to the hippocampal region 
between the CC and the fimbria. Of note 
is the portion of the CC within the tumor, 
which displayed a high anisotropy on day 
14. The tumor volume almost doubled by 
day 21, and a disruption of the CC within 
the tumor was observed. The tumor in the 
hippocampus did not grow further and 
was still confined between the CC and the 
fimbria. It appears that this tumor does 
not infiltrate through the white matter as 
easily as through the gray matter. In addi-
tion, it was reported that the mean pri-
mary eigenvalues (l1) increased while the 
mean tertiary eigenvalues (l3) decreased 
significantly between days 14 and 21. 
This observation suggests that the tumor 
tends to grow along the fibrous struc-
ture. Histological studies demonstrated 

the tumor as a homogeneous mass with 
non-diffused boundaries.

C6 Glioma

The C6 glioma is another popular rat brain 
tumor model that has been used for MRI 
studies. This tumor model was developed 
in a similar way to 9L, by administrating 
MNU to outbred Wistar rats and is histo-
logically classified as an astrocytoma (Barth 
1998). Similar to the 9L gliosarcoma, the C6 
glioma grows as a homogeneous mass, as 
reported by conventional MRI techniques. 
Bennett et al. (2004) used this tumor model 
for a DWI study with diffusion-weighting 
factor b = 500–6,500 s/mm2 and reported 
that the peritumoral region had a stretched-
exponential diffusion decay similar to that 
of the tumor and different from those of the 
normal appearing white and gray matter. This 
phenomenon was not caused by vasogenic 
edema as the peritumoral region had no 
change in proton density or T2-weighted 
images. Presence of infiltrating tumor cells 
outside of the main tumor was confirmed by 
histology in this study.

The C6 tumor model has been used for a 
longitudinal DTI study by Lope-Piedrafita 
et al. (2008). In this study, the C6 gli-
oma cells were inoculated into the cau-
date-putamen of female adult Wistar rats. 
Figure 12.2c shows the DTI maps of a rat 
brain 8 days after tumor cell inoculation. 
This is a rapidly growing tumor, which 
occupies the whole putamen within a week 
after transplantation. In comparison to the 
9L tumor (shown in Figure 12.2a, b), this 
tumor had a large central area with very 
low anisotropy and a thin rim with high 
planar anisotropy. The primary eigenvec-
tors in the rim formed a circular pattern. 
In H&E stained slides, the entire tumor 
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Figure 12.2. (a) In vivo MR images of 9L gliosarcoma brain tumor model at post-implanta-
tion day 11. cc, corpus callosum; hc, hippocampal commissure. The tumor regions are hyperintense



13912. Diffusion Tensor Imaging in Rat Models of Invasive Brain Tumors

appeared solid and the tumor cells were 
arranged in a circular pattern, similar to 
what was observed in the DTI parameter 
maps. As the tumor grew quite rapidly, 
it apparently displaced the surrounding 
white matter tracts. Significantly lower FA 
in the external capsule near the tumor was 
observed indicating the presence of infil-
trating tumor into the normal appearing 
external capsule.

F98 Glioma

The F98 glioma is an undifferentiated 
glioma and is known to have an infiltrative 
pattern of growth and is weakly immu-
nogenic. It was developed by injecting 
N-ethyl-N-nitrosourea into a pregnant CD 
Fischer rat. It is also reported that implan-
tation of F98 cells in Fisher rats results in 
large infiltrative neoplasms with a necrotic 
core. Since these characteristics resemble 
to human glioblastomas, the F98 model 
has been used widely for a variety of MRI 
studies.

DTI studies on the F98 gliomas were 
reported by Zhang et al. (2007) and Kim 
et al. (2008). Zhang et al. (2007) found 

that the F98 tumor had a growth pattern 
similar to that of the 9L tumor. At post-
implantation day 10, the F98 tumor exhib-
ited a similar growth pattern to that of the 
9L tumor in terms of size and the circular 
pattern of primary eigenvectors in the rim. 
One of the interesting findings was that the 
FA in the central region of F98 was signifi-
cantly lower than the contralateral stria-
tum, which is in contrast to the 9L tumor 
where no such differences in FA values 
were observed. There were no other differ-
ences between the F98 and the 9L tumors 
reported in this study indicating a similar 
growth pattern of the two tumor models.

In contrast, Kim et al. (2008) found 
that the F98 grew more aggressively than 
the 9L tumor. Within 1 week after trans-
plantation, the F98 tumors grew rapidly 
and the tumor volume matched the size 
of a 2- to 3-week-old 9L tumors. A sig-
nificant reduction in the anisotropy of the 
corpus callosal area within the tumor was 
observed by day 7, unlike the 9L tumor 
which demonstrated reduced anisotropy 
in the corpus callosal area after the third 
week of transplantation. At subsequent 
scans, the F98 tumors continued to grow 

Figure 12.2. (continued) on the T2W and ADC images. The boundaries of T2W hyperintense tumor 
regions were manually defined and overlaid on other images. In FA maps the tumors show high contrasts 
and various degrees of high-level diffusion anisotropy. In DEC and vector images the tumor areas exhibit a 
circular orientation. (Zhang et al. 2007) (b) Longitudinal in vivo DTI maps of rat brain bearing a 9L tumor. 
T2w images are the T2-weighted images without diffusion weighting. Tumor was implanted near the cor-
pus callosum and can be seen from day 7 in FA map. However, disruption of the CC was observed only at 
day 21 (Kim et al. 2008). (c) Representative images and parametric DTI maps of a rat brain bearing the C6 
glioma acquired at day 8 of tumor growth. The CP and CL maps indicate relative amounts of planar and 
linear anisotropy, respectively. In the tissue surrounding the tumor, there is a slight decrease in the mean dif-
fusivity and increase in anisotropy as seen in ADC and FA maps, respectively. This anisotropy surrounding 
the tumor also exhibits higher values of CP, and lower values of CL, indicating a planar geometry to water 
diffusion, i.e. water motion is restricted in one direction more than the other two orthogonal directions. This 
is also seen in the DEC maps where the two major diffusion directions (e1 and e2) are parallel to the surface 
of the tumor, and the direction of the lowest diffusion direction (e3) is perpendicular to the surface (Lope-
Piedrafita et al. 2008)
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rapidly and became necrotic in the core. 
In addition, it was found that all three 
eigenvalues in the tumor rim increased sig-
nificantly between day 14 and day 21, indi-
cating that the tumor grew in all directions 
regardless of the existing fibrous structure 
of the tissue. On histology, the F98 tumor 
exhibited diffused boundaries probably 
due to the tumor cells invading the normal 
brain parenchyma. Some of the differences 
in the FA characteristics of the F98 tumor 
reported in these two studies may be  
due to the difference in the tumor implan-
tation method or mutagenic differences 
in the cell lines used at the two research  
sites. Nevertheless, the results from both 
studies indicate that DTI parameters 
reflect the pathology accurately as con-
firmed by histology in each case, thereby 
suggesting that DTI can be used as an  
adequate tool to monitor the tumor growth.

 Mayo 22 Human Brain Tumor Xenograft

Zhang et al. (2007) also reported a DTI 
study in a human brain tumor xenograft, 
Mayo 22, in nude rats. DTI maps of a rat 
with a Mayo 22 tumor at day 27 post-
implantation when the tumor size was 
about same as those of 9L and F98. The 
Mayo 22 tumor exhibited homogeneously 
increased signal intensity on T2w and 
ADC maps. However, the central region 
had significantly lower FA than the con-
tralateral striatum and the rim had higher 
FA than the contralateral striatum. Most 
interestingly, the primary eigenvectors in 
the rim were aligned in a radial direction 
in the vector map. The radial orientation of 
tumor cells in the boundary of the tumor 
was confirmed by histology. Although this 
human tumor xenograft grew relatively  
slower than the rat tumor models, it 

displays typical characteristic of an infil-
trating tumor, as observed by the radial 
pattern of diffusion tensors.

 FUTURE CONSIDERATIONS

As discussed in the previous section, recent 
studies have demonstrated the potential of 
DTI as a noninvasive tool for longitudinal 
in vivo study of rat brain tumor models. 
While DWI is increasingly being used  
for differential diagnosis of tumors and 
for monitoring therapeutic response, the 
use of DTI for such applications is still 
in its infancy and requires more stud-
ies in preclinical and clinical environment. 
In this section, we would like to look  
at some of the important questions still 
in debate and discuss how DTI studies in 
rat brain tumor models can contribute in 
answering them.

 Tractography

In addition to the micro-structural and 
physiological information provided by the 
rotationally invariant measures, such as 
MD and FA, the eigenvectors can also pro-
vide information about the fibrous struc-
ture of the tissue. Based on the assumption 
that the primary eigenvector (i.e., direction 
with the largest diffusivity) represents the 
direction of the underlying fiber, fiber-
tracking methods have been developed to 
reconstruct and visualize the white matter 
tracts in the brain. A number of algo-
rithms have been proposed to propagate 
lines through tensor fields to reconstruct 
these tracts. One of relatively simple ways 
is to draw a line parallel to the major 
eigenvector for each voxel. This has been  
proposed by Mori et al. (1999) and referred 
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to as Fiber Assignment by Continuous 
Tracking (FACT) method. More com-
plex methods have also been proposed to 
generate streamlined fiber tracts (Basser 
et al. 2000) or probabilistic maps to show 
the likelihood of individual tracts in each 
voxel (Behrens et al. 2003). To date, white 
matter tractography is the only non-inva-
sive technique to generate the morphologi-
cal connectivity information of the white 
matter tracts.

Gliomas are known to spread diffusely 
through the brain, preferentially infiltrating 
along white matter tracts. Infiltrated white 
matter tracts may thus lose their directional 
organization and orientation. DTI tractog-
raphy can detect subtle disruption in the 
white matter as well as abnormality in the 
contralateral white matter. As demonstrated 
in Figure 12.2 the directionally encoded 
color (DEC) maps can show the structural 
changes in not only the white matter, but 
also in the entire brain. Field and colleagues 
categorized the structural disruption in the 
white matter by the invading tumor tumor, 
based on MD, FA, and DEC maps (Field 
et al. 2004). Neuronal fiber tractography 
can also assist in pre-surgical planning as 
well as post-surgical assessment. Although 
a visual estimation of the disruption/dis-
placement of white matter tracts is possible, 
it is to be noted that fiber-tracking methods 
may not accurately estimate the size of 
the fiber bundle passing through a tumor 
(Kinoshita et al. 2005).

DTI of small animal models has a great 
potential in advancing our understanding 
of fiber orientation and for further devel-
opment and refinement of imaging tech-
nology. In Figure 12.3, an example of the 
white matter tractography of the rat brain 
is shown, which demonstrates the feasibil-
ity of using in vivo DTI to evaluate the 

integrity of specific white matter tracts in 
the rat brain (Kim et al. 2006). With fur-
ther development in data acquisition and 
processing methods, this technology may 
be used to assist in probing the infiltrative 
tumor growth within the white matter tracts 
of rodent brain tumor models. The ease 
in histopathological validation of rodent 
tumor models will further help in estab-
lishing DTI-based tractography as a robust 
clinical diagnostic and research tool.

 Tumor Cell Density and Diffusion 
Anisotropy

In many studies including the ones dis-
cussed in the previous section, it has 
been reported that the solid portions of 
the tumors have significantly higher cell  
density than the neighboring normal paren-
chyma. However, a positive correlation 
between FA and cell density has been 
reported for human astrocytic tumors 
(Beppu et al. 2003) and glioblastomas 
(Beppu et al. 2005). In a recent DTI study 
with malignant tumors (grade 2, 3, or 4 gli-
omas and malignant lymphoma) (Kinoshita 
et al. 2008), a positive correlation (R = 
0.75) between FA and the tumor cell den-
sity of H&E stained biopsy specimens from 
the corresponding location was reported. 
FA also has a good positive correlation (R 
= 0.71) with the Ki-67 labeling percentage. 
However, it is still not clear as to why an 
aggressively growing tumor maintains cer-
tain directionality (increased anisotropy), 
instead of growing in a random fashion. 
The availability of in vivo DTI techniques 
for rat tumor models and human tumor 
xenograft models exhibiting growth charac-
teristics similar to human brain tumors may 
further assist in better understanding of DTI 
parameters in brain tumors.
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 Other Challenges

There are many advantages in using the 
currently available rat brain tumor mod-
els for DTI studies. However, there is 
also a need to further characterize and 
standardize the animal models, for better 
understanding of the DTI measurements, 
in testing the reproducibility of the exist-

ing methods and for investigation of new 
therapeutic strategies. In addition to the 
genetic variability in the cell lines across 
different research sites, there is a consid-
erable difference in the methods for tumor 
inoculation and site of implantation, which 
makes it difficult to compare the results 
from different groups. A systematic inves-
tigation of each cell line is desired to char-
acterize the tumor uptake and progression 
pattern depending on tumor implantation 
method. Such an exercise will also help in 
comparing responses to treatment methods 
from independent studies.

Future DTI studies of rodent brain  
will continue to benefit from the recent 
hardware and software developments in 
MRI technologies. Of particular interest 
is the development of parallel imaging, 
which leads to a substantial reduction 
in image acquisition times. The reduced 
scan time can be used to increase the 
imaging quality by allowing more repeti-
tions or to increase the number of diffu-
sion weighting directions toward Q-ball 
or diffusion spectrum imaging methods 
in order to measure the complete 3D pat-
tern of diffusion. Another potential area of 
improvement is the improvement in SNR 
by using a quadrature coil to maximize 
the efficiency or using a cryogenic coil 
to minimize the thermal noise. Improved 
SNR will allow achieving better spatial 
resolution for small brain structures and 
also improve the accuracy of diffusion 
tensor estimation which is sensitive to the 
noise level. With these exciting develop-
ments on the horizon, an increase in the 
number and quality of DTI studies of rat 
brain tumor models is anticipated which 
will further aid in understanding brain 
tumor progression and development of 
therapeutic methods.

Figure 12.3. Major white matter tracts of the rat 
brain reconstructed using in vivo DTI data. CC, 
corpus callosum; CG, cingulum; AC, anterior com-
missure; ON, optic nerve; CN, cranial nerve; IC, 
internal capsule; SC, cortico-spinal tract. The color 
of the tracts represents the tangential orientation of 
tract at each point: red, left–right; green, dorsal–
ventral; blue, caudal–rostral. The reconstructed 
tracts are overlaid on top of the rendered images 
of the segmented brain parenchyma (Presented at 
the 14th annual meeting of international society of 
magnetic resonance in medicine, Seattle 2006, by 
Kim et al.)



14312. Diffusion Tensor Imaging in Rat Models of Invasive Brain Tumors

REFERENCES

Barth, R.F. (1998) Rat brain tumor models in 
experimental neuro-oncology: the 9L, C6, T9, 
F98, RG2 (D74), RT-2 and CNS-1 gliomas. 
J. Neurooncol. 36: 91–102

Basser, P.J., and Pierpaoli, C. (1996) Microstructural 
and physiological features of tissues elucidated 
by quantitative-diffusion-tensor MRI. J. Magn. 
Reson. B. 111: 209–219

Basser, P.J., Mattiello, J., and LeBihan, D. (1994a) 
Estimation of the effective self-diffusion tensor 
from the NMR spin echo. J. Magn. Reson. B. 
103: 247–254

Basser, P.J., Mattiello, J., and LeBihan, D. (1994b) 
MR diffusion tensor spectroscopy and imaging. 
Biophys. J. 66: 259–267

Basser, P.J., Pajevic, S., Pierpaoli, C., Duda, J., and 
Aldroubi, A. (2000) In vivo fiber tractography 
using DT-MRI data. Magn. Reson. Med. 44: 
625–632

Behrens, T.E., Johansen-Berg, H., Woolrich, M.W., 
Smith, S.M., Wheeler-Kingshott, C.A., Boulby, 
P.A., Barker, G.J., Sillery, E.L., Sheehan, K., 
Ciccarelli, O., Thompson, A.J., Brady, J.M., and 
Matthews, P.M. (2003) Non-invasive mapping 
of connections between human thalamus and 
cortex using diffusion imaging. Nat. Neurosci. 
6: 750–757

Bennett, K.M., Hyde, J.S., Rand, S.D., Bennett, 
R., Krouwer, H.G., Rebro, K.J., and Schmainda, 
K.M. (2004) Intravoxel distribution of DWI 
decay rates reveals C6 glioma invasion in rat 
brain. Magn. Reson. Med. 52: 994–1004

Beppu, T., Inoue, T., Shibata, Y., Kurose, A., Arai, 
H., Ogasawara, K., Ogawa, A., Nakamura, S., 
and Kabasawa, H. (2003) Measurement of frac-
tional anisotropy using diffusion tensor MRI in 
supratentorial astrocytic tumors. J. Neurooncol. 
63: 109–116

Beppu, T., Inoue, T., Shibata, Y., Yamada, N., 
Kurose, A., Ogasawara, K., Ogawa, A., and 
Kabasawa, H. (2005) Fractional anisotropy 
value by diffusion tensor magnetic resonance 
imaging as a predictor of cell density and prolif-
eration activity of glioblastomas. Surg. Neurol. 
63: 56–61

Field, A.S., Alexander, A.L., Wu, Y.C., Hasan, 
K.M., Witwer, B., and Badie, B. (2004) Diffusion 
tensor eigenvector directional color imaging pat-

terns in the evaluation of cerebral white matter 
tracts altered by tumor. J. Magn. Reson. Imaging 
20: 555–562

Jensen, J.H., Helpern, J.A., Ramani, A., Lu, 
H., and Kaczynski, K. (2005) Diffusional 
kurtosis imaging: the quantification of non-
gaussian water diffusion by means of magnetic 
resonance imaging. Magn. Reson. Med. 53: 
1432–1440

Kauppinen, R.A. (2002) Monitoring cytotoxic 
tumour treatment response by diffusion mag-
netic resonance imaging and proton spectros-
copy. NMR Biomed. 15: 6–17

Kim, S., Pickup, S., Hsu, O., and Poptani, H. 
(2006). In vivo DTI-based tractography of intra-
cranial rat brain tumors. Paper presented at: 14th 
Annual meeting ISMRM (Seattle)

Kim, S., Pickup, S., Hsu, O., and Poptani, H. 
(2008) Diffusion tensor MRI in rat models 
of invasive and well-demarcated brain tumors. 
NMR Biomed. 21: 208–216

Kinoshita, M., Yamada, K., Hashimoto, N., 
Kato, A., Izumoto, S., Baba, T., Maruno, M., 
Nishimura, T., and Yoshimine, T. (2005) Fiber-
tracking does not accurately estimate size of 
fiber bundle in pathological condition: initial 
neurosurgical experience using neuronaviga-
tion and subcortical white matter stimulation. 
Neuroimage 25: 424–429

Kinoshita, M., Hashimoto, N., Goto, T., Kagawa, 
N., Kishima, H., Izumoto, S., Tanaka, H., Fujita, 
N., and Yoshimine, T. (2008) Fractional anisot-
ropy and tumor cell density of the tumor core 
show positive correlation in diffusion tensor 
magnetic resonance imaging of malignant brain 
tumors. Neuroimage 43: 29–35

Le Bihan, D., Mangin, J.F., Poupon, C., Clark, 
C.A., Pappata, S., Molko, N., and Chabriat, 
H. (2001) Diffusion tensor imaging: concepts 
and applications. J. Magn. Reson. Imaging 13: 
534–546

Lope-Piedrafita, S., Garcia-Martin, M.L., Galons, 
J.P., Gillies, R.J., and Trouard, T.P. (2008) 
Longitudinal diffusion tensor imaging in a rat 
brain glioma model. NMR Biomed. 21: 799–808

McKnight, T.R., von dem Bussche, M.H., Vigneron, 
D.B., Lu, Y., Berger, M.S., McDermott, M.W., 
Dillon, W.P., Graves, E.E., Pirzkall, A., and 
Nelson, S.J. (2002) Histopathological valida-
tion of a three-dimensional magnetic resonance 



144 S. Kim et al.

spectroscopy index as a predictor of tumor pres-
ence. J. Neurosurg. 97: 794–802

Mori, S., and van Zijl, P.C. (1998) A motion cor-
rection scheme by twin-echo navigation for 
diffusion-weighted magnetic resonance imag-
ing with multiple RF echo acquisition. Magn. 
Reson. Med. 40: 511–516

Mori, S., Crain, B.J., Chacko, V.P., and van Zijl, 
P.C. (1999) Three-dimensional tracking of 
axonal projections in the brain by magnetic 
resonance imaging. Ann. Neurol. 45: 265–269

Mori, S., Itoh, R., Zhang, J., Kaufmann, W.E., van 
Zijl, P.C., Solaiyappan, M., and Yarowsky, P. 
(2001) Diffusion tensor imaging of the develop-
ing mouse brain. Magn. Reson. Med. 46: 18–23

Moseley, M.E., Cohen, Y., Mintorovitch, J., 
Chileuitt, L., Shimizu, H., Kucharczyk, J., 
Wendland, M.F., and Weinstein, P.R. (1990) 
Early detection of regional cerebral ischemia in 
cats: comparison of diffusion- and T2-weighted 
MRI and spectroscopy. Magn. Reson. Med. 14: 
330–346

Pierpaoli, C., and Basser, P.J. (1996) Toward a 
quantitative assessment of diffusion anisotropy. 
Magn. Reson. Med. 36: 893–906

Stejskal, E.O., and Tanner, J.E. (1965) Spin diffu-
sion measurements: spin echoes in the presence 
of a time-dependent field gradient. J. Chem. 
Phys. 42: 288–292

Tuch DS (2004) Q-ball imaging. Magn Reson Med 
52: 1358–1372

Vonarbourg, A., Sapin, A., Lemaire, L., Franconi, 
F., Menei, P., Jallet, P., and Le Jeune, J.J. (2004) 
Characterization and detection of experimental 
rat gliomas using magnetic resonance imaging. 
Magma 17: 133–139

Wedeen, V.J., Hagmann, P., Tseng, W.Y., Reese, 
T.G., and Weisskoff, R.M. (2005) Mapping com-
plex tissue architecture with diffusion spectrum 
magnetic resonance imaging. Magn. Reson. 
Med. 54: 1377–1386

Westin, C.F., Maier, S.E., Mamata, H., Nabavi, A., 
Jolesz, F.A., and Kikinis, R. (2002) Processing 
and visualization for diffusion tensor MRI. Med. 
Image Anal. 6: 93–108

Zhang, J., van Zijl, P.C., Laterra, J., Salhotra, A., 
Lal, B., Mori, S., and Zhou, J. (2007) Unique 
patterns of diffusion directionality in rat brain 
tumors revealed by high-resolution diffusion 
tensor MRI. Magn. Reson. Med. 58: 454–462



145

13
Brain Tumors: Diffusion Imaging  
and Diffusion Tensor Imaging
Pia C. Sundgren, Yue Cao, and Thomas L. Chenevert 

 INTRODUCTION

Introduction of magnetic resonance imag-
ing (MRI) into clinical practice has been 
among the most important of all advances 
in the diagnosis of patients with brain 
tumor. Excellent soft tissue differentiation 
and wide availability of clinical MR scan-
ners have resulted in crucial roles of ana-
tomic MRI. However the radiological 
specification and grading of a brain tumor 
is still limited despite the information pro-
vided by conventional MR with contrast-
enhanced T1-weighted and T2-weighted 
sequences to characterize the location and 
extent of the tumor. In recent years a new 
MRI technique, diffusion-weighted MR 
imaging (DWI), has become part of the 
routine neuroimaging protocol worldwide. 
DWI measures the mobility of water mol-
ecules and the principles for the measure-
ment of diffusion with MRI are well 
described (Le Bihan 1991; Moseley et al. 
1990). Further technical improvements 
have led to more complex diffusion tensor 
imaging (DTI) that allows direct examina-
tion in vivo of some aspects of tissue 
microstructure. DTI yields quantitative 
measures reflecting the integrity of white 
matter fiber tracts by taking advantage of 

the intrinsic properties of directionality of 
water diffusion in human brain tissue. 
Both diffusion-weighted imaging and 
analysis from DTI may provide new pos-
sibilities in the work-up of patients with 
brain neoplasm in terms of tissue charac-
terization, to evaluate different tumor com-
ponents, to grade tumor in high-grade or 
low-grade, to differentiate tumor invasion 
from normal brain tissue or edema, surgi-
cal planning, and treatment follow-up 
(Field and Alexander et al. 2004 Field  
et al. 2004).

New and more aggressive treatment 
modalities and combined modalities are 
constantly being investigated for brain tumor 
treatment at institutions around the world 
to obtain optimal treatment schemes for 
different brain tumors. Therefore, it has 
become crucial to the treatment of patients 
with brain tumors to better define tumor 
margins, to determine the most aggressive 
tumor regions for intensified radiation 
treatment, and to obtain reliable informa-
tion regarding tumor response to therapy 
or tumor progression for reoptimization of 
treatment, and to predict treatment toxicity 
early. Recent data from both animal mod-
els and human studies suggest that diffu-
sion imaging may be a sensitive tool in the 
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evaluation of tumor response to therapy 
(Chenevert et al. 1997; Mardor et al. 2003).

We have to keep in mind that these pos-
sibilities are only just beginning to be fully 
explored and that the analysis of diffusion-
weighted images and the tensor data shall 
be done in combination with conventional 
neuroimaging. Also, other MRI techniques 
such as MR perfusion imaging and mag-
netic resonance spectroscopy (MRS) may 
add valuable information when used sepa-
rately or combined with the diffusion-
weighted MR imaging.

This chapter will give a brief introduc-
tion to the DWI and DTI techniques and 
summarize the current knowledge on the 
use of DWI and DTI in brain tissue charac-
terization, brain tumor grading and presur-
gical planning. The possibility to differentiate 
recurrent tumor from radiation injury and 
the use of diffusion imaging in treatment 
follow-up, as well as the pitfalls and future 
prospective will be discussed.

 IMAGING TECHNIQUES

 Diffusion Weighted Imaging

DWI has a well-established advantage 
over essentially all modern MRI systems, 
and is implemented as a part of routine 
neuroimaging protocols. This imaging 
measures the mobility of water molecules 
and the principles for the measurement of 
diffusion with magnetic resonance imag-
ing (MRI) are well described by others (Le 
Bihan 1991). In DWI, water mobility is 
described using a scalar parameter, the dif-
fusion coefficient D which is known to be 
dependent on systematic effects such as 
the time-scale of the diffusion measure-
ment. As such, usually only an “apparent” 
diffusion coefficient (ADC) is calculable 

in complex systems such as cellular tissue. 
Apparent diffusion coefficients can be 
computed from a pair of images with or 
without additional diffusion sensitization 
gradient pulses. The ADC takes into con-
sideration the heterogeneous environment 
of brain cytoarchitecture as well as factors 
other than diffusion such as temperature, 
perfusion, and presence of membranes and 
macromolecules that affect microscopic 
thermal motion (Cha 2005).

The most widely used diffusion-weighted 
image acquisition method is single-shot 
echo-planar imaging (EPI) (Turner et al. 
1990) because it is fast and allows the 
entire set of echoes needed to generate an 
image to be collected within one single 
acquisition period of 25–100 ms, thereby 
essentially freezing bulk tissue motion 
that would otherwise overwhelm measure-
ment of molecular motion. The technique 
is efficient, and insensitive to small 
motions, as well as readily available on 
most modern clinical MRI scanners. EPI 
virtually eliminates motion artifacts but 
due to the long readout time for Echo pla-
nar imaging the images are sensitive to 
artifacts, such as misregistration of the 
data due to eddy currents, and signal loss 
due to susceptibility variations both of 
which cause distortion in the image data. 
Hardware issues such as background gra-
dients, gradient non-linearity, and miscali-
bration also are taken into consideration in 
image reconstruction routines. However, 
improvements in image resolution and 
reduction of distortion have been made 
using motion-corrected multi-shot EPI 
PROPELLER (Periodically Rotated 
Overlapping ParalleL Lines with Enhanced 
Reconstruction) and sensitivity-encoding 
(SENSE) EPI techniques (Bammer et al. 
2002; Pipe et al. 2002).
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 Diffusion Tensor Imaging

Not even the most anatomically detailed 
conventional neuro-MR imaging allows an 
assessment of specific white matter fiber 
tracts. However, further improvements in 
the imaging of water diffusion have led to 
a more complete probing of water motions 
in anisotropic media, such as tissue via DTI. 
In other words, water mobility is highly 
dependent on directionality of tissue struc-
tures that impede water movement, and 
DTI allows direct examination in vivo of 
some aspects of directional tissue micro-
structure. Diffusion tensor imaging yields 
quantitative measurements, reflecting the 
integrity of white matter fiber tracts by tak-
ing advantage of the intrinsic properties of 
directionality of water diffusion in human 
brain tissue. Brownian motion character-
izes the diffusion of water molecules. When 
water molecules are unconstrained, the direc-
tion of motion of a given molecule is ran-
dom. A Gaussian distribution describes the 
displacement of water molecules over time. 
The diffusion is called isotropic when the 
motion is equal and unconstrained in all 
directions. However, the microstructure of 
brain tissue forms physical boundaries that 
impede the Brownian motion of water mole 
cules, resulting in directional anisotropy in 
the amount of water molecule migration. In 
high directionally ordered tissues, such as 
the white matter fibers, the diffusion of water 
molecules will be relatively more impeded 
perpendicular than parallel to the multiple 
myelin layers encasing the neuron; thus, 
diffusion is anisotropic (Le Bihan 1993).

In standard DWI-MRI, diffusion is 
described using a scalar parameter, the dif-
fusion coefficient D. In tissues, such as 
gray matter, where the measured apparent 
diffusivity is largely isotropic, it is suffi-
cient to describe the diffusion characteris-

tics with a single scalar ADC along with 
relevant acquisition settings. In the pres-
ence of anisotropy, the diffusion can no 
longer be characterized by a single scalar 
coefficient, but requires a tensor D that 
more fully describes the mobility of the 
molecules along each direction and the 
correlation between these directions. The 
mathematical construct used to character-
ize anisotropic Gaussian diffusion is a 
second-order diffusion tensor (Le Bihan 
et al. 2001). Because the tensor is symmet-
ric, six unique elements are required to 
fully characterize the tensor. The tensor 
can be diagonalized such that only three 
non-zero elements (l1, l2, and l3) remain 
along the diagonal. These elements are 
known as the eigenvalues. Each eigen-
value is associated with an eigenvector (e1, 
e2 and e3), where the largest of the three 
eigenvalues (l1) corresponds to the eigen-
vector e 1 and describes the principal 
direction of the diffusion at that point.

Diffusion tensor measurements result in a 
rich data set. Metrics of diffusion anisot-
ropy can be measured in different ways by 
applying simple or more complicated math-
ematical formulas and recalculations using 
the underlying eigenvectors (Le Bihan et al. 
2001; Basser and Jones 2002). A common 
way to summarize diffusion measurements 
in DTI is the calculation of parameter for 
the overall diffusivity and another para-
meter that reflects anisotropy. As before, 
the ADC serves for overall diffusivity and 
is derived from the trace of the diffusion 
tensor. Anisotropy is represented by the 
fractional anisotropy (FA) or alternatively 
the relative anisotropy (RA). The FA is a 
measure of the portion of the magnitude of 
the diffusion tensor due to anisotropy. The 
RA is derived from a ratio between the ani-
sotropic portion of the diffusion tensor and 
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the isotopic portion. Another commonly 
used value is the volume ratio (VR), which 
expresses the relationship between the dif-
fusion ellipsoid volume to the volume of a 
sphere with radius equal to the average of 
eigenvalues (Pierpaoli et al. 1996). From 
previous work it is known that both the 
water ADC and the diffusion anisotropy 
differ markedly between pediatric brain and 
adult brain, and also both parameters vary 
with increasing age as well as in different 
regions of the brain (Pfefferbaum et al. 
2000; Mukherjee et al. 2001)

The differences between these measure-
ments lie in their sensitivity to anisotropy: 
FA is more sensitive for low anisotropy 
values, whereas VR is sensitive to high val-
ues of diffusion anisotropy, and RA scales 
linearly for different levels of anisotropy. 
Both FA and RA are 0.0 for a purely iso-
tropic medium. For a highly anisotropic 
medium FA tends towards 1, while RA 
tends towards √2. Both FA and RA maps 
can be presented as gray scale images for 
the purpose of visual evaluation of patterns 
of tissue anisotropy. As for VR, the range 
is from 1 (isotropic diffusion) to 0; there-
fore, some authors prefer to use (1-VR). In 
contrast to aforementioned measurements, 
which represent intravoxel anisotropy, the 
lattice anisotropy index, another way to 
evaluate diffusion, measures the intervoxel 
anisotropy. The lattice measures of diffu-
sion anisotropy allow neighboring voxels 
to be considered together in a region of 
interest, without losing anisotropy effects 
that result from different fiber orientations 
across voxels (Pierpaoli et al. 1996).

DTI allows us to look at the anisotropic 
diffusion within the white matter tracts 
but is limited in demonstrating the spatial, 
directional diffusion anisotropy. Therefore, 
new and or more sophisticated methods to 

demonstrate diffusion directions such as 
color-coding and fiber tracking have been 
proposed (Pierpaoli and Basser 1996; 
Pajevic and Pierpaoli 1999; Mori and van 
Zijl 2002; Mori et al. 2004). By choosing 
the eigenvector associated with the largest 
eigenvalue, the principal diffusion direction 
of the brain structure to be examined can 
be encoded with color, resulting in direction-
ally-encoded FA maps (DEC FA maps). In 
these color-encoded maps the fibers have 
been given different colors (red, green and 
blue), depending on their different diffusion 
directions (Pajevic and Pierpaoli 1999).

 Diffusion Imaging in Tissue 
Characterization

Apparent diffusion coefficient maps that 
can be generated from both DWI and/or 
DTI data have proved to be helpful in defin-
ing solid enhancing tumor, non-contrast 
enhancing lesion, peritumoral edema, and 
necrotic and/or cystic regions from normal 
surrounding brain tissue. It has been sug-
gested in several studies that ADC values 
can be helpful to discriminate edema from 
tumor (Bastin et al. 2002; Sinha et al. 2002), 
but there are several examples of the con-
trary (Stadnik et al. 2001; Provenzale et al. 
2004). Field et al. 2004, suggested that one 
likely explanation for all the contradictory 
results of the value of ADC to discriminate 
edema for tumor is the lack of standardized 
methods not only for the diffusion image 
acquisition but also for post processing and 
ROI analysis, and concluded that when 
considering all the evidence it seems appears 
unlikely that ADC values alone can with 
certainty differentiate between peritumoral 
edema and noncontrast enhancing neoplasm 
in individual patient. It has been shown that 
cystic or necrotic regions have highest ADC 
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values (Sinha et al. 2002), while contrast-
enhancing part of the tumor has lower ADC 
than both the cystic or the necrotic areas 
and edema (Krabbe et al. 1997).

Significant increase in mean diffusivity 
and significant decrease in FA have been 
demonstrated in the peritumoral region of 
both gliomas and metastatic tumors when 
compared with those of normal appearing 
white matter (Lu et al. 2003). Furthermore, 
the peritumoral mean diffusivity of meta-
static lesions measured significantly greater 
than those of gliomas, whereas the FA val-
ues showed no discrepancy between tumor 
and metastasis, suggesting that the FA 
changes surrounding gliomas can be attrib-
uted to both increased water content and 
tumor infiltration (Lu et al. 2003).

Lu et al. 2004 have shown that FA-values 
and histograms of mean diffusivity in peri-
tumoral areas could not be used to differen-
tiate high grade from low-grade gliomas or 
meningiomas from intraaxial tumors. Other 
studies have demonstrated similar findings 
with a trend towards reduction of FA but not 
of mean diffusivity in the peritumoral edema 
of glioblastomas compared to meningioma 
(Tropine et al. 2004) and also alterations in 
FA in white matter in the affected as well as 
in the contralateral hemispheres in glioblast-
omas but not in metastases (Price et al. 2003). 
However, significant increase in mean dif-
fusivity and significant decrease in FA have 
been demonstrated in the peritumoral region 
of both gliomas and metastatic tumors when 
compared with those of normal-appearing 
white matter (Lu et al. 2003). Other meas-
urements such as Tumor Infiltration Index 
(TII) have recently been introduced to 
separate tumors with presumed purely 
vasogenic edema i.e., metastases and extra-
axial lesions such as meningioma from 
those with tumor-infiltrated edema i.e., 

high and low-grade glial tumors. The mean 
TII were significantly higher in presumed 
tumor-infiltrated edema (Lu et al. 2004).

 Diffusion Imaging in Tumor Grading

The possibility of differentiating the type 
and the grade of a tumor has also been 
explored by the use of DWI and DTI, both 
in the adult as well as in the Pediatric 
populations. Several studies have shown 
that low-grade astrocytoma has higher 
ADC values, whereas high-grade malignant 
glioma has lower ADC values, findings 
reflecting more restricted diffusion with 
increasing tumor cellularity (Kono et al. 
2001). Inoue et al. (2005) demonstrated 
significant differences in FA values in 
histologically proven high grade and low 
grade gliomas. They showed that the FA 
values were significantly lower in grade 1 
gliomas tumor compared to grade 3 and 
4 gliomas, and FA values in grade 2 gliomas 
were significantly lower than those found 
in grade 3 and 4 gliomas. They concluded 
that FA values can distinguish between high 
grade and low grade gliomas. However there 
is still a lot of controversy in the literature, 
and others have concluded that differentia-
tion of tumors by the use of FA values, 
which are generally reduced in tumors sug-
gesting structural disorder, does not add any 
additional information to the tissue differ-
entiation (Sinha et al. 2002). Others indi-
cate FA may help in the understanding of 
the effect of brain tumors on white matter 
fibers, which may be important in the pre-
surgical planning (2000; Mori et al. 2002).

A possible explanation for the contro-
versy regarding the value of FA measure-
ments to grade tumors can be due to the 
normal variation of FA values depending on 
location in the brain (Pierpaoli et al. 1996). 



150 P.C. Sundgren et al.

This normal variation of FA values depend-
ing on the location in the brain can be exem-
plified by the more than twofold differences 
in FA between peripheral white matter 
such as neocortical association tracts and 
central commissural tracts such as splenium 
of the corpus callosum (Pierpaoli et al. 
1996), which may reflect the results obtained. 
Tumor vascularity or microcirculation in 
the abnormal tissue may also affect the 
FA-values. Finally, the heterogeneity of the 
FA values within a tumor resulting in pos-
sible discrepancy between the placements 
of the ROI’s which may or may not include 
areas of necrosis. As expected, the necrotic 
core of the high grade gliomas shows low 
FA values (Sinha et al. 2002).

Studies using more sophisticated methods 
for evaluation of tumors such as analysis 
of the role of different eigenvectors have 
demonstrated that the value of the major 
eigenvector of the diffusion reflecting the 
diffusivity in the longitudinal direction was 
significantly lower in white matter surround-
ing glioma than in white matter surrounding 
metastases, even when the anisotropy showed 
no difference. The latter suggests that more 
sophisticated approaches might yield more 
information than only mean diffusivity and 
anisotropy measurements.

 Diffusion Imaging in Pre-surgical 
Planning

The role of DTI in presurgical planning is 
not yet fully defined, and several technical 
problems remain to be solved before DTI 
can be considered a reliable method for 
presurgical planning. Much of the published 
data are from small number of patients or 
case reports. In these studies the dislocation or 
distortion of the white matter fiber tract by 
tumor is demonstrated by some form of ten-
sor directional mapping with or without 

additional fiber tracking (Mori et al. 2002; 
Witwer et al. 2002) (Figure 13.1). It is 
known that the neoplasm may alter the white 
matter in different ways. Depending on the 
way the fiber tracts are altered, we can 
expect them to exhibit normal diffusion 
anisotropy or even increased anisotropy due 
to compression of tracks, or a reduction of 
anisotropy toward becoming purely isotropic 
(Field et al. 2004). In a recent limited DTI 
study using FA-weighted, directionally 
encoded color maps, categorized on the basis 
of anisotropy and fiber direction or orienta-
tion, four major patterns of tumor altered 
white matter tracts were identified (Field 
et al. 2004). The four potential patterns of 
altered white matter fiber tract described 
are: deviated, edematous, infiltrated, and 
destroyed. These defined patterns may poten-
tially be helpful in presurgical planning, to 
confirm an intact or disrupted fiber tract, to 
inform the surgeon as to the tracts location 
and/or displacement in relation to the tumor, 
and thereby potentially avoid damaging an 
intact tract during surgery.

 Diffusion Imaging in Treatment 
Follow-Up

In the treatment of patients with tumor it is 
crucial to obtain reliable information regard-
ing tumor response to therapy. Recent data 
from both animal models and human stud-
ies suggest that diffusion imaging may be a 
sensitive tool in the evaluation of tumor 
response to therapy (Chenevert et al. 1997; 
Mardor et al. 2003) and be helpful in pre-
dicting chemosensitivity of glial tumors 
(Jager et al. 2005) as well as overall sur-
vival (Hamstra et al. 2008). Previous work 
by Chenevert et al. (2000) has demonstrated 
that DWI can provide early evidence of 
cancer treatment efficacy in an individual 
patient prior to completion of the therapeutic 
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Figure 13.1. (a–d) MRI performed prior to treatment in a 62 year old female with biopsy proven gliob-
lastoma in the left occipital lobe. (a) Postcontrast-enhanced axial T1-weighted images demonstrate a large 
heterogenous contrast enhancing mass in left occipital lobe with involvement of the splenium of the cor-
pus callosum and effacement of the left atria (black arrow); (b) increased signal due to increase diffusivity 
is demonstrated on the ADC-maps (black arrows) with a focal area of even brighter signal representing 
a small area of necrosis within the tumor (black arrowhead); (c) a reduction of the fraction anisotropy 
can be seen as focal regions of decreased signal (dark) on the fraction anisotropy maps (FA-maps) (black 
arrow). (d) The adjacent white matter tracts are destroyed by the tumor as well as the appearance of 
displaced tracts in the anterior aspect of the tumor can be seen on the directional color encoded image 
(small black arrows) (*Red = fibers in the right to left fiber direction, green = fibers running in the anterior 
posterior direction, and blue represents fibers running in the superior inferior direction)
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regimen. They demonstrated that in the 
nonresponsive patients the diffusion values 
did not change, while they increased in 
patients with partial or full response, and 
concluded that diffusion values can be 
measured during treatment and appear to 
reflect dynamic therapeutic-induced 
changes or lack thereof in tissue cytoarchi-
tecture. These data are supported by others 
demonstrating a significant difference in 
mean ADC between responders and nonre-
sponders to therapy as well as linear corre-
lation between the relative change in ADC 
and the normalized change in tumor vol-
ume (Mardor et al. 2003). Early increasing 
ADC values during therapy may relate to 
therapy-induced cell necrosis. The subse-
quent drop in ADC values within the tumor 
to pretreatment levels is thought to be an 
indicator of tumor regrowth. This hypothe-
sis is supported by findings of differences in 
ADC values in recurrent gliomas compared 
with those obtained in patients with radia-
tion necrosis. That study demonstrated 
lower ADC values in contrast enhancing 
parts of recurrent high-grade gliomas com-
pared to those obtained in patients with 
radiation injury/necrosis (Hein et al. 2004). 
Also the combination of ADC-maps and 
relative cerebral blood volume measure-
ments has been used to evaluate chemosen-
sitivity: areas of the tumor with the lowest 
ADC values and highest rCBV demon-
strated a significant volume reduction dur-
ing treatment, whereas other components of 
the tumor demonstrated no change in vol-
ume (Jager et al. 2005).

 Diffusion Imaging in Differentiation  
of Recurrent Tumor from Radiation 
Injury and Post-surgical Injury

Treatment with chemotherapy and radia-
tion therapy for brain tumors can result in 

white matter injury. Kitahara et al. (2005) 
showed that the mean FA value decreased 
and average of mean isotropic ADC value 
increased significantly in normal appearing 
white matter in patients treated with radiation 
compared to those found in normal white 
matter in control subjects. Long-term reduc-
tion in anisotropy in normal appearing white 
matter has also been demonstrated in chil-
dren treated with combination therapy for 
medulloblastoma (Khong et al. 2003). 
It seems from these and other studies that 
diffusion anisotropy is highly sensitive to 
microstructural changes that might not have 
been seen on conventional imaging but 
that the pathological specificity is rela-
tively low. Therefore, more sophisticated 
approaches will be required for tissue char-
acterization using DTI. New enhancing 
lesions that arise on routine follow-up brain 
MR imaging at the site of a previously iden-
tified and treated primary brain neoplasm 
may also present a significant diagnostic 
dilemma. These lesions are typically sub-
jected to radiation and/or chemotherapy and 
in most instances surgical resection. Many 
lesions do not have specific imaging char-
acteristics that enable the neuroradiolo-
gist to discriminate tumor recurrence from 
the inflammatory or necrotic changes that 
result from treatment with radiation and/or 
chemotherapy. Both recurrent tumors and 
treatment-related changes (i.e., necrosis) 
typically demonstrate enhancement with 
gadolinium and are commonly surrounded 
by an area of increased T2 signal. However, 
recent reports have suggested that diffu-
sion measurements can potentially provide 
important diagnostic information regarding 
newly enhancing lesions as well as on the 
surrounding areas of signal abnormality that 
may appear months to years after radiation 
therapy in patients previously treated for 
primary and metastatic brain tumors (Hein 
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et al. 2004). We found in a recent study of 
19 patients who presented with a new area 
of contrast enhancement at or nearby the 
site of previously treated (surgery/biopsy 
and radiation therapy) brain neoplasm that 
the ADC values were significantly higher 
in patients with tumor recurrence (mean 
1.23 × 10−3 mm2/s) than those with treat-
ment related changes (mean 1.07 × 10−3 
mm2/s). Fraction anisotropic (FA)-values 
were lower in both groups compared with 
FA-values in normal appearing frontal 
white matter but no statistical difference 
was seen in the FA values in the contrast-
enhancing lesion between the two groups 
(Dong et al. 2004; Sundgren et al. 2006). 
Contradictions in literature exist regarding 
whether an increased or decreased ADC is 
to be expected in tumor or radiation injury/
necrosis. In a recent study the recurrence 
group showed statistically lower mean ADC 
values (mean 1.18 × 10−3 mm2/s) compared 
with the treatment-induced necrosis group 
(mean 1.40 × 10−3 mm2/s) (Hein et al. 2004), 
while others have demonstrated increased 
ADC values in recurrent tumors (Le Bihan 
et al. 1993; Biousse et al. 2003).

Two other studies have shown that 
although the mean ADC values in areas of 
T2-prolongation surrounding the contrast-
enhancing lesion differ compared to values 
obtained in normal brain tissue, no signifi-
cant differences were demonstrated between 
patients with radiation injury and those with 
recurrent tumor (Hein et al. 2004; Sundgren 
et al. 2006). One of these studies demon-
strated significantly higher ADC ratios (ADC 
in abnormal area/ADC in normal appear-
ing brain tissue) in the edema in patients 
with radiation injury compared to those with 
tumor recurrence (Sundgren et al. 2006). 
More interestingly, the same study demon-
strated that for the normal appearing white 
matter tract adjacent to the edema, both the 

FA values and the FA ratios were signifi-
cantly lower in patients with recurrent tumor 
compared to those with radiation injury. 
These findings may indicate that the DTI 
provide a helpful method in detecting occult 
white matter tract invasion in recurrent 
or primary brain tumors, and that the FA 
measurement and more advanced methods 
such as the different eigenvectors could be 
more sensitive than ADC values to dem-
onstrate occult white matter changes. 
Noteworthy limitations for all these studies 
are the small number of patients and the lack 
of histological confirmation in all cases. 
There is certainly a need for further explo-
ration in this field with larger studies, cor-
relation with histological specimens, and 
correlation to long-term clinical outcome.

 Pitfalls

One of the major pitfalls of DWI is related 
to the sensitivity of the technique to lesions 
containing high magnetic susceptibility such 
as blood products, calcium, metal, bone, 
and air. The susceptibility artifacts caused 
by ferromagnetic or paramagnetic material 
may result in signal changes on MR images 
that can be mistakenly interpreted as path-
ological processes or misdiagnosed as for 
example acute ischemia. Artifacts or pit-
falls may also be due to properties of the 
subject imaged such as T2 effects as in 
“T2-shine through”. This problem can be 
reduced or resolved by using higher b-values 
and stronger gradients which will make it 
possible to record high b-value diffusion 
images with shorter TE, and thereby less 
T2-weightning (Koch and Norris 2005). 
However to reduce pitfalls, as mentioned 
already in the Introduction, the interpreta-
tion of diffusion-weighted imaging must 
be done in combination of reviewing the con-
ventional anatomic MR images. Caution in 
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the interpretation should be made especially 
when evaluating images in the immediate 
postoperative state due to blood products 
and surgical metal.

 Future Applications

Physiology-based MRI methods such as 
DWI and DTI are rapidly becoming a part of 
the routine brain imaging protocol to improve 
diagnosis, characterization and grading of 
brain neoplasm, and in the management of 
patients with brain tumors. In the future these 
methods combined with other physiology-
based methods, such as MR perfusion and/
or magnetic resonance spectroscopy, will be 
combined with anatomical images to improve 
brain tumor diagnosis, biopsy guidance, for 
treatment and presurgical planning, and in 
the treatment follow-up of patients with 
brain tumors. In their current form, DWI 
and DTI yield remarkable insight into tissue/
tumor cellularity and organization totally 
noninvasively. In the future, more sophis-
ticated forms of diffusion-based image 
acquisition and analysis may increase the 
specificity of the method.

Recently, an alternate approach has been 
developed where regional changes in ADCs 
(both increasing and decreasing) can be 
quantified. When this approach was applied 
to a population of patients with a heteroge-
neous mix of primary brain tumors 3 weeks 
following the start of treatment, it was found 
to accurately predict radiographic response 
several months later (Moffat et al. 2005) 
and also differentiated overall survival 
(Hamstra et al. 2008). It is worth pointing 
out that this analytic approach is also based 
upon the volumetric change in the ADC. 
Further evaluation of this technique is war-
ranted to determine if it may be useful in 
the individualization of treatment or evalu-
ation of the regional therapeutic response.

New methods to perform diffusion-
weighted images and real-time analysis of 
the tensor data are currently being devel-
oped, which will make these methods bet-
ter, faster, and less affected by artifacts. In 
the future it might be possible to perform 
real-time intraoperative DTI to evaluate 
the white matter tracts during the surgical 
procedure, a protocol that might reduce 
the damage to the tracts and increase the 
neurosurgeons’ ability to more aggressive 
surgery. A combined approach utilizing all 
available physiological MR techniques 
will increase our knowledge and be help-
ful in tissue characterization and tumor 
grading, in follow-up and adjustment of 
ongoing treatment, and increase our knowl-
edge regarding what happens to radiated 
brain tissue, and hopefully be able to dif-
ferentiate treatment related injuries from 
tumor recurrence.
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Brain Tumors: Planning and Monitoring 
Therapy with Positron Emission 
Tomography
D.J. Coope, K. Herholz, and P. Price

 INTRODUCTION

The term ‘brain tumor’ encompasses a 
broad spectrum of individual pathologies, 
affecting a heterogeneous patient popula-
tion, with few clear etiological factors and 
widely varying prognostic implications. 
These tumors range from localized, poten-
tially curable, benign lesions in childhood 
to rapidly progressive malignant disease 
with an increasing prevalence in an ageing 
population. Most primary brain tumors in 
adults are inherently infiltrating lesions, 
giving rise to progressive symptoms for 
the patient and adding to the difficulty of 
treating the condition without imposing 
permanent neurological deficits. Despite 
improvements in diagnostic techniques 
and potential therapies, outcomes for these 
patients have not improved substantially 
over recent years. In fact, the average 
“years of life lost” by a patient with a 
tumor of the central nervous system was 
more than that for any other cancer in one 
recent review (Burnet et al. 2005). This 
highlights the need to optimize current 
management as well as the necessity for 
further research and development.

Imaging of brain tumors provides chal-
lenges in terms of accurately delineating 

the lesion and in attempting to maximize 
the prognostic information which can be 
derived from the scan data. These details 
are key to guiding further treatment and 
accurately informing the patient of their 
likely outcome. Making decisions as to 
whether the patient is likely to benefit from 
attempted surgical resection or whether 
they should be treated initially with radio-
therapy or chemotherapy depend primarily 
upon the nature of the lesion and the extent 
to which it has infiltrated the surrounding  
brain tissue. High-grade primary brain 
tumors in particular are highly heterogene-
ous lesions and histopathological informa-
tion derived from biopsies of the tumor 
may sample only a relatively small region. 
For patients with tumors in which only 
imaging-guided biopsies are practicable or  
desirable, and particularly in those for whom 
histological diagnosis is not possible, 
neuroimaging may present the only oppor-
tunity to derive diagnostic and prognostic 
information from the lesion as a whole. 
Tumors in pediatric patients present a  
particular problem with an increased 
proportion of mid-line and infra-tentorial 
lesions making surgery more challenging 
and the potential complications even more 
severe. Maximizing preoperative planning 
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is, therefore, of paramount importance in 
this patient group and positron emission 
tomography (PET) is likely to have a role 
to play.

 IMAGING BRAIN TUMORS 
WITH POSITRON EMISSION 
TOMOGRAPHY AND FDG

Positron emission tomography, incorporat-
ing a number of different radioisotope 
tracers, has been utilized at several stages 
in the management of brain tumors. As a 
molecular imaging technique, PET has the 
potential to add more data on the nature and  
behavior of a tumor than structural imag-
ing techniques alone. Topics of ongoing 
interest include differentiating tumors of 
different grades by their metabolic characte-
ristics and delineating tumor from normal  
brain by inherent characteristics such as 
increased amino acid uptake.

18F-fluoro-2-deoxyglucose (FDG) is 
the best established PET tracer and the 
compound most commonly used in current 
clinical PET applications. This imaging 
method has been applied to the study of  
physiological and pathological conditions  
affecting many organ systems, but the tech-
nique is based upon a model by Sokoloff 
et al. (1977) which was designed to 
measure cerebral glucose consumption. 
Fluorodeoxyglucose is taken up by normal 
brain tissue having been transported across 
the blood-brain barrier (BBB) by the same 
carrier protein as glucose. It is then phos-
phorylated by the enzyme hexokinase to 
18F-fluoro-2-deoxyglucose-6-phosphate at 
which point, unlike glucose-6-phosphate, 
it cannot be further metabolized and accu-
mulates within the cell with only a small 
proportion being hydrolyzed back to FDG. 

It is primarily this property of FDG that 
makes it an effective tracer for PET studies.

Brain tumors may show increased, equal 
or reduced levels of FDG uptake as com-
pared to healthy brain tissue not least due 
to the high glucose consumption of normal 
grey matter. This lack of clear contrast 
between tumor and normal tissue has been 
a limiting factor for the use of FDG-PET 
in localizing brain tumors. The use of 
image coregistration may partially over-
come this difficulty by allowing useful 
information to be extracted even in tumors 
with an FDG uptake very similar to that 
of the surrounding brain. Coregistration is  
the process by which the images produced 
from an investigation are reoriented to 
align them with another dataset which  
acts as a template. In the context of PET  
imaging of brain tumors, this usually 
refers to aligning a PET scan with a struc-
tural magnetic resonance (MR) scan so 
that both can be viewed together. This 
allows a structural abnormality visualized 
on the MR scan to be characterized with 
the corresponding PET uptake data even if 
the lesion cannot be readily identified on 
PET imaging alone. The same technique 
can also be used to combine the results of 
PET imaging with different tracers in the 
same individual or to overlay the results of 
activation studies onto the corresponding 
structural scans.

In gliomas, the most common primary 
brain tumors in adults, FDG uptake is 
greater in tumors of a higher histological 
grade. Semi-quantitative assessment of 
glucose metabolism can be calculated as 
a ratio of FDG uptake in tumor to contra- 
lateral cortex or white matter. Tumor meta-
bolism exceeding 1.5-fold that of normal 
white matter (or 0.6-fold relative to normal  
grey matter) indicates a high-grade glioma. 
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This cut-off value has been shown to give 
94% sensitivity and 77% specificity in 
gliomas (Delbeke et al. 1995). The prog-
nostic value of this information in isola-
tion, however, is limited by overlapping 
ranges of FDG uptake in tumors of diffe-
rent subtypes with similar radiological 
appearances. For example, oligodendrog-
liomas tend to show higher tumor metabo-
lism than astrocytomas of the same grade. 
Thus, interpretation of FDG-PET is easier 
when the histological type is known, when 
the data can be interpreted in conjunction 
with other imaging modalities, or when 
assessing follow-up scans in a patient for 
whom a baseline scan exists.

The role of PET imaging with FDG 
in screening for metastases in general 
oncology is increasingly well established 
with most tumors being easily identified 
as hypermetabolic lesions. A number of 
common extracranial malignancies metas-
tasize to the brain, making metastases the  
most common intra-cranial tumors in adults. 
Using PET as a screening tool in the brain, 
however, does not offer the same sensi-
tivity as conventional imaging techniques. 
Metastases may be seen as regions of 
reduced or increased FDG uptake, depen-
ding upon the characteristics of the primary 
tumor, and may be difficult to differentiate  
from normal grey matter particularly in 
small tumors. The role of other PET tracers 
currently used for neuroimaging are not 
yet well established in metastatic disease. 
Most metastatic lesions retain the meta-
bolic pathways of the primary tumor and 
as such may not take up tracers in the same 
way as primary brain tumors. Although 
perhaps precluding the use of a single 
tracer for all intracranial tumors, this may 
present an opportunity for development 
of tracers based upon metabolic pathways 

that are uncommon in normal brain tissue 
to specifically identify metastatic tumors.

 AMINO ACID PET IN BRAIN 
TUMORS

Amino acid tracers have an advantage over 
FDG in that they may provide a higher 
tumor to normal brain ratio, facilitating 
more accurate delineation of tumor extent 
in primary brain tumors. However, the 
mechanism that connects tumori ge nesis 
to the altered amino acid uptake demon-
strated on imaging is incompletely under-
stood, making interpretation of the images 
less straightforward. L-methyl-11C-
methionine (MET) is the most widely used 
amino acid PET tracer in human brain 
tumors. In addition to PET studies, methio-
nine with 14C and 3H radioisotope labels 
has been studied extensively in vitro and in 
animal studies, allowing for a more com-
plete understanding of its uptake and 
metabolism within the brain.

Methionine is transported across the 
endothelial cells of cerebral capillaries 
by system L amino acid carrier proteins 
and its availability is an important factor 
for cellular function and proliferation. 
Tumor cell lines based upon common 
human cancers, including gliomas, have 
shown a particular sensitivity to restric-
tion of dietary methionine which induces 
reduced proliferation rates and increases 
cellular vulnerability to cyototoxic agents 
(Poirson-Bichat et al. 2000). Disruption  
of the blood brain barrier, such as seen 
in cerebral ischemia, leads to a modest 
increase in local methionine uptake, but 
this is generally less than the rise seen in  
association with tumor tissue. The increased 
uptake of methionine seen in gliomas has 
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been demonstrated to reflect a functional 
increase in the system L transport system 
(Langen et al. 2000) but it does not 
correlate directly with rates of protein syn-
thesis. The mechanism by which glioma 
cells influence the surrounding vasculature 
is not fully understood but it is likely to 
involve the altered expression of tyrosine 
kinase growth factors seen in these cells. 
Studies of tumor bearing rats have also 
demonstrated increased methionine uptake 
by viable cancer cells as compared to 
normal glial cells and other cellular com-
ponents (Kubota et al. 1995). This specific 
cellular uptake in vitro correlates with cel-
lular proliferation rates and may contribute 
to the image seen on MET-PET scans.

In vivo uptake of 11C-methionine on 
PET imaging has been shown to correlate 
with cellular proliferation (as determined 
by quantification of Ki-67 labelling index) 
(Chung et al. 2002) and to microvessel 
count (Kracht et al. 2003) in gliomas. Each 
of these are important prognostic factors 
and the identification of vascular prolif-
eration may become increasingly valuable 
with the introduction of anti-angiogenic 
therapies. Methionine PET in clinical use 
has been demonstrated to be particularly 
valuable in delineating tumor extent. A 
threshold value can again be applied as 
a ratio of tumor to contra-lateral brain 
which gives a sensitivity of 76% and a spe-
cificity of 87% in distinguishing tumors 
from non-tumorous lesions (Herholz et al. 
1998). Uptake is commonly increased in 
the metabolically active periphery of the 
tumor; areas of tumor infiltration may 
show even higher levels of methionine 
uptake than the tumor core itself (Kracht 
et al. 2004). This has the potential for use 
in planning both radiotherapy and surgical 
interventions, with very high sensitivity 

and specificity, as discussed further in the 
next section.

Several groups have demonstrated the  
ability of MET-PET to distinguish between 
low and high-grade gliomas, with increased  
uptake in higher-grade lesions as is seen 
with FDG-PET. Correlation between tracer  
uptake and tumor grade in these scans is  
demonstrable but is far from perfect. This 
may reflect a weakness of the technique, 
but may also be contributed to by sampling 
error and inherent difficulties in histolo-
gical differentiation of tumor grade; the 
current gold standard. It may be more 
useful to consider metabolic activity as 
quantified on PET imaging as an inde-
pendent marker of tumor behavior rather 
than trying to fit the results obtained to a 
physiologically unrelated histopathological 
grading scheme.

Other amino acid tracers include O-(2-
[18F]fluoroethyl)-L-tyrosine (FET) which 
is transported by the same carrier protein 
as methionine, although it is transported 
at a lower rate than alternately labelled 
amino acids. FET-PET demonstrates 
similar uptake to MET-PET in human 
brain tumors with data acquired over a 
longer period (Weber et al. 2000), but has 
the practical advantage of a longer half-
life. 18F-fluorodopa also shows increased 
uptake in low-grade gliomas although its 
use around the basal ganglia is restricted 
by the high background dopa uptake in 
this region. 18F-fluorothymidine (FLT) has 
been developed as a marker of prolife-
rative activity in extra-cranial tumors and 
exhibits better correlation with the Ki-67 
index of proliferative activity in gliomas 
than FDG (Chen et al. 2005). It has been 
applied to staging for thoracic tumors 
where it has the advantage of good sensi-
tivity in identifying brain metastases due 
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to the contrast between high uptake in the 
tumor versus very low uptake by healthy 
brain tissue.

 POSITRON EMISSION 
TOMOGRAPHY IMAGING 
IN LESS COMMON TUMOR 
TYPES

In addition to the substantial body of 
published research on the use of PET 
imaging in gliomas, FDG and MET-PET 
studies have been performed on several 
other intra-cranial tumors. Some of these 
results have been published as case reports 
which must be viewed with caution as 
there can be significant variability both 
between tumors of a given histological 
subtype and within an individual tumor. A 
number of larger case series have been 
published, typically from retrospective 
reviews, which are briefly outlined below.

Primary central nervous system lym-
phoma accounts for ~6% of intra-cranial 
neoplasms. However, the incidence is more 
than 3,000 times higher in patients with 
AIDS and, as a result of the increasing 
prevalence of HIV infection, the over-
all incidence has also increased in some 
populations. Fluorodeoxyglucose uptake 
in lymphomas is significantly increased 
over that for normal cortex (Roelcke and 
Leenders 1999). A valuable clinical appli-
cation for FDG-PET in this patient group 
has been to the differentiation of lympho-
mas from non-neoplastic processes such 
as toxoplasmosis.

Primary brain tumors in children and 
young adults have also been characterized  
with PET imaging. These include epen-
dymomas, which account for 6–12% 
of intrac ranial tumors in childhood and 

which demonstrate low FDG uptake in 
accordance with their low-grade histology.  
Methionine uptake has been shown to be 
increased in a small series (O’Tuama et al. 
1990) making it a potential tracer for delin-
eating tumor extent. There are also case  
reports of the use of MET-PET in the ima-
ging of spinal ependymomas where it was 
suggested to be useful in distinguishing 
between viable tumor and cystic areas 
(Sasajima et al. 1996). Medulloblastomas 
are invasive embryonal tumors that again 
present more commonly in children and 
young adults. These demonstrated very 
high FDG uptake, in a series of childhood 
posterior fossa tumors (Holthoff et al. 
1993). Other primitive neuroectodermal 
tumors (PNETs) in the same series showed 
lower FDG uptake, but this was only a 
small sample of a histologically diverse 
group of tumors.

Neuronal and mixed neuronal-glial 
tumors include gangliocytomas, gangliog-
liomas, and central neurocytomas. These 
are typically low-grade tumors although 
gangliogliomas may have anaplastic or 
even rarely glioblastoma like changes 
amongst the glial component. Low-grade 
gangliogliomas show hypo- or isometabo-
lism on FDG-PET and it seems likely 
that malignant progression will lead to an 
increase in FDG uptake in accordance with 
that seen in other high-grade glial tumors, 
although this has yet to be demonstrated in  
practice. Gangliogliomas may be difficult  
to differentiate from dysembryoplastic 
neuroepithelial tumors (DNETs) on con-
ventional imaging but this distinction 
is significant. Both of these tumor types  
typically present with seizures but, as 
purely benign lesions, DNETs are amenable 
to curative surgical resection. Methionine 
PET has been demonstrated to have value 
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in this situation with lesions demonstrating 
increased methionine uptake being likely 
to represent gangliogliomas or low-grade 
gliomas rather than DNETs (Maehara 
et al. 2004).

Up to a quarter of intracranial tumors 
are made up of meningiomas which are 
neoplastic lesions of meningothelial cells 
that can show varying clinical charac-
teristics depending on the histological 
subtype. This inconsistency, in addition 
to the variable vascularity of the tumors, 
may explain why some groups have found 
correlation between FDG uptake and pro-
liferative rates in these tumors (Lippitz 
et al. 1996), whereas others have not 
(Iuchi et al. 1999). In terms of diagnosis 
of the tumor, the specific somatostatin 
analogue 1,4,7,10-tetraazacyclododecane-
N,N¢,N″,N¢¢-tetraacetic-acid-D-Phe1-Tyr3-
octreotide (DOTATOC) can be labelled 
with 68gallium as a PET tracer which 
shows very low uptake in normal brain but 
high uptake in meningiomas (Henze et al. 
2001). Other intracranial tumors include 
schwannomas which, as benign lesions of 
differentiated Scwhann cells, show FDG 
uptake that is typically isointense to the 
surrounding tissue. Methionine uptake is 
sufficiently elevated to allow it to be 
used for the diagnosis of a proportion of 
acoustic neuromas although the sensitiv-
ity is poor at ~66% in one small series 
(Sakamoto et al. 2000).

These examples of different tumor types 
reflect the diversity of lesions that can be 
characterized with PET imaging. In most 
cases the trend towards higher uptake of 
FDG in higher-grade lesions is maintained 
although this cannot be assumed. A given 
FDG or amino acid uptake value for a 
space-occupying lesion may result from 
one of several different types of tumors 

that display similar activity on PET imaging. 
Positron emission tomography therefore, 
may not be sufficient to provide a specific 
diagnosis when used in isolation. However,  
it is in the combination of the behavior of 
the tumor, as characterized by PET imaging, 
with findings on other imaging modalities and 
the clinical history that the most accurate 
diagnosis can be made prior to proceeding 
to a tissue diagnosis.

 DELINEATION OF TUMOR 
EXTENT FOR TREATMENT 
PLANNING

Following the initial diagnosis, accurately 
mapping the location, size and characteris-
tics of a tumor is an important initial step 
in treatment planning. Primary brain 
tumors are heterogeneous lesions with 
several tumor compartments that differ 
with the nature and grade of the lesion. 
The core of the tumor is typically a hyper-
cellular area in high-grade lesions which is 
highly metabolically active, and hence 
demonstrates high uptake of both FDG 
and amino acids. Conversely, low-grade 
gliomas may show only a slight increase in 
cell density, and amino acid uptake maybe 
less in the tumor core than in peripheral 
areas of tumor infiltration. Most gliomas 
demonstrate a zone of tumor infiltration 
which progresses preferentially along 
white matter tracts and which may be dif-
ficult to distinguish radiologically from 
peritumoral edema. Tumor cells can be 
found within the brain distant to the primary 
tumor, including spread to the contra- 
lateral hemisphere, although extracranial 
metastases of primary brain tumors are rare; 
medulloblastomas, anaplastic ependymo-
mas and rarely glioblastoma multiforme 
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(GBM) may give rise to extracranial 
metastases as they progress. The pattern of 
invasion and progression in primary brain 
tumors is notably dissimilar to intracranial 
metastases, which typically have a reason-
ably well demarcated tumor margin with 
invasion along vascular structures and 
marked vasogenic edema.

The ability to accurately differentiate 
between tumor compartments is important 
in planning imaging guided interventions. 
Biopsy results provide the best prognos-
tic information if they are obtained from 
the highest grade or “most malignant” 
area of the tumor. Both FDG and MET-
PET scans have been incorporated into 
biopsy planning to optimize the selection 
of the region of interest to be sampled. 
Fluorodeoxyglucose PET scans were used 
to plan biopsies based on the principle 
that the area of tumor with the highest 
metabolic rate corresponds to the most 
malignant area. This has proven successful 
in increasing the proportion of diagnos-
tic specimens obtained from stereotactic 
biopsies, but can be difficult to apply in 
low-grade tumors in which FDG uptake is 
typically low. As MET-PET shows higher 
sensitivity for tumor extent in low-grade 
tumors, it has been applied either in addi-
tion to FDG or in preference to it (Pirotte 
et al. 2004). When these two tracers are 
used together, the areas of maximal uptake 
correspond, suggesting that FDG usage 
to identify the most malignant area is not 
necessary if 11C-methionine is available.

The role for PET imaging in planning 
tumor resections is less clear than in 
biopsy planning, primarily because a con-
sensus on surgical strategy is lacking even 
if optimal imaging can be provided. There 
are four broad aims to surgical interven-
tion: to obtain a tissue diagnosis, to reduce 

tumor load, to relieve mass effects, or to 
affect a cure. Noninvasive tumors such as 
pilocytic astrocytomas may be amenable 
to complete resection, but such lesions 
are rare in adults. The inherently infiltra-
tive nature of most primary brain tumors 
would seem to make total cure by resec-
tion unlikely as tumor cells distant to the 
primary lesion will be missed. Possible 
advantages in operative strategies planned 
to reduce tumor load over simply obtain-
ing a tissue diagnosis remain a subject for 
debate.

Incorporation of PET information into 
surgical planning has the potential to 
accurately identify and target the volume 
of active tumor, hence facilitating resec-
tion of the maximal volume of tumor. 
Unfortunately, the literature does not con-
sistently show a survival advantage for 
patients who have undergone subtotal or 
near total resection over those who have 
had less extensive procedures. This may be 
due to patient selection in the case series 
presented, few of which are prospective, 
compounded by difficulties in comparing 
the extent of resection achieved between 
individual cases and between series (Keles 
et al. 2001). The proportion of the tumor 
resected during a surgical procedure has 
been typically determined by the impres-
sion of the operating surgeon in previous 
series. This is clearly difficult and depends 
heavily upon an estimation of the depth 
of any remaining tumor which may be 
impossible to measure directly. The use 
of early postoperative MR imaging has 
improved the objectivity of the assess-
ment of tumor residual, but conventional 
imaging from this period remains difficult 
to interpret with tumor residual being 
potentially masked by changes resulting 
from the surgery itself. It may also be a 
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feature of the disease process that reducing  
tumor load does not slow progression  
in the tumor cells inevitably left behind 
and hence does not greatly impact upon 
survival.

Surgical procedures for the resection of 
brain tumors increasingly rely upon neuro-
navigation techniques to aid in preoperative 
planning and to improve accuracy. This 
technology utilizes computerized tracking  
of surgical instruments which, after regi-
stration of the patient co-ordinates to the 
imaging data, allows for the location of 
an instrument in the operating room to be  
represented on the preoperative imaging.  
Methionine PET images have been inte-
grated with MR scans and functional 
activation studies for use in multi-modal 
neuro-navigation techniques. Several steps 
exist in the technique at which errors 
can be introduced which limit its overall 
accuracy. Coregistration of PET and MR 
images followed by registration of this 
data to the patient co-ordinate system may 
introduce errors that can, to some extent, 
be ameliorated by technical improvements. 
There is also an inherent weakness of the 
technique which arises from shifts in the 
position of the brain in response to patient 
positioning, opening of the dura with 
drainage of CSF, brain retraction, and later 
edema. These effects can be minimized 
by an appropriate technique and the use 
of intraoperative imaging modalities, such 
as ultrasound or preferably MR, but can-
not be completely removed. Despite this,  
studies have demonstrated the value of 
employing MET-PET data in delineating 
regions of viable tumor (Braun et al. 2002) 
which may allow the surgeon to be more 
selective in terms of targeting the tumor 
core. The results also suggest the possibility 
of identifying zones of tumor infiltration 

which, although not an ideal surgical target, 
could then be specifically targeted by other 
treatment modalities such as radiotherapy 
(Figure 14.1).

The ability to identify tumor infiltration 
raises the question of whether resecting  
a brain which has been infiltrated by tumor, 
but which is nonetheless functionally 
active, will benefit the patient enough to 
compensate for any neurological deficit 
incurred. Minimizing residual tumor load 
may improve the likelihood of successful 
adjuvant therapy, but even with improved 
diagnostic imaging the likelihood of a 
microscopically complete resection of an 
infiltrating tumor is small. In this context, 
treatments that can be targeted to areas of 
infiltration without destroying functional 
tissue, such as radiotherapy, are more 
appropriate than surgery alone.

Planning procedures for radiotherapy 
have similar requirements for identification 
of tumor compartments and similar con-
straints on avoiding damage to surroun ding 
structures as planning for interventional 
procedures. Radiotherapy is a routine part 
of the treatment of many intrinsic brain 
tumors and metastases, but the treatment 
regimens applied vary depending on the 
lesion and often upon the predicted life 
expectancy. In low-grade tumors with good 
life expectancy the potential complications  
of radiotherapy such as white matter 
lesions, cerebral atrophy, and radiation 
necrosis are limiting factors in the dose 
given and the amount of potentially normal 
tissue included in the radiotherapy field. 
For aggressive tumors, such as GBM, 
these complications, which typically have 
a significant delay in presentation from 
the time of treatment, may be a secondary  
concern to achieving maximal control  
of tumor progression. However, any 
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resultant loss of neurological or cognitive 
function will reduce the quality of life of 
the patient.

With current treatment strategies, recur-
rence of high-grade brain tumors is 

inevi table, and in most, recurrence occurs 
within the field of previous radiotherapy. 
Attempts to improve outcome with higher 
radiation doses have met with mixed results. 
A recent analysis of outcomes in more 

Figure 14.1. Multi-modal imaging of a low-grade glioma for surgical planning. A = T1 MRI; B = H2
15 

O-PET activation study; C = FDG-PET; D = MET-PET with threshold set to display only high methionine 
uptake regions (including tumor); E = coregistered images of A–D (S. Vollmar, Max-Planck-Institute for 
Neurological Research, Cologne)
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than 180 patients with high-grade gliomas  
revealed a significant improvement in 
2-year survival rate and a median survival 
rate for patients who received conformal 
radiotherapy at 80–90y over those who 
received 60 Gy (Tanaka et al. 2005). These 
two groups, although well matched clini-
cally, reflected changing practices at one 
unit over 23 years, and hence the improve-
ments seen in the latter high-dose group 
may also reflect methodological improve-
ments in radiotherapy planning and 
administration. The complications seen  
in this study occurred both more fre-
quently and earlier in the high-dose radi-
otherapy group. This highlights the need 
for accurate diagnostic imaging to target 
therapy to those most likely to benefit 
from it.

Methionine PET has been used in radio-
therapy planning to help refine the extent 
of the gross tumor volume (GTV, the extent 
of macroscopic tumor spread as delineated 
on planning neuroimaging), particularly 
in patients for whom this region is diffi-
cult to define on MR due to the presence 
of postoperative changes such as edema 
and necrosis. As the GTV will receive the  
maximum dose of radiation, it is vital that  
radiation is as accurate as possible to min-
imize central recurrence and to mini mize 
the proportion of healthy brain exposed to 
the highest doses. Increased methionine 
uptake can be seen beyond the area of 
gadolinium enhancement and outside of 
areas of T2 hyperintensity on MR, suggest-
ing the presence of a viable tumor mass not 
identified on MR. The area of increased 
methionine uptake may extend 25–45 mm 
beyond the core of gadolinium enhance-
ment (Grosu et al. 2005), and as such, 
would be unlikely to be otherwise included 
in the planned volume of maximal radio-

therapy dose. Regions of enhancement  
on MR that did not show increased 
methionine uptake could similarly be 
identified, although the implication of 
this combination is less clear. Some areas  
will simply represent postoperative changes, 
but biopsies of peri-tumoral edema and 
necrosis have been frequently shown to 
contain viable tumor cells. This not only 
necessitates their inclusion in the radi-
otherapy target volume, but as regions 
with a high proportion of functional brain  
tissue; they could perhaps be spared from 
the highest doses applied to the tumor 
core. Multi-modal identification of tumor 
compartments with specific radiotherapy 
doses targeted to each may be the only 
effective way to maximize efficacy whilst 
minimizing side-effects. However, despite 
evidence of more precise targeting with 
incorporation of PET imaging, a survival 
advantage for the patient has yet to be 
demonstrated (Figure 14.2).

Figure 14.2. Increased uptake of 11C labelled 
Temo zolomide by tumor as compared to surround-
ing brain tissue (Saleem et al. 2003)
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 MINIMIZING DAMAGE  
TO UNINVOLVED BRAIN 
STRUCTURES

Tumors that impinge upon “eloquent” 
areas of brain exacerbate difficulties in 
minimi zing the sequelae to surgical inter-
ventions and radiotherapy. Low-grade gli-
omas in adults present a particular 
difficulty, as they preferentially arise from 
“secondary” functional areas, adjacent to 
the primary motor cortex or to regions of 
functional importance for speech produc-
tion (Duffau and Capelle 2004). In chil-
dren, infra-tentorial locations are more 
common and gliomas may arise in or adja-
cent to the brain stem. Patients suffering 
from these tumors typically present with 
seizures but many are neurologically intact 
and can reasonably expect a period of pro-
gression free survival without severe symp-
toms until the tumor progresses. Any 
intervention carries a risk of significant 
disability if these key structures are dam-
aged. This may substantially reduce qual-
ity of life and may not lead to a significant 
improvement in overall survival.

Primary brain tumors may infiltrate 
healthy brain tissue leaving functional 
neuronal tissue within the volume of the 
tumor. Alternatively, the brain may exhibit 
plasticity in response to the functional 
deficit induced by the mass effect of the 
tumor, the reactionary immune response 
and any perifocal edema. This may include 
the recruitment of neurons in neighboring 
anatomical locations with similar func-
tional roles, recruitment of functionally 
related regions distant or contra-lateral 
to the tumor or even the recruitment of 
apparently functionally unrelated tissue to 
“take-over” the role of the involved area 
of brain. Rapidly progressing high-grade 

tumors may infiltrate extensive areas of  
the brain which can still be demonstrated 
to be functionally important when attempts 
are made to resect the tumor (Ojemann 
et al. 1996). When planning diagnostic or  
therapeutic interventions, assumptions 
about the functional importance of a spe-
cific region of brain are often made based 
upon a priori knowledge of the func-
tional organization of the brain. The varied 
responses in terms of functional reorgani-
zation that may be seen in the presence 
of a tumor highlight the hazards in such 
assumptions.

Two principle approaches exist to address 
the need to identify functionally important 
areas of brain with a view to predicting 
and preventing functional impairment as a  
result of interventions. The first of these 
approaches is preoperative coregistration 
of structural imaging with functional data 
in the form of functional MR imaging 
(fMRI), PET activation studies, electro-
encephalography (EEG), or magnetoen-
cephalography (MEG). The second is 
neurophysiological mapping with preo-
perative transcranial magnetic stimulation 
(TMS) or intraoperative direct cortical 
stimulation or electrocorticography. Each 
of these techniques has both technical and 
practical advantages and disadvantages. 
Direct cortical mapping yields easy to 
interpret results with regions that elicit 
either a motor response or impairment 
of a desired function, which should be 
clearly protected during surgery. However, 
it may identify alternate pathways to those 
normally employed by the brain and the 
technique necessitates awake procedures 
that significantly increase the demands 
placed upon both the patient and the 
surgical team. It also cannot be applied to  
minimally invasive diagnostic procedures,  
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such as stereotactic biopsies, or for  
planning of radiotherapy or radiosurgery 
procedures. Navigated transcranial mag-
netic stimulation (nTMS) overcomes 
some of these shortfalls by extending the 
principles of cortical stimulation into a 
noninvasive technique. The motor cortex 
can be mapped using nTMS by recording 
neurophysiologically the response of indi-
vidual muscles to transcranial stimulation 
of a cortical region. Whilst this recording 
is made, a neuro-navigation system is 
used to identify and record the region of 
cortex adjacent to the stimulating coil on 
an MR scan performed prior to the proce-
dure (Krings et al. 2001). This technique 
is not currently widely available but is a 
safe, non-invasive alternative to the gold-
standard of electrocorticography.

Noninvasive functional imaging allows 
incorporation of functional data into pre-
operative planning and may help to avoid 
unnecessarily extending the surgical pro-
cedure. It can be applied to radiotherapy 
and radiosurgery allowing key functional 
structures to be potentially excluded from 
planned fields of high radiation dose. 
Application of the results of functional 
neuroimaging is less straightforward than 
direct cortical mapping. These techniques 
attempt to record changes in the brain 
which temporally correlate with a specific  
activity or occur in response to a given 
stimulus. Recording the cortical activations  
that occur during an event may help to 
identify the pathways that are physiologi-
cally employed for that activity. Current 
techniques for imaging neuronal activation  
rely upon indirect measures of activity 
such as alterations in blood flow or local 
metabolic activity. This indirect measure-
ment results in reductions of both tem-
poral and spatial resolution as compared to 

electrophysiological techniques. Examples 
exist of functionally important areas on 
preoperative imaging that were not con-
firmed on direct cortical stimulation and 
that were ultimately lesioned during the 
surgical procedure without the patient 
suffering from any overt deficits. This may 
be due to plasticity and redundancy within 
the neural network that is not apparent on 
activation studies or may reflect inaccura-
cies of the technique.

Functional MR imaging is more readily  
available and hence more widely used than 
other functional imaging modalities. It also 
currently has the largest evidence base for 
use in preoperative planning (Vlieger et al. 
2004). Concerns have been raised with 
regard to the accuracy of the technique 
within and immediately adjacent to tumors, 
particularly with regards to gliomas. The 
BOLD (blood-oxygen-level-dependent) 
response on which the technique relies 
may be reduced in these areas as compared 
to contralateral tissue, possibly as a result 
of altered venous drainage or of deranged 
neuro-vascular coupling (Holodny et al. 
2000). This may be of significance if it is 
to be applied to surgical planning although 
it has not been proven to be detrimental in 
clinical trials to date.

Positron emission tomography activation 
studies have been performed using H2

15O 
which, as a metabolically inert freely  
diffusing tracer with a short half-life, can 
be used to measure regional cerebral blood 
with good spatial and temporal resolution. 
Accurate delineation of key motor areas 
has been shown in the presence of tumors, 
although as blood flow is measured, it may 
be influenced by the same neuro-vascular 
decoupling as is seen in fMRI. Delineation 
of language areas is technically more  
difficult than identifying the motor cortex 
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as the change in signal obtained is smaller. 
The short half-life of 15O labelled water 
(~2 min) allows for multiple stimulation 
paradigms to be performed in a single 
imaging session. With direct electrical 
cortical stimulation taken as the “gold 
standard”, H2

15O-PET identifies cortical 
areas which produce speech disturbance 
when they are stimulated with 73%  
sensitivity and 81% specificity (Herholz 
et al. 1997).

FDG-PET activation studies can also 
be performed with simplified paradigms 
to allow for the reduced temporal resolu-
tion (20–30 min) achieved with the tech-
nique. The advantages of the technique are 
improved signal to noise ratio over fMRI 
or H2

15O-PET and the ability to perform 
the activation paradigm before data acqui-
sition commences, thus removing potential 
motion artefact (to which fMRI is particu-
larly sensitive). Fluorodeoxyglucose motor 
activation studies in patients with tumors 
impinging upon the primary motor cortex 
have been shown to have 94% sensitivity 
and 95% specificity in identifying regions 
that evoke a corresponding motor response 
on electrical stimulation (Schreckenberger 
et al. 2001). Disadvantage of the tech-
nique mostly relate to the longer half-life 
of 18F which necessitates a gap of 2–4 h 
between resting and activation scans, thus 
allowing the activation seen in response to 
only a single task to be acquired in a ses-
sion. This is partially compensated for by 
the metabolic data with regards to FDG 
uptake by the tumor that is obtained whilst 
the activation study is being performed.

Selection of the appropriate functional 
imaging modality for an individual patient 
is likely to depend heavily upon the 
circumstances unique to that case, as 
each technique has discrete advantages 

and disadvantages. In terms of practical 
considerations, PET equipment is typi-
cally less noisy, less claustrophobic and 
less sensitive to motion artifact than fMRI 
which may have advantages for children 
or other patients with cognitive impair-
ment resulting from their disease process. 
Functional MRI data, on the other hand, 
can be acquired at the same session as 
structural imaging, is typically a quicker 
overall process and avoids the small dose 
of radiation required for each PET scan.  
In addition to locating the cortical struc-
tures responsible for initiating a motor 
response or responding to a stimulus, 
identifying and protecting the tracts inter-
connecting these areas is essential to 
preserve function. Mapping of cortical 
tracts or “tractography” can be achieved 
using current clinical MR systems through 
diffusion tensor imaging (DTI). This tech-
nique can be combined with fMRI or PET 
activation data to aid with interpretation of 
the results, although this process may be 
more straightforward with fMRI data.

With current technology, it seems 
unlikely that any imaging modality will 
replace intraoperative cortical mapping 
for tumors involving “eloquent” areas of 
brain. Both PET and fMRI have a role in 
the preoperative planning of the surgical 
approach to be adopted and in highlighting 
the cortical areas that require intraopera-
tive assessment of their functional status. 
It is likely to be through this combined 
approach, in addition to techniques such 
as tractography, that the safety of surgical 
procedures can be maximized. Perhaps 
of equal importance, PET data may be 
employed to isolate the group of patients 
for whom the risk of surgical intervention  
does not outweigh any potential benefits.  
This may require the combination of  
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activation studies to identify procedures 
with a high-risk of resulting in a functional 
deficit, with other PET data to characterize 
the nature of the tumor and the associated 
prognosis.

 MONITORING BRAIN TUMORS: 
WHEN IS THE BEST TIME  
TO INTERVENE?

The majority of low-grade tumors will 
progress over time and may infiltrate func-
tionally important structures, making  
appropriate initial management of parti-
cular importance. Treating the lesion after 
it has progressed to involve other brain 
structures may be extremely difficult 
without causing irreparable damage. The 
side-effects of any potential treatment 
modality must also be considered, with the 
relevance of potential long-term complica-
tions depending upon the prognosis of the 
individual patient. Radiotherapy in partic-
ular carries a risk of significant side-effects 
which may occur several months or even 
years later, with cerebral necrosis being 
the most feared. Many of the factors 
involved in treatment planning relate back  
to making an accurate diagnosis, for which 
the benefits of PET have already been  
discussed. However, if the decision to delay  
initial treatment is made, monitoring of the 
tumor becomes of paramount importance 
to allow for timely intervention if there is 
evidence of progression. A similar situa-
tion exists after surgical resection of a 
tumor. Patients who fall into a good prog-
nostic group may be spared the complica-
tions of immediate adjuvant therapy in 
favor of treatment on evidence of recur-
rence. The effective use of these delayed 
treatment strategies relies on effective 

surveillance neuroimaging for which PET 
imaging is one useful modality.

The use of PET imaging in tumor 
surveillance has been limited, at least 
in part, by the combination of the need 
for repeated imaging of an individual, 
the cost, and the relative lack of avail-
ability of the technique. The design of 
clinical trials of disease surveillance with 
PET is also always constrained by con-
cerns about the radiation doses involved 
in an application with unproven benefits. 
Fluorodeoxyglucose PET typically results 
in a whole-body equivalent radiation dose 
similar to that of a CT of the abdomen or 
pelvis. In terms of neuroimaging, this is 
significantly more than the radiation dose 
of a head CT, although the relevance of this 
in a patient population with a malignant 
disease process is less clear. The definition 
of tumor progression in brain tumors is not 
straightforward as it must incorporate an 
increase of tumor size, including infiltra-
tion of previously uninvolved tissue, and 
progression to a “more malignant” tumor 
type. As a functional imaging modality, 
PET has the capacity to image this change 
in the behavior of a tumor. Positron emis-
sion tomography is well suited to serial 
imaging of a tumor as prior knowledge 
of the tumor location maximizes the ben-
efits of monitoring quantitative or semi-
quantitative changes in tracer uptake in 
a specific region of interest. This also 
negates any difficulties in differentiating 
between tumor and normal brain for trac-
ers such as FDG, although adequate sensi-
tivity to identify new secondary lesions is 
a consideration for a potential surveillance 
modality.

Small studies of both FDG and methio-
nine uptake in gliomas have shown increa-
sing uptake in tumors that show evidence 
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of malignant progression at further surgery 
(Roelcke et al. 1999). This can be seen 
as changes within the volume of an indi-
vidual tumor on serial imaging and could 
be used as an indication to initiate further 
treatment. Whether this would provide 
any improvement in survival has yet to be 
demonstrated but it may allow for treat-
ment to be commenced before a tumor 
demonstrates a significant increase in  
volume on structural imaging. This would 
seem to be advantageous both in terms of 
maximizing the potential benefits from 
adjuvant therapies and from minimizing 
neurological impairment as a consequence 
of tumor expansion. Positron emission 
tomography performed on clinical or other 
radiological evidence of tumor progression 
has been used to specifically investigate 
the value of the technique in assessing  
disease progression. Similar elevation 
in the uptake of both methionine and 
FDG has been demonstrated in cases later 
proven to show histological progression. 
The rarity of longitudinal studies means 
that few of these patients would have had 
preoperative or postoperative PET ima-
ging for comparison. However, the finding 
of high uptake in a patient with previous 
low-grade histology may be adequate 
to signify “malignant progression” of the 
tumor.

A particular difficulty in the surveil-
lance of brain tumors is the differentiation 
between recurrent tumor and the sequelae 
of previous treatment. Radiation necrosis 
may occur months or even years after 
radiotherapy or radiosurgery and presents 
with symptoms such as seizures, focal 
neurological deficits, and features of raised 
intracranial pressure. These symptoms 
would be equally typical of tumor recur-
rence, with conventional imaging likely 

to reveal an area of contrast enhancement 
and surrounding edema that may not help 
to distinguish between the two. Positron 
emission tomography has been used in this 
setting to identify possible recurrence of 
both primary and secondary brain tumors. 
Sensitivity of 75% and specificity of 81% 
has been suggested for FDG-PET in the 
diagnosis of tumor recurrence across a 
variety of tumor types within this group of 
patients (Chao et al. 2001). The sensitivity 
of the technique was also demonstrated  
to be further enhanced by coregistration 
of the images with MR data. Smaller  
studies with methionine uptake have shown 
similar or even better sensitivity but with 
increased uptake being less specific for 
tumor recurrence. The sensitivity of these 
investigations is of particular importance 
as patients with a negative result could 
potentially be spared further intervention. 
However, the evidence is presently lacking  
to justify not obtaining a histological diag-
nosis in a patient for whom there is a 
contrast MR scan that is suspicious of 
recurrence, even with a negative PET 
result, if there remains the possibility for 
further treatment.

 SELECTION OF TREATMENT 
MODALITIES

Comparison of the efficacy of different 
treatment regimens has proven difficult in 
brain tumors as different centers have sub-
stantially different approaches and uncer-
tainties in preoperative diagnosis compound 
the difficulty in designing randomized 
 trials. Positron emission tomography may 
have a role in predicting the response of a 
tumor to a specific treatment modality or 
chemotherapeutic agent. Methionine PET 
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imaging performed before and after radio-
therapy in low-grade gliomas shows a 
larger drop in methionine uptake follow-
ing radiotherapy in those patients who had 
higher uptake prior to treatment (Ribom 
et al. 2002). This variance may reflect dif-
ferences in the radioresponsiveness of 
individual tumors but the clinical signifi-
cance of the change seen on imaging has 
yet to be elucidated. Trials on low-grade 
gliomas have rarely been sub-divided as 
the small number of patients in any result-
ing groups risks further diluting the statis-
tical significance of any results obtained. 
Patients with low methionine uptake form 
a potential sub-group with a better progno-
sis which can be identified by PET imag-
ing. If it were to be demonstrated that this 
group also derived less benefit from radio-
therapy, then there may be an argument  
to delay radiotherapy in this group, per-
haps in favor of other adjuvant treatments 
to minimize the risk of long-term side-
effects.

Chemotherapeutic agents show great 
potential for assessment with PET ima-
ging as the drugs themselves and other 
compounds binding to the same targets can  
be radiolabelled for use as PET tracers. 
This has been used in drug development 
to further the understanding of the kinetics  
and metabolism of developmental com-
pounds. It could also be applied clinically to 
monitor the uptake of a drug into a target 
area without the need, for example, of 
receptor profiling which requires a tissue 
specimen. A pertinent example of PET 
use in chemotherapy has been the applica-
tion of PET methodologies to the study 
of the biodistribution and metabolism of 
Temozolomide in gliomas. Temozolomide 
is an alkylating agent which has been 
shown to provide a survival advantage in 

glioblastomas and which shows promising 
results in other gliomas. A dual radiola-
belling technique was applied to the study 
of the drug, with two different forms of 
the molecule being manufactured with 
11C radiolabels substituted into different 
points on the molecule (Saleem et al. 
2003). Comparative analysis of the tis-
sue uptake of these markers and their 
loss into the blood as drug metabolites 
allowed the specific mechanism of action 
of Temozolomide to be modelled in vivo. 
The technique also allowed for the distri-
bution of the drug within the tumor to be 
imaged, helping to confirm the potentially 
beneficial pharmacodynamic characteris-
tics of the compound. This demonstrates 
the scope of the technique both in drug 
development and in the potential even for 
assessing the uptake and distribution of a 
compound within an individual tumor.

 ASSESSING RESPONSE  
TO TREATMENT  
AND PROGNOSIS

The initial response of a tumor to treatment 
may provide information on the success 
of the intervention, the sensitivity of the 
tumor and may refine the prognostic infor-
mation available to the physician and the 
patient. This is a difficult period in which 
to obtain accurate diagnostic images as 
the effects of surgery or radiotherapy on 
disturbing the blood-brain barrier, inducing 
edema and activating cellular repair mecha-
nisms make image interpretation more 
difficult. After surgical resection, assess-
ment of the presence and volume of any 
tumor residual is a factor in considering 
the need for early adjuvant therapy. 
Contrast MR imaging in the first 48–72 h 
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postoperatively may give an indication of 
residual tumor volume, but this depends 
upon the patient being clinically fit to 
undergo the investigation in the early 
posto perative period. Beyond this time 
window it is very difficult to differentiate 
between residual tumor and postoperative 
changes on MR imaging alone.

If radiotherapy is to be considered, then 
not only must the presence of residual 
tumor be recognized but it must also be 
clearly delineated from the changes in and 
around the operative field to identify the 
target for radiotherapy planning. With its 
demonstrated sensitivity for identifying 
neoplastic tissue in the brain, MET-PET 
is a valuable imaging modality in this 
difficult group. Methionine uptake is only 
modestly increased in areas of blood-
brain barrier breakdown as compared to 
the more marked increase in association 
with primary brain tumors and particu-
larly with high-grade tumors. This allows 
areas of residual tumor to be more readily 
identified on MET-PET imaging and the 
technique has been applied effectively 
for radiotherapy planning in this patient 
group (Grosu et al. 2005). However, there 
will still be a small number of low-grade 
tumors with low methionine uptake that 
cannot be well visualized using MET-PET 
either preoperatively or postoperatively.

Assessing early response to radiotherapy 
suffers from similar difficulties to imaging 
after surgery, particularly due to edema 
induced by the treatment. Methionine PET 
has again been used, with reduced methio-
nine uptake in the early post-radiotherapy  
period being associated with a better 
response to radiotherapy. In particular,  
a greater drop in uptake from initial 
diagnostic imaging to repeat imaging post-
radiotherapy has been correlated with an 

improved response to treatment. It is also 
advantageous to use MET-PET imaging 
in the post-treatment period, as this gives 
a baseline uptake value against which 
further PET imaging can be compared. 
A continued stable or decreasing level 
of methionine uptake during follow-up 
is a positive prognostic indicator for the 
patient in terms of both overall and disease 
free progression (Nuutinen et al. 2000).

FDG uptake following radiotherapy 
can add further prognostic information 
to that obtained with other modalities 
and tracers, although the pathophysiologi-
cal mechanisms being imaged are less 
straightforward. For example, an increase 
in FDG uptake in PET imaging post-
radiotherapy as compared to pretreatment 
is associated with improved outcome and 
longer survival in patients with high-grade 
gliomas (Spence et al. 2002). This effect 
has also been documented in intra-cerebral 
metastases and meningiomas. The reason 
for this rise in local metabolic activity is 
incompletely understood but is likely to 
result from a number of different processes. 
These may include the influx of metaboli-
cally active inflammatory cells, increased 
metabolic activity in surviving cells when 
the mass effect of the tumor is relieved 
and the cellular energy requirements of 
apoptosis.

Positron emission tomography studies 
can enhance the ability of the physician to 
assess the response of a tumor to a selected 
therapy early in the treatment course. This 
may provide the opportunity to alter the treat-
ment plan in cases where the response is  
poor and an alternative treatment modality 
exists. There is also the possibility to add 
to the information available to the patient 
in terms of their likely prognosis which 
is important to both patients and carers. 
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Finally, uptake values during the initial 
response to treatment provide a baseline 
for further use of PET in follow-up and 
early identification of tumor progression 
as has previously been discussed in this 
chapter.

 THE FUTURE OF PET IMAGING 
IN BRAIN TUMORS

Future directions for PET imaging in brain 
tumors would seem to be split between 
extending the availability in clinical practice 
of existing PET techniques and introducing 
new tracers and methodologies to expand 
upon the clinical applications. In terms of 
technology, PET brain scanners in research 
units are already capable of 2 mm resolu-
tion which approaches the fundamental 
limit of the technique. Development of 
smaller, self-shielded cyclotrons and 
standard radio-chemical synthesis systems 
have allowed an increasing number of 
centers to produce and use tracers with 
short half-lives that cannot be transported 
between centers. This expansion would 
seem likely to continue although the cost 
of setting up a new unit remains extremely 
high. For the imaging of most primary 
brain tumors, 11C-methionine provides 
the best sensitivity and specificity of the 
currently available tracers although it 
belongs to the group of tracers that must 
be produced locally because of their short 
half-lives. The use of serial MET-PET for 
the diagnosis, monitoring and planning of 
treatment in brain tumors has thus far been 
limited but it has the potential for more 
extensive use in all of these situations. It is 
particularly useful in low-grade primary 
brain tumors which are difficult to distin-
guish from normal grey matter with other 

techniques. An alternative for the future 
may be to develop further amino acid PET 
tracers labelled with radioisotopes with 
longer half-lives, making regionalized 
production and transport more practicable. 
As has been discussed, 18F-fluoroethyl-L-
tyrosine and 18F-fluorodopa have already 
shown promising results. However, it would 
take time to reaccumulate the knowledge 
bank currently available for 11C-methionine 
with another tracer.

The expanding clinical use of image 
coregistration technology can partially 
overcome any lack of contrast between 
a tumor and the surrounding tissue by 
allowing a specific region of interest to be 
identified on structural imaging and then 
characterized on functional or molecular 
imaging. Current techniques have been 
demonstrated to be accurate and robust 
enough for clinical application with only 
modest requirements in terms of technology, 
time, and expertise. Methods for presenting  
the results of PET investigations to physi-
cians and surgeons such that all of the infor-
mation obtained is made available have 
scope for improvement in the future.

Development of new PET tracers 
presents wide-ranging opportunities to 
increase the usefulness of PET imaging in 
characte rizing different physiological and 
disease processes. It is difficult to know 
which direction tracer development will 
take but recent areas of particular interest 
have included markers of tumor prolife-
ration and of specific tumor processes. 
For example, FMAU (1-(2¢-deoxy-2¢-
fluoro-b-D-arabinofuranosyl)thymine)) is a 
thymidine analogue which is incorporated 
into DNA and which can be labelled with 
11C or 18F as a PET tracer. In a pilot study, 
FMAU showed low uptake in normal brain 
with increased uptake in intracerebral  
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metastases and recurrent gliomas (Sun 
et al. 2005). Interestingly, uptake was 
noted to be only slightly higher than that 
for normal brain in a metastasis which 
showed no evidence of progression in 
the subsequent year of follow-up. This 
suggests that the technique may have the 
capacity to distinguish actively prolifera-
ting tumor in the future.

Another example of a novel application 
of PET tracers is in the use of radiolabelled 
flumazenil to image g-aminobutyric acid 
(GABA) type A-benzodiazepine recep-
tors in dysembryoplastic neuroepithelial 
tumors (DNET). One peculiarity of this 
benign tumor is its propensity to act as an 
epileptogenic focus leading to seizures that 
are resistant to pharmaceutical treatment. 
Positron emission tomography reveals 
decreased flumazenil binding within the 
tumor which is presumed to represent 
a decrease in GABAA-benzodiazepine 
receptor density (Richardson et al. 2001). 
This may, at least in part, explain the 
tendency of these tumors to cause seizures 
and is an example of the use of PET to 
image the functional characteristics of a 
tumor. There is also value to this technique 
from the perspective of management of 
the tumor as characteristically low fluma-
zenil uptake may help to confirm the MR 
diagnosis of DNET without the need for 
biopsy. In addition, imaging of altered 
GABAA-benzodiazepine receptor expres-
sion elsewhere in the brain may help to 
predict the likelihood of surgical resection 
improving seizure control.

The peripheral benzodiazepine binding 
site ligand PK11195 has been used in 
the study of inflammatory and neurode-
generative diseases. It can be labelled as a 
PET tracer with 11C and shows relatively 
selective binding to activated microglia. 

The role of this marker in neuro-oncology 
has yet to be fully elucidated but it pro-
vides an opportunity to image the innate 
response of the brain to the presence of 
a tumor. Changes in this response may 
provide evidence of tumor progression and 
infiltration before morphological changes 
become apparent on conventional imaging 
techniques.

Development of further tracers to  
demonstrate the presence or absence of 
targets for specific chemotherapeutic or 
immunological treatments also seems 
likely. Ultimately, it is this ability to 
develop tracers which are highly specific to 
the individual molecular characteristics of 
a tumor and to image them at good spatial 
resolutions that sets PET aside from other 
imaging modalities. The scope for further 
development would seem to be enormous 
although costs remain high, especially in 
terms of setting up new centers and devel-
oping new methodologies. Future develop-
ments may, therefore, be shaped as much 
by the political and financial climate as by 
the benefits and limitations of PET itself.

In conclusion, challenges remain in the 
diagnosis, treatment planning, and out-
come monitoring of brain tumors that 
are peculiar to this group of diseases. 
Extensive research interest has begun to 
demonstrate the value of PET imaging in 
overcoming some of these problems but 
the introduction of these techniques into 
clinical practice has been restricted to 
specific centers. 18F-fluorodeoxyglucose is 
likely to remain the most widely available 
PET tracer and despite being less suit-
able for screening techniques in the brain 
than elsewhere in the body it can provide 
highly useful information for characte-
rizing brain tumors. On the other hand, 
amino acid tracers on the other hand are 
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ideally suited to imaging primary brain 
tumors, providing information on tumor 
infiltration and behavior that is difficult 
to obtain by any other means. Combining 
these techniques with current and future 
technologies for morphological imaging 
may be the best method to optimize the 
interventions presently available and to 
assess the effectiveness of novel therapies 
in an effort to improve the outlook for this 
group of patients.
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 INTRODUCTION

Positron emission tomography (PET) has 
been used for more than 2 decades for the 
diagnostic evaluation of patients with brain 
tumors. The workhorse of PET, radiola-
belled deoxyglucose (FDG), suffers limi-
tations in the evaluation of brain tumors 
due to the high metabolic activity of nor-
mal gray matter. A brain tumor with a 
metabolic activity at the level of cortical 
glucose consumption or even slightly 
lower is suggestive of high grade malig-
nancy. Positron emission tomography with 
FDG has therefore a limited role in the 
diagnosis and delineation of brain tumors 
(Figure 15.1). Radiolabeled amino acids 
have an established role in the diagnosis of 
brain tumors (Jager et al. 2001). The most 
common technique is PET using [11C]
methionine (MET). As a natural amino 
acid, MET is taken up in neoplastic cells 
by specific amino acid transporters. It has 
been shown, that amino acid transport is 
upregulated in glioma cells. The tracer is 
also used for protein synthesis. This meta-
bolic step, however, is not predominant for 
the accumulation of MET. For the majority 
of amino acids used for brain tumor imag-
ing until now, the upregulation of amino 

acid transporters in neoplastic cells is the 
key step of tracer accumulation. The distri-
bution of MET has been shown to reflect 
tumor spread more accurately than mor-
pho logical imaging techniques. Tumor to 
brain contrast of MET uptake is generally 
higher in grade III/IV gliomas than in low 
grade gliomas but a reliable prediction of 
tumor grade in individual cases is not pos-
sible. Positron emission tomography with 
MET has also been shown useful in moni-
toring of low grade gliomas. The labe ling 
with short lived 11C (half-life 20 min) is a 
major drawback of MET and precludes 
distribution of the tracer to PET centers 
without on site cyclotron.

Recently, O-(2-[18F]fluorethyl)-L-tyro-
sine (FET) has been introduced for the 
diagnosis of brain tumors (Wester et al. 
1999; Hamacher and Coenen 2002). This 
agent has been shown to exhibit a similar 
pattern and intensity of accumulation as 
MET (Heiss et al. 1999; Weber et al. 2000). 
Experiments in animals and cell cultures 
have demonstrated that FET enters the cell 
by specific amino acid transport mecha-
nisms but is not incorporated into proteins 
(Heiss et al. 1999; Langen et al. 2003). 
Owing to a slow blood clearance and to 
relatively stable tumor contrast, static 



180 M. Weckesser and K.-J. Langen

images from 20 to 40 min after injection 
have been recommended (Weber et al. 
2000). The aim of the present overview is 
to describe the accumulation pattern and 
dynamics of FET in primary brain tumors, 
mainly in astrocytic gliomas, and to pro-
vide recommendations for image acquisi-
tion and interpretation.

 INTENSITY AND DYNAMICS  
OF O-(2-[18F]FLUORETHYL)-
L-TYROSINE-UPTAKE

A comparative study on patients with 
brain tumors in whom both FET-PET 
and MET-PET was done first to describe 
uptake kinetics of FET (Weber et al. 2000). 
The study reports on imaging results in 

16 patients. Three patients had radiation 
necrosis or postoperative changes. The 13 
tumors formed a heterogeneous group of 
primary and recurrent parenchymal brain 
tumors and metastases. Overall the authors 
reported that FET uptake in tumors inc-
reased rapidly within the first 10 min and 
was more or less constant thereafter. Tumor 
to nontumor contrast as expressed by the 
ratio of tumor uptake versus normal brain 
uptake also showed a rapid increase within 
the first 10 min and slightly dec reased 
thereafter. Because this heterogeneous 
group contained only one low grade tumor, 
a subgroup analysis was not performed. 
The main finding of this study was that 
MET and FET yield comparable results in 
terms of the intensity of tumor uptake with 
a correlation coefficient of 0.94. As a 

Figure 15.1. Comparison of glucose metabolism as measured by FDG-PET (upper row) and uptake of 
the amino acid FET (lower row) in a 72 year old female patient with glioblastoma. Apparent defect of 
FDG uptake e.g., in the left occipital cortex, but metabolic activity is higher than white matter activity. 
The distribution of FET clearly delineates the tumor and shows tumor growth along the corpus callosum, 
which is typical of glioblastoma (left: axial slices, middle: coronal slices, right: sagittal slices)
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consequence of the kinetic data, the authors 
recommended static imaging from 20 to 
40 min after injection as imaging protocol 
for FET-PET. Recently, we analyzed 
FET uptake kinetics, in a series of primary 
brain lesions (Weckesser et al. 2005). 
Positron emission tomography data of 
FET uptake were analyzed in 44 patients 
with suspected brain tumors. Morphological 
imaging, mostly with magnetic resonance 
tomography (MRI), had previously been 
performed and had been suggestive of a 
brain tumor. Final diagnoses were high 
grade (WHO III° or IV°) brain tumors in 
19 patients, low grade (WHO I° or II°) 
tumors in six patients, four lesions had a 
proven nonneoplastic origin, three patients 
had cerebral lymphomas three patients had 
other lesions and no final diagnosis was 
available in nine patients (probably a 
group with a high proportion of low grade 
gliomas or nonneoplastic lesions). Positron 
emission tomography was performed after 
overnight fasting. The injected dose was 
2.5 MBq FET/kg bodyweight. Scanning 
was done in four consecutive 10 min 
frames, starting with injection. Each frame 
was reconstructed separately. In addition, 
raw data of frames 2–4 were added and 
were also reconstructed. These images were 
used for visual analysis. For the region of 
interest analysis, a polygonal reference 
region was drawn on normal brain tissue. 
A transaxial slice at the level of the semi-
oval center was used for that purpose. 
The region comprised the contralateral 
hemisphere or, in case of midline tumors, 
the unaffected anterior or posterior half of 
the brain. Venous structures, which were 
clearly defined in the first frame, were not 
included. Next, the transaxial slice showing 
the highest tumor intensity was chosen 

and an isocontour region around the tumor 
maximum was drawn using a cut-off three 
standard deviations above average activity 
in the reference region. Since mean and 
maximal uptake values were strongly 
correlated, only maximal uptake was used 
to calculate tumor to nontumor ratios 
(FETmax). Blood activity within the venous 
sinus was also measured.

Mean FET uptake in the reference region 
increased by 21% from frame 1 to frame 
2 and by 31% from frame 1 to frame 4. 
Maximal activity in the sinus decreased by 
26% from frame 1 to frame 2 and by 37% 
from frame 1 to frame 4. Maximal activity 
in all visible lesions increased by 18% 
from frame 1 to frame 2 and was nearly 
constant thereafter (14% higher in frame 4 
than in frame 1). O-(2-[18F]fluorethyl)-L-
tyrosine uptake above cortical level was 
observed in 35/44 lesions. All histologically 
confirmed gliomas and all other malignant 
primary tumors showed increased FET 
uptake. When splitting the tumors in low 
(i.e., WHO I° and II°) and high grade 
tumors (i.e., WHO III° and IV°) a signifi-
cant decrease of FETmax occurred in high 
grade lesions (3.2 ± 0.9 in frame 1 and 2.7 
± 0.8 in frame 4), whereas an increase in 
FETmax over time was found in low grade 
tumors (2.0 ± 1.3 in frame 1 and 2.4 ± 1.4 
in frame 4).

Figure 15.2 shows examples of different 
uptake patterns. Comparing high and low 
grade tumors, significant differences of 
FETmax were found in frame 1 (2.0 ± 1.3 in 
low grade tumors vs. 3.2 ± 0.9 in high 
grade tumors; p < 0.05) but not in frame 2 
or 4. Restricting the analysis to tumors of 
astrocytic origin resulted in the same pat-
tern. This observation indicates that there 
are differences in uptake kinetics depending 
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on the degree of malignancy. As a next 
step, the accuracy of FET uptake kinetics 
for tumor grading was assessed by calcu-
lating a retention index. A ratio of FET 
uptake in frame 4 to that in frame 1 was 
calculated for this purpose. This ratio was 
significantly higher in low grade tumors 
than in high grade tumors (ratio 1.5 ± 0.3 
in low grade and 1.1 ± 0.2 in high grade 
tumors, p < 0.01). This parameter resulted 
in a reasonable separation of high and low 
grade tumors. In astrocytic gliomas, only 
3/16 high grade tumors had ratios above 
1.33, whereas 4/5 low grade tumors sur-
passed this threshold. On ROC-analysis of 
grading astrocytic tumors, this ratio 
resulted in the largest area under the curve 
(0.9, 95% confidence interval: 0.76–1.0). 
Although grading was correct in 17/21 
patients with astrocytic gliomas, the resul-
ting accuracy is certainly not sufficient to 
replace histological confirmation. Further-
more, evaluation of contrast enhancement 
on MRI or CT was slightly superior in dif-
ferentiating high and low grade astrocyto-
mas (correct in 18/21 patients). Presence 
and kinetics of FET uptake however may 
aid to make clinical decisions in cases 
where no histological confirmation can be 
achieved.

The nonneoplastic lesions showed vari-
able patterns. The aneurysm had a high 

uptake in frame 1 (FETmax 4.3) and showed 
a decrease to 2.2 and 1.7 in frames 2 and 
4, respectively. Thus, activity was nearly 
identical to blood pool activity in the sinus 
of the same patient (sinus activity 3.7, 2.3, 
and 1.6 in frames 1, 2, and 4, respectively). 
Blood pool activity was therefore correctly 
identified (Figure 15.2c). Although a 
washout of activity was an indicator of 
malignancy, none of the neoplastic lesions 
of that series exhibited a comparable pat-
tern. The diagnosis of an aneurysm could 
thus be confirmed by dynamic FET PET. 
Therefore a comparison of blood pool 
activity and tumor activity is mandatory to 
correctly identify blood pool activity. 
Meanwhile we have observed one case of 
a choroid papilloma, a tumor originating 
of the vascular structures of the choroid 
plexus, which showed a similar kinetic 
behavior. The patient with a hemorrhage 
had a constant moderate uptake (FETmax 
1.4, 1.5, and 1.5 in frame 1, 2, and 4, 
respectively). This patient was studied to 
assess a possible neoplastic origin of  
an acute hemorrhage. The uptake pattern 
might have falsely been interpreted as sug-
gestive of low grade glioma, although 
these tumors do not tend to cause hemor-
rhage. The patient with an encephalitis 
showed considerable uptake (FETmax 2.1, 
2.0, 1.9 in frame 1, 2, and 4 respectively). 

Figure 15.2. Examples of FET kinetics. Left: contrast enhanced T1 weighted MRI, middle: FET uptake 
from 10 to 40 min p.i., right: graph of FETmax in frame 1, 2, and 4. The corresponding blood/brain ratios 
of the same patients are shown as dotted lines. Glioblastoma: high uptake but decreasing FETmax over 
time, note the more pronounced decrease in blood activity (a); astrocytoma WHO II°: increasing FETmax 
over time (the tumor was not contrast enhanced, hyperintense regions were also present on nonenhanced 
images) (b); atypical giant aneurysm: initially high uptake decreasing parallel to venous blood activity. 
The summed image was suggestive of a neoplastic lesion, a correct diagnosis was obtained because the 
washout was considered atypical of a neoplasm (c); pilocytic astrocytoma WHO I° (patient 1): increasing 
uptake in a strongly contrast enhanced tumor (d) (From Weckesser et al. (2005). With kind permission of 
Springer Science and Business Media)



18315. Clinical Evaluation of Primary Brain Tumor



184 M. Weckesser and K.-J. Langen

In the clinical setting, encephalitis was 
favored as diagnosis even before histolo-
gical confirmation, both because of signs 
and symptoms of the patient and because 
the uptake area was strictly limited to the 
cortex. Nevertheless, a biopsy was taken to 
rule out diffuse gliomatosis. The negative 
cases comprised one teratoma, a benign 
tumor and one dysembryoplastic neuroep-
ithelial tumor (DNT) WHO I°. One case of 
acute disseminated encephalomyelitis 
(ADEM) was negative as well. These 
inflammatory demyelinating lesions may 
mimic tumors on MRI. Meanwhile we 
have observed another patient with a lesion 
resulting from multiple sclerosis (MS), 
which showed a heterogeneous contrast 
enhancement on MRI. In that patient FET 
was completely negative as well, indicat-
ing that FET may serve as a tool to exclude 
a tumor in MS patients. In a recent series, 
however, a case of demyelination has been 
described with increased FET uptake 
(Floeth et al. 2006). In six negative cases 
no histological confirmation was obtained. 
These patients are likely to have either 
scars or low grade gliomas.

Blood activity was higher than average 
brain activity throughout the 40 min proto-
col with values decreasing over time (ratio 
of maximal blood to average brain activity 
3.3 ± 0.6 in frame 1, 2.0 ± 0.3 in frame 2, 
1.6 ± 0.2 in frame 4). An advantage of 
dynamic acquisition is the delineation of 
the venous system on the early scan. Since 
blood activity is above mean brain activity 
even after 40 min, demarcation of tumors, 
which are situated adjacent to the sinus, 
may be facilitated when the distribution on 
early and late frames is taken into account. 
This advantage was particularly evident in 
the atypical giant aneurysm in the present 
series as discussed above.

 CORRELATION OF  
O-(2-[18F]FLUORETHYL)- 
L-TYROSINE-UPTAKE  
WITH MORPHOLOGICAL 
IMAGING

In the series of patients described so far, 15 
tumors did not show any contrast enhance-
ment (CE) on MRI and/or CT. Within this 
group, six patients showed no FET uptake 
(four with unknown histology, one DNT, 
one ADEM), whereas nine lesions showed 
constant uptake of FET (FETmax ~ 2.0). 
Thus, a leakage of the blood brain barrier is 
not a prerequisite for increased FET uptake. 
This observation is in line with the results 
in other amino acids, which delineate via-
ble tumor tissue regardless of disturbances 
of the blood brain barrier. All lesions with 
CE showed considerable FET uptake with 
FETmax ~3. There was no difference of FET 
uptake in patients with minor CE and 
major CE but there was a significant 
decrease of the tumor to brain ratio in con-
trast enhanced lesions (FETmax 3.2 in frame 
1 and 2.7 in frame 4).

Previous investigations suggest that 
FET passes the blood brain barrier mainly 
by facilitated transport via amino acid 
transport system L (Heiss et al. 1999; 
Langen et al. 2003). System L is a bi-
directional transport system but there is 
little back diffusion of FET from normal 
brain tissue indicating trapping of the 
tracer or asymmetrical transport. Since 
FET is not incorporated into proteins, the 
mechanism of FET retention is probably 
caused by transport phenomena. High 
grade tumors are usually characterized by 
a break-down of the blood brain barrier as 
demonstrated by increased uptake of con-
trast media in the corresponding CT or 
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MRI scans. The disrupted blood brain 
barrier may allow an easier back diffu-
sion especially of unbound tracer which 
may lead to a faster decrease of tracer 
concentration in the corresponding area 
when the tracer concentration in the 
plasma decreases. This hypothesis may 
explain the observation that a significant 
decrease of FETmax over time was observed 
in the group of tumors, which exhibited 
contrast enhancement in MRI and CT but 
not in those without leakage of the blood 
brain barrier. Nevertheless, exceptions 
from this pattern were found. Some con-
trast enhancing tumors showed increasing 
FETmax and some nonenhancing tumors 
exhibited decreasing FETmax. Thus, a dis-
ruption of the BBB may contribute to the 
observed phenomenon of decreasing 
FETmax but appears not to be its exclusive 
explanation.

Solitary ring enhanced brain lesions on 
CT or MRI may represent neoplastic and 
nonneoplastic conditions. In a series of 14 
such patients, Floeth et al. (2006) evalu-
ated FDG-PET and FET-PET in differenti-
ating gliomas from nonneoplastic lesions. 
They found the highest FET uptake in 5/5 
malignant gliomas but 3/9 benign lesions 
also showed uptake values indicative of a 
neoplastic lesion (two abscesses and one 
demyelinating lesion). It can be concluded 
that absence of FET uptake in ring enhanced 
brain lesions is highly suggestive of a non-
neoplastic lesion as opposed to a glioma. 
Whether a solitary brain metastasis can be 
excluded by a negative FET-PET can not 
be concluded from that study, since no 
patients with metastases were included. 
Overall, the authors conclude that FET is 
not a substitute of histological sampling in 
this patient group.

 RECOMMENDATIONS FOR 
IMAGE ACQUISITION  
AND INTERPRETATION

As a result of the data discussed above, a 
dynamic acquisition protocol should be 
used for amino acid PET with FET. Using 
four time frames of 10 min each, an esti-
mation of the uptake kinetics is possible 
with a simple process of analysis. The 
tracer is obviously accumulated in the 
majority of histologically confirmed glio-
mas. A maximal FET uptake ratio above 
2.0 on images taken later than 30 min after 
injection is strongly suggestive of a neo-
plastic lesion but lower values do not exclude 
a tumor. Late static images do not allow 
predicting tumor grade reliably. This 
observation is in line with previous reports 
on amino acid imaging. If a lesion is not 
contrast enhanced on MRI or CT but accu-
mulates FET with increasing contrast, a 
low grade glioma is the most likely diag-
nosis. If a tumor is contrast enhanced and 
shows intensive FET uptake, with a slightly 
decrea sing contrast over time, a malignant 
tumor is likely. In the case of a major 
decrease in FET uptake over time, blood 
pool activity should be considered. A com-
parison of tumor uptake and uptake in the 
venous sinus may aid in detecting blood 
pool activity.

Tumor extent is accurately reflected by 
FET uptake between 15 and 40 min after 
injection. Pauleit et al. (2005) have 
shown that MRI is highly sensitive in 
delineating tumors but not very specific, 
when compared to stereotaxic biopsies 
(sensitivity 96%, speci ficity 53%). Taking 
FET uptake into account the accuracy for 
the presence of tumor tissue as opposed to 
peritumoral changes increased significantly 
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(sensitivity 93%, specificity 94%). It has 
to be kept in mind that FET-PET is not 
recommended as a substitute for MRI but 
as an additional tool.

 CLINICAL APPLICATION

Positron emission tomography using FET 
or other amino acid tracers should always 
be considered, when targeting tumor 
diagnosis or therapy. As amino acids 
delineate tumors most accurately, sampling 
errors may be avoided when using the 
metabolic information of amino acid 
uptake to target biopsy (Messing-Junger 
et al. 2002). Whether it is justified to 
abandon biopsy in incidental lesions which 
are metabolically inactive is still a matter 
of discussion and requires further studies. 
An example of targeted therapy is computer 
assisted surgery. This application of 
FET-PET, however, suffers from inaccu-

racies of image fusion, when the patients 
are operated on in an upright position and 
after opening the skull. Radiotherapy 
planning is another promising application 
of amino acid imaging. With the introduc-
tion of PET-CT hybrid scanners, the 
accuracy of PET and CT fusion is beyond 
doubt. Especially in radiotherapy of recur-
rent disease or in adjuvant therapy, the 
differentiation of postoperative changes or 
scars may be facilitated by amino acid 
PET (Figure 15.3). However, further 
studies should be conducted to prove the 
benefit of this application for the patient. 
Although it is reasonable to use the most 
accurate method for tumor delineation for 
radiotherapy planning, the therapeutic 
benefit may be marginal owing to the poor 
prognosis of high grade gliomas. A restric-
tion of the target volumes, however, may 
result in a lower toxicity of therapy.

Amino acid tracers have been shown to 
be useful in evaluating patients with glio-

Figure 15.3. Twenty-five year old female patient with astrocytoma WHO II°. The FET PET-CT study 
was done 15 days after surgery. Patient positioning was done using a special flat bed and a thermoplastic 
head mask for reproducible positioning. Residual tumor is delineated by FET uptake (right), image fusion 
(middle) with the radiotherapy planning CT (left) allows for inclusion of the metabolic information in the 
definition of target volumes
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mas after initial therapy. Experimental data 
suggest that differentiating post-therapeutic 
inflammatory changes (e.g., radionecrosis) 
from recurrent tumors is possible using 
FET (Rau et al. 2002; Spaeth et al. 2004). 
In a series of patients evaluated for the pres-
ence of recurrent tumors, Rachinger et al. 
2005, showed a higher specificity of FET-
PET (92.9%) as compared with MRI (50%), 
whereas sensitivity of the two procedures 
was comparable. Initial results indicate that 
FET PET may also be useful in monitoring 
therapy (Pöpperl et al. 2004), but further 
studies are needed to provide recommenda-
tions on the clinical use in this setting.

In conclusion, amino acid PET offers 
additional information to MRI in many 
clinical problems. With the increasing 
number of scanners, the availability of PET 
and PET-CT in patient care has improved 
considerably in the last years. In search of a 
fluorine-18 labeled amino acid, which can 
be used without on site cyclotron, FET has 
yielded promising experimental and clinical 
results. Positron emission tomography using 
FET has the potential to be introduced in 
routine clinical praxis in near future.
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16
Combined Use of [F-18]
Fluorodeoxyglucose and [C-11] 
Methionine in 45 PET-Guided Stereotactic 
Brain Biopsies
Benoit Pirotte 

INTRODUCTION

Because brain tumors are histologically 
heterogeneous, computerized tomography 
(CT) or magnetic resonance (MR)-guided 
stereotactic brain biopsy do not always 
yield the actual diagnosis or grading (Black 
1991; Chandrasoma et al. 1989; Choksey 
et al. 1989; Feiden et al. 1991). Positron 
emission tomography (PET) provides use-
ful, independent and complementary meta-
bolic information on brain tumors (Glantz 
et al. 1991b). We have previously developed 
a technique allowing the routine integration 
of PET data in the planning of stereotactic 
brain biopsy (Levivier et al. 1992, 1995; 
Pirotte et al. 2004). We originally used 
[F-18]-labeled fluorodeoxyglucose (FDG) 
as the radiotracer because of the large core 
of information on the use of this tracer in 
neurooncology. The selection of targets on 
stereotactic PET images with FDG (FDG-
PET) allows to direct biopsies accurately in 
the abnormal metabolic foci of brain tumors 
(Levivier et al. 1992). These authors have 
shown that FDG-PET-guided stereotactic 
brain biopsy increases the diagnostic yield 
and the accuracy of the technique.

Experience with FDG-PET-guided biopsy 
has shown, however, some limitations. 

Indeed, targeting may be difficult when 
there is no or minor FDG uptake, such as 
in low-grade tumors (Chung et al. 2002). 
Also, when a hypermetabolic lesion is in 
close relationship with the cortical or sub-
cortical grey matter, tumor and normal FDG 
uptake are difficult to differentiate (Chung 
et al. 2002; Delbeke et al. 1995). Therefore, 
we tested [C-11]-labeled methionine (Met) 
as an alternative tracer for stereotactic PET 
guidance. As a first step toward the use of 
PET with Met (Met-PET) in stereotactic 
conditions, we used combined FDG- and 
Met-PET-guidance for stereotactic brain 
biopsy (Pirotte et al. 2004). The aim of the 
present study is to evaluate the relative con-
tribution of Met and FDG in all patients that 
underwent PET-guided stereotactic brain 
biopsy with both tracers during this limited 
period of time.

MATERIALS AND METHODS

Patient Selection

Since June 1991, we routinely perform 
PET-guided stereotactic brain biopsy in 
patients suspected of having a non-resectable 
brain tumor based on a preoperative neu-
roimaging work-up (Levivier et al. 1995).  
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Our current series comprises more than 
250 cases. Between July 1992 and June 
1997, 45 patients underwent biopsy guided 
by combined FDG-PET and Met-PET per-
formed in stereotactic conditions. These 
patients presented a lesion that was in close 
relationship with the cortical or subcortical 
grey matter (including the basal ganglia and 
the brainstem), suggesting that FDG could 
be poorly contributive to target selection. 
There were 30 men and 15 women whose 
ages ranged between 2 and 87 years (mean 
52.6 years). Forty-four patients were previ-
ously untreated and one presented with a 
recurrent lesion.

Stereotactic PET Data Acquisition

For data acquisition, the technique of com-
bined stereotactic PET with Met and FDG 
was adapted from our previous experi-
ence with FDG-PET-guided stereotactic 
brain biopsy (Levivier et al. 1992, 1995). 
Placement of the stereotactic frame, data 
acquisition including stereotactic PET 
with Met and FDG as well as CT or MR, 
surgical planning and the biopsy proce-
dure were performed the same day. All 
patients gave their informed consent, and 
the procedure was in accordance with the 
ethical guidelines of our institution.

After placement of the CT- and MR-com- 
patible base ring (Fischer ZD-Neuros- 
urgical Localizing Unit, Howmedica 
Leibinger, Freiburg, Germany), stereotactic 
CT or MR without and with intravenous 
contrast enhancement were obtained. For 
stereotactic PET, a clamp specifically 
designed to secure the head ring to the 
Siemens couch (Howmedica Leibinger, 
Freiburg, Germany) was used. In order 
to create a fiducials reference system 
compatible with PET, we have used the 

commercial MR localizers with minor 
modifications as previously described 
(Figures 16.1a, c, and d) (Levivier et al. 
1992). After the transmission scan, the 
patient was first injected intravenously 
with 10–15 mCi of Met. Images used for 
stereotactic calculation were acquired 
between 20 and 40 min after injec-
tion of the tracer. Eighty minutes after 
Met injection, the patient was injected 
with 6–9 mCi of FDG. Images used for 
stereotactic calculation were acquired 
between 40 and 60 min later. The PET 
camera used at the time of this study 
(CTI/Siemens 933/08/12 tomograph, 
Knoxville, Tennessee, USA) allowed 
simultaneous acquisition of 15 slices 
~6.5 mm-thick, with a full width at half-
maximum resolution of ~5 mm. The 
accuracy of target calculation is within 
PET camera resolution as previously 
described (Levivier et al. 1992). Briefly, 
as demonstrated in a study based on 
phantom, there is a tight correspondence 
between PET- and CT-located targets. 
With this camera, PET sections are of 
2.591 × 2.591 mm pixels and are 6.75 
mm thick. Thus, the precision of the tar-
get definition corresponds to a volume of 
45 mL (Levivier et al. 1992).

Analysis of Stereotactic PET Images  
and Target Definition

The surgical planning began with analysis of 
the PET images. Since this series represents 
an evaluation of Met-PET, we always started 
by an independent analysis of FDG-PET 
images, as based on our previous experience. 
Met-PET images were analyzed afterwards. 
Areas of abnormal metabolism used for 
target selection were either zones of FDG 
or Met uptake that were higher than the 



19116. Combined Use of [F-18]Fluorodeoxyglucose and [C-11]Methionine in 45 Pet-Guided

surrounding normal appearing brain tissue 
or foci of relative increase of FDG or Met 
uptake in a hypometabolic lesion. The tracer 
FDG was used for target selection when 
its uptake in the tumor was higher than, or 
distinguishable from the grey matter. Met 
was used for target selection when there 
was no FDG uptake or when FDG uptake 
was equivalent to that of the grey matter. If 
the PET images revealed areas of abnormal 
increased tracer uptake within the lesion’s 
area, the plane that best displayed the abnor-
mal FDG or Met uptake was selected and a 

pixel located in the center of this zone was 
interactively pointed at on visual inspection. 
The coordinates of that pixel were calculated 
and set as a target for biopsy. When a target 
was selected on FDG-PET, it was then pro-
jected onto the corresponding Met-PET slice 
to analyze and compare the local uptake of 
both tracers in order to determine which 
tracer offers the best information. These 
targets were also projected onto the cor-
responding stereotactic CT or MR slice to 
control the reliability and the safety of  
the target selection and of the trajectory, 

Figure 16.1. Stereotactic acquisition of MRI (a and b), FDG-PET (c) and Met-PET (d) images in an 
anaplastic oligoastrocytoma located in the right frontal area. The 3D surface reconstruction (a) shows the 
fiducials embedded into the localizers grooves which are filled up with radioactive 18F-fluoride natrium 
for allowing visualization on PET images (c and d). The extent of MET uptake was much larger than the 
extent of FDG uptake. There was a correspondence between the areas of highest tracer uptake on both 
PETs (c and d)
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especially verifying that the PET-defined 
target remains within the lesion’s bounda-
ries.

Whenever possible, two targets were 
selected for biopsy, in order to sample dif-
ferent metabolic areas of the tumor. When 
the area of highest FDG uptake was smaller 
than the limits of the lesion visualized 
on the corresponding slice of Met-PET, 
another target was selected on the Met-PET, 
outside the area of increased FDG uptake. 
In patients where there was no obvious 
abnormal FDG or Met uptake that could be 
used to select a target for biopsy, surgery 
was planned using CT or MR data only.

Data Analysis

In all patients, serial stereotactic biopsies 
were performed along each trajectory, 
following the Kelly’s technique (Kelly 
et al. 1987). For all biopsy specimens, 
smear preparation and formalin-fixed sam-
ples were analyzed after appropriate stain-
ing (Kleihues et al. 1993; Levivier et al. 
1995; Pirotte et al. 2004). For the present 
study, glial tumors were classified using 
a three-tier system: low-grade glioma 
(LGG), including astrocytoma, oligoden-
droglioma, giant cell astrocytoma and gan-
gliocytoma; anaplastic astrocytoma (AA) 
and glioblastoma (GB). Non-glial tumors, 
whether neoplastic or not, were also 
included, as well as non-tumor lesions. 
For each patient, a histological diagnosis 
was established. Then, the pathological 
description obtained in each biopsy trajec-
tory was recorded separately, regardless of 
the patient’s final diagnosis. If non-tumor 
samples made of gliotic, reactional or 
necrotic tissue were found, they were clas-
sified as non-diagnostic trajectories.

In order to evaluate the role of Met-PET 
in target selection, we retrospectively clas-

sified biopsy trajectories in three groups, 
according to their metabolic character-
istics: FDG-PET-guided trajectory, Met-
PET-guided trajectory, or CT-/MR-guided 
trajectory. For that purpose and since  
we found that all areas of increased FDG 
uptake were in areas of increased Met 
uptake, we first looked at whether Met 
uptake was increased [Met(+)] or not 
[Met(−)]. In Met(+) trajectories, we further 
looked at whether FDG-PET was used for 
the target selection. Indeed, as described 
above, FDG-PET images were used in 
priority for target selection either when 
they gave more information than Met-PET 
images or when both tracers were equiva-
lent (FDG-PET-guided trajectory). On the 
other hand, when Met-PET data were 
superior to those of FDG-PET, Met-PET 
was used for target selection (Met-PET-
guided trajectory). In Met(−) trajectories, 
target selection was based on CT or MR 
only (CT-/MR-guided trajectory).

RESULTS

Histological diagnosis was obtained in all  
patients. Diagnoses included 10 GB, 12 AA,  
10 LGG (including 6 astrocytomas, 2  
oligodendrogliomas, 1 giant cell astro-
cytoma and 1 gangliocytoma), 3 primary 
non-Hodgkin’s lymphomas (PNHL), 
3 metastases, 1 primitive neuroectoder-
mal tumor (PNET), 1 ischemic lesion, 1 
hematoma, 1 abscess, 2 progressive multi-
focal leucoencephalopathies (PML) and 1 
post-radiation gliosis (PR) without tumor 
recurrence.

Abnormal Met and FDG Uptakes. All 
tumors (n = 39) had an area of abnormal 
Met uptake. Among them, 18 tumors 
were biopsied based on FDG-defined tar-
gets and the other 21 tumors based on 
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Met-defined targets. These 39 tumors may 
be divided in 3 groups according to their 
level of FDG uptake. When tumor FDG 
uptake was higher than in the grey matter 
(n = 18), i.e., the tumor was clearly vis-
ible on FDG-PET, it was used for target 
selection. In this group we found 7 GB,  
6 AA, 1 LGG, 2 PNHL and 2 metastases. 
When tumor FDG uptake was equivalent 
to that of the surrounding grey matter (n 
= 15), a target could not easily be defined 
on FDG-PET, and therefore Met-PET was 
used for target selection. This was the case 
in 3 GB, 5 AA, 5 LGG, 1 PNHL, and 1 
PNET. Finally, when no FDG uptake was 
found (n = 6), targets were also selected 
on Met-PET as in 1 AA, 5 LGG and 1 
metastasis (Figures 16.2 and 16.3). Thus, 
Met was the tracer used to define a target 
for biopsy in 21 of these 39 tumors (54%). 
The remaining six lesions were non-tumor 

and had no Met uptake. They were biop-
sied on CT- or MR-defined targets.

Lesions in the Cortical Grey Matter. In 
this series, 25 lesions involved the cortical 
area. They were 21 tumors (6 GB, 8 AA, 1 
PNHL and 6 LGG) and four non-tumor 
lesions. In the 21 tumors, Met was used 
for target selection in 15 (71%) while FDG 
only was used in six (4 GB, 1 AA and 1 
LGG). The 15 cortical tumors biopsied on 
Met-PET included four lesions that were 
not enhanced on CT or MR (three LGG 
and one AA). The four non-tumor lesions 
had no Met uptake and biopsy was guided 
on CT- or MR-enhanced areas.

Lesions in the Sub-Cortical Grey Matter. 
The 20 other lesions were located in the 
sub-cortical grey matter. Thirteen were 
located in the basal ganglia and seven in 
the brainstem. There were 18 tumors and 
two non tumor lesions. In 11 of the tumors 

Figure 16.2. Stereotactic FDG-PET (a) and Met-PET (b) images in a glioblastoma located in the left fronto-
rolandic cortical area. Tumor FDG uptake was equivalent to that of the surrounding grey matter and a target 
could not easily be defined on FDG-PET alone. Therefore, Met-PET was used for target selection
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(61%), FDG was used for target selection 
because its uptake was higher than in the 
grey matter. However, in two cases (one GB 
and one PNHL), a second trajectory was 
performed in an area of high Met uptake 
outside the limits of high FDG uptake 
and also yielded similar tumor tissue.  
In five other tumors (one GB, one PNHL, 
and one LGG), FDG uptake was equivalent 
to that of the grey matter and Met-PET was 
used to guide the biopsy. In the remain-
ing four cases with no FDG uptake, one 
metastasis and one LGG were biopsied 
using target selection on Met-PET and the 
two others (two non-tumor lesions) had no 
Met uptake and were biopsied on CT- or 
MR-defined targets.

Specific Contribution of Met-PET and 
FDG-PET. In order to evaluate the specific 
contribution of Met-PET, compared to 
FDG-PET, in target selection for biopsies, 

we reviewed all tumors which had both 
FDG(+) and Met(+) areas, and in which 
two biopsy trajectories were performed. 
There were 14 gliomas (seven GB, six AA 
and one LGG). In all of them, this diagno-
sis was obtained in the trajectory targeting 
the area of highest FDG uptake which also 
corresponded to the area of highest Met 
uptake. The second trajectory was always 
performed in an area of Met uptake but 
outside the area of increased FDG uptake. 
In those trajectories, the same diagnosis 
was obtained in all cases. The diagnostic 
yield of the 97 stereotactic trajectories  
performed in the 45 patients (2.1 trajecto-
ries per patient) was studied according to 
their Met uptake. Seventy-three trajecto-
ries corresponded to an area of increased  
Met uptake. In the other 24 trajectories, 
there was no abnormal Met uptake and 
biopsy was based on CT- or MR-defined 

Figure 16.3. Stereotactic FDG-PET (a) and Met-PET (b) images in an anaplastic astrocytoma located in the 
right fronto-rolandic cortical area. Tumor FDG uptake was lower than that of the surrounding grey matter 
and a target could not be defined on FDG-PET. Therefore, Met-PET was used for target selection
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targets. All the 73 Met+ trajectories yielded 
tumor tissue. When these trajectories are 
analyzed for their FDG uptake (superior 
or equivalent to that of grey matter, or 
absent), it reveals that Met was superior to 
FDG to differentiate tumor tissue from the 
surrounding brain. Consequently, Met was 
used more often than FDG to define target 
for biopsy (43 of the 73 trajectories, 59%). 
The 24 Met(−) trajectories yielded non-
tumor tissue. Among them, there were ten 
non-diagnostic trajectories. All these non-
diagnostic trajectories were obtained in 
patients where the diagnosis was always 
given in another trajectory that presented 
increased Met uptake. They included two 
GB, three AA, four LGG and one metas-
tasis.

Specificity and Sensitivity to Detect 
Tumor Tissue. Thus, in this series,  
Met-PET provided 100% sensitivity and 
100% specificity. A comparative analysis 
between Met and FDG characteristics in 
each tumor trajectory showed a good 
correspondence between tumor grade or 
malignancy and the uptake of both trac-
ers (Figure 16.1). Similarly, Met-PET and 
FDG-PET were concordant in non-tumor 
trajectories, as the uptake of both tracers 
was negative.

We analyzed and compared the specifi-
city and sensitivity to detect tumor tissue 
of FDG-PET, MET-PET, and MRI in this 
series. For that purpose, we analyzed the 
diagnoses of 97 biopsy targets performed 
in these 45 patients and classified them 
according to the presence or the absence 
of tumor tissue; it is easy to calculate 
the rate of false positive (10%, 0% and 
26.6% for FDG-PET, Met-PET and MRI 
respectively), false negative (18.5% and 
0% for FDG-PET and Met-PET respec-
tively), true positive (n = 55, n = 73 and 
n = 73 for FDG-PET, Met-PET and MRI, 

respectively) and true negative (n = 14 and 
n = 24 for FDG-PET and Met-PET respec-
tively) results in each imaging modality. 
Sensitivity is measured by the number 
of false negative samples (tumor tissue 
in areas of negative signal on imaging). 
Specificity is measured by the number of 
false positive samples (non-tumor tissue 
in areas of positive signal). A chi-square 
statistical analysis showed that:

1. The specificity of Met-PET was signifi-
cantly higher than that of FDG-PET and 
of MRI (p = 0.0009 and p = 0.00002, 
respectively)

2. The sensitivity of Met-PET was signifi-
cantly higher than that of FDG-PET 
(p = 0.00004)

3. The false positive rate of FDG-PET 
(10/97 = 10%) was half of the false posi-
tive rate of MRI (22/97 = 22.7%)

4. The specificity of FDG-PET was, how-
ever, not significantly lower (p = 0.18) 
than that of MRI

5. The reduction in the non-diagnostic 
sampling rate by the PET-guidance com-
pared to the results by using MRI alone 
was very significant (p = 0.00001)

6. The sensitivity of FDG-PET was weak 
(18/97 = 18.5% of false negative)

DISCUSSION

PET for the Guidance  
of Stereotactic Brain Biopsy

Brain tumors, especially gliomas, are 
charac terized by geographic variations 
of their histological malignancy (Paulus 
and Peiffer 1989; Wong et al. 2002) that 
cannot be distinguished on conventional 
anatomic imaging such as MRI even with 
contrast injection (Patronas et al. 1983). 
Therefore CT- or MR-guided stereotactic 
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brain biopsy do not always yield the actual 
diagnosis or grading, since target selection 
may lead to significant sampling error and 
secondary potential understaging (Black 
1991; Chandrasoma et al. 1989; Choksey 
et al. 1989; Feiden et al. 1991; Glantz 
et al. 1991a).

PET provides independent and comple-
mentary metabolic information on brain 
tumors (Glantz et al. 1991a; Wong et al. 
2002). Literature has collected numerous 
data on PET in brain tumors, mainly with 
the tracer FDG. When combined with ana-
tomical imaging techniques, FDG-PET can 
provide information regarding tumor grad-
ing (Goldman et al. 1996, 1997; Levivier 
et al. 1995; Pirotte et al. 2005), response 
to therapy (De Witte et al. 1998; Levivier 
et al. 1999) and prognosis (De Witte et al. 
1996, 2000). In particular, early clinical 
studies had demonstrated that the glyco-
lytic rate of brain tumors, as assessed by 
FDG uptake, is a more accurate reflection 
of tumor grade than contrast enhancement 
(Patronas et al. 1983).

To take advantage of these metabolic 
data in the management of brain tumors, 
we have previously developed a technique 
allowing the routine integration of PET 
data in the planning of stereotactic brain 
biopsy (Levivier et al. 1995). We origi-
nally used FDG because it was the most 
widely used radiotracer in brain tumors 
(Wong et al. 2002). The selection of tar-
gets on stereotactic FDG-PET-generated 
images allows to direct biopsies accurately 
in the abnormal metabolic foci of brain 
tumors (Levivier et al. 1995; Pirotte et al. 
2003). We have shown that FDG-PET-
guided stereotactic brain biopsy increases 
the diagnostic yield and the accuracy of the 
technique (Levivier et al. 1995, Massager 
et al. 2000; Pirotte et al. 2004). Moreover, 

PET-guided stereotactic brain biopsy has 
allowed to accurately correlate metabo-
lism and histology and to confirm fur-
ther the correlation between PET tracers 
uptake and the tumor grade (Wong et al. 
2002). Indeed, we have found with this 
method, a significant correlation between 
FDG uptake, as well as Met uptake, and the  
presence of anaplasia (Goldman et al. 1996, 
1997), which supports the present observa-
tion of the good concordance between 
Met-PET and FDG-PET in biopsy trajec-
tories. This study does not allow to answer 
specifically the question of the marginal 
utility of PET over just using CT or MRI. 
This has, however, been already addressed 
in previous work in which at least two tra-
jectories were performed within the tumor 
boundaries in areas of different PET tracer 
uptake (Levivier et al. 1995; Massager 
et al. 2000). The same study could have 
also been prospectively conducted in this 
series. However, it would have required to 
design a more complex protocol compar-
ing at least two PET+ trajectories with at 
least one PET- MR+ trajectory. This design 
did not appear to be ethically justified since 
this could have increased the risk of the 
procedure and the goal of the present study 
was different. However, the specificity of 
Met-PET was calculated as significantly 
higher than that of FDG-PET and of MRI 
which had a high false positive rate of 
(FDG-PET: 10/97 =10%; MRI: 22/97 = 
22.7%), the sensitivity of FDG-PET was 
weak and the specificity of FDG-PET 
was not significantly lower than that of 
MRI. Nevertheless, the reduction in the 
non-diagnostic sampling rate by the PET-
guidance compared to the results by using 
MRI alone was very significant which sug-
gests the marginal utility of PET over just 
using MRI guidance.
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The increased use of PET guidance  
in neurosurgical procedures, such as neu-
ronavigation and radiosurgery (Levivier 
et al. 2002) in which the issue of tracer 
choice is crucial, prompted us to review in 
details this unique series with the use of 
two tracers in stereotactic conditions.

Choice of Radiotracer

The type of information obtained with 
PET mostly depends on the radiotracer 
used. There has been numerous studies 
on the use of FDG for the management 
of brain tumors (Coleman et al. 1991; 
Delbeke et al. 1995; Derlon et al. 1997; 
De Witte et al. 1996, 2000; Glantz et al. 
1991a, b; Wong et al. 2002). However, our 
experience with FDG-PET-guided biopsy 
has shown some limitations. Indeed, targe-
ting may be difficult when there is no or 
minor FDG uptake, such as in low-grade 
tumors (Chung et al. 2002). Also, when a 
hypermetabolic lesion is in close relation-
ship with the cortical or sub-cortical grey  
matter, tumor and normal FDG uptake are 
difficult to differentiate (Delbeke et al. 
1995). The use of Met, a marker of amino 
acids uptake and protein synthesis, has also 
been validated in neuro oncology (Chung 
et al. 2002; Derlon et al. 1997, 2000; 
Mineura et al. 1991; Kaschten et al. 1998). 
This PET tracer has several advantages: 
(1) it is considered as efficient and more 
suitable than FDG in delineating areas of 
tumor tissue (Derlon et al. 1997; Wienhard 
et al. 1991; Wong et al. 2002), (2) its 
uptake is reported as increased in low-
grade glial tumors (Delbeke et al. 1995; 
Derlon et al. 1997; Derlon et al. 2000),  
(3) its uptake is low in the grey matter, 
and (4) the biological behavior of this 
tracer in neoplastic tissues shows that 

its accumulation is representative of the 
active transport of amino acids. For all 
these reasons, we tested Met as an alterna-
tive tracer for stereotactic PET guidance. 
As a first step toward the use of stere-
otactic Met-PET in neurosurgery, we used 
combined FDG- and Met-PET-guidance 
for stereotactic brain biopsy during a lim-
ited period of time (Pirotte et al. 2004) 
which represents the materials of the  
current study.

Accuracy of Stereotactic  
PET Coregistration

To accurately compare PET images 
obtained with different tracers or integrate 
PET images with other imaging modalities, 
visual correlation requires a procedure of 
electronic frame-based or frameless image 
coregistration. The criteria in the choice of 
one or the other approach will be a trade-
off between accuracy and reliability against 
minimal invasiveness and clinical routine 
feasibility. This study, using frame-based 
high-precision PET-MR coregistration 
technique, represents therefore a unique 
opportunity to compare accurately both  
tracers. Indeed, for stereotactic PET, 
imaging fiducials system defining the 
stereotactic coordinate space of a frame 
attached to the patient is the most accu-
rate and reliable way of registering PET 
images. The various technical challenges 
associated with PET acquisition had  
been addressed carefully, especially with 
phantom-based validation (Levivier et al. 
1992, 2000; Pirotte et al. 2003). The 
recent developments of PET techno logy 
are improving the performance of neuro-
surgical PET guidance both in terms 
of resolution and sensitivity. New PET  
tomographs have increased number of 
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detectors which particularly enhance the 
axial resolution of the system. These new 
machines also allow tridimensional acqui-
sition and storage of the data. For example,  
our newer camera, which is routinely 
used for PET-guided navigation and  
radiosurgery allows the simultaneous 
acquisition of 63 planes with a slice thick-
ness of 2.4 mm.

Comparison Between Met and FDG

Our results confirm our preliminary data 
showing that Met may be a good alternative 
to FDG for target selection in PET-guided 
stereotactic brain biopsy (Pirotte et al. 
2004). With Met-PET guidance, histologi-
cal diagnosis was obtained in all patients. 
The ten non-diagnostic samples were found 
exclusively in trajectories defined on CT 
or MR, in areas where there was no Met 
uptake. Because CT or MR were abnormal 
in those areas, one cannot rule out that 
biopsy guidance limited to CT/MR data in 
those ten patients would have jeopardized 
the final diagnosis. This high diagnostic 
value of Met-PET is also illustrated by the 
fact that, in this series of patients, all tumors 
presented with an area of increased Met 
uptake. Tumor detection by Met did not 
present false negative in this series.

Our experience with both tracers acquired 
and compared in stereotactic conditions 
shows that, in 21 of the 39 tumors, which 
were all located in grey matter areas, Met 
was the only tracer usable for target selec-
tion. This was the case in high-grade tumors 
where tumor and normal FDG uptake were 
difficult to differentiate as well as in low-
grade tumors where there was no FDG 
uptake. Indeed, in nine LGG, the highest 
focus of Met uptake was used for target 
definition. In those LGG, Met was more 

contributive than FDG because no FDG 
uptake was found. One could argue that 
Met uptake in LGG is not a constant finding 
(Derlon et al. 1997; De Witte et al. 2001). 
However, the chances to find an abnormal 
increased uptake of radiotracer remains 
higher with Met than with FDG (De Witte 
et al. 2001; Goldman et al. 1996, 1997).

When located in the cortex, we found 
that the majority of high grade tumors 
(19 out of 25) present limitations in target 
definition with FDG-PET. Met is therefore 
superior to FDG for target selection in 
enhanced or non-enhanced tumors located 
in the cortex. Interestingly, the four non 
tumor lesions in the cortical area indicate 
that absence of Met uptake could already 
have suggested, before the biopsy, a non 
tumor diagnosis. When the tumor was 
seated in the sub-cortical grey matter, 
FDG was more frequently useful for tar-
get selection (11 out of 20 cases). In the 
other nine, only Met showed abnormal 
uptake. All stereotactic biopsies performed 
in brainstem lesions yielded a diagnosis of 
tumor, as anticipated by a high uptake of 
Met. This further confirms that the integra-
tion of stereotactic PET, especially with 
Met, should allow to increase the diag-
nostic yield while reducing the number 
of trajectories, in highly functional brain 
areas (Massager et al. 2000).

The measurements of the specificity of 
Met-PET to detect tumor tissue showed 
the superiority of this tracer on FDG and 
MRI. The sensitivity of FDG-PET was 
weak and the specificity of FDG-PET 
was not significantly lower than that of 
MRI. The significant reduction in the non-
diagnostic sampling rate by the FDG-PET-
guidance compared to the results by using 
MRI alone (Levivier et al. 1995), remains 
compatible with a weak sensitivity and 
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specificity of this tracer because non-
diagnostic samples represent false positive 
results in MRI but true negative results in 
FDG-PET. Unfortunately, the sensitivity 
of MRI to detect tumor tissue has not been 
studied here because no biopsy was made 
outside the tumor boundaries on MRI.

In all tumor locations, even those 
where FDG provide useful information, 
Met was easily used for target selection. 
Because Met uptake was increased in 
all tumors, whether benign or malignant, 
one can argue that Met-PET was not dis-
criminant enough to direct the biopsy to 
the most malignant area of the tumor, as 
allowed by FDG-PET. Moreover, if Met-
PET was the only tracer available, one 
cannot rule out that target selection could 
have been different (especially in those 
cases with high FDG uptake) and would 
not have been as accurate in all cases. Our 
comparison of the diagnostic yield of the 
two trajectories in gliomas illustrates the 
high reliability of Met-based targeting 
(Pirotte et al. 2004). Also, in all tumors, 
we found that areas of highest tracer 
uptake usually corresponded on equivalent 
FDG-PET and Met-PET images, at visual 
analysis. This is in accordance with our 
previous comparative study of Met and 
FDG uptake in biopsy samples has con-
firmed a significant correlation between 
the uptake of both tracers and the degree 
of anaplasia (Goldman et al. 1997). Thus, 
this relationship between the distribution 
of areas of highest uptake of both tracers 
is also found in this series, and we believe 
that Met is a good option for a single-
tracer PET-guided stereotactic biopsy.

One of the limitations of using 
[11C]-labeled amino acids, such as Met,  
is their short half-life (20.3 min), and 
therefore the need of cyclotrons for in-

house tracer production, which highly 
increases the cost of the procedure. 
Therefore, further tests should be con-
ducted with [18F]-labeled amino acids, 
such as [18F]-Tyrosine, in order to render 
this methodology accessible to cent-
ers without in-house tracer production. 
Indeed, the longer half life of [18F] (109.7 
min) compared to [11C] may facilitate the 
application of PET targeting with amino 
acid PET tracers (Inoue et al. 1999; Weber 
et al. 2000; Wienhard et al. 1991).

In conclusion, multiple-tracer PET-guided 
stereotactic biopsy has offered a unique 
opportunity to accurately compare the char-
acteristics of two tracers and accordingly, 
has contributed to a better understanding 
of the role of PET in neurooncology. The 
results of the current retrospective analysis 
confirm that Met can be used accurately 
as a radiotracer in routine image-guided 
neurosurgery of brain tumors. The higher 
sensitivity and specificity of Met uptake in 
brain tumors also shows that Met is a better 
choice than FDG for target selection in PET-
guided stereotactic brain biopsy, because 
it avoids the risk of low or absent FDG 
uptake and offers equivalent possibility of 
target selection in areas of highest meta-
bolic activity. Thus, Met also represents a 
better choice when PET-guidance is used 
in image-guided neurosurgical therapeutic 
modalities, such as tumor resection under 
neuronavigation (Levivier et al. 1999) and 
radiosurgery (Levivier et al. 2000).
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Hemorrhagic Brain Neoplasm – 99mTc-
Methoxyisobutyl Isonitrile-Single Photon 
Emission Computed Tomography
Filippo F. Angileri, Fabio Minutoli, Domenico La Torre, and Sergio Baldari 

INTRODUCTION

Contrast-enhanced computed tomography 
(CT) or magnetic resonance imaging (MRI) 
are the first examinations usually performed 
in patients suspected of brain neoplasm. 
However, although these morphological 
imaging techniques are quite sensitive in 
identifying lesions and provide an accurate 
evaluation of their extension, they still 
remain unable to answer all questions that 
clinicians consider to be crucial for brain 
tumors management. 99mTc-methox-
yisobutylisonitrile-single photon emission 
computed tomography (SPECT) can answer 
many of these questions.

RADIOPHARMACEUTICAL 
AND TECHNICAL ISSUES

Methoxyisobutylisonitrile (MIBI) is a tech-
netium labeled compound introduced as an 
alternative to 201Tl for myocardial per-
fusion imaging. MIBI is provided in a kit 
vial containing a lyophilized mixture. It is 
labeled by adding an adequate amount of 
99mTcO4− to the vial and warming the mix-
ture in a bath of boiling water for 10 min. 
Labeling efficiency is >90% and MIBI can 

be used for 6 h after its constitution. MIBI 
is a lipophilic cation (net charge of 1+) 
which, after cellular entry, is trapped inside 
the mitochondria of metabolically active 
cells in relationship to the negative poten-
tial of the inner mitochondrial membrane; 
its retention in the mitochondria is not 
organ specific and appears to be a mecha-
nism common to most tissues. MIBI uptake 
seems to occur passively as shown by the 
poor correlation between cellular MIBI 
uptake and ATP depletion (Filippi et al. 
2005). Because MIBI is accumulated by 
cells with high metabolic activity, it is very 
suitable to be used in oncology. Furthermore, 
because of its optimal physical characteris-
tics, compared with 201Tl-SPECT, 99mTc-
MIBI-SPECT yields sharp and well- 
contrasted images with clearer delineation 
of the margin of the tumor. MIBI is almost 
totally excluded from normal brain accu-
mulation by the blood-brain barrier (BBB), 
whereas it is strongly taken up by choroid 
plexus (this uptake cannot be inhibited by 
potassium perchlorate). This may be a dis-
advantage because of possible interference 
with lesions lying close to the ventricle, 
although it offers a useful landmark for 
lesion localization. The dual integrated 
imaging modality SPECT/CT could be of 
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value in obtaining a more precise anatomical 
localization (Townsend and Cherry 2001), 
allowing an easier distinction between 
disease and physiological uptake, thus, 
improving the diagnostic accuracy of 
SPECT findings.

In brain lesions, the initial distribution 
of 99mTc-MIBI seems to reflect mainly 
BBB disruption. However, many different 
factors as the cationic charge and lipophilic 
properties of the radiopharmaceutical, the 
lesional vascular supply and the increased 
membrane potential, mitochondrial con-
tent, density and proliferation rate (MIBI 
uptake correlates with the proliferative 
activities of gliomas, estimated by quanti-
fication of Ki-67 antigen expression) of 
viable tumoral cells play an important role 
in tumors MIBI uptake (Baldari et al. 
2002; Nagamachi et al. 2001).

In adults, SPECT images are acquired 
10 min (early images) after i.v. injection of 
740 MBq (20 mCi) of 99mTc-MIBI. Often, 
images are acquired also 3 h (delayed 
images) after radiopharmaceutical admin-
istration. With a dual-headed gamma cam-
era the following parameters can be used: 
circular orbit, high resolution collimators, 
128 × 128 matrix, 360° rotation, 3° step-
and-shoot technique, acquisition time of 
25 s per frame. The data are processed, 
after a ramp filtered back-projection and 
an attenuation correction, using a low-pass 
filter. The data are displayed in the transax-
ial, sagittal and coronal slices, followed by 
orbitomeatal line reorientation of the 
reconstructed volume.

99mTc-MIBI-SPECT studies should be 
evaluated visually and semiquantitatively. 
In fact, although a qualitative analysis 
can be satisfactory (a study should be 
considered negative when absent or faint 
increased activity is seen, and positive 

when there is clear increased tracer uptake 
compared to the contralateral side), MIBI 
tumor uptake is usually also evaluated 
semiquantitatively by determining MIBI 
index. It is defined as the ratio between 
tumor activity and counts measured in a 
normal structure. Various methods have 
been described to evaluate this parameter. 
In particular, different reconstruction fil-
ters and modalities of drawing tumor and 
control regions of interest (ROIs) have 
been proposed. In addition, different struc-
tures as cerebral cortex, pituitary gland, 
lung, skull, and choroid plexus have been 
used as control regions. In recent studies, 
MIBI index is determined as the ratio 
between tumor activity and counts in a 
mirrored region in an uninvolved cerebral 
area (early ratio (ER)): after spatial locali-
zation of the lesion, using morphological 
imaging as a guide, a round shaped ROI 
should be drawn encompassing the maxi-
mum uptake area in the lesional region; 
MIBI index is obtained as the ratio of 
counts in the “lesion ROI” to the counts in 
its contralateral homologous “mirror 
image”. If the control ROI is close to the 
scalp or the choroid plexus or a midline 
located lesion is revealed, the control ROI 
should be drawn on an uninvolved cerebral 
parenchymal area. In addition, the delayed 
ratio (DR) (i.e., the ratio between tumor 
activity and counts in the control area after 
a few hours; generally 3 h) and the reten-
tion index (RI) (i.e., the ratio between 
delayed ratio and early ratio) can be deter-
mined (Baldari et al. 2002).

Because MIBI index values consistently 
change using different methods for images 
acquisition and reconstruction and for 
semiquantitative analysis, it is important 
that each Center always use the same 
procedure. Moreover, it is very important 
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to encircle within the tumor ROI only the 
hottest part of the tumor in order to assess 
the degree of MIBI uptake in the region 
of the tumor with the most probability of 
malignancy. On the other hand encircling 
the entire tumor could be preferable in 
monitoring therapy effects.

Recently, a new lipophilic complex 
known as tetrofosmin (1,2-bis [bis 
(2-ethoxyethyl) phosphino] ethane) has 
been developed for myocardial perfusional 
scintigraphy. Its mechanism of accumula-
tion is similar to that of MIBI, thus repre-
senting a potential substitute for imaging of 
various tumors, including cerebral neo-
plasms. To date only few studies of cerebral 
lesions with tetrofosmin exist. Like MIBI, 
tetrofosmin is almost excluded from cere-
bral parenchyma by BBB and it is strongly 
accumulated by choroid plexus. With 
respect to MIBI, it has the technical advan-
tage of an easier labeling with technetium, 
because it is not necessary to heat the radi-
opharmaceutical (Filippi et al. 2005).

99MTC-MIBI-SPECT IN BRAIN 
TUMORS EVALUATION

Functional imaging is widely applied in 
diagnosis and follow-up of brain tumors. 
Because MIBI uptake is related not only to 
BBB disruption, as contrast enhancement 
on CT and MR scans, but also to the 
tumoral metabolic activity, 99mTc-MIBI-
SPECT assists tumor grading evaluation, 
biopsy localization, and therapy monitor-
ing, and permits differentiation of tumor 
recurrence from radiation necrosis. 99mTc-
MIBI-SPECT shows 67% sensitivity and 
100% specificity in detecting intracranial 
tumors, especially gliomas (O’Tuama et al. 
1993). Lesions localization is very impor-

tant because lesions are more easily 
detected in the fronto-parietal area than in 
the temporal lobes or in the posterior 
fossa, because of the presence of high non-
specific uptake. Furthermore, very small 
lesions cannot be detected because of the 
limited resolving power of the SPECT 
technique.

It has been demonstrated that MIBI 
uptake is independent of the extent of the 
tumor as determined by morphological 
imaging; on the other hand, a trend between 
MIBI uptake and the grade of the glioma 
has been found (Bagni et al. 1995). MIBI 
uptake is higher in high grade gliomas, in 
glioblastoma multiforme, lymphoma and 
metastases; however, its uptake is not lim-
ited to malignant brain tumors but can 
also be seen in ipervascular benign tumors 
such as meningiomas and neurilemmomas. 
Low grade brain tumors show low or no 
uptake of MIBI. In such cases, positron 
emission tomography (PET) using 
11C-methionine (accumulated in neoplastic 
lesion and not in normal parenchyma) 
should be used for imaging; low grade 
tumors, infact, may be overlooked by 
18F-FDG-PET because of a low target to 
background uptake ratio due to the physi-
ological uptake of FDG by normal brain 
tissue. However, PET is presently not widely 
available, because it is characterized by high 
cost, and because of the short physical half 
life of 11C, a cyclotron should be locally 
available. SPECT, on the other hand, is 
less expensive and largely available.

A variable MIBI uptake pattern may be 
determined by inhomogeneity of cellular 
distribution (e.g., presence of cystic areas 
in the tumor) and/or the presence of regres-
sive phenomena as occurs in glioblastoma. 
Small alterations to the BBB, as demon-
strable by the lack of contrast enhancement 
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on CT scan or MR imaging, can be respon-
sible for low MIBI accumulation also in 
tumors with high cellular density and lack 
of regressive phenomena (Bagni et al. 
1995). For the same reason, in the case of 
gliomas, MIBI does not accumulate in 
tumor cells that extensively invades into 
the brain adjacent to the contrast enhanced 
lesion.

99mTc-MIBI-SPECT is helpful in the dif-
ferential diagnosis of brain lesion in 
patients affected by AIDS. In such cases 
CT or MR imaging are not able to dis-
criminate between lymphoma and several 
different non neoplastic lesions (mainly 
toxoplasmosis or tubercolomas). 99mTc-
MIBI-SPECT has 100% sensitivity and 
69% specificity in revealing lymphoma; 
false-positive studies are frequently caused 
by toxoplasmosis healing after medical 
treatment (Naddaf et al. 1998). Due to the 
capability to reveal the most metabolically 
active area of brain lesions (i.e., the prob-
ably most malignant part of the lesion), 
99mTc-MIBI-SPECT can be used as a guide 
for biopsies. Furthermore, the degree of 
MIBI uptake is a reliable indicator of the 
tumor aggressiveness, permitting prognos-
tic evaluations. The degree of MIBI uptake, 
in fact, inversely correlates with the patient 
survival rate. 99mTc-MIBI-SPECT is pre-
dictive of patients survival also after treat-
ment. Using 99mTc-MIBI-SPECT within 
10 days after radiation therapy, it is possi-
ble to detect tumor presence better than 
CT and to determine the “metabolic tumor 
volume”, which represents a reliable prog-
nostic factor. Moreover, measuring 
“tumour bulk” by 99mTc-MIBI-SPECT can 
provide a useful index of viable tumor size 
in evaluating early tumor response and 
during ongoing chemotherapy (Beauchesne 
et al. 2004).

Predicting tumor response to chemo-
therapy is a very interesting field in which 
99mTc-MIBI-SPECT seems to be effective, 
because of the close relationship between 
efflux of MIBI from tumoral cells and 
MDR-1 gene expression. MDR-1 is a gene 
located on chromosome 7 codifying for 
Pgp, a 170 Kda plasma-membrane glyco-
protein, observed in capillary endothelial 
cells of normal brains and in several human 
tumors. Pgp acts as an energy dependent 
efflux pump for several antineoplastic 
agents, resulting in multidrug resistance. 
Because MIBI is also effluxed from tumoral 
cells by Pgp, it has been concluded that 
MIBI wash-out could reflect the presence 
of Pgp.

99mTc-MIBI-SPECT has been proposed 
for evaluation of multidrug resistance phe-
notype in brain tumors by determining 
tumoral RI (Yokogami et al. 1998). 
However, the RI of MIBI is significantly 
lower than that of 201Tl (not a substrate for 
Pgp) in metastatic brain tumors, but not in 
malignant gliomas, so Pgp seems not to be 
the main cause of chemoresistance in these 
primary brain tumors.

In brain tumors follow-up, it is often 
impossible to separate, clinically or by CT 
or standard MR imaging, recurrent tumor 
from radiotherapy- or chemotherapy-
induced brain damage. Although presently 
PET with 18F-FDG represents the standard 
of reference in this field, 99mTc-MIBI-
SPECT is characterized by high sensitiv-
ity, specificity, accuracy, and very high 
positive predictive value (PPV) (98%), 
and appears to have complementary roles 
in the assessment of tumor activity and the 
decision of an inevitable biopsy site. 99mTc-
MIBI-SPECT imaging shows accumulation 
in malignant tumor and lack of radiotracer 
accumulation despite contrast enhance-
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ment on CT or MR imaging in radiation 
necrosis. In a recent study (Jeune et al. 
2005), 81 patients treated for brain gliomas 
underwent 201 99mTc-MIBI-SPECT exami-
nations. Authors reported 91% and 89% 
sensitivity, 100% and 83% specificity and 
95% and 87% accuracy for tumor recur-
rence of low and high grade glioma, respec-
tively. 99mTc-MIBI-SPECT allowed the 
diagnosis of anaplastic progression of 
low grade gliomas sometimes earlier than 
clinical or MR imaging signs. False-positive 
cases (3/81 patients) were due to an inflam-
matory reaction after radiosurgery in two 
patients and remained with no explanation 
in one patient. False-negative cases (5/81 
patients) occurred in patients with deep 
periventricular lesion (n = 1), temporal 
tumors (n = 2) or lesions with no contrast 
enhancement on MR imaging (n = 2). 99mTc-
MIBI-SPECT is better than CT or MR 
imaging, except a low, negative predictive 
value (NPV); this limitation can be with-
drawn by coupling SPECT and CT results. 
The combined test have 100% sensitivity, 
75% specificity, 96% accuracy, 96% PPV, 
and 100% NPV (Maffioli et al. 1996).

99MTC-MIBI-SPECT IN 
HEMORRHAGIC BRAIN 
NEOPLASM

During daily clinical practice, it is impor-
tant to remember that a neoplasm can be 
hidden behind an intraparenchymal brain 
hemorrhage (ICH). Infact, ~7% of ICHs are 
due to an underlying neoplasm. On the other 
hand, some hemorrhagic non-neoplastic 
lesions may mimic neoplastic lesions. 
Five to 10% of all brain tumors develop 
hemorrhage of some type because of fast-
growing and high vascularization with an 

irregular and fragile vascular architecture. 
Bleeding is the first clinical sign of neoplas-
tic disease in 9–58% of patients harboring 
hemorrhagic neoplasms. Both metastatic 
tumors and primary brain tumors may 
cause intracranial hemorrhage. Metastatic 
lesions, including melanoma, bronchogenic 
carcinoma, choriocarcinoma, and hyperne-
phroma are known to carry a high risk of 
hemorrhage. Of the primary brain tumors, 
glioblastoma appears to be the most com-
mon source of ICH. Oligodendrogliomas 
also have a predilection for hemorrhage and 
do so more frequently than astrocytomas. 
Ependymomas and medulloblastomas also 
have been associated with ICH. Benign 
extraaxial tumors rarely hemorrhage. In this 
group, pituitary adenomas and meningi-
omas are the lesions most likely to develop 
this complication.

The tumoral origin of cerebral hematoma 
is not always correctly diagnosed by CT 
and MR imaging even after intravenous 
contrast medium administration. The high 
density of blood on CT and the varied 
appearance of hemoglobin products on MR 
imaging may obscure the presence of an 
underlying neoplasm (Chan and Peh 1999). 
In addition, lesion enhancement may be 
indistinguishable from contiguous hemor-
rhagic areas of intrinsically high density or 
increased signal intensity (Gaul et al. 1996; 
Hanna et al. 1991). Moreover, on neurora-
diologic imaging, the diagnosis of neo-
plasm-related hemorrhage is frequently 
based on evolution patterns, being delayed 
hematoma evolution, persistent edema, and 
diminished, irregular, or absent hemosi-
derin deposition signs of neoplastic ICH. 
Thus, a complex diagnostic protocol is 
frequently needed and a significantly 
delayed diagnosis can occur (Minutoli 
et al. 2003).
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Positron emission tomography (PET) 
scanning with 18F-FDG and 11C-methionine 
have been proposed as diagnostic tools for 
the differential diagnosis of ICH but results 
in clinical series were not conclusive. 
Dethy et al. (1994) concluded that PET 
studies with these tracers were not helpful 
in distinguishing neoplastic and non-neo-
plastic intracerebral hemorrhage. Other 
authors suggested that 11C-methionine-PET 
could distinguish neoplastic from non-
neoplastic hematomas on the basis of dif-
ferences in lesion extent compared with 
CT or MR imaging findings. Disadvantages 
of this method could be the high cost of 
the examinations and the poor availability 
of PET scanners (Ogawa et al. 1995).

We performed 99mTc-MIBI-SPECT on 
patients suspected of harboring a neoplas-
tic bleeding according to standard clinical 
and neuroradiologic criteria. As mentioned 
above, 99mTc-MIBI has been used as an 
imaging SPECT agent for various neo-
plasms, including brain tumors. High-grade 
astrocytomas, glioblastomas multiforme, 
metastases, intracranial meningiomas, and 
neurilemmomas show high 99mTc-MIBI 
uptake. On the other hand, non-neoplastic 
lesions show no or low 99mTc-MIBI accu-
mulation. These characteristics make 99mTc-
MIBI-SPECT an ideal tool to study atypical 
ICHs of suspected neoplastic etiology. In a 
recent study, we evaluated 29 patients har-
boring an acute onset of clinical deteriora-
tion caused by ICH (Minutoli et al 2003). 
Patients were enrolled according to the fol-
lowing inclusion criteria: (1) nontraumatic 
acute onset of neurologic deterioration 
occurred; (2) a ICH was demonstrated by 
emergency CT scan; (3) clinical data 
(young age, negative medical history for 
arterial hypertension, diabetes, drug abuse, 
and anticoagulant or antiplatelet medica-

tion therapy) or findings on emergency CT 
scan (atypical location, irregular shape, 
disproportional large edema) could be 
compatible with a neoplastic hemorrhage; 
(4) the patient did not have any known 
brain neoplasm; (5) a single lesion was 
evident on brain CT scan; and (6) emergent 
craniotomy was not required. Patients with 
pituitary, pure subarachnoid, and pure 
intraventricular hemorrhage were excluded. 
All patients in that study underwent 99mTc-
MIBI-SPECT within 48 h from the clinical 
onset. Independently from 99mTc-MIBI-
SPECT findings, patients underwent a neu-
roradiologic protocol constituted by an 
early standard MR examination and one or 
more additional MR examinations if 
required by non-definitive diagnosis. Other 
neuroradiologic examinations such as dig-
ital subtraction angiography or enhanced 
CT scan were obtained if needed. Patients 
were followed-up until a definitive diagno-
sis was obtained. Images were acquired 10 
min (early images) and 3 h (delayed images) 
after intravenous injection of 740 MBq (20 
mCi) of 99mTc-MIBI. Visual and semiquan-
titative analysis were performed.

Among 29 patients studied, in 19 cases 
(65.5%) a non-neoplastic hemorrhage was 
diagnosed, and in ten cases (34.5%) a neo-
plastic etiology was demonstrated. Visual 
analysis of early images showed no focal 
increased tracer uptake in all non-neoplastic 
hemorrhages (Figure 17.1), whereas it 
showed a focal increased tracer uptake in 
all neoplastic lesions (Figure 17.2). 
Sensitivity, specificity, accuracy, PPV, and 
NPV in revealing neoplasm-related ICH 
by means of 99mTc-MIBI-SPECT were 
100%. The semiquantitative analysis 
showed a wide cutoff in the ER between 
neoplastic hemorrhages and non-neoplastic 
hemorrhages; however, it was of no help 
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Figure 17.1. (a) Emergency CT scan in a patient with sudden onset of headache and mild left hemiparesis, 
showing an atypically located brain hematoma in a 42-year old male patient. (b) 99mTc-MIBI SPECT, 
obtained within 2 days from the symptoms onset, shows no areas of pathological MIBI accumulation. 
The lesion was thought to be a benign hematoma. Two years follow-up confirmed this hypothesis

Figure 17.2. (a) Emergency CT scan obtained after sudden onset of drowsiness and left hemiparesis, 
showing a brain hematoma atypically located in the right parieto-occipital region in a 56 year-old male 
patient without vascular risk factors. The lesion is surrounded by moderate edema. (b) On 99mTc-MIBI 
SPECT, obtained 24 h after CT scan, the lesion shows very high MIBI uptake. After MR imaging, that 
was not conclusive nor for malignant etiology or for benign hematoma, the patient underwent surgery and 
pathological analysis of the excised lesion revealed hemorrhagic glioblastoma multiforme
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in the discrimination of neoplastic ICHs, 
because visible lesions on early images 
were neoplastic and invisible ones were 
non-neoplastic. Thus, we believe that vis-
ual analysis of early SPECT images alone 
can be satisfactory in the evaluation of 
suspected neoplastic hemorrhagic lesions.

It can be hypothesized that 99mTc-MIBI 
accumulation in neoplastic ICH correlates 
to the pre-existing BBB disruption and the 
presence of metabolically active neoplastic 
cells, whereas in non-neoplastic hematomas 
the absence of metabolically active cells in 
acute phase are responsible for the lack of 
99mTc-MIBI accumulation independently by 
the BBB integrity. The major limitation of 
the study was the lack of ICHs related to 
low grade gliomas. It is well known that 
such lesions do not show 99mTc-MIBI uptake, 
thus this feature can lead to a potential false-
negative. Moreover, in our experience 99mTc-
MIBI-SPECT is not able to distinguish 
between different etiologies in the non-
neoplastic ICH group. Nevertheless, 99mTc-
MIBI-SPECT appears as a reliable tool in 
the early differential diagnosis of ICH, sus-
pected of neoplastic etiology.

Because ICH may reach clinical atten-
tion or may undergo 99mTc-MIBI-SPECT 
in the subacute phase and the neuropatho-
logic features of ICH significantly change 
over time, we decided to investigate the 
appearance of non-neoplastic ICH on early 
and delayed 99mTc-MIBI-SPECT examina-
tions and to determine how the timing of 
the examination can affect the reliability 
of 99mTc-MIBI-SPECT in differentiating 
neoplastic from non-neoplastic ICH 
(Minutoli et al. 2005).

Enzmann et al. (1981) categorized, in a 
canine model, the evolution of intracerebral 
hemorrhage into four stages: acute, 
subacute, capsule, and organization. In 
the acute stage (days 1–3), only mild 

perivascular inflammatory reaction and a 
narrow zone of neuron death may occur. In 
the subacute stage (days 4–8), inflamma-
tion peaks, foamy macrophages and fibrob-
lasts appear peripherally, and reactive 
astrocytes appear in the surrounding brain. 
During the capsule stage (days 9–13), 
macrophages and fibroblasts increase and 
vascular proliferation begins to encroach 
on the hematoma from the periphery. At 
the same time, inflammation regresses and 
reactive astrocytosis becomes pronounced. 
The formation of a dense capsule at the 
edge of the hematoma and a less organized 
collagen proliferation in the center of the 
hematoma occurs in the organization stage 
(days 13 and on).

Patient harboring non traumatic (typical 
and atypical) ICH were consecutively 
enrolled and randomly divided into four 
groups. Patients in the first group under-
went 99mTc-MIBI-SPECT 2 days after the 
onset of clinical symptoms. Patients in the 
second, third, and fourth groups under-
went 99mTc-MIBI-SPECT 5, 10, and 30 
days, respectively, after the clinical onset. 
Furthermore, patients in the first group 
underwent a second 99mTc-MIBI-SPECT 
examination 30 days after the neurological 
deterioration onset. Both visual and semi-
quantitative analysis were conducted for 
each 99mTc-MIBI-SPECT in all patients. 
The neuroradiologic and clinical follow-
up of these patients was the same as in the 
previous study and was independent from 
the 99mTc-MIBI-SPECT results. At the end 
of the study two patients were excluded 
because a neoplastic ICH was diagnosed 
and the analysis was limited to 30 patients. 
Visual analysis showed no focal increased 
tracer uptake (0% positive findings) in 
group 1 (day 2). In group 2 (day 5), visual 
analysis showed increased tracer uptake in 
14% (1/7) of the patients. In group 3 (day 
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Figure 17.3. (a) CT scan obtained 9 days after onset of headache not responsive to standard therapy and 
progressively worsening, shows an atypically located brain hematoma in the right temporal region in a 52 
year-old female patient without vascular risk factors. The lesion is surrounded by moderate edema. (b) 
99mTc-MIBI SPECT, obtained 10 days after symptoms onset, reveals a ring-like MIBI accumulation in the 
lesional area. One year follow-up suggests the diagnosis of benign brain hematoma

10), visual analysis showed increased 
tracer uptake in 62.5% (5/8) of the patients 
(Figure 17.3). In group 4 (day 30), visual 
analysis showed increased tracer uptake in 
71% (5/7) of the patients.

MIBI indexes of non-neoplastic ICHs 
ranged from 0.95 to 1.1 (mean, 1.03 ± 0.06) 
in group 1, from 0.96 to 1.7 (mean, 1.14 ± 
0.26) in group 2, from 1 to 1.9 (mean, 1.39 
± 0.35) in group 3, and from 1.08 to 2.3 
(mean, 1.64 ± 0.45) in group 4. All patients 
in group 1, who showed no focal increased 
radiotracer uptake at 2 days after the onset 
of clinical symptoms, showed significant 
99mTc-MIBI accumulation when studied at 
30 days after the neurological deterioration 
onset. This study shows that the reliability 
of 99mTc-MIBI-SPECT in revealing neo-
plastic ICH significantly decreases as the 
time between bleeding and examination 

increases. These data demonstrate that 
neuropathologic changes that occur over 
time in non-neoplastic brain hematoma 
influence radiotracer accumulation on 
99mTc-MIBI-SPECT. Thus, non-neoplastic 
ICH showing no early 99mTc-MIBI uptake 
after clinical onset may change its behavior 
later. This concept is particularly supported 
by our results in patients who underwent 
two different SPECT examinations, at 2 
days and at 30 days, because no reasonable 
hypothesis other than the timing of the 
examination could explain the difference in 
the appearance of non-neoplastic ICH in 
these examinations.

On 99mTc-MIBI-SPECT examinations 
with positive findings, many non-neoplastic 
hematomas showed a ring-like pattern of 
accumulation (Figure 17.3). This pattern, 
even if not specific for non-neoplastic ICH, 
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could be explained by peripheral accumula-
tion of metabolically active cells. Ring-like 
radiotracer accumulation in brain hemato-
mas is not completely surprising because it 
has been previously reported in a few patients 
imaged with 201Tl (Kinuya et al 2002) or 
11C-methionine (Dethy et al. 1994; Ogawa 
et al. 1995), and is similar to the ring 
enhancement that can be seen on CT scans.

It is suggested that 99mTc-MIBI-SPECT, 
together with neuroradiologic imaging, can 
play a role in the early non invasive diagnos-
tic work-up of hemorrhagic brain lesions, 
allowing a clear differentiation between 
neoplastic and non-neoplastic ICHs. The 
reliability of this examination decreases 
over time and non-neoplastic ICH, showing 
no 99mTc-MIBI uptake within 2 days, can 
accumulate 99mTc-MIBI on more delayed 
imaging. Thus, 99mTc-MIBI-SPECT can 
clearly differentiate between neoplastic and 
non-neoplastic ICH only in the acute phase. 
Our findings suggest that the examination 
should be performed early after symptoms 
onset and certainly within 5 days.
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18
Brain Tumor Imaging  
Using p-[123I]Iodo-L-Phenylalanine  
and SPecT
Dirk Hellwig 

 INTRODUcTION

Patient care in neurooncology is mainly 
based on computed tomography (cT) and 
nuclear magnetic resonance (NMR) imag-
ing as standard imaging modalities 
(DeAngelis 2001). even if these methods 
are broadly used, there are diagnostic 
 difficulties in the characterization of brain 
lesions, the definition of tumor extent, the 
evaluation of the response to therapy, and 
the detection of tumor progression or recur-
rence. Radioactive amino acids show an 
increased uptake into glioma and were 
introduced to overcome the diagnostic dif-
ficulties in brain tumor imaging. Their capa-
bility for the visualization of brain tumors is 
based on their property of accumulation 
even in low-grade gliomas, without disrup-
tion of the blood-brain barrier. This property 
is valuable in the characterization of cerebral 
lesions with inconclusive anatomical imag-
ing (Vander Borght et al. 2006).

For cancer imaging with radioactive 
amino acids, positron emission tomogra-
phy (PeT) using 11c-methionine (MeT) is 
mainly used. The short physical half-life 
of 20 min for carbon-11 limits the use of 
MeT-PeT in medical centers equipped 
with an on-site cyclotron and a PeT 

scanner. The current development of 
18F-labelled amino acids, especially O-(2-
18F-fluoroethyl)-L-tyrosine (FeT) has 
shown encouraging results in clinical 
investigations (Pauleit et al. 2005). Perhaps 
the clinical use of FeT-PeT might be 
 possible with a satellite concept supplying 
the  radiopharmaceutical from a central 
cyclotron unit to peripheral PeT imaging 
sites, but currently FeT lacks the neces-
sary approval by legal authorities.

Amino acids labelled with 123I (physical 
half-life ~ 13 h) are intended for use with 
SPecT. The imaging equipment for 
SPecT and the radiation protection shield-
ing for 123I are less costly than that for 
PeT imaging. each department of nuclear 
medicine possesses a SPecT system, so 
that a more wide spread use of radioactive 
amino acids for brain tumor imaging 
seems possible. L-3-[123I]-iodo-a-methyl 
tyrosine (IMT) was the first radioiodi-
nated amino acid introduced for brain 
tumor imaging in 1989 and has been used 
continuously for this purpose. The clinical 
applications of IMT are well documented 
in several clinical studies, namely the 
delineation of the tumor and its infiltra-
tion into adjacent brain structures, the dif-
ferentiation of glioma and non neoplastic 



216 D. Hellwig

tumors in patients with inconclusive ana-
tomical imaging, non-invasive grading of 
gliomas, therapy monitoring, and detec-
tion of tumor recurrence or progression 
(Vander Borght et al. 2006).

IMT shows a characteristic kinetic in 
primary brain tumors. After intravenous 
application, IMT is rapidly taken up into 
glioma. The uptake reaches a maximum of 
~10–15 min post-injection with a subse-
quent washout. So, tumor visualization by 
IMT-SPecT is limited to the first 45 min 
after injection. Because blood pool activity 
is also changing during that time, artefacts 
may occur during SPecT imaging, because 
the technique assumes constant tracer con-
centrations during the acquisition.

To overcome this disadvantage, new 
radioiodinated amino acids with high affin-
ity for brain tumors were developed. 
Among these, p-[123I]iodo-L-phenylalanine 
(IPA) shows a tumor uptake comparable to 
that of IMT. However, its persistent reten-
tion in glioma cells may represent a major 
advantage compared with the radiophar-
maceuticals currently available for SPecT 
tumor imaging. This was demonstrated in 
preclinical studies (Samnick et al. 2000, 
2001) as well as in a pilot study in humans 
(Samnick et al. 2002). In cell experiments, 
IMT and IPA showed a rapid uptake into 
human glioblastoma cells. The uptake of 
IMT initially exceeds that of IPA and 
reaches a plateau, whereas with time an 
increasing uptake of IPA can be observed.

Based on these early results, a first clini-
cal investigation in a larger patient series 
was performed. The aims of that study 
were to validate IPA uptake into human 
brain lesions by SPecT in patients with 
indeterminate brain lesions or with sus-
pected recurrence or progression of brain 
tumors, and to evaluate its potential to dif-

ferentiate gliomas and non neoplastic brain 
lesions. The results of that study were 
reported in a clinical article (Hellwig et al. 
2005). To our knowledge, this subject has 
not been published elsewhere. In the mean-
time, the experience with brain tumor 
imaging using IPA increased in our institu-
tion with incrementing patient numbers, 
mainly confirming the initial results. Below 
the imaging method and its results in a 
larger patient cohort are detailed.

 IMAGING MeTHOD

 Preparation of 123I-IPA

IPA can be prepared and formulated  
as reported previously (Samnick et al. 
2001, 2002). Sodium [123I]iodide for 
 radiolabelling was obtained in the high-
est obtainable radiochemical purity from 
Zyklotron AG (Karlsruhe, Germany). A 
mixture of sodium [123I]iodide (500–
1,000 MBq in 20–50 mL 0.01N NaOH) 
and 5 mL aqueous Na2S2O5 (4.0 mg 
Na2S2O5/mL) was evaporated to dryness 
by passing a stream of nitrogen through 
a reaction vessel at 100°c, followed by 
addition of 100 mL of p-bromo-L-pheny-
lalanine hydrochloride (0.25 mg/mL 
0.1N H3PO4), 10 mL aqueous L-ascorbic 
acid (10 mg/mL) and 5 mL aqueous 
cu(I) sulfate (0.10 mol/L). The reaction 
vessel was heated for 60 min at 160°c in 
a Heating Module (Pierce) and then 
cooled, and the mixture was diluted with 
150 mL of etOH. The radioiodinated 
product was separated from unreacted 
starting materials, and radioactive impu-
rities by high performance liquid chro-
matography (HPLc) purification. HPLc 
was performed on a Hewlett Packard 
HPLc system consisting of a binary 
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 gradient pump (HP 1100), a Valco 6-port 
valve with 250-ml loop, a variable-wave-
length detector (HP 1100) with a UV 
detection at 254 nm and a sodium iodide 
scintillation detector (Berthold, Wildbad, 
Germany), using reversed-phased RP-c18 
column (250 × 4 mm, Nucleosile, Latek) 
and water/ethanol/acetic acid (89:10:1) 
as eluent system at 1.1 mL/min. 123I-IPA 
(retention time 19.2 min) was obtained 
in 88 ± 5% radiochemical yield. The 
product fraction was collected in a ster-
ile tube, buffered with 0.6M PP (pH 7.0; 
Braun) and diluted with water (aq. ad 
inj.; Braun) to yield an isotonic and 
injectable radiopharmaceutical after 
sterile filtration through a 0.22-mm ster-
ile membrane (Millex GS, Millipore) in 
evacuated sterile tubes.

 Patient Preparation and Administration  
of 123I-IPA

Patients should be instructed to fast over-
night before an IPA injection. Iodine uptake 
by the thyroid needs to be blocked to 
reduce the radiation dose. The recommen-
dation in Germany (area with iodine defi-
ciency) is an oral medication with 900 mg 
sodium perchlorate (Irenat®, Bayer, 
Germany), starting on the morning of the 
examination and lasting for 3 days.  
A typical activity dose of 250 MBq IPA is 
recommended. The intravenous adminis-
tration of the new radiopharmaceutical 
was well tolerated by all patients. Adverse 
events were not observed.

 SPecT Acquisition

The SPecT imaging should start at 30 
min, 3 h and, in selected cases, up to 24 h 
post-injection. In clinical studies, the 
acquisitions were performed with a triple-

head gamma camera (MultiSPecT 3, 
Siemens, erlangen, Germany). The cam-
era was equipped with a low-energy high-
resolution collimator using a 20% energy 
window centered on the 159-keV photo-
peak of 123I. System resolution for 123I was 
7.5 mm full-width at half-maximum 
(FWHM) at 10 cm distance. During a 360° 
rotation, 120 projections were recorded 
into a 128 × 128 matrix, corresponding to 
a pixel size of 3.56 mm. To avoid motion 
artefacts, a semicircular headholder was 
attached to the patient’s head. Transaxial 
tomograms were reconstructed using itera-
tive image reconstruction with six subsets 
and four iterations. The modelling of the 
system resolution and a first-order attenu-
ation correction according to the method 
of chang were included in reconstruction. 
Post-processing included 3D filtering with 
a Butterworth filter of fourth order and a 
cut-off frequency of 1.0 cycles/cm. The 
in-plane resolution of the reconstructed 
images was 10 mm FWHM.

Because the image quality of the SPecT 
images is important for the subsequent 
registration process, any movement arti-
fact needs to be avoided. We checked 
every SPecT scan in a cine view mode of 
the raw data for movements and compen-
sated for it by motion correction tools 
provided by the image analysis software.

 correlative Nuclear Magnetic Resonance 
Imaging

In our experience, an NMR imaging of the 
brain is needed for adequate interpretation 
of IPA-SPecT images. At least a T2 
weighted or FLAIR image must be availa-
ble in digital form for image registration 
and for reliable scan interpretation. For 
study reasons, NMR imaging of the brain 
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was performed in all patients using a 1.5-T 
scanner (Sonata, Siemens, erlangen, 
Germany) or a 1.0-T scanner (expert, 
Siemens, erlangen, Germany). Axial images 
covering the whole brain with a plane sepa-
ration of <6 mm were acquired with the 
fluid attenuated inversion recovery (FLAIR) 
sequence as well as with T1-weighted con-
trast-enhanced (T1ce) images.

 coregistration of SPecT and NMR 
Images

Image fusion of the NMR images and the 
corresponding SPecT slices was per-
formed on a HeRMeS work station 
(Hermes Medical Solutions, Stockholm, 
Sweden). During the registration process-
ing, prefiltered NMR images were used 
with an isotropic 3D Butterworth filter of 
fifth order, with a cut-off frequency of 1.5 
cycles/cm for resolution adaptation of the 
SPecT images. Supervised automated 
registration was performed by maximiza-
tion of mutual information. After the auto-
mated registration step, the prefiltering of 
the NMR image data set was undone.

In our experience, most cases need 
human interaction after the automated reg-
istration process. To check the orientation 
of NMR and SPecT images, the simulta-
neous display is important. Misrotations in 
the transverse plane should be corrected 
first. A basal slice can be used to adjust 
blood pool activity in the nasal mucosa in 
the IPA-SPecT and the corresponding 
anatomical structures within the nose. 
Another anatomical structure to be used 
for transversal alignment is the superior 
sagittal sinus vein. It can be identified in 
the IPA-SPecT images due to increased 
blood pool activity. To register misrota-
tions in the sagittal plane, the nose and the 

root of the nose are helpful, as well as the 
confluens venosum. The eyes can be rec-
ognized as areas of low IPA accumulation. 
In the sagittal plane, this structure together 
with the shape of the skull, can be used for 
correction of misrotations in this direction. 
In a view with frontal slicing, a plane 
through the eyes can be used for adjust-
ment of coronal misrotations. Once the 
rotational errors are corrected, the transla-
tional positioning is usually rapidly per-
formed. The accuracy of the image 
registration process was reported to show 
a translation error of <2.5 mm (mean 1.3 
mm) and a misrotation of <1.5° (Hellwig 
et al. 2005).

 Qualitative Interpretation and Quantitative 
Image Analysis

Visual interpretation of the IPA-SPecT 
images should be performed  simultaneously 
with the NMR images after image fusion, 
especially if there is apparently no 
increased uptake of IPA. By no means, a 
negative IPA finding may be reported 
without image fusion. Because IPA shows 
an extendedly increased blood pool activ-
ity, lesions next to larger blood vessels 
must be interpreted carefully. The ana-
tomical information needed is obtained 
from overlayed NMR images.

For the quantitative analysis in our stud-
ies, the brain lesions were delineated in the 
FLAIR images to define a volume of inter-
est (VOI). The same VOI was used for 
quantification of the early and delayed 
SPecT studies. A reference region was 
defined containing normal supratentorial 
brain tissue without any sign of abnor-
malities in current NMR images. This region 
usually encompassed the contralateral 
structures covered by the VOI mirrored at 
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the interhemispheric fissure. The maximum 
count rate in the lesion VOI and the mean 
count rate in the reference VOI were used 
to calculate tumor to normal brain ratios 
(TBR).

 ReSULTS OF BRAIN TUMOR 
IMAGING USING 123I-IPA

 Initial evaluation of Suspected  
Brain Tumors

Whereas the publication on the clinical 
validation of IPA-SPecT comprised the 
results in 24 patients at first presentation 
of a suspected glioma (Hellwig et al. 2005), 
the current experience in a total of 66 
cases is reported here.
We studied 27 men and 37 women aged 53 
± 14 years for the initial evaluation of a 
suspected glioma. The mean tumor 
 diameter as determined by NMR imaging 
with the FLAIR sequence was 4.1 ± 1.8 
cm. In 30 cases, the T1ce images showed 
a contrast-enhancing area with a mean 
diameter of 2.4 ± 1.4 cm. The final diagno-
sis of a primary brain tumor was estab-
lished in 50 subjects with 28 low-grade 
(one WHO grade I, 27 WHO grade II) and 
22 high-grade tumors (one WHO grade 
III, 21 WHO grade IV). Brain metastases 
originating from lung cancer were present 
in three cases. Non neoplastic brain lesions 
were identified in 13 cases with inflamma-
tory and gliotic lesions (n = 9), brain dys-
plasias (n = 3) or epidermoid cyst (n = 1), 
which showed contrast enhancement on 
NMR imaging in four cases. The final 
diagnosis was verified by stereotactic 
biopsy (n = 34), open resection (n = 22), 
extracranial biopsy (n = 1), autopsy (n = 1) 
or serial imaging (n = 8).

Figure 18.1 presents an example of a 
patient with increased uptake of IPA into a 
high-grade glioma. In this case, some 
interesting properties of IPA are illus-
trated. IPA accumulates in brain tumors 
and shows an increased uptake even into a 
low-grade glioma. In this patient, the IPA 
concentration rose especially in the tumor 
areas without contrast enhancement in the 
NMR images, suggesting low-grade parts 
of the glioma. So, in this case, we have a 
true positive finding with the confirmation 
in vivo that IPA is retained in gliomas.

The findings in a patient with a non neo-
plastic brain lesion are shown in Figure 18.2. 
No increased IPA uptake was found in non 
neoplastic lesions. This case demonstrates 
the importance of anatomical coregistra-
tion and image fusion with NMR images. 
The blood pool activity in the adjacent 
parasellar veins and cavernous sinus must 
not be interpreted as an increased IPA 
uptake in cerebral structures.

In our series, the IPA-SPecT images in 
cases of indeterminate brain lesions were 
interpreted with high concordance by dif-
ferent observers based on visual analysis 
(kappa = 0.90, p < 0.001). Ten false nega-
tive findings occurred, mostly in patients 
with low-grade gliomas, especially in cases 
with gliomatosis cerebri or patients with 
tumors exhibiting low cellular density. 
Similar to the initial results of the pub-
lished interims analysis (Hellwig et al. 
2005) no false-positive findings occurred 
in the extended patient series. The diagnos-
tic test performance parameters were 80% 
sensitivity (95% confidence interval 
[95%cI]: 68–92%), 100% specificity 
(95%cI: 87–100%), 84% accuracy (95%cI: 
74–94%), 100% positive predictive value 
(95%cI: 95–100%), and 57% negative pre-
dictive value (95%cI: 30–84%).



220 D. Hellwig

Quantitative results for patient groups 
with non neoplastic lesions and different 
subgroups of malignant brain tumors were 
similar to that reported in the initial publi-
cations. The maximum IPA uptake in pri-
mary brain tumors at 30 min and 3 h p.i., 
was higher than that in non neoplastic 
brain lesions (30 min p.i.: 1.69 ± 0.35 ver-
sus 1.21 ± 0.14; 3 h p.i.: 1.68 ± 0.42 versus 
1.19 ± 0.13, p < 0.01).

contrary to the results in the initial, 
smaller first patient cohort study (15 
patients with glioma), in the subsequent 
larger patient group with 50 glioma a sig-

nificant difference was observed in the IPA 
uptake between low-grade and high-grade 
tumors at 30 min and 3 h p.i. (30 min p.i.: 
1.59 ± 0.29 versus 1.83 ± 0.38; 3 h p.i.: 
1.53 ± 0.31 versus 1.87 ± 0.47, p = 0.020). 
The tumoral uptake of IPA was not influ-
enced by the histopathological type of 
glioma (astrocytoma, oligodendroglioma 
or oligoastrocytoma), as shown by a mul-
tivariate analysis. All brain metastases 
were contrast enhanced on the T1ce 
images. Their IPA uptake did not signifi-
cantly differ from that of non neoplastic 
lesions.

Figure 18.1. MRI scans (T1ce and FLAIR) as well as early and delayed IPA-SPecT in a 63 year old 
female with initial diagnosis of glioblastoma. Note the increasing uptake in the central tumour areas with 
hyperintensity in FLAIR images without contrast enhancement in T1ce indicating an intact blood-brain-
barrier in that area
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 evaluation of Suspected Recurrence  
or Progression

currently, our experience with patients 
with recurrent brain tumors is based on 
results in a population of 33 patients 
(18 men, 15 women, aged 45 ± 12 years), 
whereas our initial evaluation included the 
findings in 21 cases. The final diagnosis 
was established by biopsy (stereotactic 
biopsy: n = 11; open resection: n = 6) or 
serial imaging (n = 16). Persistent or pro-
gressive brain tumors were present in 31 
cases, comprising four low-grade (all 
WHO grade II) and 26 high-grade recur-
rences (WHO grade III: n = 12, WHO 
grade IV: n = 14). In one single case with 
previous diagnosis of low-grade glioma, 
no definite assignment to low or high-
grade glioma was possible from the mate-
rial obtained for confirmation of recurrence. 
Two non neoplastic necrotic lesions were 
found in two patients after effective treat-
ment of a glioma. On NMR, these lesions 

appeared hyperintense on T2-weighted 
images without contrast enhancement.

Visual interpretation of IPA-SPecT 
images in patients with suspected progres-
sion and upgrading of a previously treated 
glioma resulted in highly concordant 
results (kappa = 0.764, p < 0.001). The 
recurrences and progressions were detected 
with high sensitivity, but three false nega-
tive findings occurred in a WHO grade II 
and in two WHO grade III tumors. The 
specificity was high because no false-
positive findings occurred. The diagnostic 
test performance parameters were as follows: 
90% sensitivity (95%cI: 79–100%), 100% 
specificity (95%cI: 37–100%), 91% accu-
racy (95%cI: 81–100%), 100% positive 
predictive value (95%cI: 94–100%), and 
40% negative predictive value (95%cI: 
30–84%). In the quantitative analysis, 
there was no difference in the IPA uptake 
of primarily diagnosed gliomas and recur-
rent brain tumors (30 min p.i.: 1.67 ± 0.36 

Figure 18.2. True negative IPA-SPecT in left mesiotemporal cortical dysplasia. IPA-SPecT showed no 
increased uptake
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versus 1.82 ± 0.42, p = 0.143; 3 h p.i.: 1.66 
± 0.41 versus 1.78 ± 0.38, p = 0.147).

 Quantitative criteria for the evaluation  
of Brain Lesions by IPA-SPecT

To derive a quantitative threshold of the 
IPA accumulation measured as TBR for 
the differentiation of non neoplastic and 
neoplastic lesions, an ROc curve was con-
structed from comparison of the TBR on 
early SPecT imaging, with the final diag-
nosis in all patients (initial evaluation or 
diagnosis of recurrence). The area under 
the ROc curve was 0.903 (95%cI 0.841–
0.965), indicating a high accuracy of this 
diagnostic test. The shoulder of the curve 
corresponds to a threshold TBR of 1.30 
and confirms the value obtained in the 
interims analysis (Hellwig et al. 2005). 
Using this cut-off, the resulting diagnostic 
test performance parameters were of 85% 
sensitivity (95%cI: 77–94%), of 80% spe-
cificity (95%cI: 57–100%), of 84% accu-
racy (95%cI: 77–92%), 96% positive 
predictive value (95%cI: 91–100%), and 
negative predictive value of 50% (95%cI: 
22–78%).

 comparison of 123I-IPA and 123I-IMT

Data on repeated SPecT examinations 
using the radiolabelled amino acids 123I-
IPA and 123I-IMT in the same patients 
within 10 days are available (Hellwig et al. 
2008b). This intraindividual comparison 
demonstrated that tumoral uptake of IPA 
and IMT is strongly correlated within the 
first hour after injection. The initial con-
trast of the IMT accumulation exceeds that 
of IPA, especially in low-grade glioma. 
This observation explains why the thresh-
old for the differentiation of glioma and 
non neoplastic lesions is lower for IPA 

than IMT (1.30 versus 1.43). Figure 18.3 
shows the findings in a patient with the 
diagnosis of a low-grade glioma. The early 
IMT-SPecT image shows a clear delinea-
tion of the tumor, whereas the initial IPA 
contrast is clearly lower than that of IMT. 
The delayed SPecT acquisitions at 3 h 
post-injection demonstrate the tumoral 
wash-out of IMT despite a persistent accu-
mulation of IPA in the glioma without 
evidence of a disruption of the blood-brain 
barrier (no contrast enhancement in NMR 
images). Apparently, IPA and IMT differ 
in their kinetics.

 Dosimetry of 123I-IPA

The whole body kinetics of IPA is mainly 
characterized by an early phase of rapid 
blood clearance, followed by a longer 
retention in the blood volume and then by 
renal elimination without any metaboliza-
tion. The average effective dose caused by 
the injection of 123I-IPA was estimated 
from a dosimetry study in humans with 
14.6 µSv/MBq. The resulting effective 
dose for a typical activity of 250 MBq 123I-
IPA is 3.6 mSv (Hellwig et al. 2008a).

 DIScUSSION

p-[123I]iodo-L-phenylalanine (IPA) is a 
new radioiodinated amino acid with a 
similar uptake, but longer intracellular 
retention compared with IMT. In labora-
tory studies, the feasibility of using IPA-
SPecT for brain tumor imaging was 
demonstrated (Samnick et al. 2000, 2001, 
2002). IPA-SPecT was validated in a pro-
spective clinical investigation with a larger 
patient series with indeterminate brain 
lesions according to current standards of 
neuroimaging (Hellwig et al. 2005). No 
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adverse events were observed after appli-
cation of 123I-IPA. Thus, IPA-SPecT can 
be considered a safe procedure.

It was shown in vivo that IPA uptake 
does not depend on a disruption of the 
human blood-brain barrier. Because IPA is 
a molecule that does not easily cross 
lipid membranes, there must be a carrier-
mediated transport system into tumor cells. 
As previously shown by means of cell 
experiments, this transport system involves 
the L and ASc transport system (Samnick 
et al. 2000), which is also responsible for 
the tumor uptake of 123I-IMT, 11c-MeT, 
and 18F-FeT (Langen et al. 2004). Because 
IPA accumulates even in tumors without 
contrast enhancement in T1ce images, 
IPA differs from non-specific tracers that 

visualize the breakdown of the blood-brain 
barrier only. Thus, IPA tumor uptake is, at 
least in part, specific.

As suggested by the intraindividual com-
parison of IPA-SPecT and IMT-SPecT, 
the clinical experience with IMT-SPecT 
can be used as a basis for clinical interpre-
tation of IPA-SPecT studies in patients 
with a brain tumor. The high kappa values 
for the visual interpretation of IPA-SPecT 
at initial diagnosis or suspected recurrence 
of brain tumors indicate a close agreement 
between different observers.

SPecT imaging has a clearly lower spa-
tial resolution than on NMR imaging. 
Therefore, image fusion is helpful for pre-
cise interpretation of SPecT imaging 
results. For the best anatomical alignment 

Figure 18.3. Intraindividual comparison of 123I-IPA and 123I-IPA in a patient with a low-grade glioma 
(oligoastrocytoma, WHO grade II) using early and delayed SPecT imaging. IMT-SPecT shows intense 
initial uptake with rapid wash-out, whereas IPA-SPecT demonstrates a lower but persistent retention in 
the brain tumour. No disruption of the blood-brain barrier was visible in NMR images after injection of 
contrast agent (not shown)
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of IPA-SPecT and NMR images, the use 
of a supervised automated image fusion 
algorithm in all patients is recommended. 
Standardized NMR imaging was per-
formed at our institution in all patients.

A prolonged retention of IPA in low-
grade glioma and high-grade glioma can 
be observed. The underlying mechanisms 
remain unclear. A small fraction of up to 
10% of IPA radioactivity, however, may 
enter protein synthesis or intracellular 
metabolism as suggested by cell experi-
ments (Samnick et al. 2001). One potential 
mechanism contributing to the prolonged 
retention of IPA in primary brain tumors 
might be a continuous input from the 
plasma, as suggested by the observed 
blood pool activity on delayed imaging, 
and by the analysis of blood samples 
(Samnick et al. 2002). This theory is sup-
ported by the fact that no radiolabelled 
metabolites of IPA were identified in the 
plasma or urine in rodents or in humans 
(Samnick et al. 2000, 2002, 2004). Thus, 
the blood pool signal in the vessels is most 
likely caused by IPA and not by radioactive 
metabolites.

Tumor grading is important for the selec-
tion of the therapeutic strategy for gliomas 
(DeAngelis 2001). IPA-SPecT allows the 
visualization of low-grade as well as high-
grade gliomas, and IPA uptake shows a 
significant difference between low-grade 
and high-grade tumors. Thus, IPA-SPecT 
might permit brain tumor grading. 
controversial results were reported for the 
non-invasive grading using IMT-SPecT. 
Some publications on IMT have reported a 
significant difference in the IMT uptake of 
low-grade and high-grade gliomas, and 
concluded that SPecT with IMT allows 
non-invasive grading of gliomas (Vander 
Borght et al. 2006).

Brain metastases showed no increased 
IPA uptake. As far as a possible compari-
son is concerned, given the limited number 
of patients, this corresponds to the results 
of IMT-SPecT (Matheja et al. 2000). IMT 
accumulations were observed in brain 
metastases; however, a case of a small cell 
lung cancer metastasis without IMT uptake 
was also reported.

Using ROc analysis, a cut-off value of 
1.30 for the IPA uptake to differentiate 
gliomas and non neoplastic lesions was 
determined. The diagnostic performance 
of prospective visual analysis (80% sensi-
tivity, 100% specificity), as well as the 
accuracy resulting from ROc analysis 
(cut-off 1.30, sensitivity 85%, specificity 
80%) are comparable with the results of 
IMT-SPecT obtained in retrospective 
studies. even if IMT is the recommended 
123I-labelled amino acid for SPecT imag-
ing of brain tumors (Vander Borght et al. 
2006), there are no prospective studies 
performed using IMT-SPecT in the evalu-
ation of indeterminate brain lesions at first 
presentations. This indication can be  
covered by IPA-SPecT as proven by a 
prospective trial.

One potential drawback of IPA-SPecT 
imaging of brain tumors is the limited sen-
sitivity in low-grade gliomas. One of five 
low-grade gliomas was not detected by 
IPA-SPecT. Thus, a negative IPA-SPecT 
cannot exclude the presence of viable gli-
oma (negative predictive value 57% and 
40% for evaluation at first presentation 
and suspected recurrence, respectively). 
even if there are no laboratory data on IPA 
uptake in non neoplastic brain lesions, our 
recent investigation on IPA in experimen-
tal pancreatic tumors and inflammation 
models in rodents indicates that IPA shows 
only moderately increased uptake in acute 
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or chronic inflammation (Samnick et al. 
2004). Similar observation for IPA in 
inflammation have been reported (Lahoutte 
et al. 2003). This might explain the high 
specificity of IPA-SPecT. The fact that no 
false-positive findings occurred with care-
ful image analysis using image fusion 
techniques, implicates a very high positive 
predictive value. If IPA-SPecT gives a 
positive result, the patient is suffering 
from a primary brain tumor.

 POTeNTIAL ADVANceMeNTS

Prospective investigations in vivo con-
firmed the properties of IPA anticipated on 
the basis of preclinical studies and human 
feasibility studies. IPA is a safe radiophar-
maceutical for the characterization of brain 
lesions and visualization of gliomas. The 
application of the typical radioactivity of 
250 MBq 123I-IPA for a SPecT examina-
tion results in an effective dose of 3.6 mSv, 
well acceptable for a diagnostic procedure 
in oncology imaging. IPA shows a specific, 
pertinent uptake even in low-grade tumors 
without disruption of the blood-brain bar-
rier, but no increased uptake in non neo-
plastic brain lesions. An intraindividual 
comparison of IPA-SPecT and IMT-
SPecT showed a lower accumulation of 
IPA in brain tumors than in IMT. IPA-
SPecT was validated for the differentia-
tion of indeterminate brain lesions at first 
presentation in a prospective clinical trial.

The indication “evaluation of indetermi-
nate brain lesions at first presentation” 
might be covered by IPA-SPecT in upcom-
ing recommendations of brain tumor imag-
ing using labelled amino acid analogues. 
The current guideline only contains the 
following indications: detection of viable 

tumor tissue, tumor delineation, selection 
of the best biopsy site, non-invasive tumor 
grading and therapy planning (Vander 
Borght et al. 2006).

The presented data obtained in diagnostic 
studies on IPA-SPecT imaging demon-
strated in vivo the persistent accu-mulation 
of IPA in brain tumors, especially the low-
grade parts of the tumor. Studies in glioma 
cell cultures and in vivo experiments in 
rodents proved the concept of radionuclide 
therapy of glioma by 131I-IPA (Romeike 
et al. 2004). The persistence of IPA accu-
mulations in gliomas may be used for a new 
approach to treat primary brain tumors by 
internal radionuclide therapy in humans.

This contribution was possible due to 
my colleagues being committed to our 
projects, to whom I am thankful, espe-
cially to Professor Dr. S. Samnick, Dr. B. 
Romeike, and Dr. R. Ketter. This work was 
supported by the “Deutsche Krebshilfe” 
by Grant 70-3024-He-1.
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Diagnosis and Staging of Brain Tumours: 
Magnetic Resonance Single Voxel Spectra
Margarida Julià-Sapé, Carles Majós, and Carles Arús 

 SINGLE VOXEL 
MAGNETIC RESONANCE 
SPECTROSCOPY

Where does the information given by a 
single voxel MR spectrum come from? 
The spectroscopic variant of magnetic 
resonance, magnetic resonance spectros-
copy (MRS) allows detection and identi-
fication of a wide repertoire of molecules 
in solutions present in cells and tissues in 
the millimolar range. It has the advantage 
of being a non-invasive technique. The 1H 
isotope of hydrogen, with almost 100% 
natural abundance, is the most frequently 
studied nucleus in the clinical setting, and 
the technique is normally referred to as 
proton magnetic resonance spectroscopy 
or 1H-MRS. Other nuclei, such as 31P 
and 13C, can also be detected for studying 
tissue energetics or metabolic pathways, 
respectively. This chapter will focus on 
proton MR spectroscopy.

In the presence of a magnetic field, 
 protons precess at a certain frequency 
called Larmor frequency, resulting in 
net magnetization. However, protons in 
 different molecules experience slightly dif-
ferent magnetizations and frequencies of 
precession depending on the surrounding 

molecular environment (chemical shield-
ing), which is helpful for identifying differ-
ent metabolites. In this way, the precession 
frequency will be characteristic of each 
chemical group in a given molecule and 
the changes in electronic shielding of the 
nucleus of interest. As a result, mag-
netic resonance gives the possibility of 
simultaneously detecting several chemi-
cal compounds present in a given sample 
(Figure 19.1).The precession frequency of 
protons is normally given in adimensional 
units of parts per million (ppm) instead of 
in Hz. It is obtained from the calculation of 
the chemical shift of the resonance of inter-
est with respect to a reference resonance. 
The ppm scale does not depend on the mag-
netic field strength. Presently, most clinical 
scanners have a magnetic field of 1.5 T, but 
3T machines are becoming increasingly 
popular. This chapter will focus on Single 
Voxel spectroscopy at 1.5 T.

There is a variety of methods for obtaining 
the MRS signal, and key for that is to accu-
rately localize the volume of tissue we plan 
to measure. Broadly, these methods can be 
divided into single volume (voxel) (SV) and 
multi-voxel techniques (MV). This chapter 
will focus on SV 1H-MRS. In SV 1H-MRS, 
a spectrum is acquired from a small volume 
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of tissue defined by the intersection of three 
orthogonal planes. Two approaches are gen-
erally used in clinical practice: the stimu-
lated echo acquisition mode (STEAM) or 
the point resolved spectroscopy (PRESS). 
The PRESS sequence has double signal-to-
noise than STEAM and is, therefore, prefer-
able for most applications.

It should be reminded that after the radio 
frequency pulses have been applied, the 

nuclei start to relax. This process in reso-
nance is described by the time constants T1 
(spin-lattice relaxation time constant) and 
T2 (spin-spin relaxation time constant), 
which are tissue dependent and will have 
influence in certain metabolic signals.

Other acquisition parameters apart from 
the magnetic field strength have an influ-
ence as well in the signals of metabolites 
we detect in a SV 1H-MRS. Echo time 
(TE), usually measured in milliseconds 
(ms) is perhaps the parameter with a most 
dramatic influence on the spectra obtained.

Acquisitions at long TE (TE > 45 ms) 
provide spectra with less baseline distortion, 
although a lower number of metabolites is 
observed, especially those with a short 
T2 relaxation time (i.e., lipids, macromol-
ecules) that give less or no signal at longer 
TEs, or others for which phase modulation 
may obscure their detection at intermediate 
or long TE (i.e., myo-Inositol, mI).

Once an MR spectrum has been obtained 
it has to be processed and analyzed, which 
usually requires assigning the contribution 
of a biochemical substance to each of the 
peaks or signals observed in the spectrum, 
i.e., peak identification. This is usually 
performed using readily available chemi-
cal shift information from high-resolu-
tion MR spectroscopy (performed at high 
field intensities with model solutions and 
biopsies or extracts) and from phantoms 
(model solutions placed in the same 1.5 T 
magnets used for in-vivo studies).

 WHAT DOES SINGLE VOXEL 
MRS TELL US ABOUT  
A BRAIN TUMOR?

As Danielsen and Ross (1999) point out, a 
spectrum can be simplistically described as 
a curve, or graph, with peaks (Figure 19.1). 

Figure 19.1. Top: Spectrum (mean from 15 cases 
at long TE, 135–136 ms) from normal volunteers. 
Resonating protons from choline-containing com-
pounds, creatine and phosphocreatine and N-acetyl 
aspartate are marked in red and arrows point to the 
corresponding peaks. Bottom: Spectrum (mean from 
20 cases at long TE, 135–136 ms) from Astrocytoma 
WHO II cases. Note the increase in choline-contain-
ing compounds and the decrease in both creatine and 
phosphocreatine and N-acetyl aspartate (blue thick 
arrows). Note the appearance of the inverted lactate 
doublet centered at 1.33 ppm
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On the X axis the resonance frequency of 
the different metabolites detected is plotted, 
usually in parts per million (ppm). On the 
Y axis the peak heights are proportional to 
the relative intensity of the signal produced 
by the concentration of these metabolites 
and the number of magnetically equivalent 
protons in each chemical group of inter-
est, such as the three protons in the methyl 
(CH3) resonance of alanine (ALA). At the 
same concentrations, peaks from metabo-
lites with low cellular mobility will have 
lower heights and larger linewidths (ampli-
tudes) due to their shorter T2 values.

Metabolites detected in brain tumors 
mainly do not differ qualitatively from 
those detected in normal brain (there is no 
single MRS biomarker peak for tumor, or 
for a specific brain tumor type), and the 
important information to take into account 
is the distribution of peaks and their relative 
heights (increase or decrease) with respect 
to normal brain and to other tumor types or 
diseases. This is what the expression spec-
tral pattern refers to: 1H-MRS provides us 
with a biochemical fingerprint of the tissue 
studied. Scientifically, it may be interest-
ing to unequivocally associate one pattern 
to a certain tumor type, grade or stage 
(Negendank 1992). Clinically, the analyti-
cal task to be performed by the radiologist 
will consist in qualitatively and quantita-
tively associating one individual graph with 
peaks from an individual patient to a given 
biochemical fingerprint and, therefore, to a 
certain disease, tumor type, grade or stage.

 INFORMATION PROVIDED 
BY A SINGLE VOXEL MR 
SPECTRUM

An exhaustive summary of the most impor-
tant metabolites that can be identified in 

the normal or pathological human brain 
follows:

The methyl (CH3) of lactate (LAC) gives 
a doublet signal centered at 1.33 ppm which 
is inverted at TE 135–144 ms with STEAM 
or PRESS sequences due to J-coupling 
phase modulation. The doublet is upright 
at short TE (20–35 ms) or at longer TE 
(272–288 ms). The CH3 of alanine (ALA) 
is another doublet centered at 1.47 ppm. 
It is also inverted at long TE (135–144 ms) 
and upright at short TE (20–35 ms) or at 
longer TE (272–288 ms). The CH3 of fatty 
acids and the (CH2)n of fatty acids, usually 
contained in triglycerides, give peaks at 
0.9 and 1.3 ppm. These are referred to as 
NMR-visible mobile lipids (LIP), which 
are more intense at short TE sequences 
due to their short T2. The CH3 group of 
N-acetyl groups, at 2.02 ppm. This signal is 
basically contributed by N-acetyl aspartate 
(NAA) in contralateral or peritumoral brain, 
although it can also have contributions from 
other N-acetylated substances, as in cystic 
tumors (Candiota et al. 2004). The methyl-
ene (CH2) group of NAA appears centered 
at 2.61 ppm.

Glutamine (GLN) and glutamate (GLU) 
are commonly referred to as GLX. Their 
b-CH2 and g-CH2 produce several peaks 
in the 2.0–2.46 ppm range and the a-CH 
group does so in the 3.6–3.8 ppm range.

The CH3 of creatine (CRE) and phospho-
creatine, usually referred as total CRE give 
one strong signal at 3.03 ppm. Their CH2 
resonates at 3.93 ppm. CRE at 3.03 ppm 
is considered to have the lowest variability 
in comparison to other resonances, and is 
commonly used as internal reference when 
reporting relative concentrations of other 
brain metabolites. Gamma-aminobutyric 
acid (GABA) shows peaks at 1.9 ppm 
(b-CH2), 2.3 ppm (a-CH2), and 3.00 ppm 
(g-CH2), but the latter is usually masked by 



230 M. Julià-Sapé et al.

the CRE peak at 3.03 ppm. It is scarcely 
visible with MRS at 1.5 T and dedicated 
acquisition sequences should be applied 
to detect it. The nine protons in the (CH3)3 
group of choline (CHO) and other choline-
containing compounds such as phosphoc-
oline and glycerophosphocholine give a 
signal centered at 3.21 ppm.

Taurine (TAU) has two CH2 groups that 
give two triplets at 3.25 and 3.42 ppm. 
However, at 1.5 T these resonances over-
lap with CHO, myo-inositol and glucose.

The C1–C6 protons of glucose (GLUC) 
give peaks in the 3.43–3.80 ppm range, but 
signals at 1.5 T are usually low and difficult 
to distinguish from noise. Two CH2 protons 
of glycine (GLY) and the CH protons on C1, 
C3, C4 and C6 of myo-inositol (mI) co-res-
onate at 3.55. There is another mI resonance 
at 4.06 ppm. It is possible to distinguish 
GLY from mI at 3.55 ppm by recording two 
SV spectra, one at short and the other one at 
long TE (for example, 30 and 136 ms), as 
the mI signal is detected at short TEs, but is 
significantly reduced at longer TEs such as 
136 ms (Barba et al. 2001).

 METHODS

 How to Perform a Single Voxel Magnetic 
Resonance Spectroscopy Study When a 
Brain Tumor Is Suspected

The main technical goal of a SV MRS 
study is to obtain a spectrum of the best 
quality, which includes the part of the 
tumor that provides the most relevant 
information.

The first decision to be taken therefore 
is to choose between the solid-prolifer-
ative part of the tumor or the necrotic-
cystic one. Most protocols do prefer to 
study the first one as it is considered the 

most metabolically active component of 
the tumor, and therefore should con-
tain the most characteristic information. 
According to this, the voxel or Volume 
of Interest (VOI) should be preferentially 
chosen after having performed the MRI 
exam, preferably with contrast adminis-
tration. Conversely, when the MRS exam 
is aimed to differentiate between abscess 
and necrotic tumor, the cystic-necrotic 
component should be studied in order 
to detect if bacterial metabolic products 
have been secreted to the cyst.

Another situation is when the VOI can-
not be positioned in the solid component 
because the lesion is a cystic tumor and 
the solid component is too small to yield a 
good signal. In these cases MRS must be 
performed in the cystic component, under 
the knowledge that the spectrum should 
not be compared to those obtained from the 
solid parts of the tumor. Spectroscopy of 
cystic components has proven useful for the 
diagnosis of hemangioblastoma (Candiota 
et al. 2004) and for differentiating between 
high-grade and low-grade tumors.

Another decision to be taken is regarding 
VOI size. The most common is (2 × 2 × 2) 
cm3. VOIs of a larger size would provide a 
higher signal-to-noise ratio (SNR) but most 
probably with some worsening in field 
homogeneity especially in case of hetero-
geneous tumors. In this respect, it has to be 
considered that enlarging the voxel from  
(2 × 2 × 2) cm3 to (2.5 × 2.5 × 2.5) cm3 
would provide an increase of approximately 
twice in the SNR, while this increase would 
be approximately 3.4 for a voxel of (3 × 
3 × 3) cm3. On the other hand, smaller 
voxels, such as (1.5 × 1.5 × 1.5) cm3 could 
enable to study a more selective component 
of the tumor (the most enhancing area, 
for example), at the cost of a lower SNR.  
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A general rule in this respect would be that 
the VOI should be as small as necessary 
and as large as possible. When a reduc-
tion in the size of the VOI is considered, 
it is advisable to increase the SNR by 
increasing the number of accumulated 
transients. It should be taken into account 
that the increase in the SNR is not linear: 
an increase of 2 in the number of accumu-
lated scans would produce an increase of 
only 1.4-fold in the SNR. Then, a com-
promise solution has to be accepted by 
considering the improvement in the SNR 
required and the possibility of the study 
to be influenced by patient motion due 
to an extended data acquisition period. In 
addition, it should be taken into account 
that areas of susceptibility artifacts, such 
as the skull base or its vicinity, should be 
avoided, whenever possible. For this, it 
is advisable that VOI size and position 
are decided by an experienced radiologist 
with some training in MRS, who is as well 
used to evaluating brain tumors.

 Acquisition Parameters for Single  
Voxel Magnetic Resonance 
Spectroscopy

It is advisable to perform the MRS acqui-
sition using parameters that are widely 
accepted and used in the MR community, 
in order to later be able to compare results 
with literature or for being able to share 
results with other hospitals or clinical cent-
ers. As a guide, parameters originally used 
by a multicentre project called INTERPRET 
(http://azizu.uab.es/INTERPRET/mrs_
data/mrs_data.html) (Tate et al. 2006) are 
listed below, which have been adopted by 
other  multicentre initiatives (http://www.
etumour.net). INTERPRET generated a 
validated database of spectra from 304 

patients and normal volunteers that is also 
available to clinical centers worldwide 
(Julià-Sapé et al. 2006b), therefore, it is 
interesting to use acquisition parameters 
that will allow comparison to a carefully 
checked set of patients with different brain 
tumor types.

RF coils: Use the standard head coil for 
send and receive, or body coil for exciting 
and head coil (standard CP or multi-array) 
for receiving; Magnetic field, 1.5 T; VOI 
size, between (1.5 × 1.5 × 1.5) and (2 × 2 
× 2) cm3.

1. Short echo time PRESS acquisition:
  TE (30–32) ms; TR (1,600–2,000) ms; 

Number of acquisitions, no water sup-
pression (8–16); Number of acquisi-
tions, suppressed water, (128–192); 
Dummy scans, 4.

2.  Short echo time STEAM acquisi-
tion (this is an alternative to protocol  
1 above).

  TE (20–32) ms, TR (1,600–2,000) ms; 
Number of acquisitions, no water sup-
pression (8–32); Number of acquisitions, 
suppressed water, 256; Dummy scans, 4.

3.  Long echo time PRESS acquisition: 
  TE (135–144) ms; TR (1,600–2,000) 

ms; Number of acquisitions, no water 
suppression (8–16); Number of acqui-
sitions, suppressed water (128–192); 
Dummy scans, 4.

 Reporting on a Single Voxel Magnetic 
Resonance Spectroscopy Study

The first task when analyzing an MR spec-
trum for its use in the clinical diagnosis or 
staging of brain tumors is to qualitatively 
evaluate it (Danielsen and Ross 1999). We 
will refer to this as performing a structured 
description of the SV study, and should 
comprise the following: Acquisition 

http://azizu.uab.es/INTERPRET/mrs_data/mrs_data.html
http://azizu.uab.es/INTERPRET/mrs_data/mrs_data.html
http://www.etumour.net
http://www.etumour.net
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parameters that have an influence on the 
spectral pattern. Ideally, the values of the 
following parameters should be included 
in the report:

Study number and date; Magnetic field 
(in Tesla); Scanner model and manufac-
turer; VOI size (expressed as n × n × n 
for each of the three orientations of the 
plane, in mm or cm). Sequence (PRESS or 
STEAM), TE, recycling time (TR) (both in 
milliseconds), number of acquisitions for 
the suppressed and the unsuppressed water 
spectra. Number of points in the MRS file 
and sweep width in Hz. Sweep width tells 
us the range of frequencies covered by the 
acquisition and allow calculating the spec-
tral resolution (data points/ppm).

Measures of acquisition quality. These 
should at least include SNR (van der Graaf 
et al. 2008) and width of the water peak in 
the acquisition without water suppression, 
such as in Kreis 2004.

The structured description of the spec-
trum, which should first, identify the peaks 
(assign them to known metabolites) and 
second, describe the relationships between 
one another, in such a way that a colleague 
could mentally picture the spectrum with-
out needing to see it. MR spectra are read 
from right to left, then peaks should be 
described from 0 (right) usually up to 4.5 
ppm, as this is the most informative region 
in human brain tumor MRS. For describing  
the relationships between peaks, it is useful 
to use CRE as reference and for instance 
report about NAA:CRE or CHO:CRE 
ratios such as 1:1, or 2:1, etc.

The following important features should 
be evaluated, and they are summarized in 
Figure 19.2. The first step should be to 
visually identify which is the peak with the 
highest signal intensity. This will indicate 
whether we are in front of a cyst, a necrotic 

lesion, a highly proliferating tissue or one 
that has suffered damage or inflammation, 
as will be accounted next.

1. Are there LIP signals at 0.9 and 1.3 
ppm? If so, indicate at which TEs they 
are visible. If they are the most promi-
nent peaks of the spectrum at both 
short and long TE, this is indicative 
of necrosis, and therefore of a WHO 
grade IV (mostly glioblastomas, metas-
tases). If the LIP pattern is only found 
at short TE, it cannot be concluded 
that there is clear necrotic pattern, 
but presence of mobile lipids instead, 
which may be seen in perfectly viable 
cells. Interestingly, Toxoplasma Gondii 
abscesses can also present with a typi-
cal necrotic pattern (Chinn et al. 1995) 
and consequently the rest of clinical 
signs and the full MR study should be 
taken into account when discarding or 
suggesting this diagnosis on the basis of 
the SV MRS study.

2. Presence/absence of LAC resonance. 
An inverted LAC doublet at long TE 
is one of the landmarks of glial tumors 
of low and intermediate grade (WHO 
grades II–III). This resonance can also 
be detected in medulloblastomas in 
adults. When the LAC peak is the most 
prominent resonance in the spectrum, 
we must consider whether it is a cystic 
liquid from a malignant (WHO grade 
IV) tumor (Candiota et al. 2004). Fur-
thermore, certain non-tumoral proc-
esses like the acute phase of ictus and 
certain multiple sclerosis plaque stages 
may show increased LAC as well. If the 
LAC resonance at long TE is accompa-
nied by other inverted peaks in the 0–1.4 
ppm region, we will consider a bacterial 
abscess (Rémy et al. 1995).
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Figure 19.2. Flow diagram for reporting on a SV MRS study
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3. Presence/absence of ALA resonance. At 
long TE, the inverted ALA resonance 
is a hallmark of low and intermediate 
meningioma (WHO grades I–II) grades. 
It can also be found in medulloblasto-
mas of adults, which frequently present 
with LAC and ALA resonances.

4. NAA resonance at 2.01 ppm. Which is 
the ratio with respect to CRE? In normal 
brain tissue, the NAA peak should be the 
one with the highest intensity, approxi-
mately double of that of CRE and CHO. 
In general, NAA decreases in any situa-
tion that causes a decrease or malfunc-
tion in neurons, be it a tumor, or a pseu-
dotumoral mass such as those of multiple 
sclerosis or infarcted volumes. In tumors, 
the degree of NAA decrease correlates 
with increasing malignancy. It has to be 
noted that this assertion does not stand 
for the case of low-grade meningiomas, 
which do not display NAA resonance as 
the tumor cells that compose them arise 
from meningeal precursors.

5. Which is the CHO/CRE ratio? In general, 
CHO will be increased and the rise will be 
directly proportional to proliferation rate 
in neuroepithelial tumors (Herminghaus 
et al. 2002). CHO will also be increased in 
inflammatory conditions, such as reactive 
gliosis or multiple sclerosis lesions. CHO 
is also increased in low and intermediate 
grade meningiomas (WHO grades I–II). 
The CHO/CRE ratio in glial tumors in-
creases with grade from WHO II to III, but 
this feature is difficult to evaluate visually 
and for this discrimination it is preferable 
to use a quantitative method.

6. Presence/absence of TAU resonance. 
One can find relatively intense TAU 
-resonances in medulloblastomas  
(Kovanlikaya et al. 2005), being in the 
latter a helpful hint for differentiation 
from astrocytomas.

7. Presence/absence of mI/GLY and its 
variation in relative intensity with re-
spect to the CRE signal, when TE is 
changed. Glial tumors of low and inter-
mediate grade (WHO grade II–III) show 
mI/GLY signals, these being frequently 
one of the most prominent signals in 
the spectrum. There are certain gliob-
lastomas that do not display a necrotic 
profile upon SV MRS (Martínez-Bisbal 
et al. 2004) and also show a high mI/
GLY  signal. Other glial tumors also 
present with high mI/GLY signals, such 
as ependymomas (Panigrahi et al. 2006). 
Therefore, if the MRI study and the rest 
of the spectral pattern bears characteris-
tics of a glial tumor, the mI/GLY reso-
nance would enhance the certainty of 
such an orientation. Furthermore, the 
mI resonance allows to differentiate 
low-grade meningiomas from hemangi-
opericytomas (Barba et al. 2001). Men-
ingioma and hemangiopericytoma spec-
tra are indistinguishable except for the 
resonance at 3.55 ppm that drastically 
decreases at long TE in hemangioperi-
cytomas. This is a useful differentiation, 
as meningiomas and hemangiopericyto-
mas are difficult to distinguish from one 
another by MRI alone (Julià-Sapé et al. 
2006a).

8. Presence/absence of any other signal of 
interest that is found, indicating at which 
TE is observed. A useful reference to 
put names on resonances is provided 
by Govindaraju et al. (2000). However, 
the radiologist should be careful in the 
discovery of potential signals, and only 
those that are clearly distinguishable 
from the noise (SNR higher than 5–10) 
should be taken into account. In addi-
tion, artifacts near the water region due 
to poor field homogeneity could lead to 
incorrect assignments.
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The report should contain as well a brief 
conclusion about the observations and 
if considered necessary, a spectroscopic 
 orientation of the type or grade of the 
tumor. The key concepts to be included in 
the conclusion are therefore if the abnor-
mal brain mass is a tumor or an abscess 
or perhaps a pseudotumoral mass (infarct, 
multiple sclerosis) should be considered. 
If the mass appears to have a clear tumoral 
pattern upon the spectroscopic examina-
tion, then it is advisable to include a sug-
gested type of tumor. It has to be reminded 
here that MRS is not yet a substitute to 
histopathological examination. Therefore, 
the emphasis should be put first, in the 
broad tumor origin, i.e., is it a glial tumor, 
is it a meningeal tumor?, and second in its 
grade. The WHO grade IV of malignancy 
can easily be assigned (with the exceptions 
already mentioned) upon visual examina-
tion of the spectrum, when the necrotic 
LIP pattern is identified. However, in low 
and intermediate grades (WHO I–III), a 
quantitative analysis with a well character-
ized cohort of patients would be needed to 
support such an orientation. Finally, the 
description should be accompanied by the 
images of the spectra (ideally both at short 
and at long TE) processed, for example 
with jMRUI (Naressi et al. 2001) or the 
scanner’s software. A good ppm range for 
displaying the spectra is between 0 and 
4.5 ppm. In case that a signal of interest 
appears outside this range, an additional 
view in the 0–10 ppm range should be 
added. This can happen when there is 
presence of vinyl ML protons of necrotic 
tumors at ca. 5.3 ppm or protons from phe-
nylalanine (Martínez-Pérez et al. 1997). 
It can be a good option to accompany the 
report with mean spectra from the sug-
gested pathologies from a local database 
or from available literature.

 Quantifying a Magnetic Resonance 
Spectroscopy Study: Processing  
a Single Voxel Magnetic Resonance 
Spectrum

In order to perform statistics or intra-
center comparisons on patient cohorts, it 
is necessary to choose a set of processing 
parameters and to process all spectra in 
the same way. There are several software 
packages for processing MRS data. Many 
radiologists use scanner-proprietary soft-
ware, such as SAGE (General Electric), 
or PRIDE (Philips). There are also other 
programs for general use with data from 
many scanners, and the most popular are 
jMRUI (Naressi et al. 2001) and LC model 
(Provencher 2001). jMRUI is free to non-
profit institutions while LC model requires 
a license. If spectra from several machines 
are to be compared, it is necessary to adjust 
the number of points and the frequency 
range between manufacturers. This is pro-
vided by the INTERPRET software (Tate 
et al. 2006), that uses a canonical format of 
512 points in the [−2.7, 7.1] ppm region. 
Except in those centers where two scanners 
from different manufacturers are available, 
in the day-to-day patient management it is 
frequently sufficient to choose a processing 
software to process patient data to be com-
pared probably with reference ratio values 
or mean spectra from patient series at the 
same institution. The commonest choice 
is to use the same processing software 
available in the scanner console. In cent-
ers with interest in further analysis of the 
MRS data, then a package that allows more 
sophisticated manipulations on spectra like 
the above mentioned jMRUI or LC model 
should be available.

The basic manipulations to be performed 
on a spectrum are the following: The spec-
tral signal is in fact a recording of the signal 
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current intensity against time, in the time 
domain, and is commonly known as the 
free induction decay (FID). This signal has 
to be transformed in another type of signal, 
in the frequency domain, in order to be able 
to identify the resonating molecules. This 
is achieved by a mathematical transforma-
tion called fast Fourier transform (FFT). 
The frequency signal that is obtained after 
the FFT is known as the MR spectrum 
(Figure 19.1). The spectrum will consist 
of a large signal from water and several 
small signals from the metabolites that 
are in solution. Therefore, additional data 
processing is needed in order to remove the 
residual water signal and to isolate the sig-
nals from metabolites, and several methods 
exist for that (In’t Zandt et al. 2001). After 
FFT, subtraction of the water signal, phase 
correction, baseline correction and addi-
tional phasing – if needed – are usually per-
formed. If signals are being quantitated, a 
variety of methods also exist, such as those 
available in LCmodel or AMARES and 
QUEST, which are included in the jMRUI 
package (http://www.mrui.uab.es/mrui/).

 QUANTIFYING AN MRS 
STUDY: RATIO-BASED 
DETERMINATIONS

As it has been mentioned earlier, an MR 
spectrum can be simplistically described 
as a graph with some peaks, scaled in 
arbitrary units. These units are relative, 
and cannot be directly used for comparing 
among cases, especially among different 
clinical centers. For this, it is necessary 
to obtain absolute values, by metabolite 
quantization, or by normalizing the values 
for example, to a reference. Metabolite 
quantization should in theory be the most 

robust approach (Opstad et al. 2008). 
Nevertheless, the methods suggested above 
(jMRUI or LCmodel-based) are time-con-
suming and difficult to implement in a real 
clinical environment. They also usually 
rely on accepting certain prior knowledge 
published about T1 and T2 of the reso-
nances of interest in the tissue, which could 
be uncertain or variable. Several methods 
have been suggested for normalizing the 
spectra, but the simplest and probably the 
most commonly used is to calculate ratios 
between resonances. The main advantage of 
ratios relies on their simplicity. Nowadays, 
most MR manufacturers automatically pro-
vide these ratio values integrated in their 
scanner software (Figure 19.3) without the 
need of any additional data manipulation. 
Furthermore, the simplicity of the method 
reduces the chance of unwanted operator 
bias. Several ratios can be calculated in a 
spectrum. As total CRE has been consid-
ered the less variable compound in brain 
and brain masses, most ratios include CRE 
in the denominator.

The CHO resonance in vivo originates 
mostly from intermediates of phospholipid 
metabolism, which closely correlate with 
changes in the structure and function of 
cell membranes. Usually, increased CHO 
can be seen in processes with elevated 
cell-membrane turnover, such as in highly 
proliferating tumors, and the degree of 
increase in this ratio will correlate with 
the degree of cell-membrane turnover 
(Herminghaus, et al. 2002). Accordingly, 
the CHO/CR ratio has been suggested as a 
normalized value to evaluate neuroepithe-
lial tumor proliferation stage.

NAA is predominantly found in neurons 
and consequently, reduction in the NAA 
signal has been considered to be caused 
by neuron destruction or displacement. 

http://www.mrui.uab.es/mrui/
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Then, the NAA/CR ratio has been used as 
a marker of neuronal integrity.

Furthermore, any peak intensity ratio 
may also be considered and the result can 
constitute a normalized value which may 
be used to compare among different cases. 
For example, the CHO/NAA ratio could be 
used to highlight proliferation rate changes 
and neuronal destruction in a sole ratio. 

Additionally, ratios from other metabolites 
could provide additional information, such 
as mI/CRE for assessing glial proliferation, 
or the GLX/CRE as meningioma marker.

A large number of studies have evalu-
ated brain tumors with metabolite ratios. 
An in depth report of their results is out 
of the scope of this chapter, nevertheless, 
some relevant aspects to be taken into 

Figure 19.3. Typical screen from a scanner console (Philips). Top, from right to left, saggital, coronal and 
axial images with the VOI marked in red color. Bottom left, spectrum at long TE with NAA, CRE 
(Cr, in the image) and CHO (Cho, in the image). Bottom right, several figures of interest are given, such 
as the integrated area or the height of these peaks with respect to CRE or the SNR, as well as acquisition 
parameters. Spectro results displays the position in ppm, area/Cr (peak area relative to CRE area), SNR, 
height/Cr (peak height relative to CRE height) and height for the following metabolites: NAA, CRE and 
CHO. In addition, the Acquisition Parameters section gives several parameters from the study as well as 
their value. In this example: Nucleus, 1H; Frequency, 63.9; TE, 136; TR, 2000; NSA, 128; BW, 1000; NP, 
1024; AP size, 20; RL size, 25; FH size, 25; VOL, 10000; VolSel, ECHO; ScnTyp: VS



238 M. Julià-Sapé et al.

account when evaluating an MR spectrum 
can be summarized:

1. There is a positive correlation between 
CHO/CRE and tumoral WHO grade 
in gliomas. An increased value in the 
CHO/CRE ratio correlates with prolif-
eration rate (Herminghaus et al. 2002), 
and as a consequence, with the WHO 
grade in glial tumors. This correlation 
is linear when comparing between low-
grade (WHO grade II) and anaplastic 
astrocytomas (WHO grade III), but is 
variable in glioblastomas. Some authors 
have shown CHO to be higher in gliob-
lastomas than in anaplastic astrocyto-
mas (Herminghaus et al. 2002), while 
others have described CHO/CRE to 
be lower in glioblastomas (Dowling 
et al. 2001). These differences could 
be caused by varying proportions of 
necrotic versus proliferative cellular 
regions in the VOI. Accordingly, dis-
crepancies between studies may be due 
to both the relationship between solid 
proliferative and necrotic areas in the 
tumors, as well as to the VOI position.

2. In a recent study comparing glial tumors 
without necrosis and pseudotumoral 
lesions, the increased mI/NAA ratio at 
short TE was found to be the most use-
ful classifier with 82% accuracy in the 
classification of low-grade glial tumors 
(Majós et al. 2008).

 QUANTIFYING AN MRS 
STUDY: CLASSIFIERS 
AND DECISION-SUPPORT 
SYSTEMS

Up to now in this chapter, it has been 
shown that there is no distinct marker res-
onance that appears, disappears, increases 

or decreases in a fully specific way in 
certain tumors or pseudotumor types. On 
the contrary, several peaks change their 
intensities simultaneously, and behave 
as continuous variables, i.e. the signal is 
numerically measurable. For this reason, 
statistical techniques based in multivariate 
analysis have been traditionally employed 
in the area since 1992 (Negendank 1992; 
Tate et al. 1998, 2006). However, despite 
the ample literature on the matter (whose 
review is out of the scope of this chap-
ter) none of the automated classifiers 
described in the literature is widely avail-
able and easily usable or reproducible 
by non-mathematical experts. This fact 
set a common ground for developing an 
automated system in 2000, the already 
mentioned INTERPRET (http://azizu.
uab.es/INTERPRET/int_Disc_Proto.
shtml), to help clinicians to easily type 
and grade brain tumors with the help 
of MRS in a push button way (no tedi-
ous processing or quantification steps). 
The system is nowadays still available 
(http://gabrmn.uab.es/dss, Figure 19.4) 
and has been reported to be easy to use 
and useful for the discrimination of brain 
tumor types (http://rsna2005.rsna.org/
rsna2005/V2005/conference/event_dis-
play.cfm?em_id=4407124).

 WHEN THERE IS AN 
INDICATION FOR  
A SV MRS EXAM

Three situations can be considered for 
its indication in suspected brain tumors: 
Discrimination between tumor and pseu-
dotumoral lesion; Tumor classification; 
Follow-up of brain tumors after treat-
ment.

http://azizu.uab.es/INTERPRET/int_Disc_Proto.shtml
http://azizu.uab.es/INTERPRET/int_Disc_Proto.shtml
http://azizu.uab.es/INTERPRET/int_Disc_Proto.shtml
http://rsna2005.rsna.org/rsna2005/V2005/conference/event_display.cfm?em_id=4407124
http://rsna2005.rsna.org/rsna2005/V2005/conference/event_display.cfm?em_id=4407124
http://rsna2005.rsna.org/rsna2005/V2005/conference/event_display.cfm?em_id=4407124
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 Discrimination Between Tumor  
and Pseudotumoral Lesion

Depending on the radiological solid or 
necrotic aspect of the mass, two situ-
ations may be encountered. When the 
lesion is solid, the main diagnoses include 
tumors without necrosis and pseudotu-
moral demyelinating disease. Some 
ischemic lesions with atypical clinical and 
radiological aspect can also mimic a solid 
pseudotumoral mass. Finally, in certain 
cases for which pathologic examination is 
absent or indeterminate, the lesion spon-
taneously regresses upon follow-up, and 

only an unspecific diagnosis of “benign 
pseudotumoral lesion” can be established. 
MR spectroscopy may help differentiating 
between tumor and pseudotumor in these 
situations, on the basis of higher CHO 
levels, as well as low NAA (Saindane 
et al. 2002) in tumors. These spectroscopic 
changes may be attributed to a larger 
membrane turnover in proliferating cells 
and decrease of neuron content caused by 
tumor infiltration. In a recent study (Majós 
et al. 2008), it was found that the CHO/
NAA ratio provided the highest discrimi-
native performance between tumor and 

Figure 19.4. The INTERPRET decision-support system. The left overview displays the cases in the data-
base, with different colors depending on the type of tumor. The top and bottom right overviews allow 
display, analysis and comparison of two spectra
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pseudotumor at long TE (TE, 136 ms). 
This ratio therefore can gauge the level 
of membrane turnover and neuron loss in 
a sole parameter, and provides an accu-
racy of 79% when differentiating between 
tumor and pseudotumor in an independ-
ent test set. In the same work, it was also 
found that the best discrimination between 
tumor and pseudotumor at short TE (TE, 
30 ms) was provided by the mI/NAA ratio 
(accuracy 82%), by means of a relative 
evaluation of glial proliferative status ver-
sus neuron loss.

When a necrotic mass has thin regular 
walls, especially if some degree of hyper-
intensity is found on diffusion weighted 
images (DWI), a pyogenic abscess has 
to be considered. In this respect, it has to 
be taken into account that not all lesions 
with apparent diffusion coefficient (ADC) 
reduction correspond to abscess. Necrotic 
tumors with hemorrhage or large extra-
cellular protein content can occasionally 
show this feature. This is the reason why 
DWI has low specificity and high sensi-
tivity for the diagnosis of abscess. The 
opposite happens with MRS, which is 
highly specific, but with low sensitiv-
ity. Metabolism largely varies between 
human tumors and bacteria, and these 
differences can be non-invasively detected 
by MRS (Rémy et al. 1995; Martínez-
Pérez et al. 1997; Saindane et al. 2002). 
Then, the combination of DWI and MRS 
may provide the highest diagnostic per-
formance. Nowadays, the suspicion of 
brain abscess can be considered the only 
indication for emergency MRS, because 
patient management largely depends of 
this diagnosis (urgent stereotactic drain-
age of brain abscess versus elective sur-
gery for brain tumors), and MRS should 
be performed before starting treatments 

that could mask bacterial metabolism  
(Burtscher and Holtas 1999).

 Tumor Classification

Most extra-axial lesions can be diagnosed by 
MRI, such as meningioma or  schwannoma 
without the need of performing an MRS 
exam (Julià-Sapé et al. 2006a). On the 
other hand, most intra-axial brain tumors 
can be classified as glial tumors by MRI. 
Nevertheless, there are some cases in which 
the differentiation between intra or extra- 
parenchymatous tumor is not as evident. In 
these cases, an MRS exam showing a typi-
cal aspect of meningioma may be of help 
for suggesting to the surgeon an extra-axial 
nature of the mass (Majós et al. 2003). MRS 
can also be helpful in suggesting a particular 
diagnosis in other situations. An example 
could be posterior fossa tumors in children 
(Wang et al. 1995) in which the possibil-
ity of ependymoma, medulloblastoma or 
pilocytic astrocytoma would stand up for a 
different patient management. When a diag-
nosis of glial tumor is put forward, MRS can 
be useful in suggesting an oligodendroglial 
component that could indicate a higher 
sensitivity to chemotherapy and maybe 
an alternative chemotherapeutic protocol. 
Proton MRS can also be helpful in adjusting 
the WHO grade of a glial tumor. The classi-
cal concept by imaging is that a glial tumor 
that enhances after contrast would be high 
grade because there is hematoencephalic 
barrier damage, while a non-enhancing 
tumor would be low-grade. Nowadays, it is 
well known that some exceptions to this rule 
exist, and that up to 37% of non-enhancing 
tumors may be WHO grade III or IV and 
up to 10% of WHO grade III astrocyto-
mas may be non-enhancing tumors (Scott 
et al. 2002). Then, MRS could provide 
a metabolic insight into the tumor that can 
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be of help for its grading into the WHO 
scale. According to all these arguments, 
MRS can be of help in most brain masses, 
including some cases in which MR imag-
ing alone could seem effective enough ab 
initio. As a consequence, our advice would 
be to include MRS in the study of all brain 
masses suggestive of brain tumor.

 Follow-Up of Brain-Tumors  
After Treatment

MRS may play a role in the follow-up 
of brain tumors after treatment. Whereas 
multivoxel MRS has been shown to be 
of prognostic value (Oh et al. 2004), 
SV MRS has been found to be useful 
in radiation necrosis assessment. In two 
different studies, Weybright et al (2005) 
and Zeng et al. (2007) found that the 
criterion if CHO/CRE ratio higher than 
1.8 or CHO/NAA higher than 1.8, then 
tumor recurrence (1.71 as threshold in 
the study of Zeng et al.) was able to dif-
ferentiate between radiation necrosis and 
tumor recurrence with an accuracy higher 
than 95%. However, it has yet to be 
shown whether the metabolic differences 
between tumor infiltration and post-treat-
ment changes can produce spectroscopic 
differences applicable in the differentia-
tion between tumor progression and pseu-
doprogression (Brandsma et al. 2008).

In conclusion, SV 1H-MRS is a simple, 
quick and powerful technique that gives 
information about the metabolic state of 
a tissue. In brain tumors, it can be used 
as a confirmatory technique together with 
the rest of the MR study to aid in char-
acterization of the abnormal brain mass. 
This chapter has given a set of guidelines 
that allow a radiologist to indicate MRS 
in the adequate clinical circumstances and 

to analyze the resulting data. It is pos-
sible now to distinguish among the most 
important types of brain tumors: menin-
giomas, glial tumors and those that have 
reached the WHO grade IV. In addition, 
further analyses on the MRS can also be 
performed for refined characterization of 
the masses, with the help of the analytical 
tools here outlined.
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Parallel Magnetic Resonance Imaging 
Acquisition and Reconstruction: 
Application to Functional and 
Spectroscopic Imaging in Human Brain
Fa-Hsuan Lin and Shang-Yueh Tsai 

 INTRODUCTION

Magnetic resonance imaging (MRI) has 
contributed significantly to modern cancer 
diagnosis and treatment planning because 
of its noninvasive nature, versatile image 
contrast, and high spatiotemporal resolu-
tion. For decades, the quest for higher 
sensitivity and greater spatial and/or tem-
poral resolution has been approached by 
means of increasing major field strengths, 
enhancing gradient performance, and 
improving radio frequency (RF) technol-
ogy. In this chapter, we present recent 
MRI advances that use an RF coil array 
to achieve “ parallel” data acquisition for 
higher spatiotemporal resolution.

In the context of cancer imaging, parallel 
MRI has immediate potential application 
to two long-standing challenges. First, in 
interventional MRI increased performance 
of real-time imaging is generally depend-
ent on high spatiotemporal resolution. 
Second, magnetic resonance spectroscopic 
imaging (MRSI) has been widely utilized 
for diagnosis and quantification of cancer. 
However, given that 2D or 3D imaging of 
MRS data has been hampered by lengthy 
data encoding time, it has been rendered 
less clinically feasible. With the aid of 

parallel MRI, the challenges of achieving 
high spatiotemporal resolution and data 
encoding time can be mitigated.

In the following sections, we will present 
the theory of parallel MRI data acquisition 
and associated reconstruction algorithms, 
followed by examples of applications 
of parallel MRI for functional MRI and 
MRS. Although we focus on the applica-
tions of parallel MRI for brain imaging, 
the general concept of parallel MRI can be 
adaptively extended to other organs and 
systems with appropriate modifications 
to the data acquisition system and image 
reconstruction algorithm.

 PRINCIPLES OF PARALLEL MRI

Parallel MRI is a recent advance in MRI 
technology that utilizes simultaneous data 
acquisitions from multiple RF coil receiv-
ers to improve the spatiotemporal resolu-
tion of imaging. The advantage of high 
signal-to-noise ratio (SNR) in phased array 
(Roemer et al. 1990), along with reduced 
k-space sampling schemes (Carlson and 
Minemura 1993) forms the core of parallel 
MRI. The idea of utilizing spatially vary-
ing sensitivity from different channels of 
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an RF array to reduce imaging encoding 
time was initially implemented in different 
imaging approaches (Hutchinson and Raff 
1988; Carlson and Minemura 1993; Ra 
and Rim 1993). Currently, there exist two 
major commercially available implemen-
tations of parallel MRI: the image space 
sensitivity encoding (SENSE) approach 
(Pruessmann et al. 1999), and the k-space 
spatial harmonics (SMASH) approach 
(Sodickson and Manning 1997), along with 
its derivative, generalized autocalibrat-
ing partial parallel acquisition (GRAPPA) 
(Griswold et al. 2002). Implementation 
of parallel MRI requires data from mul-
tiple RF coil receivers, each of which 
observes the spatial distribution of the 
imaged object’s spin density modulated by 
the coil sensitivity profile of the individual 
RF coil. The reduced k-space sampling in 
classical Fourier imaging produces aliased 
images in individual receivers. Given the 
coil sensitivity profiles from the RF array, 
we can unfold these aliased images.

Parallel MRI techniques can reduce scan 
time and thereby improve temporal resolu-
tion. Alternatively, parallel MRI can be 
used to increase the spatial resolution of an 
image within the same amount of acquisi-
tion time (Weiger et al. 2000). Additional 
benefits of the parallel MRI technique 
include lowered susceptibility artifact due 
to reduced read-out duration, decreased 
geometrical distortion due to increased 
phase-encoding bandwidth (Bammer et al. 
2001; Schmidt et al. 2005), and lower 
echo-planar imaging (EPI) acoustic noise 
due to reduced gradient switching (de 
Zwart et al. 2002c).

A major price for the above-mentioned 
advantages is decreased image SNR. The 
reduction in SNR arises from two sources: 
reduced number of data  samples, and 

 reconstruction instability due to  correlations 
in spatial information, as determined by 
the geometrical arrangement of the array 
coil. The first of these disadvantages is an 
inevitable result of reducing the number of 
samples. The second disadvantage might 
be addressed by optimizing coil geometry 
(de Zwart et al. 2002a) or by improving 
the stability of the reconstruction algorithm 
(Lin et al. 2004). Increased noise originat-
ing from correlated spatial information 
from the array elements can be estimated 
from the array geometry and quantified by 
the geometric factor map (g-factor map) 
(Pruessmann et al. 1999).

In practice, parallel MRI can be divided 
into two parts: data acquisition and image 
reconstruction. In data acquisition, the 
goal is to optimize the k-space travers-
ing trajectory in order to achieve desired 
spatiotemporal resolution. In image recon-
struction, the goal is to utilize the informa-
tion available in an RF array to reconstruct 
high spatiotemporal resolution images with 
minimal aliasing artifact resulting from the 
Nyquist sampling theorem.

 PARALLEL MRI ACQUISITIONS

The time required to traverse the k-space is 
closely related to total data acquisition time 
in traditional MRI. The purpose of paral-
lel MRI is to avoid “full” sampling of the 
k-space by skipping certain data collection 
points. The skipped k-space data produce 
aliased images, as predicted by the Nyquist 
sampling theorem. Using information from 
all channels in the RF coil array, the 
skipped data can be numerically interpo-
lated from sampled data to restore full field-
of-view (FOV) images without aliasing 
artifacts. Typically, in rectilinear Cartesian 
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 coordinates, parallel MRI skips data in the 
phase-encoding direction; skipping data in 
the frequency-encoding direction saves lit-
tle data acquisition time because the dura-
tion of the frequency-encoding gradient is 
the same regardless of whether sampling 
is full or skipped. Parallel MRI acquisi-
tion with skipped phase encoding data 
can reduce data acquisition time and thus 
improve temporal resolution. The benefit 
of skipping data collection in the phase 
encoding direction can also be translated 
to higher bandwidth and less geometrical 
distortion (Bammer et al. 2001; Schmidt 
et al. 2005).

In rectilinear Cartesian coordinates, 
implementing parallel MRI acquisition 
can be easily achieved by increasing the 
step size in the phase-encoding direction. 
The EPI trajectory is therefore similar to 
that of segmented EPI (McKinnon 1993). 
Reconstruction of individual EPI segments 
from all array elements renders itself as 
parallel MRI. When using non-Cartesian 
sampling such as spiral imaging, paral-
lel MRI acquisition can be implemented 
by reducing the number of spiral arms to 
cover the k-space. These 2D  sampling tra-
jectories can be extended to 3D, which has 
two phase-encoding directions in Cartesian 
sampling. Parallel MRI can reduce sam-
pling in both phase-encoding directions 
by using complimentary information from 
array elements to reconstruct images with-
out aliasing artifacts (Weiger et al. 2002a). 
Optimization of data acquisition schemes 
in parallel MRI can also be combined with 
RF modulation to control spatial aliasing 
in accelerated acquisition, and thereby 
improve reconstruction quality (Breuer 
et al. 2005a).

The capability for improving temporal 
resolution makes parallel MRI an appealing 

data acquisition approach. When applied 
to dynamic scans, where imaging planes 
or volumes are repeated, parallel MRI 
data acquisition can be further optimized 
by taking both k-space and time domain 
into consideration. For example, TSENSE 
(Kellman et al. 2001) utilizes interleaved 
segmented EPI acquisition, each segment 
of which can later be reconstructed from 
an aliased image to a full-FOV image. 
This approach can be further combined 
with a time-domain filtering method, such 
as UNFOLD (Madore et al. 1999), to 
further improve the temporal resolution 
of dynamic scanning (Tsao et al. 2003). 
Similar to TSENSE, which uses SENSE as 
the reconstruction kernel, the same time-
interleaved k-space sampling was used in 
the implementation of TGRAPPA, which 
uses GRAPPA as the reconstruction kernel 
(Breuer et al. 2005b).

In parallel MRI, sensitivity maps for all 
channels in the coil array critically deter-
mine the quality of the reconstructed image. 
Traditionally, a separate scan is required 
to estimate coil maps (Pruessmann et al. 
1999). Because coil maps vary smoothly 
over the FOV in most cases, low spatial res-
olution scans usually are adequate to serve 
this purpose. Low spatial resolution in coil 
sensitivity maps inspired the integration 
of data collection for coil map estimation 
into the accelerated parallel MRI acquisi-
tion; accelerated scanning is achieved by 
skipping data with high spatial frequency 
while at the same time maintaining full 
sampling around the center of the k-space 
for coil map estimation. This method 
is called “auto-calibration” because in 
single acquisition such data potentially 
contain both coil map information and 
the image to be reconstructed. And it 
was used in SMASH (Jakob et al. 1998), 
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SENSE (Madore 2004), and GRAPPA 
implementations (Griswold et al. 2002). 
Different from rectilinear Cartesian trajec-
tory sampling, non-Cartesian sampling 
using a spiral trajectory is intrinsically 
self-calibrated. This means that the dense 
sampling around the center of k-space in 
spiral trajectory can be used as the coil 
sensitivity maps required in parallel MRI 
reconstruction. Methods have been pro-
posed to utilize the more densely sampled 
central part of the k-space to extract coil 
maps for improved reconstructions (Yeh 
et al. 2005a; Heberlein and Hu 2006).

 PARALLEL MRI 
RECONSTRUCTIONS

The goal of reconstructing parallel MRI 
data is to remove aliasing artifacts using 
coil sensitivity information and observa-
tions from multiple channels in a coil array. 
Currently, there are two prevailing major 
variants of reconstruction algorithms: the 
k-space-based SMASH/GRAPPA method 
(Sodickson and Manning 1997; Griswold 
et al. 2002) and the image domain SENSE 
method (Pruessmann et al. 1999). In prac-
tice, image reconstruction can be divided 
into three stages: The first stage is prepara-
tion of parallel MRI reconstruction, which 
includes quantification of array coil per-
formance, coil map estimation, and pre-
processing of accelerated data. The second 
stage is reconstruction of the full-FOV 
image from under-sampled k-space data. 
The third stage is combination of recon-
structed images for final presentation.

In the first stage, it is typically desirable to 
quantify the correlation between channels 
in an RF coil array. Correlated information 
between array channels causes redundant 
observations from different channels. And 

it may thus degrade the quality of recon-
structed image, because of insufficient 
independent information to remove alias-
ing. Correlations between channels in an 
array may be due to imperfection of coil 
fabrication, such as common mode signal 
or electromagnetic coupling. Typically, 
we can quantify the correlation among 
channels of an RF coil array by the noise 
covariance matrix, which can be estimated 
experimentally by turning off RF excita-
tion while turning on data acquisition for 
a period of time (Pruessmann et al. 1999). 
The noise covariance matrix can thus 
be calculated using the time series from 
all channels, and its structure indicates 
the correlation between channels. Ideally, 
we expect minimal correlation among 
channels, corresponding to a noise cov-
ariance matrix with minimal off-diagonal 
entries. A large off-diagonal entry implies 
that information between two channels is 
highly correlated, and thus the information 
from these two corresponding channels 
may be redundant. Given a quantitative 
noise covariance matrix, we can “whiten” 
the parallel MRI acquisition to balance the 
independent information between chan-
nels in a coil array.

The other essential part of preparing par-
allel MRI data reconstruction is coil sen-
sitivity map estimation. Using a separate 
sensitivity map scan, we may apply either 
local polynomial fitting (Pruessmann 
et al. 1999) or novel wavelet filtering 
(Lin et al. 2003) to estimate coil maps. 
However, estimation of coil maps can be 
avoided if the in vivo sensitivity method 
is employed (Sodickson 2000). Unlike 
traditional SENSE/SMASH reconstruc-
tions, the in vivo sensitivity method esti-
mates the ratio of the spin density in the 
accelerated scan over that in the full-FOV 
reference scan. Restoration of the final 
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reconstructed image from the estimated 
full-FOV spin density ratio requires a mul-
tiplication operation. The estimated spin 
density ratio must multiply the coil sensi-
tivity maps, which are full-FOV reference 
images themselves, to obtain coil-by-coil 
reconstructed images. The benefit of the 
in vivo sensitivity is that it requires no coil 
sensitivity map estimation; thus making 
it possible to avoid errors associated with 
misspecification of coil maps. However, 
ill conditioning at pixels, where the ratio 
between accelerated and unaccelerated 
scans is not defined, also limits the ability 
of the in vivo sensitivity method. Similarly, 
GRAPPA reconstruction (Griswold et al. 
2002) also does not require explicit coil 
map estimation. In GRAPPA, coil map 
information is embedded in auto-cali-
bration scans (ACS), which are usually 
k-space samples around the center of the 
k-space satisfying the Nyquist sampling 
theorem. The purpose of ACS is to sam-
ple some k-space data, which would be 
avoided in the accelerated scan, in order to 
estimate the parallel MRI reconstruction 
coefficients. This auto-calibration tech-
nique has also been employed in spiral 
trajectory MRI (Yeh et al. 2005b).

The core of parallel MRI employs under-
sampled data from multiple channels in 
an RF coil array and coil map informa-
tion to restore full-FOV images. Usually, 
due to the computational efficiency of 
an analytical solution, such restoration 
is done by linear (weighted) least square 
fitting (Sodickson and Manning 1997; 
Pruessmann et al. 1999). Mathematically, 
the least square fitting solution corre-
sponds to an optimization problem with a 
cost function defined as the L-2 norm of 
the model error, the discrepancy between 
actually observed accelerated data and 
model-predicted data, for all channels in a 

coil array. To further improve the stability 
of parallel MRI reconstructions, Tikhonov 
regularization framework (Tikhonov and 
Arsenin 1977) has recently has shown 
to be effective for incorporating spatial 
prior in the cost function to reduce noise 
amplification arising from the “unfold-
ing” process of aliased matrix (Lin et al. 
2004). Given appropriate regularization 
parameters, prior regularized parallel MRI 
reconstructions show improved stability in 
both structural and functional MRI (Lin 
et al. 2004, 2005).

Typically with Cartesian sampling, 
parallel MRI data reconstruction can be 
separated into many small linear sys-
tems, each of which consists of aliasing 
pixels in the final reconstructed image. 
Such reconstruction is possible because 
the point-spread function derived from 
the k-space sampling pattern separates the 
reconstruction into many decoupled linear 
systems. However, for non-Cartesian sam-
pling methods, such as spiral imaging, we 
cannot separate reconstruction into many 
smaller linear systems. Instead, we must 
directly solve a huge linear equation of 
size n2-by- n2, where n2 is the number of 
voxels in the whole 2D image. An iterative 
solver using a Conjugated-Gradient (CG) 
algorithm has been proposed to address 
this issue (Pruessmann et al. 2001).

Finally, reconstruction of parallel MRI 
may involve strategies to combine the esti-
mated spin distribution from all channels 
in the array. Using SENSE reconstruction, 
this process is implicitly implemented dur-
ing image reconstruction using coil sensi-
tivity as the weighting function to produce 
a final composite image. In SMASH/
GRAPPA imaging, alternatives to com-
bining different channels in the array 
after parallel MRI reconstruction have 
been proposed, including direct  averaging, 
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matched filter combination, and sum-
of-squares combination (McKenzie et al. 
2001; Griswold et al. 2002).

 MATHEMATICAL 
FORMULATION

Formation of aliased images from multiple 
receivers in parallel MRI can be formu-
lated as a linear operation to “fold” the 
full-FOV spin density images (Sodickson 
and McKenzie 2001).

  (20.1)

Here y  is the vector formed from the 
pixel intensities recorded by each receiver 
(folded image) and 


x is the vector formed 

from the full FOV image. The encoding 
matrix A consists of the product of the 
aliasing operation due to k-space data 
sub-sampling and modulation of coil-
specific sensitivity over the image. The 
goal of image reconstruction is to solve 
for x


 given our knowledge of A derived 
from understanding the folding process 
and an estimate of the coil sensitivity 
maps. Whereas Eq. 20.1 is expressed 
in the image domain SENSE approach 
(Pruessmann et al. 1999), similar linear 
relationships are formed in the k-space-
based SMASH (Sodickson and Manning 
1997) method. Furthermore, the same 
basic formulation is used in either the 
in vivo sensitivity method (Sodickson 
2000), or the conventional SENSE/
SMASH methods requiring coil sensitiv-
ity estimation. In general, Eq. 20.1 is an 
over-determined linear system, i.e., the 
number of array coils, which is the row 
dimension of y


, exceeds the number of 

pixels that folds into the measured pixel; 
the row dimension of x


.

To solve for x


 (the full FOV image), the 
over-determined matrix is inverted utiliz-
ing least-square estimation (Pruessmann 
et al. 1999).

  
(20.2)

where the H superscript denotes the trans-
posed complex conjugate and Y is the 
receiver noise covariance (Pruessmann 
et al. 1999). When Y is positive semi-
definite, the eigen decomposition of the 
receiver noise covariance (L and V) leads 
to the unfolding matrix, U, using the whit-
ened aliasing operator A  and the whitened 
observation y . Whitening of the aliasing 
operator will be used in the regularization 
formulation introduced in the next section.

  

(20.3)

Whitening incorporates the receiver noise 
covariance matrix implicitly allowing 
optimal SNR reconstruction within the 
regularization formulation. The noise sen-
sitivity of the parallel imaging reconstruc-
tion is thus quantified by amplification of 
the noise power that results from the array 
geometry. This g-factor is thus written 
(Pruessmann et al. 1999)

  

(20.4)
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The subscript r indicates the voxels to 
be “unfolded” in the full FOV image, and 
X denotes the covariance of the recon-
struction image vector x


. Here R denotes 

the factor by which the number of samples 
is reduced (the acceleration rate).

Tikhonov regularization (Tikhonov and 
Arsenin 1977) provides a framework to 
stabilize the solution of an ill-conditioned 
linear equation. Using Tikhonov regu-
larization, the solution of Eq. 20.1 can be 
written as

   

(20.5)

Here l2 is the regularization parameter. L 
is a positive semi-definite linear transfor-
mation, 0x


 denotes the prior information 

about the solution x
 , and 2|| • ||  repre-

sents the L-2 norm. The second term in 
Eq. 20.5, defined as the prior error, is the 
deviation of the solution image from the 
prior knowledge. The first term, defined 
as the model error, represents the devia-
tion of the observed aliased image from 
the model observation, which is a folded 
version solution image. The regularization 
parameter determines the relative weights 
with which these two estimates of error 
combine to form a cost function.

Consider the extreme case when l2 is 
zero and we attempt to minimize only the 
first term – a calculation that is equivalent 
to solving the original equation, xy A= 

, 
without conditioning (conventional SENSE 
reconstruction). On the other extreme, 
when l2 is large, the solution will dupli-
cate of the prior information 0x


. Thus, 

the regularization parameter l2 quanti-
fies the trade-off between model error 
and prior error. An appropriate chosen l2 

(regularization) decreases the otherwise 
complete dependency on the whitened model 
( A ) and the whitened observation ( y ), to 
 constrain the solution to within a reason-
able “distance” from the prior knowledge 
( 0x


). Thus regularization increases the 
influence of prior knowledge full FOV 
image information during parallel MRI 
reconstruction.

Given the regularization parameter l2 and 
defining L as an identity matrix, the solu-
tion of Eq. 20.4 is written (Hansen 1998):

  

(20.6)

Here ju


, jυ


, and sjj are the left singular 
vector, right singular vector and singular 
value of A , respectively, generated by sin-
gular value decomposition (SVD); singu-
lar values and vectors are indexed by j. 
This calculation leads to the following 
matrix representations:

  

(20.7)

Using regularization and Eq. 20.4, the 
ratio of the noise levels between the regu-
larized parallel MRI reconstruction and 
the original full FOV image normalized by 
the factor of acceleration yields the local 
geometry factor for noise amplification.
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  (20.8)

Inside the square root of Eq. 20.8, the first 
square bracket term denotes the variance 
of unfolding using regularization from 
Eq. 20.7; the second square bracket term 
denotes the variance of the full FOV refer-
ence image.

 APPLICATION – SENSE HUMAN 
BRAIN FUNCTIONAL 
MAGNETIC RESONANCE 
IMAGING

Applications of parallel MRI acquisi-
tion protocols for fMRI experiments have 
been reported by different groups, which 
used either the PRESTO sequence (Golay 
et al. 2000) or the gradient-echo EPI 
sequence (de Zwart et al. 2002b; Weiger 
et al. 2002b; Preibisch et al. 2003). The 
rationale for using parallel MRI is that 
fMRI data acquisition protocol focuses 
on enhancement of spatiotemporal reso-
lution due to reduced k-space traversing 
time. At high field (³3T) scanners, T2* 
relaxation time of human gray matter may 
be less than 30 ms in areas that exhibit 
pronounced field inhomogeneities (Barth 
et al. 1999). Traditionally such a short T2* 
made single-shot EPI intractable for suf-
ficient spatiotemporal resolution because 
the data acquisition time was insufficient 
to traverse the entire k-space. With parallel 
imaging, the time needed to traverse the 
k-space is reduced by means of mathemat-
ically “unfolding” the aliased images from 
individual receivers in the array. Reduced 
k-space traversing time also benefits the 
reduction of susceptibility artifacts and 

geometrical distortion originating from 
local magnetic field inhomogeneity. This 
is because the shortened readout time for 
data acquisition contributes to reduced 
local spin dephasing within individual vox-
els and produces higher bandwidth in the 
phase-encoding direction. Another signifi-
cance of utilizing SENSE as the fMRI data 
acquisition protocol at high fields includes 
lowered acoustic noise owing to gradient 
switching for complete k-space trajectory 
traversing (de Zwart et al. 2002c).

Echo-planar imaging (EPI) is the most 
popular functional MRI acquisition proto-
col for capturing T2*-weighted image con-
trast derived from intrinsic hemoglobin, 
which can infer local neural activity. Here 
we demonstrate the effect of reduced EPI 
distortion with GRAPPA-reconstructed 
EPI on a 3T scanner (Siemens Medical 
Solution, Erlangen, Germany) equipped 
with an eight-channel head phased array 
coil (Figure 20.1). The imaging parameters 
are: FOV = 200 mm, TR/TE = 2,000/30 ms, 
Flip angle = 90°, slice thickness = 3 mm, 
bandwidth = 1,440 Hz. Note that image 
distortion around the frontal and temporal 
lobes was improved using GRAPPA imag-
ing. Regularization can also suppress noise 
at the center of the reconstructed image, 
compared to unregularized reconstruction 
in the same acceleration rate.

To further demonstrate how EPI with 
reguarlized parallel MRI reconstruction 
can be applied to human brain fMRI 
experiments, we collected a set of blocked-
design visual fMRI data from a 3T scanner 
equipped with an eight-channel phased 
array coil. And subsequently SENSE recon-
structions were performed. We recruited 
one healthy subject for the study after 
receiving approval from the Institutional 
Review Board and obtaining the subject’s 

rr rr rr= Γ2 2[( )] [( )]H Hg V V VS V
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informed consent. A checkerboard visual 
stimulus, designed to display either con-
tinuous flashing checkerboards at 4 Hz 
(the “on” condition), or fixation (the “off” 
condition), was presented to the subject. 
Three “off” conditions and two “on” con-
ditions of seconds each were alternately 
presented, starting with the “off” condi-
tion. We used a 2D EPI sequence with the 
parameters: TR = 2,000 ms, TE = 50 ms, 
flip angle = 90°, slice thickness = 5 mm 
with 0.5 mm gap, 14 slices, FOV = 200 
× 200 mm, image matrix = 128 × 128 for 
image acquisition. We collected three-
segment EPI data (20 volumes in compo-
sition reconstruction, with eight “on” and 
12 “off” conditions; ten dummy scans) 

and four-segment EPI data (15 volumes in 
composition reconstruction with six “on” 
and nine “off” conditions; ten dummy 
scans). Phase encoding was in the anterior-
posterior direction. We used the in vivo 
sensitivity method to reconstruct acceler-
ated images and thus avoid misestimating 
the coil sensitivity maps. We also acquired 
the full FOV spatial prior required for 
regularized reconstruction by temporal 
collapsing EPI segments using inter-
leaved segmented EPI (Lin et al. 2005). 
Figure 20.2a shows the t statistics maps 
of the 3T visual fMRI experiment using 
SENSE EPI both with and without regu-
larization at three- and four-fold accelera-
tions. At three-fold SENSE acceleration, 

Figure 20.1. Compared to non-accelerated reconstruction (R = 1) with 6/8 partial Fourier (PF) sampling, 
GRAPPA EPI reconstructions at 2X (R = 2) and 4X (R = 4) accelerations show decreased distortion 
around the temporal and frontal lobes, where susceptibility and B0 inhomogeneity is strong. At the same 
acceleration rate, regularized (reg.) reconstructions show less noise amplification than unregularized 
(unreg.) reconstructions, particularly around the center of the brain
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regularized reconstructions yielded larger 
activated functional areas than unregular-
ized reconstructions around the occipital 
lobe (regularized: 2,327 mm2; unregular-
ized: 2,139 mm2). A similar increase in 
sensitivity by regularization was also 
observed in the four-fold SENSE accelera-
tion (regularized: 896 mm2; unregularized: 
735 mm2).

Figure 20.2b shows the three regions 
aliased with three-fold acceleration. One 
of the aliased regions shown here is visual 
cortex region, highlighted in yellow. The 
corresponding time courses of all three ali-
ased regions are depicted in Figure 20.2c. 
Note that only the activated visual cor-
tex region exhibited a time course that 
matched to the stimulus paradigm. The 

other two aliased regions showed either 
low BOLD contrasts in all conditions or 
a time course mismatched to the stimulus 
paradigm. We have previously reported 
more detailed Monte Carlo simulations on 
the improvement of the stability of SENSE 
EPI reconstructions (Lin et al. 2005).

Here we demonstrated the benefits of 
parallel MRI to reduce distortion artifact. 
Spatial prior can also be incorporated 
to regularize reconstructions for suppres-
sion of noise levels introduced in paral-
lel MRI reconstructions during dynamic 
fMRI scan. Further improvement of paral-
lel MRI reconstruction can potentially be 
accomplished by using a large-N coil array 
and optimizing the k-space trajectory for 
accelerated scans.

Figure 20.2. (a) The t statistics maps calculated from 3X and 4X SENSE reconstructions. (b) EPI image 
depicting the three aliased regions with 3X acceleration. One of the aliased regions, highlighted in yellow, 
is the visual cortex. (c) The time courses of the three aliased regions. Note that only the time course from 
the visual cortex corresponded well to the stimulus paradigm
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 APPLICATION – SENSE 
PROTON SPECTROSCOPIC 
IMAGING

In vivo magnetic resonance spectroscopy 
(MRS) and magnetic resonance spectro-
scopic imaging (MRSI) have been used for 
almost 3 decades to measure possible prog-
nostic or diagnostic markers in living tissue 
(Gillies and Morse 2005). The former has 
been suggested as a clinical tool for cancer 
in various regions of the body (Beloueche-
Babari et al. 2005) and is a primary focus 
for applications in brain cancer (Preul 
et al. 1996). The major goals of MRS stud-
ies for applications in cancer diagnosis and 
treatment planning are to identify types 
and grades of cerebral neoplasm (Del Sole 
et al. 2001). Because MRS is sensitive to 
alterations in the chemical signals of vari-
ous metabolites including choline (Cho), 
creatine (Cr), lactate, myoinositol, and 
N-acetyl-aspartate (NAA), MRS technol-
ogy can help clinicians evaluate brain 
tumors and neoplasm metabolic states. 
The most frequently observed biomark-
ers of brain tumors include decreases in 
choline and lactate and increases in NAA. 
Magnetic resonance spectroscopic imag-
ing (MRSI) techniques allow metabolic 
“images” to be obtained throughout the 
volume of interest with a single measure-
ment (Brown et al. 1982), but are often 
limited by long echo times to reduce con-
tamination from overwhelming peripheral 
lipids. Short-TE MRSI techniques are fea-
sible and allow additional measurements 
of lipid signals in brain tumors. Measuring 
these signals is significant because their 
levels are indicative of macrophage activ-
ity in necrosis. Although identification of a 
tumor mass and assessment of its size and 
vasculature are best achieved with MRI, 

MRSI can provide additional biochemical 
information that can be crucial for tumor 
classification, differential diagnosis and 
follow-up (Preul et al. 1998). The ability 
to display the metabolite distribution as a 
map is therefore very important and useful 
in clinical settings (Preul et al. 1998).

Magnetic resonance spectroscopic imag-
ing (MRSI) measures spatially encoded 
time-domain signals from free-induction 
decay (FID), stimulated echoes, or spin 
echoes using gradient phase encoding to 
resolve the two- or three-dimensional spa-
tial distribution of spectroscopic infor-
mation that originated from different 
locations within the field-of-view (FOV). 
Data acquisition time grows in propor-
tion to the spatial encoding specified in 
the imaging protocol. For example, in 2D 
proton MRSI with 32 × 32 imaging matrix 
and TR = 2 s, encoding time is >30 min.

Several methods have been proposed to 
speed up conventional MRSI: Reduced 
k-space encoding techniques such as cir-
cular k-space sampling (Maudsley et al. 
1994), variable repetition times for dif-
ferent phase encoding steps (Kuhn et al. 
1996), and individually phase-encoded 
multi-echo techniques (Duyn et al. 1993) 
offer moderate acceleration of conven-
tional phase encoding. Implementation 
of echo-time-encoded high-speed imag-
ing methods is straightforward (Haase 
1990), but achieving high spectral resolu-
tion at large spectral width is still time-
consuming. Furthermore, short echo times 
are not feasible, and sensitivity is usually 
lower than with conventional techniques 
(Pohmann et al. 1997).

Even with above-mentioned efforts to 
accelerate MRSI, three-dimensional spatial 
encoding is still not clinically feasible. Data 
quality during such long data  acquisition 
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times can be seriously degraded by head 
motion and scanner instability. Motion 
artifact is especially problematic with 
respect to tremors associated with neural 
degenerative diseases such as Alzheimer’s, 
and dynamic metabolic imaging, which 
requires repeated measurements to provide 
time-resolved information, is limited to 
rather coarse temporal resolution.

Much faster spatial-spectral encoding 
can be achieved using either echo-planar 
(Posse et al. 1994) or spiral read-out meth-
ods (Adalsteinsson et al. 1998). Using 
echo-planar readout, proton-echo-planar-
spectroscopic-imaging (Pepsi) can accel-
erate encoding times in human brain by 
more than an order of magnitude and has 
been developed for clinical MR scanners to 
measure two-dimensional metabolite dis-
tributions at short TE in just 1 min (mini-
mum acquisition time for a 32 × 32 matrix 
is 64 s with TR = 2 s) (Posse et al. 1995), 
and three-dimensional metabolite distribu-
tions in just a few minutes (Posse et al. 
1994). Proton-echo-planar-spectroscopic-
imaging (PEPSI) has also been employed 
for time-resolved metabolic imaging to 
map dynamically changing lactate con-
centrations during respiratory and meta-
bolic challenges (Posse et al. 1997) and to 
characterize metabolic dysfunction during 
sodium-lactate infusion in patients with 
panic disorder (Dager et al. 1999).

Here we present the combination of 
PEPSI and parallel MRI, specifically 
SENSE reconstruction, to further acceler-
ate data acquisition in high-speed spec-
troscopic imaging. The major motivation 
of this approach is to tradeoff SNR for 
rapid spatial encoding and reduced motion 
sensitivity during long data acquisition 
times. In vivo human subject experiments 
were performed under the supervision of 

the Institutional Review Board, and with 
subjects’ informed consent. PEPSI (Posse 
et al. 1995) was performed on healthy 
volunteers, using a 3T scanner (Trio, 
SIEMENS Medical Solution, Erlangen, 
Germany) equipped with an eight-channel 
surface array coil that covers the whole 
brain circumferentially by eight surface 
coils. This procedure includes water sup-
pression by chemical shift selective satu-
ration (CHESS) sequence (Haase et al. 
1985), complete eight-slice outer volume 
suppression along the perimeter of the 
brain, spin-echo excitation, and fast spa-
tial-spectral encoding of the half-echo 
using an EPI read-out gradient train along 
the x-axis (Posse et al. 1995). Data were 
acquired at 2.5 KHz per data point, using 
online regridding to account for ramp 
sampling (O’Sullivan 1985), and 1,024 
gradient inversions. Reconstructed spec-
tral width after even/odd echo editing 
was 1,080 Hz. Additional phase encoding 
along the Y-axis was applied to obtain 2D 
spatial encoding. SENSE for spatiotem-
poral acceleration, spatial phase encoding 
along the Y-axis was skipped by sampling 
one k-space line in a block of two, three, or 
four consecutive k-space lines in the phase 
encoding direction to achieve 2X, 3X, and 
4X acceleration, respectively. Both non-
water-suppressed (NWS) and water-sup-
pressed (WS) PEPSI data were collected. 
Non-water suppressed data were collected 
without spatial presaturation and used for 
automatic phase and frequency shift cor-
rection. Proton-Echo-Planar-Spectroscopic 
Imaging (PEPSI) data were acquired from 
a para-axial slice at the upper edge of the 
ventricles with TR of 2 s and short TE of 
15 ms using a 32 x 32 spatial matrix with 
FOV of 220 mm; slice thickness was 15 
mm. Such data were collected with eight 
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averages, among which single average 
data were also extracted to test whether 
SNR was sufficient for SENSE accel-
eration. The acquisition times for single-
average and eight-average data were 64 
and 512 s, respectively, without SENSE 
acceleration.

Reconstructed PEPSI data with 
eight averages were reconstructed with 
LCModel fitting. Water-suppressed data 
were acquired with 8.5, 4.25, 2.8 and 2.1 
min acquisition times for fully sampled, 
2X, 3X, and 4X SENSE, respectively. The 
three major metabolite peaks representing 
Cho, Cre, and NAA were also observed 
in unaccelerated scans and 2X, 3X, and 
4X accelerated data with similar width 
and shape (not shown here). The shape of 
the baseline in all reconstructed data was 
mostly similar. The Cho, Cre, and NAA 
metabolite maps are shown in Figure 20.3 
(top panel). The maps of fully sampled and 
2X SENSE accelerated data are very simi-
lar. Signal-to-noise constraints in the 3X 
and 4X SENSE results failed to preserve 
the homogenous metabolite distribution in 
brain parenchyma regions seen in the fully 
sampled data.

A single signal average was extracted 
from the same data set with eight aver-
ages to evaluate the effect of SNR loss 
on SENSE acceleration quality. The Cho, 
Cre, NAA metabolite maps are shown 
in Figure 20.3 (bottom panel). Single-
average, fully sampled data generated 
homogeneous maps. With only slight deg-
radation, using 2X SENSE, which cor-
responds to 32 s data acquisition time, the 
metabolite maps were still comparable 
to the unaccelerated maps. 3X and 4X 
SENSE acceleration with 22 s and 16 s 
data acquisition times generated more 
noisy metabolite maps in brain paren-

chyma, indicating insufficient SNR for 
SENSE acceleration in both cases.

We have demonstrated the feasibility of 
using SENSE reconstruction to acceler-
ate high-speed gradient-encoded MRSI 
data acquisition, which was achieved by 
trading off image SNR for faster data 
acquisition time. The reduced SNR results 
from decimated data samples and recon-
struction-associated noise amplification. 
We have shown that at high field (³3T) 
the combination of PEPSI with SENSE 
can further reduce the intrinsic single-
average 64 s data acquisition time for a 
32 × 32 matrix to 32 s (2X SENSE) with 
little degradation of metabolite informa-
tion. With even higher field strength and 
improved RF coil arrays, we anticipate 
that SENSE-accelerated metabolite map-
ping with scan times on the order of a few 
seconds will become feasible. Another 
appropriate application of single-average 
SENSE PEPSI is the context of transient 
high SNR, such as in hyperpolarized 13C 
experiments (Golman et al. 2003). At 
lower field (£1.5 T), averaging was nec-
essary to maintain SNR, and the chief 
advantage of the SENSE PEPSI imaging 
technique is thus reduced motion sensitiv-
ity associated with shortened acquisition 
time for a single average. Reduced motion 
sensitivity is particularly advantageous 
in clinical studies of patients with move-
ment disorders. The overall SNR can be 
maintained with averaging, provided that 
the g-factor does not deviate too far from 
1.0 using a dedicated array coil design and 
optimal coil placement.

Sensitivity-encoding (SENSE) accelera-
tion is particularly important to reducing 
long scan times in 3D spatial encoding, 
which is currently under development 
in our laboratory. As mentioned above, 
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one-dimensional SENSE acceleration can 
be utilized to accelerate the slow spatial 
phase encoding in a 2D PEPSI experi-
ment. Further acceleration can be achieved 
using two-dimensional SENSE in 3D 
PEPSI experiments, where two orthogo-
nal spatial phase encoding gradients are 
used. The SENSE PEPSI imaging tech-

nique presented can also be generalized to 
other echo-planar-based read-out methods, 
such as echo-shifted EPI (Guimaraes et al. 
1999) or spiral (Adalsteinsson et al. 1998) 
MRSI. In those methods, oscillating read-
out gradients are used to encode 2D spatial 
information in a single shot. In that regard, 
direct application of 2D SENSE would be 

Figure 20.3. NAA, creatine (Cre), and choline (Cho) metabolite maps measured in a para-axial slice at 
the upper edge of the ventricles from full sampled data and 2X, 3X, 4X SENSE acceleration at 3 T with 
eight averages (top panel) and single average (bottom panel) after LCModel quantification. Acquisition 
times for eight-average data were 8.5, 4.25, 2.8 and 2.1 min, respectively; for single-average data, 64, 32, 
21 and 16 s, respectively
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feasible. In fact, the cylindrically sym-
metric layout of the currently available 
head RF array coil encourages use of 2D 
SENSE to minimize the g-factor. As we 
noted earlier, in the future a large-N coil 
array may further increase the acceleration 
rate for high spatiotemporal resolution, 
with acceptable reconstructed spatiospec-
tral MRSI data.

In conclusion, in this chapter, we pre-
sented the principle of parallel MRI with 
a brief review of recent advances in data 
acquisition and image reconstruction strat-
egies. We also presented mathematical 
formulation of image reconstruction. We 
demonstrated examples of parallel MRI 
using SENSE reconstructions in EPI and 
brain fMRI to reduce geometrical distor-
tion. In particular, we showed that with 
good prior knowledge about the image 
to be reconstructed, sensitivity-encoded 
echo-planer imaging (SENSE EPI) can 
be further stabilized to improve sensitiv-
ity and specificity in dynamic scanning. 
For spectroscopic imaging, we showed 
that MRSI experiments at high field (³3T) 
may utilize parallel MRI to reduce imag-
ing acquisition times with tolerable SNR 
reduction using single average PEPSI 
sequence, while low field (£1.5T) may still 
use SENSE to reduce motion sensitivity 
and acquire multiple averages to maintain 
overall SNR. In conclusion, improvement 
of spatiotemporal resolution by parallel 
MRI can benefit static, dynamic, and met-
abolic MR imaging for cancer diagnosis 
and management.
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Intra-axial Brain Tumors: Diagnostic 
Magnetic Resonance Imaging
Elias R. Melhem and Riyadh N. Alokaili 

INTRODUCTION

During the last century, central nervous 
system (CNS) imaging has witnessed 
a revolution with advances that have 
impacted all aspects of neuroscience prac-
tice in general and the management of 
intra-axial brain tumors in particular. In 
the pre-twentieth century era neurologists 
and neurosurgeons developed elaborate 
and sophisticated bedside examination 
techniques to gain insight into the calvar-
ium. At the end of the nineteenth century 
and in the early twentieth century X-ray 
machines were developed and the ability 
to look through the opaque skull was a 
welcomed development by means of pneu-
moencephlography and later with cerebral 
angiography. In the 1970s, the way clinical 
neuroscience disciplines were practiced 
dramatically changed with the advent of 
X-ray computed tomography. Then in the 
1980s, magnetic resonance imaging (MRI) 
was introduced. In the last 3 decades MRI 
became the imaging modality of choice 
for non-emergent neurological conditions, 
such as imaging of intra-axial brain masses, 
due to many advances including exquisite 
tissue contrast resolution and multi-planar 
capabilities.

Subsequent developments of additional 
nonanatomical MRI methods provided 
molecular, physiological, and metabolic 
information regarding the CNS. These 
advanced MRI techniques include perfusion 
imaging, diffusion weighted imaging, dif-
fusion tensor imaging, magnetic resonance 
spectroscopy (MRS), blood oxygen level 
dependant (BOLD) imaging, and molecular 
imaging.

The role of MRI in the workup of intra-
axial brain tumors can be broadly divided 
into tumor diagnosis and classification, treat-
ment planning, and post-treatment surveil-
lance. This chapter focuses on the diagnostic 
role of the most commonly used conven-
tional anatomical and advanced MRI tech-
niques, such as perfusion imaging, diffusion 
weighted imaging, and proton magnetic reso-
nance spectroscopy (PMRS), in the manage-
ment of common intra-axial brain tumors.

CLASSIFICATION AND 
OVERVIEW OF CENTRAL 
NERVOUS SYSTEM TUMORS

CNS tumors can be divided broadly into 
neoplastic and non-neoplastic masses or 
mass-like lesions. Non-neoplastic conditions 
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that can be mistaken for intra-axial brain 
neoplasms include: tumefactive demy-
elinating lesions, encephalitis, abscesses 
(Figure 21.1), and hamartomas of tuber-
ous sclerosis, mass-like cortical dyspla-
sias, hematomas, and acute and subacute 
infarcts. Furthermore, neoplasms can also 
be broadly divided into metastasis and 
primary neoplasms. Several cell types give 
rise to primary CNS neoplasms; however, 
neoplasms of glial (Figure 21.2) and lym-
phocytic cell origins are responsible for the 
overwhelming majority of primary intra-
axial brain neoplasms with those of glial 
cell origin being much more common.

INTRA-AXIAL TUMOR 
IMAGING PROTOCOL

MRI protocols for brain tumors vary depend-
ing on the type of medical institution and 
the availability of equipment and expertise. 
It is beyond the scope of this chapter to 
outline the specifics of the various proto-
cols. Instead, we will outline a few general 
imaging protocol principles that ought to be 
seriously considered by medical institutions 
interested in providing comprehensive care 
for patients with brain tumors.

Different imaging modalities used in 
brain tumor protocols, such as X-ray com-
puted tomography, single photon emission 
tomography (SPECT), positron emission 
tomography (PET), or MRI have advan-
tages and disadvantages. Hence, these 
modalities are not necessarily exclusion-
ary but often complement one another, 
especially in complicated cases. In this 

chapter however, we will emphasize MRI, 
which is the best single imaging modal-
ity in the evaluation of intraaxial tumors 
because of its multi-planar capability, lack 
of ionizing radiation, and versatility in 
contrast resolution. This reflects various 
aspects of tissue characteristics including 
water diffusivity, metabolic concentration, 
and hemoglobin saturation.

The basic MRI protocol should include 
fluid attenuated inversion recovery 
(FLAIR), T1, and T2 sequences. These 
sequences provide essential anatomical 
information such as location and size of 
the tumor as well as its relationship to elo-
quent structures. With respect to imaging 
planes, no protocol should be limited to a 
single plane and three orthogonal planes 
are preferred. Due to their ease and speed 
of acquisition, diffusion weighted images 
have become part of the basic protocol for 
imaging of brain tumors.

Gadolinium based contrast enhanced 
images are also an essential component of 
the basic MRI protocol. Enhancement indi-
cates disruption of the blood brain barrier. 
The general purpose that contrast serves 
is to discriminate typically non-enhancing 
low-grade neoplasms, cortical dysplasia, 
and encephalitis from typically enhancing 
abscesses, lymphomas, tumefactive demy-
elinating lesions, high-grade primary and 
metastatic brain neoplasms. Although con-
trast enhancement alone is not highly spe-
cific for brain tumor characterization, it has 
been shown to improve lesion detection 
and differentiation (Runge et al. 2001). In 
addition to the essential minimum protocol 
described above, many academic and tertiary 

bright on the axial diffusion weighted image (c), dark on the apparent diffusion coefficient map 
(d). On spectroscopy (e) there is an elevated amino acid signal (at 0.9 ppm), elevated Lac signal (at 1.33 
ppm), elevated alanine signal (at 1.47 ppm), elevated acetate signal (at 1.92 ppm), absent NAA signal (at 
2.02 ppm), absent Cr signal (at 3.0 ppm), and absent Cho signal (at 3.2 ppm)
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Figure 21.1. Left occipitoparietal pyogenic abscess. The lesion appears dark with a thin rim of enhance-
ment on the axial post-contrast T1 image (a), bright with a dark rim on the axial T2 image (b), lightbulb 
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Figure 21.2. Glioblastoma multiforme. The lesion appears bright on the axial T2 image (a) and bright on 
the axial fluid attenuated inversion recovery image (b) with areas of bright signal on the axial diffusion 
weighted image (c) and corresponding dark signal on the apparent diffusion coefficient map (d) consistent 
with restricted diffusion. Multi-focal thick rim enhancement is seen on the axial post-contrast T1 image (e). 
The fiber tractography image (f) shows interruption of the right hemispheric associated white matter fibers 
(normal uninterrupted associated fibers are seen on the contra-lateral side). The axial negative integral per-
fusion map (g) shows markedly elevated perfusion. On the spectroscopic tracing at a TE of 288 ms, there is 
elevated Lac signal (at 1.33 ppm), decreased NAA signal (at 2.02 ppm), and marked elevation of the Cho 
signal (at 3.2 ppm). A synchronous non-enhancing mass is also seen on the contra-lateral side
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care centers have elaborate brain tumor 
 protocols that include many other sophis-
ticated and exciting MRI techniques that 
are outlined next. Some protocols include 
a high-resolution anatomical often post-
contrast sequence that can be loaded onto 
one of many commonly used surgical navi-
gation systems which have become standard 
in many neurosurgical operating theaters.

Brain tumor imaging protocols may 
include PMRS. When PMRS is performed, 
it is beneficial to combine single-voxel and 
multi-voxel spectroscopy at least at a long 
TE (time to echo) of ~270 ms, but prefer-
ably also at short and intermediate TEs. 
From a practical standpoint, we encour-
age the adoption of one PMRS method 
in clinical practice in order to enhance 
familiarity and optimize utility. Perfusion 
magnetic resonance and diffusion tensor 
imaging are increasingly being added to 
brain tumor imaging protocols.

Functional BOLD MRI is not a routine 
part of tumor imaging protocols; however, it 
is often performed as a separate imaging ses-
sion for patients with masses that are close to 
eloquent cortex (such as motor, sensory, or 
language). As mentioned above in regard to 
the anatomical navigation sequence, nearly 
any imaging sequence can be loaded onto the 
surgical navigation systems, where it is pos-
sible to superimpose physiologic, metabolic, 
white matter tracts, and cortical functional 
maps on anatomical images by merging and 
coregistering algorithms.

DIFFUSION IMAGING

The random microscopic movement of 
water and molecules of similar size in 
tissues is what is meant by molecular 
diffusion. This motion is often referred 
to as Brownian motion and is caused 

by the thermal energy harbored by these 
 molecules. With MRI, random movement 
of water molecules from one voxel (an 
imaging volume element on a regular grid 
in three dimensional space) to adjacent 
ones, which changes the gradient the mol-
ecules experience, causes spin dephasing 
and resultant signal loss. The signal loss 
on routine MRI sequences caused by the 
diffusion phenomenon is minor and barely 
perceptible. On the other hand, diffusion 
weighted imaging is specifically designed 
to detect this phenomenon by applying an 
additional pair of strong pulsed magnetic 
gradients during imaging, known as bipo-
lar gradients. Diffusion imaging there-
fore provides insight into the freedom of 
movement of water molecules in biologi-
cal tissue with higher signal on diffusion 
weighted imaging indicating decreased 
motion, often referred to as restricted dif-
fusion. To avoid misinterpretation of the 
signal modulation on diffusion weighted 
images, it is routine to calculate apparent 
diffusion coefficient maps from diffusion 
weighted imaging. On these maps, a lower 
apparent diffusion coefficient value cor-
responds to restricted diffusion. In clinical 
practice, diffusion weighted imaging is 
extremely sensitive for the demonstra-
tion of acute brain infarct because of the 
decrease of the diffusivity of water mol-
ecules in cytotoxic edema. However, the 
diffusivity of water molecules in brain tis-
sue may be decreased due to several other 
factors, including high cellular density (Lai 
et al. 2002) and pus (Figures 21.1c and d).

DIFFUSION TENSOR IMAGING

On apparent diffusion coefficient maps, 
the random movement of water is assigned 
a numerical value with no information on 
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the direction of movement. Free water 
movement is expected to be equal in all 
directions and is described as an isotropic 
movement; however, in biological tissues 
water movement is hindered by barriers 
due to the presence of cellular structures 
and the interstitial supporting framework. 
Hence, water movement in biological tis-
sues may not be equal in all directions, 
an observation typical for well structured 
tissues such as white matter tracts and 
muscle, and often referred to as diffusion 
anisotropy. Water movement tends to be 
greater parallel versus perpendicular to 
the direction of the white matter tracts. 
Simplistically, diffusion tensor imaging is 
a more accurate representation of diffusion 
where diffusion is illustrated as a vector 
with a magnitude and direction. Diffusion 
tensor imaging has many potential advan-
tages in clinical practice over standard 
diffusion weighted imaging, such as more 
reliable mapping of the extent of the 
tumors. Diffusion tensor imaging may also 
help illustrate the relationship of white 
matter tracts to tumors, and may show if 
these fiber tracts are disrupted or displaced 
(Figure 21.2) (Helton et al. 2006).

PERFUSION MAGNETIC 
RESONANCE IMAGING

A variety of imaging modalities are capa-
ble of performing perfusion imaging by 
observing how a tracer in blood flows 
through the capillary bed using time-
intensity or time-concentration curves, 
and then applying modified tracer kinetic 
equations. For MRI, one can use gado-
linium-based contrast agents as tracers, a 
technique called dynamic susceptibility 

contrast imaging. Alternatively, perfusion 
magnetic resonance imaging (PMRI) can 
be performed with spin labeling where 
there is no need for an extrinsic tracer, 
such as gadolinium-based contrast agents; 
instead, electromagnetically labeled blood 
water is used as a freely diffusible intrin-
sic tracer. An additional advantage of this 
technique is the ability to repeat perfusion 
imaging several times in one session as 
the electromagnetic label is nontoxic, and 
has a short half-life. A major drawback of 
this technique is the lower signal-to-noise 
ratio. Despite this last disadvantage, spin 
labeling may become the standard PMRI 
technique.

Perfusion imaging provides informa-
tion regarding the hemodynamics of brain 
tumor microcirculation and, in an indirect 
manner tumor angiogenesis. On perfusion 
imaging, primary high-grade neoplasms 
(Figure 21.2g) and metastases are expected 
to have elevated relative tumor blood vol-
ume compared to tumefactive demyeli-
nating lesions, abscesses, and low-grade 
neoplasms, most likely due to differences 
in angiogenesis.

PROTON MAGNETIC 
RESONANCE 
SPECTROSCOPY

PMRS provides the ability to non-invasively 
generate biochemical profile character-
istics of the normal brain and brain neo-
plasms in vivo. Through careful analysis 
of spectra, one can obtain information 
regarding neuronal viability, cell mem-
brane integrity, or cellular bioenergetics.

Several brain metabolites can be sepa-
rated based on differences in resonance 
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frequency using PMRS. Metabolites that 
are identified on PMRS and commonly 
used in clinical assessment of the brain 
include: (1) N-acetyl aspartate (NAA), that 
comprises a majority of the resonances at 
2.01 ppm, is synthesized almost exclu-
sively in the mitochondria of the neurons, 
and hence is a marker of neuronal density 
and function; (2) creatine and creatine 
phosphate (Cr), with resonances at 3.02 
ppm, are involved in the regulation of cel-
lular energetics. In general, Cr is used as 
an internal reference against which other 
metabolites are compared; (3) phospho-
choline and glycerophosphocholine (Cho), 
with resonances at 3.21 ppm, are markers 
of membrane biochemistry. Cho is a sensi-
tive but not very specific marker, which 
can be elevated in a multitude of condi-
tions that cause myelin breakdown or cel-
lular proliferation; (4) myoinositol (mI), 
with resonance at 3.50 ppm, is involved 
in the regulation of intracellular sodium 
content and glial activation. Again not 
a very specific metabolite that increases 
in regions of gliosis and astrocytic acti-
vation; (5) lactate (Lac), with a doublet 
at 1.30 ppm, is a marker of anaerobic 
metabolism, which can be elevated in 
conditions that cause brain hypoxia and 
necrosis. (Negendank et al. 1996; Tien 
et al. 1996). A recent systemic review by 
Hollingworth et al. (2006) concluded that 
PMRS is promising in the characterization 
of brain tumors, where typically the spec-
trum will demonstrate elevated Cho and 
reduce NAA peaks (Figure 21.2h).

There are several ways of perform-
ing PMRS. For instance, tracings can 
be obtained from a single voxel or from 
multiple voxels within a two-dimensional 
slice. Additionally, most commercial MR 

scanners generate qualitative spectra and 
some are capable of generating semiquan-
titative spectra from which concentrations 
of brain metabolites can be estimated. 
Despite the several recent encouraging 
reports on quantitative PMRS (Panigrahy 
et al. 2006), in most institutions radiolo-
gists continue to interpret spectral tracings 
by comparing ratios of metabolic peak 
heights or the areas under the peaks.

BASICS OF CENTRAL 
NERVOUS SYSTEM TUMOR 
IMAGE INTERPRETATION

It is important to follow the basics of CNS 
image interpretation in order to reduce the 
chance of erroneous classification of brain 
lesions and to diminish potential adverse 
effects on patient care. The first basic ques-
tion to ask is whether the brain lesion is a 
mass. To be a mass the lesion must displace 
adjacent structures. Admittedly, with small 
lesions this elementary question may not 
be answerable and caregivers often resort 
to follow-up imaging. Next in line is the 
question of whether a lesion is inside 
the substance of the brain (intra-axial) or 
outside (extra-axial). The importance of 
the location of the lesion cannot be over-
emphasized as the differential diagnosis 
of masses in these two compartments is 
considerably different. The rule of thumb 
in answering this question, is that masses 
expand the space they live in and com-
press adjacent structures. For example, 
an extra-axial mass is expected to cause 
compression of brain tissue with thinning 
and crowding of the cortical gyri, whereas 
an intra-axial mass is expected to cause 
expansion of brain tissue and thickening 
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of cortical gyri. Once the two basic criteria 
are met, one can properly label a lesion as 
an intra-axial mass and move on to analyz-
ing the signal characteristics of the lesion 
on MRI.

GENERAL CONVENTIONAL 
MAGNETIC RESONANCE 
IMAGING APPEARANCE  
OF INTRA-AXIAL TUMORS

Besides having the features of an intra-axial 
mass, these masses typically are expected 
to appear dark on T1-weighted images and 
bright on fluid attenuated inversion recov-
ery and T2-weighted images compared to 
normal brain tissue. This, however, is not 
universal as increased tumor cellularity, 
presence of hemorrhage, or calcification can 
cause the lesion to be dark on fluid attenu-
ated inversion recovery and T2-weighted 
images. On the other hand, lesions with 
subacute hemorrhagic components and/
or melanin typically appear bright on 
T1-weighted images. Hence, signal charac-
teristics on T1-weighted, T2-weighted, and 
fluid attenuated inversion recovery images 
may provide valuable information regarding 
the cellularity and contents of brain tumors, 
but are usually insufficient to allow accurate 
diagnosis.

Presence or absence of enhancement of 
intra-axial tumors following intravenous 
contrast administration, which depends on 
whether there is breakdown of the blood 
brain barrier or not, further helps in their 
characterization. In general, enhancement 
tends to be associated with masses that 
rapidly evolve, and, therefore, overwhelm 
the repair process of the blood brain 
barrier. This is typically observed with 
metastasis, high grade malignant gliomas 

(Figure 21.2e), lymphomas, abscesses 
(Figure 21.1a), and tumefactive demyeli-
nating lesions.

APPEARANCE OF SPECIFIC 
INTRA-AXIAL BRAIN 
TUMORS ON ADVANCED 
MAGNETIC RESONANCE 
IMAGING

In the following sections we have con-
centrated on the most commonly used 
advanced MRI methods: perfusion MRI, 
diffusion weighted imaging and PMRS for 
the most common intra-axial brain tumors.

Primary (Non-lymphomatous) Neoplasms

These can be broadly divided into low-
grade (WHO grades I and II) and high 
grade (WHO grades III and IV) neoplasms. 
Although low and high grade neoplasms 
generally differ in their time of presenta-
tion, symptoms, and imaging features, the 
definitive distinction is based on micro-
scopic findings where high-grade glio-
mas have relatively more cellular atypia, 
nuclear pleomorphism, neoangiogenesis, 
and necrosis. Typical distinguishing fea-
tures on PMRS (Figure 21.2h) are elevated 
lipid signal (at 0.9 and 1.3 ppm) and 
elevated lactate (Lac) signal (at 1.33 ppm), 
which favor high grade neoplasms, and 
elevated myoinostiol (mI) signal (at 3.55 
ppm), which favor low-grade neoplasms, 
including Gliomatosis Cerebri (Howe et al. 
2003; Law et al. 2003).

Tracings of PMRS should never be 
interpreted in isolation, as there are no 
precise peak ratios that clearly distinguish 
neoplasm from non-neoplastic conditions 
even with 3T scanners (Kim et al. 2006). 
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PMRS results, such as those published by 
Butzen et al. (2000), report a sensitivity 
of 79% and a specificity of 77% with a 
Cho/ NAA ratio of >1 as an indicator of 
a neoplastic process. Butzen et al. (2000) 
also report a sensitivity of 87% and a 
specificity of 85% by using a logistical 
regression model with ten input PMRS 
variables. A meta-analysis by failed to 
show a reliable spectroscopic feature that 
separates non-neoplastic from neoplastic 
conditions; however, this meta-analysis 
suggested that a Cho/NAA cutoff ratio of 
2.2 offers the best accuracy in distinguish-
ing high-grade neoplasms from low-grade 
neoplasms and non-neoplastic conditions.

On diffusion weighted imaging, primary 
neoplasms have variable apparent diffusion 
coefficients with most showing facilitated 
diffusion but some exhibiting restricted 
diffusion. Apparent diffusion coefficient 
is inversely proportional to neoplasm cel-
lularity presumably due to heterogeneity 
and tortuousity of the interstitial space 
that limits water movement. The apparent 
diffusion coefficient value of high-grade 
gliomas is typically lower than that of 
low-grade gliomas (Yang et al. 2002). 
However, overlap exists making apparent 
diffusion coefficient measurements alone 
insufficient for determining the grade of a 
neoplasm (Lam et al. 2002).

With PMRI, one can generate several 
parameters related to tumor neovascular-
ity. For instance, the relative tumor blood 
volume parameter provides a surrogate 
marker for the degree of neoplastic ang-
iogenesis, which tends to increase with 
the grade of the neoplasm (Figure 21.2g). 
Additionally, neoplasm induced ang-
iogenesis results in structurally abnor-
mal vessels with increased permeability 
parameters on PMRI. Several studies have 

shown that the grade of the neoplasm 
 correlates with the relative tumor blood 
volume. A relative tumor blood volume 
ratio of 1.75 has been suggested as a cutoff 
threshold distinguishing high- from low-
grade neoplasm (Law et al. 2003), where 
relative tumor blood volume is measured 
as a ratio of the maximal tumor blood 
volume to a region of interest in normal 
white matter. An important exception is 
low-grade glial neoplasms with oligoden-
droglial features, which may have mark-
edly elevated relative tumor blood volume 
(Lev et al. 2004). This has been observed, 
in particular, with low-grade oligoden-
drogliomas and oligoastrocytomas with 
chromosome 1p deletion (Whitmore et al. 
2007).

 Secondary Neoplasms (Metastases)

Typical PMRS features include elevated 
lipid signal (at 0.9 and 1.3 ppm), elevated 
Lac signal (at 1.33 ppm), reduced or 
absent NAA signal (at 2.02 ppm), and 
an elevated Cho signal (at 3.2 ppm). 
Distinguishing metastases from high-
grade primary neoplasm with spectro-
scopic analysis of the enhancing portion 
of the tumor is unreliable even though it 
has been shown by some to be possible by 
looking for higher degrees of lipid signal 
in metastases (Howe et al. 2003). On the 
other hand, because primary neoplasms 
have the propensity to infiltrate surround-
ing brain tissue, analysis of areas outside 
the enhancing portion of the mass was 
shown to be more promising (Burtscher 
et al. 2000; Law et al. 2002). Various 
metabolite signal ratios have been sug-
gested for this purpose. In one study, a 
Cho/ NAA ratio of greater than one had an 
accuracy of 100% (Burtscher et al. 2000).  
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Typically, metastatic lesions have elevated 
apparent diffusion coefficient measure-
ments; however, apparent diffusion coef-
ficient map values of metastatic lesions 
are variable and overlap with those 
of primary neoplasms (Hartmann et al. 
2003). Recently, it has been shown that 
because of neoplastic infiltration in pri-
mary neoplasms the apparent diffusion 
coefficient values obtained from peri-
tumoral hyperintensity are lower in pri-
mary neoplasms compared to metastatic 
disease (Lu et al. 2003).

Metastatic lesions are expected to have 
elevated relative tumor blood volume. As 
explained above for primary neoplasms, the 
ability to induce angiogenesis is crucial for 
metastatic lesion growth. Perfusion param-
eters of metastatic lesions tend to overlap 
with high-grade neoplasm probably because 
of similarity in the degree of angiogenesis. 
One possible distinguishing feature is lower 
relative tumor blood volume measurements 
outside the enhancing portion of the meta-
static lesion compared to that of the more 
infiltrative primary neoplasms (Law et al. 
2002; Camacho et al. 2003).

Lymphoma

Typical PMRS features resemble other high 
grade neoplasms and include elevated lipid 
signal (at 0.9 and 1.3 ppm), elevated Lac 
signal (at 1.33 ppm), reduced NAA signal (at 
2.02 ppm), and elevated Cho signal (at 3.2 
ppm). PMRS of lymphoma in AIDS patients 
demonstrates mild to moderately increased 
Lac and lipids along with a prominent Cho 
peak, decreased NAA, Cr, and mI signals 
(Chang et al. 1995; Simone et al. 1998). 
This pattern can help in differentiation from 
toxoplasmosis, which typically has elevated 
Lac and lipid but absence of the other 
metabolites on PMRS (Chinn et al. 1995).

High cellularity and large nuclear to 
cytoplasmic ratio in lymphoma is thought 
to be the cause of low apparent diffusion 
coefficient values in this type of neoplasm. 
This can help differentiate lymphoma 
from toxoplasmosis, which typically has 
significantly greater apparent diffusion 
coefficient values than lymphoma lesions 
(Camacho et al. 2003). A low apparent dif-
fusion coefficient value would also favor 
lymphoma over glial neoplasms.

Differentiation of lymphoma from pri-
mary high-grade glial neoplasms is feasi-
ble with PMRI because lymphoma tends 
to have lower relative tumor blood volume 
(Cha et al. 2002; Sugahara et al. 1999; 
Hartmann et al. 2003) and the intensity 
time curves for lymphoma tend to sig-
nificantly undershoot below the baseline 
(Hartmann et al. 2003). However, lym-
phoma tends to show higher relative tumor 
blood volume compared to toxoplasmosis 
(Ernst et al. 1998).

Tumefactive Demyelinating Lesions

Multiple sclerosis is an idiopathic demy-
elinating disease that results in episodes 
of neurological deficits that are separated 
in time and brain lesions that are sepa-
rated in space. On occasion this disease 
may present as an acute monophasic syn-
dromes such as Marburg variant of multi-
ple sclerosis, Baló’s concentric sclerosis, 
and other focal tumefactive demyelinating 
lesions that may simulate brain neoplams. 
Distinction of these rare demyelinating 
processes early in the course of the dis-
ease process has prognostic and treatment 
implications.

Typical PMRS features include reduced 
NAA signal (at 2.02 ppm) and elevated 
Cho signal (at 3.2 ppm), especially with 
acute lesions. Fulminant tumefactive 



27321. Intra-axial Brain Tumors: Diagnostic Magnetic Resonance Imaging

demyelinating lesions may show high Cho 
and low NAA signals as well as presence 
of Lac (Bitsch et al. 1999). It is often dif-
ficult to distinguish tumefactive demyeli-
nating lesions from neoplastic lesions on 
PMRS (Bitsch et al. 1999). In multiple 
sclerosis, the spectroscopic abnormali-
ties are not limited to the visible lesions 
on conventional T2-weighted and fluid 
attenuated inversion recover imaging, as 
normal appearing white matter can have 
reduced NAA compared to normal con-
trols. In early stages an increase in the mI 
peak may be more apparent than decrease 
in NAA peak on spectra of normal appear-
ing white matter

Acute lesions may show crescent or 
concentric areas of reduced apparent dif-
fusion coefficient values on diffusion 
weighted imaging. Chronic lesions have 
elevated apparent diffusion coefficient val-
ues (Bernarding et al. 2002).

Bernarding et al. (2002) have also shown 
that perfusion imaging of tumefactive 
demyelinating lesions typically shows rel-
ative tumor blood volume values that are 
lower than normal brain. Perfusion imag-
ing can aid in distinguishing tumefactive 
demyelinating lesions from high-grade 
primary neoplasms and metastatic lesions, 
which tend to have higher relative tumor 
blood volume (Cha et al. 2002).

Brain Abscess

Occasionally, brain abscesses can be con-
fused with neoplasm. These masses are 
more common in immune compromised 
patients. Predisposing factors in immune-
competent individuals include ear and sinus 
infections, distant foci of infection such as 
a pyogenic lung infection, and presence of 
pulmonary arteriovenous fistulas. Typical 
PMRS features (Figure 21.1e) include 

elevated amino acid (at 0.9 ppm), Lac (at 
1.33 ppm), alanine (at 1.47 ppm), acetate 
(at 1.92 ppm), pyruvate (at 2.37 ppm), and 
succinate (at 2.40 ppm) signals, as well as 
absent NAA (at 2.02 ppm), Cr (at 3.0 ppm), 
and Cho (at 3.2 ppm) signals.

Abscesses, therefore, have a distinct 
spectroscopic pattern that allows differ-
entiation from other entities. For instance, 
elevation of the Cho peak and absence of 
signal from a variety of amino acids, ace-
tate, and succinate are features that would 
favor a neoplastic process, whereas the 
presence and elevation of alanine, acetate, 
pyruvate, and succinate, favor abscesses. 
Additionally, PMRS can hint to the type 
of bacterium causing the abscess. For 
instance, abscesses caused by anaerobic 
bacteria tend to have elevated acetate and 
succinate peaks, whereas absence of acetate 
and succinate peaks are more likely with 
obligate aerobes or facultative anaerobes. 
Tuberculous abscesses usually have high 
lipid and Lac peaks. In contradistinction to 
pyogenic abscesses amino acids (leucine, 
isoleucine, and valine), succinate, acetate, 
and alanine signals are absent.

Apparent diffusion coefficient maps 
are of great value in distinguishing neo-
plasms, which often have facilitated dif-
fusion, from abscesses, which classically 
have markedly restricted diffusion in their 
necrotic portions (Figure 21.1c and d). 
However, there are reports of some excep-
tions. Furthermore, the walls of necrotic 
or cystic tumors have been shown to have 
lower apparent diffusion coefficient val-
ues than that of an abscess (Chan et al. 
2002). On perfusion MRI, there is lower 
relative tumor blood volume in the cap-
sule of an abscess compared to the wall 
of necrotic or cystic neoplasms (Chan 
et al. 2002).
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Encephalitis

In encephalitis, typical PMRS features 
include elevated Lac (at 1.33 ppm), Cho 
(at 3.2 ppm), and mI (at 3.55 ppm) signals 
and reduced NAA (at 2.02 ppm) signal. 
Encephalitis can resemble low-grade glio-
mas on spectroscopy with a reduction of 
the NAA peak and elevation of the Cho 
and mI peaks. A Lac peak is inconsistent 
and cannot always be relied upon to dis-
tinguish encephalitis from low-grade glio-
mas. Following the early acute phase of 
encephalitis, there is a gradual return to a 
normal pattern on PMRS in approximately 
a year (Takanashi et al. 1997).

Encephalitis typically has low apparent 
diffusion coefficient values. However, this 
is not as consistent as reduction in apparent 
diffusion coefficient values obtained from 
acutely infarcted brain tissue (Tsuchiya 
et al. 1999). Diffusion weighted imaging 
carries prognostic information as fulmi-
nant cases more often cause diffusion 
restriction than milder ones.

A case-report by Nonaka et al. (2004) on 
computed tomography perfusion suggested 
elevated perfusion in the acute phase. In 
nuclear medicine imaging, there is normal 
to elevated perfusion in the early phase fol-
lowed by abnormal reduction in the chronic 
phase (Launes et al. 1988). To our knowl-
edge, findings on perfusion MRI in acute 
herpetic and non-herpetic encephalitis have 
not been reported in the medical literature.

APPROACH TO AN UNKNOWN 
INTRA-AXIAL BRAIN 
TUMOR

Although there is a wealth of literature on 
the subject of advanced MRI of intra-axial 
brain tumors, very little research has been 

published on how these various techniques 
can be integrated into a comprehensive 
approach for these tumors. The majority 
of publications on advanced MRI of intra-
axial brain tumors has focused on the value 
of a single imaging technique in answering 
a binary question such as if the neoplasm 
is secondary or primary? However, a few 
researchers have shown that combining 
techniques can provide more reliable dif-
ferentiation. To date, the most ambitious 
attempt to develop a strategy that integrates 
multiple techniques was published by. 
This group proposed a strategy where an 
unknown intra-axial brain tumor is analyzed 
by answering a series of simple imaging 
questions, which yield a specific diagnosis 
or a limited differential (Figure 21.3). This 
group has methodically shown that their 
strategy markedly increases the diagnos-
tic specificity of intra-axial brain tumors. 
Readers who are interested in the details of 
this strategy can refer to the original publica-
tion as it is beyond the scope of this chapter. 
This group’s encouraging initial experience 
has paved the way for a prospective study at 
the same center and has encouraged others 
to develop similar schemes that integrate 
techniques to improve accuracy instead of 
focusing only on isolated imaging tech-
nique and on narrow clinical questions.

LIMITATIONS AND FUTURE 
DIRECTION

As is the case with conventional MRI, 
advanced techniques may be less reliable 
near locations with an intrinsic large mag-
netic gradient, as this results in susceptibil-
ity artifacts. For example, the analysis of 
small masses near the base of the skull or 
masses containing large amounts of blood 
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or calcium may be inaccurate. An addi-
tional limitation is that advance imaging 
findings might be altered in patients who 
have undergone prior treatment, be it surgi-
cal intervention or medicinal (e.g., steroid 
therapy). Caution needs to be exercised in 
the pediatric age group as some pediatric 
brain neoplasms do not follow the general 
patterns described in this chapter. For 
instance pilocytic astrocytomas typically 
have elevated relative tumor blood volume 
despite being low grade (WHO I).

Conventional and advanced MRI stand 
to gain greatly with the wider spread use 
of higher field magnets. For example,  

compared to 1.5 T, 3 T scanners can 
enhance the quality of both conventional 
and advanced methods by improving sig-
nal-to-noise ratio, which in turn can be 
traded for better spatial and temporal 
resolution. Scanning at high fields has 
a significant positive impact on motion 
sensitive and low signal intensity imag-
ing sequences such as diffusion-weighted 
imaging. Dynamic susceptibility contrast 
perfusion imaging also benefits from the 
increased magnetic susceptibility effects 
at 3 T and arterial spin labeling perfusion 
imaging benefits from T1 prolongation of 
blood at 3 T. PMRS will also benefit from 

Figure 21.3. A practical magnetic resonance imaging based diagnostic algorithm for unknown intra-axial 
brain mass classification. This algorithm is composed of a series of nodes or questions that would suggest 
a diagnosis if the paths are followed to the bottom. Cho: Choline, NAA: N-acetylaspartate, ADC: Apparent 
diffusion coefficient, rTBV: relative tumor blood volume, TDL: Tumefactive demyelinating lesion
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the improved spectral and spatial resolu-
tion at high fields. In addition to pro-
ton based MRS, phosphorous and sodium 
based spectroscopy may play an increas-
ingly important role in clinical practice in 
the near future. For instance, it is known 
that neoplastic cells have elevated intrac-
ellular sodium and therefore sodium MRS 
has the potential for better mapping the 
extent of neoplasms and distinguishing 
edema for neoplastic infiltration.

Quantitative PMRS will most likely 
become the default magnetic resonance 
spectroscopic analysis technique. Early 
published experience with this technique 
suggests an advantage over the conven-
tional qualitative approaches. Tremendous 
work is going into developing a variety 
of new contrast agents. For instance, the 
use of iron-based contrast agents, which 
have a much longer half life in the tumor 
bed than gadolinium-based contrast agents, 
has been quite beneficial for intraoperative 
MRI where these agents are given only 
once prior to surgery in order to help differ-
entiate disruption of the blood brain barrier 
due to brain tumor from disruption caused 
by surgery. For a comprehensive discus-
sion of the use of various contrast agents 
in cancer imaging, the reader is referred to 
recent publications (Hayat 2008). Another 
area of great potential is nanotechnology 
where work is being done on linking con-
trast agents such as gadolinium on to nano-
probes that will target specific healthy or 
pathologic cell lines.

In conclusion, intra-axial brain tumors 
are often a diagnostic challenge on imag-
ing. Familiarity with the imaging char-
acteristics of common intra-axial masses 
on conventional and advanced MRI has 
been shown to substantially improve the 
accuracy of interpretation and analysis of 

such masses, especially when conventional 
and advanced imaging information is judi-
ciously integrated.
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Brain Tumors: Apparent Diffusion 
Coefficient at Magnetic Resonance 
Imaging
Fumiyuki Yamasaki, Kazuhiko Sugiyama, and Kaoru Kurisu 

INTRODUCTION

Diffusion-weighted magnetic resonance 
imaging (MRI) provides information on 
water mobility or diffusion within tissues 
by allowing visualization of the Brownian 
motion in those tissues. Also called diffu-
sion-weighted imaging (DWI), this tech-
nique involves the use of phase-defocusing 
and phase-refocusing gradients to evaluate 
the rates of microscopic water diffusion 
within tissues, which allows visualization 
and characterization of biological tissues 
at a microscopic level in vivo. In liv-
ing tissues, many factors influence water 
diffusion, including physical restrictions 
(cellular compartmentalization, cell type 
and number, cell membrane density, and 
macromolecule size and type), physico-
chemical properties of tissue (viscosity and 
temperature), and perfusion. In the human 
brain, water diffusion is a three-dimensional 
process that is not truly random because 
the motion of water is influenced by cell 
membranes, myelin sheaths, white matter 
fiber tracts, and protein molecules. The use 
of DWI has been explored as a means of 
visualizing and characterizing morphologic 
features such as edema, necrosis, and his-
topathologic characteristics of tumors and 

tumor-like lesions by measuring differences  
in the apparent diffusion coefficient (ADC) 
caused by changes in water proton mobil-
ity (Tien et al. 1994). In biological tis-
sues, variations in ADC are thought to 
result from changes in the balance between 
intracellular and extracellular water and 
differences in the structure of the two 
compartments (Hsu et al. 1996). In normal 
brain tissue, 20% of the aqueous fraction 
is distributed in the extracellular space, 
and 80% is in the intracellular space.  
The ADC within cells is lower than that 
in the extracellular space because of the 
presence of intracellular barriers such as 
organelles, membranes, and macromol-
ecules (Hsu et al. 1996).

DIFFUSION-WEIGHTED 
IMAGING AND T2  
SHINE-THROUGH

Because DWI includes contributions from 
changes in T2, spin density, and ADC 
and thus does not provide “pure” maps of 
ADC, DW images should be interpreted 
in parallel with images obtained with other 
sequences, such as T2-weighted images 
and ADC maps. In DWI, signal intensity 
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inversely correlates with ADC and directly 
with T2 values and proton density. T2 shine-
through effects occasionally produce high 
signal intensity on DWI, which can com-
plicate evaluation of tissue characteristics 
with DWI. However, ADC maps are easily 
generated from DWI by using software 
available on most MRI systems. The ADC 
maps have several advantages, including 
the ability to distinguish T2 shine-through 
effects or artifacts from the true ADC in an 
area of interest. They also allow quantitative 
and reproducible assessments of diffusion 
changes, not only in areas exhibiting signal 
abnormality on conventional MR images but 
also in areas of normal signal, which could 
allow histologic changes to be detected ear-
lier than on conventional images.

DIFFUSION-WEIGHTED 
IMAGING SEQUENCES

The most widely used method for acquir-
ing DW images is single-shot echo-planar 
imaging (EPI), because it is fast, effi-
cient, and relatively insensitive to mac-
roscopic motion as well as being widely 
available on most clinical MRI scanners. 
Drawbacks to EPI-based DWI include 
its susceptibility to artifacts from off- 
resonance effects and its low spatial res-
olution. Alternative scanning approaches 
include multiple-shot techniques, such as 
multi-shot EPI with navigator echo cor-
rection or diffusion-weighted Periodically 
Rotated Overlapping ParallEL Lines with 
Enhanced Reconstruction (PROPELLER), 
and parallel imaging methods such as 
SENSitivity Encoding (SENSE). These 
DWI methods were described in a recent 
review (Bammer 2003). Diffusion ten-
sor imaging (DTI) is also becoming more 
widespread as a means of visualizing the 

location and orientation of white matter 
tracts; DTI requires data from at least six 
independent spatial directions of DWI. Two 
independent parameters can be derived 
from DTI – mean diffusivity (akin to ADC) 
and fractional anisotropy. Finally, DTI can 
also be used for tractography, which illus-
trates white-matter connectivity.

CELLURARITY AND 
APPARENT DIFFUSION 
COEFFICIENT

The ADC is strongly affected by micro-
scopic biological structures such as the 
number, type, and spatial arrangement of 
cells. These structures create barriers to the 
free diffusion of water. Therefore, changes 
in ADC may reflect changes occurring 
within and between cells more directly than 
other forms of imaging. The cellularity of 
tumors, defined as the number of cells in 
a given area of tumor tissue, seems to cor-
relate inversely with ADC in gliomas, men-
ingiomas, pediatric brain tumors (including 
embryonal tumors), malignant lymphomas, 
and human melanoma xenografts, as deter-
mined by automated quantitative evaluation 
of cell blocks (Sugahara et al. 1999; Gupta 
et al. 1999; Kono et al. 2001; Guo et al. 
2002; Gauvain et al. 2001). Although the 
presence of cystic or necrotic changes in 
high-grade tumors can confound the inverse 
relationship between ADC and cellularity 
(Gupta et al. 1999), evaluating ADC dur-
ing MRI of brain tumors would be useful 
to refine diagnoses because cellularity is 
an important histologic determinant (e.g., 
malignant grade of glioma). Cellularity of 
tumors is an important factor that influences 
microscopic water diffusion in tumors, 
because it determines the ratio of extracel-
lular to intracellular space in a given area of 
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the tissue. Therefore, an increase in cellu-
larity, which would decrease the fraction of 
extracellular space, would also likely result 
in more restricted water diffusion.

The nuclear/cytoplasmic ratio, which 
is known to influence tumor grade, may 
also influence ADC values (Kono et al. 
2001). Some studies have suggested that 
intranuclear ADC is higher than cytoplas-
mic ADC (Hsu et al. 1996), which implies 
that tumors with a high nuclear/cytoplas-
mic ratio would have a higher (rather 
than a lower) ADC. However, assessment 
of ADC in tumors with high nuclear/
cytoplasmic ratios actually showed lower 
ADC values, probably because diffusion 
in single cells may not adequately reflect 
diffusion in a multicellular environment. 
The ADC of tissues can be affected by 
diffusion outside the cell as well as that 
inside the cell. Tumors that have a high 
nuclear/cytoplasmic ratio also tend to 
have a relatively small amount of extra-
cellular matrix because of an increased 
number of cells per tissue area. The 
amount of extracellular matrix is probably 
more important than the minor difference 
in diffusivity between the nucleus and 
cytoplasm (Guo et al. 2002). Therefore, 
cellularity, not nuclear/cytoplasmic ratio, 
seems to be the more important determi-
nant of ADC in tumors.

CLINICAL APPLICATION  
OF APPARNET DIFFUSION 
COEFFICIENT IN BRAIN 
TUMOR ASSESSMENTS

The most common use of DWI and ADC for 
tumor imaging in routine clinical practice 
has been to distinguish tumors from non-
neoplastic masses that may appear similar 
on conventional imaging, such as necrotic 

tumor versus brain abscess, epidermoid 
tumor versus arachnoid cyst, or lymphoma 
versus toxoplasmosis (Ebisu et al. 1996; 
Okamoto et al. 2000; Camacho et al. 2003). 
Cerebrovascular, demyelinating, inflamma-
tory, infectious, and other types of diseases 
can also mimic brain tumors on MRI. Brain 
tumors can usually be distinguished from 
nonneoplastic masses on the basis of clini-
cal and radiologic characteristics. However, 
nonneoplastic diseases can follow an atypi-
cal clinical course or show radiologic find-
ings resembling those of brain tumors. The 
information gained from DWI and ADC 
could be invaluable for distinguishing brain 
tumors from other diseases, a critical issue 
in neuroradiology given the need to avoid 
invasive procedures (e.g., surgical biopsy) 
in making a diagnosis.

The use of ADC has also been explored 
for estimating tumor histology and grade 
(Sugahara et al. 1999; Stadnik et al. 2001). 
Although ADC is thought to reflect cel-
lularity, recent reports have shown no sig-
nificant differences in ADC among the 
three most common types of intracranial 
neoplasms: gliomas, metastatic lesions, and 
meningiomas (Kono et al. 2001; Yamasaki 
et al. 2005). However, it would be too 
hasty to conclude that ADC is not useful 
for distinguishing among various types of 
brain tumors. Some tumors, especially those 
of the same World Health Organization 
(WHO) grade, can be difficult to diagnose 
with conventional imaging; ADC could be 
useful for distinguishing among diagnostic 
candidates suggested by conventional MRI.

The ADC has also been used to distin-
guish peritumoral edema from tumor infil-
tration (Kono et al. 2001; Lu et al. 2004), 
to monitor early responses to treatment 
(Chenevert et al. 2000), to distinguish 
tumor recurrence from radiation necrosis 
(Hein et al. 2004), to quantify white-
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matter injury related to tumor therapy, 
and to distinguish postoperative injury 
from tumor recurrence (Smith et al. 2005). 
Aspects of these applications are discussed 
briefly in the paragraphs that follow.

TUMOR GRADE AND 
APPARENT DIFFUSION 
COEFFICIENT

Exact depiction, diagnosis, and grading 
of brain tumors are essential for planning 
treatments. Although conventional MRI 
can characterize the location and extent of 
some brain tumors, it is sometimes insuf-
ficient for distinguishing between tumor 
types or for assigning a tumor grade. 
The sensitivity of conventional MRI for 
determining the grade of gliomas, for 
example, ranges from 55% to 83%. Some 
high-grade tumors demonstrate minimal 
edema with no significant enhancement, 
necrosis, or mass effect; and some low-
grade tumors show strong enhancement, 
central necrosis, mass effect, and peritu-
moral edema. The enhancement is thought 
to result mainly from disruption of the 
blood–brain barrier rather than from vas-
cular proliferation within the tumor, and 
the enhanced areas may not always reflect 
the most malignant part of the tumor. In 
previous neuro-oncology studies in which 
ADC was used to determine tumor grade 
in gliomas, the mean ADC for high-grade 
tumors ranged from 0.82 × 10–3 to 1.4 × 
10–3 mm2/s, and the mean ADC for low-
grade tumors ranged from 0.96 × 10–3 
to 2.7 × 10–3 mm2/s (Kono et al. 2001; 
Bulakbasi et al. 2004). Although previ-
ous studies have shown a wide range of 
tumoral ADC values, ADCs in high-grade 
gliomas generally are higher than those 
in low-grade gliomas, and significant 

negative correlations have been found 
between ADC and astrocytic tumors of 
WHO grades 2–4. Notably, we previously 
showed the accuracy of ADC alone for the 
differential diagnosis of low-grade versus 
high-grade gliomas to be 84% (Yamasaki 
et al. 2005). Moreover, the accuracy of 
differential diagnosis between low-grade 
and high-grade malignant tumors can be 
increased from 70% to 80% to more than 
90% by adding ADC to conventional MRI 
(Bulakbasi et al. 2004). Large prospective 
studies will be necessary to confirm the 
utility of adding ADC to conventional 
MRI for distinguishing among glioma 
grades.

DIFFERENTIATION OF BRAIN 
TUMORS AND APPARENT 
DIFFUSION COEFFICIENT

Astrocytomas, Oligodendrogliomas,  
and Ependymomas

The ability to distinguish between oli-
godendroglial and astrocytic brain tumors 
is clinically relevant because oligodendro-
glial tumors are more sensitive to adju-
vant therapy. Identifying the pathologic 
subtype of gliomas of the same grade 
(e.g., astrocytomas, oligodendrogliomas, 
ependymomas, and others) presents more 
of a challenge than does grading gliomas; 
indeed, distinguishing astrocytomas from 
oligodendrogliomas in tumors of the same 
grade may not be possible (Bulakbasi 
et al. 2004; Yamasaki et al. 2005).

Astrocytomas are the most common form 
of glioma. Documented differences in ADC 
between low-grade and high-grade gliomas 
in general may be due to differences in 
ADC between low-grade versus high-grade 
astrocytomas in particular. The potential 
usefulness of ADC measurements for distin-
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guishing between grade 2 oligodendroglial 
tumors and grade 3 oligodendrogliomas, 
between grade 2 and grade 3 ependymal 
tumors, between grade 2 astrocytic tumors 
and grade 2 ependymal tumors, and between 
grade 3 astrocytic tumors and grade 3 epend-
ymal tumors needs further study.

Dysembryoplastic Neuroepithelial 
Tumors

Among the dysembroplastic neuroepithelial 
tumors (DNTs), the ADC values are highest 
for benign brain tumors (Yamasaki et al. 
2005). Typically, DNTs develop in the tem-
poral or frontal supratentorial cortex and, 
less often, in the caudate nucleus, cerebel-
lum, third ventricles and pons, and septum 
pellucidum. The preoperative diagnosis of 
DNT is important because aggressive sur-
gical treatments like those given for glioma 
are not necessary for DNT; however, DNTs 
tend to exhibit only nonspecific features 
on conventional MRI and computed tom-
ography (CT). We previously found that 
the ADC of DNTs was higher than that of 

astrocytic grade 2 tumors (accuracy, 100%) 
and other glioneuronal tumors (Yamasaki 
et al. 2005). Preoperative ADC measure-
ments may facilitate a differential diag-
nosis of DNT; MR spectroscopy may be 
also helpful for identifying DNTs because 
DNTs tend to show normal spectra.

Medulloblastomas, Primitive 
Neuroectodermal Tumors,  
and Ependymomas

The ADC values for embryonal tumors 
such as medulloblastomas, primitive neu-
roectodermal tumors (PNETs), or atypical 
teratoid/rhabdoid tumors, all of which tend 
to develop in childhood, are lower than 
those of ependymomas (Gauvain et al. 
2001; Yamasaki et al. 2005), which may 
reflect the high cellularity of embryo-
nal tumors (the so-called ‘blue tumors’). 
Preoperative measurement of the ADCs of 
fourth-ventricle tumors may facilitate the 
differential diagnosis between ependymo-
mas and medulloblastomas (Figure 22.1a 
and b).

Figure 22.1. Images of fourth ventricle tumors. (a) Medulloblastoma in a 5-year-old boy. Mean ADC is 
0.692 × 10−3 mm2/s. (b) Ependymoma in a 4-year-old girl. Mean ADC is 1.112 × 10−3 mm2/s
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Central Neurocytomas  
and Subependymomas

Several types of tumors can develop in 
the lateral ventricles, and the diagnosis of 
some of these tumors can be deduced from 
the patient's age or sex or the anatomic 
location of the tumor (e.g. meningiomas at 
the trigon in females), but are difficult to 
diagnose in others. Preoperative measure-
ments of the ADC may be useful for dis-
tinguishing central neurocytomas, which 
have low ADCs, from subependymomas, 
which have high ADCs (Yamasaki et al. 
2005) (Figure 22.2a and b). These pre-
liminary findings need to be replicated in 
larger studies that include cases of aggres-
sive subependymoma.

Hemangioblastomas and Other  
Posterior Cranial Fossa Tumors

Hemangioblastomas have been reported as 
having higher ADCs than do other posterior 
cranial fossa tumors. Hemangioblastomas 
are characterized by the presence of a net-
work of capillary-like channels, separated 

by trabeculae or islands of stromal cells. 
However, this finding is not specific, as it 
appears in highly vascular tumors as well 
(e.g., angiomatous meningioma, renal cell 
carcinoma) (Filippi et al. 2001). Therefore, 
further studies are necessary to confirm the 
possible value of ADC for distinguishing 
hemangioblastomas from other types of 
tumors.

Glioblastomas, Metastatic Tumors,  
and Malignant Lymphomas

Preoperative ADC assessment may also be 
helpful in the differential diagnosis of malig-
nant lymphoma. Previous studied found that 
ADCs in malignant lymphomas were lower 
than ADCs in high-grade astrocytomas 
(Guo et al. 2002) or in glioblastomas and 
metastatic tumors (Yamasaki et al. 2005), 
presumably because of the higher cellular-
ity of malignant lymphoma (Guo et al. 
2002). The ability to distinguish malignant 
lymphoma from glioblastomas and meta-
static tumors is clinically relevant because 
malignant lymphomas usually respond to 
adjuvant therapy, making complete surgical 

Figure 22.2. Images of lateral ventricle tumors. (a) Subependymoma in a 20-year-old woman. Mean ADC 
is 1.516 × 10−3 mm2/s. (b) Central neurocytoma in a 29-year-old man. Mean ADC is 0.704 × 10−3 mm2/s
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removal of the mass less critical; by con-
trast, every effort should be made to resect 
the entire tumor mass for glioblastomas and 
metastatic tumors if possible. The ADC 
values for extracranial malignant lymphoma 
have also been reported as being lower than 
ADCs for other types of tumors at the same 
anatomic site, and these results further sug-
gest that the ADC for malignant lymphomas 
may be lower than the ADC for some meta-
static tumors.

Gliomas and metastases from other pri-
mary tumors are the most common brain 
tumors. One group found that ADC values 
could distinguish glioblastomas from meta-
static tumors, being higher for the glioblast-
omas (Krabbe et al. 1997), but other groups 
found no difference in ADC between these 
types of tumors (Kono et al. 2001; Yamasaki 
et al. 2005). However, none of the studies 
done to date has attempted to analyze meta-
static tumors according to their origin or 
histologic type. Presumably, the range of 
ADC values would be different for meta-
static lesions from different primary tumors 
of different histologic types.

Some have reported that the edema sur-
rounding metastatic lesions in the brain 
was associated with a significantly higher 
ADC than that for high-grade glial tumors, 
whereas others found no difference in ADC 
values for peritumoral edema or tumor 
(Krabbe et al. 1997; Bulakbasi et al. 2004). 
This discrepancy may reflect the grouping 
together of grade 3 and grade 4 gliomas. 
The edema associated with grade 3 tumors 
is usually less extensive than that associated 
with grade 4 tumors, and this difference 
may confound the ADC results. Also, the 
edema associated with metastatic tumors 
is affected by the histology of the primary 
tumor. Further studies with large numbers 
of samples will be necessary to examine the 

effects of histologic subtype and malignant 
tumor grade on ADC measurements.

Histologic Subtyping of Meningiomas 
and Schwannomas

Preoperative measurement of ADCs was 
not indicative of the histologic subtype of 
meningiomas in two studies (Kono et al. 
2001; Yamasaki et al. 2005), but in another, 
atypical (WHO grade 2) and anaplastic 
(WHO grade 3) meningiomas had lower 
ADCs than did benign meningioma sub-
types (Filippi et al. 2001). Although the 
more malignant subtypes may have lower 
ADCs, some benign meningiomas also had 
low ADCs, suggesting that the ADC would 
not be particularly helpful for discrimi-
nating benign from malignant subtypes 
of meningiomas (Yamasaki et al. 2005). 
Additional studies with large numbers of 
patients would be needed to draw defini-
tive conclusions.

We previously found that ADCs for 
schwannomas were higher than those 
of meningiomas (Yamasaki et al. 2005). 
Histologically, schwannomas comprise 
Antoni type A and type B neurinomas, and 
their higher ADC may reflect the lower cell 
density of the Antoni type B neurinomas. 
Preoperative ADC measurement of tumors 
at the cerebellopontine angle and the mid-
dle cranial fossa may be useful for distin-
guishing meningiomas from schwannomas; 
however, additional studies are needed.

Pituitary and Parasellar  
Tumors and Others

Many types of tumors can develop in 
the sellar/parasellar region, including pitui-
tary adenomas, craniopharyngiomas, germ 
cell tumors, and meningiomas, and making  
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a preoperative differential diagnosis from 
imaging findings can be difficult. For 
example, craniopharyngioma may be dif-
ficult to distinguish from pituitary adeno-
mas because the squamous-papillary type 
of craniopharyngioma may contain only 
solid components, whereas pituitary adeno-
mas may be complicated by cystic forma-
tion. Sellar meningiomas can also be hard 
to distinguish from pituitary adenomas. 
We found that the ADC values for crani-
opharyngioma were higher than those for 
pituitary adenoma and possibly higher than 
those for meningioma and germ cell tumors 
(Yamasaki et al. 2005). However, ADC 
measurements were not useful for distin-
guishing among pituitary adenomas, men-
ingiomas, and germ cell tumors (Yamasaki 
et al. 2005).

Pituitary apoplexy and pituitary abscess 
have been reported to show high signal 
intensity on DWI and low ADC, but these 
findings need to be replicated in a larger 
study.

The ADC for epidermoid tumors was 
reported to be lower than that for chordo-
mas. Compared with the ADC of normal 
brain, the ADC of epidermoids was either 
the same or somewhat higher, and the 
ADC for chordomas was much higher 
(Yamasaki et al. 2005). The measurement 
of ADC may aid in distinguishing between 
epidermoid tumors and chordomas.

In summary, ADC measurements may 
be most useful for improving the accuracy 
of diagnosis after conventional MRI. An 
automated diagnostic system based on 
age, sex, location of tumor, information 
from conventional MRI (T1, T2, FLAIR, 
enhancement pattern), and ADC would 
be highly desirable. MR spectroscopy, 
perfusion studies, and positron emission 
tomography (PET) could be helpful for 

grading the malignancy of a tumor. The 
availability of such parameters from MR 
spectroscopy, perfusion studies and PET 
scans would make an auto-diagnostic sys-
tem a more powerful tool.

VISUALIzING TUMOR 
INFILTRATION

Another potential application of ADC 
in tumor diagnosis is to demonstrate the 
boundary between tumor tissue and peri-
tumoral areas, especially in gliomas. The 
peritumoral abnormal high signal inten-
sity on T2-weighted images can reflect 
vasogenic edema, the tumoral infiltration, 
or both, and these possibilities cannot be 
distinguished by conventional MRI. The 
ability to reliably and noninvasively dis-
tinguish between tumor tissue and adja-
cent edematous and gliotic peritumoral 
brain tissue would be extremely relevant 
clinically for planning surgical resections, 
targeted biopsies, and radiation therapy 
for cerebral gliomas. Several studies have 
suggested that ADC measurements may 
be useful for discriminating edema from 
tumor (Sinha et al. 2002; Tien et al. 1994; 
Krabbe et al. 1997; Lu et al. 2004), but 
there is also much evidence to the contrary 
(Stadnik et al. 2001; Kono et al. 2001; 
Provenzale et al. 2004; Pauleit et al. 2004). 
The methods as well the results of these 
studies have varied considerably, which 
complicates the ability to reach firm con-
clusions. Contrast-enhanced T1-weighted 
images have been proposed as the most 
valuable predictor of the presence of tumor 
tissue (Pauleit et al. 2004), and one of 
these groups found that the accuracy of 
conventional MRI for distinguishing tumor 
tissue from peritumoral brain tissue was 
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not improved by the addition of ADC or 
lesion-to-brain ratios of various sequences 
used (Pauleit et al. 2004). The presence 
of intratumoral vasogenic edema in high-
grade brain tumors complicates the dis-
tinction on ADC maps between contiguous 
areas of tumor and edema versus areas of 
only edema (Kono et al. 2001). Evidence 
discussed in the section on limitations of 
ADC later in this chapter and the fact that 
edema can have many causes suggest that 
ADC is not particularly useful for detect-
ing peritumoral neoplastic cell infiltration 
in gliomas. In other words, ADC would not 
be any more useful than conventional MRI 
for delineating the border between tumor 
and normal brain. Future studies should 
include not only ADC but also measures 
of fractional anisotropy and tractography 
from DTI to delineate the border between 
tumor and peritumor areas, because infil-
tration occurs within and along white 
matter tracts.

DISTINGUISHING TUMOR 
RECURRENCE FROM 
RADIATION NECROSIS

Malignant brain tumors are almost invari-
ably treated with surgery followed by 
radiation therapy and chemotherapy, and 
considerable numbers of patients develop 
enhancing lesions at or near the postop-
erative tumor beds after adjuvant therapy. 
Enhancement on MRI can reflect break-
down of the blood–brain barrier, which 
can result from either tumor recurrence 
or radiation- or chemotherapy-induced 
endothelial damage of cerebral vessels 
and glial damage. Recurrent tumors and 
treatment-induced necrosis (particularly 
from radiation) may share similar imaging 

characters, although the management strat-
egy and outcome are obviously different. 
Therefore, distinguishing between radia-
tion necrosis and recurrent tumor has sig-
nificant therapeutic implications. Recently, 
MR spectroscopy, PET, single-photon 
emission computed tomography, and 
dynamic susceptibility contrast-enhanced 
MRI have been assessed to distinguish 
recurrent disease from nonneoplastic tis-
sue necrosis. However, currently biopsy 
or resection is the only definitive means of 
distinguishing between recurrent tumors 
and radiation necrosis. The problem is 
made more complex by the frequent coex-
istence of recurrent neoplasm and necro-
sis; indeed, surgical studies indicate that 
pure necrosis or pure recurrence are rare. 
Further, it is difficult, if not impossible, to  
predict whether tumor spots within necrotic 
tissue will die or survive. Biopsy is often 
deemed necessary, and the results of path-
ologic examination can run counter to the 
diagnosis suggested by the imaging tests.

The measurement of ADC may be help-
ful for distinguishing radiation necrosis 
from tumor recurrence. An early hypoth-
esis was that recurrent tumors would show 
high perfusion and that radiation damage 
would show low perfusion and decreased 
diffusion (Le Bihan et al. 1993). Some 
case reports have found lower ADC val-
ues in radiation necrosis than in recurrent 
tumor (Le Bihan et al. 1993), but other 
larger studies showed exactly the opposite 
result, where ADC was higher in radiation 
necrosis (1.40–1.68 × 10–3 mm2/s) than in 
recurrent tumor (1.18–1.37 × 10–3 mm2/s) 
or in mixed recurrence plus necrosis (1.42 
× 10–3 mm2/s) (Hein et al. 2004; Asao 
et al. 2005; Rock et al. 2004). Evidence in 
support of ADC being higher for radiation 
necrosis than for tumor comes from several 
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sources, including gamma knife irradiation 
in animal models and temporal lobe necro-
sis after radiation therapy for nasopharyn-
geal carcinomas in humans. In necrotic 
tissues, the extracellular volume fraction 
is augmented because of the breakdown 
of cell membranes. Because the ADC for 
the extracellular compartment is larger 
than that for the intracellular compart-
ment, the ADC for necrotic tissues might 
be expected to be higher than the ADC for 
tumor (Rock et al. 2004). Another study 
found that radiation necrosis was charac-
terized by significantly higher maximum 
ADC values and heterogeneity on DWI, 
including spotty, marked hypointensity 
on DWI (meaning high ADC), relative to 
recurrent tumor (Asao et al. 2005).

Some of the discrepancies in ADC values 
for radiation necrosis may also come from 
differences in the timing of the imaging 
studies. Acute radiation necrosis might be 
expected to show low ADC, given the high 
viscosity and presence of inflammatory 
cells, particularly polymorphonuclear leu-
kocytes, in purulent fluid, all of which may 
restrict water diffusion. Vascular change, an 
important feature of radiation necrosis, usu-
ally progresses slowly but can occasionally 
cause acute localized necrosis (infarctions) 
from occlusion of blood vessels, which 
would be reflected as a decrease in ADC. 
The most important message from these 
findings is that recurrent tumors rarely, if 
ever, show high ADC values or show an 
increase during the follow-up period.

Clinically, periodic measurements of 
ADC during the follow-up period may be 
also helpful and could provide important 
clues to distinguish lesions with mixed 
tumor plus necrosis from those with tumor 
progression or pure necrosis. If enhancing 
lesions reflected nonviable tissue or radia-

tion necrosis, then the ADC values would 
not decrease over time with corticosteroid 
treatment. On the other hand, if enhancing 
lesions represented viable tissue, the cel-
lularity of the lesion would increase over 
time as the tumor grows, which would 
result in progressive decreases in ADC. 
Monitoring T2-high lesions surrounding 
the tumor bed after total resection fol-
lowed by adjuvant therapy would also 
be useful; a change in the ADC of such a 
lesion, especially a decrease, could be an 
early sign of recurrence.

 MONITORING TREATMENT 
EFFECTS

ADC can also be used during follow-up 
to monitor the effects of adjuvant therapy. 
Noninvasive means of assessing the effi-
cacy of anticancer treatment is important 
for improving the therapeutic window; early 
detection of recurrence would be invalu-
able for deciding whether current treatment 
should be continued or not. Cellularity is 
probably the most important factor that 
would influence ADC after therapy; theo-
retically, changes in tumor water diffusion 
that occur after successful treatment would 
reflect decreased cellularity owing to cell 
death. Cells sensitive to therapy could 
undergo necrosis or mitotic catastrophe 
initiated by a transient increase in cell-
membrane permeability (cell swelling), 
which would manifest as a decreased ADC 
relatively soon after therapy is begun. Focal 
ischemic hypoxia caused by reduction in 
tumor blood flow also could result in cell 
swelling. These processes eventually can 
progress to cell lysis and necrosis, which 
would increase the ADC via a decrease 
in viable cell density (Moffat et al. 2005). 
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Cells can also undergo apoptosis involv-
ing cell shrinkage and blebbing followed 
by phagocytosis, which would increase 
the ADC. Meanwhile, necrotic or cystic 
regions of a tumor can undergo displace-
ment of water as cells move into the region, 
resulting in a decrease in ADC. If cells were 
resistant to therapy, the ADC would not 
change. If cells were viable and cell density 
increased, that would eventually lead to a 
decrease in ADC.

Several in vivo studies have been done 
to investigate whether an increase in ADC 
could serve as an early marker of response 
to a variety of therapies, including chemo-
therapy or gene therapy in an orthotopic 
glioma model derived from implanted rat 
9L glioma cells; ganciclovir and thymidine 
kinase gene therapy in another rat glioma 
model involving BT4C cells; therapy with 
tumor necrosis factor-related apoptosis-
inducing ligand or paclitaxel in nude mice 
implanted with MCF-7 breast cancer cells; 
and therapy with cyclophosphamide in 
murine RIF-1 radiation-induced fibrosa-
rcomas (Chenevert et al. 2000). In these 
studies, the ADC was found to increase 
after effective treatments, and the change 
in ADC preceded any change in tumor size. 
Tumor regrowth (i.e., treatment failure) 
was indicated by a subsequent fall in ADC 
within the tumor to pretreatment levels.

In the clinical setting, some preliminary 
work suggests that ADC measurements may 
also be effective for monitoring treatment 
effects in human brain tumors (Chenevert 
et al. 2000) However, heterogeneity among 
tumors and their response to therapeutic 
interventions make drawing firm conclu-
sions difficult at this time. Use of a func-
tional diffusion map may overcome this 
issue (Moffat et al. 2005), but this method 
requires extra steps and is time-consuming. 

Attempts to test the efficacy of ADC for 
monitoring treatment effects should con-
sider the type of cell death resulting from 
the treatment, because apoptosis will pro-
duce an increase in ADC and necrosis will 
appear as a temporary decrease in ADC. In 
one study, vascular-targeted therapy led to 
a decrease followed by an increase in ADC 
(Thoeny et al. 2005). Another point to con-
sider is the optimal time at which to decide 
whether a treatment is effective or not. For 
example, conventional radiotherapy is typi-
cally delivered in fractions, and late effects 
of such therapy would be reflected in vascu-
lar changes. Another possibly confounding 
factor is the use of steroids, which signifi-
cantly reduce the ADC in edematous brain 
and tumor. These points and others must be 
addressed before ADC can be used to moni-
tor treatment effects in a clinical setting.

DISTINGUISHING TUMOR 
RECURRENCE FROM 
RESECTION INjURY

Abnormalities in and around the resection 
cavity on DWI have been observed after 
surgery for infiltrating glioma. Areas of 
reduced diffusion on DWI, particularly in 
combination with an ADC of less than 0.5 
× 10–3 mm2/s, immediately after surgery 
have in some cases demonstrated enhance-
ment on follow-up imaging that eventually 
resembled encephalomalacia on long-term 
follow-up. Such enhancement could be 
misinterpreted as the reappearance of 
tumor and treatment failure. To distinguish 
this enhancement from tumor recurrence, 
it is essential to perform DWI immediately 
after surgery and MRI immediately before 
the initiation of radiotherapy to monitor 
disease progression (Smith et al. 2005).
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DISTINGUISHING BRAIN 
ABSCESSES FROM CYSTIC 
OR NECROTIC MALIGNANT 
TUMORS

Pyogenic, tuberculous, and fungal brain 
abscesses tend to appear hyperintense on 
DWI and have a low ADC, whereas cystic 
or necrotic lesions tend to appear hypoin-
tense on DWI and have a high ADC 
(Ebisu et al. 1996). The ADC seems to 
be inversely proportional to protein con-
centration, and the restriction of water 
diffusion in brain abscesses may be due 
to mucoid proteins in the highly viscous 
pus and restriction of the microscopic 
movement of water molecules by bacte-
ria, inflammatory cells, necrotic cellular 

debris as well as exuded plasma. Water 
molecules in the abscess also can con-
nect to the carboxy-, hydroxy- and amino 
groups on these macromolecules.

Although the ability of DWI and the 
ADC to distinguish brain abscesses from 
cystic brain tumors has been statistically 
confirmed, this picture can be complicated 
by the presence of hemorrhage or a pro-
teinaceous component, which may appear 
as an area of heterogeneous or bright signal. 
Indeed, the appearance of high signal inten-
sity on DW images and low ADC values has 
also been reported for metastatic tumors, 
glioblastomas, and a fibrillary low-grade 
astrocytoma (Park et al. 2000), thus com-
plicating the usefulness of these signs for 
diagnosing an abscess (Figure 22.3a and b).  

Figure 22.3. Images of ring-enhancing lesions. (a) Pyogenic abscess in a 64-year-old woman. Mean ADC 
of central lesion is 1.097 × 10−3 mm2/s. (b) Metastatic tumor in a 72-year-old man. Mean ADC of central 
lesion is 1.062 × 10−3 mm2/s
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Restricted diffusion in tumors may be 
explained by one of several proposed 
mechanisms, including intracellular edema 
of the ischemic core, complete liquefac-
tion necrosis, or early necrosis. High signal 
intensity on DWI and low ADC values 
in tumors could come from the viscous 
mucin content of the lesion, and necrotic 
contents of the tumor could resemble pus 
(Park et al. 2000). Although no abscess 
has yet been reported as having low DWI 
signal intensity and high ADC, lesions that 
show hyperintensity on DWI and a low 
ADC should be subjected to additional 
imaging to distinguish abscesses from 
non-abscess lesions. Magnetic resonance 
spectroscopy has been claimed to show 
a specific pattern in untreated pyogenic 
brain abscesses; however, this technique 
has limitations when the lesion is close to 
or at the skull base, where susceptibility 
effects reduce the quality of the spectra, 
and it is available at only a few hospitals. 
Further, others have found that tuberculous 
abscesses did not show a multi-amino-acid 
peak pattern and thus could not be distin-
guished from cystic tumors (Gupta et al. 
2001). The lower magnetic-transfer ratio 
of the wall in tuberculous abscesses may 
help to distinguish them from pyogenic 
abscesses (Gupta et al. 2001), but it is not 
clear whether the magnetic-transfer ratio 
could help in distinguishing tuberculous 
abscesses from cystic tumors.

Distinguishing Toxoplasma Abscesses 
and Malignant Lymphoma in AIDS

Toxoplasmosis and lymphoma, the two 
most common opportunistic neoplasms 
and infections that cause CNS lesions in 
patients with acquired immune deficiency 
syndrome (AIDS), often show similar char-
acteristics on conventional CT and MRI. 
In the non-AIDS population, primary brain 

lymphoma shows a solid pattern of contrast 
enhancement on CT and MRI, and sub-
ependymal spread of lymphoma encasing 
the ventricles is highly characteristic when 
present. However, in patients with AIDS, 
lymphoma is associated with Epstein-Barr 
virus infection and often is multicentric, 
grows rapidly, and shows necrosis of cen-
tral areas due to thrombosis and deteriora-
tion of the vessels in the oldest parts of the 
lesions. Therefore, on MRI, lymphoma 
appears as nonspecific ring enhancement. 
Toxoplasmosis in patients with AIDS also 
appears as ring enhancement. Moreover, 
toxoplasmosis and lymphoma can occur in 
isolation or simultaneously. The few studies 
done to date with DWI for these conditions 
suggest that toxoplasmosis was associated 
with a high ADC and lymphoma with a 
low ADC (Camacho et al. 2003). However, 
the numbers of patients in these studies 
were small, and some overlap in ADC 
existed between some of the toxoplasmosis 
lesions and some of malignant lymphoma 
lesions. Replication of these findings in a 
larger study is needed. Further, the differ-
ential diagnosis of lymphoma should also 
include other AIDS-associated focal brain 
lesions such as cryptococcosis, progres-
sive multifocal leukoencephalopathy (due 
to infection with the jC polyomavirus), 
tuberculoma, syphilitic gumma, bacterial 
abscesses, lymphoid granulomatosis, and 
focal encephalitic cytomegalovirus. Future 
prospective studies using ADC or other 
neuroradiologic parameters to distinguish 
among these AIDS-associated conditions 
would be greatly desirable.

Study Limitations: Variations in Apparent 
Diffusion Coefficient Measurements, 
Selection of Regions of Interest

Attention to the methods used to generate 
ADC values is important, as the ability 
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to generalize findings between studies is 
limited by inconsistencies in methodol-
ogy (Sinha et al. 2002). An approach that 
is standardized yet can be customized to 
meet specific individual needs is essen-
tial if ADC values are to be used in the 
diagnosis of brain tumors. Differences in 
the hardware or pulse sequences used for 
diffusion image acquisition, application of 
motion suppression techniques, number 
of applied diffusion sensitizing gradients, 
contributions from bulk capillary flow or 
active transport mechanisms, posttreatment 
effects, sampling bias, and the effect of par-
tial volume (e.g., intratumoral cyst, hemor-
rhage, adjacent nontumoral tissues) can all 
affect ADC measurements. Differences in 
post-processing techniques and analysis 
of regions of interest (ROIs) are especially 
likely to result in variations in ADC meas-
urements and for apparently contradictory 
results among studies. The ROIs should be 
placed centrally within the area of tumor 
to avoid partial volume effects with cystic, 
necrotic, hemorrhagic regions, or adjacent 
nontumoral tissues that might influence 
ADC. However, structural heterogeneity, 
such as the presence of micronecrosis, 
microcysts, and microhemorrhages in brain 
tumors, could also contribute variation and 
bias in locating the ROI. The size of the 
ROI can also affect ADC values, and no 
consensus has been reached about whether 
to use mean ADC, minimum ADC, or max-
imum ADC. However, the minimum ADC 
or maximum ADC values can be influenced 
by the presence of microcystic, micro-
necrotic, or microhemorrhagic lesions, par-
tial volume effects, and the size and location 
of the ROI. Future studies are necessary to 
clarify this point.

Some authors have recommended using 
an ADC ratio for standardization purposes 

in which the ADC of a tumor would be 
compared with the ADC of a contralateral 
normal white matter region (Ulug et al. 
1997; Guo et al. 2002), thereby reducing 
the variations between reported values that 
come from using different parameters for 
DWI (Ulug et al. 1997; Guo et al. 2002). 
The legitimacy of such a ratio will depend 
on whether the ADC is affected by aging, 
with some reporting no change with age, 
others reporting that ADC changes with 
age (Rovaris et al. 2003), and others 
reporting that ADC is relatively constant 
between and within individuals, except for 
children and young adults, and does not 
vary with sex. Future studies are necessary 
to determine whether using the original 
ADC or an ADC ratio of tumor to con-
tralateral white matter would be the better 
approach.

Moreover, diffusion may not be equal 
in all directions in the presence of white 
matter (Ulug et al. 1997). Some studies 
evaluated gradients in only one axis, typi-
cally in the cephalocaudal direction (Tien 
et al. 1994; Krabbe et al. 1997; Stadnik 
et al. 2001); however, calculating ADC 
in one direction may mask the accurate 
assessment of anisotropy. Therefore, gra-
dients should be studied in three orthogo-
nal planes to avoid contrast from diffusion 
anisotrophy (Ulug et al. 1997).

Several investigators have chosen to 
compare the ADC values in various types 
of tumor rather than evaluating the diffu-
sion properties characteristic of a single 
disease (Krabbe et al. 1997; Kono et al. 
2001; Stadnik et al. 2001). Caution must 
be used, however, when combining tumors 
of different grades, especially grade 3 
and grade 4 gliomas, in a single study, as 
this may overshadow potential differences 
among tissues. The intervention performed 
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before MRI is also relevant, and the effects 
of surgery and adjuvant therapy on ADC 
should be clarified. Use of steroids, often a 
first step in therapy for brain tumors, could 
affect the ADC of tumor and edematous 
tissue. However, the nature of the contrast 
medium used during MRI does not seem 
to affect ADC values.

FUTURE DIRECTIONS

Use of high-field MR systems will increase 
the spatial resolution and accuracy of ADC. 
Moreover, several useful indices of diffu-
sion can be derived from the advanced MR 
technique DTI, a more sophisticated form 
of DWI that allows assessment of direc-
tionality as well as the magnitude of water 
diffusion. The first diffusion-tensor MRI 
metric is mean diffusivity, which like ADC 
is a measure of magnitude. The second 
metric is the fractional anisotropy, which is 
a measure of the directionality of molecular 
motion; in the brain, this parameter may 
reflect white matter integrity. The combina-
tion of ADC (mean diffusivity) and frac-
tional anisotropy is expected to increase the 
accuracy of diagnosis of brain tumors.

Another possible way of improving the 
sensitivity of DWMRI for detecting early 
responses to treatment is to manipulate 
the diffusion-sensitizing coefficient of the 
DWI pulse sequence, b (Mardor et al. 
2003). A b value of 1,000 s/mm2 has long 
been thought to be sufficient for visual-
izing changes in high- and low-mobility 
water populations, and most institution 
that use DWI have used this b value. At 
this b value, diffusion within brain tissue 
was considered to be mono-exponential. 
However, increasing the b value up to 
4,000 s/mm2 revealed a bi-exponential 

response (Niendorf et al. 1996). In other 
words, fast diffusion and slow diffusion 
components exist, and these diffusions 
are not equal to each other, fast diffu-
sion being proportional to extracellular 
diffusion and slow diffusion proportional 
to intracellular diffusion (Niendorf et al. 
1996). The fast component dominates at 
relatively low b values (<1,000 s/mm2) 
and thus ADC measurements obtained at 
these values primarily reflect fast diffu-
sion, especially when the data are fitted to 
a mono-exponential curve (DeLano et al. 
2000). At higher b values, signal intensity 
is contributed largely by the slower com-
ponent of diffusion. Consequently, as b 
values increase beyond 1,000 s/mm2, the 
signal intensity in the trace images transi-
tions from a fast to a slow weighting. As 
a result, as b values increase, the ADC for 
white matter becomes progressively lower 
than the ADC for gray matter (DeLano 
et al. 2000). Therefore, ADC dependence 
on b value must be considered in inter-
preting quantitative measurements. Future 
studies are necessary to define the role of 
ADC obtained from DWI with high b val-
ues for the evaluation of brain tumors.

In conclusion, ADC measurements have 
many practical advantages for the non-
invasive diagnosis of brain tumors. The 
measurement of ADC is part of standard 
neuroimaging procedures at many institu-
tions and thus would incur no additional 
costs. With use of fast imaging sequences 
(echo-planar imaging) and with ADC cal-
culating software integrated in the work-
station, DWI is not time-consuming. Its 
spatial resolution is sufficient to demarcate 
lesions and is superior to that of PET, 
SPECT, and MR spectroscopy. The ADC 
can also provide valuable information 
about cellularity. Having information on 
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ranges of ADC values in individual dis-
eases would help in the differential diag-
nosis not only of brain tumors but also of 
other central nervous diseases. Follow-up 
examinations with periodic measurements 
of ADC may also help in the differential 
diagnosis. Establishment of standardized 
methods for measuring ADC will enhance 
the capabilities of this potentially power-
ful diagnostic tool.
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 INTRODUCTION

Magnetic resonance (MR) imaging is the 
standard tool used in the diagnosis and 
treatment of brain tumors. Magnetic reso-
nance imaging relies on various imaging 
sequences, as well as administration of 
contrast agents to delineate tumor and 
tumor-infiltrated brain tissue from normal 
brain tissue. Due to its ability to rapidly 
cross blood–brain barrier (BBB) defects, 
gadolinium is the standard contrast agent 
used, and generally provides clear deline-
ation of areas of vascular permeability and 
BBB defects. Other contrast agents with 
differing biologic properties may provide 
additional information or functionality 
and complement the use of gadolinium-
enhanced MR imaging.

 BIOLOGIC AND MOLECULAR 
CHARACTERISTICS

Superparamagnetic iron oxide (SPIO) 
particles, such as ferumoxides (Feridex 
IV®, Berlex, Inc., Wayne, NJ), ultrasmall 
superparamagnetic iron oxide (USPIO) 
nanoparticles, such as ferumoxtran-10 
(Combidex®, Advanced Magnetics, Inc.,  

Cambridge, MA), and ferumoxytol 
(Feraheme®, Advanced Magnetics, Inc., 
Cambridge, MA), have unique properties 
that are useful for MR imaging. The super-
paramagnetic nature of the particles’ iron 
oxide core makes them visible on MR 
images. These particles are composed of an 
iron oxide core coated with either dextran 
(ferumoxides and ferumoxtran-10) or a 
semi-synthetic carbohydrate (ferumoxytol). 
Ferumoxides particles are 120–180 nm in 
diameter, and ferumoxtran-10 and feru-
moxytol particles are 20–50 nm in diameter 
(Jung and Jacobs 1995). USPIO particles 
are ~100 times larger than gadolinium 
chelates. Particle size and coating proper-
ties affect how the particle behaves in vivo. 
A complete coating coupled with a small 
diameter helps to slow opsonization and 
endocytosis, and leads to a longer plasma 
half-life (Raynal et al. 2004). Conversely, 
large and incompletely coated SPIO par-
ticles (ferumoxides) are rapidly taken up 
by cells of the recticuloendothelial system 
and sequestered in the body’s lymphoid 
tissue. This property is useful in imag-
ing of other organs in systemic cancers, 
but currently has no application for brain 
tumors (Harisinghani et al. 2003; Jaffer 
and Weissleder 2005; Keller et al. 2004).



298 M.A. Hunt and E.A. Neuwelt

USPIO particles differ in many ways 
when compared to gadolinium: (1) USPIO 
particle uptake is intracellular, gadolinium 
is not. (2) Gadolinium is small and rapidly 
crosses defects in the BBB into the extracel-
lular space and is visible on MR sequences 
performed shortly after administration. 
(3) USPIO particles require longer time 
periods to exit the bloodstream to be visible 
on MR sequences even where the BBB is 
defective. Although the enhancement takes 
longer to appear, it persists because parti-
cles are trapped intracellularly. (4) Repeated 
imaging with a single administration of the 
agent is possible (Hunt et al. 2005; Neuwelt 
et al. 2004, 2007; Varallyay et al. 2002). 
(5) USPIO particle circulating plasma half-
life is longer than that of gadolinium. This 
difference may increase the sensitivity for 
subtle defects in the BBB caused by tumors 
(Murillo et al. 2005; Varallyay et al. 2002).

In central nervous system (CNS) tumors, 
those without a reactive/inflammatory 
component cannot be well visualized using 
USPIO particles (Varallyay et al. 2002). 
Tumors such as meningiomas and pituitary 
adenomas, unless they have a significant 
reactive component, do not enhance well 
with ferumoxtran-10 or ferumoxytol. In 
tumors that do have a reactive/inflamma-
tory component, more commonly found 
in gliomas, lymphomas, and some metas-
tases, USPIO particles are taken up mostly 
by reactive cells at the periphery of the 
tumor (Neuwelt et al. 2004; Taschner et al. 
2005). One of the advantages of these par-
ticles over gadolinium is that, not only can 
they be visualized on MR images, but they 
can also be detected using histochemistry 
and electron microscopy on pathologic 
specimens as shown in Figure 23.1c and d 
(Neuwelt et al. 2004; Neuwelt et al. 1994).  
This property confirms that the patho-

logic specimen originated from an area of 
enhancement on MR imaging. The iron 
particles are located intracellularly in reac-
tive cells such as astrocytes or mononu-
clear cells (Hunt et al. 2005; Neuwelt et al. 
2004; Varallyay et al. 2002).

IMAGING CHARACTERISTICS

When utilized as contrast agents for MR 
imaging, USPIO particles exhibit unique 
signal properties. On T2 sequences, par-
ticles cause increasing signal loss with 
increasing concentration. This phenome-
non appears as a dark signal on MR images. 
Usually there is significant susceptibility 
artifact or ‘blooming’ of this signal on T2* 
or gradient echo (GRE) images, which 
makes interpretation of true particle vol-
ume difficult but does allow detection of 
small particle concentrations possible. T1 
properties of USPIO  particles differ from 
T2 properties. MR image  signal increases 
with increasing concentration to a point at 
which the signal begins to decline. Image 
appearance of gadolinium and ferumox-
tran-10 using different MR sequences are 
illustrated in Figures 23.2 and 23.3. T1 
sequences usually provide better anatomic 
imaging interpretation and the observed 
enhancement is similar to that observed 
with gadolinium.

EXPERIMENTAL STUDIES

SPIO and USPIO particles have been 
used in experimental brain tumor  models 
to help delineate the radiological and 
 pathological characteristics of these 
agents (Moore et al. 2000; Muldoon 
et al. 2005; Zimmer et al. 1997). Moore 
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et al. (2000), using a non-clinical for-
mulation (MION-46), demonstrated that 
uptake was predominantly by tumor 
and peritumoral macrophages. Muldoon 
et al. (2005) showed that MION-46, 
ferumoxides, ferumoxtran-10, and feru-
moxytol were non-toxic to rat brain 
parenchyma. This group of investigators 
confirmed that iron seemed to be lim-
ited mostly to reactive cells at the tumor 
margins. Comparable to human studies, 
they reported that tumor type strongly 
influenced the amount of enhancement 
observed with these agents.

Other iron oxide particles are available 
for use in nonhuman experimental mod-
els, such as CLIO-Cy5.5, an iron oxide 

particle conjugated to a fluorochrome 
and allows for both MR and optical 
imaging of the same particle (Bremer 
et al. 2003; Denis et al. 2004; Kircher 
et al. 2003). Iron oxide particles have 
also been conjugated to monoclonal anti-
bodies for non-invasive diagnostic pur-
poses in an animal model (Remsen et al. 
1996). Recent  studies using ferumoxides 
have begun to explore cellular labeling 
with MR imaging techniques. Using pro-
tamine and ferumoxides, cells can be 
loaded with SPIO particles and imaged 
using MR (Arbab et al. 2004). This tech-
nique may offer further insights into brain 
tumors and other diseases of the CNS 
that involve cellular trafficking. It may 

Figure 23.1. Patient with glioblastoma. (a) T1-weighted image with gadolinium. (b) T1-weighted image 
with ferumoxtran-10. Note additional lesion observed, marked with arrow. (c) Pathologic specimen 
showing iron staining. T = tumor BAT = brain around tumor. (d) Cell staining for iron, possibly astrocytic 
in origin (Used with permission from Neuwelt et al. 2004, Blackwell Publishing)
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also provide a method for tracking cells 
implanted into the CNS.

HUMAN IMAGING

Properties unique to ferumoxtran-10 
and ferumoxytol complement traditional 
gadolinium-based MR imaging. The  signal 
characteristics of lesions observed on 
MR imaging using these agents can be 
similar to gadolinium on T1 sequences 

and show increased signal intensity in 
areas of enhancement (Enochs et al. 1999; 
Hunt et al. 2005; Murillo et al. 2005; 
Taschner et al. 2005; Varallyay et al. 
2002). However, these agents are also 
visible using T2 sequences, especially 
T2* or GRE sequences, showing signal 
dropout. Unfortunately, T2 sequences are 
often degraded by a susceptibility artifact 
or ‘blooming’ which degrades the image’s 
anatomic information. For this reason,  
T1 sequences are favored for anatomic 

Figure 23.2. Representative images using ferumoxtran-10 in a patient with CNS lymphoma. (a) T1-weighted 
image with gadolinium (b) T1-weighted image 1 day after ferumoxtran-10 administration. (c) T2-weighted 
image prior to ferumoxtran-10 administration. (d) T2 GRE image 1 day after ferumoxtran-10 administration
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interpretation of the enhancement. To 
avoid anaphylactoid reactions care must 
be taken during ferumoxtran-10 adminis-
tration, which must be slow. Ferumoxytol 
may be administered as a bolus, and 
is now approved for use by the FDA. 
Following administration of USPIO parti-
cles, a delay is necessary before imaging. 
Lesions are generally not visible for 6 h, 
with enhancement intensity greatest at ~24 
h post administration (Enochs et al. 1999; 
Neuwelt et al. 2004, 2007). Enhancement 
persists and can be observed for up to 1 
week post administration. When used in 
conjunction with intraoperative MR imag-
ing at low field strength and with postop-
erative MR imaging, these agents provide 
the unique ability to reimage lesions with-
out further contrast agent administration 
(Hunt et al. 2005; Neuwelt et al. 2004).

USPIO particles highlight inflammatory 
cells in areas where the BBB is defective, 
although the defect may be minimal. In 
2002, Varallyay et al. (2002) reported that 
while ferumoxtran-10 enhancement was 
comparable to gadolinium enhancement, 
it exhibited a more variable intensity. 
Additionally, tumors that did not have a 
significant inflammatory component did 
not show significant enhancement with 
ferumoxtran-10. The nature of the rela-
tionship between inflammation and imag-
ing with iron oxide particles has also been 
examined. In a case series of 55 patients 
with a combination of glial and non-glial 
tumor etiologies, Murillo et al. (2005) con-
cluded that the most consistent indicator 
for enhancement with USPIO particles was 
the presence of inflammatory cells with a 
defective BBB. They also concluded that in 

Figure 23.3. MR Images from a patient with glioblastoma including pre-, intra-, and postoperative images. 
(a) T1-weighted with gadolinium. (b) T1-weighted after ferumoxtran-10. (c) T2-weighted. (d) T2 GRE 
images after ferumoxtran-10. (e) Intraoperative MR image prior to surgery after ferumoxtran-10. 3F. 
Intraoperative MR image during surgery after a partial resection. Residual lesion noted with arrow. 3G. 
Postoperative T1-weighted images without gadolinium. 3H. Postoperative T1-weighted images with gadolin-
ium gadolinium. Note the increased T1 signal in the resection cavity and from intraventricular hemorrhage
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tumors with an inflammatory component, 
much smaller BBB defects can sometimes 
be observed than with gadolinium. Lesions 
that may not be visible with gadolinium 
may be visible with ferumoxtran-10 as is 
shown in Figure 23.1a and b (Murillo et al. 
2005; Neuwelt et al. 2004). However, prior 
therapy including radiation and/or chemo-
therapy may influence the appearance 
of lesions on MR images (Murillo et al. 
2005; Taschner et al. 2005).

INTRAOPERATIVE MAGNETIC 
RESONANCE IMAGING

Intraoperative MR (IMR) imaging is a 
relatively new application of MR technol-
ogy. Over the last 10 years, IMR imaging 
has become increasingly widely available, 
although generally found only in academic 
neurosurgical institutions. These systems 
vary in configuration and strength (0.1–3 T)  
of the magnetic field, but all provide a 
means to provide updated MR images 
while maintaining the patient in the opera-
tive environment. The goals of utilization 
of IMR imaging are to improve tumor 
resection and patient outcomes (Wirtz et al. 
2000). The rationale behind administra-
tion of these agents with IMR imaging is 
to avoid the pitfalls of repeated gadolin-
ium enhancement during surgery (Knauth 
et al. 1999, 2001a, b). In an animal study, 
gadolinium caused intense enhancement 
in the surgically disrupted brain, while 
USPIO particles did not cause enhancement 
(Knauth et al. 2001a). USPIO particles may 
be administered prior to surgery using IMR 
imaging, and can be used to delineate the 
tumors intraoperatively (Hunt et al. 2005). 
USPIO particles need to be administered at 
least 6–8 h prior to surgery, and optimally 

the day prior. As mentioned above, tumors 
without an inflammatory component such 
as meningiomas and pituitary adenomas, 
which generally do not show enhancement 
with USPIO particles, are not suitable for 
this application. However, gliomas with 
any degree of inflammatory component, 
i.e., anaplastic lesions, can be imaged. Most 
modern IMR imaging systems incorpo-
rate neuronavigation, and intraoperatively 
obtained images may be used to determine 
factors such as the size and location of crani-
otomy and the extent of resection. After 
initial imaging and image-guided resec-
tion, repeated imaging may be obtained to 
determine the true extent of resection and 
to minimize the confounding factors of 
brain shift and blood-products. Figure 23.3 
shows pre-, intra-, and post-operative imag-
ing in a patient with glioblastoma and also 
illustrates how postoperative imaging can 
be confounded by blood products in the 
resection cavity.

FUTURE DIRECTIONS

The newest USPIO, ferumoxytol, may pro-
vide new insights into the response to treat-
ment of brain tumors using dynamic MR 
imaging. Ferumoxytol may be administered 
as an intravenous bolus, which allows for 
MR perfusion studies. In areas of leaky 
BBB, gadolinium rapidly leaves the vas-
cular compartment, possibly confounding 
MR perfusion measurements. Ferumoxytol, 
which remains in the vascular compartment 
longer, does not confound these meas-
urements (Neuwelt et al. 2007). Whether 
perfusion measurements provide an early 
indicator of tumor response prior to changes 
in tumor size remains unknown. Cellular 
labeling using a mixture of ferumoxides  
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and protamine may also allow tracking of 
cells as they enter the CNS.

In conclusion, use of iron-based magnetic 
imaging contrast agents complements the 
use of traditional gadolinium-based con-
trast agents. USPIO particles have unique 
biologic properties, and these properties 
may provide an advantage when attempt-
ing to determine subtle BBB defects and 
in delineating peritumoral inflammation. 
Additionally, persistent enhancement after 
administration makes these agents suit-
able for repeated imaging before, after, 
and during operative interventions. These 
particles may provide for cellular imaging 
within the brain, as well as early measures 
of tumor response (Arbab et al. 2007; Cao 
et al. 2006).
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Metastatic Solitary Malignant Brain 
Tumor: Magnetic Resonance Imaging
Nail Bulakbasi and Murat Kocaoglu 

INTRODUCTION

Brain metastases are secondary deposits of 
cancer cells that have spread to the brain 
from primary tumors in other organs. It 
is a very common and devastating clini-
cal problem for both cancer patients and 
treating physicians. Although the cancer 
database showed that the metastatic brain 
tumor is the second most common adult 
brain tumor following gliomas, the exact 
incidence of brain metastasis is underes-
timated, and in fact it is more likely than 
double of primary brain tumors (Gavrilovic 
and Posner 2005). The incidence of brain 
metastasis has increased during the last 
two decades, due to improvement in 
survival of cancer patients particularly 
in those whose systemic tumors have 
responded to chemotherapy and due to sig-
nificant advances in tumor diagnosis. The 
incidence varies not only with the primary 
tumor type, but also with its stage when 
diagnosed and with the treatment applied. 
Sex or race predilection usually follows 
that of the primary tumor and the inci-
dence is usually increased by age. Autopsy 
studies showed that 24% of cancer patients 
had intracranial metastasis. Of these ~20% 
are in the dura, ~15% are in the brain, ~8% 

are in the leptomeninges, and in ~10% the 
brain is the only site of intracranial metas-
tases (Posner and Chernik 1978)

The lung (45–50%), breast (15%), 
melanoma (10–15%), gastrointestinal/geni-
tourinary (10–15%) cancers are the most 
common primary tumors metastasize to 
the brain (Schouten et al. 2002). Less 
common causes of brain metastases are 
prostate and thyroid cancers, sarcomas, 
lymphoma/leukemia, germ cell tumors of 
testis, and gestational trophoblastic tumors 
(Gavrilovic and Posner 2005). The inci-
dence of metastases to brain within the first 
year of diagnosis is ~91% in lung cancer, 
~50% in melanoma and renal cancer, ~40% 
in colorectal cancer, and ~19% in breast 
cancer (Schouten et al. 2002).

Solitary brain metastases are ~39–53% 
of all brain metastases (Posner and Chernik 
1978). The distribution of the sources of 
solitary brain metastasis is slightly different 
from multiple ones. The primary site of most 
solitary brain metastases (70%) remains 
unknown. In others, common causes are 
gastrointestinal (67%), genito-urinary 
(60%), gynecological (54%), melanoma 
(48%), breast (48%), lung (45%), and other 
miscellaneous (66%) cancers (Nussbaum 
et al. 1996).
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The most common primary tumors asso-
ciated with hematogeneous dural metas-
tases are breast, lung and prostate cancers, 
melanoma, neuroblastoma, lymphoma and 
leukemia. Dural metastases may usually 
occur as an extension of tumor to the dura 
from the adjacent calvarial metastases. 
Contrary to dural metastases, leptomenin-
geal involvement occurs by hematogene-
ous spread from extracranial malignancies 
or by cerebrospinal fluid seeding of pri-
mary brain neoplasm such as anaplastic 
astrocytoma, glioblastoma multiforme, 
ependymoma, or medulloblastoma.

Existence of brain metastases plays 
an important role in the management of 
cancer patients and can directly affect 
their morbidity and mortality. Thus, brain 
metastases present a therapeutic challenge 
for the treating physician and a psychologi-
cally and physically devastating experience 
for the patient. The prognosis of a cancer 
patient usually becomes worst when a brain 
metastasis has developed. The median 
survival rate is several months and the 
percentage of 2-year survival is in single 
digits. Of particular significance, imaging 
of patients with a surgically treated solitary 
brain metastasis, shows an approximately 
doubled rate of survival after 1 year. The 
1- and 2-year actual local control rates 
for brain metastases are 69% and 46%, 
respectively (Chang et al. 2003). Prompt 
diagnosis is particularly important for an 
appropriate treatment, which may result 
in remission of brain symptoms and may 
improve the quality of the patient's life.

Brain metastases may be the first sign of 
cancer disease in 45% of patients and the 
prognosis of patients with this presentation 
is better than that of patients with brain 
metastasis in general (Nguyen et al. 1998). 
Although lung cancer and melanoma 

metastasis usually remain silent, approxi-
mately two thirds of brain metastases are 
symptomatic at some point. The primary 
sources of the symptoms are the mass 
effect of the lesion causing an increase in 
intracranial pressure, headache, nausea, 
vomiting, vertigo, confusion, lethargy and 
intracranial herniation, and local irritation 
and/or destruction of neurons resulting 
in motor deficits, visual field defects, 
aphasia, new-onset seizures, ataxia, and 
other focal neurological signs or symp-
toms. Furthermore systemic cancer and 
its treatment can cause cerebrovascular 
complications including intratumoral hem-
orrhage, tumoral invasion of arterial or 
venous sinuses, and tumor emboli; coagu-
lapatic conditions involving disseminated 
intravascular coagulation, thrombocytope-
nia, nonbacterial thrombotic endocarditis, 
and cerebral intravascular coagulation; 
infectious events such as septic infarc-
tion from fungal or bacterial sepsis and 
infectious vasculitis manifest in immu-
nocompromised cancer patients through 
malignancy, or cancer therapy (Katz and 
Segal 2005). Small tumor emboli can often 
cause stroke-like symptoms, which usually 
resolve after breaking up of the emboli. 
Cranial nerve palsy is a sign of meningeal 
involvement. The type and the onset of 
the symptoms are subject to change due to 
location, size, and the degree of the mass 
effect of lesion.

There are two hypotheses to explain 
the primary distribution of brain metas-
tases (Gavrilovic and Posner 2005). First 
is the “mechanical hypothesis” proposed 
by Ewing (1940), which suggests that 
the usual distribution of brain metastases 
is similar to that of cerebral blood flow, 
and they occur ~80–85% in the cerebrum, 
~10–15% in the cerebellum and ~3–5% 
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in the brain stem. Second is the “seed and 
soil” hypothesis proposed by Paget (1889), 
which assumes that genetic changes in 
some cancer cells, such as melanoma, 
allow them to locate a more favorable 
biochemical environment to proliferate. 
Fidler et al. (1999) have developed dif-
ferent melanoma clones, which involve 
preferentially different specific areas of 
brain such as parenchyma, meninges, and 
ventricles separately. Several important 
molecules that are responsible for inva-
sion, proliferation, metastatic cell signal-
ing, and angiogenesis of metastatic cancer 
cells, have been identified; examples are 
E-cadherin, catenins, neurotrophins, plas-
minogen activators and inhibitors, and 
matrix metalloproteases (Nathoo et al. 
2005). Weiss (1992) suggests that the 
distribution of brain metastases can be 
explained by blood flow alone in 66% of 
cases but not so in the remaining patients. 
These findings propose that both hypo-
theses play an important role in the distribu-
tion of brain metastases.

Metastatic spread of primary tumor to 
the brain is a complex series of steps 
and requires genetically suited cancer 
cells, mediated by molecular mechanisms 
(Gavrilovic and Posner 2005). In sum-
mary, on the primary site, cancer cells 
need some transformation steps including 
genetic change, growth, angiogenesis, and 
invasion. Subsequently, they have to be 
transported to the brain, including intra-
vasation into the capillary bed or lymph 
vessels, reach to circulation, escape from 
immune response and shear forces; arrest 
in lung, liver or vertebral bodies depend-
ing on whether the venous drainage is into 
vena cava, portal vein or Batson venous 
plexus; reenter into arterial circulation by 
growing into the lung and invade pulmo-

nary venous circulation, or pass through 
the capillary bed, or cross from a patent 
foramen ovale; and then arrest in the cere-
bral capillary bed, which usually occurs at 
the gray-white matter junction and in the 
watershed areas of brain similar to cer-
ebral emboli; extravasate across the capil-
lary membrane into the brain parenchyma; 
finally dormancy or grow in brain paren-
chyma (Gavrilovic and Posner 2005). 
Blood–brain-barrier does not hinder tumor 
cell extravasation, and furthermore it pro-
vides a shelter to those cells against many 
water-soluble chemotherapeutic agents 
and also macromolecules such as antibod-
ies (Gavrilovic and Posner 2005). This 
protection is the major cause of late soli-
tary metastases following total eradication 
of primary tumor and is responsible for 
the dormancy of metastatic cells, in which 
a balance is established between prolifera-
tion and apoptosis of cancer cells, such that 
metastasis remains at microscopic level 
(Gavrilovic and Posner 2005). For these 
reasons prophylactic whole brain radia-
tion therapy is recommended to reduce the 
incidence of brain metastases especially in 
patients with small-cell lung cancer.

Surgical excision followed by adjuvant 
whole-brain radiotherapy is the choice of 
treatment of solitary brain metastases in 
a carefully selected patient group to pro-
long the median survival and to improve 
or stabilize their performance status. 
However, it is relatively unnecessary in 
the presence of either systemic disease or 
substantial neurological deficit (Korinth 
et al. 2002). Radiosurgery is also another 
effective and noninvasive option to treat 
surgically inaccessible lesions or up to 
six metastases. Chang et al. (2003) found 
that, for lesions of 1 cm (0.5 cm3) or less, 
the corresponding local control rates are 
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86% and 78%, respectively, which is sig-
nificantly higher than the corresponding 
rates of 56% and 24%, respectively, for 
lesions larger than 1 cm (0.5 cm3) (p = 
0.0016). Furthermore, they recommend a 
close observation for the ambiguous sus-
pected brain metastasis up to a diameter 
of 1 cm.

SCREENING AND INITIAL 
EVALUATION

In patients with known primary cancer, brain 
imaging is required and also cost-effective 
when neurological signs and symptoms 
develop, except in patients with lung cancer 
and melanoma, which can cause frequent 
silent brain metastases. A brain imaging 
for screening purpose should be performed 
periodically in patients with lung cancer 
and melanoma, despite good neurological 
status. Computed tomography (CT) is more 
widely used because of its easy accessibil-
ity and low cost, but magnetic resonance 
(MR) imaging is the modality of choice 
for screening and initial staging of cancer 
patients with suspicious brain metastases, 
because it is more sensitive and specific 
than CT in determining the existence, loca-
tion, and number of metastases. Contrast-
enhanced MR imaging detects two or three 
times as many lesions as contrast-enhanced 
CT, especially the lesions less than 5 mm 
in diameter. In addition, ~20% of patients 
with solitary metastatic lesions on com-
puted tomography show multiple lesions on 
MR imaging.

The use of magnetization transfer with 
single-dose gadolinium administration can 
improve sensitivity of MR imaging roughly 
equivalent to triple-dose, post-contrast, 
spin-echo imaging, in detecting lesions 

and lesion conspicuity (Thng et al. 1999). 
Limited brain MR imaging (only T1- and 
contrast-enhanced T1-weighted images) 
appears to be a useful, and cost-effective 
method to screen for brain metastases at 
the time of initial staging, and it may 
facilitate timely treatment of cancer patients 
and improve their survival and quality of 
life (Kim et al. 2005). Detection of single 
metastasis is crucial for diagnosis and 
possible surgical management, and directly 
affects the mortality and morbidity of can-
cer patients. If no definitive diagnosis can 
be established for a solitary brain lesion, 
then a biopsy and/or surgical removal is rec-
ommended in patients with good systemic 
performance status.

IMAGING PROTOCOL

Brain MR imaging protocol for cancer 
patients with brain metastases is subject to 
change due to many factors, such as clinical 
status of the patient, emergency conditions, 
capability of MR imaging systems, prefer-
ences of the user or the requirements of 
surgical stereotaxic systems. Patient-based 
modifications can be made in protocol 
during examination. In patients with poor 
clinical status or loss of consciousness, fast 
sequences and single-voxel MR spectros-
copy techniques can be preferred for initial 
examination, and complete imaging exami-
nation can be delayed until patient reaches 
a more appropriate clinical status.

Classical spin echo (SE) or turbo (fast) 
SE (TSE) sequences can be selected for 
conventional brain MR imaging due to 
performance of MR imaging systems or 
the habits of the user. Typical parameters of 
brain tumor imaging at 1.5 T MR imaging 
system for initial diagnostic work-up are 
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Table 24.1. A typical brain tumor imaging protocol including manufacturer specific parameters at 1.5 T

Sequence TR (ms) TE (ms) FA/TI Acq/NEX
Thickness 
(mm)

Slice 
number

Matrix
FOV  
(mm)

Acq  
Time 
(min)Scan Recon

Localizer 15 5,2 20 1 10 3 256 256 250 0,17
T1 SE S (584) 15 69 2 5 22 176 256 230 3,11
FLAIR 8000 100 90/2,000 2 5 22 176 256 230 4,00
T2 TSE S (4471) 100 90 3 5 22 224 512 230 2,05
Dual Echo PD/T2* S (2,296) 20/90 90 1 5 22 176 256 230 6,16
DWI/ADC S (4213) 91 90 1 5 22 112 128 230 0,29
DTI 4000 95 NA 4 5 20 128 128 230 1,56
DSC MRI (FE-EPI) S (627) 30 40 50 3 to 7 10-15 128 128 230 1,37
Post Gd T1 SE S (212) 15 69 2 3 to 7 10-15 256 256 230 2,21
Post Gd MT T1 SE S (890) 15 69 2 5 22 176 256 230 3,21
3D T1 FFE 25 4,6 30 1 0.8 160 256 256 230 6,58
fMRI (FE-EPI) 3000 50 90 1 4 16 64 64 230 4,09
MR spectroscopic imaging (Multivoxel)
2D TSI 2,000 136 90 2 10 1 32 32 250 8,45
2D TSI 2,000 31 90 2 10 1 32 32 250 8,56

TR: time of repetition, TE: time of echo, FA: flip angle, TI: time of inversion, Acq: acquisition, NEX: number of excitation, Recon: 
reconstruction, SE: spin echo, FLAIR: fluid attenuated inversion recovery, TSE: turbo spin echo, PD: proton density, DWI: diffusion-
weighted imaging, ADC: apparent diffusion calculation, DTI: diffusion tensor imaging (12 directions), DSC: dynamic susceptibility 
imaging, FE: field (gradient) echo, EPI: echo-planar imaging, Gd: gadolinium (typically 0.1–0.2 mm/kg), MT: magnetization transfer, 
FFE: fast field (gradient) echo reconstructed in the axial, coronal and sagittal planes, TSI: turbo spectroscopic imaging

shown in Table 24.1. The choice of plains 
for each sequence is subject to change 
due to user preference or location of 
tumor. Typically sagittal T1-weighted SE, 
axial fluid attenuated inversion recovery 
(FLAIR), axial and coronal T2-weighted 
TSE images preferentially with fat satura-
tion, are obtained for routine brain exami-
nation. Dual T2-weighted SE imaging (T2 
and proton density images) with larger 
field of view can be required for some 
surgical stereotaxic frames, and can be 
replaced by FLAIR. Single dose (0.1 mg/
kg gadolinium or equivalent) contrast-
enhanced SE sequence with magnetiza-
tion transfer is usually adequate and more 
cost effective than triple-dose applications 
(Thng et al. 1999). Instead of obtain-
ing post-contrast images in two (axial, 
coronal) or three (additional sagittal) dif-
ferent orthogonal planes, a single 3D vol-
ume imaging with subsequent multiplanar  

reformations should be preferred because 
it usually takes less time with adequate 
resolution. Additionally, it also allows 
for 3D surface rendering reformations 
and provides base images for stereotaxic 
coordinating systems and image fusion 
studies. Contrast-enhanced FLAIR images 
can improve the lesion conspicuity espe-
cially the ones located in cortical, subcor-
tical, ventricular, or leptomeningeal areas 
(Ercan et al. 2004).

Faster echo-planar sequences are pre-
ferred for diffusion-weighted imaging. They 
are typically acquired using at least three b 
values of 0, 500, and 1,000 s/mm2 applied in 
the phase (P), measurement (M), and slice 
selection (S) directions for the evaluation of 
either intra-tumoral changes especially in 
cystic metastasis and ischemic changes due 
to tumor thrombosis. Antero-posterior fold-
over direction is used for transverse orienta-
tion to keep distortion artifacts symmetric 



310 N. Bulakbasi and M. Kocaoglu

over the left and right hemispheres of the 
brain. Cardiac triggering is not usually 
required. Automatic shimming and spectral 
saturation inversion recovery are added to 
remove the high water/fat shift. Half-scan 
can be used to compensate the flow-related 
local phase errors by reducing time of echo 
(TE). Post-processing of isotropic diffusion-
weighted images from three different main 
directions is obtained from the formula of 
DWI = (│P│·│M│·│S│)1/3. The apparent 
diffusion coefficient (ADC) calculation is 
based on the formula: S(b)/S(b=0) = exp (−b 
value × ADC) in which S(b) is signal inten-
sity with the diffusion gradient, S(b=0) is sig-
nal intensity without the diffusion gradient, 
b value is attenuation factor (in s/mm2), and 
ADC is the apparent diffusion coefficient 
(in mm2/s) (Bulakbasi et al. 2004). The 
ADC maps are calculated on a pixel-by-
pixel basis.

Diffusion tensor imaging is a relatively 
new technique compared with MR spec-
troscopy, diffusion-weighted imaging, and 
perfusion imaging, and widely utilized for 
research purposes, rather than for routine 
clinical imaging. Applications of diffu-
sion tensor imaging have used every-
thing from simple, unidirectional ADC 
measurements, to full-tensor acquisitions 
processed with sophisticated tractography 
techniques. For diffusion tensor imaging, 
at least 12 or more directions are usu-
ally necessary for an adequate diffusion 
tensor process and for the evaluation of 
white matter tract invasion/displacement 
(Field and Alexander 2004). Diffusion 
anisotropy is easily understood as the 
degree to which diffusivity is directionally 
dependent or, in tensor terms, the extent to 
which the tensor ellipsoid shape deviates 
from that of a sphere (Field and Alexander 
2004). Mathematically, anisotropy is the 

degree to which the three tensor eigen-
values differ from one another. Any of 
several anisotropy metrics may be used to 
quantify this difference, such as fractional 
anisotropy (FA), lattice index, mean dif-
fusivity (MD), relative anisotropy, volume 
ratio, and tumor infiltration index (Lu et al. 
2003, 2004; Field and Alexander 2004; ).

Contrast-enhanced gradient echo T2*-
weighted echo planar dynamic susceptibility 
contrast (DSC) weighted perfusion imag-
ing based on the kinetic principles for 
non-diffusible exogenous tracer is usually 
sufficient for the evaluation of perfusion 
characteristics of brain metastases (Rosen 
et al. 1990). It is widely used in a clinical 
setting due to its relatively short imaging 
time and the wide availability of image-
processing tools. High flow (5–7 mL/s) 
injection of contrast material (0.1–0.2 mg/
kg gadolinium or equivalent) by automatic 
power injector is crucial for adequate per-
fusion imaging. Gradient-echo sequences 
are much more sensitive than SE sequences 
for the detection of differences in local mag-
netic susceptibility between vessels and the 
surrounding tissue, during the first pass of 
gadolinium chalets (Cha 2004). However, 
gradient-echo sequences are more prone 
to magnetic susceptibility artifacts than SE 
sequences. To overcome these artifacts slice 
thickness can be reduced or SE sequences 
may be preferred for imaging lesions near 
brain–bone–air interfaces such as the tem-
poral lobes or posterior fossa.

Echo planar technique, which allows 
obtaining a series of images acquired at 
intervals of ~1 s, are fast enough to provide 
robust measurements of cerebral blood vol-
ume (CBV). Among post-processed per-
fusion parameters, CBV values of obtained 
from tumoral and peritumoral areas are the 
most important parameters for differential 
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diagnosis of solitary brain metastasis from 
primary brain neoplasm (Bulakbasi et al. 
2005). The raw data are usually proc-
essed during the first pass of the bolus of 
paramagnetic contrast material, the sig-
nal intensity in T2*-weighted sequence 
decreases, whereas the signal intensity par-
tially restores directly after the passage. 
The relative measure of contrast agent 
concentration can be calculated from sig-
nal-intensity changes over time on kinetic 
principles for non-diffusible tracers by using 
the following relationship: DR2*(t) = −k/TE 
ln[S(t)/S(0)], where TE is the echo-time, 
k is an unknown proportionality constant, 
S(t) is the signal intensity at time t, and S(0) 
is the pre-contrast signal intensity (Rosen 
et al. 1990). The contribution of tracer leak-
age or recirculation, due to disruption of 
blood–brain barrier in tumoral tissue, can be 
minimized by using a mathematical model, 
fitting gamma variate function to the meas-
ured DR2* curve (Rosen et al. 1990). The 
area under this curve is proportional to the 
CBV (Rosen et al. 1990). Fitting algorithm, 
which approximates the curve that would 
have been obtained without recirculation 
or leakage, is also unstable and can cause 
wide variations in the results. To eliminate 
this instability, CBV values are expressed 
to the measurement relative to a standard 
reference, usually contralateral white mat-
ter, which refers as relative CBV (rCBV) 
(Bulakbasi et al. 2005).

Magnetic resonance spectroscopy can be 
performed by using single or multi-voxel 
techniques and using different sequences 
such as stimulated-echo acquisition mode 
(STEAM) or point-resolved excitation spin-
echo (PRESS) (Bulakbasi 2004). A volume 
selective 3D or 2D (depending on lesion 
size) chemical shift imaging (CSI) with 
high matrix (16 × 16 or 32 × 32), has to be 

the choice technique for MR spectroscopy 
in tumor diagnosis because simultaneous 
acquisition of spectra can be obtained from 
multiple regions, and the quantification 
and metabolite maps can be created from 
MR spectroscopy data (Bulakbasi 2004). 
By the CSI technique, 1–2 cc nominal 
voxel size and a 0.5 cc resolution limit 
can be obtained in 1.5 T, and up to 0.4 and 
0.094 cc in a 3 T static magnet systems, 
which causes a linear loss in signal to noise 
ratio between 44% and 60% due to the 
decreasing line-width (Gruber et al. 2003). 
Although CSI has a low resolution, it can 
be compensated by the increase of signal 
to noise ratio, which improves the spectral 
resolution and provides better separation of 
metabolite signal.

Magnetic resonance spectra can be 
obtained by using long (270 ms), interme-
diate (135 or 144 ms) or short (30 or 40 
ms) TE according to T2 resonance of the 
desired metabolite. While intermediate or 
long TE values allow us to measure the 
major metabolites with long T2 resonance 
such as n-acetyl aspartate (NAA), choline 
(Cho), creatine and phosphocreatine (Cr) 
and lactate, short TE technique allows us to 
measure the metabolites with short T2 reso-
nance such as lipid, alanine, glutamine and 
glutamate complex, glucose, myoinositol, 
and other amino acids (Bulakbasi 2004). 
Intermediate TE values are crucial for 
tumor diagnosis, with a preferential addi-
tion of short TE values, if applicable. To 
prevent strong contribution to the spectra 
from subcutaneous fat signals, the volume 
of interest is completely enclosed within 
the brain and positioned at the center of 
the phase-encoded field of view, and up to 
eight outer volume saturation slabs can be 
placed over the skull. Performing spectros-
copy on all patients following contrast can 
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minimize inter-patient and intra-patient 
variability with minimal effect of contrast 
on metabolite ratios and peak areas, as 
it also allows us to determine metabo-
lite changes within areas of enhancement, 
necrosis and infiltrating tumor or edema 
(Law 2004).

Processing steps, such as time domain 
apodization, Fourier transformation and 
reconstruction of spatial dependence of 
data, are usually applied to the MR spec-
troscopy data. Quantification is essential 
in MR spectroscopy diagnosis. Different 
metabolite levels and ratios, such as NAA/
Cho, NAA/Cr, Cho/Cr, Lip/Cr, and Lac/
Cr, can be obtained. Especially, relative 
metabolite levels, expressed as a percent-
age of tumor/normal brain metabolite pro-
portions, are very useful for the comparison 
of the MR spectra, obtained by different 
scan parameters or at different magnetic 
fields (Bulakbasi et al. 2003). It also allows 
us to make the statistical analysis and 
comparison of MR spectra of different 
tumor types. Metabolic maps are displayed 
in a pseudo anatomic format, rather than 
a spectrum, and provide the information 
in a more familiar way to radiologist and 
clinicians. Metabolic map imaging repre-
sents the distribution of particular species 
such as NAA, Cho, Cr, and different ratio 
combinations. Images appear blurry due 
to low concentration of protons of desired 
species compared with water protons, but 
high-resolution techniques can improve the 
image quality (Bulakbasi 2004).

Functional MR imaging is a promising 
method to evaluate the relationship of a 
tumor with important functional areas of 
brain. It is very informative in preoperative 
treatment planning of cancer patients, and 
allows maximum tumor resection, while pre-
serving important brain functions, and also 

shortens the operation time under anesthesia. 
It provides a valuable information tool for 
neurosurgeons in deciding operation type 
(a resection, a stereotaxic biopsy, or not to 
operate at all) and the selection of tumor 
approach during surgery. The basic out-
line for performing a functional MR imag-
ing study is as follows: (1) acquisition of 
the functional MR imaging data, including 
paradigm selection and patient preparation, 
(2) acquisition of high-resolution anatomic 
data, (3) analysis of the functional MR 
imaging data, (4) co-registration of the 
functional MR imaging data to the high-res-
olution anatomic data, (5) downloading of 
the co-registered data into the neurosurgical 
navigational computer (Bogomolny et al. 
2004). The selection of paradigms (motor, 
memory, or language) performed during the 
functional MR imaging study is subject to 
change due to location of the tumor and the 
parts of the brain involved.

IMAGING PROPERTIES 
OF SOLITARY BRAIN 
METASTASIS

Brain metastases are typically seen as mul-
tiple contrast-enhanced lesions with promi-
nent vasogenic edema and mass effect. 
This is also true for solitary metastasis. 
A lesion has a variable intensity on MR 
images depending on many factors such as 
nature (solid, semisolid, partly, or totally 
cystic), location of the lesion, amount of 
necrosis, degree of cellularity and vascular-
ity, and existence of hemorrhage, mucin, or 
calcification. Classical MR signal intensity 
characteristics of metastasis are usually not 
diagnostic. It is typically isointense to mildly 
hypointense on T1-weighted images and 
hyperintense on T2-weighted and FLAIR 



31324. Metastatic Solitary Malignant Brain Tumor: Magnetic Resonance Imaging

images. The degree of hyperintensity on 
T2-weighted images is usually increased by 
the degree of cystic/necrotic components. 
However, signal characteristics of some 
metastases have some clues regarding the 
origin of the lesion. Metastatic mucinous 
adenocarcinoma and hemorrhagic metas-
tases show a decrease on T2 signal due 
to slowing of rotational and translational 
proton motion caused by increased protein 
content of mucin and chronic blood break 
down products, respectively (Atlas et al. 
2002). Melanoma metastases are typically 
hypreintense on T1-weighted images and 
isointens to cortex on T2-weighted images 
according to free radical content of melanin 
(Atlas et al. 2002). Gradient echo images 
can also improve the lesion detection in 
patients with melanoma metastases, which 
demonstrate prominent loss on T2* sig-
nal due to susceptibility effect of melanin 
(Atlas et al. 2002).

An extensive surrounding edema, which 
is usually not proportional to tumor size, 
is a typical finding of metastasis, but it 
may also be seen in an abscess or in pri-
mary gliomas (Figure 24.1a). Surrounding 
vasogenic edema is usually homogene-
ous and indistinguishable from metastatic 
focus until contrast administration. Edema 
is relatively hypointense to cortex on 
T1-weighted images and hyperintense on 
T2-weighted and FLAIR images. It exten-
sively scatters along the white matter tracts 
and ends with finger-like boundaries made 
by unaffected subcortical fibers, caus-
ing digit-like appearance (Figure 24.1a). 
Unlike infiltrative glial’ tumors, the edema 
of metastasis neither involves the cortex 
nor crosses the corpus callosum (Atlas 
et al. 2002). Contrary to parenchymal 
metastasis, the cortical metastasis usually 
does not have a prominent surrounding 

edema and is easily missed on pre-contrast 
T1- and T2-weighted images (Atlas et al. 
2002). The amount of edema is gradually 
decreased following a steroid regiment, 
because it usually modifies some intrinsic 
characteristic of the tumor, e.g., endothe-
lial “pores” or “fenesters”, thereby restor-
ing a normal restriction to diffusion across 
the endothelium and re-balancing the vas-
cular hydrostatic pressure force against 
the oncotic and osmotic pressures, as well 
as restoring trans-membrane homeostasis 
(Andersen and Jensen 1998).

Hemorrhage is present in ~3–14% of 
metastases, and is most likely is seen in 
metastases from melanoma, choriocarci-
noma, renal, thyroid, lung, and breast can-
cers. However, bronchogenic metastases 
are the most common source of hemor-
rhagic lesions because of their higher 
incidence. Although hemorrhage more fre-
quently occurs in metastases than in glio-
mas, it is not specific for metastases, and 
is seen in up to 3% of gliomas (Nussbaum 
et al. 1996). Hemorrhagic metastases 
have different signal intensities on T1- 
and T2-weighted images due to the stage 
of hemorrhage. Unless it is metastatic 
melanoma, a bright signal on T1-weighted 
images suggests a hemorrhagic or calci-
fied metastasis.

Solid, nodular, or irregular ring patterns 
of enhancement are seen in metastatic focus 
due to absent or deficient blood–tumor 
barriers in the vascular endothelium of 
the involved capillaries (Figure 24.1b). A 
non-enhancing lesion is less likely to be a 
metastasis. Contrast-enhanced MR imag-
ing with magnetization contrast is the best 
method for detection of additional lesions 
and meningeal tumor seeding (Thng et al. 
1999). Detection of additional lesions is 
very important when considering surgical 
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Figure 24.1. Fifty-seven years-old male with solitary metastasis from lung cancer has progressive visual 
disturbance. (a) T2-weighted axial image shows partly solid (white arrowhead) partly cystic lesion 
located at the subcortical white matter of right occipital lobe. Extensive peritumoral edema surrounding 
optic tract (black arrowheads) is very typical for metastasis and ends with finger-like boundaries made 
by unaffected subcortical fibers, causing digit-like appearance. (b) Axial DSC-weighted perfusion image 
overlaid onto contrast-enhanced T1-weighted image shows increased perfusion with high rCBV value in 
the solid part of tumor (black arrowhead), which can be consistent with both glioma and metastasis, but 
not with abscess. On the other hand, low peritumoral perfusion values compared to normal white matter 
helps to differentiate metastasis from glioma. (c) MR spectra obtained with intermediate TE (135 ms) 
from different parts of tumor, demonstrate high Cho/Cr ratios with low or absent NAA, which is consistent 
with high grade malignant tumor. High lipid peaks suggest a metastasis
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treatment of a solitary metastasis. On the 
other hand, metastases can demonstrate 
heterogeneous enhancement patterns and 
time of onset during the examination. As 
a general rule, the immediate post-contrast 
scan is probably the most practical method 
for detecting metastases, given that the 
radiologist will typically obtain only one 
post-contrast scan (Atlas et al. 2002). Dural 
and leptomeningeal metastases are best 
shown on post-contrast T1-weighted and 
FLAIR studies, as local or diffuse thicken-
ing and enhancement of meninges (Ercan 
et al. 2004). Leptomeningeal metastases 
presents with increased enhancement in the 
subarachnoid spaces of the cortical sulci, the 
fissures, and the cisterns. A small solitary 
nodular enhancing lesion can also develop 
in the subarachnoid spaces, which may 
invaginate within the adjacent brain paren-
chyma and may mimic cortical metastases. 
Multi-planar post-contrast T1-weighted 
images and 3D surface rendering techniques 
are required for differential diagnosis.

The contrast between high-grade glio-
mas and metastases is generally lower on 
diffusion-weighted images and ADC maps, 
compared to conventional MR imaging, 
and it is not useful in their differentiation 
(Bulakbasi et al. 2004; Kitis et al. 2005). 
On the other hand, in patients with ring-
enhancing cerebral mass lesion, restricted 
diffusion might be characteristic, but is not 
pathognomonic, for abscess in the early 
capsule formation stage. Low ADC values 
may also be found both in brain metas-
tases, due to intracellular edema in the 
viable tumor cells during the development 
of early tumor necrosis without prominent 
liquefaction, and in glial tumors due to 
cystic/necrotic changes or high cellularity 
(Hartmann et al. 2001). Furthermore, in the 
peritumoral areas of untreated high-grade 

gliomas and metastases, the mean ADC 
values were higher in metastases than in 
high-grade gliomas due to higher amounts 
of pure surrounding vasogenic edema of 
metastases, than in those of gliomas in 
which a combination of tumoral infiltra-
tion and edema is present together (Krabbe 
et al. 1997). T2 values are more useful than 
ADC for characterizing contrast enhancing 
tumor and immediate-edema regions. T2 
relaxation times are significantly lower in 
contrast-enhancing tumor regions and are 
significantly higher in immediate-edema 
regions for patients with meningiomas or 
metastases, compared with those for glio-
mas (Oh et al. 2005).

Solitary metastasis typically demon-
strates variable elevations of Cho, to values 
comparable with anaplastic astrocytomas, 
and strongly elevated lipids and/or lactate 
peaks (Figure 24.1c). An increased Lip/Cr 
ratio is more prominent in metastasis than 
in primary glial tumors, which is help-
ful to distinguish them from high-grade 
astrocytomas. Moreover, absence of lipid 
may exclude metastasis (Bulakbasi et al. 
2003). The secondary deposits of cancer 
cells originating from other parts of the 
body do not contain neuroglial compo-
nents. Therefore, NAA is low or absent 
in metastases but it is usually seen in MR 
spectra owing to contamination of normal 
brain tissue in imaging voxel. Creatin 
value is also low in metastasis. The major 
diagnostic MR spectroscopy criterion of 
metastasis is the lack of tumoral markers 
in the peritumoral area because metas-
tasis is not infiltrative in nature unlike 
primary glial tumors. This information is 
not available from the single-voxel MR 
spectroscopy spectra and it requires a 
multi-voxel technique. On the other hand, 
MR spectroscopy has some limitations in 
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lesions close to the cranial vault, where 
susceptibility effects and lipid contamina-
tion reduce the quality of spectra.

In the absence of neuroglial elements, 
tumor capillaries of brain metastasis are not 
similar to those of the brain but of the orig-
inating organ of cancer. Metastases have 
newly formed capillaries with fenestrated 
membranes, open endothelial junctions, 
and maldeveloped blood-brain–barrier, so 
they are leaky (Cha 2004). The peritu-
moral capillaries have three times as many 
endothelial surface-connected vesicles, a 
markedly thicker basal lamina, and signifi-
cantly reduced extension of pericytic and 
glial investments (Bertossi et al. 1997). 
The absent or deficient of blood–brain-bar-
rier causes an intense leakage of contrast 
material in the early bolus phase on DSC-
weighted perfusion imaging, similar to 
choroid plexus tumors and meningiomas.

The tumoral rCBV values of metastases 
can change due to degree of vascularity 
of primary neoplasm (Kremer et al. 2003; 
Bulakbasi et al. 2005). Metastases from 
melanoma and renal cell cancer have higher 
tumoral rCBV values than high-grade glio-
mas and lung cancer metastases (Kremer 
et al. 2003). Similar to MR spectroscopy 
findings, peritumoral rCBV measurements 
are more effective than tumoral rCBV 
values in differentiating solitary metastasis 
from primary glioma (Law et al. 2002; 
Bulakbasi et al. 2005). Peritumoral rCBV 
values of metastasis, in which the peri-
tumoral region contains pure vasogenic 
edema, are significantly lower than those 
of gliomas with edema and tumoral tis-
sue infiltrating along proliferated vascu-
lar channels (Figure 24.1b). Although the 
rCBV measurement obtained before treat-
ment is not useful to predict the treatment 
outcome, it is more sensitive and specific 

for the prediction of treatment outcome 
at the 6-week follow-up than the tumor 
volume change alone (Essig et al. 2003). 
A steroid regiment does not significantly 
affect tumor blood flow, but may subtly 
increase perfusion in the edematous brain 
by reducing peritumoral water content and 
local tissue pressure (Bastin et al. 2006).

Diffusion tensor imaging properties of 
metastasis are also originating from the 
non-infiltrative nature of the lesion. The 
major eigenvalue of the diffusion tensor 
(reflecting mean diffusivity in the longi-
tudinal direction) is significantly lower in 
the white matter surrounding high-grade 
gliomas than those surrounding metas-
tases, even when the anisotropy showed no 
difference (Jellison et al. 2004). Decreased 
FA and increased MD with normal location 
and direction in peritumoral regions reflect 
increased extracellular water (vasogenic 
edema) due to the leaky capillaries (Jellison 
et al. 2004). These findings indicate that 
bland (tumor-free) edema increases inter-
fiber distances without substantially alter-
ing fiber directions, such that, anisotropy 
is reduced without significant changes in 
hue on directionally encoded color maps 
(Field et al. 2004).

Displacement but not invasion or destruc-
tion of white-matter fibers is another find-
ing suggestive of metastasis. Although there 
is no significant FA difference between the 
hyperintense regions surrounding metas-
tases and gliomas on T2-weighted images, 
the peritumoral MD of metastatic lesions 
measured significantly greater than that of 
gliomas (Lu et al. 2003). Furthermore, this 
FA difference becomes apparent only when 
tumor FA values are expressed as a dif-
ferential from values “expected” in bland 
edema, which are the product of a linear 
regression of FA onto ADC for a series of 
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bland edema cases. The difference between 
“expected” and observed FA is named as the 
“tumor infiltration index,” and this index 
was higher (i.e., FA lower than expected) in 
active tumor tissue (Lu et al. 2004).

Although diffusion tensor imaging is a 
very promising technique to show the inter-
action between a tumor and adjacent white 
matter tracts, lack of direct histological 
correlation between FA maps and the status 
of white matter tracts near brain tumors in 
the literature is the major drawback of this 
technique. On the other hand, diffusion 
tensor tractography maps of desired white 
matter tracts (especially corticospinal tract) 
overlaid onto high-resolution anatomic 
images are quite useful for preoperative 
planning and intra-operative guidance of 
tumor resection to avoid undesired motor 
deficits. This information particularly can 
be doubled when the colored 3D MR 
tractography images are fused or com-
bined with the functional MR imaging 
data obtained from different tasks. The 
relationship of tumor with either motor 
or association areas of cortex showed by 
functional MR imaging, or white matter 
tracts originating from these motor areas, 
showed by MR tractography technique can 
clearly be demonstrated by the functional 
MR imaging-tractography combination or 
by the evaluation of data obtained by these 
two techniques combined.

DIFFERENTIAL DIAGNOSIS 
OF SOLITARY BRAIN 
METASTASIS

The major diagnostic problem of solitary 
metastasis is its differential diagnosis. 
Although there are some clues in classical 

MR imaging findings, the conventional 
contrast enhanced MR images are usually 
insufficient to differentiate solitary metas-
tasis from primary glioma, abscess, hem-
orrhage, and ischemic or demyelinating 
lesions. Presently, more advanced MR tech-
niques can be used for specific diagnosis.

The imaging appearance of dural-based 
metastases may mimic meningiomas in 
conventional MR imaging. Enhancement 
of adjacent meninges is considered as typi-
cal for meningiomas as it is in meningeal 
metastases. The rCBV mapping can pro-
vide additional information by demonstrat-
ing a low rCBV, which may suggest the 
diagnosis of metastasis, with the exception 
of Merkel carcinoma metastasis of the 
skin, which showed an elevated rCBV, 
not different from that of meningiomas 
(Kremer et al. 2004).

Although dural or leptomeningeal thick-
ening and enhancement due to metastatic 
involvement are more irregular and local 
than the changes due to chronic menin-
gitis or intracranial hypotension, it is not 
always easy to differentiate them from 
each other. Clinical findings and patient 
history are crucial for specific diagno-
sis. Nontumoral leptomeningeal enhance-
ment may also occur following irradiation, 
prior extra-axial hemorrhage, or below 
a craniotomy site. Magnetic resonance 
spectroscopy or DSC-weighted perfusion 
imaging are insufficient to differentiate 
leptomeningeal carcinomatosis from other 
etiologies because of their low spatial 
resolution. Magnetic resonance spectra are 
usually inefficient due to fat contamination 
from subgaleal fatty tissue, and perfusion 
increases due to the meningeal metastatic 
involvement adjacent to the cortex which 
is usually hidden by the high perfusion 
characteristics of normal cerebral cortex.
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Solitary ring-enhancing lesion may 
resemble benign conditions, such as 
abscess, resolving hematoma, acute or 
subacute infarcts and demyelination, as 
well as malignant ones such as metastasis 
or glioma. Although malignant lesions 
tend to demonstrate thick, irregular, or 
nodular enhancement, as opposed to the 
regular, thin, even and smooth enhancing 
wall of the benign conditions, this not the 
case all the time.

An abscess has a markedly low signal 
of capsule on T2-weighted images, which 
also occurs in some cases with metastases. 
Furthermore, another typical finding of an 
abscess, is that the capsule on the ventricu-
lar side is thinner than the one on the corti-
cal side, which is not always recognizable in 
every abscess. Diffusion-weighted imaging 
is quite useful to differentiate brain abscess 
from cystic metastasis (Nadal Desbarats 
et al. 2003). An abscess in the early capsule 
formation stage shows prominent restricted 
diffusion on ADC maps, and some necrotic 
metastasis or primary tumors may also have 
low ADC values due to restricted motion 
of free water protons in pus or necrotic 
area (Hartmann et al. 2001). Furthermore, 
DSC-weighted perfusion imaging may also 
allow the differentiation of pyogenic brain 
abscess from cystic brain tumors, making 
it a strong additional imaging modality in 
the early diagnosis of these two entities. 
While the capsular portions of abscesses are 
hypovascular, causing a marked decrease 
in rCBV ratios, the peripheral portions 
of malignant cystic tumors, gliomas, and 
metastasis, have higher vascularization and 
higher rCBV ratios than those of abscesses 
(Erdogan et al. 2005). Kadota et al. (2001), 
suggest that the presence of acetate and 
succinate peaks on MR spectroscopy are 
indicators of inflammation and may exclude 

existence of tumor tissue. For these reasons, 
all MR imaging findings have to be evalu-
ated together for final diagnosis. In some 
cases, a biopsy is still required.

Especially on routine MR examinations 
of older patients with some kind of neu-
rological sign or symptom, the imaging 
features of small high-signal lesions on 
T2-weighted images with restricted dif-
fusion may resemble either small acute/
subacute stage infarcts or metastases. In 
equivocal cases, contrast administration 
may be helpful for differential diagnosis, 
but enhancing patterns and locations of both 
lesions can be similar; both can be multiple. 
In solitary lesions, diffusion-weighted imag-
ing, MR spectroscopy, and DSC-weighted 
perfusion imaging should be performed 
for exact diagnosis. Especially in the acute 
stage, infarcts show prominent restricted 
diffusion due to cytotoxic edema as a result 
of acute energy failure (Pierpaoli et al. 
1993). Although some cystic metastasis 
may show some diffusion restriction, this 
is very unusual for solitary solid metas-
tasis resembling acute infarcts. Lack of 
tumoral MR spectroscopy markers and 
low rCBV values also represent ischemic 
changes.

A solitary tumefactive demyelinating 
lesion is occasionally rare and can show 
ring-enhancement and resemble metastasis. 
Histopathologically, demyelinating lesions 
consist of perivascular inflammatory infil-
tration and demyelination, and hypervascu-
larity is uncommon. Absence of prominent 
peripheral edema is an important clue for 
differential diagnosis. However, in patients 
with impaired immune response, edema 
around metastasis may not be as expected. 
Low Cho/Cr ratio on MR spectra, mild 
elevation of rCBV, and characteristic intra-
lesional venous enhancement without 
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marked hypervascularity, are quite helpful 
in differentiating it from the tumoral proc-
ess (Cha 2006). Single photon emission 
computed tomography is more useful than 
MR imaging in differential in the diagnosis 
of solitary demyelinating lesion and metas-
tasis (Terada and Kamata 2003).

Resolving hematomas may mimic cystic/
necrotic metastasis, but previous history 
and characteristic signal changes of evolv-
ing hematoma due to different oxygenation 
states of hemoglobin and lyses of initially 
intact red-blood cell membranes usually 
allow a definitive differential diagnosis. 
On the other hand, hemorrhagic metasta-
sis with prominent edema may resemble 
hematomas. Contrary to hematomas, hem-
orrhagic metastasis do not have an irregular 
hypointense rim due to chronic iron depo-
sition. Furthermore, heterogeneous metas-
tasis has usually had a non-hemorrhagic 
enhancing solid component with a high 
rCBV value and persistent surrounding 
edema (Atlas et al. 2002). Gradient echo 
T2*-weighted images are also more useful 
in detecting additional hemorrhagic lesions 
than SE images (Atlas et al. 2002).

The major differential diagnosis of 
supratentorial, solitary, solid enhancing lesion 
in adults includes primary glioma (usually 
grade 3 or 4) versus solitary metastasis, in the 
absence of a history of prior irradiation. The 
infratentorial solitary enhancing metastatic 
lesion should be differentiated from heman-
gioblastoma and lymphoma. Absence of a 
blood–brain-barrier in metastases and dis-
ruption of blood–brain-barrier in high-grade 
gliomas and other primary brain tumors 
leads to massive enhancement in both tumor 
groups with prominent peritumoral edema. 
Because of the destructive nature and high 
vascularity of these lesions, and the similar-
ity between MR spectroscopy and perfusion 

parameters obtained from enhanced portions 
of tumors, the two are not easily distinguish-
able. On the other hand, the infiltrative 
nature of primary gliomas helps to differenti-
ate them from non-infiltrative solitary metas-
tasis. Higher peritumoral Cho/Cr ratios and 
rCBV values, indicating existence of tumor 
cells, help to differentiate infiltrative gliomas 
from metastasis (Law et al. 2002; Bulakbasi 
et al. 2005). Furthermore, the mean peri-
tumoral ADC value of metastasis is higher 
than that of gliomas on images obtained at 
high-field magnets due to increased water 
diffusivity of pure surrounding vasogenic 
edema in metastasis, than found in gliomas 
with intervening tumor cells. When inter-
preted in concert with pre- and post-contrast 
T1-weighted images, FLAIR may be useful 
in differentiating a glioma from metastasis 
in patients with a solitary enhancing cerebral 
lesion. Involvement of the adjacent cortex 
with FLAIR signal intensity abnormality 
without gadolinium enhancement is very 
specific (91%) but not sensitive (44%) for 
glioma (Tang et al. 2006).

Primary cerebral lymphoma can mimic 
gliomas, metastases, or even infection 
on MR images. Differential diagnosis of 
lymphomas is critical because it requires 
different treatment options and surgery is 
relatively contraindicated and may result in 
increased patient morbidity and mortality. 
Dynamic susceptibility contrast-weighted 
perfusion MR images are less effective 
than diffusion-weighted imaging because 
lymphomas show elevated rCBV similar 
to metastases, but not to the same degree 
as in glioblastoma (Cha 2006). However, 
lymphomas tend to show lower ADC values 
than others due to high cellularity of the 
tumor (Kitis et al. 2005).

A Hemangioblastoma is usually located 
in the posterior fossa and is associated with 
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von Hippel–Lindau syndrome. It tends to 
be multiple, and history of von Hippel–
Lindau syndrome usually suggests the 
diagnosis of hemangioblastoma. A tumor 
can be pure cystic, pure solid, or partially 
cystic with intramural solid nodule, usually 
peripheral in location. It is avidly enhanced 
and show tubular signal void striations due 
to enlarged feeding arteries. The hypervas-
cular nature of hemangioblastoma causes 
higher rCBV value than that of both glio-
mas and metastasis (Cho et al. 2002).

In the follow-up of treatment, ischemic 
changes occurring during surgery or radi-
otherapy can mimic tumor recurrence. 
Smith et al. (2005) showed that areas 
with restricted diffusion after glioma sur-
gery demonstrated contrast enhancement 
on a follow-up study and may simulate 
the appearance of recurrent tumor. These 
areas of enhancement invariably evolved 
into encephalomalacia or gliotic cavity on 
long-term follow-up studies, as one would 
expect in a region of permanent brain injury 
(Smith et al. 2005). Early postoperative dif-
fusion-weighted imaging is quite useful to 
detect these post-surgical ischemic changes 
and to help differentiate them from tumor 
recurrence in follow-up examinations.

FUTURE TRENDS  
AND CONCLUSION

The tremendous opportunities and amaz-
ing progress during the last few decades in 
biomedicine, molecular biology, chemistry, 
physics, engineering, informatics and nan-
otechnology make a spectacular contribu-
tion to medicine as well as imaging. The 
concept of “personalization of the diag-
nosis and the treatment” has become very 
popular in research during the last decade 

(Li et al. 2004). The major component of 
this “personalized diagnosis” is molecular 
imaging, which is defined as the characteri-
zation of measurement of a biologic proc-
ess in living animals, model systems and 
humans, at cellular and molecular levels by 
using remote imaging detectors (Luker and 
Piwnica-Worms 2001). In connection with 
this concept, the role of neuroimaging in 
patients with brain tumors has changed from 
anatomical and morphological evaluation, 
to the analysis of functional, hemodynamic, 
metabolic, cellular, and cytoarchitectural 
alterations. This remarkable progress has 
provided an opportunity to detect physi-
ological changes in compartmental kinetics, 
cellular metabolism, and hemodynamics 
of brain tumors (Cha 2006). Furthermore, 
the widespread usage of these sophisticated 
techniques has allowed neuroradiologists 
to take a more active role, not only in diag-
nosis, but also in preoperative planning, 
treatment follow-up, and assessment of the 
prognosis of brain tumors.

Nanotechnology applications of cellu-
lar and molecular imaging targeted at 
differentiation of tumor, neural lesions, 
and necrosis from healthy brain tissue; 
methods of imaging delivery contrast and 
therapeutic agents across the blood–brain-
barrier to endothelial targets; and new 
iron oxide-based nanoparticle contrast 
agents for MR imaging, open new insights 
in imaging and therapy of brain tumors  
(Li et al. 2004). These results suggest 
that this remarkable progress in imaging, 
with the improvements in nanomedicine, 
allows us to design multidisciplinary, more 
sophisticated clinical trials for both diag-
nosis and treatment of brain metastasis.

In conclusion, although the diagnosis 
of solitary brain tumors is still some-
what problematic, usage of physiologic 
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MR imaging techniques such as diffu-
sion-weighted and tensor imaging, pro-
ton MR spectroscopy, and DSC-weighted 
perfusion and functional MR imaging, as 
part of a routine protocol of brain tumor 
imaging, provides valuable information to 
overcome the diagnostic hindrance and to 
increase effectiveness in therapy monitor-
ing. Assessment of imaging findings with 
associated clinical signs and symptoms 
is crucial in making a specific diagnosis. 
Widespread applications of these sophisti-
cated MR imaging techniques allow collec-
tion of more accurate clinical and imaging 
data. Combination of this enormous expe-
rience with impending technologies will 
certainly improve the diagnostic ability of 
MR imaging in the near future.
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Brain Tumor Resection: Intra-operative 
Ultrasound Imaging
Christof Renner 

INTRODUCTION

Surgery of brain tumors is still a chal-
lenge, because undoubtedly the extent of 
tumor resection correlates strongly with 
the survival time or progressive free inter-
val, respectively. Because neurosurgeons 
view alone can make mistake (Albert 
et al. 1994), the success of a brain tumor 
operation depends on additional support-
ing tools for detection of suspected masses 
to optimize the extent of tumor removal. 
Therefore, besides the pre-operative diag-
nostic imaging, intra-operative imaging 
tools are of special importance.

During the last several decades enor-
mous advantages in micro-neurosurgical 
techniques and the development of navi-
gational systems have improved the intra-
operative safety, but the extent of tumor 
removal still requires improvement. The 
main problem is the lack of a suitable 
real-time imaging system taking into con-
sideration the anatomical brain and tumor 
deformations, which is also known as 
tissue shifting. The tissue shifting arises 
at the beginning of the operation after 
craniotomy with bone flap removal and 
dura opening secondary to the effects of 

gravity, loss of cerebrospinal fluid, and 
elevated intra-parenchymal pressure (e.g., 
perifocal edema). During the progress of 
operation the shifting itself is changed 
because of increasing loss of cerebrospinal 
fluid and increasing tumor removal lead-
ing to a displacement of parenchyma into 
the defect of craniotomy.

Since the first ultrasound experiments 
in the 1950s (French et al. 1951) the intra-
operative ultrasound (IOUS) evolved to a 
serious alternative to other intra-operative 
imaging systems such as frame-based navi-
gation or intra-operative magnetic reso-
nance imaging. With increasing technical 
improvement during the last two decades 
IOUS became a reliable real-time imag-
ing system, which is able to visualize 
tumor and normal tissue shifting during 
the operation with an acceptable accuracy. 
Simultaneously, real-time orientation to 
anatomical adjacent landmarks is possible, 
allowing the identification of high risk 
regions and reducing procedure related 
morbidity. Furthermore, the handling is 
easy, safe, and repeated applications are 
possible at any time. Compared with frame-
based navigation and intra-operative MRI, 
the ultrasound machine is of low cost. 
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Thus, many reports have been published 
about the application of IOUS in surgical 
neurology during the last 20 years.

GENERAL PRINCIPLES

To take the best advantage of the IOUS 
the neurosurgeon should be aware of its 
technical abilities and the principles of 
diagnostic procedure. With this knowledge 
it is possible to optimize the quality and 
interpretation of ultrasound imaging to 
obtain comprehensive information regard-
ing the suspected tissue, its extension, and 
relationship to surrounding structures.

Transducers (Arrays)

The ultrasound imaging is based on the fact 
that any vibrating source placed in contact 
with a medium produces a sound wave of 

vibrating particles. In modern ultrasound 
machines the waves are originated from a 
vibrating synthetic piezoelectric crystal. This 
crystal generates a focused ultrasonic pulse 
that goes through the human brain tissue in a 
well defined direction. A part of this pulse is 
absorbed (known as attenuation) and a part 
is transmitted through the tissue according 
to the tissue’s unique acoustic properties. 
When the pulse reaches a point where tissues 
of different acoustic properties interface, a 
portion of the transmitted pulse is reflected. 
The reflected signal returns to the transducer 
and mechanically distorts the same piezoe-
lectric crystal inducing a small voltage in the 
crystal. The amplitude and the time of flight 
of the reflected signal is then recorded and 
analyzed by a computer. Depending on the 
arrangement of these crystals, three different 
transducer types (arrays) are distinguished 
(Figure 25.1). Because the most linear arrays 
require a large surface contact, they are 

Figure 25.1. Different types of sound transducers; Linear array transducer: the piezoelectric crystals are 
arranged at full length and the surface contact is plane; Curved array transducer: the surface contact is 
convex with a radiate image sector, artefacts can happen because of an incomplete contact; Phased array 
transducer: the surface contact is plane and artefacts by incomplete contact are not very likely, the image 
sector is radial because of serial impulses to the crystals
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not suitable for neurosurgical procedures 
as the craniotomies are too small for these. 
Therefore, curved or phased arrays are usual 
in neurosurgery and a frequency of 5–8 MHz 
has proved to be suitable.

Modes of Imaging

The reflected echo signals can be proc-
essed into several different formats for 
display. One can distinguish between the 
following modes

B-Mode (Brightness-Mode)

By insonating adjacent segments of tissue 
with multiple crystals located within the 
transducer, a two-dimensional grey scale 
display of the insonated tissue is obtained.

C-Mode (Color-Mode)

Combination of real-time B-Mode grey-
scale with color encoding Doppler flow 
information representing blood flow 
and blood vessels respectively; the color 
assigned to the frequency data depends on 
the magnitude and direction of flow, with 
hue (red vs. blue) depicting the direction of 
flow; the hue’s saturation denotes the mag-
nitude of the frequency shift and the bright-
ness (luminosity) demonstrates the variance 
in mean flow (e.g., turbulence).

D-Mode (Doppler-Mode)

Velocity of blood flow is determined by 
controlling the angle of insonation, the 
insonating frequency, and the known speed 
of sound through the insonated tissue.

Power-Mode

The power spectrum of the Doppler sig-
nal; the reflected signal is separated in 
its numerous single-frequency compo-
nents and the relative contribution of each 
single-frequency component to the origi-

nal signal is then visually displayed. The 
Power-Mode allows distinguishing vari-
ous flow characteristics, which exist in 
normal and pathological vessels. Thus it 
is more sensitive than C-Mode.

 Color-Duplex-Mode

Simultaneous combination of B-, C- and 
D-Modes.

 Image-Characteristics

The demarcation of a lesion depends on its 
contrast to the surrounding structures.

The contrast is caused by the different 
echoic pattern of the lesion compared to 
the surrounding tissue. The echoic pattern 
is a scale of the brightness and determined 
by the sound reflections. Following echoic 
patterns are distinguishable:

Anechoic: lacking reflections of the in- –
teresting tissue lead to a black area (e.g., 
ventricles, cystic lesions without con-
taining corpuscles)
Poor (hypo-)echoic: few reflections lead  –
to slightly grey findings such as the sub-
cortical tissue
Moderate or strong echoic: frequent re- –
flections lead to stronger brightness of 
the lesion (e.g., most brain tumors in dif-
ferent grades or fresh blood)
Hyperechoic: the interesting tissue  –
shows a very strong brightness because 
of nearly complete reflection seen in the 
case of calcifications (e.g., in oligoden-
drogliomas) or in the case of bone

Characteristic echoic patterns of typical 
tumors are shown in Figure 25.2a–c.

 Resolution

Generally the resolution of ultrasound 
imaging depends on three factors. Selection 
of image field, frequency, and focussing 
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Figure 25.2. (a) A right frontal located glioblastoma multiforme in two different planes of insonation; the 
small arrows show the relatively sharp defined margine zone of this tumor. Compared with the surrounding 
tissue the echogenicity of this tumor ranges from moderate hyperechoic to anechoic in the center as a result 
of central cysts. Both anterior horns of lateral ventricles are compressed (long arrows). On the right picture 
the thick arrow points out the shifted interhemispheric fissure. (b) As a result of relief due to tumor removal 
the anterior horns get their normal extend (long arrow). Because of infiltration of the internal capsule and 
the corpus callosum a small rest of tumor was left (small arrows). (c) Left picture shows a typical ultrasound 
feature of a metastasis during the first screening with a selected large image field. Compared to the surrounding 
tissue the tumor has a well defined and strong elevated homogeneous echoic pattern. Picture on the right 
shows the same tumor with a higher resolution due to selection of a lower image field
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make possible a resolution of 1 mm and 
below with modern ultrasound machines. 
The image field corresponds to the selected 
depth of the screened area. In strong con-
nection with the selected image field the 
sound frequency is chosen. One has to note 
that high frequency sound has more attenu-
ation compared with low frequency sound. 
Thus, subcortical lesions can be insonated 
at frequency of 7–8 MHz, providing a high-
resolution image in this region of interest. 
Deeper lesions require a lower frequency 
transducer (»5 MHz) because attenuation 
is less for lower frequency sound. An addi-
tional increase of resolution can be obtained 
by focussing, meaning an eligible region of 
interest with best resolution.

PRINCIPLES OF INTRA-
OPERATIVE ULTRASOUND 
EXAMINATION

In addition to the above mentioned technical 
adjustments (e.g., the selection of the right 
transducer) some patient related principles 
need to be observed. First, the neurosur-
geon should be aware of the correct patient 
positioning. The craniotomy should be the 
highest point avoiding the subsequent loss 
of fluid out of the resection cavity. During 
the operation it is necessary to repeatedly 
fill up the cavity with saline solution to have 
an acoustic coupling, guaranteeing a correct 
insonation of the regions of interest. Most 
sound transducers require a sterile cover-
ing. Before the transducer head is inserted 
into the bag, enough ultrasound jelly has to 
be placed on it. Because air-bubbles cause 
sound shadows and consequently distur-
bances of insonation result, air-bubbles in 
the jelly as well as irrigation with hydrogen 
peroxide solution must be avoided, at least 
as long as the ultrasound is being applied.

After craniotomy and before dura open-
ing, the first B-Mode ultrasound screening 
should be performed. Thereby the brain 
is insonated over the whole length and 
breadth of the craniotomy, which means 
that the transducer is continuously moved 
in two planes that are perpendicular to 
each other (axial and coronal or coronal 
and sagittal). Then, the first localization of 
the lesion and orientation to surrounding 
landmarks (e.g., ventricles, vessels, bony 
structures or falx) are made in correspond-
ence to the preoperative MRI. After dura 
opening and further tissue shifting, this 
procedure should be repeated, and the 
image is optimized by the adaptation of 
different adjustments mentioned above. In 
the next step, the most gentle and safest 
approach to the tumor is chosen, which 
means a trans-sulcal, trans-fissural, or 
trans-cortical approach.

During the tumor removal the ultrasound 
is used repeatedly to define the extent of 
resection. For this it is necessary to fill up 
the resection cavity with saline solution to 
have an acoustic coupling, and it must be 
free of blood or air-bubbles to avoid sound 
disturbances. Furthermore, the margins of 
the resection cavity should be insonated 
by several different planes to detect tumor 
residues. The resection is completed when 
no more tumor is detectable under the 
microscopic and ultrasound examination, 
unless the infiltration of functional brain 
areas prevent further resection.

EFFICACY OF INTRA-
OPERATIVE ULTRASOUND

Although the literature of the past 20 years 
abounds with novel uses of intra-operative 
ultrasonography, formal studies to determine 
the efficacy of this technology are rare.  
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A possible reason is that efficacy and 
benefit of IOUS must be seen in context 
with several aspects of brain tumor sur-
gery. Two main aspects are emphasized. 
First, because of its real-time imaging, 
the tissue shifting can be compensated, 
allowing a comprehensive intra-operative 
navigation with reference to both the tumor 
itself and adjacent structures (e.g., vessels). 
Undoubtedly, this fact increases the intra-
operative safety making possible a more 
gentle preparation. Second, in dependence 
of accurate tumor visualization by IOUS, 
an ultrasound guided tumor resection is 
possible. Indeed this question is controver-
sial (van Velthoven 2003; Reinacher and 
van Velthoven 2003; Woydt et al. 1996) and 
studies about it are rare (Chacko et al. 2003; 
Hammoud et al. 1996; LeRoux et al. 1994). 
In accordance with our own experience 
(Renner et al. 2005), the accurate visualiza-
tion or tumor echogenicity respectively is 
correlated to tumor type and size.

As a rule, metastases are well encap-
sulated tissue formations that generate a 
homogeneous clear elevated echoic pat-
tern with good differentiation to surround-
ing structures. An image guided complete 
tumor resection here is almost possible 
(Figure 25.3a–d). In contrast to the more 
uniform appearance of metastases, high-
grade gliomas often generate inhomoge-
neous echoic pictures corresponding to 
their inhomogeneous histomorphologic 
patterns. The ultrasonographic picture can 
vary between anechoic and hyperechoic 
areas depending on the presence of intratu-
morous cysts, bleeding, and portions of dif-
ferent malignancy. In particular, this makes 
more difficult the differentiation between 
the tumor margin zone, the tumor infiltrat-
ing zone, and the edematous normal brain. 
In some cases this poorly defined margin 

zone is the reason for radiographic tumor 
residues (Figures 25.4a–d and 25.5a–d). 
Reliable sonographic criteria for an exact 
definition of margin or infiltrating zones do 
not yet exist (van Velthoven 2003). In the 
case of recurrent and preradiated gliomas 
the difficulties to identify margin zones 
are reinforced. These tumors can show 
portions of an isoechoic pattern, so that in 
general it can be difficult to differentiate 
the whole tumor masses. Low-grade glio-
mas imply a similar problem. These tumors 
show a minor and almost more homoge-
neous echogenicity than high-grade glio-
mas. Especially, the differentiation of these 
tumors from surrounding brain edema rep-
resents a challenge with regard to complete 
tumor resection. Even MRI-slices imply an 
inaccuracy regarding that problem.

Another term for an accurate tumor 
description by IOUS is the volumetric 
determination of tumor. The volumetric 
accuracy depends on two factors. In addi-
tion to the tumor type as expression of its 
differentiation from surrounding tissue, the 
tumor diameter represents a crucial factor. 
With increasing diameter the volumetric 
accuracy decreases. The main reason for 
that is the technical disability of ultrasound 
machines for exact determination of the 3D 
tumor volume. Until now the calculation is 
based on ellipsoid or cubic geometric for-
mulas, which insufficiently represent the 
most 3D tumor figures. Metastases are an 
exception, where even large tumors allow 
a high accuracy in volumetric determina-
tion. An explanation for it lies on the one 
hand in the mostly well ultrasonographic 
differentiation of these tumors and on 
the other hand, most metastases are well 
encapsulated objects, which come close to 
the underlying geometric figures on which 
the calculation is based.
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Compared with another intra-operative 
imaging technique such as frame-based 
neuronavigation, a higher extent of tumor 
resection is obtained with IOUS (Renner 
et al. 2005; Wirtz et al. 2000). The reason 

for it seems to be disregarding the tissue 
shifting in neuronavigation as a real-time 
effect. The consequence is that the surgery 
is reduced to subjective criteria deter-
mined by the neurosurgeon. Using the 

Figure 25.3. The sequence of images represents the good result of intra-operative ultrasound guided 
surgery in case of a right temporal metastasis. (a) Preoperative MRI with contrast medium; (b) intra-
operative ultrasound before resection with the well defined tumor; (c) resection control after complete 
tumor removal, the arrows point out the rim of the resection cavity; (d) postoperative MRI with contrast 
medium showing no residual tumor masses
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Figure 25.4. This sequence of images represents the operative result with a glioblastoma multiforme in 
the left occipital lobe. Corresponding to the inhomogeneous histological pattern, seen in the preopera-
tive MRI (a), the echogenicity ranges from anechoic (tumor cyst) to moderate hyperechoic (necrosis, 
solid tumor) and in particular the tumor margin zone is not well defined (b). The resection control by 
ultrasound (C) shows no definitive tumor rest. In contrast to (c) the postoperative MRI (subtraction 
of T1-sequences with and without contrast medium = (d)) demonstrates a small tumor suspected area 
depicted by the white arrow
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IOUS, the tissue shifting is compensated 
and areas with good tumor echogenicity 
can be identified region by region, lead-
ing to a greater extent of resection. In the 
case of intra-operative MRI the IOUS is of 
inferior value, but even in this case some 

restrictions must be imposed. The success 
of intra-operative MRI depends on the 
used field-strength. Most of the groups 
are reporting about their experiences with 
low-field systems (Schulder et al. 2001; 
Schneider et al. 2001), and the achieved 

Figure 25.5. Pictures demonstrate the radiographic complete resection of a cystic left temporal gliob-
lastoma multiforme. Preoperative MRI (a), intra-operative ultrasound (b) with a sonographic relatively 
sharp defined cystic wall, sonographic resection control (c) and postoperative MRI with contrast medium 
without tumor suspected masses (d)
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extent of resection is comparable with that 
of IOUS in some cases. Not comparable 
are the results with intra-operative high-
field strength MRI. Only very few groups 
(Nimsky et al. 2004) have experience 
with it. They could demonstrate a radiolog-
ical complete resection in all cases where 
a complete tumor removal was intended. 
However, this should be the result at least 
theoretically, if an intra-operative system 
is used, which represents the highest accu-
racy in brain tumor description.

CONCLUSION

Intra-operative ultrasound is an imaging 
system that is easy to handle, repeatedly 
applicable and inexpensive in comparison 
to other intra-operative imaging systems 
in neurosurgery. Because of its real-time 
imaging the ultrasonography is able to 
compensate the tissue shifting (which is 
inherent in neurosurgical operations), con-
tributing to a safe and gentle dissection. 
Related to visualization of tumor masses 
the reliability of IOUS depends on tumor 
type and size. It is more beneficial to 
use IOUS for the resection of metastases 
and some high-grade gliomas. Compared 
with other intra-operative imaging meth-
ods the percentage of intended complete 
tumor removal by IOUS lies between 
neuronavigation and intra-operative MRI 
assisted surgery. Thus, IOUS is a valu-
able adjunct in brain tumor surgery. New 
techniques such as 3D-ultrasound or the 
use of suitable contrast-enhancing agents 
are currently objects of experimental and 
first clinical (Lindner et al. 2005) studies, 
but not yet in routinely use. Contrast-
enhancing agents are discussed in detail in 
these volumes.
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Primary Central Nervous System 
Lymphomas: Salvage Treatment
Michele Reni, Elena Mazza, and Andrés J.M. Ferreri 

INTRODUCTION

Primary central nervous system lymphoma 
(PCNSL) is a rare subtype of extranodal 
non-Hodgkin lymphoma (NHL) that arises 
from the brain parenchyma, eyes, cerebro-
spinal fluid, meninges or spinal cord with-
out evidence of systemic spread. It has had 
an increase during last 3 decades, account-
ing for ~3% of all CNS malignancies in 
the United States from 1998 to 2002.

Due to the growing interest over the 
past 2 decades in PCNSL, more informa-
tion is now available on optimal primary 
treatment, which has yielded a significant 
impact on survival.

The most important finding in PCNSL 
treatment has been that high-dose meth-
otrexate (MTX ³ 1g/m2) – based chem-
otherapy regimens improve survival 
compared to historical controls treated 
with RT alone (Ferreri et al. 2003). Hence, 
there is general consensus that high-dose 
methotrexate is the cornerstone of the ini-
tial treatment of PCNSL (Reni et al. 1997; 
Ferreri et al. 2000, 2002; Reni and Ferreri 
2004). The attempts to improve survival 
with combinations of HD-MTX and other 
chemotherapeutic agents have not con-

vincingly been shown to be superior 
to HD-MTX alone (Ferreri et al. 2002, 
2003). While two retrospective analyses 
have suggested that the addition of high-
dose cytarabine to HD-MTX might be 
an independent positive prognostic factor 
for improved survival (Ferreri et al. 2002; 
Reni et al. 2001), these observations seem 
to be confirmed in a phase II randomized 
trial, in which the addition of araC to 
MTX resulted in significantly better out-
come and acceptable toxicity (Ferreri et al. 
2009).

However, for most patients, this remains 
an incurable malignancy. Despite the high 
complete remission rate achieved with 
first-line therapy, 10–35% of PCNSL are 
treatment refractory and relapse after first-
line therapy occur in ~35–60% of cases. 
Brain recurrence is the predominant cause 
of failure, as it is responsible for progres-
sive neurological deficits and poor quality 
of life. Prognosis for both recurrent and 
progressive PCNSL is poor, with a survival 
after progression of 2–5 months without 
further treatment (Jahnke et al. 2006; Reni 
et al. 1999). Relapse of extraneural NHL 
had been considered fatal, until the advent 
of high-dose chemotherapy followed by 
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autologous or allogenic bone marrow or 
peripheral blood stem cell transplantation. 
However, only a subset of relapsed patients 
can be selected for such life-threatening 
treatment. Most patients undergo stand-
ard salvage chemotherapy, achieving an 
intriguing overall response rate of 45–85%, 
with 20–45% of complete responses, a 
median survival of 8–14 months and a 
3-year survival rate of 20–30% (Rodriguez 
et al. 1995; Velasquez et al. 1994). Unlike 
extra-neural NHL, the impact of salvage 
therapy on survival and quality of life has 
rarely been addressed. Given the chemosen-
sitivity and radiosensitivity of this disease, 
second-line treatment has also been con-
sidered and administered in recurrent and 
refractory PCNSL by numerous authors. 
In fact, Reni et al. (1999) and Jahnke et al. 
(2006) demonstrated that salvage therapy 
consistently prolonged survival in PCNSL 
from 1 to 2 months for untreated patients 
to 8–14 months. Due to the rarity of 
PCNSL, which has hampered prospective 
trials, there is no standardized approach for 
refractory or relapsed PCNSL.

In this chapter the major methodological 
caveats related to the design and conduc-
tion of studies focused on salvage therapies 
and the information available on prognos-
tic factors and therapeutic outcome are 
reviewed and analyzed in order to provide 
therapeutic recommendations for the man-
agement of failed PCNSL patients.

DIAGNOSTIC WORK UP AT 
RELAPSE

In order to choose the most adequate treat-
ment plan for patients at relapse, a complete 
restaging of the extent of CNS, leptome-
ningeal and systemic disease is needed. 

Systemic failure from PCNSL occurs in 
7–15% of cases (Jahnke et al. 2006). Jahnke 
et al. (2006) observed that patients with 
systemic failure have a significantly longer 
survival (13.5 versus 4.5 months; p = 0.035) 
than patients with isolated CNS failure, and 
should not be included in the series which 
assess the treatment outcome in patients 
affected by PCNSL recurrence. Therefore, 
restaging procedures must include: evalua-
tion of the CSF, Gadolinium-enhanced MRI 
of the brain; ophthalmologic examination, 
computed tomography (CT) of the chest, 
abdomen, and pelvis and bone marrow 
biopsy to properly assess disease extension 
and to rule out the presence of extraneural 
dissemination. Gadolinium-enhanced MRI 
of the spine is not a routine procedure, but 
should be done if spinal cord or leptome-
ningeal spread are suspected.

PROGNOSTIC FACTORS

In a series investigating the upfront man-
agement of PCNSL, the differences in out-
come observed among various treatment 
options were attributed to an inhomogene-
ous distribution of prognostic indicators 
rather than the real efficacy of therapeutic 
strategies (Ferreri et al. 2003). The combi-
nation of two to five independent factors 
(including age, PS, LDH serum level, 
CSF protein concentration, involvement 
of deep structures of the brain and extent 
of disease) resulted in the formulation of 
different prognostic scores significantly 
associated with survival of PCNSL at 
the time of diagnosis (Ferreri et al. 2003; 
Abrey et al. 2006; Bessell et al. 2004). The 
International Extranodal Lymphoma Study 
Group scoring system (IELGS) revealed a 
2-year overall survival (OS) of 85%, 57%, 
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and 24%, respectively, for patients who 
had zero to one, two to three, and four to 
five adverse factors. Limited and incom-
plete data are available for PCNSL at the 
time of failure. Patients with time to failure 
longer than 12 months had better survival 
than those with early relapse (10 versus 
4 months; p = 0.005; Reni et al. 1999). 
Similarly, patients with good performance 
status survived significantly longer than 
those with poor performance status (p = 
0.004, Jahnke et al. 2006)

Finally, the type of failure may influence 
the outcome since patients with refractory 
disease had a significantly shorter median 
survival when compared to those who had 
recurrent disease (3 versus 5 months; p 
= 0.002 in univariate analysis; Reni et al. 
1999). However, this result could be biased 
due to the prevalence of untreated patients 
in the group with progressive disease (46 
out of 53), while 52 out of 120 relapsed 
patients were retreated. Alternatively, mul-
tivariate analysis did not show any differ-
ence in relative risk between recurrent and 
progressive disease. Thus, the independent 
prognostic value of type of relapse remains 
uncertain and warrants further analysis. 
Unlike PCNSL at first diagnosis, age at 
time of failure does not independently pre-
dict the outcome and other parameters were 
unassessed. These findings cannot be con-
sidered conclusive and further research to 
better clarify this issue appears necessary.

METHODOLOGICAL ISSUES

The prospective evaluation of novel agents 
against PCNSL is particularly useful, con-
sidering the limited results achieved with 
current first-line therapy. Salvage therapy, 
apart from improving survival and quality 

of life, is also useful for testing new agents 
in PCNSL. The addition of other cytostatics 
to HD-MTX has been, until now, empiri-
cally based on the most extensively used 
agents in extracerebral NHL lymphomas, 
and single-agent prospective evaluation is 
very limited. Most cytostatics that did not 
cross the blood-brain barrier (BBB), such 
as alkylators and anthracyclines, produced 
disappointing results. In contrast, some 
drugs that permeate the barrier, like HD 
cytarabine, thiotepa, procarbazine, and 
nitrosoureas, that were used sporadically 
or within a number of polichemotherapy 
regimens (mainly in combination with 
HD-MTX) did not produce a clear sur-
vival benefit, as they increased morbidity 
and mortality. These drugs are known to 
produce relevant neurotoxicity, in elderly 
patients who represent about half of the 
PCNSL population, or when associated 
with radiotherapy. Therefore, prospective 
trials on relapsed or refractory PCNSL 
patients constitute the main strategy to 
carefully evaluate the therapeutic activity 
and toxicity of novel drugs. These trials 
will identify agents with limited neurotox-
icity that are safe in elder patients and able 
to cross the integral BBB, which could 
be associated with HD-MTX, or used as 
salvage therapy. Thus, these trials are of 
crucial relevance because they contribute 
a more complete definition of the optimal 
treatment schedule for both the first- and 
the second-line therapy.

To date, there are few studies report-
ing results of salvage therapy, while there 
is an increasing number of trials on new 
drugs in first-line treatment with high fail-
ure rates, ranging between 40% and 70%. 
Explanations can be ascribed to the rarity of 
the disease and to the severe impairment 
of performance status and neurological 
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deterioration due to the aggressiveness 
of the disease that makes it difficult to 
enroll patients in prospective trials. Recent 
trials of recurrent PCNSL treated with sin-
gle-agent temozolomide (Reni et al. 2004, 
2007) or topotecan (Fischer et al 2006; 
Hottinger et al. 2007) showed the feasibility 
of prospective assessment of drug activity 
in this rare disease and provided relevant 
information to improve PCNSL therapeutic 
management. In addition, other prospective 
experiences are currently ongoing (Altman 
et al. 2008; Kiewe et al. 2006; Iwamoto et al. 
2007) and will hopefully contribute further 
reliable data when completed. On the other 
hand, most of the currently available infor-
mation on salvage treatment of PCNSL is 
obtained from small retrospective series of 
patients who sometimes were included in 
the analysis in spite of heterogeneous treat-
ment in terms of drugs, dose, and schedule, 
or inadequate restaging at recurrence, or 
known concurrent or prior systemic dis-
ease. The presence of systemic failure has 
prognostic relevance (Jahnke et al. 2006). 
Furthermore, primary and secondary CNS 
lymphomas have different clinical behavior 
and prognosis. Therefore, both patients with 
systemic failure from prior PCNSL and 
those with CNS failure from prior systemic 
NHL should be excluded from trials on sal-
vage treatment in order to avoid unreliable 
conclusions (Ferreri et al. 1996).

Comparison of results across series is 
problematic due to dissimilar prognostic pro-
files of included patients. As reported above, 
limited information is available on which 
prognostic factors are relevant for PCNSL 
at time of failure. Apparent differences in 
terms of outcome across series, may be 
related to selection bias in terms of patients 
characteristics such as age, performance sta-
tus, and other unknown variables rather than 

to treatment itself. In the analysis of trial 
results, previously administered treatment 
has to be taken into account as well. Disease-
related variables, like type of failure (recur-
rent or progressive) and time to prior failure 
may strongly influence outcome as well. In 
fact, reported results were consistently better 
in series in which patients with chemore-
fractory disease constituted less than 10% 
of cases (Plotkin et al. 2004; Enting et al. 
2004). Furthermore, prior treatment should 
be taken into account when interpreting 
salvage therapy series. The number of prior 
chemotherapy lines and prior radiotherapy 
may affect chemosensitivity of the disease 
and lead to under- or overestimation of drug 
activity. Additionally, the role of further 
treatments after failure of the experimental 
drug or combination may be relevant. This 
is suggested by series with a substantial dif-
ference between progression-free survival 
and overall survival (Fischer et al. 2006; 
Enting et al. 2004). A clear impact on overall 
survival is yielded by radiotherapy, which 
is among the most active therapies against 
PCNSL. Finally, the median follow-up of 
patients alive at the time of publication is 
often too short, which generates unreliable 
actuarial data. Moreover, deferred updates 
of promising preliminary results are rarely 
published. All of these methodological cave-
ats should be considered in order to avoid 
unduly, premature enthusiasm regarding 
novel drugs and combinations in the absence 
of well-conducted prospective trials.

WHOLE-BRAIN 
RADIOTHERAPY

Due to well-known radiosensitivity of 
systemic NHL, radiotherapy is among the 
most active and effective therapeutic tools 
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against PCNSL. This is confirmed by the 
observation that upfront irradiation after 
induction chemotherapy increased the rate 
of complete remissions from 33–58% to 
69–87%. Amongst patients who did not 
achieve a complete response to upfront 
chemotherapy, were those who had a disease 
with partial chemo-resistance. Radiotherapy 
yielded a complete remission in 66% of 
cases and a partial response in 12% (Reni 
et al. 2001). In a large review of patients 
receiving salvage treatment, median sur-
vival was 10 months in those who received 
chemotherapy alone and 16.5 months (p = 
0.03) in those who received radiotherapy 
associated or not to chemotherapy (Reni 
et al. 1999). Of note, about two-thirds of 
the latter patients were previously irradi-
ated. Deferring radiotherapy in case of 
complete response to initial chemotherapy, 
particularly for older patients is a matter 
of debate, because of concerns regarding 
the risk of neurotoxicity (Reni et al. 2004). 
Remarkable response rates of 60–79%, 
including 37–60% of complete responses, 
median survival of 10.9–19 months and 
1-year OS of 49–54% were reported 
(Nguyen et al. 2005; Herrlinger et al. 2005; 
Hottinger et al. 2007). However, the pos-
sibility that the risk of neurotoxicity after 
salvage radiotherapy in these patients could 
be greater than with radiotherapy given 
immediately after chemotherapy should be 
taken into account. In fact, at the time of 
failure patients would be older, will have 
a poorer performance status and a larger 
tumor burden, which would require higher 
doses and larger volumes for the tumor 
bed boost. Consistently with this hypoth-
esis, Nguyen et al. (2005) and Herrlinger 
et al. (2005) reported rates of 15–58% of 
late neurotoxicity or leukoencephalopa-
thy with salvage radiotherapy in PCNSL 

patients who relapsed after single-agent 
HD-MTX, whereas lower rates of 8–13% 
were observed by Glass et al. (1994) and 
O’Brien et al. (2000) if radiotherapy was 
delivered immediately after the primary 
chemotherapy. On the other hand, similar 
neurotoxicity rates were reported for sal-
vage radiotherapy with respect to upfront 
consolidation radiotherapy after HD-MTX-
base combination chemotherapy (29% ver-
sus 15–32%, Hottinger et al. 2007). Apart 
from the possible underestimation of the 
true risk for patients treated at failure due 
to the shorter follow-up time (Gavrilovic 
2006), these figures at least suggest that the 
deferral of irradiation does not offer any 
advantage in terms of the reduction of risk 
of side effects, as postulated. Furthermore, 
12–14% of patients were unable to receive 
salvage radiotherapy at time of failure and 
10% died during irradiation due to rapid 
progressive disease (Nguyen et al. 2005; 
Reni et al. 2001; Pels et al. 2003). This 
implies that about one out of every four 
patients was deprived of one amongst the 
most effective therapies for his/her, disease 
while his/her potential risk of developing 
neurotoxicity remained unchanged or was 
increased.

In summary, in PCNSL patients who 
experience relapse after upfront chemo-
therapy alone, salvage radiotherapy may 
represent a treatment option. Due the 
heterogeneity of radiotherapy parame-
ters (fraction, volume and dose) used in 
reported series, it is not possible to draw 
conclusions about optimal treatment. The 
use of salvage chemotherapy without radi-
ation therapy in patients with PCNSL who 
relapsed after primary HD-MTX-based 
chemotherapy should be considered as an 
experimental approach because available 
data suggest inferior efficacy.
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CHEMOTHERAPY

There are few agents with activity in PCNSL 
confirmed by well-designed prospective 
trials. Outcome of salvage chemotherapy 
in a large review (Reni et al. 1999) was 
likely underestimated due to the inclusion, 
in a retreated group, of patients receiv-
ing ineffective chemotherapy regimens. In 
fact, most active agents used for extracer-
ebral non-Hodgkin lymphomas which were 
administered at time of failure, do not pene-
trate the blood-brain barrier at the sufficient 
concentration needed to be effective against 
PCNSL. Furthermore, agents that do pene-
trate the CNS have generally not been very 
effective, or have caused unacceptable tox-
icities (Ferreri et al. 2003; Reni et al. 2004). 
Due to the many different types of first- and 
second-line treatment employed in the pub-
lished series, no conclusion could be drawn 
concerning optimal schedule. However, a 
few recommendations for ordinary clinical 
practice may be provided.

Single Agent Chemotherapy

Single agent temozolomide and topotecan 
were prospectively assessed as salvage 
treatment in PCNSL failure (Reni et al. 
2004, 2007; Fischer et al. 2006; Voloschin 
et al. 2008).

A phase II trial addressed activity of 
temozolomide, an oral second-generation 
alkylating agent used in the treatment of 
gliomas that is able to effectively pen-
etrate the BBB passing into the cere-
brospinal fluid, in 36 immunocompetent 
heavily-pretreated patients with recurrent 
primary brain lymphomas. The patients 
were previously treated with high-dose 
MTX-containing chemotherapy and/or 
radiotherapy in 86%. Of note, 17% of 

patients received >3 prior chemotherapy 
lines. Median age was 60 years, 28% of 
patients had ECOG PS < 2. Refractory 
disease was present in 22% of cases, 
recurrent disease in 78%, median prior 
PFS was 19 months. Temozolomide was 
administered at 150 mg/m2/day, for 5 days 
every 4 weeks. Grade 3–4 toxicity was 
mild, including 6% of patients experienc-
ing neutropenia and 3% each thrombo-
cytopenia and vomiting. Nine complete 
responses (25%) and two partial responses 
(6%) were observed, median PFS was 2.8 
months, median OS 4.0 months and 1-year 
OS 31% (Reni et al. 2007).

Topotecan, a topoisomerase I inhibitor 
with good CSF penetration and docu-
mented efficacy in patients with relapsed 
systemic non-Hodgkin’s lymphoma, 
achieved an encouraging outcome as well 
with acceptable toxicity in two recent 
prospective trials (Fischer et al. 2006; 
Voloschin et al. 2008).

Fischer et al. (2006) treated 27 patients 
with relapsed (48%) or refractory (52%) 
PCNSL with topotecan at 1.5 mg/m2 for 
5 days every 3 weeks. All patients had 
previously received HD-MTX-containing 
chemotherapy and, in about half of cases, 
whole brain radiotherapy. Six patients 
(22%) received three or more prior chemo-
therapy lines and median prior PFS was 6 
months. Median age was 51 years and 60% 
of patients had ECOG PS < 2. At time of 
failure, two patients had systemic disease 
and one patient had isolated ocular disease. 
Grade 3–4 leukopenia was reported in 26% 
of cases, neutropenic infection in 11%, 
thrombocytopenia in 11%, pneumonia,  
anemia, herpes stomatitis, paralytic ileus in 
4% each. A complete response was yielded 
in 19% of cases and a partial response in 
14%. Median PFS was 2.0 months, median 
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survival was 8.4 months and 1-year OS 
was 39%.

More recently, Voloschin et al. (2008) 
reported a further small prospective expe-
rience on 15 patients with relapsed or 
refractory PCNSL, treated with topotecan 
at 1.5 mg/m2 for 5 days every 3 weeks. 
Median age was 56 years. All patients had 
previously received HD-MTX based chem-
otherapy and only one patient was previ-
ously irradiated. ECOG PS, prior PFS and 
type of failure were not reported. Complete 
response rate was 20% and partial response 
rate was 20%. Grade 3–4 neutropenia was 
30%, thrombocytopenia was 20%. Median 
PFS was 2 months, median survival 31 
months and 1-year OS 67%.

A new agent under investigation is peme-
trexed, a novel multitargeted antifolate, 
with a broader spectrum of activity than 
methotrexate, since pemetrexed inhibits at 
least three enzymes (thymidylate synthase, 
dihydrofolate reductase and glycinamide 
ribonucleotide formyltransferase) involved 
in folate metabolism and DNA synthesis 
and is able to cross the blood brain bar-
rier. Preliminary data of a phase II trial 
on eight patients with relapsed PCNSL 
treated with pemetrexed at 900 mg/m2/
day i.v. every 3 weeks was reported by 
Altman et al. (2008). Median age was 62 
years. Karnofsky PS was >60, five patients 
had previously received one chemotherapy 
regimen, two patients had been treated 
with two and one patient with four lines 
of chemotherapy. Previous median time 
to progression, type of prior treatment and 
number of patients that had previously 
received radiotherapy were not reported. 
Three patients had complete remissions 
(3, 5, 11+ months) and one partial remis-
sion (5+ mo.); three patients are still alive 
(4+, 8+, 11+ months), two died because 

of sepsis after seven and three doses, 
and three deaths were due to progressive 
disease after two, three and six cycles of 
pemetrexed.

Grade 3–4 neutropenia and grade 4 
thrombocypenia was observed in five and 
four patients respectively, while three 
patients experienced grade 3 infection. 
This early experience suggests promis-
ing activity of pemetrexed in PCNSL, but 
more mature and complete data on toxicity 
and activity are needed.

In summary, temozolomide and topote-
can are excellent candidate agents for sal-
vage treatment for PCNSL at failure due to 
favorable toxicity profile, even in heavily 
pretreated, elderly or poor performance 
status patients. Pemetrexed is a promising 
drug, but more consistent and mature data 
are expected.

Retreatment with Methotrexate

Re-treatment with HD-MTX has been 
retrospectively studied in a highly 
selected multicenter study of 22 patients 
who relapsed after initially achieving a 
complete response to HD-MTX mono-
chemotherapy. One patient had isolated 
ocular failure. Median time to relapse 
after upfront therapy was 24.4 months and 
only 14% of patients had received prior 
irradiation. MTX dose was heterogeneous 
ranging from 3 to 8 g/m2 and one patient 
received stereotactic irradiation as well. 
In this analysis an overall response rate of 
91%, an overall survival of 26 months and 
a 1-year OS of 70% was reported (Plotkin 
et al 2004). However, these encouraging 
results on this highly selected group of 
patients are difficult to compare to those 
from other series due to the very strict 
eligibility criteria and to the lack of data 
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about a key prognostic factor like perform-
ance status. Moreover, the increased risk of 
nephrotoxicity and of neurotoxicity exclude 
patients with renal insufficiency or previ-
ously treated with WBI, respectively.

In summary, strictly selected patients 
who have previously shown response to 
prior HD-MTX-based chemotherapy may 
find benefit with a second course of MTX-
based treatment.

Combination Chemotherapy

Several different combination regimens 
have been administered to patients with 
PCNSL failure, but reported series are 
retrospective, heterogeneous both in terms 
of upfront and salvage therapy, and with 
limited sample size, typically including less 
than ten patients each. Only two retrospec-
tive series included more than ten patients 
(Arellano-Rodrigo et al. 2003; Tyson et al. 
2003). A combination of i.v. etoposide 
100 mg/m2 day 1–3, ifosfamide 1,000 mg/
m2 day 1–5, and cytarabine 2,000 mg/
m2/12 h day 1, every 4 weeks was admin-
istered to 16 patients (Arellano-Rodrigo 
et al. 2003) with a median age of 54 years 
and a ECOG PS < 2 in 37% of cases. Six 
patients received intrathecal methotrexate 
as well. Patients were not restaged at time 
of recurrence. All patients had received pre-
vious radiotherapy and CHOD/BVAM regi-
men, with cyclophosphamide, doxorubicin, 
vincristine, dexamethasome (CHOD)/car-
mustine, vincristine, cytarabine and meth-
otrexate (BVAM), median prior PFS was 
19 months, refractory disease was present 
in 6% of cases and recurrent disease in 
94%. Grade 3–4 treatment-related toxicity 
was relevant with 69% of neutropenia, 50% 
of thrombocytopenia, sepsis or pneumonia 
in 31% of cases and one case of severe 

encephalopathy. Complete response rate 
was 37%, no partial response was observed, 
median PFS was 4 months, median OS 6 
months and 1-year OS 41%. Thirty-seven 
patients with a median age of 57 years and 
a ECOG PS < 2 in 76% of cases who had 
failed upfront therapy with methotrexate-
based intra-arterial therapy were treated 
with salvage carboplatin-based intra-arte-
rial therapy with osmotic blood-brain bar-
rier disruption (Tyson et al. 2003). Salvage 
treatment was heterogeneous, including one 
patient receiving intra-arterial carboplatin 
at 400 mg/m2 alone, 16 patients treated with 
the addition of i.v. etoposide at 400 mg/m2 
and 20 patients treated with further addition 
of cyclophosphamide at 660 mg/m2 as well. 
Prior radiotherapy was administered to 24% 
of patients and prior median PFS was 6.7 
months. No restaging at time of failure was 
performed. Grade 3–4 treatment-related 
toxicity consisted of 22% neutropenia, 19% 
thrombocytopenia, 8% anemia, seizures 
and sepsis, 5% deep venous thrombosis and 
febrile neutropenia, 3% each hip fracture, 
aphasia, infarct, pulmonary embolism and 
pulmonary edema. Complete response rate 
was 24%, partial response rate was 11%, 
median PFS was 3 months, median OS 6.8 
months and 1-year OS 25%.

Herrlinger et al. (2000) reported an 
86% overall response rate and overall sur-
vival >16 months after the combination of 
procarbazine, lomustine, and vincristine 
(PCV). However, this study included only 
seven patients and PCV was associated 
with a high myelotoxicity rate, especially 
for patients pretreated with high-dose 
MTX. A second series of seven patients 
treated with PCV at salvage was more 
recently reported by the same institution 
(Herrlinger et al. 2005) with less enthusi-
astic results: response rate in this case was 
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28% and median survival 12 months. These 
two reports confirm that series with limited 
sample size generate unreliable data.

CHOP regimen at recurrence obtained 
poor results (Ruhstaller et al. 2000), con-
firming previous observations that also 
showed inefficacy of this regimen as first-
line therapy (O’Brien et al. 2000).

HD-cytarabine has also been adminis-
tered at failure after HD-MTX. At MSKCC 
(Abrey et al. 1998), eight cases failed after 
HD-MTX and RT and were treated with 
HD-cytarabine, alone or in combination 
with other cytostatics. This resulted in a 
further CR in three patients and a PR in 
two patients with a significant improve-
ment of median survival after relapse 
(16 months) with respect to four patients 
receiving CHOP at failure (4 months) and 
to six untreated patients (2 months).

MONOCLONAL ANTIBODIES

The role of monoclonal antibodies in 
PCNSL is controversial because of their 
high molecular weight which may be an 
obstacle to the access into the CNS through 
the blood–brain barrier. High doses of 
rituximab, an anti-CD20 monoclonal anti-
body largely used in patients with different 
B-cell lymphoma categories, achieves a 
cerebrospinal fluid concentration £1.7% 
of serum level after intravenous infusion 
(Ruhstaller et al. 2000).

The impact of the combination of temo-
zolomide and rituximab, administered as 
a 1-week-on 1-week-off schedule was 
focused on a small, retrospective and 
biased series of patients with relapsed 
(93%) or refractory (7%) PCNSL (Enting 
et al. 2004). Median age was 69 years 
and 67% of patients had ECOG PS < 2. 

Median prior PFS after HD-MTX contain-
ing upfront chemotherapy was 9 months. 
No restaging at time of failure was per-
formed and one patient had prior sys-
temic disease. Heterogeneous drug dose 
and schedule were administered, including 
33% of patients treated with intratechal 
methotrexate as well. This combination 
was associated with a mild toxicity mainly 
consisting of 27% grade 3–4 thrombocy-
topenia and 7% grade 3–4 neutropenia. A 
53% response rate, a median survival of 
10.5 months and a 1-year OS of 58% was 
observed. The median progression-free 
survival obtained with this combination is 
similar to that reported with the conven-
tional temozolomide monotherapy (2.2 
versus 2.8 months); therefore, no appar-
ent benefit seems to be suggested either 
from the addition of rituximab or from the 
dose intensification of temozolomide with 
1-week-on 1-week-off schedule.

Ibritumomab tiuxetan is a murine anti-
CD20 monoclonal antibody (ibritumomab) 
conjugated to a linker-chelator (tiuxetan), 
which allows the incorporation of radioiso-
topes for both imaging studies and radioim-
munotherapy. Ibritumomab tiuxetan can be 
chelated to Yttrium-90 (90Y), a b-emitter of 
ionizing radiation, which may deliver thera-
peutic radiation to tumor sites selectively 
without significantly affecting normal brain.

Preliminary results of a phase II study with 
a single administration of Y-90 anti-CD20 
antibody ibritumomab tiuxetan in seven 
patients with relapsed/resistant PCNSL were 
reported (Kiewe et al. 2006). Treatment 
included rituximab 250 mg/m2 on day-7 and 
day 0, followed by Y-90-ibritumomab tiux-
etan 15 MBq/kg i.v. Data on patients age, 
ECOG PS, prior PFS and radiotherapy were 
not reported. Four responses were observed. 
Grade 3/5 toxicity consisted of leucopenia 
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(n = 6), pneumonia (n = 2) with one fatal 
outcome, and thrombocytopenia (n = 6).

Another similar anecdotal experience 
on six patients relapsed/refractory PCNSL 
treated with Y-90 anti-CD20 antibody ibritu-
momab tiuxetan at a dose of 0.3 to 0.4 mCi/
kg of 90Y, after two infusions of rituximab at 
250 mg/m2 on day-7 and day-0, was reported 
(Iwamoto et al. 2007). Median age was 60 
years and median Karnofsky performance 
status 70. Patients previously treated with 
radiotherapy and with more than two prior 
chemotherapy regimens were excluded.

Two patients had a partial response, one 
patient had stable disease, and three patients 
had progressive disease within 1 month from 
treatment start. Median progression-free sur-
vival time was less than 7 weeks and median 
survival was 14.3 weeks. Grade 4 neutro-
penia and thrombocytopenia was observed 
in 17% and 33% of cases respectively. In 
summary, currently available data on mono-
clonal antibodies associated or not with 
radioisotopes do not appear encouraging.

HIGH-DOSE CHEMOTHERAPY 
AND AUTOLOGOUS STEM-
CELL RESCUE

In order to increase the drug delivery to the 
CNS across the BBB, the use of intensive 
chemotherapy followed by hematopoietic 
stem-cell rescue has been introduced in 
PCNSL, based on its efficacy in recur-
rent systemic NHL. Therefore, high-dose 
chemotherapy supported by autologous 
peripheral-blood stem-cell transplantation 
as salvage treatment has been suggested as 
a main strategy to intensify chemotherapy, 
to increase CNS drugs bioavailability, and 
to overcome chemo-resistance mechanisms 
(Soussain et al. 2001, 2008). In a first pro-

spective pilot trial, Soussain et al. (2001) 
demonstrated the feasibility and reported 
promising results of intensive chemother-
apy with busulfan, cyclophosphamide and 
thiotepa in 22 patients affected by relapsed 
or refractory brain (n = 8), intraocular 
(n = 11) or leptomeningeal (n = 3) lym-
phoma. Patients had a median age of 52 
years (27–64), while no data on PS were 
available. This pilot study achieved com-
plete response rate of 72%, 1-year overall 
survival of 37.5% after a follow-up of 41 
months. Nevertheless, these encouraging 
therapeutic results were associated with 
relevant morbidity, since all the patients 
experienced grade 4 neutropenia and 
thrombocytopenia, 86% of cases also had 
infectious complications, 32% neurotoxic-
ity and mortality rate was 36%. Moreover, 
these promising results might be due to 
the less aggressive behavior shown by 
intraocular lymphoma, present in 50% of 
patients. Interestingly, outcome was bet-
ter in patients with relapse limited to the 
eyes with respect to patients with a more 
common brain intraparenchymal relapse 
who conversely had a very short survival. 
Any attempt to estimate the efficacy of this 
approach in patients with isolated refrac-
tory or recurrent intraocular lymphoma 
is troublesome considering that this is a 
very uncommon condition, whose natu-
ral behavior remains to be defined. More 
recently, the same group of investigators 
published the final results of a prospec-
tive phase II multicenter study (Soussain 
et al. 2008) with the same strategy in 43 
patients, mostly with brain intraparen-
chymal failure: 36 had brain parenchymal 
involvement, associated with IOL in four 
cases and with CSF infiltration in three 
cases; five patients had isolated IOL; one 
patient had isolated CSF infiltration and 
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one patient had concomitant IOL and CSF 
infiltration. After a median follow up of 36 
months a complete response rate of 56% 
was obtained, with median survival of 18 
months, 2-years overall and progression 
free survival of 45% and 43% respectively. 
Treatment-related mortality was 14%, due 
to septic shock in two cases and mesenteric 
necrosis in one, during salvage treatment 
with high-dose cytarabine and etoposide. 
While these results may appear promis-
ing, they should be compared to those 
obtained in a similarly selected population 
treated with conventional chemotherapy or 
radiotherapy; for instance, median survival 
in relapsing patients with a performance 
status ECOG score of 0 or 1 treated with 
temozolomide was 17.4 months (Reni 
et al. 2007), and the 1-year OS in patients 
<60 year old treated with radiotherapy 
alone was 67% (Nguyen et al. 2005).

Currently, high-dose chemotherapy sup-
ported by autologous peripheral-blood 
stem-cell transplantation is being addressed 
both as first-line and salvage therapy 
in PCNSL patients. Preliminary results 
clearly indicate that this strategy is feasible 
in these patients, but its role in PCNSL 
management remains to be defined consid-
ering that the worldwide experience is still 
limited, and further studies are necessary in 
order to identify the optimal induction and 
myeloablative regimens.

INTRATHECAL 
CHEMOTHERAPY

Subarachnoid space and eyes are con-
sidered as “sanctuaries” for conventional 
chemotherapy, and they can be infiltrated 
by PCNSL in some cases (Ferreri et al. 
2002). Some authors suggested the upfront 

addition of intrathecal chemotherapy for 
meningeal treatment, when CSF cytol-
ogy is positive, even though systemic 
HD-MTX should be able to eradicate 
neoplastic cells from CSF (Shapiro et al. 
1975). Intrathecal or intraventricular route 
by an Ommaya’s reservoir can be used 
to deliver MTX, cytarabine, and steroids. 
However, with this approach Ferreri et al. 
(2002) observed increased risks of neuro-
toxicity and chemical meningitis. Efficacy 
of intrathecal chemotherapy in PCNSL 
patients is not yet well recognized and 
proven.

Leptomeningeal relapse occurs in 5–7% 
of PCNSL, and is almost always associ-
ated with brain recurrence. Information on 
intrathecal treatment is sparse and does not 
allow us to draw any conclusion regard-
ing its impact on disease control and OS. 
Recently, the results of a phase I study of 
intraventricular administration of rituxi-
mab in patients with recurrent CNS and 
intraocular lymphoma was published by 
Rubenstein et al. (2007). This study proved 
the feasibility of intrathecal rituximab at 
a maximum tolerated dose of 25 mg in 
patients with CD20+ lymphomatous men-
ingitis. Six cytologic responses (complete 
in four patients) were reported among the 
10 patients included and two patients with 
intraocular lymphoma. Clinical improve-
ment and objective response were observed 
in one patient with brain parenchymal dis-
ease. However, survival of these patients 
was short (median 22 weeks, range 1.1–
134) due to parenchymal progressive dis-
ease, suggesting that intrathecal rituximab 
as exclusive treatment yields only a pal-
liative role in the management of patients 
with CNS lymphomas and that the addition 
of systemic chemotherapy is necessary. 
Thus, further phase I studies addressing 
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the maximum tolerated dose of intrathecal 
rituximab in combination with other drugs 
are needed. Even though the potential 
benefit of intrathecal chemotherapy may 
be hardly extrapolated in the case of lep-
tomeningeal relapse and concurrent brain 
recurrence, with the latter being the main 
prognostic variable influencing survival 
results in PCNSL (Ferreri et al. 2002).

CONCLUSIONS

Despite recent progress, results follow-
ing treatment for PCNSL patients remain 
disappointing. Salvage therapy appears to 
be a worthwhile treatment in these patients 
in view of its positive effect on survival 
and potential improvement in neurological 
symptoms and quality of life. As salvage 
therapy may have a relevant impact on sur-
vival, the description of treatment admin-
istered after failure in studies assessing 
drug efficacy in PCNSL seems requisite 
to avoid interpretation bias overestimating 
first-line treatment effect. Trials prospec-
tively testing single agents in patients with 
relapsed or refractory disease represent an 
effective model for a quick identification 
of new promising drugs that can sub-
sequently be incorporated into first-line 
treatment of PCNSL. Recent experience 
(Reni et al. 2004, 2007; Fischer et al. 
2006; Voloschin et al. 2008) showed that 
such trials are feasible in spite of the rarity 
of this disease. The inclusion of relapsing 
or progressive PCNSL patients in well-
designed salvage treatment prospective 
clinical trials for testing therapeutic agents 
should be strongly encouraged.

Definitive conclusion concerning the 
optimal salvage schedule could not be 
drawn due to the heterogeneity of the 

salvage treatment employed and limited 
knowledge of main prognostic factors in 
PCNSL at the time of failure. In addition, 
interpretation of data in reported series is 
difficult because of selection bias and the 
limits of comparison of results across dif-
ferent series. Nevertheless, on the basis of 
data derived from reviews, retrospective 
and prospective series, some therapeutic 
guidelines can be suggested.

Radiotherapy is amongst the best options 
for unirradiated patients and retreatment 
with high-dose methotrexate (HD-MTX) 
can be suggested to well selected relaps-
ing patients who experienced a prolonged 
lymphoma remission after first-line chem-
otherapy containing HD-MTX. Salvage 
monochemotherapy with temozolomide or 
topotecan in patients previously managed 
with a radiotherapy-containing approach 
is supported by prospective trials, while 
combination chemotherapy requires fur-
ther investigation. High-dose chemother-
apy supported by stem cell autotransplant 
and intrathecal chemotherapy in meningeal 
failure needs to be further investigated in 
prospective trials.

Salvage therapy improves survival in 
patients with failed PCNSL. The inclusion 
of patients with relapsed/refractory PCNSL 
in prospective trials addressing new active 
drugs or combinations is troublesome but 
should be strongly encouraged. In ordinary 
clinical practice, salvage strategy should 
be recommended on the basis of previous 
treatments, response duration, site and 
extent of disease, prognostic factors, and 
patient’s clinical conditions. Radiotherapy 
appears to be the best option for unirradi-
ated patients. Re-treatment with HD-MTX 
may be an option in patients who relapse 
after prolonged initial complete response 
to this agent and who did not receive prior 
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radiotherapy. The use of temozolomide 
or topotecan in monochemotherapy in 
PCNSL patients who experience relapse 
after a radiotherapy-containing approach 
is supported by prospective trials, while 
the use of combination chemotherapy 
warrants further investigation. High-dose 
chemotherapy supported by stem cell 
autotransplant and the use of intrathecal 
chemotherapy in patients with meningeal 
failure remain promising approaches to be 
further addressed in prospective trials.
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Central Nervous System Atypical Teratoid/
Rhabdoid Tumors: Role of Insulin-Like 
Growth Factor I Receptor
Michael A. Grotzer, Tarek Shalaby, and Alexandre Arcaro 

INSULIN-LIKE GROWTH 
FACTOR-I RECEPTOR

The insulin-like growth factor (IGF) sys-
tem is composed of three ligands: IGF-I, 
IGF-II, and insulin. IGF-I and IGF-II are 
found in the circulation complexed to a 
family of binding proteins, called IGF-
binding proteins (IGFBP), which serve to 
regulate bioavailability of these ligands in 
the tissues. The insulin-like growth factor-
I receptor (IGF-IR) is a membrane-bound 
heterotetrameric receptor composed of two 
extracellular ligand-binding a-subunits and 
two transmembrane b-subunits possessing 
intrinsic protein tyrosine kinase activity. 
The IGF-IR has high affinity for both 
IGF-I and IGF-II. The binding of IGF-I 
and/or IGF-II to the IGF-IR results in acti-
vation of its intrinsic tyrosine kinase with 
subsequent activation of the phosphoi-
nositide 3-kinase (PI3K)-Akt-Bad cascade 
thereby protecting the cells from undergo-
ing apoptosis (Datta et al. 1997; Dudek 
et al. 1997). Activation of the IGF-IR 
also suppresses pro-apoptotic pathways 
such as the JNK pathway (Okubo et al. 
1998). Experiments using dominant nega-

tive mutants of IGF-IR, antibodies to 
IGF-IR, or antisense strategies directed 
against IGF-IR mRNA have shown that 
decreased or aberrant receptor expression 
is associated with a reversal of the trans-
formed phenotype, induction of apoptosis, 
and a decrease in cellular radioresistance 
and chemoresistance (Benini et al. 2001; 
Scotlandi et al. 2002; Surmacz 2003; 
Turner et al. 1997). Hence, the IGF-IR 
has qualified as a molecular target for the 
development of novel anti-cancer thera-
pies in selected tumor types.

Role in CNS Atypical Tratoid/Rhabdoid 
Tumor

Central nervous system (CNS) atypi-
cal teratoid/rhabdoid tumor (AT/RT) is 
a highly malignant embryonal tumor in 
young children. CNS AT/RT is character-
ized by the presence of rhabdoid cells, 
with or without fields resembling classi-
cal primitive neuroectodermal tumor, epi-
thelial tissue, and neoplastic mesenchyme 
(Rorke et al. 1996). The unique clinical, 
biological and histological features of this 
tumor have been defined over the past 
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decade (Biegel et al. 2002; Judkins et al. 
2004). It is similar to the renal malignant 
rhabdoid tumor of infancy in its aggres-
siveness, in some histological features 
and in the loss of function of hSNF5/
INI1, a candidate tumor suppressor gene 
on chromosome 22. Experience to date 
indicates that infants and children with 
CNS AT/RT respond very poorly to chem-
otherapy and radiotherapy (Bambakidis 
et al. 2002; Burger et al. 1998; Hilden 
et al. 2004; Tekautz et al. 2005). More 
recently, aggressive therapy, including 
high-dose chemotherapy with stem cell 
rescue and intrathecal chemotherapy, has 
prolonged the natural history in a subset 
of children (Hilden et al. 2004). However, 
the prognosis for children presenting with 
CNS AT/RT before the age of 3 years is 
still dismal (Hilden et al. 2004; Tekautz 
et al. 2005).

Ogino et al. (1999), analyzed two pri-
mary AT/RT by immunohistochemistry 
and demonstrated strong positivity for the 
IGF-IR and one of its ligands (IGF-II). 
In our own study, we found high IGF-IR 
expression in AT/RT tumors and cell 
lines (D’Cunja et al. 2007). Moreover, 
we found IGF-I and IGF-II mRNA in 
the BT-16 CNS AT/RT cell line and 
IGF-II mRNA in BT-12 CNS AT/RT 
cells. Autophosphorylated IGF-IR was 
detected in both cell lines, supporting the 
hypothesis that autocrine/paracrine stim-
ulation of cell growth by the IGF-IR may 
be involved in AT/RT pathogenesis. It is 
conceivable that highly expressed acti-
vated IGF-IR in CNS AT/RT is involved 
in resistance to apoptosis. In agreement 
with this hypothesis is our finding that 
primary CNS AT/RT has a relatively high 
proliferation index, but only a low apop-
totic index (D’Cunja et al. 2007).

ANALYTICAL METHODS

 Immunohistochemistry

 Materials

 1. Xylene, methanol, EtOH 100%.
 2. Phosphate buffered saline (PBS): 8 g 

NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 
0.24 g KH2PO4, 800 mL dH2O (pH 
7.4), dH2O up to 1 L, autoclave.

 3. Citrate buffer (10 mM citric acid): cit-
ric acid (anhydrous) 1.92 g. Distilled 
water 1,000 mL. Mix to dissolve. 
Adjust pH to 6.0.

 4. DAB: 5 mL dH2O, two drops stock 
buffer, four drops stock DAB, two 
drops H2O2 (hydrogen peroxide), filter 
and add DAB to 200 mL PBS.

 5. Endogenous peroxidase quenching 
buffer: 200 mL PBS, 50 mL 30% 
H2O2, mix and use immediately.

 6. Horse serum.
 7. Primary antibodies: mouse monoclonal 

anti-GFAP, anti-EMA, smooth muscle 
alpha-actin, anti-human INI1 (BAF47), 
anti-human Phosphotyrosine-specific 
antibody (PY99) and Rabbit polyclo-
nal anti-human IGF-IRb.

 8. Secondary antibodies: Goat anti-
mouse IgG, Goat anti-rabbit bioti-
nylated antibody.

 9. IGF-IRb-blocking peptide for nega-
tive control.

 Methods

 1. Deparaffinize (xylene) and rehydrate 
(dH2O) sections.

 2. Immerse in 0.5% v/v hydrogen perox-
ide/methanol for 10 min.

 3. Add citrate buffer – cover slides and 
microwave for 5 min.

 4. Wash the tissue sections in two changes 
of dH2O (2 × 5 min).
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 5. Immerse slides in PBS 2 × 5 min.
 6. Cover sections with blocking solution: 

0.1 M Tris and 2% horse serum.
 7. Remove the blocking solution.
 8. Add primary antiserum diluted in 

blocking solution and incubate over-
night at 4°C.

 9. Wash in PBS for 3 × 5 min.
 10. Incubate sections with biotinylated 

secondary antibody diluted in bloc-
king reagent; incubate for 30 min  
at 25°C.

 11. Wash in PBS for 3 × 5 min.
 12. Incubate sections with ABComplex/

HRP for 30 min at 25°C.
 13. Wash in PBS buffer for 3 × 5 min.
 14. Develop with diaminobenzidine tet-

rahydrochloride (DAB).
 15. Rinse slides in running tap water.
 16. Counterstain, dehydrate, clear, and 

mount sections.

 Immunoprecipitation

 Materials

 1. NP-40 Cell Lysis buffer: 50 mM Tris-
HCl (pH 8.0), 150 mM NaCl, 1% 
(w/v) NP-40.

 2. Protease Inhibitor Cocktail (100X): 
PMSF, 5 mg (50 mg/mL), Aprotinin, 
100 mg (1 mg/mL), Leupeptin, 100 
mg (1 mg/mL), Pepstatin, 100 mg (1 
mg/mL), 100% Ethanol bring up to 
1 mL.

 3. SDS-PAGE sample buffer 2X: 3.55 
mL dH2O, 1.25 mL 0.5 M Tris-HCl, 
pH 6, 8, 2.5 mL Glycerol, 2.0 mL 
10% (w/v) SDS, 0.2 mL 0.5% (w/v) 
Bromophenol blue. Total volume is 
9.5 mL. Add 50 µL of b-mercap-
toethanol to 950 µL of sample buffer 
before use.

 Method

 1. Harvest 107 cells, wash with PBS and 
spin at 400 × g for 10 min.

 2. Resuspend the cell pellet in 1 mL of 
cold lysis buffer (final concentration 
of 107 cells/mL).

 3. Place the tube on ice for 30 min, with 
occasional mixing.

 4. Spin cell lysate at 10,000 × g for 15 
min at 4°C.

 5. Carefully collect supernatant, without 
disturbing the pellet and transfer to a 
clean tube.

 6. To preclear cell lysate, transfer 50 mL of 
the Protein A-Sepharose bead slurry 
to an Eppendorf tube and add 450 mL 
cold Lysis Buffer.

 7. Spin at 10,000 × g for 30 s and  
remove the Lysis Buffer and resus-
pend the beads in 50 mL of cold Lysis 
Buffer.

 8. Add this 50 mL of prepared Protein A 
slurry to 500 mL of Cell Lysate and 
incubate on ice for 30–60 min.

 9. Spin at 10,000 × g for 10 min at 4°C 
and transfer the supernatant to a fresh 
Eppendorf tube.

 10. For immunoprecipitation add 5–10 mg 
of IGF-IRb antibody to the Eppendorf 
tube containing the cold precleared 
lysate.

 11. Incubate at 4°C for 1 h.
 12. Add 50 mL of washed Protein A slurry 

in prechilled Lysis Buffer and incubate 
for 1 h. at 4°C on a rocking platform 
or a rotator.

 13. Spin the Eppendorf tube at 10,000 × g 
for 30 s at 4°C and remove supernatant 
and wash the beads three to five times 
with 500 mL of Lysis Buffer.

 14. After the last wash, aspirate supernatant 
and add 50 mL of 1X Laemmli SDS-
PAGE sample buffer to bead pellet.
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 15. Vortex and heat to 90–100°C for 10 
min.

 16. Spin at 10,000 × g for 5 min, collect 
supernatant and load onto the gel.

 17. Proceed to Western blotting.

 Western Blotting

 Materials

 1. SDS-PAGE Sample Buffer 2X: 3.55 
mL dH2O, 1.25 mL 0.5 M Tris-HCl, 
pH 6,8, 2.5 mL Glycerol, 2.0 mL 
10% (w/v) SDS, 0.2 mL 0.5% (w/v) 
Bromophenol blue. Total volume is 9.5 
mL. Add 50 µL of b-mercaptoethanol 
to 950 µL of sample buffer before use.

 2. SDS-PAGE Running Buffer 10X: 30.3 
g Tris base, 144.0 g glycin, 10.0 g SDS. 
Dissolve in dH2O and fill to 1 L.

 3. SDS-PAGE Transfer Buffer: 25 mM 
Tris-Base, 192 mM glycin, 20% 
Methanol (pH 8.3). For 1 L of buffer 
mix 3.03 g of Tris-Base, 14.4 g of glycin 
and 200 mL of methanol; Bring to 1 L 
with dH2O.

 4. TBS 10X: 24.23 g Trizma HCl, 80.06 g 
NaCl Mix in 800 mL ultra pure water. 
Adjust pH to 7.6 with pure HCl. Top 
up to 1 L.

 5. TBST for 1 l: 100 mL of TBS 10x 
+ 900 mL ultra pure water + 1 mL 
Tween 20.

 6. Lysis buffer: HEPES pH 7.6: 25 mM; 
Triton X-100: 0.1%; NaCl: 300 mM; 
b-glycerophosphate: 20 mM; MgCl2: 
1.5 mM; EDTA: 0.2 mM; DTT: 2 
M; sodium orthovanadate: 0.2 mM; 
sodium fluoride: 10 mM; benzami-
dine: 1 mM; leupeptin: 2 µg/mL; apro-
tinin: 4 µg/mL and PMSF: 500 µM. 
Immediately before use add 10 mM 
dithiothreitol or beta-mercaptoethanol 
and protease inhibitors mixture.

 7. Rabbit polyclonal primary, antibody 
against human IGF-IRb (Santa Cruz 
Biotechnology, Santa Cruz, CA).

 8. Mouse monoclonal anti-b-actin anti-
body against human beta-actin (Abcam 
Ltd., Cambridge, UK).

 9. HRP-conjugated goat anti-rabbit 
secondary antibody (Santa Cruz 
Biotechnology, Santa Cruz, CA)

 10. HRP-conjugated goat anti-mouse 
secondary antibody (Santa Cruz 
Biotechnology, Santa Cruz, CA)

 Method

 1. Harvest, wash, and resuspend the cell 
pellet in 1 mL of cold lysis buffer.

 2. Place the tube on ice for 30 min, with 
occasional mixing.

 3. Spin cell lysate at 10,000 × g for 15 
min at 4°C.

 4. Carefully collect supernatant and 
transfer to a clean tube.

 5. Add appropriate amount of sample 
buffer to sample lysis.

 6. Heat to 95°C for 5 min.
 7. Load in the gel and electrophorese pro-

teins for the appropriate time (until the 
blue marker goes to the end of the gel).

 8. Transfer proteins to nitrocellulose 
membrane.

 9. Block membrane with 5% (w/v) non-
fat dry milk in PBS for 1–3 h shaking 
at room temperature.

 10. Incubate membrane with primary IGF-
IRb polyclonal antibody, 1:1,000 dilu-
tion overnight at 4°C on a shaker.

 11. Wash the blot 3× with 1× PBS and 
then wash three times (10 min with 1× 
PBS + 0.1% Tween).

 12. Incubate with HRP-conjugated anti-
rabbit secondary antibody, diluted 
1:10,000 for 1 h at room temperature.
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 13. Wash for 30 min with agitation in wash 
buffer (PBS with 0.1% Tween 20), 
changing the wash buffer every 5 min.

 14. Place the blot in a plastic bag contain-
ing the ECL development working 
solution (0.125 mL/cm2) for 1–5 min.

 15. Remove the blot from the bag and 
place it between two pieces of trans-
parency film.

 16. Expose to X-ray film or any sensitive 
screen.

 Quantitative RT-PCR

 Materials

 1. RNeasy kit (Qiagen) containing 
RNeasy spin column, RPE Buffer, 
RW1 Buffer.

 2. 70% EtOH.
 3. Sterile 15 mL conical tubes.
 4. Buffer RLN: 50 mM Tris·Cl, pH 8.0, 

140 mM NaCl, 1.5 mM MgCl2, 0.5% 
(v/v) Nonidet P-40 (1.06 g/mL), just 
before use, add 1,000 U/mL RNase 
inhibitor and 1 mM DTT.

 5. SuperScript First-Strand Synthesis 
System kit (Invitrogen, AG Basel 
Switzerland) containing: 10X RT 
Buffer, MgCl2 (25 mM), dNTP 
Mixture, Random Hexamer (50 mM), 
RNase Inhibitor (20 U/mL), Reverse 
Transcriptase (50 U/mL), RNAse free 
Water (1,000 mL)

 6. Primers and probes to target and 
the internal standard (housekeep-
ing) genes were obtained from 
Applied Biosystems: IGF-IR Forward 
5¢-GTGAAAGTGACGTCCTGCA 
TTTC-3¢ Reverse 5¢-CCTTGTAGTAAA 
CGGTGAAGCTGA-3¢, Probe5¢-CACC 
ACCACGTCGAAGAATCGCATC-3¢, 
18S rRNA Forward 5¢-AGTCCCTGCCC 
TTTGTACACA-3¢, Reverse 5¢-GAT 

CCGAGGGCCTCACTAAAC-3 ¢ 
Probe 5¢-CGCCCGTCGCTACTACCG 
ATTGG-3¢.

 7. Taqman 2 X TaqMan Universal PCR 
Master Mix kit (Applied Biosystems, 
Rotkreuz, Switzerland) containing: 
AmpliTaq Gold DNA Polymerase, 
AmpErase UNG, dNTPs with 
dUTP, Passive Reference, and opti-
mized buffer components (Applied 
Biosystems).

 8. MicroAmp Optical 96-well Reaction 
Plate (Applied Biosystems).

 9. Optical Caps (8 Caps/Strip) or Adhesive 
Covers (Applied Biosystems).

 10. RNAse and DNAse Free Water.

 Methods

 1. Harvest, pellet 1 × 107 cells.
 2. Lyse the cells in 175 mL of precooled 

(4°C) Buffer RLN.
 3. Incubate on ice for 5 min.
 4. Centrifuge the lysate at 4°C for 2 min 

at 300 × g and transfer the supernatant 
to a new centrifuge tube.

 5. Add 600 mL Buffer RLT to the superna-
tant. Mix well by vigorously vortexing.

 6. Add 430 mL ethanol (100%) to the 
homogenized lysate, and mix well.

 7. Transfer up to 700 mL of the sample, 
including any precipitate that may 
have formed, to an RNeasy spin col-
umn placed in a 2 mL collection tube 
and centrifuge for 15 s at 8,000 × g.

 8. Add 700 mL Buffer RW1 to the RNeasy 
spin column and centrifuge for 15 s at 
8,000 × g.

 9. Add 500 mL Buffer RPE to the RNeasy 
spin column and centrifuge for 15 s at 
8,000 × g.

 10. Place the RNeasy spin column in a 
new 1.5 mL collection tube and add 
30–50 mL RNase-free water directly 
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to the spin column membrane and cen-
trifuge for 1 min at 8,000 × g to elute 
the RNA.

 11. Quantify RNA using Nanodrop.
 12. Prepare the following RNA/primer 

mixture in each tube: total RNA 5 mg, 
random hexamers (50 ng/mL) 3 mL, 
10 mM dNTP mix 1 mL, DEPC H2O 
up to 10 mL.

 13. Incubate the samples at 65°C for 5 min 
and then on ice for at least 1 min.

 14. Prepare reaction master mixture. For 
each reaction: 10× RT buffer 2 mL + 
25 mM MgCl2 4 mL + 0.1 M DTT 2 
mL + RNAaseOUT1 mL.

 15. Add the reaction mixture to the 
RNA/primer mixture, mix briefly, 
and then place at room temperature 
for 2 min.

 16. Add 1 mL (50 units) of SuperScript II 
RT to each tube, mix and incubate at 
25°C for 10 min.

 17. Incubate the tubes at 42°C for 50 min, 
heat inactivate at 70°C for 15 min, and 
then chill on ice.

 18. Add 1 mL RNase H and incubate at 
37°C for 20 min.

 19. Store the first strand cDNA at −20°C 
until use for real-time PCR.

 20. Prepare a mastermix of the reac-
tion mix so that there is enough 
for all samples to be investigated: 
TaqMan Universal PCR Master Mix 
(2X) 25 µL, Forward primer 5 µL 
(100 nM), Reverse primer 5 µL (100 
nM) TaqMan probe 5 µL (250 nM), 
DNA sample 5 µL (100 ng) Water 5 
µL Total 50 µL.

 21. Add 50 µL of reaction mix above to 
each well in a 96-well plate.

 22. Subject plate to the following thermal 
cycling conditions cycling on the 
ABI Prism 7700 sequence detector: 

50°C/2 min, 95°C/10 min (95°C/15s 
Denature Anneal and 60°C/1 min- 
Extend) for 40 cycles.

 23. Following amplification, record CT 
values for target gene and internal 
standard.

 Cell Viability

 Materials

 1. Antisense phosphorothioate oligonu-
cleotides directed against IGF-IR and 
controls (Biognostik)

 2. Doxorubicin (Sigma-Aldrich GmbH 
Basel)

 3. Cisplatin (Sigma-Aldrich GmbH Basel)
 4. Trypsin solutions for splitting cells 

(GIBCO, Invitrogen, AG Basel 
Switzerland)

 5. DMEM (Supplier) with 10% fetal 
bovine serum (FBS), L-glutamine, 
and antibiotics

 6. Colorimetric 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium, inner 
salt (MTS) assay kit (Promega) con-
taining: 20 mL MTS Solution and 1 mL 
PMS Solution

 7. Hemocytometer (with Trypan Blue 
Assay)

 Methods

 1. Treat cells (3 0 × 103 cells/well in 90 
µL medium) with 2 mM IGF-IR anti-
sense oligonucleotides or controls for 
0, 8, 12, 24, 48, 72, and 96 h.

 2. Add 10 µL MTS assay reagent 
(Promega) to each well and incubate 
for 2 h. Use plate reader at OD 490 to 
obtain results.

 3. For chemotherapeutical drug experi-
ment: treat cancer cells with either 
antisense or controls for 48 h.
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 4. Trypsinize and resuspend the treated 
cells in complete DMEM and count on 
hemocytometer.

 5. Set up 96-well microtiter plate, by 
adding 50 µL containing equal cell 
numbers of the antisense or control 
treated cancer cells to each well.

 6. Set up either doxorubicin or cisplatin 
drug dilution microtiter plate.

 7. Add 40 µL from each well of the 
doxorubicin, or cisplatin dilution 
plate to the corresponding wells on 
the cell plates and incubate plates 
for 2 days.

 8. Add 10 µL MTS assay reagent 
(Promega) to each well and incubate 
for 2 h. Use plate reader at OD 490 to 
attain results.

 Detection of Apoptosis

 Material

 1. Cell Death Detection ELISA Kit 
(Roche) containing anti-histone anti-
body (clone H11-4), biotin-labeled, 
Anti-DNA antibody (clone M-CA-33), 
peroxidase-conjugated, DNA-histone 
complex (positive control), Incubation 
buffer, ready-to-use, Lysis buffer, ready-
to-use, Substrate buffer, ready-to-use, 
ABTS substrate tablets, Microplate 
modules (12 × 8 wells) and Adhesive 
plate cover.

 Methods

 1. Treat cancer cells with 2 µM IGF-IR 
antisense in the well of a microplate 
(0, 24, 48, 72 and 96 h/ 37°C).

 2. Centrifuge microplate (200 × g) and 
remove supernatant (10 min, room 
temperature).

 3. Incubate treated cells with lysis buffer 
(30 min, room temperature).

 4. Repeat microplate centrifugation (200 
× g) (10 min, room temperature).

 5. Transfer aliquot of supernatant (lysate) 
to streptavidin-coated microplate.

 6. Incubate supernatant with immunorea-
gent (containing anti-histone and 
anti-DNA) (2 h, room temperature).

 7. Wash microplate wells three times 
with incubation buffer at room 
 temperature.

 8. Add substrate solution to wells and 
incubate (approx. 15 min, room 
 temperature).

 9. Measure absorbance at 405 nm.

 EVALUATION OF IGF-I/-II/
IGF-IR IN CNS AT/RT

To study the expression of the IGF-IR in 
primary CNS AT/RT, perform immunohis-
tochemistry on formalin-fixed, paraffin-
embedded tumor sections and observe the 
slides under light microscope. Western 
blotting using frozen tumor samples reveals 
IGF-IR over-expression in CNS AT/RT 
compared to near-normal brain samples 
and high IGF-IR expression in CNS AT/
RT compared to medulloblastoma and 
pediatric glial CNS tumors. By using 
Western blotting, autophosphorylation 
studies and RT-PCR for IGF-I and IGF-II, 
high levels of autophosphorylated IGF-IR 
and expression of IGF-I and IGF-II mRNA 
could be detected in CNS AT/RT cells 
indicating a possible autocrine/paracrine 
loop. In BT-12 AT/RT cells, IGF-IR pro-
tein expression was lower when compared 
to BT-16 cells, and no IGF-I, but IGF-II 
was detectable. In BT-12 cells, the IGF-IR 
was also found to be autophosphorylated, 
but to a lesser extent than in BT-16 cells 
(D’Cunja et al. 2007).
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 DOWN-REGULATION OF IGF-IR

Antisense phosphorothioate oligonucle-
otides directed against the IGF-IR and con-
trol scrambled IGF-IR oligonucleotides with 
the similar base composition but a rand-
omized sequence as a control (Biognostik; 
Göttingen, Germany) can be used to fur-
ther study the IGF-IR. Plate exponentially 
growing BT-12 and BT-16 human CNS 
AT/RT cells in 16-well plastic chamber 
slides (2 × 103 cells/well), and add 2 µM 
fluorescein-labeled phosphorothioate oli-
gonucleotides directly into the wells. Fix 
the cells after 8, 12, 24, and 48 h with 
−20°C methanol and seal the slides with 
mounting medium. Visualize the uptake 
and distribution by fluorescence micro-
scopy. To determine the percentage of 
uptake, FITC-labeled cells are counted 
and related to the total number of cells as 
previously described (Axel et al. 2000). A 
maximal uptake of 70–80% can be reached 
with a concentration of 2 µM oligonucle-
otide after 12 h treatment.

After treating BT-12 and BT-16 human 
CNS AT/RT cells for 48 h with IGF-IR 
antisense oligonucleotides (2 mM) the 
mean IGF-IR mRNA expression level 
was reduced to 51% (61%) compared to 
untreated cells and to 59% (75%) com-
pared to control cells treated with scram-
bled oligonucleotides. In IGF-IR antisense 
oligonucleotide-treated BT-12 (BT-16) 
cells, the mean IGF-IR protein expres-
sion level was reduced to 39% (47%) 
compared to untreated cells and to 53% 
(51%) compared to control cells treated 
with scrambled oligonucleotides (D’Cunja 
et al. 2007)

Treatment of BT-12 and BT-16 human 
CNS AT/RT cells with IGF-IR antisense 
oligonucleotides (2 µM) resulted in a sig-

nificant time-dependent decrease in cel-
lular proliferation and in an increase in 
apoptotic cell death when compared to 
untreated and scrambled oligonucleotide-
treated cells, as determined by MTS assay 
and by Cell Death ELISA (D’Cunja et al. 
2007). Interestingly, IGF-IR down-regulation 
by antisense oligonucleotides resulted in 
significant increases of chemosensitivity 
of BT-12 and BT-16 cells to doxorubicin 
and cisplatin (D’Cunja et al. 2007).

In conclusion, our findings indicate that 
AT/RT express high levels of IGF-IR 
which may be activated through an auto-
crine/paracrine IGF-I/IGF-II/IGF-IR loop, 
contributing to the aggressiveness and 
therapy-resistance of this particular pedi-
atric brain tumor. Our results demonstrate 
that CNS AT/RT cell growth can be inhib-
ited by treatment with IGF-IR antisense 
oligonucleotides. Moreover, we were able 
to demonstrate that antisense-mediated 
down-regulation of IGF-IR results in 
sensitization to doxorubicin and cisplatin. 
These results raise the possibility that 
curability of selected AT/RT tumors may 
be improved by pharmaceutical strategies 
directed against the IGF-IR. The in vivo 
effects of IGF-IR inhibition, and whether 
inhibition also influences the response of 
AT/RT cells to radiation therapy, are ques-
tions that remain to be answered.

 THERAPEUTIC SIGNIFICANCE 
OF IGF-IR IN CNS AT/RT

Recent studies have demonstrated that the 
concept of IGF-IR targeting is an approach 
for growth control in specific tumor cells 
and for the development of novel anti-cancer 
therapies (reviewed in Adachi et al. 2004; 
Wang and Sun, 2002). Several strategies 
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have been employed in different tumor cell 
lines to block either IGF-IR function or 
expression, both in vitro and in vivo. These 
included either inhibitors of ligand bind-
ing; e.g., peptide, small-molecule competi-
tive binding antagonists and anti-receptor  
antibodies or the use of inhibitors of IGF-IR 
expression; such as small interfering RNA 
(siRNA) and antisense.

As is true in the case of impressive 
progress achieved with strategies target-
ing the epidermal growth factor recep-
tor family in epithelial tumors (Scaltriti 
and Baselga 2006), the IGF-IR tyrosine 
kinase represents an attractive target for 
cancer therapy. However, the high degree 
of homology with the insulin receptor (IR) 
and the functional interplay between the 
IGF-IR and the IR represent a particular 
challenge for the development of targeted 
therapy. There is evidence for stimulation 
via both IGF-IR and IR receptors in cancer 
(Sachdev and Yee 2007), which indicates 
that both inhibitors with or without strong 
selectivity for the IGF-IR TK activity 
could be beneficial depending on the con-
text. Because of the wide distribution of 
the IGF-IR and IR in normal tissues, a 
range of toxicities can be expected, but the 
existence of human populations with low 
levels of IGF-I (Laron 1984) or no IGF-I 
(Rosenbloom et al. 1990) indicates that 
anti-IGF-IR therapy may be tolerated rea-
sonably well (Sachdev and Yee 2007).

A number of anti-IGF-IR agents are 
in preclinical and clinical development, 
mainly small-molecule inhibitors and mon-
oclonal antibodies against IGF-IR. Two 
specific small molecule inhibitors have 
been recently developed, NVP-AEW541 
(Garcia-Echeverria et al. 2004) and NVP-
ADW-742 (Mitsiades et al. 2004), which 
are selective for the IGF-IR kinase activity 

in cellular assays. Both agents inhibited 
tumor cell growth in a wide range of cancer 
types. At least in an in vivo mouse tumor 
model, NVP-AEW541 did not have short 
term detrimental side effects on the glucose/
insulin metabolism (Garcia-Echeverria 
et al. 2004). Induction of diabetes remains 
a major concern to take into account for 
the translation into clinical trials. Other 
dual-specificity inhibitors are emerging 
for preclinical evaluation (Wittman et al. 
2007). A number of monoclonal antibod-
ies reagents are in development (Sachdev 
and Yee 2007). For example, a fully human 
anti-IGF-IR monoclonal antibody A12 
was shown to inhibit IGF-IR phosphoryla-
tion and xenograft tumor growth effec-
tively (Allen et al. 2007). However, the 
antibody-mediated cytotoxicity on normal 
cells expressing the receptor needs to be 
further investigated. Among other tissues 
expressing the IGF-IR, the central nervous 
system is of particular concern. IGF-I has 
been shown to be a survival factor in neu-
rons, and the therapeutic benefit of IGF-I 
in the treatment of amyotrophic lateral 
sclerosis is currently under investigation 
(Sachdev and Yee 2007). Data from pre-
clinical studies and ongoing early clinical 
phase studies with IGF-IR inhibitors will 
contribute in clarifying this issue.

Because the IGF-IR resides upstream 
of important prosurvival and antiapop-
totic pathways, combinatorial strategies 
using IGF-IR inhibitors to augment the 
tumor response to conventional anticancer 
therapy could be of particular interest. As 
shown recently, NVP-AEW541 induced 
apoptosis in acute myeloid leukemia cells 
and sensitized leukemic blasts to etopo-
side (Doepfner et al. 2007; Tazzari et al. 
2007). The combination of anti-IGF-IR 
A12 antibodies with radiation significantly 
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enhanced antitumor efficacy compared 
with either treatment modality alone (Allen 
et al. 2007). Furthermore, a combina-
tion of strategies against different  receptor 
tyrosine kinases (RTKs) could improve 
efficacy, as exemplified by very effective 
combination trials targeting the epidermal 
growth factor receptor (EGFR) pathway 
(Scaltriti and Baselga 2006).

In order to prepare clinical translation 
for the treatment of pediatric CNS tumors, 
a more systematic evaluation using pre-
clinical models will be required for a 
number of reasons. As we learned from 
the adult trials investigating new agents 
to target the EGFR family, selection of 
patients with EGFR-dependent tumors 
was important to assess efficacy (Scaltriti 
and Baselga 2006). Given the widespread 
expression of the IGF-IR, it is critical 
to be in a position to select patients that 
have an IGF-I pathway-depen dent tumor. 
Furthermore, constitutive activation of 
downstream signaling nodes of the IGF 
pathway, such as PI 3-Kinase and the  
Akt pathway constitute the basis 
for resistance to IGF-IR inhibitors. 
Collectively, these aspects underscore 
the need for strong preclinical data for 
defined pediatric cancer entities and the 
requirement to establish biomarkers that 
are representative of the targeted path-
way. Given the concerns of toxicity with 
long term treatment, identification of 
surrogate markers to monitor the bio-
logic response to short term treatment 
would also be important.

Due to the small number of patients 
with pediatric CNS tumors eligible for 
experimental therapy, international col-
laboration is essential to further develop 
prioritized agents beyond phase I and 
II. Such initiatives from academic and 

governmental institutions include the 
Innovative Therapies for Children with 
Cancer European Consortium (ITCC), 
the Children’s Oncology Group (COG) 
Phase I Consortium and the North 
American Cancer Therapy Evaluation 
Program (CTEP-NCI).

REFERENCES

Adachi, Y., Lee, C.T., and Carbone, D.P. (2004) 
Genetic blockade of the insulin-like growth 
factor 1 receptor for human malignancy. 
Novartis Found. Symp. 262:177–189; 190–192; 
265–268

Allen, G.W., Saba, C., Armstrong, E.A., Huang, 
S.M., Benavente, S., Ludwig, D.L., Hicklin, 
D.J., and Harari, P.M. (2007) Insulin-like growth 
factor-I receptor signaling blockade combined 
with radiation. Cancer Res. 67:1155–1162

Axel, D.I., Spyridopoulos, I., Riessen, R., Runge, H., 
Viebahn, R., and Karsch, K.R. (2000) Toxicity, 
uptake kinetics and efficacy of new transfection 
reagents: increase of oligonucleotide uptake. 
J. Vasc. Res. 37:221–234; 303–304

Bambakidis, N.C., Robinson, S., Cohen, M., and 
Cohen, A.R. (2002) Atypical teratoid/rhabdoid 
tumors of the central nervous system. clinical, 
radiographic and pathologic features. Pediatr. 
Neurosurg. 37:64–70

Benini, S., Manara, M.C., Baldini, N., Cerisano, V., 
Massimo, S., Mercuri, M., Lollini, P.L., Nanni, 
P., Picci, P., and Scotlandi, K. (2001) Inhibition 
of insulin-like growth factor I receptor increases 
the antitumor activity of doxorubicin and vin-
cristine against Ewing's sarcoma cells. Clin. 
Cancer Res. 7:1790–1797

Biegel, J.A., Tan, L., Zhang, F., Wainwright, L., 
Russo, P., and Rorke, L.B. (2002) Alterations of 
the hSNF5/INI1 gene in central nervous system 
atypical teratoid/rhabdoid tumors and renal and 
extrarenal rhabdoid tumors. Clin. Cancer Res. 
8:3461–3467

Burger, P.C., Yu, I.T., Tihan, T., Friedman, H.S., 
Strother, D.R., Kepner, J.L., Duffner, P.K., Kun, 
L.E., and Perlman, E.J. (1998) Atypical teratoid/
rhabdoid tumor of the central nervous system: a 
highly malignant tumor of infancy and childhood 



36327. Central Nervous System Atypical Teratoid/Rhabdoid Tumors

frequently mistaken for medulloblastoma: a 
Pediatric Oncology Group Study. Am. J. Surg. 
Pathol. 22:1083–1092

Datta, S.R., Dudek, H., Tao, X., Masters, S., Fu, 
H., Gotoh, Y., and Greenberg, M.E. (1997) Akt 
phosphorylation of BAD couples survival sig-
nals to the cell-intrinsic death machinery. Cell 
91:231–241

D'Cunja, J., Shalaby, T., Rivera, P., von Buren, 
A., Patti, R., Heppner, F. L., Arcaro, A., Rorke-
Adams, L. B., Phillips, P. C., and Grotzer, M. A. 
(2007) Antisense treatment of IGF-IR induces 
apoptosis and enhances chemosensitivity in cen-
tral nervous system atypical teratoid/rhabdoid 
tumours cells. Eur. J. Cancer 43:1581–1589

Doepfner, K. T., Spertini, O., and Arcaro, A. 
(2007) Autocrine insulin-like growth factor-
I signaling promotes growth and survival 
of human acute myeloid leukemia cells via 
the phosphoinositide 3-kinase/Akt pathway. 
Leukemia 21:1921–1930

Dudek, H., Datta, S.R., Franke, T.F., Birnbaum, 
M.J., Yao, R., Cooper, G.M., Segal, R.A., Kaplan, 
D.R., and Greenberg, M.E. (1997) Regulation of 
neuronal survival by the serine-threonine protein 
kinase Akt. Science 275:661–665

Garcia-Echeverria, C., Pearson, M.A., Marti, A., 
Meyer, T., Mestan, J., Zimmermann, J., Gao, 
J., Brueggen, J., Capraro, H.G., Cozens, R., 
Evans, D.B., Fabbro, D., Furet, P., Porta, D.G., 
Liebetanz, J., Martiny-Baron, G., Ruetz, S., and 
Hofmann, F. (2004) In vivo antitumor activity 
of NVP-AEW541-A novel, potent, and selec-
tive inhibitor of the IGF-IR kinase. Cancer Cell 
5:231–239

Hilden, J.M., Meerbaum, S., Burger, P., Finlay, 
J., Janss, A., Scheithauer, B.W., Walter, A.W., 
Rorke, L.B., and Biegel, J.A. (2004) Central 
nervous system atypical teratoid/rhabdoid tumor: 
results of therapy in children enrolled in a regis-
try. J. Clin. Oncol. 22:2877–2884

Judkins, A.R., Mauger, J., Ht, A., Rorke, L.B., and 
Biegel, J.A. (2004) Immunohistochemical anal-
ysis of hSNF5/INI1 in pediatric CNS neoplasms. 
Am. J. Surg. Pathol. 28:644–650

Laron, Z. (1984) Laron-type dwarfism (hereditary 
somatomedin deficiency): a review. Ergeb. Med. 
Kinderheilkd 51:117–150

Mitsiades, C.S., Mitsiades, N.S., McMullan, 
C.J., Poulaki, V., Shringarpure, R., Akiyama, 

M., Hideshima, T., Chauhan, D., Joseph, M., 
Libermann, T.A., Garcia-Echeverria, C., Pearson, 
M.A., Hofmann, F., Anderson, K.C., and Kung, 
A.L. (2004) Inhibition of the insulin-like growth 
factor receptor-1 tyrosine kinase activity as a 
therapeutic strategy for multiple myeloma, other 
hematologic malignancies, and solid tumors. 
Cancer Cell 5:221–230

Ogino, S., Cohen, M.L., and Abdul-Karim, F.W. 
(1999) Atypical teratoid/rhabdoid tumor of the 
CNS: cytopathology and immunohistochemis-
try of insulin-like growth factor-II, insulin-like 
growth factor receptor type 1, cathepsin D, and 
Ki-67. Mod. Pathol. 12:379–385

Okubo, Y., Blakesley, V.A., Stannard, B., Gutkind, 
S., and Le Roith, D. (1998) Insulin-like growth 
factor-I inhibits the stress-activated protein 
kinase/c-Jun N-terminal kinase. J. Biol. Chem. 
273:25961–25966

Rorke, L.B., Packer, R.J., and Biegel, J.A. (1996) 
Central nervous system atypical teratoid/rhab-
doid tumors of infancy and childhood: definition 
of an entity. J. Neurosurg. 85:56–65

Rosenbloom, A.L., Guevara Aguirre, J., Rosenfeld, 
R.G., and Fielder, P.J. (1990) The little women 
of Loja – growth hormone-receptor deficiency 
in an inbred population of southern Ecuador. 
N. Engl. J. Med. 323:1367–1374

Sachdev, D., and Yee, D. (2007) Disrupting insulin-
like growth factor signaling as a potential cancer 
therapy. Mol. Cancer Ther. 6:1–12

Scaltriti, M., and Baselga, J. (2006) The epidermal 
growth factor receptor pathway: a model for tar-
geted therapy. Clin. Cancer Res. 12:5268–5272

Scotlandi, K., Avnet, S., Benini, S., Manara, M.C., 
Serra, M., Cerisano, V., Perdichizzi, S., Lollini, 
P.L., De Giovanni, C., Landuzzi, L., and Picci, 
P. (2002) Expression of an IGF-I receptor domi-
nant negative mutant induces apoptosis, inhibits 
tumorigenesis and enhances chemosensitivity  
in Ewing’s sarcoma cells. Int. J. Cancer 101: 
11–16

Surmacz, E. (2003) Growth factor receptors as 
therapeutic targets: strategies to inhibit the insu-
lin-like growth factor I receptor. Oncogene 
22:6589–6597

Tazzari, P.L., Tabellini, G., Bortul, R., Papa, V., 
Evangelisti, C., Grafone, T., Martinelli, G., 
McCubrey, J.A., and Martelli, A.M. (2007) 
The insulin-like growth factor-I receptor kinase 



364 M.A. Grotzer et al.

inhibitor NVP-AEW541 induces apoptosis in 
acute myeloid leukemia cells exhibiting auto-
crine insulin-like growth factor-I secretion. 
Leukemia 21:886–896

Tekautz, T.M., Fuller, C.E., Blaney, S., Fouladi, 
M., Broniscer, A., Merchant, T.E., Krasin, M., 
Dalton, J., Hale, G., Kun, L.E., Wallace, D., 
Gilbertson, R.J., and Gajjar, A. (2005) Atypical 
teratoid/rhabdoid tumors (ATRT): improved 
survival in children 3 years of age and older with 
radiation therapy and high-dose alkylator-based 
chemotherapy. J. Clin. Oncol. 23:1491–1499

Turner, B.C., Haffty, B.G., Narayanan, L., Yuan, J.,  
Havre, P.A., Gumbs, A.A., Kaplan, L., Burgaud, 
J.L., Carter, D., Baserga, R., and Glazer, P.M. 
(1997) Insulin-like growth factor-I receptor 

overexpression mediates cellular radiore-
sistance and local breast cancer recurrence 
after lumpectomy and radiation. Cancer Res. 
57:3079–3083

Wang, Y., and Sun, Y. (2002) Insulin-like growth 
factor receptor-1 as an anti-cancer target: block-
ing transformation and inducing apoptosis. Curr. 
Cancer Drug Targets 2:191–207

Wittman, M.D., Balasubramanian, B., Stoffan, 
K., Velaparthi, U., Liu, P., Krishnanathan, S., 
Carboni, J., Li, A., Greer, A., Attar, R., Gottardis, 
M., Chang, C., Jacobson, B., Sun, Y., Hansel, 
S., Zoeckler, M., and Vyas, D.M. (2007) Novel 
1H-(benzimidazol-2-yl)-1H-pyridin-2-one inhibi-
tors of insulin-like growth factor I (IGF-1R) 
kinase. Bioorg. Med. Chem. Lett. 17:974–977



365

28
Central Nervous System  
Rosai–Dorfman Disease
Osama Raslan, Leena M. Ketonen, Gregory N. Fuller, and Dawid Schellingerhout 

 INTRODUCTION, 
EPIDEMIOLIGY AND 
ETIOLOGY

In 1969, Rosai and Dorfman described 
the triad of massive cervical lymphad-
enopathy, expanded lymph node sinuses 
and characteristic histiocytes showing 
“emperipolesis” as a new, rare, idiopathic, 
nonneoplastic, lymphoproliferative disor-
der known as Rosai Dorfman Disease 
(RDD) or ‘sinus histiocytosis with mas-
sive lymphadenopathy (SHML) (Rosai 
and Dorfman 1969). Since then, over 750 
cases have been reported in the literature 
(Hargett and Bassett 2005). Typically, 
RDD is characterized by bilateral pain-
less cervical lymphadenopathy with fever, 
leukocytosis, increased erythrocyte sedi-
mentation rate and hypergammaglobuli-
naemia (Chopra et al. 2006). However, 
in approximately 40% of cases, extranodal 
lesions in the skin, upper respiratory tract, 
orbit, testicle, soft tissue, kidney, thyroid, 
small bowel, breast, and bone can be found 
(Ruggiero et al. 2006).

CNS involvement is rare (<5%), with 
75% of cases involving the brain and 25% 
involving the spinal canal. Involvement 

of the CNS without concurrent nodal 
involvement is even rarer (Raslan et al. 
2008). The etiology of RDD remains 
unknown and has been debated in the 
literature since recognition of the disease 
in 1969. Rosai and Dorfman (1969) postu-
lated the expression of an abnormal immu-
nologic response or an infectious factor. 
Becroft et al. (1973) demonstrated a defect 
in cellular immunity.

Epstein-Barr virus and human herpes 
virus 6 have been proposed as the infec-
tious agent, and recently other diseases 
have been implicated, including varicella 
zoster virus, cytomegalovirus, Brucella, 
and Klebsiella (Moore et al. 2008). 
Mehraein et al. (2006) reported four cases 
of RDD, in which Parvovirus B19 infec-
tion was present in the RDD tissue. It has 
also been postulated that the development 
of RDD may be driven by disregulated 
cytokine expression (Moore et al. 2008). 
Kismet et al. (2005) reported RDD in 
three children of one family. A familiar 
incidence was also presented in two pairs 
of identical twins, and two sets of siblings 
developing RDD within a few years of 
each other (Foucar et al. 1990). Welbeck 
(2000) reported on two Ghanian brothers 
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who developed the disease, providing  
further evidence of a genetic link in RDD.

Patients with intracranial involvement 
of RDD differ from those with the clas-
sic manifestations of the disease: their 
age at onset is older than that of patients 
with nodal-based RDD (37.5 years com-
pared with 20.6 years) (Kattner et al. 
2000). However, the sex distribution is 
similar in the two forms, 1.5:1 (male to 
female) in isolated intracranial disease and 
1.4:1 in the systemic variety (Gupta et al. 
2006). Cases in African-Americans, Black 
Caribbeans and West-Africans are more 
frequent (43.6%) (Azoulay et al. 2004).

 INTRACRANIAL RDD: 
CLINCAL AND IMAGING 
FINDINGS AND 
DIFFERENTIAL DIAGNOSIS

Intracranial RDD typically presents as either 
a single or multiple dural-based extraaxial 
foci that may either assume a circumscribed, 
tumor-like configuration or grow as a dif-
fuse plaque without noticeable mass effect 
(Figure 28.1). Both are readily confused with 
meningioma owing to their imaging qualities 
(Graggena et al. 2006). RDD has also been 
mistaken for subdural hematoma (Kumar 
et al. 2008). Depending on lesion size and 
the site(s) of involvement, RDD may or may 
not be clinically symptomatic. Signs and 
symptoms may include headaches, seizures, 
cranial nerve defects, hemiparesis, dysphasia 
or neglect (Geara et al. 2004).

Location can include the convexity, 
parasagittal region, cavernous sinus, and 
petroclival region (Kattner et al. 2000). 
Less than ten cases of suprasellar involve-
ment have been reported (Wan et al. 2008).
Two cases of primary intraparenchymatous 

RDD are on record, one arising in the 
right frontal lobe of a 45-year-old woman 
(Natarajan et al. 2000), and one in the  
thoracic spinal cord (T4-5) of a 35-year-old 
man (Osenbach 1996). In 2003, a third case 
was reported by Jurić et al. (2003). In addi-
tion, one rare instance of secondary brain 
invasion by RDD in the context of fatal sys-
temic disease has been described (Foucar 
et al. 1990). Toh et al. (2005) recently 
described two cases of locally aggressive 
RDD causing dural sinus  invasion.

On MRI, RDD lesions usually exhibit 
homogenous isointense signal intensity 
to gray matter on T1- and T2- weighted 
images, subtle hyperintensity on the fluid-
attenuated inversion recovery images, and 
avid contrast uptake. Diffusion-weighted 
images (DW), apparent diffusion coef-
ficient (ADC) values, and the exponential 
diffusion coefficient, are all isointense to 
gray matter. Depending on the size of the 
lesion, perilesional brain edema and mass 
effect may also be evident. An enhancing 
dural tail may be present (Raslan et al. 
2008). Reports of CT findings of dis-
ease of the central nervous system have 
described dural-based masses that may be 
hyperattenuating, demonstrate enhance-
ment, and be associated with bone erosion 
(Woodcock et al. 1999). Angiographically, 
the lesions have been described as being of 
variable vascularity (Konishi et al. 2003).
The radiological differential diagnosis 
of intracranial RDD includes meningi-
oma, Langerhans cell histiocytosis (LCH), 
lymphoproliferative disorders, plasma 
cell granuloma, granulomatous diseases 
(Geara et al. 2004), and, when multiple, 
neurofibromatosis. When it appears as 
a thin layer of extensive growth along, 
on, or in the dura, RDD should be dif-
ferentiated from en plaque and malignant 
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Figure 28.1. (a) Axial postcontrast T1 weighted image demonstrates multiple homogeneously enhancing 
dural based and paracavernous lesions (arrows). (b). Axial diffusion weighted image shows that the right 
temporal lobe lesion is isointense to the gray matter. (c). Axial postcontrast image shows plaque-like dural 
thickening (arrows). Fig. 1a and 1b is adapted from Raslan O, et al. Journal of Clinical Oncology, Vol 26, 
No 18 (June 20), 2008: pp. 3087–3089. Reprinted with permission © 2008 American Society of Clinical 
Oncology. All rights reserved
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 meningioma, melanoma, metastatic carci-
noma, and infectious diseases (e.g., tuber-
culosis) (Konishi et al. 2003).

Although RDD is commonly iden-
tical to meningioma on CT, MRI, and 
even by gross examination at surgery, pos-
sible differentiating features include that 
unlike meningiomas, these tumors usu-
ally occur in males and may infiltrate the 
brain parenchyma (Geara et al. 2004). On 
T2-weighted MR images, meningiomas 
show low-to-high signal intensity, the 
variation due to a reflection of histologic 
subtype. In contrast, RDD shows rather low 
signal intensity. Meningiomas are fre-
quently associated with hyperostosis, a 
feature that – to the best of our knowledge, 
has not been described with intracranial 
RDD. On angiograms, meningiomas are 
commonly seen as hypervascular lesions. 
In contrast, the results are variable for 
RDD. Konishi et al. (2003) described left 
frontal lobe RDD that derived its blood 
supply from the frontopolar artery. In 
contrast, meningiomas are largely fed by 
branches of the external carotid artery, and 
this can be a helpful feature in differenti-
ating RDD from meningiomas. However, 
the feeding artery of intracranial RDD is 
generally thought to correspond with its 
location. Most benign meningiomas are 
isointense on DW images and ADC maps. 
In one study by Filippi et al. (2001), only 
23% of benign meningiomas were slightly 
hyperintense (3 of 13). On average, these 
meningiomas had an elevation in the ADC 
value (Stadnik et al. 2003). On a micro-
scopic level, however, the histopathologic 
features of meningioma and RDD are 
generally quite distinctive and can usu-
ally be easily distinguished on routine 
H&E-stained tissue section examination 
(Kattner et al. 2000).

The radiological differential diagnosis 
of suprasellar RDD includes suprasel-
lar germinoma, granulomatous disease, 
other histiocytoses (LCH and hemophago-
cytic lymphohistiocytosis), and metastasis. 
Germinoma in the suprasellar region occurs 
with equal frequency in male patients and 
female patients, and is typically an infiltrat-
ing mass that is isointense to gray matter 
on T1-weighted images and hyperintense 
on T2-weighted images. Homogeneous 
enhancement is typical. Histologically, 
biphasic populations of very large germi-
noma cells with large nuclei are identified, 
with a surrounding population of small 
reactive lymphocytes (Woodcock et al. 
1999).

LCH has variable manifestations in the 
CNS that range from localized enhancing 
masses to lytic osseous lesions. Whereas 
some histologic features are shared between 
LCH and RDD, there are several histo-
logical distinguishing features (Woodcock 
et al. 1999). Lymphoproliferative disor-
ders frequently exhibit erythryophago-
cytosis rather than lymphophagocytosis. 
Furthermore, aggressive lymphoprolifera-
tive disorders will show frank malignant 
cytological features on microscopic exami-
nation (Kattner et al. 2000). Granulomatous 
diseases (tuberculosis and sarcoidosis) are 
distinguished histologically by the presence 
of granulomas with or without caseation 
and organisms (Woodcock et al. 1999).

 SPINAL RDD: CLINICAL AND 
IMAGING FINDINGS AND 
DIFFERENTIAL DIAGNOSIS

There are 12 reported cases of spinal 
RDD. Eleven patients had an extramedul-
lary tumor, which was epidural in seven 
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patients and intradural in four patients. 
Only two cases were associated with bone 
marrow involvement (Oner et al. 2007; 
Raslan et al. 2008). The cases of epidural 
and intradural spinal cord involvement 
have presented with spastic paraparesis or 
paraplegia secondary to cord compression 
(Hargett and Bassett 2005).

On imaging, the extramedullary tumors 
demonstrated a hypointense T1 and T2 
WI, with homogeneous enhancement in 
the post-gadolinium study (Bhandari et al. 
2006), while bone marrow involvement 
showed heterogeneous and decreased sig-
nal intensity on all series, with patchy 
enhancement following contrast injection 
(Figure 28.2). Diffusion weighted imag-
ing showed mild heterogeneous signal 
over the vertebrae, whereas correspond-
ing ADC maps revealed increased signal 
intensities (Oner et al. 2007). In our cases, 
the marrow signal showed high T2 signal 

intensity in the fat suppressed image with 
avid enhancement.

MRI has limited value in differentiating 
between cellular bone marrow infiltration 
and benign bone marrow edema caused 
by inflammatory or infectious processes. 
In this setting, the DWI is a promising 
technology for outlining the undergoing 
process. Cellular bone marrow infiltra-
tion resulting from metastases or primary 
tumors has been reported to have lower 
ADC values compared to benign bone 
marrow edema resulting from infectious 
processes and compression fractures (Oner 
et al. 2007). Discovery of symptomatic 
spinal lesions after resection of an intrac-
ranial lesion have been reported. Based on 
the collective experience, it is our recom-
mendation that meticulous spinal screen-
ing should be performed as a part of the 
diagnostic work-up for intracranial RDD 
(Raslan et al. 2008).

Figure 28.2. (a) Vertebral body marrow enhancement (arrow) is seen in sagittal postcontrast T1 weighted, 
fat suppressed image. (b) Sagittal and axial (c) postcontrast images demonstrate an intradural extramed-
ullary enhancing mass in the spinal canal at L1 level (arrow). Fig. 1b is adapted from Raslan O, et al. 
Journal of Clinical Oncology, Vol 26, No 18 (June 20), 2008: pp. 3087–3089. Reprinted with permission 
© 2008 American Society of Clinical Oncology. All rights reserved
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 HISTOPATHOLOGICAL AND 
DEFINITIVE DIAGNOSIS

Central nervous system RDD is definitively 
diagnosed by histology or cytology. Typical 
cytopathologic features of RDD include 
characteristic large polyclonal histiocytes 
with abundant pale, eosinophilic cytoplasm 
containing well-preserved phagocytosed 
lymphocytes (emperipolesis) and occa-
sional plasma cells and granulocytes in a 
background of dense lymphoplasmacytic 
infiltrate. On immunohistochemistry, the 
histiocytes stain for S100 protein, CD68, 
and a-1 anti-chymotrypsin, and are nega-
tive for CD1a and lysozyme (Figure 28.3). 
The differential diagnosis on microscopic 
grounds should rule out disorders such as 
dermatofibroma, xanthoma, and Tangier 
disease, and other histiocytic disorders such 

as histiocytosis X, reticulohistiocytoma, 
juvenile xanthogranuloma, leprosy, and 
Hodgkin disease (Ruggiero et al. 2006).

 CLINICAL COURSE AND 
TREATMENT

The clinical course of this disease is quite 
unpredictable, with periodic exacerbations 
and remissions of symptoms (Ocheni et al. 
2007). Extra-nodal cases carry a poorer 
prognosis (Geara et al. 2004). The course 
of intracranial RDD is generally consid-
ered benign, although three deaths have 
been reported. The first occurred in a 
patient with coexisting systemic disease, 
and the second in an 89-year-old man 
11 years after presentation with sellar 
disease, and in whom the cause of death 

Figure 28.3. (a) The characteristic histopathologic hallmark of RDD is the presence of large histiocytes 
(arrows in (a)) that display numerous engulfed lymphocytes, a phenomenon that is called emperipolesis. RDD 
histiocytes are strongly immunopositive for both CD68 (arrow in (b)) and S-100 protein (arrow in (c))



37128. Central Nervous System Rosai–Dorfman Disease

is unknown. The third patient’s death 
occurred 5 days after subtotal resection of 
falx deposits. Spontaneous regression in 
systemic RDD has been observed; how-
ever, to our knowledge there have been 
no reports of this occurring in the isolated 
intracranial form (Gupta et al. 2006). The 
reported mortality rate of RDD is 7%, with 
many patients who have a fatal outcome 
having concomitant immune dysfunction 
(Wang et al. 2001). RDD has been asso-
ciated with various neoplasms, such as 
lymphoma and melanoma, and with LCH 
(Sachdev and Shyama 2008).

Ratzinger et al. (2003), have implied that 
there may exist a cause and effect aspect 
between RDD and cancer, and suggested 
four possibilities. RDD could develop 
within the immunological response to a 
malignant neoplasia. Alternatively, RDD, 
generally considered a disease of acquired 
immune dysregulation, could possibly 
encourage the development of malignan-
cies in an immunosuppressed environ-
ment. Furthermore, one could imagine 
that immunosuppression of any origin 
could encourage the development of both 
RDD and a malignant process. Finally, 
the synchronous appearance of both dis-
eases could happen by chance (Ratzinger 
et al. 2003).

As a result of uncertain etiology, vari-
ous treatment approaches to RDD have 
been advocated. These include acyclovir, 
antibiotics, alpha-interferon, radiother-
apy and several combinations of antine-
oplastic agents, such as cyclophosphamide,  
vinblastin, mercaptopurines, etoposide, 
methotrexate and corticosteroids. Some have 
suggested aggressive surgery, while oth-
ers have suggested that patients should be 
offered no treatment at all (Komp 1990; 
Pulsoni et al. 2002; Ocheni et al. 2007).

In a recent literature review, Pulsoni 
et al. (2002), found spontaneous remission 
in 80% of cases that had not received any 
therapy. The highest rate of complete remis-
sion (near 90%) has been achieved through 
surgery. The benefit of radiotherapy alone 
seems rather limited (30%), while chemo-
therapy is in general ineffective. Among 
patients with primary intracranial RDD, 
up to 20% experience recurrent disease, 
the likelihood of relapse being influenced 
by the treatment modality chosen, and in 
particular by the extent of surgical resec-
tion (Graggena et al. 2006).
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IOUS. See Intra-operative ultrasound
IPA. See p-[123I]iodo-L-phenylalanine
Irenat. See Sodium perchlorate
Irinotecan (CPT-11)

with bevacizumab, 115
for gliomas, 99

Isodose line, dosimetry and, 90
ITCC. See Innovate Therapies for Children with 

Cancer European Consortium

jMRUI, 234

KAI-1, 65
Kelly's technique, 192
Ki-67, 42, 45

FLT and, 160
MET and, 160
MIBI and, 204

KIR4.1. See Potassium inward rectifying channels 4.1
Klebsiella, 365
K-space, 245

FOV and, 248
GRAPPA and, 249
MRI and, 247
sensitivity maps and, 248

K-space spatial harmonics (SMASH), 246, 
247–248, 250

LAC. See Lactate
Lactate (LAC), 229

abscess and, 273
encephalitis and, 274
MRS and, 255
PMRS and, 269
TE and, 232, 311
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Langerhans cell histiocytosis (LCH), 366
RDD and, 366, 368

Large cell/anaplastic (LC/A), 38
Larmor frequency, 227
LC/A. See Large cell/anaplastic
LCH. See Langerhans cell histiocytosis
LDH, 338
Lenalidomide, 115
Leptomeningeal metastases, 315
Leucine rich repeat neuronal 2 (LRRN2), 66, 67
Leukemia, metastases and, 305
LGG. See Low-grade glioma
LightCycler, 67
Low-grade glioma (LGG), 192

encephalitis and, 274
IPA-SPECT for, 224–225

LRRN2. See Leucine rich repeat  
neuronal 2

L-transporter, radiolabeled amino acid tracers and, 
11

Lumped constant, 16
Lung cancer, metastases and, 305
Lymphoma. See also Non-Hodgkin lymphoma; 

Primary central nervous system  
lymphoma

ADC and, 284–285
AIDS and, 291
FDG and, 161
gliomas and, 319
malignant, 284–285
metastases and, 305, 319
MIBI-SPECT for, 206
PET for, 161
PMRS and, 272
RDD and, 371

Lymphophagocytosis, 368

Magnetic resonance imaging (MRI).  
See also Diffusion-weighted MRI; Func-
tional MRI; Parallel MRI

ADC and, 279–294
APT and, 125–127
EVN and, 3
FDG and, 16
FET and, 184–185
FLAIR and, 264
Gd and, 264, 338
for gliomas, 110, 121
IMR, 302
for intra-axial tumors, 263–276

k-space and, 247
MBEN and, 5
for metastases, 305–321
MIBI and, 206
PET and, 158
pilomyxoid astrocytoma and, 1
PMRI, 268
PTPR and, 4
of pyogenic abscess, 265
radiolabeled amino acid tracers and, 10
for RDD, 368
spiral trajectory, 249
stereotactic biopsy and, 23–24
USPIO and, 297–303
VOI and, 230

Magnetic resonance spectroscopic  
imaging (MRSI), 245, 255–259

FID and, 255
FOV and, 255
SENSE and, 257

Magnetic resonance spectroscopy (MRS), 125
antiangiogenic therapy and, 116
CHO and, 255
CRE and, 255
DWI and, 240
LAC and, 255
MV, and, 267
NAA and, 255
problems with, 245
SV, 227–241
TE and, 311
WHO classification and, 240–241

Magnetization transfer contrast (MTC), 123–124
Magnetization transfer ratio (MTR), 123–124
Magnetoencephalography (MEG), 167
Malignant (small) blue cell tumors, 43
Malignant lymphoma, 284–285
MAP. See Microtubule associated protein
MASH1, 28
Matrix metalloproteinases (MMPs), 22, 98, 307
MB. See Medulloblastoma
MBEI. See Model-based expression indexes
MBEN. See Medulloblastoma with  

extensive nodularity
MCCRCC. See Metastatic clear cell renal cell 

carcinoma
MCF-7, 289
MD. See Mean diffusivity
MDM2, 67
MDM4. See Transformed 3T3 cell double minute 4
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Mean diffusivity (MD), 134, 149, 310
ADC and, 293

Mechanical hypothesis, of metastases,  
306–307

Medtronics, 22, 23
Medulloblastoma (MB), 4–5

ADC and, 283
AT/RT and, 41
FDG and, 161
IHC for, 37–38
metastases with, 162–163

Medulloblastoma with extensive nodularity 
(MBEN), 5

MEG. See Magnetoencephalography
Melanoma

ICH and, 207
metastases and, 305, 313
RDD and, 371

Meningiomas, 44
ADC and, 281, 285
IHC for, 37–38
RDD and, 366, 368
tumor grading for, 45–46

Mercaptopurines, for RDD, 371
Merkel carcinoma, 317
MET. See [Methyl-11C]-L-methionine
Metabolic maps, 312
Metastases, 308

ADC and, 281, 284–285
with anaplastic ependymoma, 162–163
CT for, 308
differential diagnosis for, 317–320
DTI for, 316
FA and, 316–317
FDG and, 159
with GBM, 162–163
gliomas and, 319
HB and, 319–320
hematoma and, 319
hemorrhage and, 313
high-grade glioma and, 315
lymphoma and, 319
with MB, 162–163
mechanical hypothesis of, 306–307
MRI for, 305–321
PMRS and, 271–272
QRT-PCR and, 65–69
radiotherapy for, 307–308
screening for, 308
surgery for, 307–308

Metastatic clear cell renal cell carcinoma  
(MCCRCC), 41–42

Metastatic small cell carcinoma, 43
Methionine PET. See also [Methyl-11C]-L- 

methionine
BBB and, 159
children and, 161
DNET and, 161–162
gliomas and, 159–160
radiotherapy and, 166, 171–172
system L amino acid carrier proteins and, 

159–160
Methotrexate (MTX), 33, 337. See also High-dose 

methotrexate
for RDD, 371

Methoxyisobutylisonitrile (MIBI)
ATP and, 203
BBB and, 203–204, 205–206, 210
CT and, 206
GB and, 205
Ki-67 and, 204
MRI and, 206
PET and, 205
RI of, 206
ROI and, 204–205
SPECT with, 203–212

for AIDS, 206
chemotherapy and, 206
ICH and, 206–212
for lymphoma, 206
multidrug resistance and, 206
radiotherapy and, 206
for toxoplasmosis, 206
tubercolomas for, 206

Tc and, 203–212
Methyl (CH3), 229
[Methyl-11C]-L-methionine (MET), 9, 174

abnormal uptakes of, 192–193
FET and, 180–181
Ki-67 and, 160
PET with, 13–15, 159–161, 174, 215

for ICH, 208
for spinal ependymomas, 161
for tumor grading, 160, 163–164

radiation dosimetry of, 12–13
stereotactic biopsy with, 189–199
sub-cortical grey matter and, 193–194
for WHO Grade II and III, 10

O6-methylguanine methyltransferase  
(MGMT), 111
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N-methylnitrosourea (MNU), 136
3-methyl-(triazen-1-yl)imidazole-4-carboxamide 

(MTIC), 111
MFs. See Mitotic figures
MGMT. See O6-methylguanine  

methyltransferase
MIB-1, 42, 45

astrocytomas and, 45
meningiomas and, 46

MIBI. See Methoxyisobutylisonitrile
MIC2, 36
Microtubule associated protein (MAP), 36

synaptophysin and, 38
Midazolam, 12
Midbrain, RGNT and, 3
mI/GLY, 233
MION-46, 299
Mitotic figures (MFs), 45

meningiomas and, 46
MMP-9, 22

TSP-1 and, 100
MMPs. See Matrix metalloproteinases
MNU. See N-methylnitrosourea
Model-based expression indexes (MBEI), 26
Monoclonal antibodies, for PCNSL,  

345–346
Movement disorders, FDG for, 9–10
MRI. See Magnetic resonance imaging
MRS. See Magnetic resonance spectroscopy
MRSI. See Magnetic resonance  

spectroscopic imaging
MS. See Multiple sclerosis
MTC. See Magnetization transfer  

contrast
MTIC. See 3-methyl-(triazen-1-yl) 

imidazole-4-carboxamide
mTOR, 116
MTR. See Magnetization transfer ratio
Multidrug resistance, MIBI-SPECT and, 206
Multiple sclerosis (MS), 184

PMRS and, 272–273
Multi-voxel (MV), 227

metastases and, 315
MRS, PMRS and, 267
PMRS and, 269

MV. See Multi-voxel
MYC. See V-myc myelocytomatosis viral oncogene 

homolog
MYO18B, 65
MyoD, AT/RT and, 40

Myoinositol, 255
PMRS and, 269

NAA. See N-acetyl aspartate
N-acetyl aspartate (NAA), 229, 233, 236–237

CHO and, 241
encephalitis and, 274
metastases and, 315
MRS and, 255
PMRS and, 269
TE and, 311

Navigated transcranial magnetic stimulation 
(nTMS), 168

NeuN, 36, 38
Neural stem cells (NSCs), 109
Neurocytomas

central, ADC and, 284
EVN, 2–3

IHC for, 37
Neurofibromatosis, RDD and, 366
Neurofilament (NF), 36–37

AT/RT and, 40
Neuronal tumors, 2–3
Neurotrophins, 307
Neutropenia, 343, 345
NF. See Neurofilament
NF-1, pilomyxoid astrocytoma and, 1
NHL. See Non-Hodgkin lymphoma
9L gliosarcoma, 136–137
90Y. See Yttrium-90
NMR. See Nuclear magnetic resonance
Non-Hodgkin lymphoma (NHL), 337

HD-MTX for, 339
PNHL, 192–194

NPA. See Asn-Pro-Ala
NSCs. See Neural stem cells
nTMS. See Navigated transcranial magnetic  

stimulation
Nuclear/cytoplasmic ratio, 281
Nuclear magnetic resonance (NMR), 215

for IPA-SPECT, 217–218
SPECT and, 218, 223–224

NuPage, 74
NVP-AEW541, 361
Nyquist sampling theorem, 246, 249

Obstructive hydrocephalus, RGNT with, 4
OCT4, 40
OLCs. See Oligodendroglia-like cells
Oligodendroglia-like cells (OLCs), 42–43
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Oligodendroglioma
extraventricular neurocytoma and, 3
ICH and, 207
IHC for, 35
round clear cell (oligodendroglioma-like) tumors, 

42–43
Oligonucleotide DNA microarrays, 25
Ordered-subset expectation maximization 

(OSEM), 15
OSEM. See Ordered-subset expectation  

maximization, 53, 42

Pancytokeratin
ependymal tumors and, 36
GB and, 43

Papillary glioneuronal tumor (PGNT), 2
Papillary tumors of the pineal region (PTPR), 4
Parallel MRI, 245–259

data acquisition, 246–248
fMRI and, 252–254
mathematical formulation for, 250–253
reconstructions with, 248–250
SENSE and, 252–254
SNR and, 245, 250

Parasellar tumors, ADC and, 285–286
Parvovirus B19, 365
PBS. See Phosphate buffered saline
PCNSL. See Primary central nervous  

system lymphoma
PCV. See Procarbazine, lomustine,  

vincristine
PDE4. See Phosphodiesterase-4
PDGF. See Platelet-derived growth factor
PDGFR. See Platelet-derived growth factor receptor
PDGFRA. See Platelet derived growth factor 

receptor alpha polypeptide
PEComas. See Perivascular epithelioid cell  

differentiation tumors
Pemetrexed, 343
PEPSI. See Proton-echo-planar- 

spectroscopic-imaging
Performance liquid chromatography (HPLC), 

216–217
Perfusion magnetic resonance imaging (PMRI), 268
Periodically Rotated Overlapping ParalleL Lines 

with Enhanced Reconstruction  
(PROPELLER), 146, 280

Peritumoral edema, ADC and, 281
Perivascular epithelioid cell differentiation tumors 

(PEComas), 35

PET. See Positron emission tomography
PFS. See Progression free survival
PGF. See Placental growth factor
PGNT. See Papillary glioneuronal tumor
PHH3. See Phospho-histone H3
Phosphate buffered saline (PBS), 49, 73
Phosphodiesterase-4 (PDE4)

cAMP and, 71–80
GBM and, 71
GFAP and, 76
IHC and, 75–76
immunocytochemistry and, 76–78
PKA-dependent herotrimeric G protein and, 72
Western blotting and, 73–75

Phospho-histone H3 (PHH3), 45
PIER. See Proteolytic induced epitope retrieval
Pilocytic astrocytoma, extraventricular  

neurocytoma and, 3
Pilomyxoid astrocytoma, 1
Pineal region tumors, 4
Pituitary tumors, ADC and, 285–286
PK11195, 175
PKA-dependent herotrimeric G protein, PDE4 

and, 72
Placental alkaline phosphatase (PLAP), 39
Placental growth factor (PGF), 98

BM-EPCs and, 104
drugs for, 100

PLAP. See Placental alkaline phosphatase
Plasma cell granuloma, RDD and, 366
Plasminogen activators, 307
Platelet-derived growth factor (PDGF), 98

bevacizumab and, 100
BM-EPCs and, 104
gliomas and, 115
TKIs and, 112
VEGF-A and, 115

Platelet-derived growth factor receptor  
(PDGFR), 101

gliomas and, 115
sorafenib for, 101

Platelet derived growth factor receptor alpha 
polypeptide (PDGFRA), 66–67

Pleomorphic xanthoastrocytoma  
(PXA), 35

P-mode. See Power-mode
PMRI. See Perfusion magnetic resonance imaging
PMRS. See Proton magnetic resonance  

spectroscopy
PNETs. See Primitive neuroectodermal tumors
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PNHL. See Primary non-Hodgkin's lymphoma
Point resolved spectroscopy (PRESS), 228

TE and, 231
Positive predictive value (PPV), 206
Positron emission tomography (PET), 264. See 

also [18F]Fluoro-2- 
deoxyglucose; O-(2-[18F]fluoroethyl)- 
L-tyrosine; [Methyl-11C]-L-methionine

antiangiogenic therapy and, 116
chemotherapy and, 172
for children, 161
CT and, 186
fMRI and, 169
for lymphoma, 161
methionine, 13–15

BBB and, 159
children and, 161
DNET and, 161–162
gliomas and, 159–160
system L amino acid carrier proteins and, 

159–160
MIBI and, 205
for minimizing brain damage, 167–170
MRI and, 158
planning and monitoring therapy with, 157–176
pregnancy and, 11
reconstruction, 15
stereotactic biopsy and, 190–192
temozolomide and, 172
for tumor grading, 162–166

Posterior cranial fossa tumors, ADC and, 284
Post-radiation gliosis (PR), 192
Potassium inward rectifying channels 4.1 

(KIR4.1), 55
Power-mode (P-mode), for IOUS, 327
PPV. See Positive predictive value
PR. See Post-radiation gliosis; Progesterone receptor
Pregnancy, PET and, 11
PRESS. See Point resolved spectroscopy
PRESTO, 252
Primary central nervous system lymphoma (PCNSL)

chemotherapy for, 342–345
combination of agents for, 344–345

HD-MTX for, 343–344
intrathecal chemotherapy for, 347–348
monoclonal antibodies for, 345–346
radiotherapy for, 340–441
salvage treatment for, 337–349

Primary non-Hodgkin's lymphoma (PNHL), 
192–194

Primitive neuroectodermal tumors (PNETs), 40, 192
ADC and, 283
FDG and, 161

Procarbazine, lomustine, vincristine (PCV), 344
Progesterone receptor (PR), meningiomas and, 38
Progression free survival (PFS)

with GBM, 115
for PCNSL, 343

PROPELLER. See Periodically Rotated  
Overlapping ParalleL Lines with  
Enhanced Reconstruction

Prostate cancer, metastases and, 305
Protamine, 303
Proteases, endostatin and, 102
Protein tyrosine kinase (PTK), 101
Proteolytic induced epitope retrieval (PIER), 47
Proton-echo-planar-spectroscopic-imaging  

(PEPSI), 256–257
SENSE and, 257–258

Proton magnetic resonance spectroscopy (PMRS), 
227, 263, 268–269

abscess and, 273
encephalitis and, 274
lymphoma and, 272
metastases and, 271–272
MS and, 272–273
MV MRS and, 267
quantitative, 276
SV MRS and, 267
tumefactive demyelinating lesions and, 272–273

Pseudotumors, 239–240
PTEN, gliomas and, 110
PTK. See Protein tyrosine kinase
PTPR. See Papillary tumors of the pineal region
Pulse-Oxymetry, 12
PXA. See Pleomorphic xanthoastrocytoma
Pyogenic abscess

DWI and, 240
MRI of, 265

Pyruvate, abscess and, 273

QRT-PCR. See Quantitative polymerase chain 
reaction

Quantitative PMRS, 276
Quantitative polymerase chain reaction  

(QRT-PCR), 26
for AT/RT, 357–358
for DNA, 29, 66
metastases and, 65–69

QUEST, 236
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RA. See Relative anisotropy
Rac-RhoA, 116
Radiation dosimetry, 12–13
Radiation-induced fibrosarcomas (RIF-1), 289
Radiation necrosis, 10, 152, 207, 280

recurrence and, 287–288
Radio frequency (RF), 245
Radiolabeled amino acid tracers, 10, 159–161.  

See also specific tracers
future development of, 174–175
L-transporter and, 11
radiotherapy and, 186
selection of, 197

Radiosurgery, 83–95
dosimetry and, 86–91

Radiotherapy
BBB and, 172
dosimetry for, 12–13
FDG and, 11, 173
for metastases, 307–308
methionine PET and, 166, 171–172
MIBI-SPECT and, 206
for PCNSL, 340–441
radiolabeled amino acid tracers and, 186
for RDD, 371
with Rolipram, 80
with TMZ, 114
white matter and, 152, 164

Rathke's cleft cysts (RCCs), 39
HB and, 42

rCBV. See Relative cerebral blood volume
RCCs. See Rathke's cleft cysts
rCMRGl. See Regional metabolic rate of glucose
RDD. See Rosai-Dorfman disease
Reactive gliosis, diffuse astrocytoma  

and, 42
Receptor tyrosine kinases (RTKs), 362
Recurrence

radiation necrosis and, 287–288
resection injury and, 289

Recycling time (TR), 232
Regional metabolic rate of glucose  

(rCMRGl), 12
FDG and, 16

Regions of interest (ROI), 15
ADC and, 148, 291–293
FA and, 150
IMT and, 16
MIBI and, 204–205

Relative anisotropy (RA), DTI and, 146–147

Relative cerebral blood volume (rCBV), 152, 311
abscess and, 318
metastases and, 316, 317

Renal cancer, metastases and, 305
Resection

injury from, recurrence and, 289
IOUS and, 325–334

Resolution, for IOUS, 327–329
Retention index (RI), 204

of MIBI, 206
RF. See Radio frequency
RGNT. See Rosette-forming glioneuronal tumor of 

the fourth ventricle
RI. See Retention index
RIF-1. See Radiation-induced fibrosarcomas
Rituximab, 345, 347
RNA, stereotactic biopsy and, 25, 28
RNeasy, 24
ROC

FET and, 182
IPA and, 224

ROI. See Regions of interest
Rolipram, 80
Rosai-Dorfman disease (RDD), 44, 365–371

clinical course of, 370–371
clinical findings with, 366–368
differential diagnosis for, 366–368
IHC for, 370
of spine, 368–369
treatment for, 370–371

Rosette-forming glioneuronal tumor of the fourth 
ventricle (RGNT), 3

with obstructive hydrocephalus, 4
Round clear cell (oligodendroglioma-like) tumors, 

42–43
round clear cell (oligodendroglioma-like) tumors, 

42–43
RTKs. See Receptor tyrosine kinases

S-100
astrocytomas and, 35
AT/RT and, 40
CPP and, 36
ependymal tumors and, 36
gliomas and, 34–35
meningiomas and, 38
PXA and, 35
RDD and, 370
SEGA and, 35

S100A4, 65
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SAGE, 234
SAH. See Subarachnoid hemorrhage
Salvage treatment, for PCNSL, 337–349
Sarcoidosis, 368
Sarcoma, metastases and, 305
Schwannomas, ADC and, 285
SDF-1, BM-EPCs and, 104
SE. See Spin echo
Sedation, FDG and, 12
SEGA. See Subependymal giant cell astrocytoma
SENSE. See Sensitivity-encoding
Sensitivity-encoding (SENSE), 146, 246, 248, 

250, 257–259, 280
EPI and, 252–254, 258–259
MRSI and, 257
parallel MRI and, 252–254
PEPSI and, 257–258
SNR and, 257

Sensitivity maps, 247–248
SFT. See Solitary fibrous tumor
SHML. See Sinus histiocytosis with massive 

lymphadenopathy
Signal to noise ratio (SNR), 246

DTI and, 135
FDG-PET and, 169
parallel MRI and, 245, 250
SENSE and, 257
TE and, 233
VOI and, 230–231

Significance score algorithm (S-score), 26
Single photon emission computed  

tomography (SPECT), 264. See also p-
[123I]iodo-L-phenylalanine;  
Methoxyisobutylisonitrile

CT and, 15
IMT and, 9, 14
NMR and, 218, 223–224
reconstruction, 15

Single shot radiosurgery, 85
Single voxel (SV)

metastases and, 315
MRS, 227–241

PMRS and, 267
PMRS and, 269

Sinus histiocytosis with massive  
lymphadenopathy (SHML), 365–371

siRNA, 103, 106
SMASH. See K-space spatial harmonics
SNR. See Signal to noise ratio
Sodium [123I]iodide, 216

Sodium perchlorate (Irenat), 217
Solitary fibrous tumor (SFT), 44
Sorafenib, 101
Space sensitivity-encoding. See  

Sensitivity-encoding
SPECT. See Single photon emission  

computed tomography
Spine

ependymomas of, MET-PET for, 161
RDD of, 368–369

Spin echo (SE), 308
FLAIR and, 308

SPIO. See Superparamagnetic iron oxide
Spiral trajectory MRI, 249
S-score. See Significance score algorithm
Standardised uptake value (SUV), 16
Stealth Neuroimaging Station, 22, 23
STEAM. See Stimulated echo acquisition mode
Stereotactic biopsy, 10

with FDG and MET, 189–199
for GBM, 28–29
MRI and, 23–24
PET and, 190–192
placement for, 28
results of, 26–29
technique of, 22–26
for tumor characterization, 29–30

Stimulated echo acquisition mode (STEAM), 228, 
311

TE and, 231
Streptozotocin (STZ), diabetes and, 56
STZ. See Streptozotocin
SU5416, 101, 105
Subarachnoid hemorrhage (SAH), AQPs and, 54
Sub-cortical grey matter, 193–194
Subependymal giant cell astrocytoma (SEGA), 35
Subependymomas, ADC and, 284
Succinate, abscess and, 273
Sunitinib, 101–102
Super-aquaporins, 53–54
Superparamagnetic iron oxide (SPIO), 297–303
Surgery. See also Resection

BBB and, 172
for metastases, 307–308

Survivin, 103
SUV. See Standardised uptake value
SV. See Single voxel
Synaptophysin, 36–37

AT/RT and, 40
CPP and, 36
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EVN and, 37
MAP and, 38
metastatic small cell carcinoma and, 43

System L amino acid carrier proteins, methionine 
and, 159–160

T1CE. See T1-weighted contrast-enhanced
T1-weighted contrast-enhanced (T1CE), 218, 220, 

223
Tangier disease, 370
TAU. See Taurine
Taurine (TAU), 230, 233
TBR. See Tumor to normal brain ratios
Tc. See Technetium
TE. See Echo time
Technetium (Tc), MIBI and, 203–212
Temodal. See Temozolomide
Temodar. See Temozolomide
Temozolomide (Temodar, Temodal, TMZ), 60, 

101, 111
for GB, 172
for PCNSL, 342–343
PET and, 172
radiotherapy with, 114

Testicular cancer, metastases and, 305
1,4,7,10-tetraazacyclododecane-N,N¢,N ,N″- 

tetraacetic-acid-D-Phe1-Tyr3-octreotide 
(DOTATOC), 162

Tetrofosmin, 205
Thalamus, RGNT and, 3
Thrombocytopenia, 343, 345
Thrombospondin-1 (TSP-1), 98

BM-EPCs and, 104
drugs for, 100

Thymidylate synthase, 343
Thyroid cancer, metastases and, 305
Thyroid gland, IMT and, 11–12
Thyroid transcription factor-1 (TTF-1), 43
TII. See Tumor Infiltration Index
TIMPs. See Tissue inhibitors of MMPs
Tissue inhibitors of MMPs (TIMPs), 22
Tissue-Tek OCT, 24
TKIs. See Tyrosine kinase inhibitors
TMS. See Transcranial magnetic stimulation
TMZ. See Temozolomide
Topotecan, for PCNSL, 342–343
Toxoplasmosis

AIDS and, 291
MIBI-SPECT for, 206

TR. See Recycling time

Tractography, 140–141
DTI and, 169

Transcranial magnetic stimulation (TMS), 167
Transducers, for IOUS, 326–327
Transformed 3T3 cell double minute 4 (MDM4), 

66, 67
Tris-EDTA, 47
Trizol Reagent, 24
Tropomyosin, 102
TSE. See Turbo spin echo
TSENSE, 247
TSP-1. See Thrombospondin-1
TTF-1. See Thyroid transcription factor-1
Tubercolomas, MIBI-SPECT for, 206
Tuberculosis, 368
Tumefactive demyelinating lesions, 318–319

PMRS and, 272–273
Tumor characterization, stereotactic biopsy for, 

29–30
Tumor grading

ADC for, 281, 282
DTI for, 149–150
DWI for, 149–150
FDG for, 162–163
IHC for, 44–46
IPA-SPECT for, 224
MET-PET for, 160, 163–164
PET for, 162–166
WHO and, 44–46

Tumor infiltration, ADC and, 286–287
Tumor Infiltration Index (TII), 149
Tumor to normal brain ratios  

(TBR), 219
Turbo spin echo (TSE), 308
Tyrosine kinase growth factors,  

gliomas and, 160
Tyrosine kinase inhibitors (TKIs), 112

UCR. See Upstream conserved regions
Ultrasmall superparamagnetic iron oxide (USPIO)

BBB and, 288–298, 301–302, 303
Gd and, 298
IMR and, 302
MRI and, 297–303

UNFOLD, 247
Unfolded protein response (UPR), 103
UPR. See Unfolded protein response
Upstream conserved regions (UCR), 72, 73
USPIO. See Ultrasmall superparamagnetic iron 

oxide
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Vandetanib, 114
Varicella, 365
Vascular endothelial growth factor (VEGF), 98

BM-EPCs and, 104
drugs for, 99–100
TSP-1 and, 100

Vascular endothelial growth factor-A (VEGF-A), 
110, 115–116

angiogenesis and, 111–113
PDGF and, 115

Vascular endothelial growth factor  
receptor 1 (VEGFR1), 100

VEGF-A and, 112
Vascular endothelial growth factor  

receptor 2 (VEGFR2), 100–101
endostatin and, 102
sorafenib for, 101
VEGF-A and, 112

VEGF. See Vascular endothelial growth factor
VEGF-A. See Vascular endothelial growth factor-

A
VEGFR1. See Vascular endothelial growth factor 

receptor 1
VEGFR2. See Vascular endothelial growth factor 

receptor 2
Vesiculo-vacuolar organelles (VVOs), 112
Vessel normalization, antiangiogenic therapy and, 

114
VHL. See Von Hippel-Lindau syndrome
Vimentin, 44

AT/RT and, 40
CPP and, 36
gliomas and, 35

Vinblastine, for RDD, 371
Virchow-Robin space, 110
V-myc myelocytomatosis viral oncogene homolog 

(MYC), 67

VOI. See Volume of interest
Volume of interest (VOI), 218–219

CHO/CRE and, 238
MRI and, 230
SNR and, 230–231

Volume ratio (VR), DTI and, 147
Von Hippel-Lindau syndrome (VHL), 41–42

HB and, 319–320
VR. See Volume ratio
VVOs. See Vesiculo-vacuolar organelles

Water-suppressed (WS), 256
Western blotting

for AT/RT, 356–357
PDE4 and, 73–75

White matter
chemotherapy and, 152
radiotherapy and, 152, 164

WHO. See World Health Organization
World Health Organization (WHO)

classification by, 1–5
ADC and, 281
of ependymal tumors, 36
of gliomas, 110
MRS and, 240–241

tumor grading and, 44–46
WS. See Water-suppressed

Xanthoma, 370
Xenografts, 113

DTI and, 140
X-ray computed tomography, 264

Yttrium-90 (90Y), 345

Zolomide, 345
Zoster virus, 365
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